CONTROLLING MICROPOROUS AND MESOPOROUS DOMAINS IN ZEOLITE
CRYSTALLIZATION
by

Aseem Chawla

A dissertation submitted to the Department of Chemical and Biomolecular Engineering,

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

in Chemical Engineering

Chair of Committee: Dr. Jeffrey D. Rimer
Committee Member: Dr. Lars C. Grabow
Committee Member: Dr. Jeremy Palmer

Committee Member: Dr. Allan J. Jacobson

Committee Member: Dr. Daniel A. Evans

University of Houston

May 2020



Copyright 2020, Aseem Chawla



ACKNOWLEDGEMENTS

First and foremost, | would like to express my sincere gratitude to my advisor Dr. Jeffrey
Rimer for his endless support and guidance over the past five years. Jeff has been a phenomenal
mentor and one of the most brilliant people I have ever met. It has been an incredible experience to
learn from someone with such an insightful approach to both conducting and communicating

science. His invaluable mentorship has shaped me into the researcher and presenter that | am today.

I am very grateful to the members of my dissertation committee Drs. Lars Grabow, Jeremy
Palmer, Allan Jacobson, and Daniel Evans for their wonderful ideas, feedback, and inspiring
discussions throughout all these years. | also had the privilege to collaborate with fantastic
researchers. This dissertation would not have been possible without their intellectual contributions.
More specifically, I would like to acknowledge Dr. Jeremy Palmer and Dr. R. John Clark for their
critical contributions that significantly enriched our work on surfactant templating of zeolites. In
addition, most of the projects discussed in this dissertation were done in collaboration with Dr.
Javier Garcia Martinez and Dr. Noemi Linares. | am greatly indebted to them for their help,
discussions, and brilliant insights into different aspects of projects. Javier’s enthusiasm and passion
for science is contagious and has been an inspiration for me. | would also like to thank my
undergraduate research advisors Drs. Aniruddha B. Pandit, Murari Prasad, and Yogesh C. Sharma
for their constant encouragement. The time spent in their labs was the primary reason why | decided

to pursue a career in research.

I would like to express my special appreciation to all Rimer group members for their help
and support during my time at the University of Houston. | am extremely grateful to the friendly
atmosphere the whole group provided and | cannot thank them enough. | will always remember all
the group events, lunches, and fun activities we have done together over the past years. | am
especially thankful for having the opportunity to work with Dr. Rui Li, Rishabh Jain, Thuy Le, and



James Sutjianto who directly contributed to various projects related to this dissertation. | will
forever be grateful to former group members Drs. Rui Li, Manjesh Kumar, and Madhuresh
Choudhary for the helpful discussions and training me on various characterization techniques

during the initial stages of my graduate career.

Apart from this, | consider myself lucky and blessed to have the friendship of Priyanka
Arora, Ankur Agarwal, Dr. Pritpal Singh Dhillon, Dr. Shobhit Mishra, and Dr. Pushpesh Sharma
who were my support system and helped me survive graduate school. Last but not the least, | would
like to express my deepest gratitude to my parents and my sister for their unconditional love and
support. There are no words to express the sacrifices they have made over the years to help me
endure through difficult times. This dissertation would not have been possible without their support

and motivation. | would like to dedicate this dissertation to my family and teachers.



ABSTRACT

Zeolites are crystalline microporous aluminosilicates with confined cages and channels of
molecular dimensions, that are utilized in a wide variety of commercial applications ranging from
catalysis and ion-exchange to separations and drug delivery. Despite their commercial relevance,
fundamental mechanism(s) that govern the nucleation and growth of zeolites are not well
understood. The lack of molecular level understanding often prohibits a priori selection of
synthesis conditions to predictively control the physicochemical properties of zeolites. This
dissertation focusses on establishing improved fundamental understanding of zeolite
crystallization, and to use that knowledge in developing facile and inexpensive routes to tune the
porous architecture, active site distribution, size, and morphology of zeolites.

Surfactant templating has emerged as one of the most effective and versatile strategies for
the construction of well-defined porous architectures in zeolites. Here, we have explored the dual
roles of the cationic surfactant cetyltrimethylammonium (CTA) as an organic structure-directing
agent (OSDA) and as a mesostructuring agent in the rational design of two commercial zeolites
(ZSM-5 and USY). Our findings reveal that the selection of OSDA has a significant impact on the
kinetics of ZSM-5 crystallization, as well as the physicochemical properties of ZSM-5 crystals. In
addition to OSDA design, the development of mesoporosity in zeolites has been a long-standing
goal in catalysis to alleviate the diffusion limitations imposed by micropores. One area of research
that has garnered considerable interest, yet is not fully understood, is the rearrangement of zeolite
crystals post-synthesis to accommodate mesoporosity. Here, we will also report in situ observations
of intracrystalline mesoporosity in USY zeolite assisted by CTA using atomic force microscopy.
Our findings capture the structural, morphological, and textural evolution of initially rough crystals
to smooth crystals with a uniform distribution of mesopores.

Although surfactants offer significant advantages over conventional organics, they are not

heavily commercialized since they are irrecoverable due to post synthesis calcination. To this end,



we have developed a more rational approach employing seeds as a unique tool to synthesize
hierarchical ZSM-5 with intergrown nanosheets in an organic-free media. We demonstrate
nonclassical pathways of ZSM-5 crystallization involving the nucleation of crystals at the external
surface of amorphous precursor particles.

One of the critical challenges in elucidating the mechanism(s) of nucleation and growth in
zeolites is the lack of available techniques that can monitor the amorphous-to-crystal
transformation with sufficient spatiotemporal resolution. Here, we have developed an elemental
mapping method employing FE-SEM-EDX as a versatile tool to characterize morphological and
compositional properties of precursors during the crystallization of five commercial zeolites. Time-
resolved ex situ elemental mapping images of extracted solids during several stages of zeolite
crystallization reveal that a sufficient disparity in the chemical composition (e.g., alkali metal
content) between amorphous precursors and crystals can be exploited for tracking the early stages
of zeolite crystallization, locating where it happens, and resolving residual amorphous material
among crystalline domains. Given the ubiquitous presence of amorphous precursors during
nonclassical crystallization, we expect that elemental mapping may prove valuable for

understanding and tracking the growth of other zeolites and minerals.
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Chapter 1

Prior Work on Zeolite Crystal Engineering and Growth Mechanisms

1.1 Introduction

Zeolites are crystalline microporous materials that often belong but are not limited to the
category of aluminosilicates. The term “zeolite” was first coined by Swedish mineralogist A.F.
Cronstedt in 1756 due to his observation that mineral stilbite gave off steam during heating.
Cronstedt, therefore, combined the Greek words zein (to boil) and lithos (rock) to form the word
zeolite.> Despite their unique porous structure and properties, zeolites were largely ignored by the
scientific community for 200 years. The two centuries after the Cronstedt’s discovery, the only
zeolites which were known were natural in origin, found predominantly in basaltic rocks as large
single crystals. In 1943, Barrer's pioneering work>* in synthesis and adsorption led to the discovery
of first synthetic zeolites. Earlier researchers attempted the synthesis of zeolites by replicating the
geological conditions of natural zeolites, where the aluminosilicates were made to react with
mixtures of potassium and barium hydroxides at high temperature (170-200 °C) and autogenous
pressure. To extend the utility of zeolites in large scale industrial processes, Union Carbide
researchers Milton, Breck, and Flanigen began an exploratory program of zeolite synthesis which
led to the discovery of commercially relevant zeolites A, X, and Y.>® Zeolites A and X (LTA and
FAU types, respectively) displayed exceptional adsorption properties and were employed by Union
Carbide for a number of applications including xylene separation, olefin separation, CO, removal,
and drying among others.® Most of the separation applications exploited the unique property of
zeolites to act as molecular sieves owing to their uniform pore size, thus allowing to distinguish
molecules based on size.” Moreover, the initial discoveries of zeolites were limited to low Si/Al
ratio with high ion exchange capacity which led to their largest application as detergent builders.

Zeolite market size as detergent builders is expected to reach US$ 2 billion by 2028.8



One of the most significant milestones in zeolite science was achieved in 1962 when zeolite
Y (FAU type) was tested as a catalyst for fluid catalytic cracking applications.®'® The advent of
zeolites as catalysts revolutionized the refining and petrochemical industry and brought many
disruptive changes to these fields. The high activity, superior selectivity to gasoline, and longer
lifetime as compared to amorphous silica and alumina significantly reduced the capital requirement
of the refining industry.’® The breakthroughs of the early 1960s triggered a new discipline in
catalysis, materials science, separations, and organic chemistry. Since then there has been rapid
growth in the field which is evident by the vast number of zeolite structures reported till date. There
are currently over 240 known zeolite framework types, each assigned a three-letter code by the

International Zeolite Association (1ZA).

The molecular structure of zeolites is composed of TO, tetrahedra (where T = Si, Al, Ge,
Zn, and Sn, among others) that are primary building units connected through the corner-sharing of
oxygen atoms to form 3D frameworks (Figure 1.1A) that encompass pores of molecular dimension
occupied by ions and water molecules. It should be noted that the channels/cages of zeolites are
large enough to allow the movement of guest species. The crystal structure of zeolites is typically
categorized into primary building units (PBUs), secondary building units (SBUs), and composite
building units (CBUs) (Figure 1.1B).}* The PBUs are the TO, tetrahedra which combine with
adjacent tetrahedra to form a specific arrangement of rings and chains referred to as SBUs. The
most common SBUs contain n-membered rings (where n = 4, 5, 6, 8, and 10, among others
corresponding to the number of T atoms). Recently, zeolites with 20-rings have been reported.?
On the other hand, CBUs are more complex species that are constructed by connecting SBUs of
different sizes. Zeolites frequently comprise of cages, double rings, and alpha cavities as CBUS. In
certain instances, CBUs can help predict the relationship between different framework types.****
Cages are typically defined as polyhedrons whose largest rings exclude the movement of molecules

larger than water. Zeolites are porous on a molecular level owing to the unique arrangement of



interlinked channels and cages with a pore size typically less than 1 nm.* Therefore, zeolites belong
to the category of microporous materials. According to IUPAC classification, porous materials can
be divided into three categories depending on their pore size: (a) microporous materials are those
materials which have pore size less than 2 nm, (b) mesoporous materials have pore size between 2-
50 nm, and (c) macroporous materials exhibit pore diameters greater than 50 nm. Zeolites are
comprised of channels with sizes determined by different pore topologies, which can range from
small (8 membered-ring (MR), ~4 A) to large (12 MR, ~7.4 A).1® Recently, new structures with
extra-large pore openings (Figure 1.1C) have been synthesized ranging from 14 MR to 30 MRY
with the potential of accommodating large guest molecules. These channels form multi-
dimensional topology (Figure 1.1D) depending upon their interconnectivity such as unconnected
pores (1D), pores connected in a plane (2D), or pores connected to every other pore in the crystal
(3D). The porous architecture of zeolites is responsible for shape selectivity that can be controlled
by the transition state or restricted movement of reactant and product molecules through the

pores, &%

Three dimensional Two dimensional One dimensional
(e.g. MFI) (e.g. FER) (e.g LTL)

Figure 1.1 (A) Schematic representation of faujasite (FAU) zeolite framework. (B) Examples of
common building units and secondary building units (aluminosilicate rings). (C) Extra-
large pore zeolite defined by three 30 MR windows.”” (D) Illustration of
interconnecting channels extending in 1, 2, and 3-dimensional networks.



In 1967, Mobil researchers were the first to use organic cations in zeolite synthesis mixtures
to control the chemical composition of aluminosilicate zeolites from Si/Al ratio = 1 to infinity. This
represents one of the major achievements in the field of zeolite science since the low charge to size
ratio of organic molecules enabled the synthesis of high silica zeolites with high hydrothermal
stability. The incorporation of tetrahedral aluminum in zeolite framework creates a negative charge
that is counterbalanced by extra-framework cationic species, which can range from protons and
metals to metal-oxo species.??® The exchangeable extra-framework positively charged species act
as active sites for a wide range of catalysis and adsorption applications. Recent investigations
focused on the incorporation of heteroatoms other than aluminum have resulted in the development
of zeolites with diverse catalytic properties and novel topologies. For example, several groups have
explored the possibility of framework incorporation by elements such as gallium, iron, silver, zinc,
tin, titanium, and germanium.?*?® The extremely wide range of heteroatoms and extra-framework
species result in an enormously broad array of catalytic applications including redox catalysis,

Lewis and Brgnsted acid catalysis.?”*

1.2 Applications of zeolites
1.2.1 Catalysis

The application of zeolites as catalysts in the refining and petrochemical industries is
regarded as one of the major accomplishments of the 20" century.’® The current efficiency of
petrochemical and refining processes can be largely attributed to the high surface area, durability,
strong acidity, shape selectivity, and high hydrothermal stability of zeolite catalysts.>® Zeolites as
catalysts account for 28% of the world zeolite market.* Fluid catalytic cracking (FCC) is by far the
largest use of zeolite catalysts wherein zeolite USY (FAU type) is typically employed to produce
most of the world’s gasoline as well as a significant fraction of propylene for the polymer industry.
FCC is a major process in the petroleum refining industry which allows for the cracking of high

molecular weight crude oil to lighter and more useful products such as diesel, gasoline, and olefins.



Recent approaches to engineer efficient FCC catalysts are focused on tuning the porous
architecture, addition of rare-earth metals, and altering the amount of extra-framework aluminum
leading to an overall improvement in product selectivity and activity.* Moreover, significant
advances have been made over the past few decades to modify the properties of ZSM-5 zeolite
(MFI type), which is typically added as an additive to tune the gasoline octane.* In addition to
FCC, hydrocracking (HC) is another key conversion process in a modern refinery.** HC is mainly
used to produce clean fuels (i.e., low aromatics and low sulfur content) by the addition of hydrogen
to the feed with the help of a bifunctional catalyst containing highly dealuminated USY zeolites.**
There have been advancements in the hydrocracking process such as Mobil’s Octgain process®,
which removes a significant amount of sulfur in gasoline without impacting its octane content.
Although the largest application of zeolite catalysts is found in HC and FCC, there are several
critical processes in the refining and petrochemical industries that employ zeolites for other
reactions, such as alkylation, reforming, isomerization, and dewaxing.*® In (petro)chemical
industries, the key examples of zeolite-based catalytic processes are isomerization of xylene,

production of both ethylbenzenes and cumene.*

One of the more active areas of zeolite catalysis is the production of chemicals using
renewable feedstock (Figure 1.2), wherein the overall goal is to develop sustainable routes to fulfill
future societal needs. The main challenge of these transformations is the oxygen-rich nature of
biomass- derived molecules.®® Lewis acid zeolites that contain multifunctional active sites such as
Ga, Sn, Ti, and Zr have emerged as versatile catalytic materials owing to their unique
hydrophobicity.*® Although Lewis acid zeolites have demonstrated excellent catalytic performance,
industrial production of biofuels is still in its infancy. The obstacles needed to be overcome for
successful commercialization include scalability, reusability, and stability of zeolite catalysts for

these applications.>"*



Another emerging application of zeolite catalysts is the treatment of exhaust gases from
mobile or stationary sources. These gases include NOx and CO where the selective catalytic
reduction (SCR) of NOx by NHs using Fe and Cu ion-exchanged small pore zeolites has been
extensively studied over the past three decades.®® The discoveries of Cu-SSZ-13 and Cu-SAPO-34
(both CHA type) has spurred research by several groups to develop zeolite-based SCR processes.*°
These zeolites exhibit high NOx conversion and superior N2 selectivity. Moreover, Cu-exchanged
small pore zeolites have extremely high hydrothermal stability which is critical in a practical
vehicle exhaust environment. Despite extensive research on Cu-zeolites, there are remaining issues
that need to be resolved, especially with regard to low-temperature reduction of NOx. As such, this
active area of research presents many opportunities to develop commercially viable NOx reduction

technologies that can operate at low temperature.
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Figure 1.2 Major operations in a bio reforming process showing the emerging applications of
zeolite-based catalysts.*!

Zeolite-based catalysts have also found applications in the conversion of methanol to
valuable hydrocarbons (e.g., gasoline, olefins and aromatics) broadly referred to as methanol-to-
hydrocarbons (MTH) processes.*>** MTH is a critical process for the production of fuel and olefins

that utilizes alternative carbon sources such as coal, biomass, and natural gas.** Mobil



commercialized the first methanol-to-gasoline process in 1985 based on natural gas with a capacity
of 14500 barrels per day. Despite its early commercialization, there has been a considerable interest
from both academia and industry to improve the performance of zeolite catalysts as well as to
develop a mechanistic understanding of the catalytic conversion of methanol to value added
chemicals.* Zeolites SAPO-34 and ZSM-5 are commercial catalysts frequently employed to
produce olefins and higher hydrocarbons, respectively. Recent studies have shown that other zeolite
frameworks, such as ZSM-22, ZSM-11, IM-5, TNU-9, and UZM-5, can also be used to tune
product selectivity.**#6 Therefore, crystal engineering of zeolite catalysts still remains an active
area of research to establish structure-performance relationships with an overall goal of ensuring

the long term stability and high yield of desired products. *’

1.2.2 Adsorption and separations

Zeolite membranes have been demonstrated to be viable alternatives to energy-intensive
industrial separations owing to their unique pore architectures and shape-selective properties.*®
Several zeolite frameworks have been tested for the fabrication of membranes including zeolite A,
mordenite, ferrierite, ZSM-11, ZSM-5, SAPO-34, chabazite, and a few other zeolites;*° however,
to date only zeolite A membranes have been commercialized for the dehydration of solvents. It is
worth pointing out that research teams at Nanjing and Dalian have played a vital role in establishing
over 50 plants to dehydrate solvents in the chemical and pharmaceutical industry using zeolite A
membranes.>*®* Despite significant progress in the fabrication of supported thin layer zeolite
membranes, there are still no industrial processes employing zeolite membranes for the separation
of gases such as xylene or butene isomers.>® Typical challenges for the industrial implementation
of zeolite membranes include the high cost of supported zeolite membranes, scale-up, and lack of
fundamental understanding of growth mechanism(s) of zeolites. The ability to rationally design
zeolite membranes at a commercial scale requires fundamental knowledge regarding the nucleation

and growth of zeolites. Recent advances over the past decade have led to a number of breakthroughs



that provided unique insights into the elusive mechanism of zeolite crystallization® and
development of methods for the manipulation of crystal size and morphology.>**” An accumulation
of progress and recent discoveries have set a foundation for what will undoubtedly lead to new
applications in the future. For example, the potential applications for zeolite membranes could

include separation of CO,/CHa, Ho/CHa, xylene isomers, and N2/O2, among others. %585

1.2.3 lon exchange

Natural and synthetic zeolites are one of the most important ion-exchange materials.
Channels and cages of zeolite structure can accommodate a variety of cations including Na*, K*,
Ca?*, and Ba?*, among others due to negatively-charged aluminosilicate framework.** In addition
to alkali and alkaline earth metals, large molecules such as ammonia, water, and nitrate ions can
reside inside the pores and channels of zeolites. The ion-exchange is a reversible process, thereby
making zeolites useful materials for heavy metals removal, dust filters, and medical applications.®
The largest application of zeolites is in detergency due to their exceptional selectivity for Ca®* and
Mg?* over Na*.®! It is estimated that the global zeolite detergent market is valued at US$ 1.8 billion
in 2018 and is expected to reach US$ 2 billion by 2028. Although several zeolite frameworks have
been tested as water softeners, zeolite A is typically used for commercial applications in
conjugation with zeolite X. Recent studies have also claimed zeolite P (GIS type) to be more
effective than zeolite A for detergent builders. In addition to water softeners, the remarkable ion-
exchange properties of zeolites have also found applications in the removal of radioactive
components such as **Sr?* and **’Cs* from nuclear waste.®” Natural zeolites, such as chabazite and
clinoptilolite, have attracted significant interest recently due to their low cost and high abundance
for the treatment of radioactive waste.®> Another major application is the treatment of municipal
and agricultural wastewater, wherein both natural and synthetic zeolites have been tested for the
removal of ammonia and ammonium.®® Examples include zeolite W (MER type), zeolite F (KFI

type), and clinoptilolite. Recent trends are now emerging that demonstrate zeolites ion-exchanged



with inexpensive transition metals are ideal materials for antimicrobial applications.® For example,
Ag” ion-exchanged zeolite X exhibits superior kinetics and efficacy in inhibiting methicillin-
resistant Staphylococcus aureus (MRSA).* lon-exchange properties of zeolites can be exploited
for a variety of biochemical processes and have the potential to facilitate significant advances in

biology, medicine, and the pharmaceutical industry in the near future.%

1.3 Crystal engineering of zeolites
The physicochemical properties of zeolite catalysts such as size, morphology, surface
roughness, pore architecture, acidity, and topology can significantly impact their performance in a
variety of reactions (i.e., catalyst activity, selectivity, and lifetime). Herein, the application of

crystal engineering to manipulate the physicochemical properties of zeolites is discussed.

1.3.1 Engineering crystal size and shape

Catalytic reactions over porous materials predominantly occur within the interior of the
catalyst particle; therefore, compared to nonporous catalysts, there is a fundamental difference in
the approach taken to tailor the size and shape of porous catalysts to control internal diffusion — a
property that can influence on-stream lifetime and selectivity. The impact of internal diffusion
within porous catalysts is commonly illustrated by a plot of the effectiveness factor n versus the
Thiele modulus ¢.®® A decrease in catalyst size shifts the performance of the material to lower
values of ¢ and higher values of n, which reduces diffusion limitations. This, in turn, reduces the
rate of carbon accumulation (i.e., coking) that is a frequent culprit of catalyst deactivation. Among
the known zeolite structures, on the order of 20 are used as commercial catalysts owing to factors
associated with the cost and complexity of large-scale synthesis.®” Fewer than ca. 20 framework
types have been synthesized with sizes less than 100 nm.% Typical challenges of these syntheses
include low vyield, the required use of expensive organics, post-synthesis aggregation, and issues

with scale up.®® A survey of zeolite literature shows that changes in synthesis conditions can have



a significant impact on the properties of zeolite crystals. These parameters include (but are not
limited to) the selection of silicon and aluminum sources, the use of inorganic and/or organic
structure-directing agents (SDAS), reaction temperature, and the molar composition of reagents.
For example, Mintova and coworkers showed that low temperature aging (Figure 1.3A)" and the
mixing of reagents at low temperature™ (Figure 1.3B) is critical to control (alumino)silicate
polymerization and achieve ultrasmall (10 — 100 nm) zeolite crystals. Guidelines for selecting
synthesis parameters a priori to achieve a desired property are generally lacking due to the
complexity of zeolite crystallization.> Indeed, zeolite synthesis is more of an art than a science,
despite significant efforts from multiple groups to shift the field towards the latter. To this end, this
active area of research presents many opportunities to develop new synthesis methods and elucidate

structure-property relationships.

One method to produce relatively monodisperse zeolite crystals is hard templating.
Colloidal  crystal templating is utilized to synthesize 3-dimensional ordered
macroporous/mesoporous (3Dom) materials, also known as inverse opals. Design strategies for a
range of 3Dom materials and their use in catalytic applications is highlighted in a review article by
Stein.” Challenges in 3Dom synthesis involve defect minimization, morphology control, and the
identification of templates that can be removed efficiently and/or add additional functionality. The
interconnected network of pores and adaptable functionalization of 3Dom materials make them
attractive structures for catalytic applications. Tsapatsis and coworkers used this approach to
synthesize uniform silicalite-1 (MFI) crystals with tunable size (< 50 nm) in carbon templates
(Figure 1.3C)."” This approach has been used by others to synthesize a broader set of zeolites,

which have been tested in a range of catalytic reactions.’"

A versatile method to tailor the anisotropic rates of zeolite crystallization is through the use
of growth modifiers (ZSMs), which are economically beneficial in that they can be recovered and

potentially recycled. Rimer and coworkers introduced ZGMs *' by posing a classical mode of action
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wherein modifiers bind to sites (kinks, steps, terraces) on specific crystal surfaces and impede the
addition of solute to adjacent sites; however, the fact that zeolites grow via a combination of

classical (i.e., monomer-by-monomer addition) and nonclassical pathways involving a wide variety

Figure 1.3 (A-C) Transmission electron micrographs of various zeolite nanocrystals. (A) EMT
(B) FAU™ (C) MFI™ (D-F) Examples of zeolite L (LTL) morphology in the presence
of modifiers.>

of precursors, calls into question the exact role(s) of ZGMs in zeolite nucleation and growth.”’

Rimer>*%™ and others’*® have demonstrated the impact of modifiers on a range of zeolite

frameworks that include LTL, MFI, MOR, MTW, TON, and CHA. Studies of silicalite-1 revealed

that polyamines reduce the [010] dimension of crystals, which is the principal direction for internal
diffusion.®® Effective modifiers of LTL include alcohols, which are capable of reducing the

diffusion path length by more than a factor of three (Figure 1.3D,E).>* Studies of CHA (SSZ-13)

reveal that ZGMs operate as colloidal stabilizers to either prevent or promote the aggregation of
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amorphous precursors, thus allowing for crystal size to be selectively tuned over three orders of
magnitude (0.1 — 10 um).” A general rule of thumb for selecting modifiers in crystallization is that
macromolecules, such as polymers, tend to be more effective than smaller molecules (e.g., their
respective monomers). Examples include the use of Poly diallyl dimethyl ammonium chloride
(PDDAC) in zeolite L synthesis, which leads to a dramatic increase in crystal length-to-width

aspect ratio (Figure 1.3F).

1.3.2 Design of organic structure-directing agents

The most common use of organics in zeolite synthesis is as SDAs, which are molecules
with a size and shape that is commensurate with the geometry of zeolite channels/pores. SDAs
facilitate the formation of pores to which they are occluded during crystallization. In addition to
directing the formation of the crystal structure, organic SDAs can also have a significant impact on
crystal morphology.®# Ryoo and coworkers® introduced the use of surfactant-like SDAs (e.g., di-
and triquaternary ammonium-type surfactants) to generate unilamallar ZSM-5 comprised of
randomly-stacked 2-dimensional (2D) nanosheets (Figure 1.4A-C) that exhibit mesoporosity
(Figure 1.5A). Novel SDAs have been used by Ryoo and others to generate a wide range of 2D

zeolite structures (e.g., MFI, MWW, BEA, MTW, and MRE).2#’
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Figure 1.4 (A-B) Unilamellar ZSM-5 (MFI) zeolite nanosheets with approximately 2-nm thickness
prepared with di-quaternary ammonium-type surfactant (not shown).2 (C) llustration
of the dual-porogenic surfactant family CigHs7—N"(CHj3)2—CeHi2~N"(CH3)2—CeH1o—
N+(CH3)2—C18H37(BI")3.86
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It has been shown that phosphonium-based SDAs and molecular analogues of
tetrapropylammonium, a common SDA for zeolite MFI, can generate MFI crystals as self-pillared
nanosheets with mesoporosity (Figure 1.5B,C)®, crystals with sequential intergrowths (Figure
1.5D)%, and other unique morphologies with reduced internal diffusion path length.*® There has
been a surge in research efforts to design 2D materials; however, this topic dates back 30 years
beginning with the delamination of layered zeolites. Materials such as MWW (or MCM-22, ERB-
1, UCB-1)**2 can be delaminated to thin sheets of ca. 2.5 nm thickness with extremely high
external surface area. This process involves the swelling of layers with an organic (e.g., surfactant)
followed by sonication to disperse individual sheets. Nanosheets have been demonstrated to exhibit
higher selectivity * and markedly longer lifetime % than their commercial analogues. Prior studies
have shown that unilamellar ZSM-5 can be exfoliated into single sheets via a top down approach
% ysing a similar methodology as MWW. More recently, a study of purely siliceous MFI (silicalite-
1) introduced a bottom up approach to generate 2D sheets (Figure 1.5E) using ca. 30nm MFI seeds

in the presence of bis-1,5-(tripropyl ammonium) pentamethylene diiodide as the SDA.>®

0.5 1 1.5 2
Position (um)

Figure 1.5 (A) Mesoporous aggregates synthesized using dual-porogenic surfactants.® (B-C) Self-
pillared pentasil (SPP) zeolite crystals prepared with tetrabutylphosphonium.® (D)
Sequentially intergrown ZSM-5 crystals.** (E) Silicalite-1 nanosheets with atomic
force microscopy height profiles shown to the right.>®
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A common theme of organic structure-directing agent (OSDA) design is the synergistic
combination of modeling and experiments. There are several examples where computational
screening of OSDAs have generated the crystal structure that was predicted a priori. Deem and
coworkers developed a computational method to generate a large library of synthesizable OSDAs.
% Once these compounds were generated, the criteria for reducing the number of viable candidates
in each library was based on their hydrothermal stability and overall compatibility (e.g., rigidity

and interaction energy) with the target zeolite framework.*
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Figure 1.6 (A) Graphical rendering of R- and S-STW zeolites prepared with chiral R- and S-OSDA,
respectively.®® (B) lllustration of the ADOR (assembly, disassembly, organization, and
reassembly) process for the synthesis of novel zeolites.**%®

Proof of concept studies were conducted by Zones, Davis, and coworkers wherein de novo

OSDA compounds identified through computational design were first synthesized and then used to

generate zeolite structures, such as SFW (SSZ-52), which were difficult to obtain via conventional

routes.*® This method of predicting OSDAs for a particular zeolite structure is not always
successful, but advancements in this area of research have markedly shifted current trial and error

methods to those that are more predictive or rational. In some cases, OSDAs have been generated

by modifications to organics in existing databases. For example, Corma and coworkers identified
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phosphazene-based OSDAs through computer-guided design that produce boggsite (BOG), a
natural zeolite that had never been made synthetically. They showed that a basic building block can
be combined in various oligomer configurations to generate different structure-directing agents.
The design of OSDAs has been integral to the synthesis of chiral zeolites. Prior attempts to produce
an enantiomerically pure zeolite from an achiral OSDA have proven to be ineffective *’; however,
Davis and coworkers showed that the use of chiral OSDAs can successfully lead to pure R or S
zeolite enantiomers® wherein the criteria for chiral OSDA design is based on two factors: (i) there
must be a large difference between the computed stabilization energy of a chiral OSDA in both
zeolite enantiomers to ensure that the product is of a single enantiomorph; and (ii) the OSDA must
possess sufficient hydrothermal stability to withstand the synthesis conditions of the targeted
zeolite. For example, it was shown that R- and S-OSDAs produce R- and S-STW zeolites,
respectively (Figure 1.6A). These STW materials were tested as catalysts and showed enhanced
enantioselectivity of epoxide ring-opening reactions and chiral butanol adsorption, thereby
illustrating that zeolite enantiomers have potential applications in highly selective separation and

reaction processes.

In recent years, top down approaches have been explored as alternative (and potentially
more facile) routes to generate 2D zeolites. One method introduced by Cejka, Morris, and
coworkers is known as the ADOR process (where ADOR = assembly, disassembly, organization
and reassembly). In brief, the steps involved in this process begin with the identification of a parent
germanosilicate zeolite (e.g.,, UTL), which is first synthesized, followed by the disassembly of the
zeolite via the breakage of bonds to generate single layers. As shown in Figure 1.6B, the zeolite
layers organize by switching out different composite building units that connect the layers (e.g.,
double four-ring, D4R, or single four ring, S4R) and reassembling the layers into new frameworks
with different pore aperture (e.g., OKO or PCR).'®* This method allows for the synthesis of a new

class of materials that are referred to as IPC-n (withn =2, 4, 6, 7, 9, and 10). The ADOR process
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has potential to produce a library of structures with variable pore size and geometries.'® An
alternative top down approach to convert UTL zeotype into a siliceous structure of different
topology (e.g.,, COK-14) is the inverse sigma transformation, which uses post-synthesis mineral
acid treatment to selectively remove composite building units followed by calcination and leaching

of Ge to reform broken bonds.'%?

Corma and coworkers have used computational simulations of transition states for a
particular reaction within the pores of a zeolite to guide the selection of an appropriate structure for
catalytic reactions (i.e., reverse engineering the catalyst to improve reaction selectivity). To this
end, density functional theory (DFT) was used to evaluate transition state (TS) stabilization (Figure
1.7A) for select reactions in confined cages/channels of zeolites with disparate pore networks.*®
This principle, termed “molecular recognition pattern,” can be viewed as a rudimentary analogue
to the lock and key mechanism in enzymatic catalysis wherein the geometric complementarity of
the TS and the confined pore reduces energetic pathways to a desired product.’®* In order to ensure
that the zeolite can lower the activation energy of the TS, OSDAs of similar size and structure (i.e.,

TS mimics) are selected for the synthesis (Figure 1.7A,B).
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Figure 1.7 (A-C) The molecular recognition pattern approach wherein an OSDA is
computationally selected to match the transition state (A) to produce a zeolite (ITQ-
64) with optimal confinement (B). (C) Comparison of 1TQ-64 (green symbols) with
common zeolite catalysts in the production of xylene isomers.'%
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Corma and coworkers verified this concept through screening the suitability of existing
zeolites and predicting their selectivity for reactions (e.g., xylene production, Figure 1.7C) based
on the calculated stability of the respective TS in the zeolite framework. Their study constitutes a
major step toward designing customizable OSDAs and corresponding zeolite catalysts for specific
reactions. As such, this method can be used to streamline catalyst selection and circumvent

Edisonian approaches in zeolite synthesis.

1.3.3 Engineering porous architecture

A common objective in zeolite catalyst design is the reduction of internal diffusion
limitations imposed by small micropores (typically <1nm) and long diffusion path lengths in
crystals that negatively impact catalyst performance. Approaches to address these problems include
(i) the synthesis of zeolites with extra-large pores (> 12-membered ring aperture)*’, (ii) reduction
of crystal size (as previously discussed), and (iii) introduction of mesopores (so-called hierarchical
zeolites)"*1%°1%_ Zeolites with extra-large pores can be used for reactions of large molecules that
are unable to diffuse into conventional zeolites; however, synthesis of extra-large zeolites requires
expensive OSDAs and often relies on the incorporation of heteroatoms (e.g., Ge) that are less acidic
than ALY An alternative to engineering hierarchical zeolites is the creation of mesopores'®’, which
has been shown to enhance catalyst performance in reactions such as methanol to hydrocarbon
(MTH), alkylation, isomerization, cracking, and condensation.’® Methods used to synthesize

mesoporous zeolites can be classified as either bottom up or top down.

