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ABSTRACT
RATIONAL DEVELOPMENT OF SOLID LEWIS CATALYSTS FOR BIOMASS
CONVERSION
FEBRUARY 2016
CHUN-CHIH CHANG, B.S., NATIONAL TAIWAN UNIVERSITY
M.S., NATIONAL TAIWAN UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Wei Fan

The need for sustainable production of everyday materials in addition to declining reserves of
petroleum-based feedstocks has motivated research into the production of renewable aromatic
chemicals from biomass. As the third largest chemical by volume in the world produced from
petroleum (catalytic reforming of naphtha) with increasing demand (6-8 % per year), there are now
ongoing efforts worldwide for developing alternative routes to produce p-xylene from renewable
biomass resources. We have proposed a multistep pathway to produce renewable p-xylene from
lignocellulosic biomass using heterogeneous catalysts. The pathway includes formation of glucose by
saccharification of cellulose, isomerization of glucose into fructose, dehydration/hydrogenolysis for
production of 2,5-dimethylfuran (DMF), and final step for producing p-xylene from reacting DMF
with ethylene.

Lewis acid zeolite catalysts (e.g. Sn-BEA, a tin containing molecular sieve with zeolite BEA
structure) exhibited critical roles in the pathway because of its excellent catalytic activity for the
conversion of glucose into fructose by intramolecular hydride transfer reaction and the production of
p-xylene from DMF by cycloaddition/dehydration reactions. However, rational development of Sn-
BEA is a grand challenge due to the lengthy crystallization time (up to 40 days), incorporation of Sn

into the framework, and the utilization of hydrofluoric acid. In this work, a highly reproducible



seeded growth approach was invented to significantly shorten the crystallization time. It is
demonstrated that the seed crystals can effectively reduce the induction time of crystallization and
lower the energy barrier for induction period by bypassing the nucleation stage. Crystallization
kinetic studies reveal that the highly crystalline Sn-BEA catalyst can be obtained in as short as 3
hours at 200 °C with similar catalytic activity in isomerization reaction of glucose compared to
conventional Sn-BEA. The discovery is important for rational synthesis of heteroatom containing
zeolite catalysts.

To avoid the utilization of toxic hydrofluoric acid, a fluoride-free method based on dry gel
conversion (DGC) was developed in a caustic medium for synthesis of Sn-Beta. It is shown that the
addition of seed crystals and alkali ions are indispensible for the synthesis. Furthermore, it is found
that ion-exchange with ammonium ions is crucial for preservation of crystalline structure during heat
treatment. Incorporation of Sn into zeolite framework is demonstrated. The activity is, however, not
comparable to Sn-Beta made from fluoride medium, attributed to possibly different local Sn structure
and surface property of the catalysts.

Various zeolite catalysts (ZSM-5, zeolite Y, and zeolite Beta) were tested in the tandem Diels-
Alder cycloaddition/dehydration reaction of DMF and ethylene to form p-xylene. It is revealed that
zeolite Beta shows superior catalytic performance by achieving high selectivity (90 %) at 99 %
conversion of DMF and slow deactivation. The production rate of p-xylene exhibits a transition of
kinetic control reactions from dehydration reaction to Diels-Alder cycloaddition reaction as the
amount of catalyst increase, and it is universal for all catalysts examined. The results imply that the
cycloaddition reaction proceeds uncatalyzed, and the maximum rate of p-xylene production is limited
by the Diels-Alder reaction.

Zr-, Sn-, and Ti-BEA Lewis acid zeolite catalysts were employed in production of p-xylene from
DMF and ethylene. It was found that these Lewis acid catalysts are able to catalyze the tandem
reaction consisting of Diels-Alder cycloaddition and dehydration reactions to form p-xylene. Zr-BEA

shows the best performance with improved recalcitrance to deactivation compared to Brensted acid
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zeolite catalyst (AI-BEA), reaching 90 % selectivity to p-xylene at 99 % conversion of DMF. Zr-BEA
also features high p-xylene production rate due to its catalytic activity for both cycloaddition and
dehydration reactions. The results provide an approach to rational develop bi-functional
(Lewis+Bronsted acids) catalysts for the tandem reaction pathway to efficiently produce p-xylene and

many other aromatics.
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CHAPTER 1
INTRODUCTION

1.1 A general picture

With the declining reserve of petroleum crude oil and increasing calls for control of green house gas
emission, huge amount of research efforts have been devoted in converting non-edible and renewable
biomass to transportation fuels, fuel additives, commodity chemicals and new bio-based materials.'*
In general, the feedstocks derived from biomass can be classified as lignocellulose, starch and
tryglycerides. Among them, lignocellulose is the most abundant, does not compete with food and
converts solar energy, carbon dioxide and water to carbohydrates, making it an ideal source of fuels
and chemicals. Lignocellulose consists of three major polymeric components: lignin (ca. 15-20 %),
hemicellulose (ca. 25-35 %) and cellulose (ca. 40-50 %)."* Lignin has three-dimensional structure
consisting of phenolic biopolymers, providing rigidity of plants. Hemicellulose is formed by Cs and
Cs sugars including D-xylose, D-galactose, D-arabinose, D-glucose and D-mannose. Cellulose is a
polymer of glucose units linked by the p—glycosidic bonds.” In order to obtain liquid fuels and

chemicals, the lignocellulose needs to be depolymerized and deoxygenated, as shown in Scheme 1.1.

gasification pyrolysis
Syn gas <—— Lignocellulose ———= Pyrolysis oil
Ho
zeolite
pretreatment
MeOH Lower olefins
zeolite Lignin + Cellulose 4 waste protein
Hemicellulose
Loweé flz';f'”s’ hydrolysis
Cs + Cg fermentation alcohols,
sugars diols, acids

Scheme 1.1 Strategies for conversion of lignocellulose. Adapted from ref. [1].



There are two main pathways to achieve this: thermochemical and hydrolytic. In thermochemical
process, pyrolysis and gasification are mainly used. Pyrolysis yields charcoal and pyrolysis oil, and
the crude oil can be further refined by zeolite catalysts. Syn gas can be produced via gasification, and
fuels or platform chemicals can be obtained via Fisher-Tropsch process or methanol synthesis from it.
Hydrolytic process, on the other hand, usually involves catalysis by mineral acids and mixture of
enzymes to break down the cellulose and hemicellulose into glucose and xylose (C¢ and Cs
monosacharrides), and the Cs and Cg sugars are then used as starting materials for production of
biofuels or other fine chemicals by fermentation or chemical catalysis. It is worth mentioning that
Dornath and Fan recently reported high glucose yield (91 %) in an efficient process combining
acidulated ball milling of cellulose, impregnation of glucose and sulfonate-functionalized three-
dimensionally ordered mesoporous carbon (3DOm carbon) catalyst,” and it shows the great potential
of more effective utilization of cellulose from biomass by molecular catalysis.

In this thesis, we focus on production of commodity chemicals from biomass, particularly p-
xylene, and the development of catalysts involved in the process. The BTX (benzene, toluene and
xylenes) are currently predominantly produced from the reforming of naphtha, and they are important
chemicals used as fuel additives, solvents and precursors for consumer products. For example,
benzene can be used to make polystyrene and nylon, and p-xylene is the precursor of polyethylene
terephthalate (PET). In addition, the strong demands for these end products in developing countries
have increased the global consumption of BTX by 6-8 % annually.”’ To achieve renewable p-xylene
from biomass, several steps required to remove oxygenated functional groups in the biomass, as
summarized in Scheme 1.2. It is proposed that, firstly, cellulose needs to be depolymerized and yield
glucose, applying the procedures described above. Glucose the isomerizes to fructose over glucose
isomerase® or Sn-Beta (interchangeable with Sn-BEA in this thesis), which is a solid Lewis acid
molecular sieve which has shown similar activity compared to enzymes,g HMF (5-
hydroxymethylfurfural), another important building block, can be obtained by dehydration of fructose

over acid catalyst.'® Further hydrogenolysis of C-O bond of HMF over CuRu or Ru/C catalyst forms



2, 5-dimethylfuran (DMF), which can be used as a transportation fuel additive.'" '?

In the last step,
DMEF can react with ethylene (can be obtained via dehydration of bioethanol)"* and undergoes [4+2]
cycloaddition to form an oxa-norbornene cycloadduct followed by subsequent dehydration over acid

catalysts to produce p-xylene.'*'®

The processes described above grant the formation of p-xylene
from biomass-derived feedstocks, and it is important to emphasize that the efficiencies in each step
could alter the market viability of the renewable p-xylene. From an economic analysis of p-xylene
from HMF, the authors suggested further researches on more efficient production of HMF and
discovery of superior catalysts for high selectivity/yield to p-xylene are keys to decrease the price of
the bio-renewable p-xylene.' Thus, each catalytic step in the overall process from cellulose to p-
xylene is worth investigating not only for scientific interests but also for realization of consumer bio-

renewable plastics. The thesis in particular concerns the rational development of the solid Lewis acid

zeolite, Sn-Beta catalyst, and the production of p-xylene from bio-derivable DMF and ethylene.

S Enzymes
o, 2 ’ . Enzymes
N N
(—
AR s0,H-Ct Sn-Beta
R
Cellulose Glucose Fructose
OH (‘) RuCu 0
H* o\/‘ Ru/C Zeolites
\ / WO,-Zr0,
5-Hydroxymethylfurfural 2, 5-Dimethylfuran p-Xylene
(HMF) (DMF)

Scheme 1.2 Proposed overall process for production of renewable p-xylene from biomass

1.2 Lewis acid zeolites and Sn-Beta

Zeolites are natural or synthetic crystalline aluminosilicates with well-defined, ordered pore structure

at molecular dimensions composed of conneted TO, tetrahedrals (T=Si and Al) by sharing oxygens.”’



Elements such as PV, Ga'™, B", and Zn" can be used to form the tetrahedra and isotypic frameworks
can be formed, and they are often called “zeotype” materials, as the definition of zeolite refers to
aluminosilicates. In this thesis, the use of the word “zeolite” is not restricted to aluminosilicates but
includes the concept of “zeotype”. When Al is incorporated, the framework becomes negatively
charged due to the oxidation state of Al (+3), and the charge is balanced by extraframework cation.
These cations are exchangeable and dictate the characteristics of the formed zeolites. Thus, zeolites
have been widely used in separation, adsorption, ion-exchange, and catalysis.*' Up to date, there are
more than 220 framework types according to International Zeolite Association.

Lewis acid zeolites can be formed by substituting Si by other elements such as Sn, Ti, and Zr into
the framework, as shown in Scheme 1.3, using Sn-Beta as an example. Sn-Beta synthesized in
fluoride medium was first reported by Corma et al.”* It is a stannosilicate with zeolite Beta crystalline
structure, and Sn is isomorphously substituted Si atom within the crystal framework, as shown in
Scheme 2.1. Zeolite BEA is a large pore zeolite with 12-member ring (12-MR, 6.6 x 6.7 on <100>
and 5.6 x 5.6 on [001] for *BEA)™ ** pore openings and constructed with three-dimensionally

connected channels. A representative Different from the Bronsted acid zeolites, where the acidity

o A

Si0, SnO,

Sn#t

Scheme 1.3 Schematic representation of Sn-Beta structure. Yellow, green and red solid spheres
represent Si, Sn and O atoms, respectively.



arising from proton (H") of the bridging Si-OH-Al, the Lewis acidity of the catalysts comes from the
empty orbitals of the substituted elements to accept electrons. Thus, transition metals (like Ti and Zr)
with incomplete d subshells in zeolite framework can act as Lewis acid sites to accommodate
electrons; Lewis acidity of Sn as a p-block element may be originated from the involvement of the
low-lying d orbitals.” It should be noted that Lewis acid sites could also be found in aluminosilicates
and could originate from the tri-coordinated Al sites on the framework, the extraframework Al, and
the charge-compensating cations.”'

Sn-Beta has been shown promising activity for the catalytic oxidation of saturated and
unsaturated ketones through the Baeyer-Villiger (BV) reaction and the reduction of carbonyl
compounds with secondary alcohols through the Meerwein-Ponndorf-Verley (MPV) reaction.”®®
More recently, Moliner et al. reported that Sn-Beta is highly active for isomerization of glucose to
fructose in aqueous phase, showing activity resembling enzymic counterpart,” a key intermediate step
for the conversion of biomass into chemicals and fuels.”

Sn-Beta is water-tolerant and capable of catalyzing isomerization of glucose to fructose in water.
This step is considered as a crucial intermediate step not only for the production of p-xylene, as
described earlier, but also for the formation of other building block chemicals such as 5-
hydroxymethylfurfural (HMF) and levulinic acid.'™* Thus, it is encouraging that the discovery of a
heterogeneous inorganic catalyst in Sn-Beta for isomerization of glucose to fructose, which can
reduce the operation cost of the process and make the final product more market-viable.

Aiming to utilize biomass as the feedstocks for transportation fuels and fine chemicals,
monumental amount of research has been focused on the catalytic process for biomass upgrading in
the past few years. Specifically, applications of water-resistant Lewis acid zeolites have been
emerging topics due to the fact that the platform or starting molecules contains carbonyl functional
group and the reaction requires water as a greener solvent. The hydrophobic character of these Lewis
acid zeolites can be originated from its highly siliceous composition and defect-free nature due to its

traditional fluoride medium synthesis. As shown later, the surface property of the zeolite can be



tailored by different synthetic pathways, and it could affect the adsorption properties of the reactant
and thus impacts the activity of the catalysts.
1.3 Preparation of Sn-Beta

Although Sn-Beta exhibits intriguing catalytic properties, its application and commercialization
has been hindered by the synthesis of the material, particularly long crystallization time and
utilization of hydrofluoric acid. In the original report by Valencia and Corma, Sn-Beta is synthesized
in a fluoride medium.”> The fluoride ion functions as a mineralizer, similar to hydroxide ion in
caustic medium. The mineralizing power of F~ seems to be less than that of OH™ and effective
supersaturations are lower, often accompanied by higher crystallization temperature or longer
crystallization time during synthesis.’' Utilization of F~ in lower pH (near neutral pH in most cases)
has shown advantages for the introduction of heteroatoms which form nonreactive precipitate in
alkaline solutions, and fluoride method provides the only route to certain zeolites.”! The long
crystallization time for Sn-Beta reported in literature (Si/Sn=100, up to 40 days)’ may be a
consequence of the low degree of supersaturation of zeolite precursors in fluoride route. Seeding has
been mentioned in original report, but the crystallization still requires 11-22 day.** >

Typical synthesis of Sn-BEA involves the utilization of toxic hydrofluoric acid and lengthy
synthesis time, leading to several environmental and practical concerns. Significant efforts have been
made to improve the synthesis process of Sn-BEA, such as using less toxic chemicals® and
shortening crystallization time by seeded growth method.” However, fluoride medium was still used
in all syntheses. Although more benign chemicals such as ammonium fluoride (NH4F) and sodium
fluoride (NaF) can be potentially used in the synthesis, non-fluoride method is still strongly desired
due to potential health risk related to chronic excessive exposure to fluorides.”® Recently, post-
synthesis approaches have been used to synthesize Sn-BEA in the absence of fluorides. For instance,
Li et al. reported that Sn can be grafted onto dealuminated zeolite BEA by chemical vapor deposition
using tin (IV) chloride vapor; Hammond et al. proposed a solid state ion exchange method via mixing

tin (II) acetate with dealuminated zeolite BEA; Dijkmans et al. utilized a solution-based method to
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insert Sn into dealuminated zeolite BEA.>"™’

In all post-synthesis methods, Sn was incorporated into
the defects generated by the dealumination process. Condensation of various Sn sources with silanol
defects resulted in the formation of tetrahedrally coordinated Sn sites. Sn concentration in the samples
can be easily tailored by controlling the amount of Sn source applied in the treatment. The materials
made from the post-synthesis approaches show interesting catalytic performances in Baeyer-Villiger
oxidation, isomerization of triose sugar (such as dihydroxyacetone to lactates in alcohols) and
glucose. However, due to the low mobility of Sn sources used in the syntheses and the lack of ability
to control the type and amount of defects generated by the dealumination process, it is a challenge to
completely diminish all defects in the dealuminated zeolites by the incorporation of framework Sn.
This is likely one of the reasons why very different catalytic activity was observed for the Sn-BEA
catalysts made by the post-synthesis methods. The benefits of the post synthesis method are
controllable morphology and relatively easy preparation. It is worth mentioning that there are more
variants of the post-synthesis method for preparation of Lewis acid zeolites, resulting in exciting
metal containing Lewis acid zeolites with novel hierarchical/layered structures, showing exceptional
activity toward bulky substrates.***

Thus, it is realized that, despite promising catalytic performance, the broad application of Sn-Beta
could be limited by its lengthy and environmental-endangered synthesis, making it difficult in large-
scale production. In this thesis, we demonstrated two strategies that intend to mitigate the obstacles:
first, a seeded growth method was utilized to shorten the crystallization time. Second, a dry gel
conversion method was developed for synthesis of Sn-Beta under a fluoride-free, caustic medium.

1.4 Production of renewable p-xylene from 2,5-dimethylfuran and ethylene

p-Xylene is used for the production of terephthalic acid,” which is used as a feedstock for
polyester and polyethylene terephthalate plastics (e.g., plastic bottles)’ and is currently produced from
the separation of mixed aromatics (isomers of xylene and ethylbenzene) from the naptha fraction of

petroleum. p-Xylene can also be selectively produced from toluene through the use of ZSM-5

44 - . . . . .
catalysts** in combination with membrane separation.” New processes are currently being

7



implemented to produce p-xylene from renewable resources using a hybrid process that combines
fermentation and heterogeneous catalysis.*®*’

p-Xylene can potentially be produced renewably starting from glucose as shown in Scheme 1.1.
As the last step of this scheme, the conversion of dimethylfuran (DMF) to p-xylene by a two-step
process (cycloaddition + dehydration) is crucial for the efficient production of high-value chemicals
from biomass-derived sugars. Williams and Dauenhauer collaborated with our lab and demonstrated
the chemistry using zeolite catalysts.15 Under mild temperature (200-300 °C) and high ethylene
pressure (57-62 bar), the authors demonstrated the temperature dependence of the product
distribution, the higher the temperature, the higher the p-xylene selectivity. 51% of p-xylene
selectivity at 95% conversion at 300 °C was achieved in a pure DMF system. Furthermore, when the
reaction is carried out with heptane solvent, the selectivity of p-xylene can be further increased to 75
%. It was also found under the reaction conditions, the reaction is rate-controlled by the uncatalyzed
Dields-Alder (DA) cycloaddition step with dehydration step catalyzed by Brensted acids. The results
is consistent with the computational work by Nikbin ez. al. (DFT calculation in gas phase),'® in which
the authors have shown that with Brensted acid, the reaction barrier for dehydration is greatly
reduced, from 59 kcal/mol to 17 kcal/mol, while the DA reaction still renders uncatalyzed. When
Lewis acid (specifically alkali ion exchanged zeolites) is modeled, the results indicates it can slightly
decrease the activation energy of the DA reaction (24.7 to 16.9 kcal/mol for Li" exchanged zeolite)
and some enhancement on the dehydration step due to stabilization of intermeidiates. The authors
proposed a bifunctional catalyst featuring both Lewis (high DA rate) and Brensted acidity (high
dehydration rate) could potentially enhance the production of p-xylene from DMF and ethylene.

