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Preface

Preface

This Ph.D. dissertation describes the work performed in the period from May 2016 to May 2019 at the Centre
for Catalysis and Sustainable Chemistry, Department of Chemistry of the Technical University of Denmark
(DTU). The work was patt of the project CatZBioChem supported by the Innovation Fund Denmark and
involving the collaboration of Haldor Topsee A/S and Perstorp AB. The work was supervised by Prof. Anders
Riisager (DTU) and Dr. Esben Taarning (HTAS). In addition, scientists from university and companies helped
in the project and their contributes are highlighted in the Acknowledgements and in the different chapters.

The thesis is divided into 7 chapters. Chapter 1 gives an overview of the state of the art of the research for the
conversion of carbohydrates into chemical products using zeolites as the catalysts. Zeolitic materials and their
use as Lewis acidic catalysts for the production of different bio-based compounds are introduced and the aim
of the project of the thesis is explained. In Chapter 2, the experimental methods used for obtaining the results
are explained in detail. The discussion of the results is presented in Chapters 3 to 6, each chapter includes a
short introduction and conclusions relative to the different topics in order to facilitate the reading and the
understanding of results of the different subjects. The project included the study of different processes for the
conversion of carbohydrates into chemical products and the study of the preparation and characterization of
the catalysts. First, the results describing the conversion of carbohydrates are explained. Chapter 3 describes
the conversion of hexoses and Chapter 4 the conversion of glycolaldehyde. The last two chapters include the
description of the results relative to the synthesis and characterization of the catalysts and the effect of
modifications in the catalytic system is presented. Chapter 5 describes the synthesis of the stannosilicate
catalysts and Chapter 6 the characterization of their structures, including modifications. Finally, Chapter 7
provides overall conclusions of the work.

Irene Tosi
Kgs. Lyngby, Denmark,
May 2019
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Abstract

Abstract

The current society is highly dependent on materials derived from fossil feedstock, but the emergent
environmental issues impose urgent changes in the production of chemicals. However, the transition to the use
of sustainable sources requires the development of new technologies capable of processing the chemical
functionality of the new starting materials. The Cat2BioChem project aimed to develop methodologies for the
production of bio-based monomer polymers. In particular, the work performed in this thesis focused on the
conversion of carbohydrates into different hydroxy esters using stannosilicate catalysts. The study started with
understanding the already known process for the production of methyl lactate from hexoses using Sn-Beta
zeolite as the catalyst. Methyl lactate is the monomer of polylactic acid, the most common bio-based
biodegradable plastic, and the optimization of the parameters of the chemocatalytic production process can
widen the applicability of the material.

The use of 1D and 2D NMR techniques allowed following the formation of intermediates and products over
time. In the thesis, the role of methyl glycosides during the conversion of carbohydrates in methanol using
zeolite catalysts is discussed in detail and a kinetic model for the formation of methyl lactate from hexoses is
proposed. Fructose was identified as central reactive specie during the reaction starting from both sucrose and
glucose. Thus, a method for the production of fructose from the cheaper and more available sucrose using
commercial zeolite catalysts is also presented. The work continued with the study of the conversion of
glycolaldehyde under similar conditions to the process for methyl lactate considered previously. In this case,
the ability of the Lewis acidic catalyst to promote aldolic pathways led to the formation of a four-carbon
hydroxy ester, methyl vinyl glycolate (MVG), as the main product. The molecule of MVG includes
functionalities interesting for polymer applications and represents a new building block for the creation of
bio-based materials. Different parameters involved in the process were studied and a kinetic model for the

formation of MVG from glycoladehyde is currently under investigation.

The last part of the thesis focuses on the optimization of the catalytic system used for the conversion of
carbohydrates into hydroxy esters. Modifications in the procedure for the synthesis of Sn-Beta zeolite can
improve the performances of the catalyst and facilitate the application in industrial processes. Thus, the effect
of different parameters involved during the preparation of the catalysts was explored. Mesoporous
stannosilicates showed improved activity during the conversion of large substrates at short times. Moreover,
the catalytic materials were characterized using different techniques in order to investigate the structure-activity
relation. The study analyzed the interaction between the catalyst and additives, such as alkali salts, in order to
achieve better understanding of the structures active in the formation of the desired products and help in the
future design of new catalysts. In conclusion, this thesis contributes to enlarge the current knowledge about the
processes for the production of bio-based monomers, explaining the parameters relevant for the conversion of
carbohydrates and considering routes for the optimization of the catalytic system.