Bottom up approaches involve the use of either hard or soft templates. Hard templates
include carbon nanotubes or nanofibers, ordered mesoporous carbons, non-ordered carbon aerogels
or mesoporous carbons, pyrolyzed wood or carbonized rice husk, CaCO; nanoparticles, and
polystyrene (and other polymeric) microspheres. Soft templating is associated with the use of
cationic surfactants, mesoscopic cationic polymers, silylated polymers or surfactants, polymeric

aerogels, and others (e.g., starch and bacteria). A third category is the generation of disordered
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stacks (or aggregates) of crystals that result from the synthesis of 2D zeolites (refer to Figure 1.5).
Lastly, the “zeolitization” of mesoporous materials (i.e., conversion of the amorphous walls of
mesoporous materials into zeolites) can be used to synthesize hierarchical zeolites. One
differentiating factor of bottom up approaches is that the chemical composition (Si/Al ratio) of the
final hierarchical material is similar to that of the parent zeolite in the absence of template; however,
the use of expensive templates and/or the multiple steps involved with zeolite extraction from

organic/inorganic matrices pose challenges for commercial processes.'®

Top down methods are associated with the removal of either silicon or aluminum from the
zeolite framework post-synthesis. Dealumination is one of the most extensively used techniques
for generating zeolite catalysts, such as the conversion of zeolite Y to ultrastable Y (USY). The
removal of framework Al can be accomplished by acid leaching or steam treatment. An undesirable
outcome of these processes is a change in Si/Al ratio and a concomitant increase in extra-framework
Al relative to the parent zeolite, which alters the acidic properties of dealuminated zeolites. %1
Moreover, de Jong and coworkers' found that the mesoporosity generated by steaming, or
steaming followed by acid leaching, leads to cavities on the exterior surfaces of zeolites without
penetrating into the interior. Low interconnectivity and minimal depth of mesopores have spurred
efforts to identify alternative routes, such as desilication**#'*3, In the latter approach, an alkaline
medium is used to selectively remove Si from the framework. The concentration and spatial
positioning of Al in the framework are critical factors influencing silica dissolution **3, For instance,
Groen and coworkers '** have demonstrated for ZSM-5 that Si/Al = 25 — 50 is an optimal range for
desilication. Similar studies have been extended to other frameworks such as MTW, MOR, BEA,
AST, FER, MWW, IFR, STF, CHA, FAU, TON, and TUN ™. Garcia Martinez and coworkers
introduced a surfactant-templated approach that is performed in mild conditions (i.e., low
temperature and low alkalinity) compared to desilication methods'*>*°, They demonstrated that

surfactants, such as cetyltrimethylammonium (CTA), introduce uniform mesopores (Figure 1.8A-
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C) in various zeolites, e.g., FAU, MOR, and MFI. Additional advantages of this technique over
others is the preservation of zeolite structure without significant alteration of composition (i.e.,
Si/Al ratio). An alternative approach introduced by Valtchev and coworkers % uses NH4F to
selectively target defect sites and etch both Si and Al at similar rates, which also preserves the Si/Al

ratio (in contrast to less controlled treatment with other acids/bases).

Figure 1.8 (A) The mechanism of mesopore formation is illustrated as three stages during
surfactant templating.*” (B) Mesoporous FAU prepared by postsynthesis treatment
with CTA surfactant (inset: HRTEM image)."*’ (C) 3D morphology of mesoporous
FAU obtained from electron tomography.!*®

1.3.4 Introducing catalytic diversity in zeolites
Metal occlusion within zeolite pores can be accomplished through post-synthesis processes
involving either wetness impregnation or solution ion exchange provided that the metal (or
hydrated metal) is sufficiently small to diffuse through the channels and pore windows of zeolite
catalysts. The metal cations can serve as Lewis acid sites for reactions, such as Cu-exchanged
zeolites (e.g., CHA, LTA, etc.) for SCR of NOx with NH3.%!° Some reactions rely on the
incorporation of metal nanoparticles (or clusters), such as Pt-LTL catalysts used in Chevron

Aromax and UOP Platforming processes.?® Attempts to introduce atomic single metal sites have

proven to be nontrivial. Examples include the work by Gates and coworkers who prepared single
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site Pt in K-LTL* and Rh in dealuminated zeolite Y (Figure 1.9A)%? and confirmed the
monodispersity of these single sites by EXAFS, *C NMR and other techniques.’®'** These
mononuclear metal sites supported on zeolites combine the advantages of heterogeneous and
homogeneous molecular catalysts; however, challenges still exist in synthesizing and controlling
the dispersion of metals in microporous materials. To this end, continued efforts to verify the
existence of atomic metals in the support (zeolite) are needed to accompany studies aimed at

elucidating the catalytic activity of these sites.'?®
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Figure 1.9 (A) Single metal site rhodium (brown) bonded to an aluminum (red) of zeolite FAU.'?*
(B) Mechanism of metal occlusion in which the water-soluble metal complexes get
incorporated into the zeolite framework and form metal clusters.*?®

The occlusion of metals in zeolites can reduce the effects of sintering and sulfur poisoning
that are associated with catalyst deactivation. In cases where the desired metal to be occluded is
either too large for post-synthesis treatment or is highly susceptible to sintering during post-
synthesis calcination, an alternative approach is required. A novel method was proposed by Choi,

Iglesias, and coworkers*?"'?8 to incorporate monodisperse, single metal atoms and/or nanoclusters

of large metals within zeolite frameworks (e.g., LTA) by enclosing the metal atoms/clusters in

ligands (e.g., mercaptosilane®). In this approach, metal reduction is averted during zeolite
synthesis and enables the occlusion of metal complexes into zeolite pores as they form (Figure
1.9B) owing to the interaction between the ligands and zeolite precursors and/or composite building

units. After zeolite synthesis is complete, the metals are isolated from the ligands during typical

post-synthesis calcination. It was shown that metal-occluded zeolites exhibit reduced sintering and
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improved thermal stability, along with the added benefit of shape and size selectivity in various
reactions (e.g., alkanol oxidative dehydrogenation and CO oxidation).’?® However, high
temperature synthesis for some zeolite frameworks can lead to early ligand decomposition,
rendering this method ineffective. In this regard, Zones, Iglesias, and coworkers have further
developed a protocol of zeolite interconversion, based on well-known methods®” of converting
metastable zeolites with large pores (e.g., BEA or FAU) to more thermodynamically stable
structures with medium-sized pores (e.g., MFI) wherein the metal is first encapsulated within a
parent framework at milder synthesis conditions (lower temperature); and then during the
interzeolite conversion the metal is occluded within the pores of the daughter structure.”® Corma
and coworkers devised another procedure for Pt single atom and cluster (1 — 2 nm) occlusion in
siliceous MCM-22 by incorporating the metal during the swelling stage of MWW 2D layer

transformation into 3D structures.'®

1.3.5 Tuning Al siting and distribution
The trajectory of zeolite catalyst design has shifted over the past decades from the
microscopic level (e.g., crystal size and morphology) to the atomic level, wherein biasing the
insertion of Al at specific tetrahedral sites has emerged as an area of significant interest in
heterogeneous catalysis.”? Advancements in this area are the result of rapid progress in high
precision synthesis,***¥ development of computation models to validate and/or guide

22133135 and the use of state-of-the-art characterization methods™® to investigate Al

experiments,
siting and proximity. Early studies probing the impact of aluminum content on zeolite catalysis
proposed that protons compensating Al atoms located at different lattice sites behave similarly in
catalytic reactions, thereby suggesting that zeolites catalyze reactions predominantly by their shape
selective properties.”®” This observation seems to agree with the calculations of deprotonation

energies (DPE) derived from density functional theory (DFT) models, which demonstrate that acid

strength is independent of Al siting.’®° The catalytic diversity of zeolites, however, is attributed
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to van der Walls (vdW) stabilization that derives from confinement effects in nano-sized channels
and cages. The relative contribution of Bragnsted acidity and vdW interactions remains a subject of

debate.
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Figure 1.10 (A) Schematic of Al organization in CHA structure which forms isolated Al in the
presence of TMAda* or paired Al in the presence of TMAda* and Na*.?* (B) Schematic
of Al siting in ZSM-5 channels and intersection.*** (C) Effects of aluminum source on
the proportion of paired aluminum sites in the ZSM-5 framework.**

The spatial distribution of Al sites in zeolite frameworks is not always random, but can be

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

143-148 132,142,149 142,149

structure-directing agents, silicon source, aluminum source, heteroatom
incorporation (e.g., B and Ge),* seeding (or accompanying interzeolite transformations),****** and
gel composition.’® Structure-directing agents (SDAs) typically contain positively charged
functional groups which can interact with anionic [AlO-] sites, thereby impacting Al siting in
zeolite frameworks.? Several groups have explored the possibility of altering both proximity and
siting of Al in several structures by varying the charge-density of SDAs. For example, Gounder
and coworkers?! have reported on the effects of relative ratios of organic (N,N,N-trimethyl-1-
admantylammonium) and inorganic (Na*) cations to influence the arrangement of paired and
isolated Al (Figure 1.10A) in SSZ-13 (CHA). Rimer and coworkers**' demonstrated that
cooperative effects of organic molecules, such as cetyltrimethylammonium (CTA") or
tetrapropylammomium (TPA®), and inorganic cations (e.g., Na* or K*) can be exploited to direct

Al positioning in ZSM-5 (MFI) to either channel (straight and sinusoidal) or their intersections

(Figure 1.10B). Similar studies have been extended to other frameworks, such as FER,*4*° |FR,48
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and MEL,*® among others. One method to tailor Al siting among different lattice sites is through
the selected combination of silicon and aluminum sources. Déde¢ek and coworkers™’ employed
this approach to show that the use of colloidal silica can enrich acid sites in sinusoidal and straight
channels of ZSM-5, whereas switching the silicon source to tetraethylorthosilicate (TEOS)
selectively places Al at channel intersections. The same group also hypothesized that the choice of
aluminum source (Figure 1.10C) can impact the fraction of paired Al sites in the following order:
AI(OH); > AICl; > AIPO, > AI(NOs)s.*? The aluminum distribution can also be regulated by
introducing heteroatoms, such as B or Ge, into synthesis gels owing to the competition between Al
and heteroatoms to occupy distinct lattice sites in the framework. Indeed, it has been demonstrated
that the variation of heteroatom-to-Al ratio in synthesis mixtures can impart unique distributions of
acid sites in a number of zeolites, including MCM-22 (MWW),**® ZSM-5*° and ZSM-11
(MEL).*®® An alternative strategy involving interzeolite transformations was reported by Yokoi
and coworkers™! who showed that CHA zeolites crystallized from faujasite (FAU) as a parent
zeolite results in a higher proportion of Q*(2Al) compared to CHA synthesized directly from
amorphous reagents. Analogous approaches have been used by Dusselier and coworkers®® to alter
paired Al sites in CHA, which reportedly alters the speciation of Lewis acids (e.g. Fe) for partial
oxidation of methane. Lastly, the systematic adjustment of synthesis parameters (e.g., temperature)
can spatially bias Al positioning.™® Similar effects were demonstrated by Rimer, Okubo and
coworkers'®® who successfully synthesized a highly siliceous FAU zeolite (HOU-3) with biased Al
siting by simultaneously varying the alkalinity and water content of the starting gel. Using a
combination of solid state NMR and theoretical calculations, this study verified that Q*(nAl)Si

speciation corresponds to low energy configurations.

Numerous studies have demonstrated that the ability to selectively place Al at specific

locations in the zeolite catalyst can significantly impact the activity, stability, and selectivity for a
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wide variety of reactions. Examples include methanol dehydration,*®* cracking,'®%1¢
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carbonylation,*®* methanol-to-hydrocarbons (MTH),®6:1%8.165-167 gligomerization,'®® and methane
oxidation,'***"® among others. Dédedek and coworkers™® determined the consequence of Al
proximity in ZSM-5 zeolites on the product yields in 1-butene cracking (Figure 1.11A and B).
They showed that a higher fraction of paired Al atoms enhances the hydrogen transfer reaction,

which subsequently leads to the formation of aromatics (Figure 1.11A).

140
i monomolecular pathways™ & - /Il] e
risomerization _scission _ © 80 . 1 120 3
: B-scission oo =+ H*  Fast 84% Isolated T P 2
: B-scission I 40% Isolated ERICE I T . 10 &
Lo A Cy+Cy 7 +H Stow 52 607 & n e
Py c . P2 < 801 l ’ 80 o
.. =+ 5= 4 =
H* B-scission 2G5 *H Siow . £ 40 < 0 m
_____________________________________________ i & 60 B o 60 =
AN 1-hexene 3 2 A g
_____________________________________________ 20 JE 40 ili., ' 4 3
o [*CsT bimolecular pathways e @ ’,5_4 ! T
: © o od F 208> L4 20 T
+ = = 3 . . " v <
: Gy C,”-Cq aromatics + alkanes: ethylene propylene aromatics paraffins € | > O
B-scission oligomerization . 0 0

cyclization . 00 02 04 06 08 10
hydrogen transfer : Fraction of Al in pairs

Figure 1.11 (A) Distinct pathways for mono- and bimolecular cracking of 1-hexene in ZSM-5.1%°
(B) Impact of Al distribution on the cracking of 1-hexene over ZSM-5 with 84%
isolated Al sites (red) and 40% isolated sites (blue).**" (C) Zero order (circles) and first
order rate constants (squares) for methanol dehydration in the CHA zeolites.'®*

In contrast, ZSM-5 samples with isolated Al arrangements promotes cracking with
enhanced light olefins selectivity. Similar effects have been observed in methanol dehydration to
dimethyl ether (DME), which is the first step in the MTH reaction. For example, Gounder and

coworkers*6!

showed that both zero-order and first-order rate constants increase with increasing
proportion of paired Al sites (Figure 1.11C). They attributed the increase in rate constants to a
transition in the mechanism from an associative to dissociative pathway. Grabow and coworkers'™
employed periodic DFT to show that the location of Brgnsted acids at different tetrahedral (T) sites
within ZSM-5 channels (straight, sinusoidal, and intersections) can significantly influence the
kinetics of DME formation, resulting in a broad temperature range (ca. 300 K) where the dominant
pathway switches from associative to dissociative. The potential for variations in Al siting among

different ZSM-5 catalysts may explain why there are conflicting claims in literature regarding the

dominant reaction mechanism. Carbonylation of DME is another probe reaction which is used to
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indirectly identify the location of acid sites in select zeolites. Iglesia and coworkers'’>'” have
observed a direct correlation between carbonylation rates and Al sites within the 8-membered ring

164

side pockets of mordenite (MOR). Using a similar methodology, Davis and coworkers™" evaluated

the impact of Al distribution in ferrierite (FER) on catalytic behavior. Control of framework Al
siting can also markedly alter the dual cycle mechanism of MTH reactions. For example, Wang®®
and others®®3384% have proposed that acid sites located at the channel intersections of ZSM-5
promote the aromatic cycle (with increased coke formation), whereas it is suggested that Al in the
narrower channels favors the olefin cycle. Provided that ZSM-5 catalysts can be synthesized with
biased Al siting, the judicious distribution of acid sites can lead to enhanced selectivity and/or
stability. The controlled location of Brgnsted acids can also impact reactions involving Lewis acids,
which are often placed in close proximity to Al sites as extra-framework species (i.e., ions, metals,
or oxides). For example, Cu- and Fe-exchanged SSZ-13 zeolites have attracted significant interest
over the years for either emission catalysis or methane activation applications. The speciation of

extra-framework Cu or Fe,'"

which are active sites for the selective catalytic reduction (SCR) of
nitrogen oxides (NOXx)*", can be manipulated by altering the proportion of paired/isolated Al sites
in the zeolite framework. Specifically, paired Al sites can compensate Cu?* ions while isolated Al
sites exchange [CuOH]" ions.}™® For the direct conversion of methane, Roman-Leshkov and

coworkers'’ have demonstrated that a dimeric motif [Cu-O-Cu]** associated with paired Al sites

is the primary active site responsible for partial methane oxidation.

A long-standing challenge in developing structure-performance relationships in zeolite
catalysis has been the inability to fully characterize Al siting. In recent years, there have been a
number of advancements in the development of analytical tools*’ to quantify Al distributions and
proximity with greater accuracy. Magic Angle Spinning-Nuclear Magnetic Resonance (MAS-
NMR) spectroscopy of both Si and ?’Al in combination with DFT calculations'®*¥ (Figure

1.12A) is typically employed to probe Q*(nAl)Si speciation and averaged Al-O-Si bond angles,
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respectively. These synergistic analyses have enabled the identification of Al sites in a number of
zeolites, such as ferrierite, ZSM-5, MCM-22, and ZSM-11, among others; however recent studies
have shown that it is often nontrivial to obtain quantitative information solely from NMR data. For
instance, Déde¢ek and coworkers™®? have shown that Al proximity can lead to *’Al isotropic
chemical shifts up to 4 ppm, which can be misinterpreted as distinct crystallographic sites leading
to controversial interpretations. Alternative techniques employing X-rays can be particularly useful
owing to their large penetration depth for atomic level characterization. For example, Lercher and

coworkers®®!

used extended X-ray absorption fine structure (EXAFS) analysis in combination with
DFT-trained molecular dynamics simulations to demonstrate the preferential occupancy of Al in
zeolite beta (BEA). Moreover, van Bokhoven and coworkers'®® have developed an X-ray
standing wave technique and X-ray emission spectroscopy to determine the distribution of Al (with
atomic level resolution) in a natural zeolite (scolecite) and synthetic ferrierite, respectively. In
general, X-ray diffraction methods are not sensitive enough to distinguish aluminum from silicon
in the framework due to their similar scattering length density; however Pérez-Pariente and
coworkers'**'*® have reported Rietveld refinement of synchrotron X-ray diffraction patterns to
elucidate the location of organic SDAs within the channels/cages of zeolites, which directly
influence Al occupancy. They showed that organic molecules capable of forming hydrogen bonds
with framework oxygen atoms are the most likely to demonstrate this effect. Rimer and
coworkers'® used a combination of techniques, including synchrotron X-ray diffraction, molecular
modeling, and solid-state two-dimensional NMR, to show that SDAs influence Al siting in
mordenite. Weckhuysen and coworkers'®® developed a powerful atom probe tomography tool
(Figure 1.12B) wherein three-dimensional element distribution maps of thin needle-shaped
samples (ca. 100 nm) can be generated with exceptional spatial resolution (0.1 to 1 nm) using
focused ion beam (FIB) milling. This technique can provide unique insights into the effects of harsh
reaction conditions (e.g., steaming) on the dealumination and migration of Al atoms within zeolite

pores. Alternatively, titration methods have been adopted in numerous studies to quantitatively
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characterize the proportion of paired and isolated sites in zeolite frameworks. Several
groups®3142150179 have proposed that paired aluminum arrangements can be titrated by divalent
metal cations (e.g., Co*/Cu?"), whereas isolated sites compensate monovalent cations (e.g.,
H*/Na*). The adsorption of divalent metal cations is often combined with UV-visible spectroscopy.
An analogous approach involves the use of a probe reaction, such as methanol dehydration or

alkane cracking (i.e., constraint index),**>8%1% to deduce Al arrangements.
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Figure 1.12 (A) Deconvolution of experimental (red) and calculated (black) 2’Al MAS NMR
spectrum for orthorhombic ZSM-5 with 12 distinct T-sites.'® (B) Comparison of 3D
atom distribution maps of Al within a parent ZSM-5 zeolite and steam-treated zeolite
using atom probe tomography.*®

1.4 Mechanism(s) of zeolite crystallization
One of the most significant challenges to synthesize theoretical zeolite catalysts is
overcoming the lack of fundamental knowledge of the crystal growth mechanism. In other words,
if one wishes to design a material, it is critical to know the pathways that can be manipulated to
alter the final product. This task is nontrivial owing to the large variety of precursors present in the

synthesis mixtures of zeolites. Here a brief overview of our current understanding regarding the

mechanism(s) of crystallization of zeolites is presented.
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1.4.1 Nucleation

The molecular-level details governing the formation of first nuclei and their subsequent
transformation to zeolite crystals are not well understood.*®” Amongst 245 known zeolite structures,
mechanistic studies have only been done on a few zeolites leaving many fundamental questions
unanswered. Zeolite synthesis often involves the formation of precursors which can range in
complexity from primary particles (ca. 1-6 nm)*®# to amorphous gels.***!** There is consensus
within the zeolite community that zeolite nucleation does not follow classical nucleation theory
(CNT) wherein clusters of critical size form by the association of monomers.’® In contrast, it has
been argued by multiple groups that during the pre-nucleation stage primary amorphous phase
formed by the initial mixing of silica and alumina sources transforms into secondary amorphous
phase with evolved size, shape, and microstructure assisted by either room temperature aging or
hydrothermal treatment.*®® Zeolite precursors are highly heterogeneous both in terms of size and
composition, wherein they contain networks of aluminosilicate polymers with a significant fraction
of solvent or colloidal aggregates often termed as worm-like particles (WLPs) in the

literature, 187194195

It is extremely challenging to probe the microstructure of the amorphous
precursor phase; however, calorimetry and colloidal stability experiments by Rimer and
coworkers'®® have demonstrated that precursors exhibit some level of local ordering before
nucleation. The presence of amorphous precursors is ubiquitous in zeolite synthesis mixtures which
suggests a two-step mechanism of nucleation postulated for other materials such as proteins,
colloids, and biominerals.'*"** There are two distinct hypotheses regarding the roles of amorphous
precursors in zeolite nucleation: (i) precursors can either act as a substrate for heterogeneous
nucleation; and/or (ii) precursors can provide local regions of high supersaturation, thereby
impacting the energetic barriers for nucleation.>**® Multiple groups have shown that the spatial
origin of nucleation can either be inside the amorphous precursors?® or at the exterior surface of
the particles'®?* (Figure 1.13). The former mechanism has been reported for zeolite frameworks

such as LTA?®, whereas the latter mechanism has been proposed for zeolites such as FAU?®?,
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EMT?®, and ANAZ?%, Valtchev and coworkers®®*?% have shown that nucleation of zeolite LTA
occurs at the solid/liquid interface wherein significant exchange of Si and Al species is needed
through a solution mediated pathway of crystallization. Similar findings have been reported by the
groups of Rimer?® and Subotic on zeolite LTL and MFI*® respectively. Conversely, Serrano and
coworkers and others have reported solid-state transformations for a number of zeolites such as TS-
1, TS-2, ZSM-5, ANA, and TS-beta.?"? |t must be emphasized here that it is highly unlikely for
the solid to reach specific chemical compositions critical for zeolite nucleation without the

exchange of species between solid and liquid phases.
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Figure 1.13 Putative mechanisms of zeolite nucleation involving the formation of amorphous
aggregates which serve as sites for heterogeneous nucleation either on the exterior
surface or within the interior.*®’

In contrast to gel-based zeolite syntheses, there is relatively more information in the
literature regarding zeolite nucleation in clear solutions (i.e., sols) owing to their facile
characterization by in situ techniques such as scattering and microscopy. Silicalite-1 (MFI type)
zeolite remains a subject of study by several groups since the growth solutions are clear and ideal
for mechanistic studies. Amorphous precursors of silicalite-1, which range in size from 1-6
nm, 188189210 eyolve during the induction period, yet they lack long-range order. The exact

microstructure of precursors is relatively unknown; however, both experimental and computational

studies have shown that nanoparticles exhibit a core-shell structure where the OSDA
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tetrapropylammonium (TPA*) forms a shell around the hydrated amorphous silica.?***"* Tsapatsis
and coworkers used cryo-TEM analysis'®® to track the evolution of nanoparticles at room
temperature. The experiments revealed a unique mode of crystallization wherein precursors form
aggregates that over time undergo complete crystallization (while maintaining the same
morphology as the original aggregate), suggesting oriented aggregation as a major pathway for

18 Moreover, several computational studies?*?"> have attempted to examine the

crystallization.
formation of rings or CBUs during the polymerization of aluminosilicate clusters as potential
growth units for crystallization; however, there has not been any direct experimental evidence to
support this viewpoint. To this end, characterizing the role of precursors in zeolite nucleation
remains an active area of research and significant advances in characterization techniques and

modeling methods over the past years could provide a first molecular-level description of zeolite

nucleation in the near future.

1.4.2 Zeolite growth

There are two schools of thought describing the growth mechanism(s) of zeolites: (i) the
classical view of growth involving the addition of monomers from the solution to the crystal
surface, and (ii) non-classical pathways which involve the incorporation of precursors more
complex than a monomer ranging from oligomers and clusters to nanocrystals and amorphous gel-
like particles (Figure 1.14).”” The Kossel model is often used to illustrate the distinct sites for the
attachment of monomers: steps, kinks, and terraces.?!® Among these three sites, kinks are more
energetically favorable as compared to steps and edges due to three bonds formed between a
monomer and the crystal surface, whereas steps and terraces only lead to two bonds and a single
bond, respectively. The driving force for crystal growth is proportional to supersaturation, which
can be manipulated by varying the pressure, temperature, pH, and chemical nature of the solvent.?'’
Classical crystal growth typically involves the generation of two-dimensional layers and spreading

by the addition of monomers to the crystal surface.?” Another route by which crystals can grow is
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spiral growth which usually operates at low supersaturation and leads to the formation of growth
hillocks emerging from a spiral dislocation.®® At high supersaturation, adhesive type growth
dominates leading to a rough surface topography (i.e., kinetic roughening). The advent of surface
sensitive techniques such as atomic force microscopy (AFM), interferometry, and confocal
microscopy has led to unique insights on the mechanism(s) of crystal growth for a number of
zeolites and zeotypes such as LTA#8, FAU?°, LTL*, MFI???, SAV?®, and CHA?*, Notably,

Anderson and coworkers?2%:221223.225

showed the formation of steps and terraces on fully crystalline
LTA, MER, FAU, and MFI and concluded that birth and spread is the dominant pathway for zeolite
growth. The same group also reported that spiral growth is the preferential mode of growth for

7222 and zinc phosphate SOD??. It must be noted that most of the studies in

zeotypes such as STA-
the literature employ ex situ techniques to probe the crystallization mechanism of zeolites, which
is subject to controversial interpretations since the mechanistic insights are limited when
interpreting ex situ data. As such, if one wishes to obtain definitive evidence of crystallization
pathway(s), techniques capable of investigating the dynamic sequence of events on crystal surfaces
with molecular-level resolution are highly desired. To this end, Rimer and coworkers developed a

unique in situ AFM tool to capture the zeolite surface growth in solvothermal conditions with

exceptional spatiotemporal resolution.

In situ AFM studies on silicalite-1 revealed that crystal growth occurs by both molecular
addition and nanoparticle attachment.® The first in situ demonstration of silicalite-1 surface growth
identified novel pathways of crystallization involving 3-dimensional nucleation and island growth.
These findings were in direct contrast with the layer-by-layer growth mechanism proposed for other
zeolites using ex situ data. Recently, Rimer and coworkers extended the applicability of the
technique to a more challenging system: zeolite A (or LTA).?8 The growth solutions of zeolite A
are opaque due to the presence of bulk amorphous precursors. In the case of zeolite A, diverse

precursors were identified contributing to surface growth ranging from monomers and oligomers
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to nanocrystals and gel-like islands (Figure 1.14). These studies are part of a growing discipline
focused on crystallization by particle attachment (CPA) where the list of materials that are believed
(or known) to grow by these complex pathways is rapidly expanding. Examples include metal
oxides, biominerals, and proteins, among others.?”** Moreover, a systematic analysis of
intermediate stages during the crystallization of zeolites LTL2®, MFI*%, MTW#%%1 and CHA™
by ex situ electron microscopy has provided important pieces of evidence of crystals embedded in
the deposits of amorphous precursors, indicative of CPA as a predominant pathway of

crystallization.
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Figure 1.14 lllustration of distinct growth mechanisms of zeolite crystallization involving either
classical or nonclassical pathways. The former involves monomer-by-monomer
addition while the latter involves the incorporation of precursors more complex than
a monomer.?*
Few studies have also explored the possibility to switch the growth pathway from
nonclassical to classical for a desired application. For instance, Rimer and coworkers’® have shown
that a slight adjustment in the synthesis conditions, such as temperature, can result in faceted cubic

crystals during SSZ-13 crystallization, suggesting a classical pathway is a prominent mode of

growth. In addition to synthesis parameters, manipulation of organic molecules employed as either
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growth modifiers or structure-directing agents is another viable approach to selectively control
classical and nonclassical pathways of zeolite growth as recently demonstrated by the group of
Tsapatsis.?** Collectively, these observations highlight the complexity of zeolite synthesis in that
growth occurs by multiple pathways involving a wide variety of potential growth units. As such,
this active area of research presents opportunities for future studies to better understand the relative

contributions of these pathways to generate superior zeolites for a wide range of applications.

1.5 Dissertation outline

The physicochemical properties of zeolite catalysts such as acidity, porous architecture,
size, roughness, and crystal morphology can significantly alter their performance for a wide variety
of reactions. As previously mentioned, fewer than 25 framework types are used in commercial
applications. There are two major challenges associated with optimizing and/or expanding this list
of materials for industrial applications. The first is the development of more streamlined routes to
reduce the cost of zeolite synthesis. The second one is the lack of fundamental knowledge regarding
the crystallization mechanism(s) of zeolites which often prohibits the control of zeolite properties.
This dissertation focuses on three critical elements of zeolite catalyst design: (i) investigating the
principles of surfactant templating to tune the properties of two zeolites (MFI and FAU) that are
used in commercial applications that include catalysis, adsorption, and separations among others;
(ii) developing organic-free routes for the fabrication of hierarchical zeolites to improve the
performance of zeolites particularly in stability, lifetime, and activity using an economically
feasible seed assisted approach; and (iii) developing techniques that are capable of monitoring

complex mechanism(s) of zeolite crystallization with sufficient spatiotemporal resolution.

Surfactant templating has emerged as one of the most effective and versatile strategies for
the construction of well-defined porous architectures in zeolites. Despite tremendous efforts by
multiple groups to elucidate the mechanisms of surfactant templating in zeolite synthesis, these
pathways are not well understood. In Chapter 2, we highlight the roles of surfactant
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cetyltrimethylammonium (CTA) as an SDA in the design of ZSM-5 zeolites. Our findings reveal
that the selection of inorganic/organic SDA combinations has a significant impact on the kinetics
of ZSM-5 crystallization, as well as the properties of the resulting crystals. Using a combination of
experiments and molecular modeling, we show that we can achieve smaller crystals (ca. 600 nm)
in a similar time (< 24 h) as conventional syntheses. In Chapter 3, we discuss the roles of CTA as
a mesostructuring agent to alleviate the diffusion limitations imposed by the micropores of USY
zeolite (FAU type). We present in situ observations of intracrystalline mesoporosity generation in
USY using AFM. Our findings capture in real time the structural, morphological, and textural
evolution of initially rough crystals to smooth crystals with a uniform distribution of mesopores. In
Chapter 4, we further expand our discussion to introduce an economically feasible method to
synthesize hierarchical self-pillared pentasil (SPP) zeolites with intergrown nanosheets using a
seed-assisted route. Our findings reveal nonclassical pathways of SPP crystallization. We also
present the effects of various parameters such as seed structure, chemical composition, temperature,

and time on the properties of SPP zeolites.

The ability to generate zeolites with well-defined and diverse physicochemical properties
is dependent upon the fundamental understanding of crystallization pathways. There are a wide
range of precursors that can serve as growth units during crystallization. One of the critical
guestions regarding precursor assembly pertains to the microstructure and physical state of
amorphous particles as they evolve. In Chapter 5, we discuss the heterogeneity and physical state
of amorphous bulk precursors encountered in the synthesis of various framework types. Our
findings show that the majority of the zeolite synthesis mixtures are prepared in such a manner that
will never lead to the formation of gels owing to the incomplete dissolution of the silicon source.
Another major challenge in elucidating the assembly, microstructure, and mechanism(s) by which
precursors are involved in crystallization is the lack of available techniques that are capable of

monitoring amorphous-to-crystal transformations with sufficient spatiotemporal resolution. In
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Chapter 6, we propose an elemental mapping method employing Field Emission Scanning Electron
Microscopy with Energy Dispersive X-ray spectroscopy (FE-SEM-EDX) as a versatile tool to
characterize morphological and compositional properties of precursors during the crystallization of
five commercial zeolites (MER, MFI, MOR, TON, and LTL). The dissertation ends with a brief
section summarizing the findings in this dissertation, providing an overview of future directions,

and offering perspectives to further develop zeolite catalysts for a wide range of applications.
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Chapter 2

Cooperative Effects of Inorganic and Organic Structure-Directing
Agents in ZSM-5 Crystallization

2.1 Motivation
Zeolites are crystalline microporous aluminosilicates with unique properties, such as
tunable acidity and exceptional (hydro)thermal stability, which are utilized in commercial
processes ranging from ion-exchange and adsorption to catalysis and separations.®®#42¢ |n this

chapter we focus on the synthesis of ZSM-5 (MFI framework type), which is heavily used in

237 238

catalytic applications that include (but are not limited to) reforming,”" isomerization,
hydrocracking,?®® biomass conversion,?®® and methanol to hydrocarbon (MTH) reactions.*? The
MFI framework is comprised of 3-dimensional (3D) pore network consisting of intersecting
straight and sinusoidal channels (ca. 5.6 A diameter). Among the approximate 240 known zeolite
structures, the vast majority are synthesized in the presence of an organic structure-directing agent
(OSDA),**! which is a molecule with a size and geometry similar to the channels or cages of
zeolites; therefore, OSDAs facilitate pore formation, alter the kinetics of crystallization, and (in
some instances) direct the incorporation of Al at specific tetrahedral sites within the crystal lattice.?

It is possible to synthesize ZSM-5 in the absence of an OSDA using sodium ions. 242243

as inorganic
structure-directing agents; however, the products of OSDA-free synthesis contain a significant
amount of Al (i.e., Si/Al < 20). In order to achieve higher Si content, which is often desirable for

catalytic applications, an OSDA must be used in the growth mixture.

The most common OSDA for zeolite MFI is tetrapropylammonium (TPA).>**® Prior
literature contains examples of other OSDAs, such as triethylbutylammonium bromide (TEBA),**
dimers and trimers of TPA,%2?% amines (e.g., triethanol amime®*® and ethyelene diamine?**), and

alcohols (e.g., 1,6-hexanediol®*” and tetrabutyl alcohol®*®). Ryoo and coworkers reported the use of
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dual-porogenic surfactants containing mono quaternary ammonium groups to synthesize MFI
nanosheets of several unit cell thickness.® Other groups have also established that under
appropriate conditions the surfactant cetyltrimethylammonium (CTA) can act as an OSDA for MFI
crystallization.?**?*! Prior studies have explored the use of CTA for alternative purposes, including
its use as a crystal growth modifier to alter zeolite habit,” as a mesoporogen,®? as a swelling agent
in the preparation of 2-dimensional nanosheets from layered zeolites,>*%#%°3*2% and in post-
synthesis treatment to induce mesoporosity.?®2* Few studies have explored the use of CTA strictly
as an OSDA in zeolite synthesis as well as methods to optimize the physicochemical properties of
ZSM-5 crystals produced by this OSDA. Examples include the work from Okubo and coworkers®*°
that introduced CTA-directed MFI synthesis, as well as a recent paper by Hensen and coworkers®®
that highlighted the role of dual inorganic/organic structure-directing agents (SDAS). Interestingly,
molecular analogues of CTA, such as tetramethylammonium (TMA) and its structural derivatives,
do not direct the formation of MFI, but act as OSDAs for other zeolite structures (e.g., CAN, ERI,
GIS, GME, LTA, LTN, MAZ, PHI, and SOD).%%% This suggests that the hydrophobic tail of CTA

(Figure 2.1) is instrumental in its role as a structure-directing agent for MFI.
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Figure 2.1 Molecular structures of organic structure-directing agents.
Alkali and alkaline earth metals are common inorganic structure-directing agents (SDAS)
in zeolite synthesis * and are also found in a majority of natural zeolites.®® Inorganic SDAs function

as extra-framework cations and have the ability to increase the rate of crystallization. For instance,
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Davis and coworkers observed a seven-fold increase in the rate of MTW crystallization in the
presence of alkali metals.?®® Prior studies have categorized the effects of inorganic SDAs on the
basis of their ability to either promote or disrupt hydrogen bonding of water molecules around the
cation, with subsequent displacement by (alumino)silicate species leading to the formation of
nuclei.?®” Notably, Li and Na ions are referred to as structure formers, while K, Rb, and Cs are
structure breakers owing to their large ionic radius. In general, the rate of crystallization is reduced
or enhanced in the presence of structure breakers or formers, respectively;?®® however, it is not well
understood how or why certain inorganic SDAs selectively promote the formation of a particular
zeolite framework type, and how cations work in concert with organics to alter the kinetics of
zeolite crystallization.