Do et. al. has revealed the mechanism of the reaction over zeolite Y catalyst, as shown in Scheme
3.1."% The desired pathway, as described previously, consists of [4+2] Diels-Alder cycloaddition of
DMF and ethylene followed by a dehydration reaction to form p-xylene. Other byproduct includes 2,
5- hexanedione, a hydrolysis product from DMF, alkylated products (such as 4-propyltoluene) formed

from an alkylation reaction of ethylene and protonated cycloadduct and oligomers (such as 1, 4-
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dimethyl-2-(4-methylbenzyl)benzene) is produced from a Friedel-Craft type reaction between DMF
and cycloadduct derivatives. According to the reaction network, the author suggested by removing
water from the system, carefully selecting catalysts with adequate acid strengths and tuning dielectric
properties of the solvents, the selectivity towards p-xylene can be further enhanced. Elucidation of the
reaction pathways has revealed three competing side reactions to the main pathway to p-xylene: (1)
hydrolysis of DMF to 2,5-hexanedione, (2) secondary addition of DMF to produce dimers, and (3)
secondary reactions of ethylene to alkylated aromatics. From this analysis, further improvement in
selectivity to p-xylene can be specifically defined as: (a) elimination of the hydrolysis side reaction or

(b) reduction in secondary addition of either the dienophile (e.g. ethylene) or the diene (e.g. DMF).

alkylated
H products

O
2, 5- hexanedione
H20 N —
e A2 CH., HL—0i: -H,0 Y/

\ - - o O Vs CH,

dimethylfuran 1, 4-dimethW?-oxabicyclo\: O"“"*‘j p-xylene
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’_/v’

/' oligomers

Scheme 1.4 Simplified proposed reaction pathway of p-xylene formation from DMF and ethylene
over zeolite Y.

Several previous studies have suggested that Lewis acid can coordinate with dienes to catalyze

the Diels-Alder reaction.*®*” DFT study on the production of p-xylene from DMF also suggested that



Lewis acid can coordinate with ethylene to catalyze the Diels Alder reaction to form cycloadduct

18, 53

intermediate, oxanorbornene. In addition, experimental and theoretical studies have also

suggested that solid Lewis acid catalysts are capable of catalyzing the dehydration of cycloadduct

18, 53-55

intermediate and other alcohols. . Using Fe’"-exchanged montmorillonite K10 clay as a Lewis

52,56 : .
d.”””” Lewis acid

acid catalyst for the aromatization of oxabicyclic derivatives has also been reporte
zeolite catalysts, in particular Sn-BEA and Zr-BEA, have also shown superior catalytic activity for
the synthesis of terephthalic acid via Diels-Alder reactions with oxidized variants of 5-
hydroxymethylfurfural.”’

In this thesis, motivated by the experimental and theoretical studies, zeolite catalysts were
employed in the Diels-Alder cycloaddition-dehydration reaction pathway for producing p-xylene
from DMF and ethylene. Bronsted and Lewis acid zeolite catalysts were studied in this reaction to
understand the performance and difference of the two distinct kinds of catalysts in this catalytic
system.

1.5 Thesis scope

The thesis is constructed as following: An improved synthesis strategy for Sn-Beta in traditional
fluoride medium is described in Chapter 2; a development of fluoride-free synthesis for Sn-Beta is
presented in Chapter 3; a catalyst-screening study for production of p-xylene from DMF and ethylene
is examined in Chapter 4; a study of Lewis acid zeolites for production of p-xylene from DMF and

ethylene is shown in Chapter 5. Chapter 6 will give conclusions for the accomplished work, and

suggested future research directions are included in Chapter 7.

10



CHAPTER 2
RATIONAL SYNTHESIS OF TIN-BETA CATALYSTS FOR BIOMASS
CONVERSION IN A FLUORIDE MEDIUM

2.1 Background

Sn-Beta synthesized in fluoride medium was first reported by Corma et al.”* It is a stannosilicate
with zeolite Beta crystalline structure, and Sn is isomorphously substituted Si atom within the crystal
framework, as shown in Scheme 2.1. Zeolite BEA is a large pore zeolite with 12-member ring (12-
MR, 6.6 x 6.7 on <100> and 5.6 x 5.6 on [001] for *BEA)?3. 24 pore openings and constructed with

three-dimensionally connected channels. It has been shown promising activity for the catalytic
oxidation of saturated and unsaturated ketones through the Baeyer-Villiger (BV) reaction and the
reduction of carbonyl compounds with secondary alcohols through the Meerwein-Ponndorf-Verley
(MPV) reaction.”®** More recently, Moliner et al. reported that Sn-Beta is highly active for
isomerization of glucose to fructose in aqueous phase, showing activity resembling enzymic
counterpart,’ a key intermediate step for the conversion of biomass into chemicals and fuels.”

As mentioned in Chapter 1, although possessing interesting and appealing catalytic performance,
the preparation of Sn-Beta has been a challenge due to lengthy synthesis time. In this chapter, a
modified seeding approach was employed aiming to reduce the required synthesis time. The
crystallization kinetics of seeded Sn-Beta are monitored and compared to unseeded system. The effect
from the amount of seed and water in the synthesis gel were examined. It is believed that the
morphology and dispersion status of zeolite seeds in the synthesis gel can substantially affect the
crystal growth kinetics of Sn-Beta. By uniformly distributing well-crystalline zeolite beta seeds in the
synthesis gel, high-quality Sn-Beta can be synthesized in only 3 hr at 200 °C with a nearly complete
conversion (> 90 %) of the provided silica source. Moreover, further enhancement of crystallization
kinetics can be achieved by reduction of water content in the synthesis gel. Incorporation of Sn into

the zeolite framework is demonstrated by using UV-Vis spectroscopy, deuterated acetonitrile
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adsorbed FT-IR, and isomerization reaction of deuterated glucose. The Sn-Beta catalyst synthesized
by this approach is highly active for the isomerization of triose (C3), pentose (C5) and hexose (C6)
sugars.
2.2 Experimental
2.2.1 Preparation of zeolite beta seed solution™

Typically, 0.1 g of sodium hydroxide (= 98%, Aldrich) was dissolved in 11.83 g of
tetraecthylammonium hydroxide solution (TEAOH, 35wt%, Alfa Aesar or SACHEM). 17.85 g of
Ludox HS-30 (Aldrich) was dropwise added into the above solution under stirring, and 0.365 g of
aluminum isopropoxide (Aldrich) was then added into the clear solution. The composition of the
solution was 25 SiO;: 0.25 ALOs: 9 TEAOH: 0.35 NayO: 331 H,O. The final solution was aged for 1
day with stirring before use. The filtrate was charged into a Teflon-lined stainless steel autoclave, and
heated at 120 °C for 3 day in a preheated oven. The formed zeolite nanocrystals were collected by
centrifugation and washed extensively by deionized water until pH of the supernatant is less than 9.
Finally, the aluminosilicate zeolite beta nanocrystals were re-dispersed into deionized water without
drying, and the crystal concentration in the suspension was 0.192 g/mL. Dealumination of the crystals
was achieved by treating 2.5 mL of the suspension (0.48 g of seed crystals) with 25 mL of
concentrate nitric acid (69%, Fisher) in a Teflon-lined stainless steel autoclave at 80 °C for 24 hr. The
dealuminated zeolite beta was collected by centrifugation and thoroughly washed by deionized water
until the supernatant approached a neutral pH. The obtained products were then re-dispersed into
deionized water by sonication without drying. The final crystal concentration in the suspension was

0.175 g/mL (0.163 g/g).

2.2.2 Synthesis of Sn-Beta
In a typical run, 7.70 g of tetraethylorthosilicate (TEOS, Alfa Aesar, 99 %) was added into 8.23 g
of TEAOH solution (35 %), and stirred at room temperature until it became a homogeneous solution

(about 1 h to 1.5 h). Then, 0.1 g of hydrated tin chloride (Alfa Aesar) dissolved in 0.64 g of
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deionized water was added. The solution was stirred in a hood until ethanol generated from the
hydrolysis of TEOS was completely evaporated. The final weight loss was 8.00 g (6.66 g of ethanol
and 1.34 g of water). Then, 0.497 mL of dealuminated zeolite beta seed solution (0.175 g/mL) was
added into the solution (4.1wt% with respect to the silica content) and mix by plastic spatula. Finally,
0.689 mL of hydrofluoric acid (Alfa Aesar, 49%) was added into the solution, and homogenized by
using a plastic spatula for 10 min. The composition of the final gel was SiO,: 0.54 TEAOH: 0.54 HF:
0.008 SnO,: 7.5 H,0. 3 g of the obtained solid-like hard gel (see Image 2.1) was then loaded into a
Teflon-lined stainless steel autoclave (~50 mL). Water content of the gel was varied by drying the gel
in a vacuum oven at 60-80 °C for different period of time. The autocalve was washed with 6 M KOH
solution (>25 mL) prior to use to eliminated possible crystal contamination between each run for 2
day (1 day at upright position; 1 day at up-side down position) at 150 °C oven. It has been tested that
the condition is able to dissolve 50 mg of as-made Sn-Beta samples. The autoclave was heated at 140-
200 °C with a rotation of 2 rpm for various times. The product was filtered and thoroughly washed by
deionized water, and dried in a 100 °C oven overnight. The as-made solid was calcined with a

ramping rate of 1 °C/min to 550 °C for 12 hr under humidity (~ 23 Torr, introduced by bubbling air

Image 2.1 The starting gel for Sn-Beta made from fluoride medium. Note the solid-like texture of the
gel.
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through water at room temperature) to remove the organic structure directing agent and fluoride ions.

2.2.3 Characterizations

Samples were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), nitrogen sorption measurements, thermogravimetric
analysis (TGA), diffuse reflectance ultraviolet-visible spectroscopy (DR UV-Vis), FT-IR
spectroscopy and inductively coupled plasma mass spectroscopy (ICP-MS). XRD measurements were
performed on a diffractometer (X’Pert Pro, PANalytical) using Cu Ka radiation generated at 45 kV
and 40 mA from 2 theta of 4° to 40° with a step size of 0.02°. SEM was performed on a Magellan 400
(FEI) with an accelerating voltage of 3.0 kV, and the samples were coated with platinum or
platinum/palladium alloy prior to observation. Nitrogen adsorption-desorption isotherms were
collected on an automated gas sorption analyzer (Autosorb iQ,, Quantachrome) at 77 K. The samples
were outgassed at 300 °C for 12 h under vacuum before measurement. The thermogravimetric
analysis (TGA) was performed on a thermogravimetric analyzer (SDT600, TA) with a ramping rate
of 10 °C min™ under air flow. DR UV-Vis measurements were done on a Cary 50 spectrometer with a
diffuse reflectance attachment (Prof. Gonghu Li’s lab, University of New Hampshire). Barium
sulphate was used as a background material. FT-IR experiment was carried out using a Praying
Mantis™ DRIFT accessory (Harrick) in a high-temperature reaction cell (Harrick) allowing controls
of atmosphere, temperature and adsorption of probe molecules over the zeolite samples. The samples
were pretreated with helium flow at 550 °C for 1 h prior to adsorption (pyridine or deuterated
acetonitrile). For FT-IR measurements of samples with adsorbed pyridine, pyridine (Alfa Aesar)
vapor was carried by helium and in contact with the samples at 120 °C for 10 min. After heating up to
different temperature (150, 250, 350, and 450 °C) for 1 h to desorb weakly adsorbed pyridine, the
spectrum was recorded on a FT-IR spectrometer (Equinox 55, Bruker) equipped with MCT detector

with a resolution of 2 cm™ at 120 °C. For deuterated acetonitrile (CDsCN, Aldrich) adsorption, it was
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adsorbed on the samples at 30 °C followed by flowing helium for 30 min. CD;CN was then desorbed
at 100 °C for various periods of time. The spectra were acquired at 30 °C and normalized with the Si-
O-Si overtones at 1800-2000 cm™. Potassium bromide (KBr, Acros) was used as background in this
case. Elemental analysis was carried out in the Analytical Geochemistry Lab, Dept. of Earth Sciences
in University of Minnesota using an inductively coupled plasma-optical emission spectrometer (ICP-
OES, iCap 6500 dual view, Thermo Scientific) or an inductively coupled plasma-mass spectrometer
(ICP-MS, XSERIES 2, Thermo Scientific) using He/H, collision-reaction mode. Y was added as

internal standard.

2.2.4 Catalytic tests
All the chemicals (xylose, glucose, dihydroxyacetone dimer and methanol) used in the reactions

were purchased from Sigma-Aldrich.

2.2.4.1 Isomerization of glucose

Glucose isomerization reaction was used to test the catalytic activity of the synthesized Sn-Beta
catalyst. The reaction was performed according to the work of Moliner ef al. ?’ Sn-Beta was added at a
1:50 Sn: glucose molar ratio to a 10 wt% glucose solution in a 3 mL thick-walled glass reactor. The
reaction vial was placed in a temperature-controlled aluminum heating block set to 90 °C with 1000
rpm stirring. After reaction for various times, the glass reactors were quenched in ice for 15 min,

dried, and weighed before opening to make sure no leaking during the reaction.

2.2.4.2 Isomerization of xylose
The isomerization of xylose was performed according to the work of Choudhary et al.”’ Sn-Beta
was added at a 1:70 Sn: glucose molar ratio to a 10 wt% xylose solution in a 3 mL thick-walled glass

reactor. The reaction vial was placed in a temperature-controlled aluminum heating block set to 100
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°C with 1000 rpm stirring. After reaction for various times, the glass reactors were quenched in ice

for 15 minutes, dried, and weighed before opening to make sure no leaking during the reaction.

2.2.4.3 Conversion of dihydroxyacetone (DHA) to methyl lactate (ML)

Conversion of dihydroxyacetone (DHA) to methyl lactate (ML) in methanol was performed
according to the work of Taarning et al.®' In a typical experiment, 1.25 mmol of DHA, 4 g methanol
and 80 mg Sn-Beta were added to a 3 mL thick-walled glass reactor. The reactor was placed in
temperature-controlled aluminum heating block set to 70 °C with 1000 rpm stirring. After reaction for
various times, the glass reactors were quenched in ice for 15 minutes, dried, and weighed before
opening to make sure no leaking during the reaction.

Sample analyses

For the reactions with pentose and hexose, sample analyses were performed using liquid
chromatography (Shimadzu LC-20AT). Sugars were detected with a RI detector (RID-10A), and
other products were detected with a UV-Vis detector (SPD-20AV) at wavelengths of 210 and 254
nm. The column used was BIO-RAD HPX-87H sugar column. The mobile phase was 0.005 M H,SO,
flowing at a rate of 0.6 mL/min. The column oven was set to 30 °C. The column can efficiently
separate the isomers of C6 sugar, such as glucose, fructose and mannose, but shows poor separation
for xylulose (10.118 min) and lyxose (10.175 min). It was found that the response factors of xylulose
and lyxose on the RI detector are similar (difference is less than 20%). The combined yield of
xylulose and lyxose were, thus, calculated from the peak with a retention time from 10.1 min to 10.2
min.

DHA and ML were detected on an Agilent 6890 instrument equipped with an FID-detector and a
Restek RTX-VMS capillary column (30.0 m/0.25 mm id/1.4 pm film thickness). A helium flow rate
of 6.0 mL/min pressurized at 1.498 bar was used. The oven temperature program is as follows: the

initial temperature is 50 °C (hold 2 min) and then heated to 240 °C (ramp 20 °C/min, hold 20 min).
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Conversion and yield are defined as follows:
ConverSionglucose = (mOIesglucose reacted)/(m()lesglucose initial)
Conversionpya = (Molespna reactea)/(MOlESpHA initial)
COnverSionxylose = (mOIGSxylose reacted)/(m()lesxylose initial)
Yieldglucose = (moleSglucose)/(m()lesglucose initial)

Yieldfmctose = (mOIesfructose produced)/(mOIesglucose initial)
Yieldmannose = (mOIGSmannose produced)/(m()lesglucose initial)
Yieldxylulose+lyxose: (mOIeSxylulosenyose produced)/ (m()lesxylose initial)

Yieldyr = (molesmr produced) / (MOlESpHA initial)

2.3 Results and discussions

Figure 2.1 shows the temporal XRD patterns for the Sn-Beta synthesized at 140, 170, and 200 °C
using the seeded growth method, with 4 wt% seed with respect to silica in the synthesis medium. It is
remarkable that only zeolite BEA phase can be observed from the spectra, indicating no impurity
crystalline phase present in the sample. In general, only the diffraction peaks assigned to zeolite BEA
arise as the hydrothermal time increases at each temperature (140-200 °C), and highly crystalline
samples can be obtained from the synthesis protocol given long enough time. The yields of highly
crystalline samples are constantly greater than 90 % on a silica basis, indicating the high efficiency of
Si incorporation of the fluoride synthesis.”> It should be noted that 140 °C is the traditional
temperature for synthesis of Sn-beta.”” Here, pure Sn-Beta can be obtained when the heat treatment
temperature extends to 200 °C with increased crystallization kinetic without formation of competing
phases. The spectra consist of sharp and broadened reflection peak, characteristic for intergrowth of

62-64

different polymorphs, A and B. The apparent shoulder at low angle diffraction peak (~7.5 degree)

indicates the sample is likely polymorph A enriched, and the highly resolved patterns are results of
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Figure 2.1 XRD patterns for Sn-Beta synthesized at (a) 140, (b) 170, and (c) 200 °C for different time
with 4 % seeds. “*” represents the diffraction peak from the holder.
low extent of connectivity defect in the crystals, consistent with what Corma et al. reported for pure
silica zeolite Beta.* The elemental analysis shows the Si/Sn=126 for the 140 °C 48 hr sample.

The data are further converted into a crystallinity versus time plot, as shown in Figure 2.2. The

crystallinity is estimated using the ratio of peak height at 2-theta=22.4 degree (corresponding to (302)

Q2.1



*

9 hr

6hr,\
3 hr

Intensity(a.u.)

2 hr

L 1 hr
5 10 15 20 25 30 35 40
2 Theta

Figure 2.1 (continued) XRD patterns for Sn-Beta synthesized at (a) 140, (b) 170, and (c) 200 °C for
different time with 4 % seeds. “*” represents the diffraction peak from the holder.

where ¢ is the crystallization time, and ref is the fully crystallized sample at the hydrothermal
temperature. N, sorption experiments were carried out for the selected reference samples (e.g., 140 °C
48 hr, 170 °C 24 hr, and 200 °C 9 hr) and all the micropore volumes of the references (Table 2.1,

from t-plot) are close to 0.2 cm®/g, which is typical for high quality zeolite beta.”” >

The temporal
crystallization shown in Figure 2.2 shows that, at 140 °C, the described seeding approach can greatly
reduced the overall crystallization time from 170 hr to 24 hr to reach 90 % crystallinity, and the
crystallization can be further enhanced at higher temperature, 170 °C and 200 °C. The time needed to
reach 90 % crystallinity is shortened to 3 hr for 200 °C and 6 hr for 170 °C, respectively. Notably, it
is clear that both the induction time and rate of overall crystal growth improved. The induction time is
estimated by looking for the moment the crystals can be observed.”' The overall crystal growth rate
(conversion of stannosilicate) is estimated by the slope of linear fit from the data within 15-85 %
crystallinity. At 140 °C, the induction time is reduced from 24 hr to 3 hr, and the rate of crystal

growth is enhanced from 1.2 %/hr to 6 %/hr. The data indicate that the seeding process cannot only

help reduce the time for induction but also improve the rate of overall crystal growth.
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Figure 2.2 (a) Crystallization kinetics for Sn-Beta synthesized with seeds at different temperatures,
140, 170, and 200 °C. (b) is showing enlarged part for shorter crystallization time.