Resumé

Resumeé

Samfundet er i dag meget afhengig af kemikalier og materialer produceret fra fossile og ikke-vedvarende
ressourcer, men voksende miljohensyn kraever hastige forandringer til mere baredygtig produktion.
Overgangen til brug af vedvarende ressourcer kraver udvikling af nye teknologier, der kan omdanne
funktionaliteten af disse nye udgangsmaterialer. Cat2BioChem projektets mal var, at udvikle metoder til
produktion af bio-baserede monomere til polymere. Forskningsarbejdet der er udfert i denne afhandling
fokuserede 1 szrdeleshed pa at omdanne kulhydrater til forskellige hydroxyestere ved brug af stannosilikat
katalysatorer. Studiet blev indledt med opbygning af forstdelse af den allerede kendte proces for produktion af
methyllaktat fra hexoser ved brug af en Sn-Beta zeolit som katalysator. Methyllaktat er et monomerisk derivat
af polymeren polylaktat syre, som er den mest anvendte bio-baserede bionedbrydelige plastic. Optimering af
proces parametre for den kemokatalytisk fremstilling af methyllaktat kan potentielt udbrede anvendelsen af det
polymeriske materiale.

Anvendelse af 1D og 2D NMR spektroskopi gjorde det muligt at folge dannelsen af intermediater og produkter
over tid under methyllaktat processen. Athandlingen indeholder en detaljeret diskussion af methylglykosiders
rolle i zeolitkatalyseret omdannelse af kulhydrater i methanol, og der blev opstillet en kinetisk model for
dannelsen af methyllaktat fra hexoser. Fruktose blev identificeret som et centralt reaktivt specie biade ved
omdannelse af sukrose og glukose. Ud fra dette blev en metode udviklet til fremstilling af fruktose fra den
billigere og lettere tilgaengelige sukrose ved brug af kommercielle zeolitkatalysatorer. Omdannelse af
glykolaldehyd blev endvidere studeret med udgangspunkt i de diskuterede reaktionsbetingelser anvendt for
dannelsen af methyllaktat fra hexoser. I dette tilfeelde fremmede katalysatorens Lewis sure egenskaber aldol
kondensations reaktionsveje og dannelse af hydroxyesteren methylvinylglykolat (MVG) med fire kulstofatomer
som hovedprodukt. MVG molekylet indeholder funktionelle grupper, som er interessante for molekylets
anvendelse til polymere, hvilket gor MV G til en byggesten for nye bio-baserede materialer. Adskillige parametre
blev studeret for reaktionen, og en kinetisk model for dannelsen af MVG fra glykolaldehyd er under udvikling.

I den sidste del af athandlingen blev fokuseret pa optimering af det katalytiske system anvendt til omdannelse
af kulhydrater til hydroxyestere. Ved at modificere syntesen af Sn-Beta zeolitten kan katalysatorens prastation
forbedres, hvorved anvendelsen i industrielle processer forenkles. Derfor blev effekten af forskellige parametre
i katalysatorsyntesen undersogt. Mesoporose stannosilikater udviste oget katalytisk aktivitet ved omdannelse af
store substrater over kort tid. Det katalytiske materiale blev karakteriseret ved brug af forskellige tekniker for
at undersoge sammenhxngen mellem struktur og aktivitet. Undersogelserne analyserede interaktionen mellem
katalysatoren og additiver sisom alkalisalte for at opnd bedre strukturel forstielse af de aktive centre involveret
i dannelsen af enskede produkter, og for at bidrage til fremtidig design af katalysatorer.

Samlet set bidrager denne afthandling med ny viden og indsigt omkring processer til at producere bio-baserede
monomere fra kulhydrater ved at give resultater, der forklarer relevante parametre for omdannelsen af
kulhydrater og betragter veje til at optimere det katalytiske system.
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[DR] Sn-USY : Tin zeotype with the USY
framework modified by "dissolution-
reassembly" procedure
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framework modified by "surfactant template”
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1D : 1-Dimensional

2D : 2-Dimensional

3DE : 3-Deoxy esters
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3DL: 3-Deoxy lactones
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DFT : Density-Function Theory

DHA : Dihydroxyacetone

DMSO : Dimethyl sulfoxide
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ERU : Erythrulose