Herein, we investigate the effects of dual inorganic and organic SDAs on the synthesis of
ZSM-5 through integrated experimental and molecular modeling studies. Comparisons are made
using CTA and TPA as organic SDAs in combination with various alkali metals as the inorganic
SDAs. Our findings reveal that the selection of specific organic/inorganic SDA combinations has
a direct impact on the kinetics of MFI crystallization. Moreover, our findings indicate that SDA
combinations influence the physicochemical properties of ZSM-5, which includes crystal size,
morphology, and the number and/or spatial distribution of aluminum in the MFI framework. Time-
resolved analysis of zeolite nucleation and crystal growth indicate a synergistic effect of organic

and inorganic cations on MFI formation.

2.2 Results and Discussion
2.2.1 MFI synthesis with organic and inorganic ion pairings.
Here we investigate various combinations of inorganic and organic ions in ZSM-5
synthesis using two commonly reported SDAs for MFI — tetrapropylammonium (TPA) and Na —
and two less commonly reported SDAs — cetyltrimethylammonium (CTA) and K. Beginning with

studies of CTA, scanning electron micrographs reveal the formation of ca. 1.3 um ZSM-5 crystals
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in the presence of K (Figure 2.2A). In the presence of Na we observe ca. 650 nm crystals (Figure
2.2B), which is a factor of 3 less than those reported in prior studies of CTA-directed MFI
crystallization.?*® The ability to produce small ZSM-5 crystals is associated, in part, to the SDA
pairings. In addition, our findings indicate that crystal size is attributed to the use of colloidal silica
compared to alternative silicon sources, such as tetraethylorthosilicate (TEOS). For instance, we
prepared a ZSM-5 growth mixture with the same composition and switched from colloidal silica to
TEOS. The resulting crystals (shown in Figure 2.9A) were approximately three times larger, which

highlights the importance of Si source selection in MFI synthesis.
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Figure 2.2 Scanning electron micrographs of ZSM-5 crystals synthesized with CTA as the OSDA
in the presence of (A) potassium and (B) sodium cations. Powder X-ray diffraction
patterns of solids extracted from ZSM-5 syntheses (at specified times) in the presence
of (C) potassium and (D) sodium cations.

Meng et al. reported that combinations of CTA and K resulted in the formation of MFI,
whereas solutions of CTA and Na did not produce crystals under the conditions tested.”* Here, we
report that both SDA combinations result in MFI formation, with shorter crystallization times for

solutions containing K. Notably, time-resolved powder X-ray diffraction (XRD) analysis of

samples containing both CTA and K reveal that crystallization is complete within 17 h of
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hydrothermal treatment (Figure 2.2C). We observed that the combination of CTA and Na results
in MFI crystals after longer heating time (ca. 60 h), as shown in (Figure 2.2D). It should be noted
that our experiments were performed at 160 °C compared to 140 °C in the study by Meng et al.,
which seems to indicate that crystals will form if given sufficient time to nucleate and grow. If true,
this suggests that MFI crystallization potentially occurs in solutions containing CTA/Na at lower

temperature with adequate heating time (i.e., > 10 days at 140 °C).

The synergy observed in the combination of CTA and K is quite unexpected given that K
is reported in literature to either slow MFI crystallization or suppress its formation.?® For instance,
organic-free syntheses of ZSM-5 are possible using Na as an inorganic structure-directing agent
(SDA),?*® but to our knowledge MFI cannot form in the presence of K as the only SDA. Conversely,
K is known to direct the formation of many other zeolite frameworks (e.g., LTL, TON, and MER,
among others).*3%+206269 A systematic analysis of MFI growth mixture containing CTA and varying
ratios of K and Na reveal that there is a three-fold reduction in the induction time (Figure 2.3A)
when switching from mixtures of CTA with Na to those with K. It should be noted that the reported
induction times are an overestimation given that we use the first appearance of Bragg peaks in
powder XRD patterns of extracted solids to estimate the onset of nucleation (i.e., peaks in XRD
patterns appear once there is ca. 3% crystalline material in the sample).?’® By comparison we
tested ZSM-5 synthesis using combinations of TPA and alkali metals and observed an
opposite trend. Crystallization of ZSM-5 in the presence of Na is complete within ca. 24 h
of hydrothermal treatment (Figure A9), whereas the combination of TPA and K yields a
partially amorphous product (Figure 2.3B). Scanning electron micrographs of products
extracted after 24 h of heating also reveal dramatic differences in crystal morphology
(Figure 2.3B), which was not observed in samples prepared with CTA. For instance, growth
mixtures containing TPA and K result in the formation of hexagonal crystals (ca. 6 um)

with residual amorphous precursors (Figure 2.3B, arrow) clearly visible.
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Figure 2.3 (A) Approximate induction times as a function of inorganic SDA content in ZSM-5
growth mixtures. Scanning electron micrographs of ZSM-5 crystals synthesized with

TPA as the OSDA in the presence of (B) potassium and (C) sodium.
SEM images of crystals prepared with TPA and Na reveal an ellipsoidal morphology
(Figure 2.3C) with smaller size (ca. 3 um). The increased crystallization time for solutions
containing K is qualitatively consistent with reports of MFI synthesis in literature. The ability of K
to reduce crystallization time is only observed with CTA; therefore, our findings indicate that
organic/inorganic SDA pairings do not follow identical trends but are dependent upon the selected

combination. The molecular mechanism(s) governing the cooperative effects of inorganic/organic

SDA combinations is not well understood.

2.2.2 TPA and CTA occlusion in MFI pores.

We also used MD to locate regions within the MFI framework where the OSDAs (TPA
and CTA) become preferentially occluded during synthesis. Favorable conformations were
identified by computing the stabilization energy E for each OSDA in an MFI framework consisting
of 36 unit cells (3x3x4) (see Methods). Modeling such a large system was necessary to avoid

spurious self-interactions when inserting CTA, which is more than 2 nm in length in its fully
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extended conformation. To minimize the computational cost of the simulations, conformational
sampling was performed using only a single OSDA molecule. The results from these simulations,
however, were found to be qualitatively consistent with limited sets of calculations performed using

higher OSDA loadings (i.e., 1 and 2 OSDAs per unit cell).
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Figure 2.4 Energetically favorable conformations for (A) TPA+ and (B) CTA+ in the MFI
framework identified using MD. Blue beads indicate characteristic positions of the N
atoms on SDAs for energetically favorable conformations.

The simulations predict that TPA preferentially occupies MFI’s large pores located at the
junctions where the straight and sinusoidal channels in the framework intersect (Figure 2.4A).
These pores are ~0.7 nm in diameter, which is similar to the size of TPA (min/max dimensions:
~0.65/0.91 nm). TPA adopts conformations inside these pores in which its N center sits near pore’s
middle and its bulky propyl groups extend into the adjoining channels (Figure 2.4A). These
favorable conformations significantly enhance the stability of the MFI framework (E, ~ -530
kJ/mol). Further, they are in excellent agreement with the TPA conformations deduced from
nuclear magnetic resonance and X-ray diffraction measurements and predicted in other

computational studies of MF1.2"*?"* By contrast, conformations in which the N center of TPA is

located inside the straight or sinusoidal channels result in unfavorable steric interactions that
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destabilize the MFI framework (i.e., E; > 0). Hence, the simulations suggest that TPA is too large
to become occluded in other regions within the framework. Whereas TPA molecules can only be
accommodated in MFI’s large pores, there are at least two distinct conformations accessible to

CTA, which has a chain-like structure (min/max dimensions: ~0.3/2.3 nm).

In the first conformation, CTA occupies a straight channel with its trimethylammonium
head group extending into one of MFI’s large pores (Figure 2.4B). In the second conformation,
CTA’s backbone bends to allow it to occupy a sinusoidal channel (Figure 2.4B). While both
conformations are favorable (E; ~ -575 and -500 kJ/mol, respectively), the former leads to greater
framework stability and thus will be energetically preferred. Nevertheless, the similar magnitude
of the stabilization energies suggest that CTA may be occluded in both conformations during
zeolite synthesis. Although, to our knowledge, no prior computational studies have been performed
to examine CTA occlusion in MFI. The first conformation is remarkably similar to those that have
been previously posited on the basis of steric considerations.?**?*® The second conformation,
however, has not been previously hypothesized, which is likely due to the fact that it involves a

complex rearrangement of CTA’s backbone structure.

2.2.3 Impact of SDA pairings on Si/Al ratio.

The inorganic and organic SDAs in this study are both capable of becoming extra-
framework cations to counterbalance negatively-charged framework Al sites. The occlusion of
TPA cations in MFI can direct Al siting at channel intersections, whereas Na has the capability of
directing Al siting in straight and sinusoidal channels.’® It is postulated that Al siting in MFI**" and

21,275

other frameworks is biased to particular tetrahedral sites, wherein the choice of organic and/or

inorganic cations can alter Al distributions.'®

Motivated by past studies of Al distribution, we
examined the molar Si/Al ratio of ZSM-5 crystals prepared with various SDA pairings (Figure

2.5).
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To study the spatial distribution of Al, we used a combination of electron dispersive X-ray
(EDX) spectroscopy and X-ray photoelectron spectroscopy (XPS). The former probes greater
depths of particles, thereby assessing the bulk Si/Al, whereas XPS is a surface-sensitive technique
with a shorter penetration depth that assesses the outer rim of zeolite crystals. Numerous studies
have reported aluminum zoning in ZSM-5 crystals, which refers to a gradient in Si/Al (high to low
Al content) from the outer rim of the crystal to its interior.>’"2"® The presence of an Al-rich rim has
been observed for ZSM-5 crystals synthesized in the presence of TPA, whereas it is postulated that
OSDA-free syntheses lead to a more homogenous Al distribution. This is seemingly true for ZSM-

5 crystals prepared with a combination of TPA and K, which is aluminum zoned (Figure 2.5).
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Figure 2.5 Elemental analysis of ZSM-5 samples using EDX (red) and XPS (blue) to measure the
Si/Al molar ratio. ZSM-5 crystals were prepared using CTA (left) and TPA (right) as
OSDA s in the presence of either sodium or potassium.

Interestingly, synthesis mixtures containing TPA and Na resulted in the opposite trend:
crystals with a Si-rich exterior and a more aluminous interior. Combinations of CTA and alkali
metals resulted in more homogenous Al distributions (i.e., similar Si/Al measurements by XPS and
EDX), with a small degree of silicon zoning. It is evident from this study that the judicious selection

of SDA combinations has a marked influence on the spatial distribution of Al sites in the MFI

framework.
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As shown in (Figure 2.5), EDX analysis reveals that the Si/Al of TPA-MFI crystals is
approximately two-times higher than CTA-MFI crystals. This indicates that specific SDA
combinations are capable of altering the degree of Al incorporation in framework sites; however,
measurements of occluded organic by TGA reveal a relatively constant number of molecules per
unit cell (labelled Z) for all SDA combinations: Z = 2.4, 2.2, 2.9, and 2.5 for CTA/K, CTA/Na,

TPA/K, and TPA/Na, respectively.
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Figure 2.6 (A) Schematic of the straight and sinusoidal channels of MFI oriented along the b- and
a-directions, respectively. (B and C) Idealized packing arrangements of TPA (B) and
CTA (C) in ZSM-5 framework based on MD simulations
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The inorganic and organic SDAs compensate the negative charge of framework Al,
although it is not evident from our studies how Al is distributed within the straight and sinusoidal
pores of the crystal structure (Figure 2.6A). Moreover, it is understood that SDAs can stabilize
defect sites (i.e., deprotonated siloxy groups), which is not explicitly considered in this discussion.
Schematics of SDA occlusion in the pores of MFI are depicted in Figure 2.6 B and C. In the
idealized rending of SDA occupancy, we postulate that TPA places a single Al site at the
intersection of straight and sinusoidal channels (i.e., “A” site in Figure 2.6B). It could be argued
on the basis of steric constraints that the propyl groups of TPA extending into adjoining channels

reduce the likelihood of alkali metals occupying Al sites in close proximity of the organic.
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Conversely, molecular modeling of CTA occlusion in MFI (Figure 2.4B) revealed an
energetic preference for its alignment with the straight channel (analogous to assumptions in prior
literature®). This allows for Al siting at channel intersections near the tetraalkylammonium (head)
group of CTA (i.e., “A” site in Figure 2.6C). We postulate that the short methyl groups of CTA
are less prohibitive for alkali metals to direct Al siting in vacancies or in close proximity of the
head groups (sites “B” in Figure 2.6C). CTA may also direct Al siting within the channels (e.g.,
illustrated as site- “C” for a sinusoidal channel in Figure 2.6C). It should be emphasized that the
scenarios illustrated in Figure 2.6 are merely suggestive, and do not reflect direct evidence of Al
siting; however, the hypothesized sequence of Al positions is qualitatively consistent with the

nearly two-fold difference in Si/Al of CTA- and TPA-MFI samples.

2.2.4 Putative effects of SDA pairings on MFI nucleation.

Meng et al.™! reported a relatively short timeframe of MFI crystallization in the presence
of CTA and K, which they attributed to the kinetics of silica dissolution. This is consistent with
studies in literature showing that silica dissolves more rapidly in alkaline solutions of K compared
to those of Na.”® Here, we confirmed this phenomenon using solutions similar to those of ZSM-5
synthesis, but in the absence of alumina. Alkaline solutions were prepared with colloidal silica
(LUDOX AS-40) using the molar composition 20 SiO,: 0.2 MOH: 1030 H,O (with M = K and Na).
The temporal reduction in the hydrodynamic diameter of silica particles was measured ex situ by
dynamic light scattering (DLS) using a previously reported protocol.’* The results for KOH and
NaOH are shown in Figure 2.7A and Al1, respectively. The hydrodynamic diameter of colloidal
silica decreases linearly with time. A monotonic increase in the slope, or rate of dissolution, is
observed with an increase in temperature. It was noted that once the silica particles reach ca. 91%
of their original size, dissolution ceases and the particle size remains constant (dashed line in
Figure 2.7A). This indicates that the solution is saturated (i.e., silica solubility). In synthesis

mixtures the presence of alumina forms a shell surrounding silica particles that reduces the rate of
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dissolution.?! It is also expected that the adsorption of OSDAs would impact precursor dissolution;
however, the kinetic data in Figure 2.7 indicates that the rate of silica dissolution at the actual
synthesis temperature should be 500 — 1000 times faster (i.e., on the order of seconds). Given that
the timescale of zeolite nucleation is on the order of hours, it is reasonable to argue that dissolution
is not the rate determining step in MFI crystallization. An Arrhenius plot in Figure 2.7B confirms
that silica dissolves more rapidly in KOH compared to NaOH, but the apparent activation energy
of dissolution is approximately equal for both alkali metals. We propose that differences in

dissolution cannot account for the relatively short time of MFI crystallization by CTA/K.
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Figure 2.7 (A) Ex situ DLS measurements of silica dissolution in Al-free solutions. (B) Arrhenius
plot of silica dissolution in NaOH (red) and KOH (grey). The apparent activation
energies of dissolution are Ea = 66 and 69 kJ/mol for NaOH and KOH, respectively.

Indeed, if a short induction time was attributed to faster silica dissolution, we would
anticipate similar outcomes for growth mixtures containing TPA/K, which we did not observe. The
cooperative interactions between organic and inorganic SDAs that lead to significant differences
in crystal nucleation and growth times, as well as the final crystal size and morphology, are not
well understood. SDA combinations could potentially impact MFI growth by influencing the
formation of composite building units, altering the solvation of (alumino)silicate species in solution

and/or at crystal interfaces, which can subsequently influence monomer or oligomer addition to

growing crystals, or display favorable packing configurations within the pores of MFI crystals.
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Elucidating the nature of cooperative SDA interactions is a topic that requires further analysis by

concerted modeling and experimental efforts to identify their mechanism(s) of action.

A common characteristic of zeolite growth mixtures is the presence of amorphous
precursors, which can range in size from small nanoparticles®*#* to micron-sized agglomerates that
are often referred to as worm-like particles (WLPs).”#2%22 Dyring hydrothermal treatment,
precursors evolve in size, composition, and/or microstructure, eventually reaching a steady state at
a time that generally coincides with the end of the induction period. During crystal growth the
population of precursors gradually reduces, and in many instances precursors are implicated in
nonclassical pathways of growth, referred to as crystallization by particle attachment (or CPA).?%
Prior studies of zeolites, such as zeolite L (LTL), revealed an apparent correlation between the final
size of evolved precursors and crystallization time. Notably, the slower the rate of crystallization,
the larger the average size of evolved precursors.’®® In this study of ZSM-5 we observe similar
trends. In Figure 2.8 we report the size of precursors at early and later stages of crystallization for
all four SDA combinations. When evaluating the differences in precursor size (from smallest to
largest), we obtain the following order: TPA/Na < CTA/K < TPA/K < CTA/Na. This sequence
matches the order of crystallization time, which is 15, 17, 48, and 60 h, respectively, which indicates
that SDA combinations leading to faster crystallization (i.e., TPA/Na and CTA/K) provide less
time for precursors to evolve. Similar observations for zeolite LTL have been reported when using

modifiers (e.g., peptoids) that inhibit nucleation and allow more time for precursors to evolve.?*

A comparison of ZSM-5 induction and crystal growth times are provided in Table 1 for
various combinations of inorganic and organic SDAs with the addition of two alkali metals, Li and
Cs. The induction time is estimated as the onset of Bragg peaks in powder XRD patterns (Figure
2.2, A9, and A10) where it is recognized that nucleation begins slightly before this point and may
continue beyond it based on prior observations in literature.?**" For estimates of crystal growth

times we use a combination of powder XRD patterns and SEM images (Figure A12) to confirm
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that all amorphous precursors have been consumed (which is difficult to determine from XRD

alone).
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Figure 2.8 (A — D) SEM images of samples prepared with CTA in the presence of (A) Na and (C)
K. These images are compared to samples prepared with TPA in the presence of (B) Na
and (D) K. Scale bars equal 500 nm. (E) Average precursor size at short (yellow) and
long (green) heating times using various SDAs

Comparison of natural zeolites and prior literature of OSDA-free zeolite synthesis reveals
that Li can direct structures such as EDI, ABW, EMT, FAU, and ANA,%* whereas Cs can direct
the formation of TON, RHO, CHA, LTA, and ANA.??% |n this study we found that combinations
of CTA with either Li or Cs results in amorphous products. Conversely, MFI crystallization occurs
in the presence of TPA with each alkali metal tested. The induction times for syntheses with Li and

Cs are ca.12 h, which is longer than those of Na and K; however, there is a substantial difference

in the crystal growth times. Specifically, K and Cs have much longer growth times as compared to

Li and Na, which is qualitatively consistent with the structure forming and structure breaking

effects observed for different cations reported in literature.??%® One notable difference between

TPA and CTA is the amphiphilic nature of the latter that can lead to micelle formation at

sufficiently high concentration. CTA is one of the most extensively studied surfactants, and in the

presence of alkali metals it has been reported®®’ that when introducing Na salts to an aqueous CTA
solution (0.1 M CTA), the dissociation enthalpy of the salts is an order of magnitude higher than

that measured in water. Similar studies for K salts reveal that the relative increase in enthalpy (from
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water to a CTA solution) is much less,®” which is inconsistent with the Hofmeister series that is
used to explain differences in alkali salt dissociation in water and the potential influence of alkali
metals on the critical micelle concentration of surfactants.®®” To this end, we performed DLS
measurements of CTA dissolved in KOH and NaOH solutions at room temperature (using the exact
concentration of MFI synthesis, but without the addition of silica and alumina sources) to test the
effect of alkali metals on CTA micellization. The scattering counts of the NaOH mixture was 1.5-
times higher than that of KOH at 25 °C, indicating a higher concentration of CTA micelles in the

former; however, the counts were insufficient to obtain reliable hydrodynamic diameters.

Table 2.1 Comparison of ZSM-5 induction and crystal growth times.

Induction Time (h)

Crystal Growth (h)

Alkali Metal TPA CTADM TPA CTA
Li 9-12 - [a] <12 - fa]
K 3-6 15-17 >21 <2
Na 3-6 54 60 <21 <6
Cs 9-12 - fal >60 0 - fa]

@ Amorphous products (after 5 days of heating); ! ZSM-5 can be prepared using only TPA or
only Na, but we were unable to prepare crystals with only CTA.

It is also expected that the critical micelle concentration at 160 °C (i.e., the actual synthesis
condition) will be different.”®® Nevertheless, Na is a more effective promoter of CTA micellization
than K, which may offer some insight into the latter’s ability to increase the rate of MFI
crystallization. If the interaction between organic and inorganic cations is indeed critical, this would
also suggest that the effective TPA/Na combination is due to less favorable interactions between

TPA and Na ions (relative to the interactions of TPA with other alkali metals).

2.2.5 Generation of mesoporosity by CTA.
The most common uses of CTA in zeolite synthesis are associated with its role as a

289

mesoporogen,*®?%? as a post-synthesis agent to generate mesoporosity,?®® or a swelling agent to

generate 2-dimensional zeolites from layered structures.®® To this end, we performed textural
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analysis of MFI samples prepared with CTA and observed a type IV isotherm (Figure 2.9A, i)

that indicates the presence of mesoporosity.
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Figure 2.9 (A) N2 physisorption isotherms of ZSM-5 crystals synthesized with CTA using two
different silica sources: (i) LUDOX AS-30; and (ii) TEOS. (B) Scanning electron
micrograph of a ZSM-5 crystal synthesized using TEOS.

The t-plot external surface area contribution to the total surface area is 31% (or 139 m?/g)
of the measured surface area of crystals. The shape of the adsorption/desorption curve suggests that
mesopores are likely formed by nanocrystal aggregation, which is qualitatively consistent with
SEM images in Figure 2.2. Interestingly, when we switch silicon sources from LUDOX AS-30,
which was used for all previous syntheses, to tetraethylorthosilicate (TEOS), we observed several
notable differences in the crystalline product. Crystals prepared using TEOS exhibit a type 1

isotherm (Figure 2.9A, ii) which is a characteristic of microporous materials without evidence of

mesoporosity.

Nitrogen adsorption measurements reveal that crystals prepared with TEOS have lower
surface area (Table C2). TEOS also leads to a 3-fold increase in crystal size (ca. 3 um), as shown
in Figure 2.9B. Moreover, elemental analysis reveals that crystals prepared with TEOS have much
higher silicon content (i.e., the Si/Al increases from 17 to 53). Overall, our parametric examination
of MFI crystallization reveals that the physicochemical properties of ZSM-5 crystals can be tailored

through the judicious selection of SDA combinations, synthesis conditions, and reagent sources.
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2.3 Conclusions
In summary, we have shown that CTA can be an effective SDA for ZSM-5 crystallization
based on its ability to generate sub-micron particles in a period of time that is equivalent to more
conventional SDAs, such as TPA. We have shown that CTA-directed growth of MFI crystals leads
to a more uniform distribution of aluminium throughout the particle, which may be explained by
computational simulations showing that CTA can access both straight and sinusoidal channels,

unlike TPA that resides strictly at the intersection of the channels.

Investigation of organic and inorganic SDA combinations reveals a cooperative effect
between two positively-charge species that act as both structure-directing agents and
extraframework cations. We observe that pairings of CTA/K and TPA/Na result in the fastest
crystallization times, suggesting these combinations have a synergistic effect on ZSM-5 growth
that is unique to the selection of SDAs. The ability of dual SDAs to alter the physicochemical
properties of zeolite crystallization is a potentially useful approach to rational design. Moreover,
the relatively low cost and high market availability of CTA makes it a promising candidate for

commercial production of ZSM-5.

2.4 Material and Methods
2.4.1 Materials

The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO): LUDOX
AS-30 (30 wt % suspension in water), LUDOX AS-40 (40 wt % suspension in water),
tetraethylorthosilicate (TEOS, 98%), potassium hydroxide (85% pellets), aluminum sulfate hydrate
(98%, 14-18 H,0, calculated as 18 H;0), hexadecyltrimethylammonium bromide (CTAB, BioXitra,
>99%), tetrapropylammonium bromide (TPABr, 98%), and tetramethylammonium bromide
(TMABTr, 98%). Additional reagents used for the synthesis of ZSM-5 include sodium hydroxide

(98% pellets, MACRON Fine Chemicals), lithium hydroxide (anhydrous 98%, Alfa Aesar), and
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cesium hydroxide (50% w/w ag. soln., Alfa Aesar). Deionized (DI) water used in all experiments
was purified with an Aqua Solutions RODI-C-12A purification system (18.2 MQ). All reagents

were used as received without further purification.

2.4.2 Crystallization of MFI Zeolite

ZSM-5 crystals were synthesized from a growth mixture with a molar composition of 2
OSDA: 11.9 M;0: Al;03: 90 SiO,: 3588 H,O (OSDA = CTAB or TPABr; M = K and/or Na).
Aqueous solutions of potassium hydroxide (0.33 g in 1.44 g of DI water) and aluminum sulfate
(0.14 g in 1.44 g of DI water) were mixed with 5.76 g of water, and LUDOX AS-30 solution (3.76
g in 2.13 g of DI water) was added under vigorous stirring. AS-30 was used as the nominal silicon
source unless otherwise stated. The resulting mixture was stirred for ca. 20 h at room temperature
(referred to as aging). After aging, the OSDA (e.g., 0.1515 g CTAB) was added and the solution
was left to stir for another 2 h at room temperature. The growth mixture (ca. 10 g) was then placed
in a Teflon lined stainless steel acid digestion bomb (Parr Instruments) and was heated under
rotation (30 rpm) and autogenous pressure in a Thermo Fisher Precision Premium 3050 Series
gravity oven. The nominal time and temperature for ZSM-5 synthesis was 3 days at 160 °C. For X-
ray and microscopy analyses, the particulates in the growth mixture (amorphous and/or crystalline)
were isolated as a white powder by centrifugation (Beckman Coulter Avanti® J-E series high-speed
centrifuge) at 13,000 rpm for 45 min. The solid was washed with DI water to remove the
supernatant and the centrifuge/washing step was repeated a second time. The resulting solid was
dried at ambient conditions. During the preparation of microscopy samples, the solid was dispersed
in DI water and an aliquot of the suspension was placed on a glass slide and dried overnight.
Crystals on the glass slide were transferred to SEM sample holders (Ted Pella) by gently pressing

the glass slide on the carbon tape.
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2.4.3 Materials Characterization

Powder X-ray diffraction (XRD) patterns of as made samples were collected on a Siemens
D5000 X-ray diffractometer using a Cu Ka source (40 kV, 30 mA). Scanning electron microscopy
(SEM) images were obtained with a LEO 1525 FEG system operated at 15 kV and a 5 mm working
distance. All SEM samples were coated with a thin carbon layer (ca. 30nm) prior to imaging.
Textural analysis was performed with a Micromeritics ASAP 2020 instrument using N2 as a probe
gas for physisorption at an incremental dosing rate of 3 m3/g STP and an analysis bath temperature
of 77 K. Prior to analysis, samples were calcined at 550 °C for 6 h under flow of compressed air at
100 cm®/min. The surface area was calculated from BET analysis selecting the initial low pressure
points with a correlation coefficient greater than 0.999. The weight percentage of occluded organics
in ZSM-5 samples were assessed by thermogravimetric analysis (TGA) using a TA instruments
Q50 model and N2 as the carrier gas at a flow rate of 100 mL/min. The temperature was ramped
up to 800 °C at the rate of 1 °C/min with an isothermal dwell time of 10 min. X-ray photoelectron
spectroscopy (XPS) data were collected by a Physical Electronics Model 5700 XPS instrument. A
monochromatic Al Ko X-ray source (1486.6 eV) was used with the power of 350 W. All spectra
were obtained once reaching a vacuum of 5x107 torr or better. Elemental analysis of samples was
conducted by energy dispersive X-ray (EDX) spectroscopy using a JEOL SM-31010/METEK
EDAX system at 15 kV and 15 mm working distance. Dynamic light scattering (DLS)
measurements were performed on a Brookhaven Instruments BI-200SM machine equipped with a
TurboCorr Digital Correlator, a red HeNe laser diode (30mW, 637 nm), and a decalin bath that was
filtered to remove dust. The liquid sample cell was regulated at 25°C with a Polyscience digital
temperature controller. Samples were prepared by diluting zeolite growth mixtures in pre-filtered
DI water (0.45-um nylon syringe filter, Pall Life Sciences) to achieve reasonable scattering counts
(>20,000 count-sec-1). At least three measurements were performed per sample. Autocorrelation
functions were collected over a 2 min timeframe and the hydrodynamic diameter DH was analyzed

by the method of cumulants to assess particle size distribution. Silica dissolution experiments were
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performed by adding colloidal silica to metal hydroxide solutions (pH = 12) in the absence of
aluminum. Solutions were separated into different vials and heated at specified temperatures in a
Julabo ED-5M/B water bath. Vials were removed at periodic times and immersed in ice to cool

down to room temperature before performing DLS analysis.

2.4.4 Molecular Modeling

Molecular dynamics (MD) simulations were performed with GROMACS 4.6.7 ?* to
identify energetically favorable conformations of the OSDA molecules (i.e., CTA and TPA) within
the MFI framework. The structure of MFI was modeled using the atomic positions and lattice
parameters from the IZA database. Interactions between zeolite framework atoms (Si and O) were
described the ClayFF potential,®* whereas TPA and CTA were modeled using the generalized
AMBER force field.?? Standard Lorentz-Berthelot combining rules were employed to determine
the potential parameters for modeling van der Waals interactions between the SDAs and zeolite
framework.?*® Van der Waals and real-space Coulombic interactions were truncated using a cutoff
of 0.9 nm, and the particle mesh Ewald method®*® was used to treat long-range electrostatics.
Parameters for the Ewald summation were chosen to ensure a relative error of less than 10~ in the
calculated energy. The equations of motion were integrated using a velocity-Verlet scheme with a
2 fs time step.® A Bussi-Parrinello velocity-rescaling thermostat®®* was used to maintain
temperature, and constant pressure conditions were imposed using a Parrinello-Rahman barostat.?*®

A relaxation time constant of 2 ps was used for the both the thermostat and barostat.

Energetically favorable conformations for the OSDAs were sampled using a three-step
procedure. In the first step, OSDA molecules were inserted into the zeolite framework. To avoid
trapping the systems in high-energy conformations, the insertions were performed gradually using
an alchemical transformation procedure®® in which the OSDAs were converted from an ideal gas
to fully interacting molecules over the course of a 500 ps canonical ensemble MD simulation at

300 K. The details of this procedure follow those described by Kim et al.?*’. In the second step, the
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configurational energy of the system (OSDAs + zeolite framework) was minimized using the
conjugate gradient algorithm. Minimization was stopped when the maximum pair-wise force fell
below a threshold of 5 kJ/mol/nm. Finally, in the third step, the energy-minimized configuration
was used to initialize a ns-long isothermal-isobaric ensemble MD simulation at 300 K and 0 bar.
The last half of each MD trajectory was used to evaluate the average energy for the system (Us,,s)
and the stabilization energy®™*® E; = (Usys) — (Uyeo) — n{Uspa), Where n is the number of SDA
molecules in the system, and (Usp,4) and (U,,,) are average energies computed for a single SDA
molecule and the empty zeolite framework, respectively. Previous computational investigations
have shown that E, computed a similar manner is a good descriptor for identifying novel OSDAs
to stabilize otherwise thermodynamically unstable zeolite polymorphs. **¢ For the purpose of this
study, Eg was used to identify energetically favorable arrangements of OSDASs that enhance the
MFI framework stability. The three steps above were repeated to evaluate Eg for ~10° different
conformations for each OSDA,; favorable conformations with Eg < 0 were kept for further

analysis.
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Chapter 3

Time-Resolved Dynamics of Intracrystalline Mesoporosity Generation
in Zeolite USY

3.1 Motivation

For more than 25 years the surfactant-templating approach has been employed to facilitate
the mesostructuration of different materials through supramolecular self-assembly of surfactants.?%®
Since the first publication regarding the surfactant-templating route for mesoporous silica,?*® the
number of studies reporting the preparation of nanostructured mesoporous solids via
supramolecular templating has been continuously increasing and expanding to more diverse
inorganic, organic/inorganic hybrid, and organic solid materials.®®3% More recently, the
surfactant-templating approach has also been extended to the synthesis of hierarchical zeolites in
which the surfactant can be used to generate intracrystalline mesoporosity in the structure of these
microporous materials.*®® Among the different procedures developed to generate secondary

porosity within zeolites,*"99:307-310

surfactant-templating in alkaline media allows for the
incorporation of mesoporosity with tailored dimensions, while simultaneously maintaining the
strong acidity and hydrothermal stability of the original zeolite.!*"***311313 The structure of
surfactant-templated zeolites has been resolved by a combination of advanced gas adsorption,
rotation electron diffraction (RED), and electron tomography (ET), which unambiguously
confirmed the presence of intracrystalline mesoporosity within the zeolites.**33!* The simplicity,
low cost, and versatility of this procedure to generate hierarchical zeolites has led to its
commercialization and use as an FCC catalyst in several refineries to more efficiently produce
liquid fuels while reducing CO, emissions.**” The most plausible mechanism for the formation of

these surfactant-templated zeolites relies on the crystal reconstruction of the zeolite that occurs

through multiple processes: (i) the diffusion of cationic surfactants to the interior of the zeolites
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attracted by the negatively charged silicon tetrahedra formed by the opening of Si-O-Si bonds by
hydroxide ions; (ii) the self-assembly of the surfactant molecules into micelles within the zeolite
structure; and (iii) the expansion of the zeolite crystals in order to accommodate the formed

mesoporosity. 3

Recently, we reported the first time-resolved study of the development of mesoporosity in
zeolites through surfactant-templating by in situ synchrotron XRD.?®* By combining these
measurements with a number of ex situ techniques, we were able to determine the apparent
activation energy of the development of mesoporosity in USY by surfactant-templating, which is
in the same order of magnitude (30 — 65 kJ mol™) to those involved in the crystallization of

316

zeolites.>™ Additionally, the use of a time-resolved technique, such as liquid-cell transmission

electron microscopy (Lig-TEM), rendered the first in situ real time visualization of this process.?®
Due to the presence of liquid water and the silicon nitride windows of the TEM sample cell, the
incident-wave amplitude was attenuated, reducing the resolution, which hampered the visualization
of features below 5 nm. This limitation prevented the visualization of the development of
surfactant-templated mesoporosity, which was confirmed posteriori by HR-TEM. Collective
experiments revealed two interesting phenomena of this process: the disappearance of the
secondary broad mesoporosity (20-30 nm) of the parent USY zeolite, and the preservation of the

crystal, which does not dissolve during the process.?®

In this study we directly visualized the surface reconstruction of zeolite USY using atomic
force microscopy (AFM), which is a widely used technique that is capable of capturing dynamic
events of crystal surfaces at near molecular resolution. AFM has proven especially useful for
examining the crystallization of zeolites and metal-organic frameworks (MOFs) that include
LTAY MFI,>#3 LTL* SAV,*2 FAU,” CHA** MOF-5% and HKUST-1,*® among
others,5%220:221.223233317 Rimer and coworkers® recently demonstrated the use of in situ AFM to

illustrate the diverse precursors involved in the crystallization of zeolite LTA ranging from
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monomers and oligomers to nanocrystals and gel-like islands. Weckhuysen and coworkers®®

employed in situ AFM to elucidate the nucleation and growth mechanisms of MOF thin films;
however, to the best of our knowledge, AFM has never been used to study the formation of

intracrystalline mesoporosity in zeolites.