Table 2.1 Textural data for representative Sn-Beta synthesized in this work

Sample BET SA (m%/g) Vi (cm’/g) External SA* (m’/g)
140 °C 48 hr 517.4 0.202 105.1

170 °C 24 hr 504.8 0.197 102.5

200 °C 9hr 500.4 0.199 94.8

Unseeded 45d 486 0.207 66.6

* from t-plot
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Figure 2.3 XRD patterns for Sn-Beta synthesized at (a) 140, (b) 155, and (c) 170 °C for different time
without seeds.

The kinetics of crystallization were also studied for the unseeded system with same starting Si/Sn
ratio in the synthesis gel. Figure 2.3 shows the temporal XRD patterns from 140 °C to 170 °C. It is
clear, again, that the samples only show diffractions for zeolite beta without competing impurity
zeolite phases and show similar features to the seeded Sn-Beta. It is interesting to note that, when the
synthesis was carried out at 200 °C, a fully crystalline sample cannot be obtained, as shown in Figure
2.4. After 1 day crystallization, the crystal growth appears to stall and the crystallinity of the samples
could not improve further up to 4 day, maintaining at about 15-20 % crystallinity when using fully
crystallized sample at 170 °C as a reference. There is still no other crystalline impurity can be
observed. It has been suggested that the decomposition of TEA" via Hofmann elimination begins at as

low as 125 °C but delays at lower pH, as monitored by pressure generated within the reaction
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vessel.”” It is plausible that under the synthesis and hydrothermal conditions (200 °C), the TEA" ion is
not stable enough to last for more than 24 hr such that further crystallization is inhibited. For the case
in synthesis of Sn-Beta with addition of 4 % seed crystals, the crystallization is so fast that the
crystallization completes before TEA" ion starts to degrade, even at 200 °C (Figure 2.1 and 2.2). The
corresponding crystallization curves for unseeded system carried out within 140 to 170 °C is shown
in Figure 2.5. With increasing crystallization temperature from 140 to 170 °C, induction time reduces,
and crystal growth rate increases, similar to the seeded growth synthesis.

Assuming the processes during the induction period and crystal growth are energy activated, the
apparent activation energy of induction period can be obtained according to the Arrhenius
relationship. Arrhenius plots are constructed based on the temporal crystallization data and shown in
Figure 2.6, and the extracted apparent activation energies are summarized in Table 2.2. As listed in
Table 2.2, the apparent activation energy for induction period during Sn-Beta crystallization greatly

reduced with addition of seed crystals, from 66.8 to 35.1 kJ/mol. It is likely the added seeds help the
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Figure 2.4 Temporal XRD patterns for Sn-Beta crystallized without seed at 200 °C.
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Figure 2.6 Arrhenius plots for induction period.

Table 2.2 Apparent activation energies extracted from the Arrhenius plots (Figure 2.6)

Sample Induction
period (kJ/mol)

Seeded 35.1

Unseeded 66.8
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crystallization bypass the nucleation process (which involves relaxation of synthesis gel, formation of
stable nuclei, and growth of nuclei to observable size), efficiently reduced the energy barrier during
the induction stage of crystal growth.”">' For the crystal growth rate, it should be noted that using the
crystallinity curve to estimate the rate of crystal growth is not straightforward, as the crystallinity (or,
more precisely in this case, the conversion of the precursors) not only depends on the rate of crystal
growth but also depends on the status of the nuclei (size and amount).”' It is generally observed that
seeding does not influence the crystal growth rate, i.e., the rate of crystal growth remains similar with

. 21.68. 6 . . .
and without seeds.” * % The difference in the absolute rate of precursor conversion shown here

Figure 2.7 Representative SEM micrographs of (a) unseeded (155 °C, 6 day) and (b) seeded Sn-Beta
(140 °C, 52 hr).
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might be a result of different numbers of nuclei present in the system, as the crystal size is largely
different (Figure 2.7). This shall be revisited in the future by measuring linear growth rate of the
crystals to clarify the roles and functions of the seeds in this system using microscopy techniques,
while the indiscernible morphology and intergrowth of the crystals during the course of the
crystallization may be difficult to observe.

Figure 2.8 shows SEM images of a series of unseeded samples crystallizing at 140 °C, illustrating
the macroscopic change in morphology along the crystallization. At the beginning (~0% crystallinity,
Fig. 2.8(a)), only amorphous phase can be observed and those reactive precursors composed of
nanometer scale domains. As the crystallization proceeds, once there is a nuclei formed in the gel, the
precursors would be consumed and form crystals, and the unreacted amorphous phase can be
observed on the crystal surface for further growth (Fig. 2.8(b)). The surface of the crystal thus usually
is rough and blurred due to the amorphous phase. Once the crystallization is complete, the surface of
the crystal would be more distinct and shows the edges and facets of the crystals (Fig. 2.8 (c)).

The effect from the amount of seeding was also studied with samples crystallized at 140 °C with
1, 4, and 10 wt% seed with respect to silica source in the synthesis gel. As shown in Figure 2.9, again,
the XRD patterns shows only reflections for zeolite Beta, no crystalline impurities can be observed
after prolonged heating. From the crystallinity plot (Figure 2.10), the conversion of the amorphous
stannosilicate gel is enhanced with increasing amount of seeds. SEM images for Sn-Beta synthesized
at 140 °C for 2 day with different amount of seeds (1, 4, and 10 wt % with respect to silica) are shown
in Figure 2.11. Typical truncated bipyrimidal morphology for zeolite Beta was obtained in each case,
with crystal size ranges from 500 to 1000 nm. Figure 2.12 depicts the particle size distribution as a
function of amount of seed crystals, obtained by measuring the crystal size from SEM images with at
least 20 crystals. The crystal size reduces from 1.2 pm for 1 wt % seed sample to about 500 nm for 10
wt % seed sample, revealing the impact of seeding on final crystal size. Since the size and shape

(spherical) of the seed crystals, the amount of seeds, and yields are known, with the assumption one
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seed turns into one final crystal, one can make a prediction of the size of the final product (as a

tetragonal with dimension of L x L x 0.25L) by using the following equation:

L="](354) + Vseea 22)

Cseed
where V.. is the volume of the seed and C,., is the weight percentage of seeds relative to silica.
Final product size predicted from Eq. 2.2 and the experimental value yielded from SEM have been

summarized in Table 2.3. From the comparison between experiments and calculation, it is plausible

Figure 2.8 SEM micrographs of Sn-Beta with crystallnity of (a) 0, (b) 50-60, and (c) 100 %, which
show only the amorphous phase exists at the early stage, and then it is consumed during the
crystallization and closely in contact with crystals until fully converted to crystalline phase.
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Figure 2.9 XRD patterns of seeded Sn-Beta synthesized at 140 °C with (a) 1 and (b) 10 wt % seeds.
The holder gives the diffraction peak at 2-theta=38.5°.

that one seed crystal can turn into one final crystals. The SEM observation is consistent with the
statement. As shown in Figure 2.13, it can be seen that the seeds in contact with the final crystals, and
part of the seed is submerged in the large crystals, providing a piece of evidence of the role of the
seed during the synthesis. In general, the basic function of the seed crystals is to provide surface area
for desired crystalline phase to grow, and the seeds could remain inert, be dissolved, act as pure seed,
or promote secondary nucleation.” In this case, the seed crystals seem to be intact and provide the

surface area for Sn-Beta to crystallize. Secondary nucleation does not seem to happen in a large
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Figure 2.10 Crystallization kinetics for Sn-Beta synthesized at 140 °C with 1, 4, and 10 wt %.

Figure 2.11 SEM mircrographs for the Sn-Beta synthesized at 140 °C for 2 day with (a) 1, (b) 4, and
(c) 10 wt %.

extent, from the particle size distributions (bimodal distribution could be expected) and the crystal
size calculations. It is likely that the added seeds consume the ingredient flux from the synthesis
medium, and the nutrients content in the gel becomes lower and lower, such that secondary nucleation
is not observed before the nuclei formed. It also indicates the addition of seeds does not induced

nucleation in the current system.
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Figure 2.12 Crystal size distribution obtained from SEM as a function of different amount of seeds in
the synthesis.

Table 2.3 Particle size for different amount of seeds from SEM and calculation

Unseeded 1 wt% 4 wt% 10 wt%
Particle size” (um) 12 1.11+£0.074 0.66+0.043 0.56%0.043
Calculated size (pm) - 1.19 0.76 0.57

*From SEM

Figure 2.13 Representatie SE image for Sn-Beta made from seeded growth method. Left: 140 °C
52 hr; right: 170 °C 12 hr. Arrows indicate the seeds in contact with the crystals.
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Based on above crystallization studies, a macroscopic crystallization scheme is proposed, as
shown in Scheme 2.1 to discern the effect of seeding and the nature of the synthesis gel. In the
unseeded case, the induction time for the stable nuclei formation is long, in the order of days. Once
the nuclei form, the amorphous phase in contact with the nuclei start to transform into crystalline
phase, resulting in large crystals (~ 5-10 um) (Scheme 2.1A). As in the seeded growth case, the onset
of crystallization is in the order of hours, greatly reduced the induction time. At the same time, adding
seeds provide the surface for the nutrient flux to deposit, thus greatly reduced the overall
crystallization time and small crystals can be formed (Scheme 2.1B and C). It is also reasonable to
expect particle size control using this concept in the current system.

During the exploration, there were certain samples show faster crystallization kinetics, and it was
found that those samples tend to contain less synthesis gel in the autoclave. Two hypotheses were
introduced to explain the result, one is that the small amount of the gel helps the heat transfer within
the sample and thus increase the kinetic; the other assumption is that, due to the small mass of the gel,
the water content in the gel has changed under vapor-liquid phase equilibrium at crystallization
temperature, and the dense gel reaches higher supersaturation and thus enhances the kinetics. To
examine the hypotheses, several H,O/Si ratios of Sn-Beta were prepared. The samples were prepared
by placing the 4 wt% seeded synthesis mixture (H,O/Si=7.5) into a vacuum (-30 in. Hg) oven at 60-
80 °C for different periods of time, and 3 g of the precursor was charged into Teflon lined autoclaves.
The autoclaves were then placed in a preheated convection oven at 200 °C under rotation (2 rpm) for
1 hr. Figure 2.14 shows the XRD patterns for the series of the samples. The spectra reveal the
reflection peaks only corresponding to zeolite Beta phase, and kinetic of crystallization is greatly
affected by water content. With reducing water content from H,O/Si=7.5 to 2, the crystal growth
increases, indicating the crystallization rate of Sn-Beta can be further improved; while further
evacuating water (H,O/Si=1.35 and 0.41) from the precursor results in samples with low degree of
crystallinity. The data suggest that water plays a vital role during the crystallization of Sn-Beta

zeolite. With the reduction of water, the concentration of the stannosilicate species in the gel
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Scheme 2.1 Illustration of the effect of seeding on crystallization in Sn-Beta system based on
experimental findings.
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Figure 2.14 XRD patterns for Sn-Beta samples with different HO/Si ratios. The precursor gels (3 g in
a 50 mL autoclave) were heated at 200 °C for 1 hr.
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increases and enhances the crystal growth kinetics. However, with low water amount in the gel, the
transport of the ingredient and T-O-T bond breaking (by hydrolysis) might be hindered. It has been
proposed that T-O-T bond forming and breaking are the basic actions for zeolite crystal growth:’'
T—-0-T+H,0T—-—0H+T-0H 2.3)
It should be noted that, under basic conditions, the bond breaking and remaking can be catalyzed by
hydroxyl ions (OH"). Thus, it is plausible that if higher pH is employed in this system (using
ammonium fluoride (NH4F) as fluoride source instead of hydrofluoric acid (HF)), the crystallization
rate may be further improved. Recently, the solvent free routes for zeolite formation were reported,

707! Inspecting the details in the reports and

implying that solvent is not necessary in the synthesis.
combine the discussions here, very little amount of water should be needed in the synthesis, and the
formation of crystals would be kinetic consequences depending on the composition of the gel
systems.

An implication from the H,O/Si study is that the ratio between the amount of the precursor and
the volume of the autoclave is also an important factor regarding to crystallization of Sn-Beta.
Considering the water containing in the synthesis mixture is to be heated to high temperature, 140-
200 °C in this case, the water vapor in the autoclave would be in vapor-liquid equilibrium with the
water in the gel phase. The vapor pressure might not be as high as pure water case due to the presence
of solute, but loss of water from the synthesis gel is inevitable. With low amount of water
(H20/Si=7.5) to start, loss of water could result in significant change in water content in the synthesis
precursor during heating particularly if the amount of the precursor is small, and faster crystallization
rate can be observed. Kang et al. proposed a steam assisted crystallization (SAC) method in fluoride
medium, which uses saturated steam generating in the autoclave (not in direct contact) to crystallize a
very dense zeolite precursor phase, shortening the crystallization time by forming Sn-Beta in 5 hr
(Si/Sn=125, 180 °C), while featuring low micropore volume (~0.16 cm®/g).** The authors then
examined the water amount placed at the bottom of the autoclave in the following report and found

that the composition change of the synthesis gel due to the condensation of water, resulting in
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amorphous phase when large amount of water in the autoclave (180 °C, 6 hr), which is consistent
with our results.””

The Sn environment is characterized for the sample crystallized at 140 °C for 2 days. DR-UV-Vis
spectroscopy, depicted in Figure 2.15, reveals a sharp adsorption band at ~200 nm, characteristic for
tetrahedrally coordinated Sn in zeolite framework featuring the ligand (O%) to metal (Sn*") charge

40, 73, 74
transfer.”” ™

The absence of broad adsorption band at 245-325 nm (assigned to extraframework Sn
and Sn in SnO,) indicates most of Sn is incorporated into the framework. Temperature-programmed
desorption (TPD) pyridine FT-IR was employed to study the acidity of the sample, and the results are
shown in Figure 2.16. The IR spectra of adsorbed pyridine in the range of pyridine ring-stretching

modes on the Sn-Beta were measured after desorption at different temperatures. The vibrations of C-

C(N) stretching modes of hydrogen-bonded (hb) and physically (ph) adsorbed pyridine were observed
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Figure 2.15 UV-Vis diffuse reflectance spectrum of synthesized Sn-Beta (140 C 48 hr) and siliceous
Beta.
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Figure 2.16 IR spectra of Sn-Beta after pyridine adsorption at 393 K for 30 min and desorption at 423
(a), 523 (b), 623 (c), and 723 K (d) for 1 h, respectively. The bands (1611, 1490 and 1450 cm™)
associated to Lewis acidity are marked in red.

at 1595 cm™ (hb, mode 8a), 1581 cm’! (hb, ph, mode 8b), 1483 cm’! (ph, mode 19b) 1445 cm’ (hb,

37, 75-77

mode 19b) and 1440 cm™ (ph, mode 19b), respectively. The physically adsorbed pyridine
(bands at 1483 cm'and 1440 cm™) completely diminished after the desorption at 523 K. Hydrogen-
bonded pyridine at 1595 cm™and 1445 cm™ contributed by the hydroxyl groups (from the defects and
external surface of the catalyst) decreased in intensity with increasing the desorption temperature.
Absorbance at 1550 cm™ associated with strong Brensted acid sites was not observed in the sample.
In addition to the hydrogen-bonded and physically adsorbed pyridine, the two distinct bands at 1611
cm’ and 1490 cm™ and a shoulder one at 1450 cm™ were observed in all spectra. These bands are
associated with the different vibration modes of the pyridine-rings adsorbed on the Sn species within

7880 The three bands were

zeolite beta, clearly indicating the presence of Lewis acidity in the sample.
remained even after desorption at 723 K showing the Lewis acid sites are resistant against the
relatively high temperature. The Sn-Beta synthesized here thus exhibits mainly Lewis acidity. FT-IR
study of CD;CN adsorption was widely used to assess the Sn coordination and Lewis acidity of Sn-

containing materials.>* ®! #2 Figure 2.17 shows the CD;CN adsorbed FT-IR spectra of Sn-Beta

synthesized at 140 °C for 2 day (Figure 2.17(a)) and 200 °C for 9 hr (Figure 2.17(b)) after different
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desorption times at 100 °C. The band at 2263-2266 cm™ can be assigned to physically adsorbed
CD;CN, while the band at 2276 cm™ reflects the interaction of CD;CN and silanol groups, and the
band around 2310 cm™ is attributed to the vibration related to framework Sn species.’*®' It has been

proposed that the v(C-N) vibrations around 2310 cm™ can be used to distinguish the “close” (2308
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Figure 2.17 CD;CN adsorbed FT-IR spectra of Sn-Beta synthesized at (a) 140 °C 48 hr and (b) 200
°C 9 hr and (c) SnO,/Si-BEA. The spectra were acquired after saturation of CD3CN on the samples
followed by different period desorption time at 100 °C, as specified in the figures.
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cm’™) or “open” (hydrolyzed; 2316 cm™) Sn sites in Sn-Beta framework.® Two bands (2308 cm™ and
2316 cm™) can be clearly observed during the desorption of CD;CN for the two samples synthesized
at different temperature and time, which is consistent with previous literature.®’ Upon heating, the
high wavenumber band start to appear for the two samples. It should be noted that a recent report
suggests the two vibration bands can also happen due to the different packing structures of CD;CN
rather than the difference in Sn site structures, not necessarily to be able to distinguish from close and
open sites.”* While the information about the local environment of Sn is still elusive, incorporation of
Sn can be assured using this technique. Therefore, it is concluded that, Sn was incorporated into
zeolite framework even when the crystallization time is as short as 9 hr.

To further confirm the coordination environment of Sn in the rapid synthesized Sn-Beta sample,
glucose with deuterium substituted at the C-2 position was used in the isomerization reaction.** The
'H-NMR spectra for unlabelled fructose and fructose isomerized from labelled glucose are shown in
Figure 2.18. Presence of one resonance at § = 3.4 ppm and the absence of other resonances at 6 = 3.4-
3.5 ppm corresponding to the protons at C-1 position in 'H-NMR spectrum of fructose after reaction
indicates that the reaction only undergoes an intramolecular hydride shift from C-2 to C-1 in water,
which is consistent with previous report.*> With the XRD, UV-Vis spectroscopy, CD;CN FT-IR data,
and deuterated glucose isomerization experiments, it is suggested that Sn is indeed incorporated into
zeolite Beta framework, without detectable extraframework Sn species.

Based on the results presented here, it is believed that the keys to be able to greatly shorten the
crystallization time from 11-40 days to 3 hr are the crystallinity, well-defined morphology of the seed
crystals, and fine dispersion of the seeds in synthesis mixture. The synthesis started from a stable seed
solution containing well-crystalline zeolite beta (Si/Al = 23) prepared according to the previous
literature. The size of the zeolite beta seeds was around 150-200 nm as shown in Figure 2.19. In order

to avoid the irreversible aggregation caused by calcination and drying, dealumination of the zeolite
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Figure 2.18 'H-NMR spectrum of fructose after isomerization reaction of deuterium substituted
glucose over Sn-Beta synthesized at 200 °C for 9 hr. Reaction conditions: glucose/Sn=50, 95 °C 2hr.
The separation was achieved by running the reaction mixture on HPLC (LC-20, Shimadzu) with a
Biorad HPX-87C column (Ca”"-type), operated at 80 °C. Water was used as mobile phase at a flow
rate of 0.6 mL min™. Fructose portion was collected by a fraction collector (FRC-10, Shimadzu). The

solution containing fructose was then heated in a 70 °C oven to evaporate the solvent. The obtained
solids were re-dissolved in D,O prior to 'H-NMR measurement (AVANCE 400, Bruker).