Fru : Fructose

FT-IR : Fourier-Transform Infrared Spectroscopy

GA : Glycolaldehyde

GA-DMA : Glycolaldehyde dimethyl acetal

GA-HA : Glycolaldehyde hemiacetal

GLA: Glyceraldehyde

Glu : Glucose

HBL : Hydroxy-butyrolactone

HFCS : High-Fructose Corn Syrup

HMF : 5-Hydroxymethylfurfural

HSQC : Heteronuclear Single-Quantum
Coherence

MAS : Magic-Angle Spinning

Me-fru : Methyl fructosides

Me-glu : Methyl glucosides

MGA-DMA : Methyl glycolaldehyde dimethyl
acetal

ML : Methyl lactate

MMHB : Methyl-4-methoxy-2-hydroxybutanoate

MVG : Methyl vinyl glycolate

MVP : Meerwein-Ponndorf-Valery
NMR : Nuclear Magnetic Resonance
NPA : n-Propylamine

PAL : Pyruvaldehyde

List of Abbreviations
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chloride

PLA : Polylactic Acid

SEM : Scanning Electron Microscopy
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Sn-MFI : Tin zeotype with MFI framework

Sn-USY : Tin zeotype with the USY framework

SSIE : Solid-State lon-Exchange

TCD : Thermal Conductivity Detector

TEAOCH : Tetraethylammonium hydroxide

TEOS : Tetraethyl orthosilicate

THM : 2,5,6-Trihydroxy-3-hexanoate

Ti-Beta : Titanium zeotype with the *BEA
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TOCSY : Total Correlation Spectroscopy

TPD : Temperature-Programmed Desorption

TS-1:Titanium Silicalite-1
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XRF : X-Ray Fluorescence
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Chapter 1 Introduction

Chapter 1

Introduction

This chapter aims to give a general overview on the subjects studied in this work. Previous work has been
carried out on the conversion of carbohydrates catalyzed by zeolites and this introduction can include only a
short summary of few examples. The chapter is divided into three sections, representing the two main research
fields of this thesis and a brief overview of the project. The first section includes a discussion on zeolite and
zeotype catalysts, with particular attention to stannosilicates and Sn-Beta zeolites. The second section analyzes
reactions and processes for the conversion of carbohydrates into bio-based chemical products. Finally, the third
section explains the aim of the thesis and the guidelines used during the project.

1.1 Zeolites and Zeotypes

Zeolites and zeotypes are commonly used in heterogeneous catalysis. They are known as mineral enzymes,! as
they are inorganic crystalline materials, formed by the regular arrangement of channels and cages, leading to a
porous structure with highly defined dimensions. The regular porosity allows high selectivity when zeolites are
used as catalysts and, thus, they find applications in a wide range of industrial processes.? In this section, a short
introduction on materials, synthesis and modifications of zeolites is presented. In particular, the use of Lewis
acidic zeolites in catalysis is considered. In fact, the research of processes for the conversion of polar and
extensively functionalized molecules present in biomass needs catalysts with activity different from materials
used for the conversion of hydrocarbons. Lewis acidity is usually a desired feature, because it allows the
coordination and the activation of compounds rich in polar functional groups, such as carbohydrates.3* During
the last decade, the study for the preparation of stannosilicates and the activity of Sn-Beta zeolites has
represented a central topic in heterogeneous catalysis.> Finally, the section includes an overview on the methods

of catalyst deactivation.

1.1.1 Zeolites as solid acid catalyst

Zeolites are microporous crystalline silicoaluminates. Their structure is made of TOy tetrahedra (T= Si, Al)
interconnected by shared-corner oxygens.® Different connections lead to different spatial arrangements of
channels and cages, giving different porous structures called zeolite frameworks. The International Zeolite
Association (IZA) is responsible for identifying and classifying each framework with a three-letter code. In
2017, 236 structures were available, 40 of which were natural.” Due to their unique regular porosity and their
ability to exchange ions, zeolites find many applications as adsorbents, ion-exchangers and catalysts.2 The
presence of well-defined channels introduced the concept of shape-selectivity in heterogeneous catalysis.
Different types of selectivity in molecular sieves were illustrated in 1984 by M. Csicsery.® Shape selectivity
occurs when only part of the reactants can diffuse in, and part of the products can diffuse out of the pores
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because of their dimensions. Besides the selectivity for products and reactants, the pathway of the reaction is
also determined by transition-state selectivity. In this case, products derived from bulky transition states are not
formed. Thus, reactions catalyzed by zeolites are highly selective for the compounds with shapes and
dimensions matching the catalyst porous structure.