Here, we use AFM to systematically examine the generation of mesoporosity in USY
zeolites by surfactant-templating. This technique allows for the in situ visualization of individual
crystals to elucidate processes related to the mesostructuring of zeolites, including both the
formation of mesoporosity and the disappearance of the broad porosity present in the original USY.
Bulk characterization techniques, such as N2 adsorption, 2’ Al NMR and XRD, were used to confirm
the uniformity of mesopores throughout the zeolite (i.e., surface and interior). Ultramicrotomed
slices of the zeolite mesostructured at different times were examined by TEM to monitor
mesoporosity development throughout the zeolite crystals and to relate these observations with the
phenomena studied on the surface by AFM. Collectively, these findings reveal low energy barriers

and short timescales for the facile restructuring of zeolite USY.

3.2 Results and Discussion

We used in situ AFM to monitor the evolution of surface features on USY crystals (Zeolyst
CBV 780) during mesostructuring. The size of as received USY crystals is 600 — 800 nm (Figure
B1), which is comparatively smaller than single crystals typically used for AFM analyses. This
required a multi-tiered approach to locate appropriate surfaces for in situ imaging wherein the
sample was first imaged with a large scan size (e.g., 5 x 5 pm? area, Figure B1), followed by a
progressive reduction in scan size to encompass a single USY crystal. The imaged surface is often
located within an agglomerate of multiple crystals, as shown in Figure 3.1A. Only surfaces oriented
flat relative to the plane of imaging were selected for analysis. The surfaces of USY samples are

comprised of protrusions (Figures 3.1B-D and B2) ranging in height from 1 to 6 nm and width
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from 20 to 40 nm (Figure 3.1C), noting that the width of protrusions is an overestimate due to the
curvature of AFM tips (ca. 20 nm). Interestingly, the rough topography of USY crystals is
consistent with the defects reported in literature using techniques such as TEM and nitrogen
physisorption.?%3!° These features are induced by steaming and acid treatments carried out by the

supplier to remove aluminum from the framework, thereby converting zeolite HY to USY .**°
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Figure 3.1 (A and B) AFM images of as received USY (CBV 780, FAU type) in amplitude mode
revealing rough surface protrusions. (C) Height profile along the dashed line in panel
B showing a representative topography of untreated crystals. (D) 3-dimensional image

of the surface depicted in panel B.
Mesostructuring was performed at room temperature using a mild basic solution (62.5 mM
NaOH) containing 68.6 mM surfactant (solution S2). Upon introduction of this solution to the AFM
liquid cell, we observed a smoothening of crystal surfaces within the first 30 min of scanning. This
is evident in time-resolved AFM images (Figure 3.2A — C), which show a temporal reduction in
the heights of rough features initially present on the crystal surface. Figure 3.2C depicts changes
in the root mean square (RMS) area roughness of the crystal surface obtained from measurements

of multiple 500 x 500 nm? scan areas. The disappearance of the rough islands (convex protrusions),

which are one type of USY surface defect, results in the reduction of RMS roughness. It is worth
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noting that rapid fluctuations in surface features during the first 30 min of treatment can give a false
impression of non-monotonic smoothening. Tracking pore size before and after exposure to
solution S2 reveals a progressive decrease in the average pore diameter (Figure 3.2D) with a
concomitant narrowing of the pore size distribution, as expected due to the ability of the surfactant
to direct the formation of uniform mesopores. It is important to note that USY surfaces begin
reconstructing and forming mesopores within the first minutes of exposure to the solution, which
is qualitatively consistent with N2 physisorption and TEM results (see Figures 3.6 and 3.7)
showing that large pores in as received USY crystals (i.e., the byproduct of steam treatment)

disappear during surfactant treatment.
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Figure 3.2 (A and B) Time-resolved in situ AFM amplitude mode images of a USY crystal treated
with solution S2 after (A) 10 min and (B) 34 min of continuous scanning. Scale bars
are equal to 100 nm. (C) Temporal reduction in the root mean square (RMS) roughness
of scanned areas. (D) Statistical analysis of mesopore sizes that were measured on a
single USY sample after 10 min (red) and 34 min (blue) of treatment.

Here we report a rapid reconstruction of surface defects during mesostructuring. We begin

with an analysis of 3-dimensional (3D) islands, or convex protrusions, analogous to those observed
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in Figures 1 and 2. Exposure of USY crystal surfaces to solution S2 results in a temporal reduction
in the height of 3D islands (arrow in Figure 3.3A) that occurs in parallel with the emergence of
new mesopores (callout in Figure 3.3B). The height profiles along the dashed line in each
micrograph of Figure 3.3 reveal a temporal healing of convex protrusions wherein the defect height
decreases by a factor of two within 6 min of imaging (Figure 3.3D). In order to confirm that the
disappearance of 3D islands was representative of the entire sample, and not a local effect of the
AFM tip, we collected AFM images of different crystal surfaces at periodic times during treatment

(Figures B4 and B5).
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Figure 3.3 (A — C) Temporal changes of the same USY crystal surface after 4 h of treatment in
solution S2. scale bar equals 10 nm. Images were collected in ca. 180 s intervals during
continuous scanning. (D) Height profiles along the dashed white lines reveal a

monotonic decrease in the height of islands (convex protrusions).
The collection of images corroborated the general trend observed in Figure 3.3, thus
indicating that surface reconstruction results in the progressive disappearance of convex

topographies. These observations also confirm that the surface phenomena and underlying crystal

reconstruction that occurs during surfactant-templating have low energy barriers, as previously

62



measured by in situ X-ray diffraction and gas adsorption.®® In addition to convex protrusions, AFM
measurements reveal the annealing of two additional types of defects: macrosteps and concave pits
(Figure 3.4A). The presence of large steps (ca. 30 nm height) is evident on several USY samples
(Figure 3.4B and C). Mesostructuring results in the annealing of these surface features to render
the interface more level, as indicated in height profiles during periodic imaging times (Figure
3.4D). We also observe numerous concave cavities (or pits) on USY crystal surfaces (Figures 3.4E
and B3). In situ AFM measurements reveal that the latter features are healed by surfactant treatment
and the morphology of pits changes from a circular to ellipsoid shape (Figure 3.4E and F). Height
profiles of a single pit (Figure 3.4G) reveal that these concave defects become shallower with
prolonged exposure to solution S2. Indeed, there is a 4-fold reduction in pit height after 43 min of
mesostructuring. To once again confirm that this healing effect caused by the treatment with the
surfactant was not attributed to the movement of the AFM tip during continuous imaging, we
tracked the evolution of several crystal surfaces (Figures B7 and B8) and observed a similar
transition to more level interfaces laden with uniformly-sized mesopores. Low magnification AFM
images of USY crystals after a 6-h treatment (Figure B10) further shows that the final USY crystal
surface is devoid of any defects. The ability of surfactant to heal the defects of USY crystals is
consistent with time-resolved ex situ N2 physisorption data and TEM images (Figures 3.6 and 3.7,
respectively), and with our previous results for a for a less severely steamed CBV720 USY zeolite
as published elsewhere.?®*3% High resolution AFM images of USY crystal surfaces treated with
surfactant for 60 min reveal a homogenous distribution of mesopores (Figure 3.5A and B).
Quantitative analysis of mesopores over multiple crystal surfaces shows two distinct pore size
distributions with an average pore size of 7 nm. The height plot of a typical mesopore (Figure
3.5C) reveals a lateral dimension (pore diameter) of 7 nm, whereas the depth of mesopores cannot
be accurately determined by AFM owing to the relatively large curvature of the AFM tip; however,
TEM images of ultramicrotomed samples (see Figure 3.7) reveal that mesopores are interconnected
and penetrate deep into the crystals.
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Figure 3.4 (A) Schematics of three types of surface defects analyzed by AFM. (B and C) AFM
amplitude mode images show the presence of (B) an initial macrostep (white dashed
line) and (C) the same area after 8 h treatment with solution. (D) Height profiles along
the white dashed lines at various imaging times. (E — G) Measurements of a separate
USY crystal showing the healing of etch pits.

It is also important to note that the lateral pore size distribution from AFM images is
slightly higher than calculated from alternative techniques such as TEM and N, physisorption
(Figure 3.5D) due to the geometry of the AFM tip. However, the mesopore size distribution
obtained by AFM is consistent with other techniques; and the same conclusion can be drawn when

analyzing a sample after 6 h of treatment ex situ (Figure B6) where AFM images show a

homogenous distribution of mesopores with similar pore sizes as those measured in situ.

This AFM study provides important evidence for the processes of surfactant-mediated
zeolite surface reconstruction to produce uniform mesopores. To confirm that this mesoporosity

generation and crystal reconstruction also occur in the interior of the crystal, samples prepared ex
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situ under similar conditions were thoroughly characterized. The changes in the textural properties
of the zeolite during the surfactant-templating process were evaluated by N, physisorption (Figure
3.6A and Table B1) and TEM analyses (Figure 3.7) of solids prepared at different times.
Additionally, milder (S1) and harsher (S3) alkaline solutions were used to investigate how the
kinetics of mesopore formation depends upon the base concentration. In agreement to what has
been observed by AFM, the parent USY zeolite is comprised of large mesopores as a result of
steaming and acid treatment®®® that contribute to the initial porosity, as can be deduced by the

increasing amount of nitrogen adsorbed in the high relative pressure range (P/Po > 0.8).
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Figure 3.5 (A) High resolution AFM amplitude mode image and (B) corresponding 3-D rendering
showing the uniform distribution of mesopores. (C) Height profile of the feature
denoted in panel A (double white arrow) showing the diameter of a representative
mesopore. (D) NL-DFT pore size distribution of mesostructured USY.

Moreover, the isotherm of as received USY presents a hysteresis loop and some cavitation
due to the presence of mesopores embedded in the zeolite that are only accessible through
micropores.®® As the mesostructuring process develops, extracted solids display surfactant-

templated mesopores from the first moments of treatment (Figure 3.6B), which increase in

population with time until reaching a plateau (circles in Figure 3.6C). The mesoporosity generated
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by the surfactant-templating treatment evolves to generate very narrow pore size distributions with
an average pore diameter ca. 4 nm, as corresponds to the use of CTAB as a surfactant (Figure
3.6B). A second effect of surfactant-templating process, similar to what was has been previously
reported for USY,?® is the disappearance of the larger porosity of the original zeolite, as evidenced
by the plateau in the high relative pressure region of the N, adsorption isotherms obtained at longer
treatment times (triangles in Figure 3.6C). This is indicative of zeolite restructuring during the
creation of new mesopores.’®3® The kinetics of the incorporation as well as the amount of
mesoporosity introduced depends on the concentration of the base during the treatment. For
instance, the mesoporosity of the zeolite increases by factors of 1.6, 2.3, and 3.5 in the first 30 min
of treatment using solutions S1 (38 mM NaOH), S2 (62.5 mM NaOH), and S3 (94 mM NaOH). It
is worth noting that the incorporation of mesoporosity in CBV 780, under the conditions and time
of treatment used in this study, has a negligible effect on the microporosity of these materials (see
Figure B11). As shown in Figure 3.6C, the evolution of the volume of micropores barely shows a

very slight decrease in their microporosity with the time of treatment.

Extensive TEM analysis of ultramicrotomed zeolites after different treatment times was
carried out to further confirm the mesostructuring of entire crystals, in addition to surface
restructuring observed by AFM. Statistical analysis of the development of mesoporosity was
performed by studying at least 50 crystals of every sample (see Figures 3.7 and B12). TEM images
of the parent zeolite shows the presence of large mesopores due to steaming (Figure 3.7A), which
is consistent with the continuous uptake of N, at 77 K at P/P, > 0. At early stages of treatment, two
types of porosity can be observed in the TEM micrographs: the original large porosity and the
uniform, smaller mesopores due to surfactant-templating (Figure 3.7B). As the mesostructuring
evolves, the surfactant-templated mesopores develop in a homogenous manner through the whole
crystal, as evidenced in micrographs after 2 h of treatment in solution S2 (Figure 3.7C), where no

preferential sites for the development of mesoporosity can be observed. At longer treatment times,
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TEM images show the homogenous distribution of mesoporosity throughout the crystalline zeolites
(Figure 3.7D-F). In agreement with N physisorption, TEM images of samples treated with
solutions S1, S2, and S3 reveal that the amount of mesoporosity incorporated depends on the

alkalinity of the medium (Figure 3.7D, E, and F, respectively).

A 500 51 (INaOH] = 38 mM) S2 ([NaOH] = 62.5 mM) S3 ([NaOH] = 94 mM)
400+ -
—~ 3004 . _'ffﬂ
o __..-::_ ol
e i et 4 *.m--—“"":""'—-— CBV 780
S 200 {f="" —=—CBV 780 —=—CBV780| E.=" —%—10 min
; —e— 30 min —— 30 min —— 20 min
—+—1h e th —e— 30 min
100 - —a—2h —4—2h - s 2h
~—<4—4h —+—3h ~—<4—4h
o v 6h —<—4h ; v 6h
00 02 04 06 08 1000 02 04 06 08 1000 02 04 06 08 1.0
B PIP, PIP,
0.25 - i
—~ 0.20 -
3
()]
1
g 0154
[
“e
§ o10-
3
0.05 4 o'\
0.00 i'—-'ﬂnnnnnl;- - it 5 . : ! -4 . -Inll-llnlll;‘\ 52 20
3 4 5 6 7 3 4 5 6 7 3 4 5 6 7
C 0.50 Pore size (nm) Pore size (nm) Pore size (nm)
' [ )
[ )
° [ )
0.40 - - 1 e
L[] [ ) . [ ) ®
—_ [ )
" 0.30 R I 1
© " om [ ] - g n ] [ ]
g . = W om LS - 'om m L] LI
= 0201 e ° E ' ] -
A e A A
A A
A . . A R
0.10- R A | - D oa, .
a R A A A A N
0.00 ——— — ———— — ———— ——

0 1 2 3 éll 5 6 0 1 2 3 éll 5 6 0 1 2 3 4‘- 5 6
Time (h) Time (h) Time (h)

Figure 3.6 (A) N physisorption isotherms for USY zeolites prepared using different base
concentrations and treatment times. (B) NL-DFT pore size distribution of
corresponding samples. (C) Changes in the volume of micropores (black square),
surfactant-templated mesopores (red circle), and large mesopores (blue triangle).
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The disappearance of the larger initial porosity while the surfactant-templated
mesoporosity develops is clearly observed in these images; however, the different kinetics shown
by N2 physisorption are also observed by TEM. For samples treated with solutions S2 and S3 the
large mesoporosity completely disappears after 6 h of treatment (see Figure 3.7E and F); and for
the sample prepared with a lower base concentration (S1), TEM images show only a fraction of the
original large mesoporosity after the same time of treatment (Figure 3.7D). In all cases, the
intracrystalline nature of the mesoporosity was confirmed by the crystal lattice observed at higher
resolution (see for example Figure 3.7G) and by digitally analyzing micrographs of
ultramicrotomed samples. For example, we show in Figure 3.7G-l the TEM images and
corresponding digital analyses (insets) of ultramicrotomed samples after 1 h of treatment with
solution S2. The direct observation of mesoporosity (through the halo presented in the Fast Fourier
Transformed (FFT) of each region) and crystallinity (responsible for the spots in the FFT) in the
ultramicrotomed slices of surfactant-templated zeolites is strong evidence for the presence
intracrystalline mesoporosity in the interior of the zeolite crystals. These results obtained for CBV
780 are consistent with our previously reported work about the intracrystalline nature of the
mesoporosity introduced in CBV 720 using the same method, which has been proved by a

combination of techniques, including electron tomography (ET).118289315

It is important to note that the mesostructuring of zeolite USY does not involve the filling
of its large pre-existing mesopores. First, we have previously demonstrated that zeolites without
initial mesoporosity, such as NaY, can be mesostructured with surfactants.?® Second, the volume of
mesoporosity introduced can be significantly higher than the pre-existent porosity (i.e., 0.29 cm® g
L initially compared to 0.45 cm® gt after surfactant-templating treatment with S2); and third, the
surfactant-templated mesoporosity introduced with surfactant occurs throughout the entire crystal,
as evidenced by extensive TEM studies (Figure 3.7). The mesostructuring process can be

incomplete with insufficient treatment time, or a low quantity of NaOH is used. In partially
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mesostructured zeolites, the unconverted areas are zeolitic (microporous) domains, as recently

321

described by Galarneau and coworkers.

Figure 3.7 TEM images of (A) as received USY and after (B) 30 min and (C) 2 h of surfactant
treatment. Representative images for samples treated in different alkaline solutions: (D)
S1, (E) S2, and (F) S3. (G) TEM micrograph of an ultramicrotomed slice of a sample
treated using solution S2. The inset shows its corresponding FFT. (H-1) Reconstruction
of the crystalline phase and mesopore distance by FFT.
On the other hand, if the treatment is excessive (e.g., high pH), a fraction of the zeolite can
be dissolved and an amorphous mesoporous phase is formed (Figure B13), as reported by Garcia-
Martinez and coworkers®® and recently confirmed independently.®* Therefore, it is critically

important to judiciously select the mesostructuring conditions to produce high quality surfactant-
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templated zeolites and to avoid the formation of spurious phases. For severely steamed zeolites
(e.g. CBV 780), it is also important to mention that these samples contain some heterogeneity in
composition as not all the crystals are equally dealuminated during the preparation of USY. The
population of crystals with lower aluminum content are easier to treat by surfactant templating and,

consequently, show higher degree of mesoporosity (Figure B14).

The preservation of the crystalline structure of the zeolite after the mesostructuring process
was confirmed by X-ray diffraction. The diffraction patterns of parent USY and the highly
mesoporous sample treated for 6 h with solution S2 (Figure B9) show intense peaks associated to
the FAU structure even after the incorporation of a large amount of mesoporosity (0.37 cm?® g%).
However, if the same treatment is performed to USY zeolite in the absence of CTAB (i.e., using
only alkaline NaOH solutions), the crystalline structure of the zeolite is totally lost and the resultant
powder XRD patterns indicate an amorphous product, which confirms that CTAB adds a level of
protection that prevents a crystal-to-amorphous transformation.®** Additional evidence of crystal
reconstruction during surfactant-templating process was obtained by Al NMR and elemental
analysis (ICP). The NMR spectrum of the original USY sample (Figure 3.8) shows two bands
around 60 and 0 ppm that correspond to Al in tetrahedral (AI(IV)) and octahedral (Al(V1))
coordination environments, respectively.32>3% The band at around 0 ppm disappears completely
during the treatment (even for short treatment times), indicating the elimination of the octahedral
Al (i.e., extra-framework species). Interestingly, ICP measurements of extracted reaction liquids
after various treatment times do not show any leaching of Al, thereby suggesting that the removal
of octahedral Al leads to its the re-insertion of extra-framework Al into the zeolite framework (as

it has been observed in different studies for zeolites treated with alkaline solutions).3+32

Moreover, deconvolution of the peak associated with tetrahedral Al further results in two
contributions, Al(IV)a and Al(IV)b. The Al(IV)a species is assigned to tetra-coordinated Al atoms
in the framework (charge-balanced by protons),**® whereas the attribution of Al(IV)b is more
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327 or to

challenging. In zeolites, this band can be due to distorted tetra-coordinated Al species
framework Al atoms interacting with cationic species present outside the network.3?® On the basis
that surfactant-templating treatment causes a slight increase of the Al(IV)b contribution, we

hypothesize this signal is related to the interaction of the framework Al with CTA" cations and to

the subsequent distortion of the tetrahedral coordination.
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Figure 3.8 2?Al NMR spectra of the parent USY zeolite (CBV 780) and surfactant-templated
zeolites treated with solution S2 and different reaction times spanning from 30 min to

6 h. The dotted lines show the deconvolution of the individual bands.

3.3 Conclusions

In summary, we have been able to directly observe the development of mesoporosity in
USY through surfactant-templating by the use of AFM. In a time-resolved manner, we have
observed how the defects present in USY, which are produced by the supplier by a combination of
steaming and acid washes, are removed while narrower surfactant-templated mesoporosity

develops. Interestingly, these processes occur rapidly at room temperature to produce a final

product with uniformly-distributed mesopores throughout the entire crystal. Molecular level details
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of the crystal reconstruction during surfactant-templating are not fully understood. Nevertheless,
this study provides additional evidence that zeolite crystals do not dissolve to produce
mesoporosity. Indeed, elemental analysis of the liquids post-treatment reveals the negligible
presence of soluble species, while ca. 100% of the solids are recovered at any given time of the
surfactant-templating process. Extensive in situ microscopy confirmed that zeolite USY does not
dissolve during the surfactant-templating treatment, although short-scale breaking and
reconstruction of the zeolite framework is necessary for the generation of intracrystalline
mesoporosity. The use of additional techniques such as N, adsorption, TEM of ultramicrotomed
samples, powder XRD, and ?’Al NMR have confirmed that the surface phenomena observed by
AFM is consistent with changes occurring throughout the entire crystal. Collectively, these
techniques provide new and unequivocal insights that confirm surfactant templating is a facile and
efficient method to induce reconstruction of the crystal, the healing of defects, the reinsertion of
extra-framework Al, and the disappearance of large mesoporosity towards the generation of optimal

FAU-type zeolites for catalytic applications.

3.4 Material and Methods
3.4.1 Materials
USY zeolite (CBV780 with a Si/Al molar ratio of 40 as indicated by the supplier) was
purchased from Zeolyst. Hexadecyltrimethylammonium bromide (CTAB) (98%) was purchased
from Sigma-Aldrich. Sodium hydroxide (98% pellets) was supplied by MACRON Fine Chemicals.
Deionized (DI) water was prepared using an Aqua Solutions RODI-C-12A purification system

(18.2 MQ). All reagents were used as received without further purification.

3.4.2 Preparation of treatment solution
The basic surfactant solution used for in situ AFM experiments was prepared by mixing
the required quantity of all components to yield a solution with molar composition 1 NaOH:1.08
CTAB:888 H,0. In order to obtain a 62.5 mM NaOH solution, NaOH (0.20 g) was added to DI
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water (80 g) and mixed in a polypropylene (PP) bottle. Thereafter, CTAB (2 g) was added to this
mixture and continuously stirred for 15 min at 40 °C to obtain a clear solution. The PP bottle was
then heated in a Thermo-Fisher Precision Premium 3050 Series gravity oven at 90 °C for 1 day and

was quenched to room temperature (RT). Herein, this solution is referred to as S2.

3.4.3 Scanning probe microscopy

All AFM measurements were performed on an Asylum Research Cypher ES instrument
(Santa Barbara, CA) equipped with a liquid sample cell. Zeolite USY crystals were firmly placed
on a 15-mm specimen disk (Ted Pella, Inc.) using quickset Loctite epoxy (Henkel Corporation)
that was cured in an oven at 50 °C for 24 h. The sample was then removed from the oven and
cooled to room temperature in air. The specimen disk was rinsed with DI water to remove loosely
bound crystals and dried under inert argon gas to remove dust. The sample was then placed in a
closed AFM liquid cell and images were collected using a Cr/Au-coated silicon nitride cantilever
(Olympus TR800PSA) with a spring constant of 0.57 N m™*. The crystal substrate was first scanned
in air to locate a desired imaging area. Solution S2 was then introduced into the AFM cell by a
syringe and the system was left to equilibrate at RT for ca. 30 min. During in situ measurements,
solution S2 was continuously supplied to the liquid cell using a syringe pump (Razel Scientific
Instruments, Model R100-E) at a rate of 2 cm® min™. AFM images were collected in tapping mode

to minimize tip—substrate contact using at a scan rate of 1 — 8 Hz and 256 lines per scan.

3.4.4 Ex-situ characterization of samples
The morphology of the mesoporous materials was investigated by transmission electron
microscopy (TEM) using a JEM-2010 microscope (JEOL, 200 kV, 0.14 nm of resolution). Selected
samples were embedded in a Spurr resin, cured, and cut into slices 80 nm thin using a RMC-MTXL
ultramicrotome (Boeckeler Instruments, Tucson, AZ). These slices were then placed on a grid to
study the interior of the zeolite crystals by TEM. Digital analysis of TEM micrographs was

performed using Gatam DigitalMicrographTM 1.80.70 for GMS 1.8. Porous texture was

73



characterized by N2 gas adsorption/desorption at 77 K in a Quadrasorb-Kr/MP apparatus from
Quantachrome Instruments. The samples were previously degassed for 4 h at 250 °C at 5x10° bars.
Adsorption data were analyzed using the software QuadrawWin™ (version 6.0) of Quantachrome
Instruments. Cumulative pore volumes and pore-size distribution curves were calculated using a
density functional theory method (NL-DFT adsorption branch model) from the adsorption branch
of the isotherms, as described elsewhere.??* From the cumulative pore volume determined by NL-
DFT, the micropore volume was obtained at a pore size of 2 nm; the mesopore volume was
calculated by subtracting the micropore volume from the pore volume at a pore size of 8 nm (to
discard the large mesoporosity due to the steaming present in the original USY); and the large
mesopore volume was obtained by subtracting the micropore and mesopore volume from the total
pore volume obtained at a relative pressure (P/Po) of 0.95. X-ray diffraction (XRD) patterns were
collected on a Seifert XRD 3003 TT (Bragg—Brentano geometry) powder diffractometer using Cu
Ka radiation (A = 1.54056 A) at a scanning velocity of 0.05° min~* in the 5°<20<50° range. Solid
state NMR analyses were carried out in a 500 MHz Bruker Avance 111 HD Spectrometer using the
pulse program ZG. The samples were spun at a rate of 4 kHz and the ?’ Al NMR spectra were
obtained with a relaxation delay of 5 s and 2048 scans. Inductively coupled plasma optical emission
spectrometry (ICP-OES) analyses of the liquid mixtures after the surfactant-templating treatment

were performed using a Perkin EImer spectrometer (Optima 4300 DV model).

3.4.5 Ex-situ treatment of samples
The preparation of surfactant-templated mesoporous zeolites ex situ was carried out by first
dissolving CTAB (0.5 g) in 40 mL of 62.5 mM NaOH (S2 solution). To this mixture was added 1
g of CBV 780 zeolite and the resultant slurry was stirred at RT for 1 min. The surfactant-templating
process was performed under static conditions by allowing the zeolite to remain in contact with the
alkaline surfactant solution for a set amount of time at RT. Solutions of varying NaOH

concentration, ranging from 38 mM (solution S1) to 94 mM (solution S3), were also prepared to
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evaluate the influence of pH on the quality of hierarchical zeolites and the Kinetics of
mesostructuring. Calcination of the samples was carried out under the flow of dry air at 823 K for

5h (2 Kmin™).
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Chapter 4

Seed-Assisted Crystallization of Self-Pillared Pentasil Zeolites

4.1 Motivation

A common objective in zeolite design is the reduction of the diffusion limitations imposed
by their narrow micropores (typically <1 nm) and long diffusion path lengths in large crystals that
negatively impact performance for a wide range of applications.!®3**° These mass transport
limitations may increase the probability of coking (i.e., carbonaceous deposits leading to
deactivation), thus affecting the overall catalyst lifetime.**** Approaches to address these
limitations include (but are not limited to) the synthesis of zeolites with extra-large pores'’,
reduction of crystal size®**!, and/or hierarchical zeolites that possess high surface areas through
the introduction of mesopores and/or the generation of highly branched (or intergrown)

morphologies, 24533233

Synthesis strategies for the production of ultra-small crystals are non-trivial and often
require the use of complex organics.*"*®3” Among the more successful approaches has been the
design of hierarchical zeolites, which can improve the performance of zeolites in a variety of
catalytic processes, including alkylation, transalkylation, isomerization, cracking, methanol to
hydrocarbon (MTH), and condensation reactions.’®3* Methods used to synthesize hierarchical
zeolites can be broadly classified into two categories: bottom-up and top-down approaches.**’ The
bottom-up approach includes the use of hard and soft templates, e.g., zeolites are crystallized over
the surface of carbonaceous or polymeric templates, and then templates are removed by calcination,
leaving a zeolite with additional mesoporosity.**®3**° Alternatively, dual porogenic surfactants have
been used in select cases.?***° Top-down approaches include desilication or dealumination, i.e., the
removal of silicon or aluminum atoms from the zeolite framework by alkaline or acid treatments

that lead to an additional level of porosity in the zeolite 13341342
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Hierarchical zeolites with multiple rotated intergrowths have received significant attention

in recent years. Ryoo and coworkers®>#:3%

utilized a diquaternary ammonium-type surfactant to
obtain unilamellar ZSM-5 (MFI) nanosheets and hexagonally ordered mesoporous molecular
sieves.®*® They found these zeolites are better catalysts in MTH reactions as well as liquid phase
reactions (e.g., Friedel-crafts alkylation and acylation). Using a similar methodology, Che and
coworkers®**% ytilized n— n interactions of amphiphilic surfactants for the preparation of single-
crystalline ordered MFI nanosheets. Tsapatsis and coworkers®® used a phosphonium-based organic
molecule to generate MFI crystals as self-pillared pentasil (SPP) nanosheets in a ‘house-of-cards’
arrangement.>* ** One of the underlying similarities in all of these studies is the need for complex
or unconventional organic structure-directing agents, which imposes restrictions on the potential
for commercialization. For instance, a disadvantage of using organics is the necessity for their
removal by calcination post-synthesis, which is both inefficient and costly, and in some cases, the

removal of organics can lead to partial structural collapse.3%

In recent years, Cejka, Morris, and coworkers**>**® introduced a facile top-down synthesis
approach to facilitate the formation of two-dimensional zeolites using an ADOR (assembly,
disassembly, organization, and reassembly) process wherein parent germanosilicate zeolite is first
synthesized and then disassembled to form single layers which further undergoes reassembly to
form distinct zeolite frameworks with unique pore apertures. This methodology has led to the
discovery of several novel zeolite frameworks with exceptional pore topologies. Tsapatsis and
coworkers®® hypothesized that in case of hierarchical SPP materials, the connectivity between the
MFI nanosheets is achieved by the presence of MEL at the intersections acting as a 4-fold
symmetric connector. Recently, Tsapatsis and coworkers®*’ successfully confirmed their
hypothesis by directly imaging the intersections to show that MEL connectors (or junctions) linking
two MFI nanosheets generate 90° rotational intergrowths leading to the formation of the house of

card like structures. Interestingly, Schwieger and coworkers®* and others®*® also reported FAU
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hierarchical crystals with similarly rotated intergrowths with EMT found to be involved in the
branching process. Thus, it is possible that controlling these intergrowths can lead to new pathways

for synthesizing hierarchical structures without using organics.

In this chapter we employ a seed-assisted method, which has proven to be useful in zeolite
syntheses to decrease/eliminate organics.'*** The use of seeds can also reduce crystallization times
and can tailor the physicochemical properties of zeolite crystals, such as size, morphology, and the
number and siting of aluminum;*? however, the role of seeds in the zeolite crystallization

mechanism(s) remains elusive.*

In this chapter, we demonstrate how seed-assisted processes
offer a novel route to synthesize hierarchical SPP zeolites with intergrown nanosheets in the
absence of organics. Our findings reveal nonclassical pathways of SPP formation involving the
heterogeneous nucleation of crystals at the exterior surfaces of amorphous precursor particles. We
also explore the effects of various parameters such as seed structure and chemical composition,
synthesis temperature, and crystallization time on the physicochemical properties of SPP zeolites.
In order to elucidate the structure-performance relationships, we tested hierarchical SPP catalysts

using MTH as a benchmark reaction and show that the hierarchical material exhibits improved

catalytic stability in comparison to ZSM-5 crystals prepared by conventional synthesis.

4.2 Results and Discussion
Here we present a unique bottom-up synthesis approach of generating hierarchical self-
pillared pentasil (SPP) crystals in organic-free media. Motivated by reports®®**” that MEL functions
as a junction to facilitated branching in SPP materials, we explored the possibility of generating
hierarchical SPP-like materials by introducing calcined silicalite-2 (MEL) as seeds into a zeolite
growth mixture that does not contain any organic (i.e., using Na* as the sole structure-directing
agent). Silicalite-2 crystals (Figure C1) employed as seeds exhibit a spheroidal morphology with

sizes of 5-10 um (Figure 4.1B). Time-resolved analysis of solids extracted from synthesis mixtures
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using powder X-ray diffraction (XRD) patterns reveal an incomplete dissolution of silicalite-2
seeds during room temperature aging; however, Bragg peaks corresponding to MEL-type seeds
(Figure 4.1A) disappear around 24 h of hydrothermal treatment at 150° C, which seems to indicate

the dissolution of seeds (noting that XRD is unable to detect crystals that are present in quantities

less than 3 wt%).20%:204
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Figure 4.1 (A) XRD patterns of samples extracted from growth solution S1 containing for periodic
times. (B) SEM image of silicalite-2 seeds synthesized from growth solution S2 (C)
SEM image of the ZSM-5 product after 3 days of seeded growth. (D) High
magnification image revealing ZSM-5 nanosheets of thickness ca. 30 nm and
mesopores (yellow circle).

Indeed, FE-SEM micrographs of solids extracted after 24 h show the remnants of seeds
(Figure C2) that have undergone either partial dissolution or amorphization. Interestingly, a phase
with a predominantly MFI framework type (ZSM-5) nucleates (Figure 4.1A) within 2 days with
the near completion crystallization observed after ~3 days. Figure 4.1 C and D show the high-

resolution FE-SEM micrographs of the product revealing a remarkable house-of-card like

morphology of interconnected nanosheets comprising ZSM-5 (MFI) nanosheets with an average
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thickness of 30 nm that are arranged as intergrowths. The interstitial spacing between SPP
nanosheets leads to a hierarchical porous architecture consisting of a wide variety of pore size
distributions ranging from micropores to macropores. This observation is consistent with the N,
adsorption isotherms (Figure C3) demonstrating a large uptake at relative pressure below 0.2, the
presence of a hysteresis loop at intermediate relative pressures, and a slight uptake at high relative
pressure that is attributed to the presence of micro-, meso-, and macroporosity, respectively. To our
knowledge, this is the first example of a hierarchical SPP-like zeolite synthesized without the use

of an organic.

To investigate the structure of SPP nanosheets, we performed high-resolution transmission
electron microscopy (HRTEM). Images of single particles reveals the presence of numerous nano-
sized (20 — 100 nm) crystallites (Figure 4.2A), which is qualitatively consistent with previous
studies of MFI-type materials showing crystallization by particle attachment.>® Analysis of the
selected area electron diffraction (SAED) patterns (Figure 4.2B) acquired for the entire SPP
particle corroborate the single-crystalline nature of the sample (likely the superposition of
scattering from the (010) and (100) planes). The scattering pattern (Figure C4) indicates that the
individual nano-sized features on each nanosheet of SPP particles are aligned in equal
crystallographic registry. To further confirm crystal orientation, we embedded SPP crystals in a
spurr resin and studied thin sections of ultramicrotomed zeolite. HRTEM images and the
corresponding FFT analysis show that the straight channels along the [010] axis are oriented
perpendicular to the surface of nanosheets (Figure 4.2C). A higher magnification image showing
two nano-sized features on a single nanosheet lattice fringes (Figure 4.2D) confirms their
crystallinity and equal registry, where the orientation was corroborated by overlaying the

framework structure of MFI along b-axis on the HRTEM image (Figure C7).