Figure 2.19 SEM image for the seed crystals applied for seeded growth of Sn-Beta.

seeds was carried out by directly treating the stable seed solution with a concentrated nitric acid
solution. During the whole process, no drying or calcination were performed on the sample, which

enabled us to prepare a stable suspension with well-dispersed dealuminated zeolite seeds. As shown
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in Figure 2.20, the traditional seeds (dried and calcined) synthesized according to Corma et al.*®

composed of aggregated nanocrystallites with primary domain size about 20 nm, while the zeolite
beta seeds from suspension has discrete crystals with about 150-200 nm. It is known that it is not easy
to fully re-disperse the aggregated crystals into solution, and it avoids good dispersion in the synthesis
medium.** The author has attempted to re-disperse dried 160 nm zeolite beta, and it takes days of
sonication to reach satisfactory dispersion, and it highlights that it requires extra attention to create
good suspension from once-dried crystals.

The crystallinity of the seeds showed no sign of a significant change after the dealumination
process as illustrated in the XRD patterns (Figure 2.21). It should be noted that the relative peak
intensities (e.g., peak at 2-theta ~ 7.5 degree ((101) plane in *BEA structure) and 22.4 degree ((302)
plane in *BEA structure)) from the Figure 2.21 differ before and after dalumination, and it

accompanies with appearance and disappearance of certain reflection peaks, which indicates the
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Figure 2.20 TEM images for the seed crystals made according to (a) Corma et al. and (b) Chen et al.
The lattice fringe can be observed in (a), indicating the aggregation is indeed crystals, not amorphous
phase.
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structure directing agent utilized in the synthesis (TEA") has been simultaneously removed from the
zeolite voids during the dealumination process, resulting in changes in the local electron density in
the solid samples and contributing to the changes of diffraction intensity of crystal planes. The TGA
and DTA analysis of the dealuminated zeolite beta seeds shown in Figure 2.22 provides further
evidence. From the data, the weight change due to SDA decomposition is about 4 %, and the main
loss at 250-300 °C may be attributed to Hofmann elimination of TEA" to triethylamine and ethylene
from [TEA"(=Si0)1.* For the sample before dealumination, the weight loss is greater than 20 %
(data not shown).

The catalytic performance of the synthesized Sn-Beta (140 °C 2 day) was tested on the
isomerization of glucose and xylose in aqueous phase and isomierization-etherification of
dihydroxyacetone (DHA) to methyl lactate in methanol. The reaction results are shown in Figure
2.23. The main products of the isomerization are fructose and mannose. The conversion of glucose
after 2 h is 54 %, the yields of fructose and mannose are 36 % and 9 %, respectively (Figure 2.23a)

Similar results were reported by Moliner et al.’ and Lew et al.* In their studies, the Sn-Beta catalysts
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Figure 2.21 XRD patterns of the seed crystals (a) before and (b) after dealumination.
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Figure 2.22 TGA and DTA data for the dealuminated seed crystals

were made by conventional method with a crystallization time from 22 days to 40 days depending on
if zeolite seeds were used. It is also known that the Sn-Beta catalyst is highly active for the
isomerization-esterification of triose sugar to methyl lactate. The Sn-Beta made in this study was used
to catalyze the reaction of dihydroxyacetone (DHA) in methanol at 70 ‘C (Figure 2.23b). As expected,
DHA was selectively converted to methyl lactate with a small amount of glyceraldehyde (GLA), an
isomer of DHA, in the first hour. After 7 hours, DHA was fully converted to methyl lactate,
resembling the results reported by Taarning ef al.®' In xylose isomerization reaction, the products of
the reaction are xylulose, lyxose and byproducts from degradation reactions and/or polymerization
reactions. The isomerization of xylose to xylulose catalyzed by Sn-Beta is analogous to the
isomerization of glucose to fructose as proposed by Moliner ef al.’ and Choudhary et al.”® The
isomerization reactions reached equilibrium at 0.5 h with a maximum xylulose+lyxose yield of 35 %
at xylose conversion of 61 % (Figure 2.23c). The xylulose+lyxose yield decreased with time as a
result of side reactions consuming xylose, xylulose and lyxose. This result is also comparable to the
observation reported by Choudhary et al.° and Lew et al.*® To evaluate the reproducibility of our

synthesis method, Sn-Beta made from 6 different batches were tested on the isomerization of glucose.
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The standard deviation of their activity, an indicator of reproducibility, is less than 4 %, as shown in
Figure 2.24.

In summary, the above data clearly indicate the Sn-Beta rapidly synthesized (2 days) from the
modified seeding method resembles the catalytic property of traditional Sn-Beta (11-40 days of
crystallization) and the method is highly reproducible. In addition, ammonium fluoride (NH4F), a

more benign fluoride alternative for hydrofluoric acid, was employed in the synthesis and also yielded
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Figure 2.23 Yields of major products as a function of reaction time for the reactions of cellulosic
sugars catalysed by the Sn-Beta. a), Isomerization of glucose in aqueous phase. Reaction conditions:
initial glucose concentration of 10 wt%, glucose to Tin molar ratio of 50:1, 100 mg Sn-Beta, 90 °C;
b), Reaction of dihydroxyacetone (DHA) in methanol. Reaction conditions: 1.25 mmol DHA, 4 g
methanol, 80 mg Sn-Beta, 70 C; ¢), Isomerization of xylose in aqueous phase. Reaction conditions:
initial xylose concentration of 10 wt%, xylose to Tin molar ratio of 70:1, 78 mg Sn-Beta, 100 C.
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Figure 2.24 Product distribution of glucose isomerization reaction over different batches of rapid
synthesized Sn-Beta compared to literature data and the sample prepared from ammonium fluoride.
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active Sn-Beta material. Thus, the developed seeding method can greatly shorten the crystallization
time without sacrificing catalytic properties due to well-defined crystalline zeolite Beta seeds and
better dispersion of the seeds in the synthesis gel. The method can also be extended to other solid

Lewis acids such as Ti- and Zr-Beta, etc.
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CHAPTER 3
FLUORIDE-FREE SYNTHESIS OF TIN-BETA ZEOLITE BY DRY-GEL
CONVERSION METHOD

3.1 Background

Zeolites have been extensively used in catalysis, ion-exchange and separation due to their highly
crystalline microporous structure and a large variety of available frameworks and compositions.**’
In addition to Brensted acid catalysts, molecular sieves containing tetrahedrally coordinated Sn, Ti

. : . 9, 26,27, 60,61, 90,91
and Zr have been used for Lewis acid-catalyzed redox reactions.” ™ ~" """ ">

In particular, Sn-BEA
molecular sieve, a crystalline stannosilicate with BEA topology, exhibits extraordinary Lewis acidity
for selectively activating functional groups of organic molecules involved in fine chemical

2% The catalyst has shown promising activity for the catalytic oxidation of saturated and

syntheses.
unsaturated ketones through the Baeyer-Villiger reaction and the reduction of carbonyl compounds
with secondary alcohols through the Meerwein-Ponndorf-Verley reaction.”®”® Moreover, Moliner et
al. recently reported that Sn-BEA is water-tolerant and capable of catalyzing isomerization of glucose
to fructose in aqueous phase,” a key intermediate step for the conversion of biomass into chemicals
and fuels.”” Similarly, Sn-BEA has also been used to catalyze the isomerization of pentose and triose
sugars to form xylulose, methyl lactate and lactic acid.*> "% The outstanding Lewis acidity of Sn-
BEA catalyst in aqueous phase is likely due to the hydrophobic environment created by the defect-
free siliceous surface.” % '"!

As mentioned in Chapter 1, the broad application of Sn-BEA zeolite might be hindered due to the
utilization of hydrofluoric acid in the conventional synthesis. Although post-synthesis methods were
reported, to our best knowledge, direct synthesis of Sn-BEA catalyst from a fluoride-free system has
not been achieved so far. The challenges are mainly due to the difficulties in the crystallization of

siliceous zeolite BEA in the absence of fluoride and incorporation of tetrahedrally coordinated Sn in

zeolite frameworks. It has been known that during zeolite syntheses fluoride can facilitate the
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mineralization of silica sources and compensate the positive charges associated with the organic
structure directing agents (OSDAs) employed in the syntheses.'” As a result, the zeolites synthesized
in the presence of fluoride exhibit fewer defects and higher crystallinity than the ones made under
conventional hydrothermal synthesis conditions. In order to synthesize high silica or siliceous zeolites
without using fluoride, the positive charges of OSDA must be compensated by the defects located in
the framework (e.g. =Si-O" "HO-Si=), which is particularly challenging for relative small OSDAs,
such as tetracthylammonium (TEA) used in zeolite BEA synthesis. The small OSDAs usually result
in an increased number of OSDAs occluded in zeolite channels (e.g. 6 TEA/unit cell for BEA, while
only 4 TPA/unit cell for MFI),'" '™ which requires more defects for charge compensation and could
compete with the formation of stable crystalline phases. This challenge has been partially solved by
using dry gel conversion (DGC) method that was initially developed for ZSM-5 zeolite and later
extended to several other zeolites including high silica zeolite BEA.'"> ' In the DGC method,
crystallization of a concentrated gel is carried out under saturated steam generated from liquid water
which is not allowed to directly contact with the synthesis gel. Using this method, zeolite BEA with a
wide range of Si/Al ratio has been successfully synthesized.'” Although incorporation of other
heteroatoms in zeolite frameworks by the DGC method has also been demonstrated for TS-1 and Ti-
BEA,'”” "% synthesis of Sn-BEA by the DGC method has not succeeded, likely due to the relatively
large atomic size of Sn (Ti*": 0.68 A, Sn*": 0.71 A) and the incomparable hydrolysis rate of Sn
source with silica source. These differences could lead to an amorphous phase, incredible slow
crystallization and non-framework Sn as shown later in this study.

Herein, a direct and fluoride-free synthesis route is developed for Sn-BEA. We demonstrated that
an active Sn-BEA catalyst can be directly synthesized by the DGC method without using any fluoride
containing chemicals. The use of crystalline seeds and inorganic cations for charge compensation is
essential for the crystallization of Sn-BEA in the absence of fluoride. The inorganic cations in the as-

synthesized sample must be ion-exchanged to ammonium type in order to maintain the crystalline
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structure of the formed catalysts during calcination. The synthesized Sn-BEA exhibits hydrophilic
nature compared to the ones synthesized in the presence of fluoride.
3.2 Experimental
3.2.1 Preparation of materials

A dry gel conversion method was used to synthesize Sn-BEA in the absence of fluoride. In a
typical synthesis, 0.0448 g of sodium hydroxide was dissolved in 3.09 g of 35 wt%
tetracthylammonium hydroxide (TEAOH) solution and 14 g of deionized water in a plastic vessel
followed by adding 1 g of fumed silica. The obtained solution was magnetically stirred for 1 h at
room temperature. Tin source solution containing 0.0548 g of tin tert-butoxide (Sn(OC4Ho)4) and
0.254 mL of 30% hydrogen peroxide aqueous solution (H,O,) was mixed for 1 h prior to adding into
the solution prepared previously. The resulting solution was stirred for 2 h at room temperature. A
dealuminated zeolite BEA seed solution described in previous section (4 wt% with respect to fumed
silica added, particle size of the seed is around 200 nm) was then added, and the solvent in the
translucent mixture was evaporated at 80 °C with stirring in an oil bath for 24 h, leading to a dry gel.
The final composition of the dry gel is SiO,: 0.008SnO;: 0.22TEA,O: 0.034Na,O. The obtained dry
gel (ca. 2 g) was ground into powder and put into a Teflon-lined stainless steel autoclave with a cup
volume of ca. 50 mL. A portion of 0.5 mL of deionized water was added into the autoclave in a
separate Teflon cup to avoid direct contact between the dry gel and water. The autoclave was then
placed in an oven preheated to 140 °C for crystallization. The as-made sample was washed by
filtration with 1 L of deionized water and dried at 100 °C overnight (denoted as Sn-BEA-AM). Ion-
exchange was carried out by treating 0.25 g of as-made zeolites with 25 mL of 1 M ammonium nitrate
(NH4NOs3) solution for 2 h at 80 °C. The process was repeated five times. Removal of OSDA and
ammonium ions was obtained by calcining the powder in a muffle furnace at 550 °C for 12 h with a
ramping rate of 1 °C min™ (denoted as Sn-BEA-IE). Synthesis of Sn-BEA (denoted as Sn-BEA-F,
Si/Sn = 125) from a fluoride medium was achieved by using the method reported in Cahpter 2.*°

Extra-framework SnO, in siliceous zeolite BEA sample (SnO,/Si-BEA, Si/Sn=125) were prepared
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109
.

according to according to Bermejo-Deval et al. ™~ The procedure is the same as preparation of

Sn-BEA-F, except for that SnO; (-325 mesh, Aldrich) was added as Sn source. The Si/Sn
ratio was designed to be 125.
3.2.2 Characterizations

Samples were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), nitrogen sorption measurements, thermogravimetric
analysis (TGA), diffuse reflectance ultraviolet-visible spectroscopy (DR UV-Vis), FT-IR
spectroscopy and inductively coupled plasma mass spectroscopy (ICP-MS). Details can be found in
Section 2.2.
3.3 Results and discussions

Synthesis of Sn-BEA by the DGC method was first performed with or without adding zeolite
BEA seeds. As shown in Figure 3.1, characteristic XRD peaks corresponding to the BEA topology
are observed for the sample synthesized with adding zeolite BEA seeds after 5 days of crystallization,
revealing highly crystalline BEA zeolite has been synthesized without any impurity phase.
Crystallization is apparently slow in the absence of zeolite seeds, and an unidentifiable reflection peak
dominates the spectrum after 5 days of crystallization. Longer crystallization time (20 days) does not
yield pure BEA phase. These results indicate that adding zeolite BEA seeds not only facilitates the
crystallization but also directs the formation of desired crystal structure under the present synthesis
conditions. Thus, it is concluded that the seeding approach plays an essential role in the crystallization

of pure Sn-BEA phase from the dry gel.
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Figure 3.1 XRD patterns of the samples prepared with and without using zeolite BEA seeds after dry
gel conversion at 140 °C for 5 days.
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Figure 3.2 XRD patterns for the samples prepared with using zeolite BEA seeds after dry gel
conversion at 140 °C for different treatment time.

Examining the crystallization time suggests that the Sn-BEA sample is fully crystallized after 3
days of SAC treatment, as shown in the XRD pattern in Figure 3.2.

It is also found that the use of alkali ions is crucial for the crystallization of Sn-BEA via the DGC
method. As revealed in Figure 3.3, only very weak reflections can be observed in the samples when

no alkali ion was added, and the signals are likely attributed to the seed crystals present in the
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synthesis mixture. Figure 3.4 reveals the XRD patterns of as-made Sn-BEA (Sn-BEA-AM), Sn-BEA
after direct calcination (Sn-BEA-DC) and Sn-BEA after ion-exchange and calcination (Sn-BEA-IE).
Sn-BEA-AM shows typical diffraction peaks corresponding to zeolite BEA phase. However, much
weaker peaks are observed in the XRD pattern of Sn-BEA-DC which is made by direct calcination
without ion-exchange, indicating the crystalline structure of the sample was significantly damaged.
The partial collapse of crystalline structure during calcination might be attributed to the inherent
defects (=SiO") generated for compensating the positive charges from the TEA" ions. Because of no
aluminum in the zeolite framework, positive charges from the TEA™ occluded within Sn-BEA

samples can generate much more framework defects (=SiO’) than Al-BEA. Formation of BEA
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Figure 3.3 XRD pattern for the sample without adding sodium ion.
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Figure 3.4 XRD patterns of Sn-BEA-AM, Sn-BEA-IE, and Sn-BEA-DC.

48



crystalline phase under the conditions thus requires use of alkali ions (e.g. Na’, K" and Li") to
compensate the additional defects as shown previously. It is interesting that even though crystalline
phase can be achieved using Na' in the synthesis solution, the =Si-O-Na structure could not undergo
condensation with adjacent defect sites (=Si-O-H or =Si-O-Na) to form =Si-O-Si= during calcination.
As a result, the crystalline structure collapsed after the removal of TEA™ (Sn-BEA-DC) by
calcination. Interestingly, it is found that the crystalline structure can be well retained by the ion-
exchange of Na* with NH," before the calcination.'”® Sn-BEA-IE sample made by the ion-exchange
of Sn-BEA-AM with ammonium nitrate (NH4NOs3) solution and subsequent calcination exhibits well-
crystalline BEA structure (Figure 3.4). It is believed that the Na" was replaced by NH," during the
ion-exchange. Upon further heat treatment, =Si-O-NH, could be transformed into =Si-O-H.
Subsequent dehydration/condensation of the silanol groups could lead to the formation of =Si-O-Si=
bond, which benefits retaining the crystallinity and microporous structure of Sn-BEA (Scheme 3.1).
This result clearly suggests that exchanging alkali ions from the zeolite samples by NH, is
indispensable for obtaining highly crystalline Sn-BEA catalyst under the synthesis route used in this
study. The method might also be applicable for retaining the crystallinity of other high silica or
siliceous zeolites that have a large number of OSDAs and defects in the as-made forms. It was also
attempted to replace the alkali ions (e.g. Na’, K, Li") by NH," ion in the synthesis mixture as the
charge compensator to avoid the ion-exchange process. However, no crystalline phase was achieved
under the synthesis conditions (Figure 3.5). The ineffectiveness of NH," ion for stabilizing zeolite
structure during crystallization might be due to the steric hindrance with TEA" ion within zeolite
BEA framework.

Fig. 3.6 shows the SEM and TEM images of Sn-BEA-IE sample. Discrete truncated bipyrimidal

crystals with a size of around 400-700 nm can be observed in the sample (Figure 3.7). Sn-BEA-F
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final product.
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Figure 3.5 XRD pattern of sample synthesized with ammonium hydrogen carbonate, ammonium
nitrate, ammonium hydroxide and sodium hydroxide (Na,O/SiO, or (NH4),0O/Si0, ratio is 0.096)
after 5 days of DGC at 140 °C. Only very weak reflections can be observed except for sodium

hydroxide case, and they could originate from the seed crystals added in the gel. The data clearly
indicate that the alkali ions are essential for the synthesis from dry gel conversion.

Figure 3.6 (a) SEM and (b) TEM images of Sn-BEA-IE synthesized from the dry gel conversion
(DGC) method.
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catalyst synthesized from a fluoride medium (See Chapter 2) also shows truncated bipyrimidal
crystals (600 nm to 1 wm) but with highly intergrown morphology. The images suggest that Sn- BEA-
IE consists of more discrete and smaller crystal domains compared with conventional Sn-BEA, which
is consistent with its higher surface area obtained from N, sorption experiments. In addition, lattice
fringes can be clearly observed in the TEM image (Figure 3.6(b)), confirming that the sample is a
highly crystalline material. Based on the observations above, it is concluded that Sn-BEA-IE features
a well-crystalline structure and a large surface area. The elemental analysis shows that Sn-BEA-IE

has a Si/Sn ratio of 102.

Figure 3.7 Representative SEM image for Sn-BEA-IE.

A series of characterization techniques were used to study the structures of Sn site in the Sn-BEA
samples from DGC method. UV-Vis spectroscopy has been shown to be an effective method to
distinguish the coordination environment of Sn in zeolites.*” % The absorbance at ~200-210 nm
corresponds to tetrahedrally-coordinated Sn (framework Sn), absorbance at ~240 nm results from

extra-framework Sn species, and the band at ~280 nm is assigned to Sn in tin dioxide.'”