Traditionally, the most important application of zeolites as catalyst in industry is the use of zeolite Y for fluid
catalytic cracking of petroleum hydrocarbons.” Zeolites are known as solid acids. The presence of Al** in the
framework introduces a negative charge, which is balanced by the presence of a counter-ion (Figure 1.1).
Commercial products are available in the NH4*, Na* and H* forms. These ions are mobile and can be easily
exchanged, allowing applications as ion-exchange materials.?2 When the H-form of a zeolite is in solution, it can
leach the proton and behave as profon donor, according to the Bronsted-Lowry definition of acid. The acid sites
of a zeolite are, thus, proportional to the content of aluminum.! Moreover, aluminum can form a Lewis acidic
center and confer both types of acidity (Bronsted and Lewis acidity) to the material. Typically, Lewis acidic
properties are induced by thermal treatments, which dislocate the aluminum from the framework, creating
extra-framework Lewis acidic sites. These properties are fundamental to the catalytic activities.!?
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Figure 1.1. Simplification of the zeolitic framework.

1.1.2 Preparations and modifications of zeolites

In the last 50 years, plenty of synthetic procedures have been proposed for the preparation of zeolites.!! Union
Carbide commercialized the highly aluminum-rich zeolites A and X in 1959.12 After the first studies by Barrer
and Milton,'? the hydrothermal process became the most popular process for the general synthesis of porous
inorganic materials. Hydrothermal synthesis consists in the treatment of the aqueous mixtures of the precursors
under conditions of high temperature and pressures in a closed environment. Preparations are performed in
alkaline media in order to increase the solubility of silicon and aluminum sources and they involve the use of
an organic template able to direct the order of the structure. Other proposed routes are the solvothermal and
ionothermal synthesis,'? in which different solvents, such as ethers or ionic liquid, are used.

After the commercialization of zeolitic materials, post-synthetic modifications became also important routes
for the preparation of catalysts from zeolites. Hydrothermal procedures often involve harsh reaction conditions,
such as high temperatures and pressures or extremely alkaline solutions. Thus, #gp-down modifications allow the
preparation of materials with different properties starting from commercially available products.’ The most
common treatments consist in the alkaline desilication and the acidic dealumination. Both demetallation
approaches remove framework elements and modify the Si/Al ratio. Since the acidic properties depend strictly
on the content of aluminum, the procedures change the acidity of the starting zeolite. The procedures thus
introduce vacancies and enlarge the zeolite cavities by the formation of “holes” in the framework. However,
such treatments are often difficult to control and lead to the formation of extra-framework species.!3
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1.1.3 Mesoporous zeolites

Microporous (pore width < 20 A) catalysts can suffer from diffusional limitations for substrates and products,
and can be limited in the conversion of bulky substrates. Biomass is mainly formed by natural homo- and
heteropolymers. Thus, large-pores zeolites find more applications than small-pores zeolites as catalysts for
biorefinery processes.!¢ For this reason, research on mesoporous and hierarchical catalysts has lately become a
central topic in heterogeneous catalysis. Moreover, large-pore catalysts have longer time-lifes compared to their
microporous counterparts, because the effect of deactivation by accumulation of carbon residues (coke) and
obstruction of the porosity has a reduced impact in larger cavities.!” In general, the term mesopores refers to
cavities with dimensions of 20-500 A. On the other hand, the term “hierarchical” means the regular
interconnection of channels with different dimensions. In hierarchical zeolites, the two levels of porosity act
synergistically in catalysis, mesopores avoid diffusional limitations and micropores limit the reaction space.!8
Many research groups have focused on finding effective methodologies for the preparation of hierarchical
zeolites.!” In general, it is possible to distinguish bottom-up and top-down procedures (Table 1.1). Bottom-up
procedures consist in the modifications of the hydrothermal synthesis of zeolites and usually include the use of
templates that direct the synthesis (hard templating, soft templating or non-templating methods). After
crystallization, the templates are removed by calcination or dissolution.!8