We postulate that the 90-degree angles between intergrowths is facilitated by MEL

junctions at the intersections of MFI nanosheets, which was confirmed for SPP materials prepared
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by Tsapatsis and coworkers.®*’ It should be noted that it is challenging to resolve MEL segments
in TEM images, while their net quantity is likely too little to be observed in powder XRD patterns.
Prior studies®*’ have reported that these MEL junctions can lead to the elongation of electron
diffraction spots, such as (102) and (104), in SAED patterns; however, we did not observe any

noticeable broadening of diffraction spots for our SPP crystals.

Figure 4.2 (A) TEM image of a SPP crystal showing the individual sheets composed of
nanoparticle aggregates. (B) Electron diffraction patterns of a hierarchical crystal
showing the single-crystalline nature of the particles. (C) TEM image of SPP zeolite
with corresponding FFT reconstructed electron diffraction pattern (inset). (D) TEM
image (dashed box in C) showing distinct lattice fringes.

Time-resolved FE-SEM images of solids extracted at several stages of growth were
obtained to elucidate the mechanism of hierarchical zeolite crystallization. At early synthesis times
(e.g., 1 day) where the powder XRD pattern lacks distinct MFI-type Bragg peaks (Figure 4.1A),
solids are predominantly amorphous precursors (Figure 4.3A); however, close inspection shows
the evidence of plate-like features that resemble the nanosheets of SPP crystals (Figure 4.3A)

decorating the surfaces of precursors. SAED patterns of individual plate-like particles (Figure C10)
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confirm that these are MFI-type crystals nucleating on the external surface of amorphous particles.
Images of solids after longer heating time reveal the progressive consumption of amorphous
precursors in favor of an increasing density of SPP crystals. The hierarchical pillared structures
emerge from the surface of precursors (Figure 4.3B-E), eventually becoming individual crystals
that are arranged in aggregates, seemingly clustered around the original site of nucleation. These
findings indicate heterogeneous nucleation, indicative of a two-step process that deviates from
classical nucleation theory.?®**** Figure 4.3F illustrates the putative mechanism of hierarchical
SPP crystallization wherein the external surface of amorphous precursors (depicted in grey) serves
as a heterogeneous site for nucleation. It is likely that the precursor-solvent interface provides
localized regions of high supersaturations that can lower the energetic barriers for the nucleating
platelets (depicted in yellow). The molecular-level details regarding the microstructure of
amorphous precursors and their putative roles in the growth of SPP crystals are not well understood.
Hierarchical structures are only obtained in the presence of seeds; thus, we hypothesize that
partially dissolved fragments of silicalite-2 (MEL) seeds, either in the form of oligomers or
composite building units, preserve some unknown ‘memory’ of the original crystal. These
dissolved species may facilitate nucleation; however, we believe the remnants of the MEL structure

facilitate branching (i.e., promoting the formation of junctions) that leads to self-pillaring.

FE-SEM images show the presence of spherical protrusions on the surfaces of SPP crystals
(Figure 4.3C), which agrees with prior studies of silicalite-1 (siliceous MF1)*® showing that crystal
growth occurs by a combination of processes: (i) classical pathways involving the addition of
soluble monomeric species formed during the dissolution of amorphous precursors; and (ii)
nonclassical pathways involving the attachment of amorphous precursors (i.e., nanoparticles)
through CPA* followed by a disorder-to-order transition where precursors are incorporated into

the underlying crystal structure. Multiple indicators of nonclassical growth can be gleaned from
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the spheroidal protrusions captured on FE-SEM images of solids extracted during intermediate

stages of crystallization as evidence for growth by CPA."8%%
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Figure 4.3 (A - C) FE-SEM images of solids extracted from growth solution S1 after (A) 1, (B) 2,
and (C) 3 days of heating. (D and E) High magnification images of solids after 2 days
of heating capture the emergence and self-pillaring of hierarchical SPP crystals from
the surfaces of amorphous precursors. (F) Idealized schematic of heterogeneous
nucleation and growth of SPP zeolite on amorphous particles.

In most zeolite syntheses, nucleation is far too rapid to capture using ex situ microscopy,
which has led to uncertainty regarding the site(s) for nucleation. This is particularly true for MFI-

type zeolite where prior studies of silicalite-1 have had to alter synthesis conditions, such as reduce
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the temperature, in order to significantly extend the timescales of crystallization (i.e., on the order
of one year) to capture before/after images of nucleation.'®®®° Here, we provide what are arguably
the most detailed images of heterogeneous nucleation and confirm that SPP crystals originate on
exterior surfaces of amorphous precursors (consistent with our earlier hypotheses for zeolites FAU
and LTA where we argued that energetic barriers for nucleation are much higher within the interior

of amorphous particles compared to the exterior surfaces of precursors).***

The SPP sample is fully crystalline (Figure 4.4A) after 3 days of synthesis; however,
continued heating leads to an interzeolite transformation (Figure 4.4B) from SPP (MFI/MEL) to
mordenite (MOR). Comparison of the powder XRD patterns (Figure C6) extracted from seeded
growth mixtures at periodic heating times reveals a progressive decrease in the fraction of MFI
phase in favor of an increasing fraction of MOR. After 10 days of heating, the product contains
MOR as the majority component (Figure C6) with a minor fraction of MFI. High-resolution FE-
SEM micrographs (Figure 4.4C) of samples after 4 days of heating, corresponding to the first
appearance of mordenite peaks in the XRD patterns, show rod-shaped particles emerging from the
center of SPP aggregates. As the MFI-to-MOR transformation proceeds, there is a visible decrease
in the population of SPP crystals with a concomitant increase in the size of mordenite crystals
(Figure 4.4D). Samples extracted at longer times (Figure 4.4D) when the MFI-to-MOR
transformation is nearly complete (i.e., 10 days) contain only traces of the original SPP material

and aggregation of rod-shaped particles which are most likely mordenite crystals, 32356357

Prior studies have shown that interzeolite transformations tend to occur in the order of
increasing framework density***?853% (consistent with thermodynamic measurements of purely
siliceous zeolites);*****° however, we recently showed evidence for MFI-to-MOR transformations
where we postulated that changes in the Si/Al ratio of the growth solution, as inferred by a shift in
the composition of MFI (Si/Al = 16) and MOR (Si/Al = 6) crystals, alters the thermodynamic

driving force (Figure C5) for this transformation.®® This finding is consistent with a recent
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machine learning study by Gomez-Bombarelli and coworkers®® who demonstrated multiple

examples of transformations with decreasing framework density.

MOR

(iii)
A (iy_MFL_ MFI*MOR B EMFI
(i) _]MFI MFI+MOR MOR
100+ % R 100+ .
X 80- 0} = { i S 80
i I / [0} ‘
> v I
= 601 : ,'(”) 1 N .
£ 2 | ] -tC;_ 60
S 404 | / J
g U S . o 40 |
I g ,’ N d —
G201 !{ &/ Hursssds 9 20- ‘
b . OMEL seeds N
0- - T T 1 0- T T | T
0 5 10 15 20 3 4 6 10
Time (days)

Figure 4.4 (A) Percent crystallinity as a function of synthesis time measured from powder X-ray
diffraction patterns. (B) Extended synthesis time reveals an interzeolite transformation
from MFI-to-MOR (C) SEM images of crystals extracted after 4 days and after (D) 10

days showing aggregated rod-shaped crystals with traces of original SPP material.
It is widely reported that the presence of seeds can significantly impact the Kinetics of
nucleation wherein seeds tend to enhance crystallization rates resulting in shorter synthesis time
and smaller crystals.#35330%1 Tq this end, there is a four-fold increase in the induction time when
switching from a synthesis mixture with silicalite-2 seeds to one containing no seeds (Figure 4.4A).
Interestingly, non-seeded syntheses result in the formation of mordenite crystals with different size
and morphology (Figure C13) which is not surprising given that mordenite is commonly prepared

in organic-free media with Na* as the sole structure-directly agent. Here, we examined the impact

85



of seed selection by testing a series of pentasil crystals: ZSM-11 (aluminosilicate MEL), silicalite-
1 (siliceous MFI), and ZSM-5 (aluminosilicate MFI). In the case of ZSM-5 seeds (Figure 4.4A
and Figure C8), we observed that the time period for crystallization is extended to approximately
5 days; however, the sample never reaches full crystallinity (Figure C8) before observing the onset
of a MFI-to-MOR transformation. Analysis of samples after 5 days of heating reveal that the
product is a SPP crystal (Figure 4.5A-C) with similar hierarchical features, but with slightly thicker
nanosheets (ca. 65 nm). FE-SEM images of solids extracted from growth mixtures using ZSM-5
seeds revealed a similar crystallization mechanism with SPP crystals emerging form the surfaces
of amorphous precursors (Figure 4.5A). Figure 4.5B captures for what appears to be an onset of
nucleation at the exterior of amorphous precursor. This observation reveals that the memory of
dissolved MEL seeds is not a prerequisite for SPP formation; however, the longer timescale for
crystallization and the inability to achieve a fully-crystalline SPP product using ZSM-5 seeds likely
reflects the ability of MEL-type seeds to facilitate the formation of the hierarchical zeolite. For
instance, we observe a dramatic decrease (ca. 20%) in the total surface area when switching from

silicalite-2 seeds to ZSM-5 (Table C1).

Interestingly, we observe a dramatic difference in the morphology and textural properties
of crystals when substituting ZSM-5 seeds with silicalite-1 (Figure 4.5D-F), which is its siliceous
isostructure (i.e., Si/Al ratio = oo, analogous to silicalite-2). Silicalite-1 seeds yield a fully
crystalline ZSM-5 product within 3 days of heating (Figure C9), which is much faster than seeded
growth using ZSM-5 seeds. This disparity in crystallization kinetics can be explained by the fact
that seeds with a higher Si/Al ratio dissolve faster in alkaline solution, consistent with trends in
ZSM-5 dissolution reported by Groen and coworkers.'®1331 The combination of FE-SEM
(Figure 4.5D) and HRTEM (Figure 4.5E) capture heterogeneous nucleation at the exterior surface

of precursor particles where the crystals generated from silicalite-1 seeds are less fractal in nature,
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but contain many of the same features (e.g., nanosheets with spheroidal protrusions), compared to

those produced from silicalite-2 seeds.

Figure 4.5 (A) FE-SEM image and (B) HRTEM image of solids from growth solution S3 after 3
days of heating. (C) FE-SEM image of solids extracted after 5 days of heating (D) FE-
SEM image and (E) HRTEM image of solids extracted from growth solution S4. (F)
FE-SEM image of a crystal extracted after 3 days of heating.

A key difference in silicalite-1 seeded growth is the generation of a ZSM-5 product that
resembles a dense aggregate of nanocrystals (Figure 4.5F) lacking the distinct hierarchy of pores
(Figure C12) that are characteristic of SPP zeolites. Indeed, there is a two-fold reduction in
mesoporous volume determined using N2 physisorption for silicalite-1 seeded solution as compared
to ZSM-5 seeded growth (Table C1). Contrary to the observed trends for MFI seeded growth
solutions, the timeframe for the formation of hierarchical SPP crystals doesn’t depend on the
framework composition of MEL seeds. For example, comparisons of time-resolved powder X-ray
diffraction patterns (Figure C14) confirms that Kinetics of crystallization for ZSM-11 and silicalite-

2 seeded growth mixtures are nearly identical.
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To further characterize SPP crystals synthesized with silicalite-2 seeds, we tested structure-
performance relationships of catalysts using methanol-to-hydrocarbons (MTH) as a model reaction.
Conventional ZSM-5 (ca. 1 um) was prepared as a benchmark material; and all zeolites were ion-
exchanged with NH4* and calcined according to established protocols®®? to achieve H-form
catalysts. MTH reactions were performed at sub-complete methanol conversion to quantify
differences in activity and selectivity. Prior studies have demonstrated that hierarchical zeolites
typically exhibit longer catalyst lifetime owing to the reduced diffusion limitations that enable
slower buildup of carbonaceous deposits (i.e., coke), which is a frequent culprit in catalyst

deactivation,08-330.335.363
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Figure 4.6 (A) Plots of sub-complete methanol conversion in the MTH reaction for H-SPP and H-
ZSM-5 catalysts using WHSV = 27 and 60 h™ respectively. (B) Selectivities of effluent
hydrocarbons (histograms, left axis) and ethylene to 2MBu ratio (circles, right axis).

In Figure 4.6A we compare methanol conversion with time on stream (TOS) and show
that the hierarchical SPP crystals exhibit a nearly 2-fold reduction (Figure 4.6A) in the rate of
catalyst deactivation as compared to conventional ZSM-5. The acid site density and framework
aluminum were quantified by NHz TPD and Al NMR respectively (Figure C11). According to
the NH3z TPD analyses (Table C1), all SPP materials exhibit similar very similar acid site density
with the exception of bulk MFI, which has a slightly lower value. A comparison of the selectivity

of both catalysts (Figure 4.6B) reveals a stark difference. Bhan and coworkers®**3% proposed the

use of the ethene-to-2MBu ratio as a descriptor to indirectly access the propagation of aromatic and
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olefin cycle of hydrocarbon pool mechanism (where 2-MBu = 2-methylbutane and 2-methyl-
2butene). It has been demonstrated that major products resulting from olefin-based cycle are
propene, alkanes, and higher olefins, whereas in the aromatic based cycle a series of methylation
and dealkylation reactions occur leading to ethene as one of the major products. Therefore, a higher
ethene-to-2MBu ratio indicates an enhanced propagation of the aromatic cycle. We observe that
the SPP zeolite promotes olefin-based cycle (Figure 4.6B), consistent with trends of decreasing

pentasil (ZSM-5 or ZSM-11) size in literature.**>%’

4.3 Conclusions

In summary, we have demonstrated here for the first time an organic-free route to prepare
hierarchical SPP zeolites using a seed-assisted approach. Time-resolved ex situ imaging of samples
revealed unprecedented insight into the early stages of crystallization, capturing images of
nucleation where SPP crystals emerge from the surfaces of amorphous precursors and grow via a
nonclassical pathway of crystallization. Our findings of heterogeneous nucleation of SPP crystals
agree with the premise that energetic barriers for nucleation can be significantly higher within the
interior of precursors. The judicious selection of seed structure and chemical composition is a
unique and facile method to tailor the physicochemical properties of SPP crystals. Interestingly,
the preparation of hierarchical SPP crystals is seemingly connected with the ability of MEL
fragments (i.e., the products of seed dissolution) to effectively bridge MFI nanosheets, thereby
directing the organization of intergrown nanosheets with complex hierarchical architecture. The
unique porous structure coupled with the reduced diffusion path length of nanosheets results in a
higher performance catalysts, which was verified in MTH reactions showing that the SPP material
exhibits reduced rates of coke formation and shift the product selectivities in comparison to a

conventional ZSM-5 zeolite.

The organic-free synthesis of hierarchical SPP zeolites opens exciting prospects for both
fundamental studies and large-scale applications. We expect seed-assisted synthesis may prove to
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be broadly applicable to other zeolite frameworks and related crystalline porous materials.
Moreover, this facile and cost-effective approach is likely to be easily scalable for a variety of
applications ranging from catalysis to the development of thin films for membranes and nanoscale
devices. Our findings also offer new insights into the complex mechanism(s) governing the
crystallization of SPP zeolites and are potentially applicable to other minerals that crystallize via

nonclassical routes.

4.4 Material and Methods
4.4.1 Materials

The following chemicals for zeolite synthesis were purchased from Sigma Aldrich:
LUDOX AS-40 (40 wt% suspension in water), tetracthylorthosilicate (TEOS, > 99.5%), sodium
aluminate (57.1% AlLO; and 37.2% Na)0), 1,8-diaminooctane (DAO, 98%),
tetrapropylammonium bromide (TPABTr, 98%). Additional chemicals purchased from Alfa Aesar
included sodium hydroxide (98% pellets) and tetrabutylammonium hydroxide (TBAOH, 40%). All
reagents were used as received without further purification. Deionized (DI) water used in all

experiments was purified with an Aqua Solutions RODI-C-12A purification system (18.2 M(Q).

4.4.2 Synthesis of Seed Crystals

MEL seeds with Si/Al ratios of oo (silicalite-2) and 33 (ZSM-11) were synthesized with
organic structure-directing agents (OSDAs) TBAOH and DAO, respectively, according to
previously reported protocols®®3%, For samples with a crystal Si/Al ratio of 16, the synthesis
involved the addition of NaAIO; to a NaOH solution followed by additions of TEOS and TBAOH
to obtain a final molar composition of 20 TBAOH: 4 Na;O: 100 SiO,: 2.5 Al;,03: 3000 H,0. The
solution was aged for 2 h at room temperature and transferred to a 23 mL Teflon-lined stainless
steel acid digestion bomb (Parr Instruments), which was placed in a Thermo Scientific gravity

convection oven and heated at 160°C for 1 day.
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MFI seed crystals with Si/Al ratios of « (silicalite-1) and 14 (ZSM-5) were synthesized
with TPABr and without OSDA, respectively, according to previously reported protocols®®3",
Seeds were calcined in a Thermo Fisher Lindberg Blue furnace at 550°C for 10 h (with temperature

ramping rate of 1 °C min™*) under the constant flow of compressed air (Matheson Tri-Gas) at 100

mL min™ before application.

4.4.3 Seeded Zeolite Synthesis

Seed-assisted syntheses were carried out by first adding sodium aluminate to an aqueous
NaOH solution followed by the addition of LUDOX AS-40 to obtain the molar ratios listed in Table
1. The nominal amount of seeds used in experiments was 10 wt% unless mentioned otherwise. The
growth solution was aged at room temperature for ca. 24 h and subsequently transferred to a 23 mL
acid digestion bomb. Hydrothermal treatment was carried out in an oven at temperatures spanning
from 130 to 170°C under autogenous pressure. Solids extracted after select time intervals were
isolated from the mother liquor by two cycles of centrifugation and washing with DI water,

followed by drying in an oven at 60°C.

4.4.4 Characterization of samples

Powder X-ray diffraction (XRD) patterns of dried solids were collected on a Rigaku
SmartLab diffractometer with a Cu Ko source (40kV, 30mA). Scanning electron microscopy
(SEM) images were obtained using a Zeiss Leo 1525 instrument equipped with FEG at 10 kV. All
samples were carbon coated (layer thickness ~ 30 nm) prior to imaging to reduce charging. The
size of the crystals was measured from multiple SEM images of a single batch. Elemental analysis
was performed by electron dispersive X-ray (EDX) spectroscopy. EDX spectra were collected
using a JEOL SM-31010/METEK EDAX system at 15kV and a 15mm working distance. The
morphology of the crystals was also investigated by transmission electron microscopy (TEM) using
a JEM-2010 microscope (JEOL, 200 kV, 0.14 nm of resolution). Selected samples were embedded
in a Spurr resin, cured, and cut into slices 80 nm thin using a RMC-MTXL ultramicrotome
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(Boeckeler Instruments, Tucson, AZ). These slices were then placed on a grid to study the interior
of the zeolite crystals by TEM. Digital analysis of TEM micrographs was performed using Gatam
DigitalMicrographTM 1.80.70 for GMS 1.8. Textural analysis was performed with a Micro-
meritics ASAP 2020 instrument using N2 as a probe gas for physisorption at an incremental dosing
rate of 3 m® g~ STP and an analysis bath temperature of 77 K. Prior to analysis, samples were
calcined at 550 °C for 6 h under flow of compressed air at 100 cm® min. The surface area was
calculated from BET analysis selecting the initial low pressure points with a correlation coefficient
greater than 0.999. The cumulative pore volumes and pore-size distribution curves were calculated
using a density functional theory method (NL-DFT adsorption branch model) from the adsorption
branch of the isotherms, as described elsewhere.*”® From the cumulative pore volume determined
by NL-DFT, the micropore volume was obtained at a pore size of 2 nm; the mesopore volume was
calculated by subtracting the micropore volume from the pore volume at a pore size of 8 nm (to
discard the large mesoporosity due to the steaming present in the original USY); and the large
mesopore volume was obtained by subtracting the micropore and mesopore volume from the total
pore volume obtained at a relative pressure (P/Po) of 0.95. Solid state NMR analyses were carried
out in a 500 MHz Bruker Avance 11l HD Spectrometer using the pulse program ZG. The samples
were spun at a rate of 4 kHz and the >’ Al NMR spectra were obtained with a relaxation delay of 5

s and 2048 scans.
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Chapter 5

Diverse Physical States of Amorphous Precursors in Zeolite Syntheses

5.1 Motivation

The assembly and structural evolution of amorphous precursors during zeolite
crystallization is an important area of interest owing to their putative roles in the nucleation and
growth of aluminosilicate microporous materials. Precursors range in complexity from oligomeric
molecules and colloidal particles to gels comprised of heterogeneous silica and alumina domains.
The physical state of precursors in most zeolite syntheses is generally not well understood;
however, it is evident that the physicochemical properties of precursors depend on a wide range of
conditions that include (but are not limited to) the selection of reagents, the composition of growth
mixtures, the methods of preparation, and the use of inorganic and/or organic structure-directing
agents. The fact that precursors evolve in size, shape, and/or microstructure during the course of
nucleation and potentially throughout crystallization leads to questions pertaining to their mode of
action in the formation of zeolites. This also highlights the diversity of species that are present in
growth media, thus rendering the topic of zeolite synthesis essentially a black box to those
attempting to better understand the fundamental role(s) of precursors. In this chapter, we discuss
the wide variety of precursors encountered in the synthesis of various framework types,
emphasizing their complex physical states and the thermodynamic and Kinetic factors that govern

their heterogeneity.

Elucidating the mechanisms of zeolite crystallization is complex owing in large part to the
vast number of species present in synthesis mixtures.>**** This is a contributing factor to the
challenges associated with zeolite crystal engineering where it is difficult to design materials with
predetermined physicochemical properties without sufficient knowledge of how synthesis variables

can be tailored to mediate crystal growth.®”? The ubiquitous presence of amorphous precursors
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throughout nucleation and growth make zeolites quintessential examples of materials that grow via
nonclassical pathways, which include crystallization by particle attachment (or CPA).78231:360373
This rapidly emerging area is garnering considerable attention owing to the expanding list of
materials that show evidence of growth via multifaceted pathways.??23"#3"® Knowledge of
nonclassical mechanisms, however, is rather limited due to inadequate analytical techniques

available to observe dynamic processes of grow in situ with sufficient spatiotemporal resolution.

In this chapter, we highlight the various routes leading to the assembly and evolution of
amorphous precursors in zeolite synthesis wherein it is recognized that changes in conditions —
most notably the selection of silica/alumina sources and room temperature aging protocols — can
significantly influence polymorphism, crystallization kinetics, and the properties of zeolites, among
other factors. Here, we address the physical state of precursors with an emphasis on the appropriate
use of the word “gel” to properly convey the heterogeneity of these species. In most zeolite
syntheses, precursors undergo structural and/or compositional changes during the induction period.
The exact microstructure of the evolved precursors is not well understood, nor are the detailed
processes leading to their aggregation and densification. The direct role of precursors in the
mechanism of crystal growth has been suggested for several framework types, such as LTA (zeolite
A FAU (zeolite X/Y)%9% MFI (ZSM-5)1%31 ANA (analcime)®?, SOD (sodalite)’®?, CHA
(SSZ-13),"® and EMT?®, Characterizing the role of precursors in zeolite crystallization is an active
area of research, but there is still a significant knowledge gap in the understanding of molecular-
level processes governing disorder-to-order transformations in zeolite synthesis. The presence of
an amorphous phase can significantly modify zeolite crystallization, for example, by lowering the
energetic barrier for heterogeneous nucleation by creating regions of high supersaturation,
analogous to the two-step nucleation mechanism postulated for other materials such as proteins,

polymers, colloids, and biominerals.34377383384 | this chapter, we do not attempt to reconcile this
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gap, but merely seek to highlight the heterogeneous physical state that constitutes the majority of

amorphous precursors observed during the preparation of (alumino)silicate zeolites.

5.2 Results and Discussion
Figure 5.1 depicts various processes associated with precursor formation and evolution.

Figure 5.1A is adapted from the review of Cundy and Cox*

showing that the initial mixing of
silica and alumina in alkaline media lead to the formation of nonhomogeneous amorphous
precursors comprised of undissolved sources and species exchanged between solids and solution.
The dashed boxes indicate aluminosilicate speciation in the solution state where prolonged time
and/or higher temperature lead to precursor evolution in size, shape, and oftentimes microstructure.
The terms primary and secondary have been used to differentiate the initial self-assembled
precursors from those that have evolved through either room temperature aging or hydrothermal
treatment. In literature, discussions of precursor assembly and evolution often invoke simplified
schematics in a manner where precursors can be misconstrued as being homogeneous. The steady
state distribution of species between solid and solution is established by the degree of silica
dissolution. When silica sources such as colloidal silica, fumed silica, and alkali silicate are
introduced into a high pH medium in either the presence or absence of an aluminum source, they
are particulates. An example of precursor evolution is illustrated in Figure 5.1B for zeolite L
prepared with colloidal silica. The sequence of steps during hydrothermal treatment begins with
the aggregation and densification of silica particles. This is followed by the “fusing” of spherical
aggregates into worm-like particles (WLPs) where undissolved silica is infused within a matrix of
(alumino)silicate species.?® The exact microstructure of these evolved (or secondary) precursors is
unknown; however, it has been observed by multiple groups that secondary precursors can contain
localized order that differs from the primary amorphous precursors, yet the evolved particles lack
long-range (periodic) order that renders them amorphous by X-ray diffraction.®®>3% |t is suggested

in literature that silicon sources dissolve at high pH to produce a suspension of soluble monomer
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or oligomeric species. Once dissolved, it is posited that these species can form gels that are often
initiated by first preparing separate silica and alumina mixtures at high pH and then combining

them after a fixed period of aging or hydrothermal treatment.
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Figure 5.1 (A) General pathways leading to the formation of primary and secondary amorphous
phases in zeolite synthesis.®® (B) Schematic showing the formation of amorphous
precursors in zeolite L synthesis beginning from a colloidal silica sol.?%. (C) Illustration
of silicalite-1 precursor assembly and evolution.

Herein, we argue that a majority of zeolite synthesis mixtures are prepared in such a manner
that will never lead to the formation of gels owing to the inability to completely dissolve the silicon
source. The sol gel process used to prepare zeolites involves different physical states in the
synthesis medium (as depicted in Figure 5.2).%87*%° The mixing of reagents in zeolite synthesis can
result in the formation of a sol, which is comprised of a suspension of colloidal particles in a
continuous liquid medium. The viscosity of the suspension can vary with respect to particle volume
fraction, but ultimately the rheological properties of sols are similar to a liquid. The second state is
a colloidal (or wet) gel, which is a dilute cross-linked network of interacting colloidal particles that
are generated from a suspension (sol) of colloidal particles. The nature of this gel may also derive
from polymeric chains of aluminosilicates that form a dilute cross-linked network that is
predominantly comprised of liquid. The rheological properties of these gels are more similar to a
solid. A fourth state would be a hybrid of polymeric and colloidal gels. The idealized drawings in

Figure 5.2 illustrate the potential physical states of zeolite sol gel synthesis mixtures, beginning
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with the introduction of the silicon source that leads to a sol (Figure 5.2A). The latter can either
form a colloidal (or wet) gel (Figure 5.2B) or the silicate particles can fully dissolve to generate a

solution (Figure 5.2C) of dispersed monomers and/or oligomers.

A

(colloidal)
C D /\

solution gel
(soluble species) (polymeric network)

B
e
sol Tl gel

Figure 5.2 Schematic illustrating the physical states of dispersed phases of colloidal particles
(yellow) and soluble species (orange) in a dispersion medium of water (blue). The four
corresponding states are (A) sol, (B) colloidal (or wet) gel, (C) solution, and (D) gel
comprised of a polymeric network of aluminosilicates.

While it is less common to encounter the terms “colloidal” or “wet” gels in zeolite
literature, these expressions are frequently used in sol gel literature to describe the gelation of
s0ls. 387390 Here, we distinguish this phase from the view of gels in the polymer and soft matter
communities where the gel state is a network of polymeric chains formed by either physical
aggregation or covalent bonds®****%¥(represented as interconnected orange lines in Figure 5.2D). In
the context of zeolite growth mixtures, these are tetrahedral TO4 networks (T = Si or Al) derived
from the condensation of soluble species. One uncertainty associated with (alumino)silicate gels is
the nature of the cross-linked network. For instance, it is uncertain if the gel is comprised of
covalently linked “polymer-like” chains of silicates (i.e., a chemical gel), or whether it is a network

of interacting silicate species (i.e., a physical gel). We posit that the vast majority of zeolite

precursor gels reported in literature are some combination of Figure 5.2B and 5.2D where
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undissolved sols are contained within a network of condensed soluble species. This is analogous to
the idealized depiction of WLPs in Figure 5.1B where the fusing of spheroidal aggregates occurs
by an exchange with soluble species, leading to interstitial regions of unknown microstructure that

may be similar to a gel-like network.

The use of tetraethylorthosilicate (TEOS) as a silica source can lead to unique pathways in
the formation of amorphous precursors. While TEOS is not used in the commercial production of
zeolites, it is heavily utilized in academic studies to assess the mechanisms of zeolite nucleation
and crystal growth,18821021239-3% Ag jl|ystrated in Figure 5.1C, TEOS forms an immiscible layer
above water that leads to the progressive release of soluble silicates. For detailed speciation models
of TEOS hydrolysis and silica condensation, we refer readers to several prior studies.389.39-401 |,
alkaline solvent, silicates dissociate via a series of reactions.*®> Monomers can form oligomers, and
at sufficiently high TEOS concentration these soluble silicates can further condense into
nanoparticles (Figure 5.3A). The rate of silica condensation is governed by the concentration of
fully protonated silicates.*® When the nanoparticles are formed, silanol groups on their exterior
surfaces as well as undercoordinated (i.e., Q% or Q) sites within the interior of the nanoparticles
can undergo protonation/deprotonation depending on the pH. The acid/base reactions associated
with sol gel syntheses can lead to changes in pH and ionic conductivity, which can provide some
indication of the chemistry associated with precursor assembly and evolution. The putative
structure of silica nanoparticles shown in Figure 5.3B was derived from Monte Carlo simulations
guided by 2°Si NMR measurements of Si-O-Si connectivity.*® The organic structure-directing
agent (OSDA) tetrapropylammonium (TPA*) forms a shell surrounding a core of hydrated
amorphous silica.?*2%% The exact microstructure of silicalite-1 precursors is not well understood,

although it is known that they evolve during the induction period. Notably, the particles grow in

size by Ostwald ripening (Figure 5. 1C)*®4034% and also undergo a change in structure. Analogous
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to secondary precursors, the microstructure of evolved nanoparticles differs from their primary

state, yet they are not crystalline.*”

TPA" shell

Figure 5.3 (A) Cryo-TEM image of nanoparticle precursors in silicalite-1.2° (B) Idealized
coreshell structure of nanoparticles from Monte Carlo simulations.** (C) AFM image
of a silicalite-1 surface imaged during growth.*>® (D) AFM image of a LTA surface
after continuous imaging where region | is the original area and region Il is a freshly
imaged area®®

Nanoparticle growth ceases prior to the end of the induction period, after which the
precursors remain in solution throughout crystallization and there is a temporal decrease in their
population as silicalite-1 crystals grow in size. In situ atomic force microscopy (AFM)
measurements of silicalite-1 (010) surface growth revealed that evolved particles attach to the
crystal surface and undergo a disorder-to-order transition.>* Amorphous precursors generated from

TEOS occur by the assembly of monomer/oligomers, whereas alternative silica sources introduced

into the synthesis mixture as sols (Figure 5.1B) evolve into larger amorphous spheroidal particles

or branched WLPs through a sequence of events. Recent studies in our group focusing on the
supernatant of sols revealed that gel-like features appear on zeolite surfaces at elevated temperature.

For example, Figure 5.3D shows the result of an in situ AFM measurement of zeolite A (LTA)

growth from its supernatant containing soluble aluminosilicate species where continuous imaging

(region 1) is smooth compared to the surrounding rough areas (region II).
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Figure 5.4 Transmission (top) and scanning (bottom) electron micrographs of amorphous
precursors in zeolite growth mixtures for zeolite L (A and B) and ZSM-5 (C and D).

Time-resolved images of rough surface features reveal a progressive reduction in height
that suggests the roughness is due to gel-like islands that form on crystal surfaces.?® This
conclusion was drawn not only from the observation that the movement of the AFM tip
progressively removes material from the surface during continuous imaging, but was corroborated
by chemical force microscopy measurements on the roughened gel-like regions that yielded
approach-retraction profiles characteristic of elastic lipid materials (e.g.,, lipid layers). Silicon
sources other than TEOS can lead to the formation of amorphous colloidal precursors that are much
larger than those formed in silicalite-1 synthesis. Examples are provided in Figure 5.4 for two
different zeolite types prepared with separate silicon sources (colloidal silica and fumed silica).
Images of the precursors formed in growth mixtures of zeolite L (Figure 5.4A and B) are similar
to those formed in the early stages of ZSM-5 growth (Figure 5. 4C and D). The ubiquitous
presence of bulk amorphous particles in zeolite growth mixtures has been widely reported for a
range of frameworks including GIS, TON, MFI, CHA, and LTL. Despite the ubiquity, the role of

amorphous precursors in zeolite crystallization is not fully understood. Two divergent hypotheses
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exist in the literature regarding the role of WLPs in zeolite nucleation (refer to Figure 5.9): WLPs
can either dissolve to generate molecular species that serve as growth units for crystallization or
they can directly contribute to zeolite growth via pathways involving crystallization by particle

attachment (CPA).”"*%*
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Figure 5.5 (A) Physicochemical properties of four zeolite different frameworks with distinct crystal
size and morphology. (B) Temporal evolution of WLPs in K-LTL growth mixtures
(OSDA-free). (C) Temporal evolution of WLPs in MFI, MEL, and TON growth
mixtures using various OSDAS.

WLPs tend to have much higher silicon content compared to the crystalline product!®2%,
which suggests a solution-mediated process must occur during zeolite crystallization that involves
the exchange of alumina from solution and significant bond breakage of Si-O-Si bonds within the
WLP. The nonhomogeneous segments containing pure silica calls into question putative solid-state

rearrangement of precursors to crystals. It is also uncertain to what degree precursors become

locally ordered during their evolution from primary to secondary species. Analogous to schemes
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for zeolite L and silicate-1 (Figure 5.1B and 5.1C, respectively), the temporal evolution of WLPs
has been observed in numerous other systems.’819206408 Tq jllystrate the variety of pathways
leading to WLP formation and evolution, we selected four different zeolite framework types and
performed time-resolved analysis of precursor assembly. The structure of each zeolite selected for
this study is shown in Figure 5.5A along with a scanning electron microscopy (SEM) image of the
crystalline product. The framework types differ with respect to their composition (Si/Al ratio), the
pore dimensions, and pore sizes, which are denoted by the n-membered rings (MRS) constituting
the pore aperture: zeolite L (LTL, Si/Al =3, 12-MR 1D pores), ZSM-22 (TON, Si/Al = 35, 10-MR
1D pores), ZSM-11 (MEL, Si/Al = 36, 10-MR, 3D pores), and ZSM-5 (MFI, Si/Al = 40, 10-MR,

3D pores).