Figure 3.8
shows the UV-Vis spectra for Sn-BEA-IE and Sn-BEA-DC samples. As seen in the plot, the

intensified absorbance at ~200 nm suggests that most Sn in Sn-BEA-IE locate in the framework
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Figure 3.8 DR UV-Vis spectra for Sn-BEA-IE and Sn-BEA-DC. The spectrum of Sn-BEA-DC was
shifted 0.05 unit for clarity.

position (SnO; tetrahedral), while there are several different coordination states of Sn observed in Sn-
BEA-DC sample. It is plausible that multiple Sn species are formed after zeolite structure collapses
during calcination. The result also indicates that the ion-exchange/calcination treatment can preserve
the micropore structures of the zeolite samples and the local environment of Sn.

FT-IR study of CD3;CN adsorption was employed to assess the Lewis acidity of Sn-containing
materials.>* *"*** The CD;CN adsorbed FT-IR spectra for different Sn-BEA samples, including Sn-
BEA-IE, Sn-BEA-F (sample made from the rapid synthesis method) and SnO,/Si-BEA (tin oxide was
used as tin source in the rapid synthesis method, XRD pattern shown in Figure 3.9), are shown in
Figure 3.10. The data for Sn-BEA-IE after different desorption times at 100 °C are shown in Figure
3.10(a). The band at 2265 cm™ can be assigned to physically adsorbed CD;CN, while the band at
2275 cm’ reflects the interaction of CD3CN and silanol groups, and the band around 2310 em™ is

attributed to the vibration related to framework Sn species.”**!

It has been proposed that the v(C-N)
vibrations around 2310 cm™ can be used to distinguish the “close” (2308 cm™) or “open” (hydrolysed

n-0->1; cm n sites i Sn- ramework.” Interestingly, our data reveal a main band at
Sn-0-Si; 2316 cm™) Sn sites in Sn-BEA fi kAT ingly d 1 in band

2309 cm™', and no other band at higher wavenumber is observed during the course of CD;CN
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Figure 3.9 XRD pattern of SnO,/Si-BEA (Si/Sn=125) sample. The XRD shows that the sample has
zeolite BEA topology and reflections from SnO,.
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Figure 3.10 CD;CN adsorbed FT-IR spectra of (a) Sn-BEA-IE, (b) Sn-BEA-F and (¢) SnO,/Si-BEA.
The spectra were acquired after saturation of CD;CN on the samples followed by different period
desorption time at 100 °C, as specified in the figures.

desorption, even when desorption temperature was at 150 °C. In contrast, two bands (2308 ¢m™ and

2316 cm™) can be clearly observed during the desorption of CDsCN for Sn-BEA-F (Figure 3.10(b)),
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which is consistent with previous literature.”’ In addition, the spectra from the sample intentionally
made with SnO, as extra-framework Sn site did not show absorption at 2305-2315 cm’ range
(SnO,/Si-BEA, Figure 3.10(c)). These results clearly indicate that the Sn-BEA-IE sample prepared
from the DGC method indeed possesses framework Sn, while the local Sn environment could be
different from the Sn-BEA-F sample made from fluoride medium. It should be noted that a recent
report suggests the two vibration bands can also happen due to the different packing structures of
CD;CN rather than the difference in Sn site structures.” In addition, the locations and distribution of
Sn in zeolite frameworks might also affect their FT-IR spectra. At this point, it can be concluded that
Sn-BEA-IE does have framework Sn site, however the local environment of Sn and its difference
from the Sn-BEA-F are still elusive, and require further investigation.

To further confirm the coordination environment of Sn in the synthesized Sn-BEA-IE sample,
glucose with deuterium substituted at the C-2 position was used in the isomerization reaction.*’ The
'H-NMR spectra for unlabelled fructose and fructose isomerized from labelled glucose are shown in
Supplementary Information (Figure 3.11). The absence of resonances at & = 3.4-3.5 ppm
corresponding to the protons at C-1 position in 'H-NMR spectrum of fructose after reaction indicates
that the reaction only undergoes an intramolecular hydride shift from C-2 to C-1 in water, which
follows the same mechanism as the Sn-BEA-F.** The finding from 'H-NMR measurement is
consistent with the DR UV-Vis and CD;CN FT-IR measurements, showing most Sn are incorporated
into the zeolite framework with a tetrahedral coordination and able to catalyze the glucose
isomerization reaction via an intramolecular hydride shift pathway. With these characterization
results, it is concluded that the Sn-BEA-IE synthesized in this study possesses framework Sn in
siliceous BEA framework, and the isolated metal centers exhibit Lewis acidity capable of catalyzing
the sugar isomerization in aqueous phase.

It has been suggested that the hydrophobic environment is a key factor for adsorbing glucose

from aqueous phase into hydrophobic Sn-BEA catalyst and catalyzing the isomerization reactionfrom
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Figure 3.11 '"H-NMR spectrum of (a) fructose after isomerization reaction of deuterium substituted
glucose over Sn-BEA-IE and (b) unlabeled fructose. Reaction conditions are the same as described in
the manuscript, except for longer reaction time (2 h). The separation was achieved by running the
reaction mixture on HPLC (LC-20, Shimadzu) with a Biorad HPX-87C column (Ca”'-type), operated
at 80 °C. Water was used as mobile phase at a flow rate of 0.6 mL min"'. Fructose portion was
collected by a fraction collector (FRC-10, Shimadzu). The solution containing fructose was then
heated in a 70 °C oven to evaporate the solvent. The obtained solids were re-dissolved in D,O prior to
'H-NMR measurement (AVANCE 400, Bruker).

glucose to fructose.'”" "' """ The Sn-BEA catalyst synthesized from the DGC method (Sn-BEA-IE) is
expected to have more silanol defects than the sample made from a fluoride medium, and exhibits
different hydrophobicity from Sn-BEA-F. This is because the charge of occluded TEA" ions in the
Sn-BEA-IE synthesized from caustic medium must be compensated by framework defects (=Si-O),
while in Sn-BEA-F, F~ can form a pair with TEA" and generates fewer defects. As discussed in the
previous paragraph, the framework defects (=Si-O") can be reduced by reacting with adjacent silanol
groups in Sn-BEA-IE sample during ion-exchange and calcination processes. However, Sn-BEA-F
still has fewer silanol groups (=Si-OH) than Sn-BEA-IE, as shown in a TGA study and FT-IR sepctra
(Figure 3.12). The TG experiments (Figure 3.12(a)) clearly suggest that Sn-BEA-IE adsorbs more

water (4% vs. 2% weight loss at 400 °C) and has more hydroxyl condensation at higher temperature

(~2% vs. 0.5% weight loss above 450 °C) than Sn-BEA-F. The FT-IR spectra in the OH stretching

55



region for degassed samples are shown in Figure 3.12(b). 3738 and 3745 cm™', which can be assigned
to terminal silanol groups (weakly hydrogen bonded and free Si-OH, respectively).'” A small
shoulder at 3701 cm™ corresponding to weakly hydrogen bonded silanols in zeolites is also observed
for Sn-BEA-IE. By directly comparing the normalized spectra, it is obvious that Sn-BEA-IE
possesses more silanol groups than Sn-BEA-F does. These results indicate that Sn-BEA-IE has more
defects and more hydrophilic surface compared to the sample made in the presence of fluoride.'”" '
The catalytic activity of the Sn-BEA-IE sample was examined by glucose isomerization and PA

reaction in water and compared with hydrophobic Sn-BEA-F. The reaction results are summarized in

(a) 100
99 |
98 | Sn-BEA-F
97 |
96 |

Sn-BEA-IE
95+

94 | S~

Weight percent(%)

100 200 300 400 500 600 700
Temperature (°C)

(b)

0.002

Sn-BEA-IE

Absorbance (a.u.)

i Sn-BEA-F

4000 3800 3600 3400 3200
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Figure 3.12 (a) TGA curves and (b) FT-IR spectra for Sn-BEA-IE and Sn-BEA-F. Samples were
contacted with liquid water and dried in a 70 °C overnight prior to TG measurements. FT-IR spectra
were acquired at 30 °C after degassing.
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Table 3.1. The product distributions for different reactions are listed in Table 3.2 and 3.3. As
expected, the TOF for the isomerization of glucose into fructose in aqueous phase on Sn-BEA-IE is
only ~25% of that of Sn-BEA-F. The low reaction rate is likely due to the hydrophilic surface of Sn-
BEA-IE catalyst disfavoring adsorption of glucose, which is in good agreement with previous

literature.'"°

On the other hand, the activity of Sn sites in Sn-BEA-IE for the conversion of PA into
lactic acid (LA) (1.20 min™) is still lower than that in Sn-BEA-F (1.52 min™), but the difference is
much less significant compared to the glucose reaction. The production of LA is similar for the two
catalysts under the reaction conditions (18.3% vs. 18.9% yield). It has been known that the reaction
from PA to LA undergoes hydration of PA in aqueous phase followed by intramolecular 1,2 hydride-

shift reaction on the Lewis acid sites of Sn-BEA.®' Hence, it is reasonable that the hydrophilic

material shows improved activity due to the enhanced adsorption of water in micropores. However,

Table 3.1 Turnover frequencies (TOF, min™) of Sn-BEA catalysts for sugar isomerization reactions

Substrate Reaction Scheme Sn-BEA-IE Sn-BEA-F

Pyruvaldehyde” )Jvo — Af 1.20 1.52

Ho OH
Glucose” m w 0.99
OH|

“70°C, 15 min, 20 mg catalyst w1th 56.3 mg PA solution (40 wt%) in 1 g water
95 °C, 15 min, 68 mg catalyst with 0.8 g 10 wt% glucose solution

Table 3.2 Product distribution of pyruvaldehyde over Sn-BEA catalysts (conditions: refer to table 3.1)

Reaction time

15 min Si/Sn PA (%) LA (%) TOF (min™)
Sn-BEA-IE 102 81.2 18.3 1.20
Sn-BEA-F 126 79.8 18.9 1.52

Table 3.3 Product distribution of glucose over Sn-BEA catalysts (conditions: refer to table 3.1)

Reaction time . o Mannose+Fructose TOF
15 min Si/Sn Glucose (%) (%) (min™)
Sn-BEA-IE 102 90.8 9.1 0.25
Sn-BEA-F 126 66.3 34.7 0.99
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we have to point out that the local environment of Sn sites including “open/close site”, distribution
and location might be different for the two Sn-BEA catalysts as revealed in CD;CN adsorbed FT-IR

study which could also affect the catalytic activity of the materials.”” "

Although it is evident that
most Sn atoms are incorporated in framework, the discrepancies in activities for different reactions
reported here might result from a combinatorial effect of active site nature and surface properties
(hydrophobicity).

In summary, highly crystalline Sn-BEA with tetrahedrally coordinated Sn was successfully
synthesized from a non-fluoride medium for the first time by a dry gel conversion method. The
sample exhibits a higher surface area than the conventional Sn-BEA synthesized from a fluoride
medium. It is found that the use of seed crystals, addition of alkali ions and ion-exchange with
ammonium nitrate before calcination are essential for obtaining a highly crystalline Sn-BEA catalyst.
The Sn-BEA catalyst shows lower catalytic activity than the conventional Sn-BEA for glucose
isomerization and comparable activity for pyruvaldehyde reaction in aqueous phase. The difference in
catalytic activity could be attributed to the different hydrophobic nature and local Sn environment in

the catalysts prepared from different synthesis routes. The current work provides an alternative and a

more environment-friendly approach to synthesize Sn-BEA catalyst.
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CHAPTER 4
DEVELOPMENT OF CATALYSTS FOR RENEWABLE PARA-XYLENE
PRODUCTION FROM 2, 5-DIMETHYLFURAN AND ETHYLENE
4.1 Background

p-Xylene is used for the production of terephthalic acid,” which is used as a feedstock for
polyester and polyethylene terephthalate plastics (e.g., plastic bottles)’ and is currently produced from
the separation of mixed aromatics (isomers of xylene and ethylbenzene) from the naptha fraction of
petroleum. p-Xylene can also be selectively produced from toluene through the use of ZSM-5
catalysts” in combination with membrane separation.” New processes are currently being
implemented to produce p-xylene from renewable resources using a hybrid process that combines
fermentation and heterogeneous catalysis.** *’

p-Xylene can potentially be produced renewably starting from glucose as shown in Scheme 1.1.
As the last step of this scheme, the conversion of dimethylfuran (DMF) to p-xylene by a two-step
process (cycloaddition + dehydration) is crucial for the efficient production of high-value chemicals
from biomass-derived sugars. Williams and Dauenhauer collaborated with our lab and demonstrated
the chemistry using zeolite catalysts."”” Under mild temperature (200-300 °C) and high ethylene
pressure (57-62 bar), the authors demonstrated the temperature dependence of the product
distribution, the higher the temperature, the higher the p-xylene selectivity, as shown in Figure 4.1.
51% of p-xylene selectivity at 95% conversion at 300 °C was achieved in a pure DMF system.
Furthermore, when the reaction is carried out with heptane solvent, the selectivity of p-xylene can be
further increased to 75 %. It was also found under the reaction conditions, the reaction is rate-
controlled by the uncatalyzed Dields-Alder (DA) cycloaddition step with dehydration step catalyzed
by Brensted acids. The results is consistent with the computational work by Nikbin et. al. (DFT

calculation in gas phase),'® in which the authors have shown that with Brensted acid, the reaction

59



® Conversion of 2.5-dimethylfuran
120 4 OSelectivity to p-xylene

S Selectivity to Oligomers

[ Selectiviy to 2.5-hexanedione

100 2 Selectivity to Alkylated Products

*®

60 A

40 4

Conversion / Selectivity (%)

20 4

)

200 250 300 Solvent 30(
Temperature (°C)

C

Figure 4.1 Demonstration of dimethylfuran cycloaddition at high Conversion. Increase of reaction
temperature from 200 to 300 °C with H-Y zeolite (Si/Al=2.6) and 900 psig C,Hs with pure
dimethylfuran exhibits increasing selectivity to p-xylene for high conversion of dimethylfuran,
Xpmr>90%. Yield of p-xylene further increases by the addition of n-heptane solvent (25 vol% DMF /
75 vol% n-heptane) at 300 °C.
barrier for dehydration is greatly reduced, from 59 kcal/mol to 17 kcal/mol, while the DA reaction
still renders uncatalyzed. When Lewis acid (specifically alkali ion exchanged zeolites) is modeled, the
results indicates it can slightly decrease the activation energy of the DA reaction (24.7 to 16.9
kcal/mol for Li" exchanged zeolite) and some enhancement on the dehydration step due to
stabilization of intermeidiates. The authors proposed a bifunctional catalyst featuring both Lewis
(high DA rate) and Brensted acidity (high dehydration rate) could potentially enhance the production
of p-xylene from DMF and ethylene.

Do et. al. has revealed the mechanism of the reaction over zeolite Y catalyst, as shown in Scheme
4.1."% The desired pathway, as described previously, consists of [4+2] Diels-Alder cycloaddition of
DMF and ethylene followed by a dehydration reaction to form p-xylene. Other byproduct includes 2,

5- hexanedione, a hydrolysis product from DMF, alkylated products (such as 4-propyltoluene) formed

from an alkylation reaction of ethylene and protonated cycloadduct and oligomers (such as 1, 4-
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dimethyl-2-(4-methylbenzyl)benzene) is produced from a Friedel-Craft type reaction between DMF
and cycloadduct derivatives. According to the reaction network, the author suggested by removing
water from the system, carefully selecting catalysts with adequate acid strengths and tuning dielectric
properties of the solvents, the selectivity towards p-xylene can be further enhanced. Elucidation of the
reaction pathways has revealed three competing side reactions to the main pathway to p-xylene: (1)
hydrolysis of DMF to 2,5-hexanedione, (2) secondary addition of DMF to produce dimers, and (3)
secondary reactions of ethylene to alkylated aromatics. From this analysis, further improvement in
selectivity to p-xylene can be specifically defined as: (a) elimination of the hydrolysis side reaction or
(b) reduction in secondary addition of either the dienophile (e.g. ethylene) or the diene (e.g. DMF).
Here, we examined various common zeolites (zeolite Y, ZSM-5, zeolite BEA) and acidic
catalysts (niobic acid and y-Al,O3) in this reaction to illustrate the effect from different zeolite
framework and kinds of acids on the production of p-xylene from the tandem Diels-Alder

cycloaddition/dehydration reactions.

o]
P o
ﬂ products
2, 5- hexanedione B |
"o —‘ _
wc:cﬂ:"]
e~ — o\ -H,0 7\
1“:\ J > iy ‘> HC \:-} CHs
dimethylfuran 1, 4-dimethyl-7- oxablcyclo: O' ~ p-xylene
2,2, 1hept-2-ene |
oligomers

Scheme 4.1 Simplified proposed reaction pathway of p-xylene formation from DMF and ethylene
over zeolite Y.
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4.2 Experimental
4.2.1 Catalyst preparation

CBV600 (FAU, Si/Al=2.6), CP814C (BEA, Si/Al=19), CP814E (BEA, Si/Al=12.5) and
CBV3024E (MFI, Si/Al=15) were obtained from Zeolyst. Prior to reactions, the catalysts were
calcined in a tube furnace under air flow with an online drierite tube to remove moisture present in
the gas. The calcination was carried at 550 °C for 12h with a ramping rate of 1 °C min"'. Gamma
alumina (STREM) was pretreated at 500 °C for 12h with the same ramping rate. Niobic acid (HY-

340, CBMM) was pretreated for 3 h at 100 °C.

4.2.2 Bronsted acid sites and total acid sites measurement

Physiochemical properties of the catalysts are included in Table 4.1. The numbers of Bronsted acid
site of the catalysts were determined by temperature programmed desorption (TPD) of
isopropylamine (IPA, Aldrich) in conjunction with thermal gravimetric analysis (TGA) in a thermal
analyzer (SDT600, TA instrument). Around 10 mg of catalyst was first cleaned at 550 °C for 1 h
under helium flow. After the sample cooled down at 120 °C, isopropylamine was bubbled with
helium at room temperature into the furnace for adsorbing on the catalysts. The stream was then
switched to pure helium and kept flowing for 1 h to remove weakly adsorbed species. After that, the
temperature programmed desorption/decomposition of isopropylamine was carried out with a
ramping rate of 10 °C min™ to 700 °C. The Bronsted acid site concentrations were then determined by
the weight difference between 300 °C and 400 °C, which is the temperature range corresponding the
decomposition of isopropylamine on Brensted acid sites.'"*

The numbers of total acid sites were measured by FT-IR measurement on pyridine-adsorbed
catalysts. The spectra were collected on Equinox 55 (Bruker) with a resolution of 2 cm™. Briefly, the
catalysts were loaded in the High Temperature Reaction Chamber (Harrrick) on Praying Mantis
DRIFTS attachment (Harrick) and degassed at 550 °C for 1 hr under helium flow. Pyridine vapor was

then bubbled into the chamber and contacted with the catalysts for 10 min. The catalysts were heated
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up to 150 °C and held for 1 hr under a flow of helium, and the spectra were all recorded at 120 °C.
The Bronsted/Lewis acid site ratio was determined by integrating the adsorbance bands
corresponding to Bronsted acid site (<1545 cm™) and Lewis acid site (<1454 cm™) and applications of
molar extinction coefficients (1.67 cm umol™ and 2.22 cm wmol™, respectively). Detailed procedure

can be found in the work by Emeis.'"

The numbers of total acid sites were calculated by using the
Broensted acid to Lewis acid site ratio and Brensted acid site concentrations obtained from the IPA-

TGA measurement,.

Table 4.1. Physicochemical properties of the catalysts

Catal Si/Al surf?ﬁe Na,0 content!” Brﬂr}ig?d acid Tota{ld] acid
yst Ratio® area (Wt.%) sites sites
(m’gh) 7 (mmol g™) (mmol g™)
%?;QE) 12.5 680 0.05 0.70 1.12%
%{f;ﬁc) 19 710 0.05 0.56 1.21
%gwoo) 2.6 660 0.2 0.36 0.99
H-ZSM-5
(CBV3024E) 15 405 0.05 0.71 1.10
Niobic Acid  NA 1180 - 0.05" 0.13%
y-ALO; NA 200" - - 0.21"

[a] Zeolyst; [b] D. Wang et al.'’; [c] measured by isopropylamine TPD-TGA; [d] C. L. Williams et al." [e]
pyridine FT-IR.

4.2.3 Reaction details

The detailed schematic of the reactor design can be found in our previous work."” In
dimethylfuran (DMF, Alfa Aesar or Acros Organics, >98%) reactions, 100 mL of ~1.3+0.1M of DMF
in n-heptane (Alfa Aesar, 99%) with n-tridecane (Acros Organics, 99%) was enclosed in a 160 mL
mini bench-top reactor (Parr) with 0.45+£0.05 g of catalyst, and the reaction vessel was purged by
nitrogen. For furan (Aldrich, 99%) and methylfuran (MF, Alfa Aesar, 98%) experiments, 100 mL of
1.0 M furanic feedstock in n-heptane with tridecane was used with 0.45+0.05 g of catalysts. The

mixture was then stirred at 950+50 rpm with a gas entrainment impeller to ensure facile mass transfer
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in the system and heated up to 250 °C, controlled by 4848 control unit (Parr). The reactor was then
pressurized with 14 bar (partial pressure) of ethylene gas (Airgas), and the total pressure the system
was kept at ~62 bar over the reaction period. Liquid was sampled by a double block sampling system
at designed reaction times. The composition of the sample was then analyzed on an Agilent 6890A or
7890A gas chromatograph with column equipped with flame ionization detector. The products were
identified by comparing the retention times with standard chemicals. The concentrations of alkylated
products and oligomers were estimated by using the response factor (RF) for p-xylene, toluene, or
benzene and the additive RF of the aforementioned products and the furanic feedstock (based on the
reaction scheme).'® The conversion of furanic compounds and selectivity to the products are defined
as following:

Cfurans,to - Cfurans

Xfurans (%) = 100X

Cfurans,to

C;
Selectivityproduct i(%) = 100X 5—

%i G

Cfurans + Zi Ci

Cfurams,to

Carbon balance(%) = 100x

where C is concentration of the chemicals.

4.3 Results and disucssions

As shown in Figure 4.2, initial catalytic reaction rates reveal the activity of several solid-acid
catalysts at 250 °C in heptane solvent at low conversion (Xpwmr, the conversion of DMF, <20%).
While previous studies using pure DMF reactant at 300 °C have indicated that Y-zeolite is more
active than H-BEA," the reaction with H-BEA (47 mmol (g-cat hr)") in the presence of heptane
solvent at 250 °C is at least 50% more active than H-Y zeolite. Additionally, several other catalysts
including H-ZSM-5, niobic acid, and y-Al,O; are nearly an order of magnitude less active than H-
BEA, at these conditions. Initial kinetics of solid-acid catalyzed cycloaddition in heptane solvent

support the previously proposed mechanism of p-xylene production, and highlight the importance of
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Figure 4.2 Initial reaction rates of p-xylene formation for the reaction of DMF in heptane with
ethylene (62 bar) at 250 °C with various catalysts. Si/Al ratios of catalysts shown in parentheses.

H-BEA. As shown in Figure 4.2, the initial reaction rate of p-xylene is independent of Si/Al ratios
within given materials such as BEA, which indicates that the overall reaction rate (at low conversion)
is independent of the total number of Brensted acid sites, for the considered reaction conditions.
However, it was shown previously that materials require a Bronsted acid site to exceed the rate of
cycloaddition/dehydration occurring within the non-catalyzed system."” The necessity for a Brensted
acid site for which site-density does not correlate with activity (at high catalyst loading) is consistent
with the proposed mechanism of rate-limiting, non-catalyzed Diels-Alder cycloaddition, described
previously."””. H" has been shown to exhibit no potential for decrease in the cycloaddition reaction

barrier both experimentally and by DFT.'® 16

With this in mind, comparison of H-BEA activity
(Rpwmr, the initial reaction rate of DMF, = 47+3 mmol-pX (g-cat hr)™") with other non-porous materials
such as WOx-ZrO, (Rpmyr= 50-55 mmol-pX (g-cat hr)'l) indicates comparable reaction activity at the
same temperature (250 °C)."”

The potential of H-BEA for combined cycloaddition/dehydration chemistry relative to other

materials is further revealed by long-time experiments examining high conversion of DMF. As

shown in Figure 4.3, most catalytic materials at 250 °C in heptane solvent exhibit similar behavior
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Figure 4.3 Conversion of DMF as a function of time for the reaction of DMF in heptane with ethylene
(62 bar) at 250 °C with various catalysts. Si/Al ratios of catalysts shown in parenthese.

with significant deactivation after ~10 hours. Niobic acid, y-Al,O3;, H-Y zeolite, and H-ZSM-5 all
exhibit only ~50-60% conversion after 30 hours. In contrast, H-BEA exhibits significantly different
catalytic behavior and rapidly achieves high conversion of ~90% in 10 hours for these same
conditions.

The benefit of high activity of H-BEA relative to other considered materials is higher selectivity
to p-xylene of ~90% on a carbon basis. As shown in Figure 4.4, selectivity to p-xylene increases with
DMF conversion. At Xpur = 20%, selectivity to p-xylene is only 60%, and the hydrolysis product
(2,5-hexanedione), alkylated products and oligomers comprise the remaining 40%, within
experimental error. However, as Xpyr increases to >99%, selectivity to p-xylene exceeds 90%
(concentration profiles for other catalysts can be found in Figure 4.5-8). This counter-intuitive
behavior can be partially explained by the concentration of the hydrolysis side-product, 2,5-
hexanedione, as revealed in Figure 4.4(a). For Xpmr < 60%, the concentration of all side products
increase in step with DMF conversion. However, while no change in concentration is observed for the
alkylated products and oligomers after Xpmr>80%, the concentration of 2,5-hexanedione decreases
from 0.08 M for Xpmp>60% and reduces to nearly zero concentration as Xpur>99%. This behavior is

consistent with the hydrolysis reaction equilibrium between DMF/water and 2,5-hexanedione;'"” as
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Figure 4.4 (a) Selectivity of p-xylene and concentration of 2,5-hexanedione and (b) concentration of
other products as a function of DMF conversion for the reaction of DMF in heptane with ethylene (62
bar) at 250 °C with H-BEA (Si/Al=12.5).

DMF reacts with ethylene, 2,5-hexanedione reforms DMF to maintain equilibrium. p-Xylene

formation is highly favourable thermodynamically,' '®

and all reactants including side products in
equilibrium will yield p-xylene at high conversion. This was confirmed by a separate experiment
starting with 2,5-hexandione and water in heptane in the reaction with ethylene at 250 °C, as shown
in Figure 4.9. The experiment to confirm the formation of p-xylene from 2,5-hexanedione was carried
out by using 100 mL of reactant containing 0.12 M of 2, 5-hexanedione and 1.0 M of water in

heptane with 0.5 g of H-BEA (Si/Al=12.5) at 250 °C. 2, 5-hexanedione undergoes cyclization to form

DMF even with presence of water during the heating process (point “RT” to time = 0), similar to
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Figure 4.5 Concentration of products as a function of time for the reaction of DMF over H-FAU
(S1/AI=2.6).
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Figure 4.9 Concentration of products as a function of time for the reaction of 2,5-hexanedione , water,
and ethylene over H-BEA (Si/Al=12.5) at 250 °C.

diketone cyclization described in literature,'” and the composition did not change significantly after
held at 250 °C for about 4 hrs. Once ethylene was introduced into the reactor (at 4 hours), the formed
DMF started to be converted into p-xylene, and it supports the postulation that 2,5-hexanedione, the
product from hydrolysis of DMF, can be cyclized back to DMF during the reaction and subsequently
form p-xylene. The discrepancy between the 2,5-hexanedione concentration and DMF concentration
might be a result of the condensation reaction of the diketone over the catalysts.

By the DMF hydrolysis reaction, carbon, which appears lost to the side product 2,5-hexanedione
at low conversion, is recovered and results in high selectivity to p-xylene at high conversion of DMF.
The superior performance of H-BEA for selective production of p-xylene can therefore be attributed
to: (a) its resistance to deactivation, allowing for high conversion of DMF (Figure 4.3), (b) its
superior activity relative to other solid-acid materials (Figure 4.2), and (c) its ability to catalyze
dehydration of the Diels-Alder cycloadduct without catalyzing important side reactions. p-Xylene,

once formed from DMF, does not readily isomerize to o- or m-xylene at the considered reaction
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conditions (verified on GC-FID) which provides a significant process advantage by eliminating the
expensive separation of xylene isomers.

The high activity of H-BEA is more pronounced for the conversion of DMF to p-xylene than for
the reaction of 2-methylfuran (MF)/ethylene to toluene or the reaction of furan/ethylene to benzene.
For the reaction of MF and ethylene, conversion of MF was 93% with H-BEA and 71% with H-Y
after 24 hours of reaction at identical conditions to the experiments in Figure 4.3. Similarly,
conversion of furan with ethylene was 54% with H-BEA and 50% with H-Y after 24 hours (see
Figure 4.10-13). Figure 4.14 compares the product selectivity for conversion of DMF and MF at
Xpmremr >90% and furan at X, >70% at 250 °C. While 90% selectivity to p-xylene is achieved for
conversion of DMF, only 46% selectivity to toluene and 35% selectivity to benzene are observed.
Significant loss of carbon occurs in the reaction of MF and furan due to increased reactions between
the furans forming dimers (e.g. benzofuran) and larger oligomers.'” The increase in these reactions is
likely due to the absence of methyl groups at the furan a-carbon positions, which inhibit these side

reactions.
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Figure 4.10 Conversion of MF as a function of time for the reaction of MF and ethylene over H-BEA
(Si/Al=12.5) and H-Y (Si/Al = 2.6) at 250°C.
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Figure 4.12 Conversion of furan as a function of time for the reaction of furan and ethylene over H-
BEA (Si/Al = 12.5) and H-Y (Si/Al = 2.6) at 250°C.

The discovery that H-BEA in heptane exhibits high selectivity with high catalytic reaction rate
significantly improves the potential for lignocellulosic biomass to serve as a renewable feedstock for
aromatic chemicals. Techno-economic analysis of the process to convert glucose to HMF and

eventually p-xylene indicates that the use of H-BEA addresses two of the three most important design
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Figure 4.13 Selectivity to benzene as a function of time for the reaction of furan and ethylene over H-
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. .19, 118
parameters for improved economics.

First, high selectivity to p-xylene reduces the loss of
feedstock carbon, which has been identified as the largest process cost. Second, the ability to utilize

the side product, 2,5-hexanedione, by dehydration to DMF allows for the recovery of carbon within

the process and raises the value of the ring-opened side product.
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Later, during the optimization of reaction conditions, it is observed that the turnover frequency
increase at lower catalyst loading, reaches a maximum, and start to decrease. Examine closely the raw
reaction data, it is found that there exists a dependence of the reaction rate on the amount of catalysts.
Figure 4.15 shows the initial reaction rates versus the concentration of Brensted acid sites present in
the reaction system over various catalysts, including different Si/Al ratio zeolite Beta and Y, ZSM-5
(CBV 3024, Zeolyst), Gamma alumina (STREM), niobic acid (HY-340, CBMM), tunstated zirconia

1% are tested as well. The reactions

(MEL chemicals) and 3DOm-i zeolite beta prepared in-house
were carried out in a high pressure Parr benchtop reaction operated at 250 °C, 1.4 M DMF in heptane
and ~62 bar of ethylene gas. The concentrations of Brensted acids in the catalysts are determined by

using isopropylamine TPD-TGA or literature.'> ''* %

As we can see in the plot, there are two kinetic
regimes in the reaction. When the acid concentration is low, the reaction rate is linearly dependent of
the acid concentration. However, the reaction rate does not vary and hit a plateau at high acid loading,
irrespective of catalyst applied in the reaction. The interesting phenomena can be explained by the
two-step reaction, DA cycloaddition and subsequent dehydration reactions, from DMF reacting with

ethylene to p-xylene, as shown in Scheme 3.1. In the low catalyst loading region, the reaction is

limited by dehydration reaction, while at high loading, the
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Figure 4.15 Dependence of the initial reaction rate vs. the concentration of Brensted acid present in
the system
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cycloaddition reaction is the rate-limiting step. The results once again imply that Brested acid cannot
catalyze the cycloaddition reaction, and none of the tested catalysts were able to enhance the rate of
cycloaddition. One outlier on the plot is ZSM-5, as indicated in Figure 4.15. The reaction rate of
ZSM-5 matches the plot when only acid sites on external surface are considered, and this suggests
that the cycloaddition cannot happen within the zeolite pore structure or the cycloadduct is not able to
diffuse into the zeolite and react with internal acid sites due to narrow pore openings of ZSM-5.

The particle size effect on the initial production rate of the tandem reaction was studied by
synthesizing different particle sizes of aluminosilicate zeolite Beta. Mesoporous (3DOm-i) and 200
nm zeolite Beta were prepared according to Chen et al.”® Micron-sized zeolite Beta were synthesized
based on Camblor et al.*” and the seeding growth method described in Chapter 2 to control the paricle
size. The size of the particle was determined by scanning electro microscopy, and the representative
images are shown in Figure 4.16. 3DOm-i zeolite beta consists of primary particle around 30 nm in

. . . . . 58. 119
ordered face center cubic packing, and the window size in around 10 nm.”™

The larger crystals
show typical truncated bipyrimidal morphology of zeolite Beta. Figure 4.17 reveals the initial reaction
rate of the formation of p-xylene at the same acid site concentration in the system (1.5 mM, in
dehydration limited regime), and a clear size dependence can be observed. The mesoporous and 200
nm samples shows similar reaction rate, while when large crystals were employed (> 800 nm), the
reaction rate decreases. The data suggest there exists diffusion limitation when the particle size of
zeolite Beta is larger than 800 nm. Thus, to design a suitable catalyst for the system, it should be
mesoporous or nanocrystalline for zeolite Beta to achieve high production rate of p-xylene.

The performances for different zeolites are also studied in long reaction time to investigate the
micropore structure effect. As shown in Figure 4.18, at the same concentration of Bronsted acid site,
among the catalysts, zeolite Beta shows the best performance and can avoid fast deactivation,
reaching 99 % conversion in 24 h, while the other two fail to keep up with zeolite Beta. For ZSM-5,

since only external acid sites take effect, it is rational to behave faster deactivation and showing

indications of non-efficient use of the catalyst due to relative small micropore dimensions. For zeolite

75



Figure. 4.16 SEM images for different sizes of zeolite Beta: mesoporous (3DOm-i), 200nm, 800 nm,
4.5 pm, and 6 pm.

20 -
)
5
E, [ ]
& 15 -
S o
c £
9 = | |
5 g10-
2 £
e p—
S
5 07
2 n
©
h'd
O T T 1
0.01 0.1 1 10

particle size (um)

Figure. 4.17 Rate of p-xylene production with different sizes of zeolite Beta. Reactions with 1.5 mM
of Bronsted acid sites in the reaction system (1.3 M DMF in heptane, 62 bar ethylene, 250 °C.)

Y, we hypothesize the faster deactivation is due to its super cage structure such that it facilitates

byproduct formation. Zeolite Beta’s long life might be due to its adequate pore structure. More

76



100 —

3.5 mMici/ds//

— A 4
2 80 [ ]
g '/A
% 604 M
@ A
g
o 40 v
(&)
.
= 20 —m— H-BEA (SIVAI=12.5)
o v a— H-Y(Si/AI=2.6)

0 v— ZSM-5 (Si/AI=15)

0 6 12 18 24

Time (hr)

Figure. 4.18 Reaction kinetics of zeolite Beta, zeolite Y and ZSM-5 in DMF to p-xylene reaction. The
reaction conditions are described previously.

importantly, the selectivity to p-xylene in detectable compounds can reach 90% (on a carbon basis) at
99% conversion of DMF for zeolite Beta, as shown in Figure 4.4. These data clearly suggest that the
pore structure indeed impact the Diels-Alder cycloaddition/dehydration tandem reaction to form p-

xylene, and zeolite Beta presents the most promising performance.
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CHAPTER 5
LEWIS ACID ZEOLITES CATALYZE PRODUCTION OF RENEWABLE PARA-
XYLENE FROM 2,5-DIMETHYLFURAN AND ETHYLENE
5.1 Background
p-Xylene is an important commodity chemical for the synthesis of terephthalic acid which is the
monomer for synthesis of polyethylene terephthalate (PET). PET has been widely utilized to
commercially manufacture synthetic fibers and plastic bottles due to their outstanding mechanical and

chemical properties. > 2" 1%

As the third largest chemical in volume on the world produced from
petroleum-derived feedstock (catalytic reforming of naphtha) and the increasing demand (6-8 % per
year),6 there are now ongoing worldwide efforts developing alternative routes for producing p-xylene

. 14, 15, 17, 48, 123-128
from renewable biomass resources.

For example, Lyons et al. demonstrated that p-
xylene can be synthesized from ethylene (from dehydration of bio-ethanol) by a multi-step reaction
pathway including trimerization of ethylene, Diels-Alder reaction of 2,4-hexadiene with ethylene and
dehydrogenation of 3,6-dimethylcyclohexene; Shiramizu and Toste also reported that p-xylene can be
selectively produced from 2,5-dimethylfuran (DMF, from hydrogenolysis of cellulosic biomass-
derived 5-hydroxymethylfurfural (HMF)) and acrolein (from glycerol, a biodiesel byproduct).*® %6

In our previous studies we have reported a renewable reaction pathway to produce p-xylene from
lignocellulosic biomass over solid acid catalysts. The Diels-Alder dehydration reaction pathway
includes the cycloaddition of biomass-derived dimethylfuran (DMF) with ethylene, and subsequent
dehydration of the formed Diels-Alder adduct to p-xylene (Scheme 1), 141618, 120 Competing reactions
involving hydrolysis of DMF to 2,5-hexanedione and reactions between the cycloadduct, DMF
(oligomers) and ethylene (alkylated products).'® The reaction network can be 100% based on biomass
resources since DMF can be produced from the hydrolysis of cellulose followed by dehydration of

glucose or fructose to HMF, and hydrodeoxygenation of HMF to DMF', and ethylene can be

produced from the dehydration of bio-ethanol.'” ** We have demonstrated that a nearly 90%
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selectivity of p-xylene can be achieved by running the Diels-Alder dehydration reaction over
Bronsted acid zeolite catalysts (i.e. AI-BEA zeolite) in n-heptane solvent environment."* Toluene and
benzene can also be produced with a similar chemistry, but starting with 2-methylfuran and furan,
respectively. Computational study (density functional theory (DFT) or quantum mechanics/molecular
mechanics (QM/MM)) revealed that the formation of oxanorbornene cycloadduct intermediate by the
addition of ethylene to DMF may not be catalyzed by Bronsted acid of zeolite catalysts.' "*" 13
However, the Bronsted acid of zeolite catalyst can effectively catalyze the dehydration of the
cycloadduct intermediate and decrease the activation energy from 58-60 kcal/mol to 14-19 kcal/mol,

leading to a significantly increased reaction rate.' ' '*!