Figure 5.5B plots the temporal change in precursor dimension with heating time during
the synthesis of zeolite L using three different silicon sources (8 nm colloidal silica, 25 nm colloidal
silica, and fumed silica). The general profile of each synthesis is a monotonic increase in precursor
size (presumably through the incorporation of soluble species), followed by a plateau that coincides
with the completion of the induction period. The precursor size remains constant throughout zeolite
L crystallization, while the population of WLPs decreases at the expense of growing crystals. For
zeolite L, the silicon source has a significant impact on the induction time®®, but does not
appreciably influence the rate of WLP growth. Moreover, we observe for the smallest colloidal
silica (ca. 8 nm) that once nucleation occurs, the crystallization timeframe is too fast to detect WLPs
(i.e., they are rapidly consumed beyond 4 h). Similar studies of other zeolites are shown in Figure
5.5C where we observe different trends depending on the synthesis conditions. Samples were
prepared from multiple silicon sources in the presence of different OSDAs. Profiles exhibit either
increasing or decreasing size with heating time, while some show relatively no change over the
time period analyzed. For studies of TON, the OSDA selection effects precursor evolution. For

instance, precursor size decreases in mixtures prepared with 1,8-diaminooctane (CsDN) and
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triethylenetetramine (TETA), whereas the same composition prepared with tetraethylenepentamine
(TEPA) resulted in relatively little change in precursor size. Comparisons of ZSM-5 (MFI)
precursors prepared with TPA using three different silicon sources revealed analogous trends to
zeolite L samples with less noticeable differences in precursor evolution. One potential cause of
the disparity among samples is that the presence of OSDAs can assist in producing soluble silicates.
For instance, prior studies have shown that an increased concentration of OSDA leads to an increase
in pH, which impacts silica dissolution.***#1° Given that many OSDAs exhibit positive charge (e.g.,
quaternary amines), it was suggested by Lowe and coworkers*'? that cationic OSDAs balance the
negative charge(s) of silicate anions, thereby shifting the equilibrium of silicate speciation. ller and
others have posited similar effects by showing that organic molecules such as amines and catechol
can form soluble complexes with silicates, which can further accelerate silica dissolution®®84%°,
Conversely, Caratzoulas and coworkers have postulated an opposite role of OSDAs to stabilize
silicates by shielding siloxanes from water, thereby reducing the rate of hydrolysis (i.e., as reported

for tetramethylammonium stabilization of silica cubic octamers).*™*

During the transition from primary to secondary precursors (Figure 5.1A), hydrothermal
treatment leads to the opening of Si—O-Si bonds, whereas the presence of Si—-O-Al bonds can
significantly slow bond breakage at high pH. Evidence gathered from the elemental analysis of
precursors in ZSM-5 and zeolite L synthesis'**?% indicate that the silicon content can be much
higher in secondary precursors than the crystalline product, which seems to indicate that the initial
silicon source remains partially undissolved during the early stages of zeolite crystallization.
Introduction of alumina into the growth medium can promote the aggregation of silica sols (i.e.,
destabilize colloidal suspensions), leading to the formation of spherical particulates that seemingly
assemble via a combination of aggregation, densification (ripening), and growth processes. This
general picture of precursor formation is highly suggestive that their composition is likely a hybrid

of the colloidal and polymeric gels depicted in Figure 5.2B and 5.2D wherein the network is
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comprised of undissolved silica particles linked through species from solution that “bridge”
opposing particles; however, it is difficult to determine individual colloidal domains in transmission

electron micrographs of precursors.

One of the critical questions regarding WLP assembly pertains to the microstructure of the
amorphous particles as they evolve. This alludes to more ubiquitous uncertainties regarding how
we define amorphous materials. Is it sufficient to simply label systems as being either crystalline
or amorphous without considering the degree of local order that has been reported in many
examples of secondary (evolved) precursors? Here, we do not attempt to answer this question, but
merely point out that the starting materials used in the preparation of zeolite precursors can be quite
different and that the evolution from amorphous to crystalline is not abrupt but progressive, and
moreover, that the amorphous and crystalline phases can co-exist at given time. Indeed, it is
common knowledge that subtle changes in zeolite compositions®’, such as the selection of silicon
source, can have a pronounced impact on the final product. In some instances, zeolite syntheses
will only work with a particular source, whereas other syntheses are much more robust to changes
in synthesis protocol. To ascertain the differences in Si-O-Si connectivity among three common
silicon sources, we conducted pair distribution function (PDF) analysis of as received colloidal
silica, fumed silica, and potassium silicate sources (Figure 5.6). The PDFs provide a histogram of
all atom-atom distances within the silicate source, weighed by relative abundance and the scattering
factor of the atoms. The first three peaks on all PDFs at 1.61 A, ~2.6 A and ~3.1 A correspond to
the closest Si-O, O...0, and Si...Si distances, respectively, that define corner-shared SiO.
tetrahedra. The potassium silicate PDF includes additional features associated with interactions
(e.g., at ~2.8 and 3.6 A) with the K* ion. As is consistent with the non-crystalline nature of the silica

sources, well defined peaks in the PDF are not observed in the PDFs at long distances, beyond ~20

A
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While the local tetrahedral SiO4 structure and absence of long range order is common to
all silica sources in Figure 5.6, there are striking differences in the intermediate scale ordering from
3.5-12 A. Most notably, in the case of the fumed silica, well defined peaks are evident in the PDF
to ~12 A, reflecting a well ordered intermediate-scale structure. Attempts to model these data
showed that the structure did not correspond to the structural motifs of common dense SiO;
polymorphs. While both the colloidal and potassium silicate source PDFs contain only
broad/diffuse features beyond 4.5 A, these diffuse features do not overlap, suggesting that different
connectivity exists in these amorphous phases (although the correlations associated with K in the
potassium silicate source will also contribute owing to differences in the structure). The broad
diffuse features in the colloidal silica source shows similarities to the peaks observed for fumed
silica. The difference in intermediate scale atomic-structure and ordering observed for the silicon
sources may account for the different solubilities/rates of reaction. If we presume that less well-
ordered structures will be less thermodynamically stable, then we would expect the solubility and

rates of reactions to decrease in the order potassium silicate, colloidal silica, and fumed silica.
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Figure 5.6 Pair distribution function (PDF) data of three common silicon sources: LUDOX AS-40
colloidal silica (red line), CAB-O-SIL fumed silica (blue line), and potassium silicate

(black line).
Figure 5.7A — C shows images of solids that have been extracted at periodic times during

the synthesis of ZSM-5 where precursors are observed throughout crystallization. This is consistent
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with many zeolite syntheses where the sequence of events is similar: the precursors first assemble
and evolve during the induction period, they then cease growing at a time that approximately
corresponds to the onset of nucleation, and over the course of zeolite crystallization the precursor
content decreases. It is interesting that precursor assembly is rapid and that these particles exhibit
a propensity to grow rather than to dissolve in highly alkaline media (i.e., pH 11 — 14). This prompts
questions as to what degree silicon sources dissolve during room temperature aging and the early
stages of hydrothermal treatment. For growth mixtures, such as those depicted in Figure 5.7A
consisting of a high-volume fraction of colloidal precursors, the samples are opaque sols or wet
gels. For growth mixtures shown in Figure 5.3A, which consist of much smaller precursors, the
samples are referred to as “clear solutions,” but a more accurate description is translucent sol. It is
important to note that transparent liquids do not imply the absence of colloidal particles. Indeed,
the degree of opacity is dependent upon both the size and concentration of colloidal particles in the
suspension. This is an important point to raise since it is often assumed that placing silica in a high
pH solution will lead to complete (or nearly complete) dissolution. As we discuss herein, this does

not occur for the vast majority of zeolite syntheses.

To demonstrate that silica in zeolite syntheses remain largely undissolved, we refer to a

recent study***

using dynamic light scattering (DLS) to track the temporal change in hydrodynamic
diameter of colloidal silica particles in alkali hydroxide solutions (in the absence of alumina). Using
a typical silica content, measurements were performed in KOH (pH 12) over a range of
temperatures (25 — 45 °C). As shown in Figure 5.8A, the rate of silica dissolution increases with
increased temperature, as expected. For data collected at 45 °C, we observe a plateau (dashed line
in Figure 5.8A) once the diameter decreases by 9 % of its original size. This indicates that the
solution has reached thermodynamic equilibrium where an estimated 266 mM of dissolved silica

corresponds to its solubility at that particular pH and temperature. During the preparation of zeolite

synthesis mixtures, the addition of aluminum to these colloidal suspensions leads to its deposition
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on the surfaces of silica particles, which dramatically reduces the rate of silica dissolution. This can
extend the timeframe for reaching thermodynamic equilibrium or create a metastable state whereby
the solution never reaches equilibrium prior to the onset of zeolite nucleation. The latter scenario
was observed in a recent study where we examined silica concentrations in the supernatant of a
zeolite A synthesis mixture (pH 13.7) as a function of heating time at 65 °C. In this system, silica
concentrations ranged from 10 to 30 mM, which is well below the solubility of the colloidal silica

used as a starting reagent.

Figure 5.7 Time-resolved electron scanning micrographs of solids extracted during periodic stages
of ZSM-5 synthesis after (A) 3 h of heating, (B) 6 h of heating, and (C) 24 h of heating.

ller and others*?*¥® have previously reported silica solubility as a function of both
temperature and pH. In Table 1, we compare the solubility of amorphous silica for a limited set of
conditions where it is evident that solubility increases with increasing temperature and pH. For
instance, another ex situ DLS study at higher alkalinity using NaOH (pH 13.6) and similar silica
concentration revealed that equilibrium is reached after the diameter of colloidal silica particles is
reduced by ca. 28 % (Figure 5.8B)**. The estimated silica solubility of 725 mM at 45°C is higher
than the value in Figure 5.8A owing to the higher pH of the solution. Studies such as these to
quantify silica solubility are limited to temperatures that are much lower than those of typical
zeolites syntheses. This leads to questions regarding the actual composition of solutions during the
early stages of hydrothermal treatment. It has been posited that silica solubility in highly alkaline

solutions (pH > 12) and at high temperature (T > 100 °C) can reach values in the molar range.**3#!
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Experimental validation of these predictions is challenging owing to the difficulty of in situ

analysis.

There is evidence in the literature, however, that predicted solubility may be overestimated
in some instances. One example is the presence of amorphous silica nanoparticles in dilute
silicalite-1 growth mixtures where in situ AFM measurements®*?2%of crystal surfaces (e.g., Figure
5.3C) reveal the presence of attached precursors at conditions that are predicted to be
undersaturated. This may be due to the presence of OSDAS, which as previously mentioned, can
potentially stabilize silicate species. In the context of dissolution kinetics, primary or secondary
amorphous precursors may never reach thermodynamic equilibrium with soluble silicates.

Table 5.1 Silica solubility for amorphous sources and select zeolites.

Material pH [SiO2]eq [SiO2]eq References
(mM) (g/L)
Amorphous silica (25°C) 12 318 — 388 19-23 412413
LUDOX AS-40 (45°C) 12 266 16 1
13.6 725 435 1o
Zeolite LTA (25°C) 13.6 5-10 0.3-0.6 218,418,419

Zeolite MFI (25°C) 11.3 0.18 0.010 This work
Zeolite MEL (25°C) 11.3 0.21 0.012 This work
Zeolite TON (25°C) 11.3 0.21 0.012 This work

Moreover, measurements of silica solubility, such as that presented in Figure 5.8, are
typically conducted in purely siliceous solutions, whereas the solubility can be quite different in
actual synthesis mixtures due to the presence of alumina, metals, and organics. For example, ller
has shown that the presence of aluminum can lower silica solubility by orders of magnitude at high
pH*®. To this end, a basic understanding of the thermodynamic factors governing solution
chemistry during room temperature aging and early hydrothermal treatment of zeolite synthesis
mixtures is generally lacking. This presents opportunities for future studies to better understand the
complex reactions of precursor assembly and evolution as well as the growth units involved in
zeolite crystallization. We measured the silica solubility for several zeolite framework types after

allowing sufficient time for complete crystallization (e.g., 72 h). The corresponding solubilities
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listed in Table 5.1 were measured at 25 °C by extracting the supernatant and analyzing its Si content
using inductively-coupled plasma (ICP). In Table 5.1 we also list reported solubilities of other
zeolites, such as LTA, to illustrate an upper range of silica solubility at higher pH. It is interesting
to compare these values to those in Table 5.2 listing the silica contents used in synthesis mixtures

of commonly studied zeolite framework types.
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Figure 5.8 (A) Dissolution of LUDOX AS-40 colloidal silica particles in a KOH solution (pH =
12) at various temperatures.*** (B) Identical experiments in a NaOH solution (pH 13.6)

prepared with 1156 mM SiO,.'**

The range of values listed in Table 5.2 are based on a limited survey of literature, and
therefore do not represent the absolute lower and upper bounds. Nevertheless, they provide an
approximate range of values where it is clearly evident that the vast majority of syntheses utilize
silica content well in excess of the amorphous silica solubility. Under such conditions, it is
impossible to fully dissolve silica. Only under rare cases where concentrations fall below 300 mM,
such as purely siliceous MFI (silicalite-1) and MEL (silicalite-2), is it feasible to achieve growth
solutions of dissolved silicate species. Several aluminosilicate zeolites are also prepared with low
silica content (e.g., FAU, GIS, LTA, MFI); however, silica content in zeolite syntheses typically
exceed 1000 mM. It should be noted that it is difficult to calculate and report the supersaturation
with respect to silica due to the complexity of the medium given the presence of humerous species
(i.e., monomers, a wide range of soluble aluminosilicate oligomers, and silica that is retained within

metastable colloidal precursors). It is evident from the high silica content used in the starting

mixtures of zeolite synthesis that aging silica sources in alkaline media will not result in the
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complete dissolution of silica particles prior to zeolite nucleation. A more realistic scenario is that
the equilibrium between silica and silicate species (monomers and small oligomers) at a given pH
is shifted towards the dissolution of silica as they are consumed during zeolite crystallization.

Table 5.2 Range of silica content in zeolite synthesis mixtures.?

Zeolite [SiO;] (g/L) Zeolite [SiO2](g/L)
AEIl 84 - 1020 MER 24 — 240
BEA* 111 - 477 MFI 2-90
CHA 72 — 600 MOR 74 — 420
FAU 11 - 167 MTT 56 — 256
FER 24 — 660 MTW 56 — 256
GIS 9-270 MWW 74 — 248
HEU 480 — 3120 RHO 180 — 540
LTA 14 - 96 TON 61 - 222
LTL 48 — 330 UFI 111

MEL 54 — 360

(a) Literature references for each framework type are
provided in Table D2 of the Appendix D

The kinetics of silica dissolution and the evolution of its properties (e.g., porosity,
microstructure, etc.) during zeolite growth are frequently overlooked; and in some cases, to the
point that it is assumed silica completely dissolves during aging, which is inconsistent with the low
solubility of silica relative to the high silica content of many zeolite syntheses. This is particularly
relevant for synthesis protocols that separately age (or pre-treat) silicon and aluminum sources prior
to their mixing ** relative to those that combine sources before aging.*** In the former case, gelation
is often observed when separately aged sources are combined; however, it should be noted that
these sol gels contain undissolved silica particles. The densification process leading to what appears
in electron microscopy images as a uniform spheroidal particle suggests that silica particles are
interconnected through a network of condensed soluble species, which promote aggregation. The
exact microstructure of amorphous precursors still remains a mystery, though it is evident that
primary and secondary precursors exhibit a large degree of heterogeneity with respect to the spatial
distribution of Si and Al owing, in part, to the incomplete dissolution of silicon sources. Differences

in the viscosity of sol and gel mixtures can presumably influence zeolite crystallization by altering
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mass transport between solution and solid phases. It remains to be determined if gelation persists
at higher temperature, and to what degree the distribution of (alumino)silicate species between the
solution and solid states varies as a function of the aging process. Based on the preponderance of
evidence in literature that aging can significantly alter zeolite syntheses, it would come as no
surprise that the selection of silicon and aluminum sources, the order of mixing these sources, and
procedures for room temperature or hydrothermal treatment can impact zeolite growth and the

physicochemical properties of the crystalline product.

References to amorphous precursors as gels coupled with the use of oversimplified
schematics that depict these species as homogenous entities can lead to misconceptions regarding
their composition and structure. Cundy and Cox'*® addressed this point by stating that “the primary
amorphous phase represents the initial and immediate product from the reactants and is a non-
equilibrium and probably heterogeneous product containing (for example) (a) precipitated
amorphous aluminosilicates, (b) coagulated silica and alumina precipitated from starting materials
destabilized by the change in pH and increase in salt content and (c) unchanged reactants.” In cases
where synthesis protocols are designed to first dissolve silica by aging sols at high pH, this can
only be accomplished at silica content below 250 mM at room temperature or around 1000 mM for
mixtures at higher temperature and pH. The presence of aluminum, however, makes it difficult to
reach saturation owing to a reduced rate of silica dissolution. It is also possible that zeolite
nucleation occurs prior to reaching equilibrium between the solution and amorphous precursors (K
in Figure 5.9), in which case the driving force for (alumino)silicate speciation in is governed by
the equilibrium between the solution and crystalline phase (Ki in Figure 5.9). This leads to a
monotonic decrease in soluble species during crystal growth until the silicates concentration is on
the order 0.1 — 10 mM. The exact role(s) of amorphous precursors in zeolite crystallization is a
subject of ongoing investigation. Figure 5.9 depicts several pathways of zeolite growth that can be

categorized as either classical (involving monomer addition) or nonclassical (involving the addition
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of species more complex than monomers). The mere presence of precursors implies their role in
the latter pathway, although evidence shows that both classical and nonclassical pathways are
involved with the former becoming more prevalent at later stages of growth when the population
of precursors is small and the supersaturation of soluble silicate species is low. It is feasible that
precursors serve as a reservoir of nutrient that is released by dissolution (path 2d in Figure 5.9),
although the fact that precursor size remains constant during crystallization suggests that not all
precursors dissolve, which implies that such processes are rapid and likely occur in the proximity

of zeolite crystal surfaces.
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Figure 5.9 Putative pathways of zeolite crystal growth from a diverse selection of precursors’’

If precursors directly attach to crystal surfaces (Eq. 3; paths 2a and 2b in Figure 5.9), this
process requires a disorder-to-order transition (path 2c in Figure 5.9). Indeed, there is still much
that we do not know regarding the microstructure of precursors, and to what degree this structure
changes during primary-to-secondary phase evolution. The lack of long-range order coupled with
the presence of purely siliceous regions within these phases indicates that a significant amount of
bond breaking and reforming is required to transition from nonhomogeneous precursors to a final

zeolite where the Si and Al are more uniformly distributed.

5.3 Conclusions
In this study, we reemphasize the heterogeneity of gels encountered in zeolite synthesis

mixtures. In general, gels encompass a broad spectrum of physical states. Classical polymer
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literature defines gels as having four possible configurations: (1) well-ordered lamellar structures;
(2) covalent polymeric networks, completely disordered; (3) polymer networks formed through

physical aggregation, predominantly disordered; and (4) particular disordered structures®®"4?? In

389 a signature property of the gel is defined by the

Brinker and Scherer’s book on sol gel science
combination of continuous solid and fluid phases wherein “one could travel through the solid phase
from one side of the sample to the other without having to enter the liquid.” These definitions allow
significant latitude for the classification of gels in zeolite synthesis. Our intent is to highlight that
many of the gels formed in zeolite growth mixtures are comprised of colloidal particles. To this
end, any mechanism of zeolite growth involving precursors must take into account the fraction of
undissolved silicon source that requires substantial bond breakage and reordering. Questions
pertaining to how the physical state of the synthesis mixture (i.e., sol vs. gel) impacts crystallization
pathways and/or kinetics, as well as the preservation of the physical state at high temperatures
relevant to the majority of zeolite syntheses, remain elusive. It is also important to better
characterize, clarify and describe the wide and diverse family of materials that are broadly referred
as “amorphous precursors”, as it is evident that a simple demarcation of crystalline versus

noncrystalline is an insufficient description to explain the complex effects that source selection and

aging have on zeolite synthesis.

5.4 Material and Methods
5.4.1 Materials
The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO): LUDOX
AS-30 (30 wt % suspension in water), LUDOX AS-40 (40 wt % suspension in water), Ludox SM-
30 (30 wt % suspension in water), potassium hydroxide (85% pellets), aluminum sulfate hydrate
(98%, 14-18 H,0, calculated as 18 H,0), tetrapropylammonium bromide (TPABr, 98%), and 1,8
diaminooctane (98%). Fumed silica was purchased from Spectrum (Cab-O-Sil M-5 Scintillation

Grade). Deionized (DI) water used in all experiments was purified with an Aqua Solutions RODI-
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C-12A purification system (18.2 MQ). All reagents were used as received without further

purification.

5.4.2 Crystallization of Zeolites

ZSM-5;: ZSM-5 crystals were synthesized from a growth mixture with a molar
composition of 2 TPABr: 11.9 K,0: 1 Al,0s: 90 SiO,: 3588 H,0.1** Aqueous solutions of
potassium hydroxide (0.33 g in 1.44 g of DI water) and aluminum sulfate (0.14 g in1.44 g
of DI water) were mixed with 5.76 g of water, and LUDOX AS-30 solution (3.76 g in 2.13
g of DI water) was added under vigorous stirring. The resulting mixture was stirred for ca.
21 h at room temperature (referred to as aging). After aging, the OSDA (0.1515 g TPABT)
was added and the solution was left to stir for another 2 h at room temperature. The growth
mixture (ca. 10 g) was then placed in a Teflon lined stainless steel acid digestion bomb (Parr
Instruments) and was heated under rotation (30 rpm) and autogenous pressure in a Thermo
Fisher Precision Premium 3050 Series gravity oven. The nominal time and temperature for

ZSM-5 synthesis was 3 days at 160 °C.

ZSM-11 and ZSM-22: ZSM-11 crystals were synthesized using 1,8 diaminooctane
(DAO) as the OSDA. Aqueous solutions of aluminum sulfate (solution A) and DAO
(solution B) were prepared separately in 20 mL beakers. Solution A was prepared by
dissolving 0.099 g of aluminum sulfate hydrate in 1.00 g of DI water while stirring. Solution
B was prepared by dissolving 0.59 g of DAO in 3.06 g of DI water while stirring. The
synthesis mixture was then prepared by first placing 1m KOH (3.63 g) in a polypropylene
bottle, followed by a slow addition of solution A, and then solution B, with continuous
stirring. To the resulting mixture, 2.62 g of LUDOX AS-30 was added dropwise under
continuous stirring to produce a final synthesis mixture with a molar composition of 27.3
DAO: 11.9 K;0: 90 SiO2: 1 Al;03: 3588 H20. The mixture was aged at room temperature

for 21 h with stirring and was transferred to a 23mL Teflon lined metal autoclave (Parr
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Instruments). The sealed autoclave was heated in a Thermo Scientific Precision oven under
static conditions for 3 days at 160 °C. The synthesis procedure of ZSM-22 was almost the

same as that of ZSM-11 except for the use of rotation oven (30 rpm) during heating.*??

Zeolite L: Zeolite L crystals were synthesized in the absence of an organic using K* as an
inorganic structure-directing agent. Growth solutions were prepared with a molar ratio of 0.5 Al,Os:
20 SiO2: 10.2 K,0: 1030 H,0.% Potassium hydroxide (0.64g, 9.66 x10~ mol) was first dissolved
in water (7.78g), followed by the addition of aluminum sulfate (0.17g, 4.73 x10~* mol). This
solution was stirred until clear (ca. 5 min). The silica source was added, and the resulting solution
was left to stir overnight (ca. 21 h) at room temperature. The growth solution was prepared with
Ludox AS-40 (1.42g, 9.47 x10 mol). The colloidal silica source was added to the growth solution
dropwise while stirring. After aging was complete, the growth solution (ca. 10g) was placed in a
Teflon lined stainless steel acid digestion bomb (Parr Instruments) and was heated under static
conditions (i.e., without mixing) in a Thermo- Fisher Precision Premium 3050 Series gravity oven

at 180 °C and autogenous pressure.

The pH of the growth solutions was measured with a Thermo Scientific Orion 3 Star meter.
For X-ray and microscopy analyses, the particulates in the growth mixture (amorphous and/or
crystalline) were isolated as a white powder by centrifugation (Beckman Coulter Avanti® J-E
series high-speed centrifuge) at 13,000 rpm for 45 min. The solid was washed with DI water to
remove the supernatant and the centrifuge/washing step was repeated a second time. The resulting
solid was dried at ambient conditions. During the preparation of microscopy samples, the solid was
dispersed in DI water and an aliquot of the suspension was placed on a glass slide and dried
overnight. Crystals on the glass slide were transferred to SEM sample holders (Ted Pella) by gently

pressing the glass slide on the carbon tape.
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5.4.3 Materials Characterization

Powder X-ray diffraction (XRD) patterns of as made samples were collected on a Siemens
D5000 X-ray diffractometer using a Cu Ko source (40 kV, 30 mA). Scanning electron microscopy
(SEM) images were obtained with a LEO 1525 FEG system operated at 15 kV and a 5 mm working
distance. All SEM samples were coated with a thin carbon layer (ca. 30 nm) prior to imaging.
Dynamic light scattering (DLS) measurements were performed on a Brookhaven Instruments Bl-
200SM machine equipped with a TurboCorr Digital Correlator, a red HeNe laser diode (30mW,
637 nm), and a decalin bath that was filtered to remove dust. The liquid sample cell was regulated
at 25°C with a Polyscience digital temperature controller. Samples were prepared by diluting
zeolite growth mixtures in pre-filtered DI water (0.45-um nylon syringe filter, Pall Life Sciences)
to achieve reasonable scattering counts (>20,000 count-sec-1). At least three measurements were
performed per sample. Autocorrelation functions were collected over a 2 min timeframe and the
hydrodynamic diameter DH was analyzed by the method of cumulants to assess particle size
distribution. Silica dissolution experiments were performed by adding colloidal silica to metal
hydroxide solutions (pH = 12) in the absence of aluminum. Solutions were separated into different
vials and heated at specified temperatures in a Julabo ED-5M/B water bath. Vials were removed at
periodic times and immersed in ice to cool down to room temperature before performing DLS

analysis.

The morphology of amorphous precursors was studied by transmission electron
microscopy using a JEOL instrument, a JEM-1400 Plus (120 kV, 0.38 nm resolution). Zeolites
were grounded, suspended in ethanol and sonicated for 15 min. A few drops of this suspension
were placed on a Lacey Formvar/Carbon copper grid. The ethanol was evaporated at room
temperature. The digital analysis of the TEM micrographs was done using DigitalMicrographTM

3.6.1. by Gatan.
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Total scattering data suitable for pair distribution function analysis were collected using
the high energy X-rays (A=0.2113 A) available at the beamline 11-ID-B at the Advanced Photon
Source at Argonne National Laboratory for samples contained within ~1.1mm diameter polyimide
tubes. X-ray scattering images were collected to high values of momentum transfer (Q) using an
amorphous silicon-based area detector from Perkin-Elmer and reduced to 1-dimensional scattering
patterns within gsas-11.“** The data were corrected for background, oblique incidence and Compton

scattering within pdfgetX2*? and Fourier transformed to Qmax =23 A-1 to obtain the PDF, G(r).
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Chapter 6

Tracking Zeolite Crystallization by Elemental Mapping

6.1 Motivation

Zeolites are an exemplary class of materials that grow via both classical and nonclassical
pathways due to the wide variety of precursors present in the growth solutions consisting of
(alumino)silicate oligomers, nanoparticles, and amorphous bulk phases.’®77224231:360426 Qpe of the
prominent examples is silicalite-1 (MFI framework), which grows through a dynamic sequence of
events involving the addition of nanoparticles on the crystal surface and their subsequent
rearrangement to undergo disorder-to-order transitions.®3**" In recent studies of zeolite A (LTA)
crystallization,®” we demonstrated that surface growth involves multifaceted pathways wherein
growth units can range from monomers/oligomers to gel-like islands. More broadly, the direct role
of amorphous precursors in zeolite growth has been either confirmed or postulated for a range of
frameworks including BEA, CHA, LTL, ANA, SOD, and EMT, among others,203.206:379.428-432. 5y
understanding of nucleation and growth mechanisms is essential to the development of synthetic
protocols to optimize the physicochemical properties of zeolites for desired applications; however,
one of the obstacles to elucidating fundamental aspects of zeolite crystallization is the lack of
techniques capable of characterizing amorphous-to-crystal transformations, such as capturing the
dynamics and/or time-resolved images with sufficient spatiotemporal resolution to identify the

exact role(s) of amorphous precursors.*®

Beyond studies of zeolites, there is mounting evidence that a large number of materials
including (but not limited to) inorganic?*®#%, biological (e.g., protein)*** and organic crystals**®
nucleate and grow through nonclassical mechanisms. Among the most common precursors in these

processes are amorphous particles that can serve as growth units via pathways which are referred

to as crystallization by particle attachment (CPA).”"1%0438437 processes governed by CPA are
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distinctly different from classical growth where two-dimensional layer generation and spreading
on crystal surfaces occurs by the addition of monomers. There is a growing list of materials that

227

have been identified to grow via CPA pathways, including metals?®’, metal oxides*®4%,

440 230,353,361,441

chalcogenides™, and zeolites

In recent years, advances in microscopy and spectroscopy techniques have shed light on
these complex crystallization processes.***** These techniques include transmission electron

microscopy (TEM)70189428:432442 “atomic force microscopy (AFM)®3220:221,317444

, huclear magnetic
resonance (NMR) spectroscopy 219496445447 “infrared (IR) and Raman spectroscopy.>61#4844° TEM
is one of the most common imaging techniques used to obtain spatial information of individual
particles at atomic scale; however, the large size of the precursors and the sensitivity of zeolites to
electron beam damage presents challenges for their analysis by TEM.**? Conversely, powder X-ray
diffraction (XRD) is a bulk technique that provides information about average long-range order,
but fails to provide any spatially-resolved insight on product speciation that may be useful for the
identification of precursors and analyses of their evolution. Moreover, XRD is not a suitable
technique to monitor the onset of nucleation since Bragg peaks are only detected once
approximately 3 wt% of the sample is crystalline, as recently demonstrated by Valtchev and
coworkers.®”® NMR can be a useful technique to capture molecular level processes that underlie
crystallization wherein amorphous-to-crystal transformations can be tracked using a combination
of solid state ’Al and 2Si MAS NMR. Lercher and coworkers*! recently employed in situ NMR
to elucidate the mechanistic details of zeolite Y (FAU) crystallization from amorphous gels.
Kirschhock and coworkers*® used Si MAS NMR to investigate the microstructure of precursors
in silicalite-1 crystallization; however, recent studies by Chmelka and coworkers*! have shown
that it is often challenging to determine the structure of precursors using NMR data. For instance,
the interpretation of data could lead to controversial results owing to the distributions in sizes and

structures of particles. Furthermore, NMR suffers from poor time resolution (on the order of hours).
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To this end, a characterization technique that is capable of providing local information regarding
changes in both chemical composition and morphological evolution with relevant spatiotemporal

resolution is desired.

In this study, we use scanning electron microscopy in combination with energy dispersive
X-ray spectroscopy as a tool to create elemental maps of zeolite samples over the course of
crystallization, thus providing a method of tracking the morphology and elemental composition of
precursors involved in the crystallization of various zeolite frameworks. One of the distinguishing
aspects of zeolites is the incorporation of extra-framework ions (e.g., alkali metals) that balance
negatively-charged Al sites, and often serve as inorganic structure-directing agents. The number of
Al sites in zeolites is limited to a minimum Si/Al = 1, in accordance with Lowenstein’s rule that
states the generation of proximal Al sites (i.e., —~Al-O-Al- bond formation) is forbidden.**? Zeolite
synthesis is usually performed in highly alkaline conditions which leads to a high concentration of
cations in the amorphous precursors owing to their introduction as metal hydroxides (mineralizing
agents) necessary for (alumino)silicate condensation.'! During the course of crystallization, cations
are expelled from the solid phase with the maximum number of counterions is approximately
determined by the aluminum content in the framework (assuming defect-free materials). Based on
the differences in the distribution and concentration of inorganic cations in precursors and crystals,
we show that it is possible to visualize the disorder-to-order transitions that occur during zeolite
synthesis. A clear disparity in alkali metal concentration between precursors and crystalline
products allows for spatially resolving ordered and disordered domains, thereby enabling the
temporal tracking of microstructure evolution. To test the limitations of elemental mapping, we
investigated the temporal evolution of precursors and crystals for two extreme cases where the
crystal size is either too small or chemical composition is relatively constant throughout

crystallization. Collectively, our findings reveal that elemental mapping is a facile and highly
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versatile approach to characterize the onset of nucleation, the presence of residual amorphous

species, and the putative role of precursors in the growth of zeolite crystals.