Although Brensted acid zeolite catalysts
exhibit promising catalytic performance, the relatively slow reaction rate compared with
homogeneous catalyst and catalyst deactivation present technical challenges for the
commercialization of the catalytic process. The slow reaction rate is partially due to the tandem
reaction pathway and the uncatalyzed Diels-Alder reaction. The catalyst deactivation observed over
Brensted acid zeolite catalysts is mainly due to the hydrolysis of DMF to 2,5-hexanedione and

formation of alkylated and oligomer side products. There are thus persistent needs for improving the

reaction rate by developing catalysts which can catalyze the Diels-Alder reaction to increase the

0
/u\“/\ﬂ/
o) <:> \
+H,0 | -H,0 5
HzC:CHz‘

Scheme 5.1 Simplified reaction scheme for synthesis of p-xylene from DMF and ethylene. 1: DMF;
2: cycloadduct; 3: p-xylene; 4: 2,5-hexanedione; 5: representative alkylated product; 6: representative
oligomer.



production rate of cycloadduct intermediate, and better dehydration catalyst for reducing the side
product formation.
Several previous studies have suggested that Lewis acid can coordinate with dienes to catalyze

48-52

the Diels-Alder reaction. DFT study on the production of p-xylene from DMF also suggested that

Lewis acid can coordinate with ethylene to catalyze the Diels Alder reaction to form cycloadduct

18, 53

intermediate, oxanorbornene. In addition, experimental and theoretical studies have also

suggested that solid Lewis acid catalysts are capable of catalyzing the dehydration of cycloadduct

183355 Using Fe'"-exchanged montmorillonite K10 clay as a Lewis

intermediate and other alcohols.
acid catalyst for the aromatization of oxabicyclic derivatives has also been reported.’>*® Lewis acid
zeolite catalysts, in particular Sn-BEA and Zr-BEA, have also shown superior catalytic activity for
the synthesis of terephthalic acid via Diels-Alder reactions with oxidized variants of 5-
hydroxymethylfurfural.”’

Motivated by the experimental and theoretical studies, Lewis acid catalysts were employed in the
Diels-Alder cycloaddition-dehydration reaction pathway for producing p-xylene from DMF and
ethylene. We demonstrated that Lewis acid zeolite catalysts are active for producing p-xylene due to
their catalytic activities for both Diels-Alder cycloaddition and dehydration reactions. Zr-BEA
catalyst, in particular, exhibited a high selectivity of 90% to p-xylene and slow deactivation due to the
low production rate for the hydrolysis by-product, 2,5-hexanedione. It is also evidenced that Zr-BEA
can effectively enhance the formation of cycloadduct from DMF and ethylene, resulting in the highest
p-xylene production rate.

5.2 Experimental

5.2.1 Preparation of the catalysts

The solid Lewis acid zeolite catalysts employed in this study were prepared according to previous
35,90, 112

published research and Chapter 2 based on a seeded growth method developed for Sn-BEA.

5.2.1.1 Preparation of Zr-BEA
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Typically, a portion of 23.72 g tetraethylorthosilicate (TEOS, 99%, Alfa Aesar) was added to 27.39 g
of tetraecthylammonium hydroxide solution (TEAOH, 35 wt.%, SACHEM) and magnetically stirred
in a plastic beaker. After a homogeneous solution was obtained (about 1 h), 0.3 g of zirconium(IV)
oxychloride octahydrate (ZrOCl,*8H,0, Sigma-Aldrich) was dissolved in 1.92 g water and added
dropwise into the silicate solution. The mixture was kept stirring in a fumed hood until desired
amount of water and ethanol (generated from hydrolysis of TEOS) were evaporated. To this solution,
1.712 mL of zeolite BEA seed suspension (0.163 g of seed crystal per mL; corresponding to 4 wt.%
seed with respect to silica) was added and mixed with a plastic spatula. Lastly, 2.36 mL of
hydrofluoric acid (49 %, Alfa Aesar) was added and mixed with a plastic spatula, and a hard gel was
formed. The final composition of the gel is SiO,: 0.008 ZrO,: 0.56 TEAOH: 0.56 HF: 7.5 H,O. The
hard gel was transferred to Teflon lined stainless steel autoclave and heated in a preheated convection
oven at 140 °C for 4 days with 2 rpm rotation. The solids were washed with 1 L of deionized water by
filtration and dried in an 80 °C oven overnight. The organic template was removed by calcining the
as-made catalyst at 550 °C with a ramping rate of 1 °C/min for 12 h under flowing dry air (Grade 0.1,

Middlesex Gases & Technologies, Inc.).

5.2.1.2 Preparation of Sn-BEA
Please see Chapter 2 for the details. The sample was prepared at 140 °C for 4 day. The organic
template was removed by calcining the as-made catalyst at 550 °C with a ramping rate of 1 °C/min

for 12 h under flowing dry air.

5.2.1.3 Preparation of Ti-BEA

Typically, a portion of 24.66 g of TEOS was added to a mixture of 26.76 g of TEAOH solution and
4.24 g of hydrogen peroxide solution (H,O,, 30 %, Fisher) and magnetically stirred in a plastic
beaker. After a homogeneous solution was obtained (about 1 h), 0.45 g of Titanium (IV) ethoxide

(Aldrich) was added dropwise into the silicate solution. The mixture was kept stirring in a fumed
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hood until desired amount of water and ethanol were evaporated. To this solution, 1.708 mL of zeolite
BEA seed suspension (corresponding to 4 wt.% seed with respect to silica) was added and mixed with
a plastic spatula. Lastly, 2.306 mL of hydrofluoric acid (49 %, Alfa Aesar) was added and mixed with
a plastic spatula, and a hard gel formed. The final composition of the gel is SiO,: 0.008 TiO,: 0.54
TEAOH: 0.54 HF: 7.5 H,O. The hard gel was transferred to Teflon lined stainless steel autoclave and
heated in a preheated convection oven at 140 °C for 8 days with 2 rpm rotation. The solids were
washed with 1 L of deionized water by filtration and dried in an 80 °C oven overnight. The organic
template was removed by calcining the as-made catalyst at 550 °C with a ramping rate of 1 °C/min

for 12 h under flowing dry air.

5.2.1.3 Preparation of AI-BEA
Aluminosilicate zeolite BEA (CP814E, Si/Al=12.5) was obtained from Zeolyst for comparison. The
catalyst was calcined at 550 °C with a ramping rate of 1 °C/min for 12 h under flowing dry air prior

to the reaction.

5.2.2 Characterizations of the catalysts

The crystalline phase of the Lewis acid catalysts were examined by powder x-ray diffraction
(PXRD) on a diffractometer (X’Pert Pro, PANalytic) operated at a voltage of 40 kV and a current of
45 mA with an X’cellerator detector scanning from 4° to 40°. The amount of Lewis acid site in the
Lewis acid zeolites was determined by diethylether temperature programmed desorption
thermogravimetric anlaysis (TPD-TGA) except for Ti-BEA. Ti-BEA interacted weakly with the
probe molecules, and can’t provide the Lewis acid site information. The elemental analyses were
carried out in Analytical Geochemistry Lab, Department of Earth Sciences in University of

Minnesota using ICP-OES (iCAP 6500 duo view, Thermo Scientific).

5.2.3 Reaction tests
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The protocol is the same as described in Chapter 4 and in our previous reports.'* !>

Typically in
DMF (Alfa Aesar) reactions, 100 mL of 1.3 M of DMF in n-heptane (Alfa Aesar) with 0.08 M n-
tridecane (Alfa Aesar) was enclosed in a 160 mL bench-top reactor (Parr), and the reaction vessel was
purged by nitrogen. The acid concentration present in the system was defined as the total acid site
number of the catalyst divided by the reactant volume. The mixture was then stirred at 1000 rpm with
a gas entrainment impeller to ensure facile mass transfer in the system and heated up to 250 °C,
controlled by 4848 control unit (Parr). The reactor was then pressurized with 38 bar (partial pressure)
of ethylene gas (Airgas), and the total pressure the system was kept at 62 bar over the reaction period.
Liquid was withdrawn by a double block sampling system at designed reaction times. The
composition of the sample was then analyzed on an Agilent 6890A gas chromatograph with a Rtx-
VMS (Restek) column equipped with flame ionization detector. The products (DMF, p-xylene, 2,5-
hexanedione) were identified by comparing the retention times with standard chemicals. The
concentrations of alkylated products and oligomers were estimated by using the response factor (RF)
for p-xylene and the additive RF of p-xylene and the DMF (based on the reaction scheme),
respectively.'® Cycloadduct of DMF and ethylene was identified on a GC/MS system (5890 GC/5972
series mass selective detector, HP) and by comparing the electron ionization spectrum to literature,

and the concentration of the cycloadduct was estimated by using the RF for p-xylene.'® The

conversion of DMF and selectivity to the products are defined as following:

CpmF.to—CDMF

XpMF (%) = 100X (5.1)
CpMF .ty
Selectivity;(%) = 100X =t (5.2)
! 2i(Ci—City) ’
Yield; (%) = 100x —= (5.3)
CpMF ity

where ty is the time after ethylene added to the reactor and C; is concentration of the chemical .
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For the reaction carried out with 2,5-hexanedione, 0.2 M of diketone (Alfa Aesar) was added with
1.4 M DMF solution in n-heptane. The reactor was purged with N, heated to 250 °C and held at 250

°C for 1 h prior to addition of ethylene (62 bar).

5.3 Results and discussions

To demonstrate the catalytic activity of solid Lewis acid catalysts for the Diels-Alder dehydration
reaction pathway, siliceous zeolite BEA with substituted metal atoms (Zr-, Sn-, and Ti-BEA) at
framework positions were prepared according to the methods reported in literature and applied in the
reaction. Other conventional metal oxide catalysts including ZrO,, SnO,, TiO, were also tested in the
reaction. The corresponding XRD patterns for the Lewis acid zeolites used in this study are shown in
Figure 5.1. Typical reflections for zeolite BEA were observed for all samples, and no impurity phase
(i.e., metal oxides) was detected, indicating high-quality crystals were obtained. The acid site
concentrations of the Lewis acid zeolites were determined by the Si/M ratio obtained from elemental
analysis measurement (ICP-OES), and further confirmed by diethylether TPD-TGA measurement

(Table 5.1). It has been known that diethylether forms 1:1 complex pair with Lewis acid site (Sn

Ti-BEA

Zr-BEA

L Sn-BEA

5 10 15 20 25 30 35 40
2 Theta

Intensity(a.u.)

Figure 5.1 XRD patterns for Sn-, Zr-, and Ti-BEA. Typical reflections for zeolite BEA were observed
for all samples, and no impurity phase (i.e., metal oxides) was detected, indicating high-quality
crystals were obtained.
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center) in Sn-BEA catalyst, and desorbs from the Sn site at the temperatures from 350K to 450K.
Measuring the weight change between the temperatures can provide the amount of Lewis acid sites in
the samples.54 Diethylether TPD-TGA-MS results obtained from Sn-BEA, Zr-BEA and Ti-BEA
catalysts are shown in Figure 5.2. Mass to charge ratio 31 was recorded due to that it is the most
abundant species for diethylether using eletron ionization. As shown in Table 5.1, the TPD-TGA
measurements for Sn- and Zr-BEA show good agreement with the elemental analysis, while the
measurement for Ti-BEA shows a lower acid site density than the Ti concentration in the sample
determined by the elemental analysis (40 pmol/g vs. 129 pmol/g). This may be due to the weak
interaction between diethylether and Ti site in the Ti-BEA sample, resulting in desorption of the
probe molecule from the sample in vacuo prior to heating. For AlI-BEA, isopropylamine TPD-TGA

133 The amount of Bronsted

was employed to obtain the Bronsted acid site concentration, 620 umol/g.
acid site in the AI-BEA is lower than the Al concentration indicating the presence of extra framework
Al in the sample. Contribution from extra framework Al species was neglected due to low activity
from Al,O; according to our previous report, summarized in Chapter 4.'"* For the reaction rate
calculations, the acid site concentrations determined by TPD-TGA analysis were used. Due to the

weak adsorption of Ti-BEA to diethylether, the Ti concentration determined by element analysis was

used in the reaction rate calculations.

Table 5.1 Acid site density of the zeolites

Si/T Acid site density (umol/g)
Catalyst ICP ICP Chemical TPD”
Zr-BEA 168 98 95
Sn-BEA 126 130 120
Ti-BEA 128 129 40
Al-BEA 12.5° 1230 620°
‘Zeolyst

®Diethylether TPD except for otherwise noted
‘Isopropylamine TPD for Bronsted acid sites

85



(a) (b)

120
100

pmol/g

= =
& g
2 2z
z ‘Z
= =
3 2
= V/ =

300 400 500 600 700 800 300 400 500 600 700 800

Temperature (K) Temperature (K)

(c)

120

100
o 80
g
E 60

40

20

0

—31
— 59

0.8
3
o
>06
2
20.4

0.2

0300 400 500 600 700
Temperature/K

Figure 5.2 Diethylether TPD data for (a) Zr-, (b) Ti-, and (c) Sn-BEA. In each figure, top plot shows
the TGA data, and the bottom depicts the signal from mass spectrometer (MS) recording during
desorption. Under electron ionization, m/e=31 is the most abundant species (m/e=59 is the second
largest) of diethylether recorded from MS, so it was used as indication of desorption of diethylether.
Figure 5.3 reveals the reaction profiles for yield and selectivity to p-xylene with respect to DMF
conversion over different catalysts at the same acid site amount (1 mM) in the reaction system (1.4 M
DMF in heptane and 62 bar of ethylene) at 250 °C. Interestingly, all tested Lewis acid zeolites are
able to catalyze the reactions to produce p-xylene. This is apparently attributed to the Lewis acidity
from the isolated metal atoms located in the zeolite frameworks, as metal oxides (ZrO,, SnO,, and

TiO,) and pure siliceous BEA do not show considerable catalytic activity, as shown in Figure 5.4."

Among all the tested catalysts, Zr-BEA shows superior performance with 80% selectivity to p-xylene
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at 80% conversion of DMF (Figure 5.3(b)) in 24 hrs. Sn-, Ti-, and AI-BEA, however, deactivated
noticeably faster, and only reach about 60% of DMF conversion after 24 hr reaction with lower
selectivity to p-xylene. Furthermore, Zr-BEA yielded ~33 % more p-xylene than Al-BEA at 60%
conversion (Figure 5.3(c)). It is worth noting that the activity of Sn-MFI is considerably lower (8
mM/hr; Table 5.2) at the same conditions, as it converts less than 20 % of DMF after 24 hr reaction,
which highlights the uniqueness of zeolite BEA structure for this reaction. The result is consistent
with our previous report'* which suggested the small micropore structure of ZSM-5 is not favorable
for the reaction and implies either the Diels-Alder reaction could not be catalyzed or the formed
cycloadduct intermediate could not easily diffuse within the micropore structures of MFI resulting in

a significant diffusion limitation.
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Figure 5.3 (a) Kinetics of conversion of DMF and (b) selectivity and (c) yield to p-xylene as a
function of DMF conversion for the reaction of DMF and ethylene at 1 mM acid loading of Sn-BEA,
Zr-BEA, and Ti-BEA as well as AI-BEA.
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Figure 5.4 DMF conversion versus time for SnO,, TiO,, and ZrO,. Reaction conditions are the same
with the Lewis acid zeolites except for the amount of catalyst used (0.8 g for metal oxides).

Table 5.2 Summary of reaction results for the catalysts®

Catalyst Rate of p- DMF p-Xylene
xylene conversion yield after
production after 24 hr 24 hr
(mM/hr)

Al-BEA 122+ 11 55+3.7 30+£0.5

Sn-BEA 113+£6.8 63+0.1 43+ 1.8

Zr-BEA 121 +£4.9 83+ 1.6 61+1.5

Ti-BEA 65+11.2 60+3.5 41+45

Sn-MFI 8 17 17

SnO, 0.6 2 0.3

ZrO, 0.7 2 0.5

TiO, 1.1 3 1.4

‘Reaction conditions: 1 mM acid (0.8 g for metal
oxides), 1.4 M DMF in n-heptane, 62 bar ethylene, 250
°C

The byproduct distributions for the reactions over the Lewis acid zeolite catalysts and Bronsted
acid zeolite catalyst are shown in Figure 5.5. As shown in the plot, Sn-BEA preferentially catalyzes
the side reactions and produces more hydrolysis product, 2,5-hexanedione, and oligomers at lower
conversion, which explains the low p-xylene selectivity for Sn-BEA. Zr-BEA, however, is able to

minimize the hydrolysis of DMF, showing low 2,5-hexanedione yield at all conversion (Figure.

5.5(a)). In addition, Zr-BEA also minimizes the formation of oligomers (Figure 5.5(b)) but promotes
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the reactions between cycloadduct and ethylene, giving the highest yield for alkylated products
(Figure 5.5(c)). AlI-BEA, on the other hand, produces small amount of oligomer and more 2,5-
hexanedione and alkylated products. At low conversions, strong Bronsted acidity of AI-BEA can
effectively catalyze the hydrolysis reaction of DMF, which explains the even lower p-xylene
selectivity at high catalyst loading shown later. All the results suggest that using Zr-BEA is beneficial
at low conversion of DMF due to its low activity for catalyzing side reaction of hydrolysis of DMF.
The reaction results reveal that the characteristics of the acid type can manipulate the product
distributions by affecting the reaction rates between the competing reaction pathways, while the

selectivity towards p-xylene for all catalysts are not significantly different at high conversion of

DMF.
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Figure 5.5 Yield of (a) 2, 5 hexanedione, (b) oligomers and (c) alkylated products as a function of

DMF conversion for the reaction of DMF in heptane with ethylene (62 bar) at 250 °C with various

catalysts Sn-BEA, Zr-BEA, and Ti-BEA as well as AI-BEA with 1 mM acid concentration.
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In order to understand the effects of active site concentration on the reaction system, a high
loading of Zr-BEA catalyst (acid concentration of 3.1 mM) was studied and compared to Brensted
acid zeolite catalyst, AI-BEA. It was found that the kinetics of DMF conversion and overall p-xylene
yield were very similar (Figure 5.6) between Zr-BEA and AI-BEA, but the selectivity to p-xylene for
Zr-BEA is significantly higher at low conversion (80% vs. 60%). The discrepancy is much larger
compared to low acid loading case which is due to the low activity of Zr-BEA for catalyzing the
hydrolysis reaction of DMF. Zr-BEA reaches highest selectivity of p-xylene (~90 %) at the full
conversion of DMF at acid concentration of 3.5 mM, which is similar to the previous reported p-
xylene selectivity achieved over AI-BEA. It has to be noted that the AI-BEA exhibits extra
framework Al which is likely inactive for the reaction since Al,O3 didn’t show noticeable activity in
the reaction test."*
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Figure 5.6 (a) Kinetics of conversion of DMF, (b) selectivity, and (c) yield to p-xylene as a function
of DMF conversion for the reaction of DMF at high acid loading of Zr-BEA (3.5 mM) and AI-BEA
(3.1 mM).
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Figure 5.7 shows the plot of rate of production of p-xylene versus acid site concentration for
different catalysts. Reaction rates were deliberately presented on a volumetric basis of mM/hr (rather
than TOF), due to previous work which indicated experimental conditions whereby the overall

141531 At low acid site concentration, the rate of p-

reaction was limited by an uncatalyzed reaction.
xylene production is proportional to the acid concentration and reaches a maximum when the acid site
concentration is higher than ~2.5 mM for both Brensted acid, AI-BEA, and Lewis acid zeolites, Sn-
BEA and Zr-BEA. This is consistent with our recent report on the kinetic study for the same system

P! The kinetic behavior and rate dependence on acid site concentration was

using zeolite Y.
interpreted as a transition in the rate controlling reaction. The overall reaction from DMF and
ethylene to p-xylene is a sequence of Diels-Alder cycloaddition of ethylene and DMF followed by
subsequent dehydration of the cycloadduct. At low acid site concentration, the overall rate is
controlled by dehydration reaction due to insufficient quantity of catalytic sites; at high acid site

loadings, the reaction is limited by the cycloaddition reaction, which results in the plateau (i.e.

maximum reaction rate) of p-xylene production.
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Figure 5.7 p-Xylene production rate with the active site amount for Zr-BEA, Sn-BEA, Ti-BEA and
AI-BEA for the reaction of DMF in n-heptane with ethylene (62 bar) at 250 °C. The rate is calculated
at < 20% conversion of DMF. Dash line is a guide to the eyes.
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The activity of the catalysts was compared using the turnover frequencies (TOF) calculated at
dehydration-limited region (linear dependent region) using the production rate of p-xylene normalized
with the amount of acid sites of the catalysts (only Bronsted acid sites were considered for AI-BEA).
Interestingly, Zr-BEA shows higher TOF (121 + 4.9 hr'') than Sn-BEA (113 + 6.8 hr') and Ti-BEA
(65 + 11 hr'"), and is similar to AI-BEA (122 + 11 hr™). Apparent activation energy (E, .pp) of the
reaction in the dehydration-limited region over Zr-BEA (0.78 mM) was determined by constructing
an Arrhenius plot, shown in Figure 5.8. The measured E, ., is 45.5 kJ/mol, which is close to the

valued that Patet et al. reported for zeolite Y (45.2 kJ/mol).""

The results suggest that Zr-BEA is an
efficient catalyst for this sequential reaction to produce p-xylene. The result was unexpected since it
has been known that Lewis acid zeolites are not efficient dehydration catalysts for several alcohols
compared with Brensted acid zeolites.** Our control experiment for dehydration of cyclohexanol to
cyclohexene using AlI-BEA and Zr-BEA also indicates that Al-BEA is superior in dehydration

reactions (Figure 5.9). Further study on the catalytic activity of Zr-BEA for the dehydration from to

p-xylene is necessary in order further improving the catalytic system.
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Figure 5.8 Arrhenius plot for Zr-BEA at 0.78 mM acid concentration, 1.3 M DMF, 62 bar ethylene.
The reaction rates were calculated at conversion of DMF < 20 %.
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Figure 5.9 Production rate of cyclohexene from cyclohexanol over Al- and Zr-BEA. Conditions: 0.1
M cyclohexanol in 1,4-dioxane, 0.02 g catalyst, 200 °C for 30 min.

Despite significant catalytic differences under dehydration-controlling reaction conditions, only
subtle differences were observed between Lewis acid catalysts within the ‘plateau region” (catalyst
independent region, >2.5 mM acid sites in Figure 5.7) where the Diels-Alder reaction controls the
overall rate. Comparing the formation rates of p-xylene, Zr-BEA exhibited about 10-20% higher
production rate than Sn-BEA and AI-BEA, which might indicate a slight enhancement in catalysis of
the Diels-Alder reaction. However, the enhancement of the overall reaction with Lewis acids is
minor; variation of the Lewis acid site concentration for either Sn-BEA or Zr-BEA (3.5-5.0 mM acid
sites in Figure 5.7) did not result in measurable differences in overall rate.

To confirm the limited catalytic activity of Zr-BEA for the Diels-Alder reaction, the
concentration of cycloadduct produced from the Diels-Alder reaction during the reaction was
monitored at low catalyst loadings. The formation of the DMF/ethylene cycloadduct was confirmed
by reactor liquid sampling and compositional characterization via GC/MS (Figure 5.10). As shown in
Figure 5.11, the Lewis acid zeolites are moderately more active to catalyze the Diels-Alder reaction
compared to AI-BEA, and they produce slightly higher cycloadduct intermediate concentration during
the tandem reaction than AI-BEA. In particular, Zr-BEA produced the most cycloadduct intermediate

throughout the reaction while exhibiting the same initial production rate of p-xylene as Al-BEA
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Figure 5.9 GC chromatogram and electron ionization (EI) spectrum of cycloadduct. The reaction
mixture was taken at 30 min reaction time for Zr-BEA at 1 mM acid loading under usual reaction
conditions. The EI spectrum is consistent with previous report.'®
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Figure 5.10 Yield of cycloadduct versus DMF conversion (1. 3 M DMF in heptane, 250 °C, 62 bar
ethylene). The concentration of cycloadduct was estimated by using the response factor of p-xylene.
The acid concentration is 1 mM for all.

(Figure 5.7), possibly revealing Zr center is moderately effective for the cycloaddition reaction and
less efficient for dehydration reaction.

In the p-xylene selectivity plot (Figure 5.3), it was observed that both Lewis and Brensted acid
zeolite catalysts exhibit a counter-intuitive behavior of increasing selectivity to p-xylene with DMF
conversion. For the Zr-BEA catalyst, the selectivity to p-xylene at the DMF conversion of 20% is
around 60%, while it increases to 80% at higher conversion. The phenomena has been observed for
the Bronsted acid zeolite, AI-BEA, which was attributed to the equilibrium-driven formation of DMF
from its hydrolysis byproduct, 2,5-hexanedione, and the formation of the thermodynamically stable
final product, p-xylene, from cycloaddition-dehydration reaction pathway during the proceeding of
the reaction.'® It has been suggested by Do et al. that 2,5-hexanedione formed from the hydrolysis of
DMF can cause catalyst deactivation by forming insoluble surface condensates via acid catalyzed
aldol-type reactions.'® In order to further understand the slow deactivation of Zr-BEA in the reaction,
2,5-hexanedione (0.2 M) was intentionally added in the reaction mixture as a reactant with Zr-BEA
and AI-BEA catalysts (at 1 mM acid concentration). The reaction mixture were well mixed and
heated at 250 °C under nitrogen for 1 hr prior to the addition of ethylene. The changes in the

concentration of 2, 5-hexanedione and p-xylene with the reaction time are shown in Figure 5.11. It
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Figure 5.11 The concentration evolution of 2, 5 hexanedione (2, 5-hex) and p-xylene with time for the
deactivation-simulated reaction with 2, 5 hexanedione added with DMF as reactant for AI-BEA and
Zr-BEA. The reaction mixture was heated at 250 °C under N, for 1 h before ethylene (62 bar) was
introduced into the reactor. Acid concentration is 1 mM in the system.

was found that with increasing the temperature, the concentration of 2,5-hexanedione quickly
decreases over both Zr-BEA and AI-BEA catalysts. After 1 hr at 250 °C, the concentration of 2,5-
hexanedione is 0.05 M for Al-BEA catalyst and 0.1 M for Zr-BEA catalyst, indicating a faster
reaction rate of 2,5-hexanedione over the Brensted acid zeolite catalyst. After the introduction of
ethylene, p-xylene was produced in both cases. Zr-BEA shows higher p-xylene formation rate than
AI-BEA (56 mM/hr vs. 35 mM/hr). However, the production rates of p-xylene are significantly lower
than the one achieved without adding 2,5-hexanedione at the beginning of the reaction (120 mM/hr).
In addition, it was observed that during the reaction the concentration of DMF does not increase with
the decrease of 2,5-hexanedione, which indicates that 2,5-hexanedione didn’t undergo a dehydration
reaction to form DMF under the reaction conditions (Figure 5.12). The results clearly suggest that the
addition of 2,5-hexanedione indeed cause the catalyst deactivation, in particular for Brensted acid
zeolite catalyst, AI-BEA. Zr- BEA, however, deactivated slower under the same conditions. It could
be due to weaker acid sites on Zr-BEA compared to Al-BEA which is not efficient to catalyze the

condensation reactions of 2,5-hexanedione to form carbonaceous species on the catalysts. Hence, the

longer catalyst life (slower deactivation) of Zr-BEA may be attributed to (1) slower production rate of
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Figure 5.12 (a) DMF, (b) alkylated products and oligomers concentration evolution with intentional
addition of 2, 5-hexanedione into initial reactant solution. The concentration of DMF for AI-BEA and
Zr-BEA during the time holding at 250 °C is invariant or slightly decreasing, which suggesting the
decrease of diketone is not due to dehydration reaction to form DMF.

2,5-hexanedione (Figure 5.5) and (2) weaker acid sites that are not efficient for catalyzing
condensation reactions of 2,5-hexanedione (Figure 5.11).
The cycloaddition/dehydrative aromatization chemistry can be extended to 2-methylfuran (MF)

14, 120, 133
and furan to produce toluene and benzene. ™

Due to lack of protecting methyl groups on the
furan o-carbon, the yields of toluene and benzene were generally lower than the reaction for

producing p-xylene from DMF. As shown in Figure 7, the conversion of MF and yield of toluene

achieved over Zr-BEA catalyst were slightly higher than Al-BEA after a 24 hour reaction. However,
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the selectivity to toluene was similar, which indicates that Zr-BEA can prevent fast catalyst

deactivation but does
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Figure 5.13 MF conversion, toluene yield, and toluene selectivity for the reaction of MF and ethylene
with Zr-BEA and Al-BEA after 24 hr reaction. The reaction involves 1.4 M of MF in n-heptane with
62 bar of ethylene at 250 °C. The acid concentration for both catalysts is 0.8 mM.

not significantly enhance the production rate of toluene (70 vs. 68 mM/hr toluene production rate for
Zr-BEA and AI-BEA, respectively). In the reaction with furan, Zr-BEA only produced ~5% of
benzene after 24 hr reaction (~70 % conversion), revealing that Lewis acid zeolite (Zr-BEA) is not
effective in improving the yield of benzene. Overall, the performance of Zr-BEA was slightly better
in furan and MF reactions in terms of catalyst life, but they exhibited no significant difference with

regard to selectivity of benzene and toluene when compared with Al-BEA.

In summary, solid Lewis acid zeolites including Zr-, Sn-, and Ti-BEA were evaluated in p-xylene
production from DMF and ethylene. Lewis acids are shown to be able to catalyze the aromatizative
dehydration reaction. It is found that, Lewis acids shows longer life time than AI-BEA, and Zr-BEA
shows best performance by displaying high turnover frequencies and slow deactivation, which could

be attributed to its low selectivity to hydrolysis product, 2,5-hexandione and weaker acid site nature
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to prevent surface reaction of diketone. It is also demonstrated the production rate of p-xylene is
dependent of the amount of Lewis acid catalysts at low loading and independent of that at high
loading due to the nature of the tandem reaction, which is similar to the observations with Brensted
acid catalysts. Finally, it is revealed that Zr-BEA moderately promotes the Diels-Alder cycloaddition
reaction by producing more oxanorbornene while being a less efficient dehydration catalyst, and it
results in mild enhancement of p-xylene production by ~10-20 % compared to AI-BEA. Current
findings can guide to design efficient and long-lasting catalysts for the Diels-Alder

cycloaddition/dehydration reactions
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CHAPTER 6
CONCLUSIONS

In the first part, the thesis concerned about the issue of synthesis of an interesting Lewis acid
catalyst, Sn-Beta, demonstrated high activity in glucose isomerization reaction in water and attempted
to alleviate the key problems in the field: lengthy crystallization time and the utilization of
hydrofluoric acid. A seeded growth method was successfully invented and it was found that, with
crystalline, well-defined, and well-dispersed zeolite beta seeds, the crystallization time to form highly
crystalline Sn-Beta can be substantially shortened from more than 200 hr to 3 hr at elevated
temperature. By controlling the water content in the synthesis gel, 1 hr crystallization can yield high
quality crystals at 200 °C. Temporal crystallization study demonstrates that the addition of the seed
greatly reduced the energy barrier of the induction period of crystallization process, and the induction
time is greatly decreased. The synthesized materials exhibit the same catalytic activity in
isomerization reaction of glucose to fructose in water compared to the sample obtained from the
conventional method. It was demonstrated Sn was incorporated into the zeolite framework without
detectable extraframework Sn species. Final crystal size can be finely tuned using this highly
reproducible approach. The method is expected to be able to extend to the synthesis of other metal
substituted zeolite Beta catalysts. The findings here can facilitate the market-viability, exploration of
novel applications, and further understanding of local Sn structure of Sn-Beta.

Furthermore, a fluoride-free route in a caustic medium (dry gel conversion method, DGC) was
successfully demonstrated for the first time for direct synthesis of Al-free Sn-Beta. The parameter
studies have highlighted the key roles of seeding and alkali ions, without which no pure Sn-Beta
crystals can be obtained, likely due to their structure leading and compensation of charge from
organic structure directing agent (OSDA), respectively. It has shown that ion-exchange with
ammonium ion is critical to preserve the formed crystalline structure upon removal of occluded

OSDA, which is explained by the structure instability when alkali ions locate within the structure at
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high temperature. Finally, although the characterizations of Sn environment indicate the sample
possess mostly framework Sn without evident presence of extraframework species, the catalytic
activities in sugar isomerization reactions are lower than Sn-Beta made from fluoride medium. The
discrepancy in activity of the two materials might be a combined effect from the difference in local
Sn environment and hydrophobicity of the surface. The novel method provides an alternative and
more environmentally benign approach to synthesize Sn-Beta zeolite.

In the second part, development of catalysts for the renewable pathway to produce p-xylene, a
primary precursor for polyethylene terephthalate, from 2,5-dimethylfuran (DMF) and ethylene was
reported. It is shown that zeolite Beta exhibits superior catalytic performances to catalyze the tandem
Diels-Alder cycloaddition of DMF and ethylene and dehydration of the cycloadduct to yield p-xylene.
It shows great resistance to deactivation compared to zeolite Y and ZSM-5, and it able to reach 90 %
selectivity to p-xylene at 99 % conversion of DMF. Hydrolysis product of DMF, 2,5-hexanedione,
dehydrates to DMF at high DMF conversion owing to equilibrium, and it allows the initial carbon
loss to recover and results in high selectivity. Besides, it is found that the production rate of p-xylene
is dependent on the amount of the catalysts and shows a linear dependence on the Brensted acid
concentration in the system at low catalyst loadings, while the rate is zero-order dependent at high
catalyst loadings, exhibiting a maxium rate universal for all catalysts. The phenomenon is explained
by a transition in kinetic control reaction from dehydration reaction limited (low loading) to Diels-
Alder cycloaddition reaction limited (high loading). The results indicate a need for an exceptional
catalyst by featuring the bifuncation active sites that can efficiently catalyze cycloaddition and
dehydration reactions.

Finally, Lewis acid catalysts were examined in the tandem cycloaddition/dehydration reactions of
DMF and ethylene to produce p-xylene. The data suggest that the Lewis acids (Sn-, Zr-, and Ti-Beta)
are able to catalyze the reaction to form p-xylene. Zr- and Sn-Beta are particularly effective, giving
similar rate of p-xylene production to zeolite Beta (aluminosilicate, Bronsted acid). The transition of

kinetic control reaction also holds for the Lewis acid catalysts. It is noteworthy that, in general, Lewis
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acid catalysts shows better recalcitrance to deactivation, and Zr-Beta is the best among tested
catalysts. The slow deactivation of Zr-Beta may be resulted from its low activity to hydrolysis
reaction of DMF to 2,5-hexanedione and weak acidity which is insufficient to catalyze surface
condensation reaction. In addition, Zr-Beta can reach high yield (76 %) and high selectivity (90 %) to
p-xylene at 99 % conversion of DMF. Zr-Beta also exhibits 10-20 % higher production rate of p-
xylene due to its effectiveness for catalyzing Diels-Alder reaction and moderate activity for
dehydration reaction. The discovery could lead to rational design of the efficient catalysts for the
tandem cycloaddition/dehydration reaction for renewable p-xylene production and highlights the

potential benefit of applications of Lewis acid catalysts.
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CHAPTER 7

SUGGESTED FUTURE DIRECTIONS

While an efficient method of synthesis was invented, the crystallization process of Sn-Beta is still
poorly understood. Understanding the crystallization in fluoride medium is crucial to rationally design
synthesis strategy to target zeolite materials. In particular, the study on the crystallization in fluoride
medium (solid like precursor) is scarce compared to the hydroxide system. This might be partly due
to the nature of the synthesis gel that hinders the observation of the process, as the “clear solution”
form of the synthesis precursor has been studied more extensively, where scattering techniques are

allowed to follow the nucleation process in situ.>">'

To study the crystallization behavior of Sn-Beta
from fluoride medium, the research would focus on analysis of the precursor gel and the evolution of
gel structure change with function of time. Raman spectroscopy is particularly sensitive technique to

the ring structures of silica, and it will be an important tool in the study.*""*> %

Another technique
could be used to study the crystallization would be high energy X-ray diffraction (HEXRD). The
technique has been shown to be able to resolve medium-range order in amorphous material (the
zeolite precursors), that is, the distribution of the ring structures formed by silicate and aluminate,
thanks to high X-ray energies in advanced synchrotron radiation facilities. Using the method,
Wakihara et al. was able to reveal the medium range order of secondary amorphous phase prior to
zeolite crystallization.137 For example, combined with Monte Carlo simulartion, it was revealed that
6-membered ring (6R) and 4-membered ring (4R) were dominated species in the synthesis precurosrs
of zeolite A, while the formation of double 4-membered ring (D4R) is the last step of crystallization.
The change of the morphology and distribution of Sn can be monitored using electron microscopy
techniques to provide macro scale view and to infer how the precursor interact with existing crystals

and how/when Sn incorporates into the framework. The local atom/molecule environment (Si, Sn, F,

and structure directing agent) can be studied by solid-state NMR technique. It is particularly
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interesting to know how Sn reacts in the synthesis gel, but it is particularly challenging due to the low
natural abundance of NMR responsive 193, usually resulting in poor spectrum quality even with few
days continuous measurement. Synthesizing the material with enriched Sn could circumvent the
problem. However, ''’Sn enriched precursors are not readily available and pricey, and the enriched
precursor might not be in the same chemical form as usual Sn source (tin metal or tin dichloride
rather than tin tetrachloride). Recently, dynamic nuclear polarization (DNP) NMR technique has been
used in characterization of Sn-Beta with natural abundance of Sn, and the measurement can be done

in the order of hours.*® ¥

With this technique, it could be possible to efficiently probe the local
environment of Sn(IV) during the course of crystallization, providing unprecedented insight to
incorporation of Sn into *BEA framework. It is suggested that Si-Beta (pure siliceous sample) and
Sn-Beta should be studied side by side and contrast each other. It is expected the set of experiments
can help us comprehend (1) the mechanism of crystal growth of zeolite Beta in fluoride medium and
(2) the role of Sn incorporation in the synthesis. It is also of interest to study the detail crystallization
mechanism of Sn-Beta from dry gel conversion method, which occurs under caustic medium, using
the techniques mentioned above. Inagaki et al. has done an impressive work on study the formation of
zeolite Beta (aluminosilicate) by elucidating the medium range structure during the crystal formation
by combining high energy X-ray diffraction and Raman spectroscopy.”*’ The study is then expected
to provide the knowledge of the difference between the crystal growth from caustic and fluoride
media.

Another direction is to extend the tandem Diels-Alder cycloaddition/dehydration reaction using
different bio-renewable substrates to form functionalized aromatics with Lewis acid catalysts.
Paccheco et al. has demonstrated similar chemistry can be applied to 5-hydroxymethylfurfural
oxidized variants and ethylene to form para functionalized aromatics, which can be precursors to

terephthalic acid.””'*’

It is shown that the functional groups on the furan ring affect the stability and
activity of the dienes in the Diels-Alder reactions. A recent effort ongoing in our lab is to locate a

diene that features easy preparation from biomass, stability at high temperature, and electron donating
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groups that could facilitate the cycloaddition reaction to further improve the rate and yield to the

product that can be used to form terephthalic acid.
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