6.2 Results and Discussion

The presence of bulk amorphous worm-like particles (WLPs) as precursors in zeolite
synthesis mixtures has been investigated?°¢2244%34% for a range of frameworks including G1S, TON,
MFI, CHA, and LTL; however, the role(s) of amorphous precursors in zeolite crystallization is still
not fully resolved. There are two distinct hypotheses in literature regarding the role of WLPs in
zeolite nucleation: (i) WLPs can dissolve to generate monomers or oligomers that serve as growth
units for crystallization; and/or (ii) WLPs directly contribute to zeolite growth via pathways
involving crystallization by particle attachment (or CPA).'%%13%0 Recent studies by Rimer?”190.2%
and others®“*®* have demonstrated that WLPs evolve during the induction period through a
complex sequence of events involving aggregation, densification, and ripening. In this study, we
employ FE-SEM-EDX elemental mapping to systematically examine the compositional evolution
of precursors and crystals involved during the crystallization of five different zeolite framework
types (Figure 6.1). MER crystals have a broccoli-like morphology (Figure 6.1A) with an average
diameter of 5 um, while MFI crystals (Figure 6.1B) have a typical coffin-like morphology (ca. 6
um).**® MOR crystals (Figure 6.1C) have a large variance in both size and shape. TON crystals
have a rod-like morphology (Figure 6.1D) with a distribution of sizes and average dimension
(length) of 600 nm. LTL crystals exhibit a cylindrical morphology (Figure 6.1E) with relatively
monodisperse sizes of ca. 3 um in length. Aside from differences in crystal habit, the framework
types also differ with respect to their composition (Si/Al ratio) and crystal structure (i.e. pore
dimensions and pore sizes, which are denoted by the n-membered rings (MRSs) constituting the pore
aperture). The physicochemical properties of zeolites used in this study are: zeolite W (Si/Al = 2,
8-MR, 3D pores), ZSM-5 (Si/Al = 40, 10-MR, 3D pores), mordenite (Si/Al=10, 12-MR 1D pores),

ZSM-22 (Si/Al = 35, 10-MR 1D pores), and zeolite L (Si/Al = 3, 12-MR 1D pores).
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We monitored the compositional and structural evolution of precursors using a
combination of FE-SEM-EDX and powder X-ray diffraction (XRD), respectively. For zeolite W
(MER) crystallization, powder XRD patterns (Figure E1) indicate that induction period lasts
approximately 4 h, while the formation of fully crystalline zeolite W was evident after 8 h of
heating. SEM images of extracted solids during the first 8 h of heating reveal two distinct
populations: amorphous WLPs and crystals (Figure E2). Zeolite W crystals exhibit a broccoli-like
morphology (Figure E2), analogous to other crystals such as zeolite offretite (OFF), ZnO, and

Al,03, among other materials.**"*%!
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Figure 6.1 Zeolite crystal structures (left) and representative scanning electron micrographs (right)
of five different frameworks: (A) MER (zeolite W); (B) MFI (ZSM-5); (C) MOR
(mordenite); (D) TON (ZSM-22); and (E) LTL (zeolite L). Inset of E: scale bar = 500
nm.
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The evolution of composition (Si, Al, alkali) for amorphous WLPs and crystals was
examined over a 12 h of heating period by ex situ FE-SEM-EDX (Figure 6.2A-F) spanning several
stages of growth, including the induction period, intermediate times during zeolite W crystal
formation (i.e., partially crystalline samples), and crystals at times when powder XRD patterns
reveal a fully crystalline product. Interestingly, during the initial stages of crystallization the
concentration of potassium in the amorphous precursors was significantly higher than the fully

crystalline product (i.e., comparisons of Figure 6.2D and 2F, respectively).
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Figure 6.2 FE-SEM-EDX images of solids extracted from the zeolite W synthesis after (A) 5, (B)
7, and (C) 12 h of heating. (D-F) Corresponding potassium mappings of each image.
(G) Concentration of potassium in the extracted solid phase (squares, left y-axis) and
its corresponding percent crystallinity (circles, right y-axis) as a function of heating.
Moreover, the potassium distribution is mostly homogeneous throughout the particles;
however, when crystalline domains become evident in SEM images, elemental mapping clearly
distinguishes these regions from the amorphous domains by virtue of differences in their potassium
content (indicated as blue). This is apparent in samples after 7 h of heating (Figure 6.2B and 2E),

which shows a partially crystallized broccoli shaped particle in which the center has a higher

potassium concentration, indicative of residual amorphous material. Conversely, crystals at the later
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stages of crystallization (Figure 6.2C and 2F) where powder XRD seemingly indicates a fully
crystalline sample (Figure 6.2G), the excess potassium content is expelled from the crystalline
structure and residual amorphous features surrounding the crystal (composed of higher potassium
content) are observed. These findings can be attributed to the high concentrations of alkali metals
typically employed in zeolite synthesis mixtures (commonly in the form of hydroxides), while the
final product can only accommodate a limited amount of alkali metal ions depending on the ion
exchange capacity of zeolite crystals (i.e., their total framework Al, which act as anionic sites for ion
exchange). Thus, excess alkali ions are released from the solid phase into the liquid supernatant
during zeolite crystallization. This was confirmed by elemental analysis of solids extracted from the
synthesis mixture at various times (Figure 6.2G), revealing an inverse relationship between the
cation content in the solid with the crystallinity of the sample. Similar findings have been reported
by other groups for zeolite A (LTA), faujasite (FAU), and UZM-9 (LTA).%420521942L Eor instance,
Valtchev and coworkers showed that during zeolite A crystallization, excess sodium is expelled from
the gel to the solution.?**?%> Lercher and coworkers reported a similar phenomenon using in situ 2Na
NMR to verify that the concentration of Na" in the aqueous phase increases during faujasite

crystallization.**

The applicability of elemental mapping as a technique for tracking amorphous-to-
crystalline phases was further verified in the crystallization of ZSM-5 (MFI), which required the
use of two structure-directing agents: tetrapropylammonium (TPA®) and K*. Elemental mapping
images (Figure 6.3A-F) of solids extracted from ZSM-5 growth mixtures at periodic heating times
reveal a distinct difference in the potassium content between amorphous and crystalline regions of
the sample. Notably, samples extracted at intermediate times (i.e., partially crystalline samples in
Figure 6.3A,B) exhibit two populations of particles: amorphous WLPs, which have substantially
higher potassium content, and coffin-shaped crystals with fewer potassium ions. This is

exemplified in Figure 6.3B,E where faceted crystals (potassium poor) are forming around an
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amorphous (potassium-rich) center of ill-defined morphology. As such, the elemental mapping
technique allows for the stages of crystallization to be tracked, and the phase purity of crystalline
products to be assessed at later stages of syntheses. It also provides important morphological
information and corresponding solid phases based on the emergence of different elemental

compositions.
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Figure 6.3 Elemental mapping of solids extracted from a ZSM-5 synthesis after (A) 9, (B) 24, and
(C) 48 h of heating. (D — F) Corresponding potassium mappings of each image. (G)
Concentration of potassium (squares, left y-axis) in the extracted solid phase and percent
crystallinity (circles, right y-axis).

In order to confirm that the compositional evolution of ZSM-5 precursors was
representative of the entire sample, we performed ICP-OES analysis (Figure 6.3G) of solids
extracted from growth mixtures at periodic heating times of ZSM-5 synthesis. We observed a slight
increase in the content of potassium in crystals during the induction period (analogous to zeolite
W, Figure 6.2G), whereas there is a significant decrease in the percentage of potassium in solids
during ZSM-5 crystallization (consistent with elemental mapping images in Figure 6.3A-F). The

high sensitivity of this technique allows for the onset of nucleation to be detected prior to the

observation of Bragg peaks in powder XRD patterns. Likewise, elemental mapping identifies
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residual amorphous material on zeolite products at stages where powder XRD patterns seemingly
indicate a fully crystalline material (Figure E3). Indeed, the presence of amorphous material less
than ca. 5 wt% of the sample is generally undetectable by XRD. Therefore, the elemental mapping
approach presented here is a unique and versatile tool to identify the crystallinity and phase purity

of different zeolite structures.
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Figure 6.4 Elemental mapping of solids extracted from a mordenite synthesis after (A) 8 and (B)
24 h of heating. (C-D) Corresponding sodium mappings of each image. (E) The sodium
concentration in extracted solids (squares, left y-axis) and percent crystallinity (circles,
right y-axis) as a function of heating.

To further exemplify the utility of elemental mapping, we examined a zeolite prepared with
an alternative alkali metal as an inorganic structure-directing agent. To this end, we selected
mordenite (MOR), which is conventionally synthesized by OSDA-free protocols, and performed a
time-resolved study of solids extracted from the growth mixture during various stages of

crystallization. FE-SEM-EDX elemental mapping of samples (Figure 6.4A-D) revealed a similar

finding as zeolites W and ZSM-5. Solids extracted after 8 h of heating (Figure 6.4A) reveal
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amorphous precursors resembling WLPs that are rich in sodium content (Figure 6.4C). Samples
extracted between 8 and 48 h are partially crystalline (Figure E4), which is consistent with SEM
and corresponding elemental mapping images showing that WLPs are progressively consumed as
mordenite crystallizes. At intermediate times during mordenite growth (e.g., 24 h, Figure 6.4B,D),
the disparate composition of sodium ions in amorphous precursors and crystals are clearly visible.
In these elemental mapping images, the sodium-rich precursors are seemingly fused to the crystal,
suggesting direct attachment of amorphous precursors as a viable pathway of mordenite
crystallization. While tracking zeolite formation by elemental mapping cannot provide definitive
evidence of growth pathways, an observation of crystallization by particle attachment would be
consistent with our recent findings for SSZ-13%?* and zeolite L?%, which both grow via this

nonclassical pathway.

The main experimental challenges associated with the use of FE-SEM-EDX elemental
mapping are twofold: (i) the resolution does not allow amorphous and crystalline domains to be
distinguished when particle sizes are smaller than 1 pm*®, and (ii) elemental mapping cannot
provide the sufficient spatial resolution required to elucidate details of the crystallization
mechanism when the alkali compositions of amorphous precursors and zeolite crystals are similar.
To test the former scenario, we selected the synthesis of zeolite ZSM-22 (TON), which typically
yields crystals smaller than 1 um (see Figure 6.1D). Syntheses of ZSM-22 employ two different
structure-directing agents: 1,8-diaminooctane (DAQO) and K+. FE-SEM-EDX elemental mapping
images of solids extracted at periodic times during ZSM-22 synthesis (Figure 6.5A-F) clearly show
a change in color with prolonged hydrothermal treatment, indicating a shift from potassium-rich
particles (associated with the amorphous phase) to crystals with less potassium content. The
changes in potassium content were confirmed by ICP-OES analyses of extracted solids (Figure
6.5G), revealing a profile that is identical to the previous three cases (i.e., there is a marked

difference in the potassium content of precursors and crystals and an inverse relationship between
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K™ content and zeolite crystallinity). Despite the observed changes in elemental composition from
time-resolved elemental mapping images, the small size of crystals makes it difficult to ascertain

when nucleation begins as well as residual amorphous material in the final product.
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Figure 6.5 Elemental mapping of solids extracted from a ZSM-22 synthesis after (A) 12, (B) 20,
and (C) 168 h of heating. (D — F) Corresponding potassium mappings of each image.
(G) Concentration of potassium in the extracted solid phase (squares, left y-axis) and
percent crystallinity (circles, right y-axis as a function of synthesis time.

To test the second limitation of this technique, we obtained time-resolved FE-SEM-EDX
elemental mapping images (Figure 6.6A-D) of solids extracted from a zeolite L synthesis mixture
at periodic heating times. From SEM images, the presence of WLPs (Figure 6.6A) can be clearly
differentiated from zeolite L crystals (Figure 6.6B) on the basis of their distinct morphologies, i.e.,
branched spheroidal structures versus faceted cylindrical particles, respectively. ICP-OES analysis
of extracted solids (Figure 6.6E) reveal relatively little change in potassium content throughout
various stages of crystallization. This profile is distinctly different than those of the other zeolites
in this study, indicating an approximately constant level of K* concentration in both amorphous

and crystalline phases of zeolite L. As such, elemental mapping cannot discern the induction period

from any stage of crystallization, despite the fact that the crystal size (ca. 4 um) is well above the
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resolution limit of the technique. Thus, the amorphous precursors and crystals are indistinguishable
in terms of alkali composition. One possible explanation for this unique observation is the low Si/Al
ratio of zeolite L crystals (Si/Al = 3) relative to the other zeolites: ZSM-5 (Si/Al = 40), mordenite
(Si/Al = 10), and ZSM-22 (Si/Al = 35). This indicates that the quantity of alkali metal ions (Na* or

K™¥) needed to compensate the negative charge of framework Al sites is much higher in zeolite L.
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Figure 6.6 Elemental mapping of solids extracted from a zeolite L synthesis after (A,C) 12 and
(B,D) 72 h of hydrothermal treatment. (E) Concentration of potassium in the extracted
solid phase (squares, left axis) and percent crystallinity (circles, right y-axis) as a

function of heating.
Consequently, the charge density change in the solids as zeolite L transitions from
amorphous WLPs to the crystalline product is less significant — a finding that is qualitatively
consistent with Hong and coworkers**® who reported for zeolites UZM-5 and UZM-9 crystallization

that the Si/Al ratio of final product has a substantial impact on the observed charge density

variations among extracted solids.

The three general scenarios exemplified in this study are illustrated in Figure 6.7 to show

conditions where elemental mapping is effective (Figure 6.7A) and those where resolution
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challenges limits its applicability (Figure 6.7B,C). In many cases, elemental mapping provides a
unique tool to understand the mechanism(s) of zeolite crystallization using alkali metal segregation
as a tracker to distinguish amorphous precursors and zeolite crystals, combined with the
observation of local morphological changes. This is true when zeolite syntheses yield large crystal
size (>1 uwm) and there is a significant difference in alkali metal content between amorphous

precursors and crystals (Figure 6.7A).
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Figure 6.7 Idealized schematic of alkali metal segregation pathways during the crystallization of
different zeolite frameworks investigated in this study: (A) Suitable system (e.g., MFI,
MOR, and MER); (B) Spatial resolution limitation (e.g., TON); and (C) Composition
resolution limitation (e.g., LTL).

Examples were provided for three framework types (MER, MFI, and MOR) that meet these
criteria, wherein it was demonstrated that elemental mapping is an ideal tool to elucidate stages of
zeolite crystallization, the putative role of amorphous precursors, and the presence of residual
amorphous material (Figure 6.7A). For cases where zeolite syntheses yield small crystal sizes (e.g.,
TON), an appreciable difference in the alkali metal content of amorphous precursor and crystals

allows for overall changes in percent crystallinity to be tracked (Figure 6.7B); however, individual
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crystals cannot be differentiated from precursors due to resolution limitations, which renders
elemental mapping a complementary technique to XRD for tracking the progression of zeolite
synthesis. The final scenario presented in this study is the case where minor differences in the alkali
metal ion content in the amorphous precursors and crystalline product (Figure 6.7C) make it
impossible to extract detailed information about the crystallization mechanism (e.g., LTL) by
elemental mapping. FE-SEM-EDX provides at the same time information about the changes in the
morphology and the elemental composition of the sample. Therefore, the system under study must
fulfil these two criteria: changes in morphology that can be detected/observed by FE-SEM and

large changes in composition to be followed by EDX.

6.3 Conclusions

In summary, we have demonstrated that elemental mapping can be a powerful technique
to characterize the morphological and compositional transformations in zeolite synthesis, provided
the crystalline product is of sufficient size and there are relatively large gradients in elemental
composition of solids during the course of crystallization. In general, the use of ex situ techniques,
such as electron microscopy, for resolving stages of crystallization is non-trivial for materials that
grow via nonclassical pathways owing to the dual presence of amorphous and crystalline phases.
These disparate phases can sometimes be distinguished on the basis of morphology, but such
differences become convoluted when the crystals are not distinctly faceted, the product size
distribution is polydisperse, and/or the unreacted amorphous material is broadly distributed on
crystal surfaces. Likewise, techniques such as bulk powder XRD lack the sensitivity to detect the
onset of crystallization, as well as the presence of small quantities of residual amorphous material
and/or impurities in the product. To this end, the FE-SEM-EDX technique presented in this study
is an effective alternative for tracking time-resolved evolution of zeolite syntheses and provides

local information.
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The zeolites selected for this study span the breadth of physicochemical properties that
demonstrate the limits of the technique. For zeolites with sufficiently large crystal sizes (> 1 pm)
and large differences in alkali metal content between amorphous and crystalline states, this
technique has proven useful in its ability to characterize the compositional and morphological
transitions related to the crystallization of zeolites. The majority of materials analyzed in this study
that satisfy these criteria (e.g., MFI, MER, and MOR) were prepared with growth conditions
spanning a range of Si/Al ratios, which are representative of numerous framework types. When
crystal sizes are too small and/or alkali metal content is approximately constant throughout the
course of crystallization, the technique is unable to resolve various stages of crystal growth. The
fact that zeolites tend to exhibit large crystal sizes indicates that the limiting criterion for elemental
mapping is predominantly governed by the alkali content of the initial amorphous precursors. Given
that zeolites and numerous other crystalline materials grow by nonclassical pathways, the facile
and effective method of generating elemental maps is potentially applicable to other frameworks

types as a platform to understand the intricate mechanism(s) of complex crystallization pathways.

6.4 Material and Methods
6.4.1 Materials

The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO): LUDOX
AS-30 (30 wt % suspension in water), LUDOX AS-40 (40 wt % suspension in water), Ludox SM-
30 (30 wt % suspension in water), silica gel (91%), sodium hydroxide (98% pellets), potassium
hydroxide (85% pellets), aluminum sulfate hydrate (98%, 14-18 H,O, calculated as 18 H,0),
tetrapropylammonium bromide (TPABr, 98%), and 1,8 diaminooctane (98%). Fumed silica was
purchased from Spectrum (Cab-O-Sil M-5 Scintillation Grade). Deionized (DI) water used in all
experiments was purified with an Aqua Solutions RODI-C-12A purification system (18.2 MQ).

All reagents were used as received without further purification.
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6.4.2 Crystallization of Zeolites

ZSM-5: ZSM-5 crystals were synthesized from a growth mixture with a molar composition
of 2 TPABr: 11.9 K;0: 1 Al,O3: 90 SiO,: 3588 H,0.** Aqueous solutions of potassium hydroxide
(0.33 g in 1.44 g of DI water) and aluminum sulfate (0.14 g in 1.44 g of DI water) were mixed with
5.76 g of water, and LUDOX AS-30 solution (3.76 g in 2.13 g of DI water) was added under
vigorous stirring. The resulting mixture was stirred for ca. 21 h at room temperature (referred to as
aging). After aging, the OSDA (0.1515 g TPABr) was added and the solution was left to stir for
another 2 h at room temperature. The growth mixture (ca. 10 g) was then placed in a Teflon lined
stainless steel acid digestion bomb (Parr Instruments) and was heated under rotation (30 rpm) and
autogenous pressure in a Thermo Fisher Precision Premium 3050 Series gravity oven. The nominal

time and temperature for ZSM-5 synthesis was 3 days at 160 °C.

Zeolite W: Zeolite W (MER) crystals were synthesized in the absence of an OSDA using
K* as an inorganic structure-directing agent. Growth solutions were prepared with a molar
composition of 20.4 K,0: 1 Al,0s: 10 SiO,: 2060 H,0. Potassium hydroxide (0.67 g, 10 x10° mol)
was first dissolved in water (8.79 g), followed by the addition of aluminum sulfate (0.17 g, 4.73
x10~* mol). This solution was stirred until clear (ca. 5 min). The silica source LUDOX AS-40 (0.37
g, 2.47 x1073 mol) was added dropwise while stirring, and the resulting mixture was left to stir
overnight (ca. 21 h) at room temperature. After aging was complete, the growth solution (ca. 10 g)
was placed in a Teflon-lined stainless steel acid digestion bomb and was heated under static

conditions (i.e., without rotation) in an oven at 180 °C.

Zeolite L: Zeolite L crystals were synthesized in the absence of an organic using K* as an
inorganic structure-directing agent. Growth solutions were prepared with a molar ratio of 0.5 Al;Os:
20 SiO;: 10.2 K20: 1030 H20.%% Potassium hydroxide (0.64g, 9.66 x10 mol) was first dissolved
in water (7.78g), followed by the addition of aluminum sulfate (0.17g, 4.73 x10* mol). This

solution was stirred until clear (ca. 5 min). The silica source was added, and the resulting solution
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was left to stir overnight (ca. 21 h) at room temperature. The growth solution was prepared with
Ludox AS-40 (1.42g, 9.47 x10 mol). The colloidal silica source was added to the growth solution
dropwise while stirring. After aging was complete, the growth solution (ca. 10g) was placed in a
Teflon lined stainless steel acid digestion bomb (Parr Instruments) and was heated under static
conditions (i.e., without mixing) in a Thermo- Fisher Precision Premium 3050 Series gravity oven

at 180 °C and autogenous pressure.

Mordenite: Mordenite (MOR) was synthesized using a growth solution with a molar
composition of 5 Na;O : 1 Al,O3: 30 SiO,: 780 H,0.%" Sodium hydroxide (0.25 g, 6.1 x 10 mol)
was first dissolved in DI water (8.44 g, 0.47 mol), followed by the addition of sodium aluminate
(0.10 g, 6.1 x 10~* mol). The solution was stirred until it was clear (ca. 15 min), followed by the
addition of silica gel (1.21 g, 0.018 mol), and the resulting mixture was stirred at room temperature
for 24 h. Approximately 10 g of the growth mixture was placed in a Teflon-lined stainless steel

acid digestion bomb and was heated under static conditions at a nominal temperature of 170 °C.

ZSM-22: ZSM-22 (TON) crystals were synthesized using 1,8-diaminooctane (DAQ) as
an OSDA. Aqueous solutions of aluminum sulfate (solution A) and DAO (solution B) were
prepared separately in 20 mL beakers. Solution A was prepared by dissolving 0.099 g of aluminum
sulfate hydrate in 1.00 g of DI water while stirring. Solution B was prepared by dissolving 0.59 g
of DAO in 3.06 g of DI water while stirring. The synthesis mixture was then prepared by first
placing KOH (3.63 g) in a polypropylene bottle, followed by a slow addition of solution A, and
then solution B, with continuous stirring. To the resulting mixture, LUDOX AS-30 (2.62 g) was
added dropwise under continuous stirring to produce a final synthesis mixture with a molar
composition of 27.3 DAO: 11.9 K,0: 1 Al,0s: 90 SiO,: 3588 H,0.% The mixture was aged at
room temperature for 21 h with stirring, and was transferred to a 23 mL Teflon-lined stainless steel
acid digestion bomb. The sealed autoclave was heated in an oven under rotation (30 rpm) at 160
°C.
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The pH of the growth solutions was measured with a Thermo Scientific Orion 3 Star
meter. For X-ray and microscopy analyses, the particulates in the growth mixture
(amorphous and/or crystalline) were isolated as a white powder by centrifugation (Beckman
Coulter Avanti® J-E series high-speed centrifuge) at 13,000 rpm for 45 min. The solid was
washed with DI water to remove the supernatant and the centrifuge/washing step was
repeated a second time. The resulting solid was dried at ambient conditions. During the
preparation of microscopy samples, the solid was dispersed in DI water and an aliquot of
the suspension was placed on a glass slide and dried overnight. Crystals on the glass slide
were transferred to SEM sample holders (Ted Pella) by gently pressing the glass slide on

the carbon tape.

6.4.3 Materials Characterization

Scanning electron microscopy (SEM) was performed with a FEI 235 Dual-Beam (Focused
lon-beam) system operated at 15 kV and a 5-mm working distance. All SEM samples were coated
with a thin layer of carbon (ca. 30 nm) prior to imaging to minimize charging. Basic elemental
analysis was done with Scanning Electron Microscopy — Energy Dispersive X-ray Spectroscopy
(SEM-EDX) analysis using a JEOL SM-31010/METEK EDAX system at 15 kV and 15 mm
working distance. Detailed elemental mapping experiments of sources and precursors were carried
out in a field emission scanning electron microscope (FE-SEM) Merlin VP Compact from Zeiss,
equipped with an EDX microanalysis system Quantax 400 from Bruker, at 10 kV and 7.4 mm
working distance. The powder samples were placed on a SEM stub mount and coated with a thin
layer of carbon before analysis. For every sample, 5 cycles of acquisition per image were taken
using and acquisition time of 128 or 64 us/line. Once obtaining the individual elemental mapping
images of the different elements present on the synthetic gel, comprised of Si, Al and M* (K" or
Na®), they were combined proportionally to their content in the mixture (obtained by EDX at the

same time). The combination of the individual images was carried out using the Esprit 1.9 software
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from Bruker (in advanced mode). Finally, in order to better visualize the elemental mapping of the
cations, the black background of the images was removed by Adobe Photoshop; and when

necessary, the threshold was also adjusted for minimizing background noise.
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Chapter 7

Summary and Future Outlook

There have been significant advancements in the design and implementation of zeolite
catalysts over the past decades. The advantages of zeolites are due to their unique properties such
as high (hydro)thermal stability, exceptional pore architecture, diverse active sites, and tunable acid
strength which have led to their application in numerous industrial processes as catalysts for a wide
variety of reactions. Despite these breakthroughs, only a limited fraction of zeolites is currently
employed for commercial applications amongst the 248 synthetically realized zeolites. The
challenges associated with the industrial implementation of zeolites are twofold: identifying facile
and inexpensive methods to tailor the physicochemical properties of zeolite catalysts for desired
applications and lack of fundamental understanding regarding the growth mechanism(s) of zeolites
which is critical for the development of streamlined routes to optimize the properties of zeolites.
This dissertation focusses on practical approaches to tune the physicochemical properties of
zeolites such as size, morphology, aluminum distribution, and pore architecture of two commercial
zeolites (MFI and FAU), through the use of inexpensive and versatile methods that include
surfactants and seeds. Aside from tailoring the physicochemical properties, we present novel
techniques such as AFM and FE-SEM-EDX elemental mapping as a platform to broaden our
knowledge of the mechanism(s) involved in the generation of intracrystalline mesoporosity and

crystallization in general.

In Chapter 2, we examined the effects of dual structure-directing agents using CTA and
TPA as organic SDAs in combination with a variety of alkali metals as inorganic SDAs to tailor
the physicochemical properties of ZSM-5 crystals. ZSM-5 is used as a catalyst and sorbent in a
wide range of industrial applications. One of the challenges with ZSM-5 synthesis is to identify

new and inexpensive organic SDAs that can tailor the physicochemical properties of the final
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product. The most frequently used SDA in ZSM-5 synthesis is TPA; however, recent studies have
shown that the surfactant CTA can be used as an alternative SDA. Our findings reveal that the
selection of SDA combinations has a significant impact on the Kinetics of ZSM-5 crystallization,
as well as the properties of the resulting crystals. Notably, we show that TPA/Na and CTA/K are
optimal combinations of SDAs that can markedly alter the size, morphology, and aluminum
distribution in ZSM-5. Using a combination of experiments and molecular modeling, we explore
the use of CTA as an alternative organic SDA for zeolite MFI and show that we can achieve smaller
crystals (ca. 600 nm) in similar time (<24 h) as syntheses employing TPA. Given the relatively low
cost of CTA and its high market availability compared to other organic SDAs, these findings have

the potential to impact commercial production of ZSM-5 for a variety of applications.

In Chapter 3, we extended our studies to another commercial zeolite USY (FAU type) to
show that post synthesis treatment of zeolites with surfactants is an effective and versatile technique
to impart intracrystalline well-defined mesoporosity in these materials. We monitored the dynamics
of surface reconstruction that occurs during the treatment of USY zeolite by surfactant-templating
using in situ AFM. The development of surfactant-templated mesoporosity and the concurrent
healing of defects that are characteristic of steamed zeolites occur in less than 1 h at room
temperature, which emphasizes the low energy barriers needed to reorganize the crystalline
structure of this zeolite. This transformation was also followed by X-ray diffraction, N, adsorption,
and transmission electron microscopy analysis of ultramicrotomed samples to confirm that the
rapid formation of surfactant-templated mesoporosity and the reconstruction of the zeolite crystals
occur not only on the surface of the zeolite but also homogeneously throughout the whole zeolite.
This process involves a significant and rapid breaking and re-formation of bonds; however, the
zeolite does not dissolve during this process as solid recovery at any given time of the treatment is
approximately 100% and the concentration of soluble Si or Al species in the liquid is negligible.

Future initiatives in this area will likely employ natural surfactants and/or biopolymers owing to
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their low cost and facile recovery as one of the potential candidates to impart tailored mesoporosity

in zeolites.

Although surfactants offer significant advantages to tailor the properties of zeolites for a
wide variety of applications, the commercialization of this approach is still in an early stage since
they are irrecoverable due to postsynthesis calcination. An alternative method is seed-assisted
zeolite growth, which is a facile route to reduce (or eliminate) organics in zeolite synthesis. Seeding
also reduces the crystallization time and can alter the physicochemical properties of the final
product; however, the exact mechanism of seed-assisted zeolite crystallization remains elusive. In
Chapter 4, we present a unique approach to synthesize hierarchical ZSM-5 with intergrown
nanosheets using a seed-assisted route in organic-free media. To the best of our knowledge, this is
the first example of such a complex morphology for a MFI-type zeolite synthesized in the absence
of mesoporogens and OSDAs. Our findings reveal nonclassical pathways of crystallization
involving the nucleation of crystals at the exterior surface of amorphous precursor particles.
Interestingly, the preparation of hierarchical ZSM-5 crystals is seemingly connected with the ability
of MEL fragments (employed as seeds) to effectively bridge MFI nanosheets, thereby directing the
organization of intergrown nanosheets with complex hierarchical architecture. Thus, it is possible
that controlling these intergrowths can lead to new pathways for synthesizing these hierarchical

structures without using organics.

To this end, machine learning will prove to be an essential tool to predict the possible
intergrowth pairs and guide the selection of seeds to generate hierarchical structures. Future studies
could draw upon the existing database of most commonly observed intergrowths reported by
Gomez-Bombarelli and coworkers that include: MEL/MFI, FAU/EMT, AFX/CHA, and
GME/CHA, among others. The organic-free synthesis of hierarchical zeolites opens exciting
prospects for both fundamental studies and large-scale applications. We expect seed assisted

synthesis may prove to be broadly applicable to other zeolite frameworks and related crystalline
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porous materials. This new approach has the potential to be a paradigm shift in the design and

possible commercial development of hierarchical zeolites.

One of the challenges in zeolite synthesis is the ability to predict and control crystal
properties such as size, morphology, structure, and chemical composition. The control of any single
property, let alone multiple simultaneously, can be a daunting task without sufficient knowledge of
the pathways leading to materials formation and how these processes can be selectively
manipulated to achieve a desired product. In this regard, the assembly and structural evolution of
amorphous precursors during zeolite crystallization is an important area of interest owing to their
putative roles in the nucleation and growth of aluminosilicate microporous materials. Precursors
range in complexity from oligomeric molecules and colloidal particles to gels comprised of
heterogeneous silica and alumina domains. The physical state of precursors in most zeolite
syntheses is generally not well understood. In Chapter 5, we discussed the wide variety of
precursors encountered in the synthesis of various framework types, emphasizing their complex
physical states and the thermodynamic and kinetic factors that govern their heterogeneity. Our
findings reveal that the majority of the zeolite synthesis mixtures are prepared in such a manner
that does not lead to the formation of gels owing to the incomplete dissolution of silicon source.
Notably, our findings also offer insights into the assembly of amorphous precursors, wherein we
show that there is a monotonic increase in precursor size, followed by a plateau that coincides with

the completion of the induction period.

Elucidating the assembly, microstructure, and mechanism(s) by which precursors are
involved in processes of nucleation and growth is often non-trivial owing to the lack of available
techniques that are capable of monitoring amorphous-to-crystal transformations with sufficient
spatiotemporal resolution. In Chapter 6, we proposed an elemental mapping method employing FE-
SEM-EDX as a versatile tool to characterize morphological and compositional properties of

precursors during the crystallization of five zeolites (MER, MFI, MOR, TON, and LTL) that are
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used in commercial applications that include (but are not limited to) catalysis, ion-exchange,
separations, drug delivery, and adsorption. Time-resolved ex situ elemental mapping images of
extracted solids during several stages of zeolite crystallization reveal that a sufficient disparity in
the chemical composition (e.g., alkali metal content) between amorphous precursors and crystals
can be exploited for: (i) tracking the early stages of zeolite crystallization, (ii) locating where it
happens and (iii) resolving residual amorphous material among crystalline domains. Our findings
reveal that FE-SEM-EDX elemental mapping is a highly sensitive technique to detect the onset of
nucleation, the completion of crystallization, and the existence of impurities. Given the ubiquitous
presence of amorphous precursors during nonclassical crystallization, we expect that elemental
mapping may prove valuable for understanding and tracking the growth of other zeolites and
minerals. Although we demonstrated that FE-SEM-EDX elemental mapping is a powerful
technique to characterize the morphological and compositional transformations in zeolite synthesis;
however, there are two major experimental challenges associated with the use of FE-SEM-EDX
elemental mapping: (i) the resolution does not allow amorphous and crystalline domains to be
distinguished when particle sizes are smaller than 1 um, and (ii) ex situ nature of the technique
limits mechanistic insights regarding the role of amorphous precursors in zeolite crystallization.
Thus, future studies will likely expand the elemental mapping technique to include TEM that will
enable the analysis of much smaller crystals (< 100 nm). This will allow the technique to be
broadened to include many more framework types synthesized by a variety of alkali metals. In
addition, the advent of in situ SEM and TEM techniques may allow for in situ elemental analysis

in the near future.
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Figure Al. Time-elapsed powder XRD patterns of solids extracted from ZSM-5 growth solutions
containing CTA as the organic SDA and the following ratios of inorganic SDAs (listed
as molar fractions of K:Na): (A) 1:0, (B) 0.75:0.25, (C) 0.5:0.5, and (D) 0:1.
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Figure A2. N, adsorption/desorption isotherms of ZSM-5 crystals synthesized in the presence of
(A) potassium and (B) sodium. Isotherms of samples prepared with CTA (i) are type
IV, which indicates the presence of mesopores. Isotherms of samples prepared with
TPA (ii) are type I, which is characteristic of microporous materials.
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Figure A3.

Thermogravimetric analysis (TGA) of ZSM-5 crystals prepared in the presence of (A)
CTA and (B) TPA. Blue and orange lines denote samples prepared with potassium and

sodium, respectively. TGA data were obtained using a 1 °C/min temperature ramp rate
under the constant flow of N2 gas.
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Figure A4. Powder X-ray diffraction patterns of solids extracted from growth mixtures after 72 h
of hydrothermal treatment. The inorganic SDA in both samples is sodium. Here we
compare a sample prepared with (i) tetramethylammonium (TMA) as the organic SDA
to (ii) a sample prepared from an organic-free growth mixture.
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Figure A5. Powder X-ray diffraction patterns of solids extracted from growth solutions after 72 h
of hydrothermal treatment. The inorganic SDA in both samples is potassium. Here we
compare a sample prepared with (i) tetramethylammonium (TMA) as the organic SDA
to (ii) a sample prepared from an organic-free growth mixture.
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Figure A6. Scanning electron micrographs of ZSM-5 samples prepared with CTA as the organic
SDA in the presence of the following molar percentages of potassium relative to the
total alkali content (K + Na): (A) 0%, (B) 50%, (C) 75%, and (D) 100%. Scale bars
equal 1 um.
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Figure A7. ZSM-5 crystals synthesized with TEOS as an alternative silica source. (A) Scanning
electron micrograph revealing crystals grown from TEOS are larger than those from
colloidal silica. (B) Powder X-ray diffraction pattern of solids extracted from a growth
mixture prepared with TEOS reveals that crystallization is complete within 48 h of
hydrothermal treatment.
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Figure A8. Characterization of ZSM-5 crystals synthesized using TPA as the organic SDA. (A and
B) Scanning electron micrographs of ZSM-5 crystals after 72 h of hydrothermal
treatment. Growth mixtures were prepared with (A) lithium and (B) cesium. (C and D)
Corresponding XRD patterns of solids extracted from ZSM-5 syntheses.
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Figure A9. Comparison of powder X-ray diffraction patterns of solids extracted from ZSM-5
growth mixtures after specified heating times. Growth mixtures were prepared with
TPA as the organic SDA and the following inorganic SDAs: (A) sodium and (B)
potassium
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Figure A10. Comparison of powder X-ray diffraction patterns of solids extracted from ZSM-5
growth mixtures after specified heating times. Growth mixtures were prepared with

TPA as the organic SDA and the following inorganic SDAs: (A) lithium and (B)
cesium
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Figure A1l. Dissolution of colloidal silica (LUDOX AS-40) in NaOH solution (pH 12) with a
molar composition of 20 SiO,: 0.2 NaOH: 1030 H20 at temperatures between 25 and
50 °C.
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Table Al. t-plot analysis of ZSM-5 crystals using N, adsorption/desorption data.

Total Micropore External
SDA surface surface area  surface area
Combinations area (m?/g) (m?/g)
(m?/g)
CTA/Na 443 305 139
TPA/Na 398 311 87
CTA/K 450 316 134
TPA/K 423 346 77

Table A2. t-plot analysis of N2 adsorption/desorption data for ZSM-5 crystals prepared with

CTA/Na.
Total Micropore External
Si Source surface surface area  surface area
area (m?/g) (m?/g)
(m?/g)
LUDOX 443 305 139
TEOS 409 319 90
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Figure A12. Scanning electron micrographs of ZSM-5 samples prepared with TPA as the organic
SDA after specified heating times in the presence of (A) lithium, (B) sodium, (C)
potassium, and (D) cesium cations.
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Figure B1. Low magnification AFM image of as received USY (CBV 780, FAU type) crystals in
amplitude mode revealing rough surface protrusions and etch pits.
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Figure B2. (A and B) AFM images of as received USY (CBV 780) in amplitude mode revealing
rough surface protrusions. (C) Height profile along the dashed line in panel B showing
a representative topography of untreated crystals. (D) 3-dimensional image of the
surface depicted in panel B.
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Figure B3. AFM images of as received (untreated) USY crystals showing the presence of etch pits
on the surface in (A) height mode and (B) amplitude mode (C) Height profile along the
dashed line in panel A showing a representative width of etch pits (hoting that
dimensions are subject to error owing to the geometry of the AFM tip). (D) 3-
dimensional image of the surface depicted in panel A. Scale bars are equal to 50 nm.
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Figure B4. (A — C) Time-resolved in situ AFM amplitude mode images of a USY crystal treated
with solution S1 at room temperature showing the disappearance of rough features
(white arrow) present on the crystal surface. Images are reported in ca. 180 s intervals
during continuous scanning. (D) Height profiles along the dashed white lines reveal a
decrease in the height of islands (convex protrusions). Scale bars equal 50 nm.
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Figure B5. (A — C) Time-resolved in situ AFM amplitude mode images of a USY crystal treated
with solution S2 at room temperature showing the disappearance of rough features
(white arrow). Images are reported in ca. 120 s intervals during continuous scanning.
(D) Height profiles along the dashed white lines reveal a decrease in the height of
islands (convex protrusions). Scale bars are equal to 50 nm.
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Figure B6. AFM images of USY crystals after 6 h of treatment ex situ with solution S2 at 25 °C
showing the uniform distribution of mesopores in (A) height mode and (B) amplitude
mode. (C) Height profile of the feature denoted in panel A (double white arrow)
showing the diameter of a representative mesopore. (D) 3-dimensional image of the
surface depicted in panel A. Scale bars are equal to 50 nm.
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Figure B7. Measurements of a USY crystal showing the presence of etch pits on (A) an initial
surface and (B) after 1 h treatment with solution S2 at 25°C. Corresponding 3-
dimensional height profiles are shown below each image. (C) Height profiles along the
dashed lines in panels A and B showing a temporal reduction in etch pit depth with
increased AFM imaging time. Scale bars are equal to 20 nm.
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Figure B8. AFM images of a USY crystal showing the presence of etch pits on (A) an initial surface
and (B) after 1 h treatment with solution S2 at 25°C. Corresponding 3-dimensional
height profiles are shown below each image. (C) Height profiles along the dashed lines
in panels A and B showing a temporal reduction in etch pit depth with increased AFM
imaging time. Scale bars are equal to 20 nm.
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Figure B9. Powder X-ray diffraction patterns of (i) untreated USY (CBV 780) crystals, (ii) solids
after 6 h treatment with solution S2 containing both CTAB and NaOH, and (iii) 6 h of
treatment at 25°C with solution S2 containing NaOH in the absence of the surfactant.
Powder XRD patterns clearly reveal the protective role of CTAB as its presence
preserves the crystallinity of parent zeolite USY under basic conditions.
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Figure B10. AFM images of three different USY crystals after 6 h of treatment ex situ with solution
S1 at 25 °C showing both rough and smooth surface features. The white arrow depicts
the rough surface presumably due to partial mesostructuring.
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Figure B11. N2 adsorption and desorption isotherms at 77 K (logarithmic form) for the ex situ
surfactant-templated USY zeolites prepared using different base concentrations and
treatment times at RT: 0 min (black), 30 min (red), 1 h (gray), 2 h (blue), 3 h (pink),
4 h (green), and 6 h (dark yellow).
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Figure B12. Transmission electron micrographs of surfactant-templated USY zeolites after (A) 30
min, (B) 2 h, (C) 4 h, and (D) 6 h of treatment with solution S2 at room temperature.
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Figure B13. Transmission electron micrograph of a surfactant-templated USY zeolite after 6 h of
treatment with solution S3 at room temperature.
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Figure B14. (A) Transmission electron micrographs of two different groups of crystals of a
surfactant-templated USY zeolite after 6 h of treatment with solution S1. (B) The

crystals are partially mesostructured, as shown for the presence of large
mesoporosity due to steaming.
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Table B1. Time-resolved evolution of the textural properties of USY with and without ex situ
surfactant templating at three different solution conditions (pH 12.3, 12.7, and 13.0).
The samples were calcined prior to N, physisorption measurements.

V micro [a] V meso [b] Vv large meso [c] V tot [d]

pH  Time (h) (cm3/g) (cm®/g) (cm®/g) (cm®/g)
CVB 780 0.24 0.11 0.18 0.53
12.3 0.5 0.27 0.18 0.15 0.60
1 0.26 0.20 0.15 0.61
2 0.26 0.23 0.13 0.62
3 0.25 0.21 0.12 0.58
4 0.25 0.27 0.09 0.61
6 0.26 0.28 0.11 0.65
12.7 0.5 0.26 0.26 0.14 0.65
1 0.23 0.30 0.12 0.65
2 0.23 0.37 0.07 0.67
3 0.23 0.37 0.06 0.66
4 0.24 0.39 0.07 0.70
6 0.22 0.37 0.06 0.65
13.0 0.5 0.23 0.38 0.1 0.71
1 0.23 0.40 0.09 0.72
2 0.20 0.45 0.08 0.73
3 0.23 0.42 0.08 0.73
4 0.23 0.43 0.08 0.74
6 0.21 0.47 0.06 0.74

[a] Micropore volume determined by NL-DFT from the adsorption branch of the isotherms shown
in Figure 7; [b] Surfactant-templated mesopore volume was calculated from cumulative pore
volume plot from pore size 2-7 nm; [c] Large mesopores volume was calculated by subtracting the
micropore volume and surfactant-templated mesopores volume from total pore volume; [d] Total
pore volume was obtained by NL-DFT at P/P,=0.95.
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Figure C1. Powder X-ray diffraction pattern of silicalite-2 seeds showing phase pure MEL without
any noticeable impurity of MFI.
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Figure C2. FE-SEM image of the product after 1 day of heating extracted from silicalite-2 seeded
growth mixture showing the remnants of seeds.
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Figure C3. N adsorption and desorption isotherms at 77 K of the silicaite-2 seeds (black) and
hierarchical SPP crystals extracted from seeded growth mixtures containing silicalite-
2 seeds (red).
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Figure C4. (A) Low resolution TEM image of hierarchical SPP crystals synthesized using
silicalite-2 seeds showing the uniform intergrown morphology. (B) High
magnification TEM image (inset: electron diffraction pattern) showing the single-
crystalline nature of the particles with nanosheets exhibiting equal crystallographic
registry.
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Figure C5. Left: Stages of zeolite phase transformation with increasing synthesis time. The molar
volume for each zeolite were obtained from the International Zeolite Association
Structure Database. Right: Composite building units (CBUs) of MFI and MOR
framework types.

232



AMOR

© MFI
i
) éll 10 days
©
— - A & AA
A
? Y A 6 days
0 - A A
8 2 i 4 1% M £ 5 days
-+ A A
C 4,00 Ax A A 4 4 days
oo o A PPN PP,
i o 3 days
T T T . L

10 20 30 40 50
20 (degree)

Figure C6. Powder X-ray diffraction patterns of solids extracted from silicalite-2 seeded growth
mixture containing 10wt% silicalite-2 seeds heated at 150°C for periodic heating times
(3-10 days). The powder XRD patterns are offset along the y-axis for visual clarity.
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Figure C7. HRTEM images of hierarchical SPP crystals synthesized using silicalite-2 seeds
overlaid with the MFI crystal structure along the (A) [010] axis and (B) [001]
confirming the high crystallinity and orientation of nanosheets.
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Figure C8. Powder X-ray diffraction patterns of solids extracted from ZSM-5 seeded growth
mixture containing 10wt% ZSM-5 seeds heated at 150°C for periodic heating times
(1-10 days). The powder XRD patterns are offset along the y-axis for visual clarity.
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Figure C9. Powder X-ray diffraction patterns of solids extracted from silicalite-1 seeded growth
mixture containing 10wt% silicalite-1 seeds heated at 150°C for periodic heating times
(1-6 days).
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Figure C10. (A) TEM image of representative crystals synthesized using silicalite-1 seeds (refer
to Table C1 for textural analysis). (B) Electron diffraction pattern of the crystals
showing the high crystallinity and confirming the MFI-type zeolite structure.

237



1.0

0.8+
< 06-
8
)
B 04-
C
g
£

0.2-

0.0' L PR PRPOR

i

| | | 1 | 1
-100 -50 0 50 100 150 200
Chemical Shift (ppm)

Figure C11. 2’ Al MAS NMR spectra of the hierarchical SPP crystal synthesized using silicalite-2
seeds.
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Figure C12. N, adsorption and desorption isotherms at 77 K of the calcined products extracted
from seeded growth mixtures containing ZSM-5 seeds (red) and silicalite-1 seeds
(black).

Figure C13. Scanning electron micrographs of mordenite crystals prepared using solution S1 with
ill-defined morphology containing no seeds.
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Figure C14. Time-elapsed powder XRD patterns for the products obtained at different time
intervals by introducing ZSM-11 seeds in growth solution S1.

Table C1. Characterization of hierarchical SPP crystals synthesis using various seeds.

BET SA Vv micro [a] Vv meso [b] NH3'TPD

Sample (m’lg)  (cmig)  (cmg)  (umolig)
SPP_Silicalite-2 seeds 459 0.18 0.18 913.5
SPP_ZSM-5 seeds 363 0.13 0.18 816.4
SPP_Silicalite-1 seeds 366 0.12 0.08 784.9
Conventional ZSM-5 353 0.11 0.10 522.8

[a] Micropore volume determined from the adsorption branch of the isotherms; [b] Mesopore
volume was obtained by subtracting the micropore volume from the total pore volume.

240



Appendix D

Chapter 5 Supplementary Information

Table D1. Summary of synthesis conditions for zeolites MFI, MEL, TON, and LTL

Volar Composition Silica Source OSDA Synthesis ! Crystal
Si0: ALO; K0 H0 OSDA (c) Phase
90 1 11.9 3588 2 Ludox AS-30 TPA  Rotation 160 MFI
90 1 11.9 3588 2 Ludox SM-30 TPA Rotation 160 MFI
90 1 11.9 3588 2 Fumed silica  TPA  Rotation 160 MFI
90 1 11.9 3588 273  Ludox AS-30 DAO Static 160 MEL
90 1 11.9 3588 273 Ludox AS-30 DAO  Rotation 160  TON
90 1 11.9 3588 27.3 Ludox AS-30 TETA  Rotation 160 TON
90 1 11.9 3588 27.3 Ludox AS-30 TEPA  Rotation 160 TON
20 0.5 10.2 1030 ----- Ludox AS-40  -—--- Static 180 LTL
20 0.5 10.2 1030 ----- Ludox SM-30  -—---- Static 180 LTL
20 0.5 10.2 1030 ----- Fumed silica ~ ----- Static 180 LTL
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Table D2. Range of silicon content in zeolite synthesis mixtures reported in literature

Zeolite [SiO2] (MM) [SiO3]
(g/L)
AEI 1400-17000 84 -1020
BEA* 1850 — 7936 111 — 477
CHA 1200 — 10000 72 - 600
FAU 175 - 2777 11-167
FER 400 — 11000 24 — 660
GIS 150 — 4500 9-270
HEU 8000 — 52000 480 — 3120
LTA 225 - 1608 14 - 96
LTL 793 — 5500 48 — 330
MEL 900 - 6000 54 — 360
MER 400 — 4000 24 — 240
MFI 35-1500 2-90
MOR 1234 — 7000 74 — 420
MTT 926 — 4273 56 — 256
MTW 926 — 4273 56 — 256
MWW 1234 — 4125 74 — 248
RHO 3000-9000 180 — 540
TON 1010 - 3704 61 — 222
UFI 1851 111
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Figure D1. Comparison of powder X-ray diffraction patterns of solids extracted from ZSM-5
growth mixtures after specified heating times. Growth mixture with molar
composition 2 TPABr: 11.9 K»0: Al,O3: 90 SiO,: 3588 H,0 was heated at 160°C.
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Appendix E

Chapter 6 Supplementary Information
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Figure E1. Comparison of powder X-ray diffraction patterns of solids extracted from zeolite W
growth mixtures after specified heating times. The growth mixture was prepared with

a molar composition of 20.4 K>O: 1 Al;O3: 10 SiO,: 2060 H,O that was heated at 180
°C.
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Figure E2. Time-resolved electron scanning micrographs of solids extracted during periodic stages
of zeolite W synthesis after (A) 4 h of heating, (B) 5 h of heating, and (C) 8 h of heating.
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Figure E3. Comparison of powder X-ray diffraction patterns of solids extracted from ZSM-5
growth mixtures after specified heating times. The growth mixture was prepared with
a molar composition of 2 TPABr: 11.9 K;0: 1 Al;,03: 90 SiO»: 3588 H,O that was
heated at 160 °C.
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Figure E4. Comparison of powder X-ray diffraction patterns of solids extracted from mordenite
growth mixtures after specified heating times. The growth mixture was prepared with
a molar composition of 5 Na,O: 1 Al,Os: 30 SiO,: 780 H,0 that was heated at 170 °C.
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Comparison of powder X-ray diffraction patterns of solids extracted from ZSM-22
growth mixtures after specified heating times. The growth mixture was prepared with
a molar composition of 27.3 DAO: 11.9 K;0: 1 Al;,O3: 90 SiO,: 3588 H,0 that was
heated at 160 °C.

248



Intensity (a.u.)
L

10 20 30 40 50
20(degree)

Figure E6. Comparison of powder X-ray diffraction patterns of solids extracted from zeolite L
growth mixtures after specified heating times. The growth mixture was prepared with
a molar composition of 20.4 K;0: 1 Al;,O3: 40 SiO,: 2060 H,0 that was heated at 180
°C.
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Figure E7. ICP-MS measurements of the concentration of sodium ions in the supernatant
extracted from mordenite growth mixtures at various heating times. Dashed lines are
interpolated to guide the eye.
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Figure E8. Changes in the peak area for sodium ions in the supernatants extracted from

mordenite growth mixtures at various heating times measured using ex situ Na
NMR spectroscopy. Dashed lines are interpolated to guide the eye.
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Figure E9. Scanning electron micrographs of amorphous precursors extracted from the growth
mixtures of (A) zeolite W, (B) ZSM-5, (C) mordenite, (D) ZSM-22, and (E) zeolite L.
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Table E1. Summary of synthesis conditions for zeolites MFI, TON, MER, LTL, and MOR

Molar Composition

. Degree of Crystal
Silica Source OSDA Asitati T(°C) Ph

Si0; ALO; M0 H,0 OSDA gitation ase
90 1 11.9 3588 2 Ludox AS-30 TPA Rotation 160 MFI
90 1 11.9 3588 27.3 Ludox AS-30 DAO Rotation 160 TON
5 0.5 10.2 1030 - Ludox AS-40 - Static 180 MER
20 0.5 10.2 1030 - Ludox AS-40 - Static 180 LTL
30 1 5 780 - Silicagel = - Static 170 MOR
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Appendix F

Controlling crystal polymorphism is a critical aspect in areas ranging from

457 459

pharmaceuticals*” and biomineralization®® to food industry®® and catalysis®®. Crystal

460 458

polymorphism has been studied for a number of materials such as polymers™, minerals™®, metal-

461 462

organic frameworks™", and zeolites*™*, among others. Polymorphs of a crystalline material have
distinct properties which can either be desirable or deleterious in certain instances.*®® Zeolites are
an important class of crystalline materials where the phenomenon of crystal phase transformation
from one structure to another has been well documented.*®* A majority of zeolites are synthesized
using OSDAs, which can significantly alter the physicochemical properties such as Si/Al ratio,
crystal size, morphology, pore architecture, and surface roughness, among others; however, it is
economically desirable to synthesize zeolites without using any organics owing to the costs
associated with the engineering of OSDAs and recycling after post synthesis calcination.?** Typical
challenges of organic-free synthesis include low Si/Al ratio, product yield, and the formation of

285

polymorphs.

There has been a significant surge in research efforts to control phase transformations in
organic-free crystallization of zeolites. This topic was first investigated nearly 45 years ago,
beginning with the pioneering work by Breck and Flanigen who examined interzeolite

transformations involving multiple zeolite frameworks.*®®

These processes involve the
crystallization of a new zeolite after the formation of an initial, less thermodynamically stable
structure, and can be used to either tune chemical compositions or achieve faster crystallization
kinetics.*®® This process is similar to the Ostwald rule of stages where two or more distinct
transitions can occur (downhill in energy).“” Nucleation of a new (daughter) phase often happens

in the presence of the original (parent) phase, giving rise to fundamental questions pertaining to

parent-daughter relationship(s) that drive these transformations.®! Navrotsky and coworkers*®
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established a trend for siliceous zeolites where the enthalpy of formation is directly proportional to
molar volume, V. There are many transformations that abide by this trend®® while other do not.**®
Thermodynamic studies by Navrotsky and coworkers also revealed very little difference in the
enthalpy of formation that separates most zeolites (ca. 10 kJ/mol), which suggests that kinetic
pathways play a dominant role in determining the final (or intermediate) crystal structure(s).*®
Mechanisms proposed in literature often posit that the parent and daughter share a similar
CBU* however, Gomez-Bombarelli and coworkers™ recently reported the utilization of
statistical analysis and machine learning to conclude that the common hypothesis of shared CBUs
is a weak predictor (i.e., more than 65% of reported cases involve parent-daughter structures that

lack structural similarity). Okubo and coworkers*®

also used machine learning tools to rationalize
synthesis-structure relationships for metastable zeolites using synthesis descriptors. Despite
significant efforts by several groups, the mechanism(s) underlying interzeolite transformations are

complex and elusive with many fundamental questions unanswered. To this end, platforms capable

of quantitively characterizing zeolite phase behavior are highly desired.

Rimer and coworkers®® established kinetic phase diagrams based on ternary plots of Si-
Al-NaOH molar compositions as a unique and facile method to simultaneously investigate the
impact of various synthesis parameters on zeolite crystal structures. Herein, we employ similar
methodology to quantitatively identify the regions of phase-pure and multiphase regions of
numerous zeolite structures synthesized using K* as an inorganic SDA. Our findings reveal that K*
leads to lesser number of zeolite phase transformations as compared to Na*. One of the examples
we report is a CHA-to-MER interzeolite transformation, which is consistent with the Ostwald rule
of stages. Moreover, we explore the utility of ternary (kinetic) phase diagrams beyond phase

transformation to highlight the impact of temperature on crystal size.

Comparisons of natural zeolites and prior literature of OSDA-free synthesis reveals that K*
has the potential to direct structures such as EDI, MER, CHA, LTL, ABW, LTJ, and BPH.*"
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Motivated by these findings, we explored the design space of K-zeolite crystallization in OSDA-

free media as a function of various synthesis parameters that include molar composition,

temperature, and time.
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Figure F1. Kinetic ternary phase diagrams of zeolite structures showing single- and multi-phase
(shaded) regions at increasing temperature:; (A) CHA, MER, and LTL (85 °C, 21 days);

(B) LTJ, CHA, MER, and LTL (120 °C, 7 days); (C) MER and LTL (180 °C, 3 days).

We monitored zeolite crystallization of growth solutions with gel molar ratios Si/Al> 1 and

Si/OH ranging from 0.05 to 1.5. Figure F1 compares ternary phase diagrams of K-zeolite
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crystallization at three different synthesis temperatures (85, 120, and 180 °C). Colloidal silica
(Ludox) and aluminum isopropoxide were employed as silica and aluminum sources, respectively.
In view of the fact that metastable zeolites can undergo transformations to more thermodynamically
stable structures®***®, ternary plots in Figure F1 are referred to as “kinetic” phase diagrams. At
low synthesis temperature (85 °C), we observed the formation of three different crystal phases
(CHA, MER, and LTL) and a minor impurity of LTJ at high alkalinity. CHA preferentially
crystallizes around a gel Si/Al ratio of 2.5, whereas an increased silicon content dramatically shifts
the phase behavior to MER and LTL crystal phases. The diagram in Figure F1A highlights phase
pure and multiphase regions containing various crystal structures after 21 days of synthesis at 85
°C. The transition between different phases (Figure F2A) is evident from powder XRD patterns

extracted from synthesis mixtures prepared at various molar compositions.

ALTL
A A A @®MER
A (v) @CHA

Figure F2. (A) XRD patterns of solids from growth solutions heated at 85 °C. Distinct zeolites
were obtained using the following Si/Algig) values: (i) CHA, 1.3; (ii) CHA, 2.7; (iii)
CHA-MER, 5; (iv) CHA-MER, 10; and (v) LTL, 15. Scanning electron micrographs
of zeolite crystals with framework types: (B) CHA and (C) LTL.

The multiphase region consisting of MER and LTL is significantly narrower as compared

to that of MER and CHA, which is a large region within the range of 5 < Si/Al < 15. In contrast,
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transition between MER and LTL regions is sharp. Interestingly, there are noticeable differences
in the crystal habit of zeolites synthesized in the different regions of ternary phase diagrams. For
example, CHA crystals have a star-like morphology (Figure F2B) indicative of intergrowths with
an average diameter of 10 um. The star-like morphology of CHA crystals closely resembles the
crystal habit of Cs-CHA reported by Kirchhock and coworkers.**4’* Micrographs of LTL crystals
(Figure F2C) indicate sizes of around 60 nm; however, it must be noted that zeolite L (LTL)

particles often appear to be clusters of smaller crystals.*’*

To test the effect of temperature on K-zeolite phases, we performed synthesis at 120 °C
and 180 °C after heating the growth solutions for 7 days and 3 days, respectively. It is important to
note that synthesis time was decreased at higher temperatures to account for an increase in the
kinetics of crystallization. Powder XRD patterns (Figure F3A) of solids extracted at 120 °C
revealed the formation of an additional phase (LTJ) at gel Si/Al < 2.5. The LTJ-CHA multiphase
region in Figure F1B extends from 1 < Si/Al < 2.5. Moreover, we observed noticeable differences
(Figure F1B) in the location and range of pure and multiphase regions of CHA and MER zeolite
at 120 °C; there is a larger MER region and a smaller CHA region. These findings indicate that
CHA is less stable at higher temperatures. Interestingly we also observe dramatic differences in
the surface morphology of CHA crystals (Figure F3C) when increasing the synthesis temperature
from 85 to 120 °C; wherein intergrowths predominantly disappear, possibly due to ripening in favor

of crystals with spheroidal morphology which are less fractal in nature.

Linde Type J (LTJ) zeolite has zigzag 8-ring channel intersections and is categorized as a
small-pore zeolite. Despite its early discovery, the first structural description was reported in 2011
by Kirchner and coworkers.*™ Synthesizing LTJ require unconventional reagents (e.g., rice husk
and aluminum foil) which are not readily employed in commercial processes.*’* For instance, Ng

et al.*”®

reported the synthesis of nanosized LTJ zeolite using rice husk ash, and also demonstrated
the excellent catalytic performance of LTJ in Knoevenagel reaction. Our preliminary studies
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indicate that LTJ can be prepared using conventional reagents by employing a combination of
longer synthesis time and low temperature. Micrographs of LTJ crystals reveal larger crystals (ca.
1um) with a distinct rod-like morphology (Figure F3B) that closely resemble SEM images of pure

LTJ crystals reported by Ng et al.*™
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Figure F3. (A) XRD patterns of solids from growth solutions heated at 120 °C. Distinct zeolites
were obtained using the following Si/Algig values: (i) LTJ, 1.3; (ii) CHA, 2.7; (iii)
MER, 5; and (iv) MER-LTL, 10. Scanning electron micrographs of zeolite crystals
with framework types: (B) LTJ, (C) CHA, and (D) MER.

With further increase in the synthesis temperature to 180 °C, we observed the
disappearance of CHA region (Figure F1C) and the expansion of MER to include the range 2 <
Si/Al < 10. The phase diagram in Figure F1C indicates that pure MER is favored at a gel Si/Al <
10, a binary mixture of MER and LTL exists at 10 < Si/Al < 12, and pure LTL is favored at Si/Al
> 12. Comparison of powder XRD patterns of solids extracted at various molar compositions after
heating the growth solution at 180 °C for 3 days indicate a progressive shift in the phase behavior

from pure MER to pure LTL with increasing gel Si/Al. SEM images reveal that MER crystals have

a broccoli-like morphology (Figure F4B) with an average diameter of 5 um, whereas LTL crystals
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exhibit a cylindrical morphology (Figure F4C) with relatively monodisperse sizes of ca. 4 um in
length. The broccoli-like morphology of MER crystals closely resembles SEM images of other

crystals such as zeolite offretite, ZnO, and Al,Os, among others.*’647°
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Figure F4. (A) XRD patterns of solids from growth solutions heated at 180 °C. Distinct zeolites
were obtained using the following Si/Algig values: (i) MER, 5; (ii) MER-LTL, 12; (iii)
MER- LTL, 13; and (iv) LTL, 15. Scanning electron micrographs of zeolite crystals

with framework types: (B) MER and (C) LTL
As previously mentioned, the Ostwald rule of stages is often observed in interzeolite
transformations wherein metastable zeolite structures undergo a series of transformations to
structures which are more thermodynamically stable. Navrotsky and coworkers*®® proposed a direct
correlation between the enthalpy of formation and molar volume of purely siliceous zeolite
structure, thus molar volume is often used as a descriptor to predict interzeolite conversions®®,
which generally occurs in the order of increasing framework density.'*2%538 Recent studies have

demonstrated that significant differences in the chemical compositions between parent and

daughter zeolites can markedly alter the thermodynamic driving force for these transformation.®
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For instance, Gomez-Bombarelli and coworkers™® also reported multiple examples of

transformations with decreasing framework density.

The molecular level details governing the transformations between different zeolites
structures are not well understood. There are two hypotheses regarding the spatial origin of
interzeolite transformations: (i) epitaxial relationships between parent and daughter zeolites leading
to preferential nucleation of the daughter at the surface of the parent; and/or (ii) temporal changes
in the growth solution composition promoting the nucleation and growth of the daughter zeolite in
the liquid phase (with concomitant dissolution of the metastable parent zeolite). We monitored the
structural and morphological evolution of solids using high resolution SEM micrographs to capture
the details of CHA-to-MER interzeolite transformation ex situ. SEM images (Figure F5A) after 7
h of heating, corresponding to the first appearance of CHA peaks in powder XRD patterns, show
partially crystallized star-shaped particles that are putatively CHA crystals surrounded by a
population of amorphous precursors. As the CHA-to-MER transformation proceeds, we observe
the formation of broccoli-shaped crystals in favor of a decreasing population of star-shaped
crystals. Samples extracted at a time corresponding to near complete CHA-to-MER transformation
reveal what appears to be partially dissolved CHA crystals (Figure F5C). After 3 days of heating,
star-shaped particles predominantly disappear in favor of a single population of broccoli-shaped
MER crystals (Figure F5D). We postulate that incomplete dissolution of colloidal silica during the
initial stages of crystallization leads to Al-rich environment that favors CHA nucleation, followed
by interzeolite conversion to MER once the synthesis mixture reaches a certain composition (i.e.
chemical potential) that favors nucleation of the new phase. This is consistent with the hypothesis

for LTA-to-FAU intercrystaline transformation proposed by Rimer and coworkers.*®

In this study, we also observed a CHA-to-MER transformation at elevated temperature
(Figure F5E), which seems to be consistent with the Ostwald rule of stages, i.e. there is a

progression from low to high density structure with little change in chemical composition (Si/Al =
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2 for both CHA and MER zeolites). Several groups have proposed that OSDA-free interzeolite
conversions tend to occur when both parent and daughter zeolite share a degree of structural
similarity in the form of common composite building units (CBUs); ***! however, Rimer and
coworkers®® provided a counter example for the OSDA-free interzeolite transformation between
FAU and MFI structures, which lack common CBUs. Here it is observed that a CHA-to-MER
transformation (Figure F5B) involves two structures with disparate CBUs, which seems to indicate

that a common structural similarity is not a prerequisite for interzeolite transformations.
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Figure F5. (A-D) Time-resolved SEM micrographs of solids extracted during periodic stages of
CHA-to-MER transformation after (A) 7 h, (B) 8 h, (C) 53 h, and (D) 72 h of heating.
(E) Powder XRD patterns of solids extracted from the same growth solution showing
the interzeolite transformation of CHA-to-MER with increasing temperature. (F)
Stages of K-zeolite phase transformation consistent with the Ostwald rule of stages.
Prior experimental®*® and computational studies?”>*®® have reported multiple stages of
zeolite phase transformation involving a wide variety of structures in organic-free Na-zeolite
synthesis. Substitution of growth mixtures with K* as the inorganic SDA leads to a reduction in the

number of interzeolite transformations. For instance, LTL and LTJ structures do not participate in
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phase transformations under the conditions tested in our study. The interactions between zeolite
precursors and inorganic SDAs that lead to significant differences in the trajectories of phase
transformations are not well understood. We hypothesize that the choice of inorganic SDA could
potentially influence the formation of CBUSs, or alter the solvation of (alumino)silicate species in
solution and/or at crystal interfaces, which can subsequently influence the addition of growth units

to zeolite crystals, or display favorable packing configurations within the pores of zeolites.

It is well established that a subtle change in the synthesis conditions can markedly alter the
crystal size and morphology of zeolites. For example, Mintova and coworkers demonstrated that
low temperature aging’ and the mixing of reagents at low temperature™ is critical to control
(alumino)silicate polymerization and achieve ultrasmall (10 — 100 nm) EMT and FAU zeolite
crystals, respectively. Motivated by these studies, we also examined the utility of kinetic phase
diagrams to control zeolite crystal size. It is commonly observed that syntheses of zeolite L produce
crystals with sizes of ca. 3 um crystals (Figure F6C). Methods for producing ultrasmall zeolite L
crystals often requires the use of microwave synthesis or unconventional reagents (e.g., aluminum

foil and rice husk). Rimer and coworkers*&°

recently showed that judicious selection of silica source
in zeolite synthesis mixtures leads to ultrasmall zeolite L crystals (ca. 20 nm). Here, our findings
indicate that synthesis temperature can substantially alter the crystal size of zeolite L. SEM images
of zeolite L crystals extracted at various synthesis temperatures reveal a dramatic reduction in the
crystal size with decreasing temperature. Specifically, zeolite L synthesis at 120 °C promotes the
formation of 400 nm crystals (Figure F6B), which is an order of magnitude smaller than that of
crystals synthesized at 180 °C. With further reduction in the synthesis temperature to 85 °C, we
observe a drastic decrease in the crystal size of zeolite L (Figure F6A) by another order of
magnitude. To our knowledge, this is the first example of ultrasmall zeolite L (ca. 40 nm) crystals

synthesized at low temperature (i.e., < 100 °C) using conventional starting reagents. Comparison

of zeolite L crystal size in Figure F6D reveals a distinct exponential trend. The exact mechanism
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of zeolite L crystallization is not well understood; however, it is reasonable to argue that low
temperature drastically limits growth kinetics and Ostwald ripening, and perhaps the number of
nuclei, resulting in the synthesis of ultrasmall zeolite L crystals. The high sensitivity of crystal size
to temperature was only observed for zeolite L; therefore, our findings demonstrate that other
zeolites (i.e., LTJ, MER, and CHA) prepared using K*as an inorganic SDA do not follow identical

trends as those observed for LTL.
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Figure F6. SEM images of zeolite L crystals extracted from the same growth solution heated at the
following temperatures: (A) 85 °C; (B) 120 °C; and (C) 180 °C. (D) Measurements of
the average LTL crystal size reveal exponential reductions as a function of decreased
synthesis temperature.

In summary, we have shown that kinetic ternary phase diagrams are a unique and cost-
effective approach to selectively tailor polymorphism, habit, and size of K-zeolites. This approach
is another demonstration of rational zeolite design, which seeks to improve the overall economics
of zeolite synthesis by eliminating the need for costly and time-consuming empirical synthesis
protocols. Our findings reveal that reduced gel Si/Al ratio and intermediate synthesis temperature

facilitates the formation of structures such as LTJ, which are challenging to crystallize using

conventional reagents. The CHA-to-MER phase transformation observed in this study is consistent
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with Ostwald rule of stages; however, these structures do not share a common building unit. We
show that a decrease in the synthesis temperature is critical to enhancing the nucleation rate and
facilitating the generation of ultrasmall zeolite L crystals. Our findings reveal reduced synthesis
temperature does not have the same effect on all framework types; however, in select cases it may
provide an alternative strategy for optimizing the physicochemical properties of zeolites.
Collectively, our findings identify a facile and effective route to control the crystal polymorphism
without the a priori knowledge of crystal phase behavior, which may prove to be more broadly

applicable to other zeolites.

265



266



	ACKNOWLEDGEMENTS
	ABSTRACT
	Table of Contents
	List of Tables
	List of Figures
	Chapter 1
	Prior Work on Zeolite Crystal Engineering and Growth Mechanisms
	1.1 Introduction
	1.2 Applications of zeolites
	1.2.1 Catalysis
	1.2.2 Adsorption and separations
	1.2.3 Ion exchange

	1.3 Crystal engineering of zeolites
	1.3.1 Engineering crystal size and shape
	1.3.2 Design of organic structure-directing agents
	1.3.3 Engineering porous architecture
	1.3.4 Introducing catalytic diversity in zeolites
	1.3.5 Tuning Al siting and distribution

	1.4 Mechanism(s) of zeolite crystallization
	1.4.1 Nucleation
	1.4.2 Zeolite growth

	1.5 Dissertation outline

	Chapter 2
	Cooperative Effects of Inorganic and Organic Structure-Directing Agents in ZSM-5 Crystallization
	2.1 Motivation
	2.2 Results and Discussion
	2.2.1 MFI synthesis with organic and inorganic ion pairings.
	2.2.2 TPA and CTA occlusion in MFI pores.
	2.2.3 Impact of SDA pairings on Si/Al ratio.
	2.2.4 Putative effects of SDA pairings on MFI nucleation.
	2.2.5 Generation of mesoporosity by CTA.

	2.3 Conclusions
	2.4 Material and Methods
	2.4.1 Materials
	2.4.2 Crystallization of MFI Zeolite
	2.4.3 Materials Characterization
	2.4.4 Molecular Modeling


	Chapter 3
	Time-Resolved Dynamics of Intracrystalline Mesoporosity Generation in Zeolite USY
	3.1 Motivation
	3.2 Results and Discussion
	3.3 Conclusions
	3.4 Material and Methods
	3.4.1 Materials
	3.4.2 Preparation of treatment solution
	3.4.3 Scanning probe microscopy
	3.4.4 Ex-situ characterization of samples
	3.4.5 Ex-situ treatment of samples


	Chapter 4
	Seed-Assisted Crystallization of Self-Pillared Pentasil Zeolites
	4.1 Motivation
	4.2 Results and Discussion
	4.3 Conclusions
	4.4 Material and Methods
	4.4.1 Materials
	4.4.2 Synthesis of Seed Crystals
	4.4.3 Seeded Zeolite Synthesis
	4.4.4 Characterization of samples


	Chapter 5
	Diverse Physical States of Amorphous Precursors in Zeolite Syntheses
	5.1 Motivation
	5.2 Results and Discussion
	5.3 Conclusions
	5.4 Material and Methods
	5.4.1 Materials
	5.4.2 Crystallization of Zeolites
	5.4.3 Materials Characterization


	Chapter 6
	Tracking Zeolite Crystallization by Elemental Mapping
	6.1 Motivation
	6.2 Results and Discussion
	6.3 Conclusions
	6.4 Material and Methods
	6.4.1 Materials
	6.4.2 Crystallization of Zeolites
	6.4.3 Materials Characterization


	Chapter 7
	Summary and Future Outlook
	References
	Appendix A
	Appendix B
	Appendix C
	Appendix D
	Appendix E
	Appendix F