On the other hand, 7op-down procedures start from microporous materials and involve post-synthetic treatments
in order to introduce a secondary porosity. They include demetallation, delamination or recrystallization of the
starting materials.!® Post-synthetic modifications include treatments with steam,?’ acids or bases and also more
sophisticated approaches. The most common method involves a basic treatment,?! which leads to the leaching
of structural Si and creates “holes” in the framework. The simple desilication by alkaline treatment is not easily
controllable and often requires the use of external pore-directing agents.?! Notably, the demetallation
(desilication and dealumination) changes other properties of the zeolite, such as the acidity. Moreover, the
demetallation approach introduces defects in the zeolite framework, which still have an unclear role in
catalysis.2! Recently, crystal rearrangement by surfactant templating has received much attention as effective
post-synthetic protocols for tuning the porosity of solids in a controlled way.?> The term defines approaches in
which an amphiphilic molecule (surfactant) acts as template in the reorganization of the zeolite structural units.
The method can follow either two-step protocols or direct mesostructuring. In the first case, the zeolite is first
dissolved in a base, and then reassembled in a hydrothermal process in the presence of the template.?? In the
second case, the direct mesostructuring involves the treatment of the zeolite with the surfactant in alkaline
media. This latter process allows obtaining highly organized hierarchical structures.?

Table 1.1. Most common bottom-up and fop-down procedures for the preparation of mesoporous zeolites.!”

Bottom-up procedures Top-down procedures

Hard-templating Desilication
Soft-templating Dealumination
Non-templating Recrystalization

1.1.4 Zeotypes and Lewis acidic zeolites

Zeolites are able to exchange ions in solution and they can leach protons or gain other counter-ions, such as
Na* or NH4*. In zeolites, aluminum in different coordination sites is the most commonly responsible element
for Lewis acidic behaviors.1? Extra-framework aluminum is usually present in small amounts as a synthetic
defect or it can be introduced by post-synthetic treatments, which partially break the structure.'> Zeotypes are
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defined as the zeolitic materials that lack in aluminum. They can be constituted only by silica or contain metals
able to replace the aluminum in the framework.?>

Silica-based zeotypes are called Silicalites. In theory, these materials do not possess any Bronsted acidity, since
the framework is neutral. Silicates have mostly been used in catalysis as supports of active species such as
encapsulated metal nanoparticles.?6?” On the other hand, metals with Lewis acidic properties can replace the
aluminum in a zeolite matrix leading to Lewis acidic zeolites. The most common metals used in such
replacements are Ti, Ga, Zr, Zn and Sn. In this case, the proton donor behavior of the material is suppressed, but
the structure acquires high coordinative ability. In general, the introduction of a Lewis acidic metal allows the
coordination and activation of electron-rich groups, such as hydroxy groups. For this reason, Lewis acidic sites
have been widely explored for the conversion of biomass-derived compounds such as sugars, which contain
many polar functional groups.?

In Titanium Silicalite-1 (TS-1), the titanium is incorporated into an aluminum-free MFI zeolite framework and
TS-1 has found great success in industry as a catalyst for processes of partial oxidation.?8 TS-1 was first
discovered in 1983 by Taramasso et al.? It showed excellent properties as catalyst for the oxidation of alcohols
and epoxidation of olefins, becoming rapidly a commercial system for the production of catechol and
hydroquinone from phenol3® Thereafter, the synthesis of a titanium zeolite with a Beta framework was
proposed.’! Ti-Beta presented lower catalytic activity compared TS-1, but the larger porosity allowed a more
efficient oxidation of bulky molecules.3? Zinc zeolites have also been investigated, since zinc is the active site
of several homogeneous complexes and natural enzymes and they have shown good catalytic activity as Lewis
acidic catalysts.?> Zirconium has also been studied as Lewis acidic center in zeolites, resulting in high catalytic
activity for the MPVO reaction using Zr-Beta.’*

Examples of introduction of tin into zeolite frameworks were reported since the early 90s,3> but the discovery
of the first synthesis of Sn-Beta zeolites is ascribed to Corma et al. in 2001.3¢ Since then, the acidic properties
and catalytic activity of the material have been investigated extensively.’” First, Sn-Beta received has much
attention for the excellent catalytic properties in oxidations and reductions. Sn-Beta has shown high
chemoselectivity in Baeyer-Villiger oxidations of ketones with hydrogen peroxide oxidant.?03% Afterwards, it
has been used for the catalysis of different types of reactions, such as Meerwein-Ponndeorf-Verlery® and
Oppenauer oxidation (Figure 1.2).4041 More recently, Sn-Beta zeolites have been studied for their ability to
promote the conversion of carbohydrates, creating new opportunities for the replacement of enzymatic
processes with heterogeneous catalysis in the production of chemicals from renewable sources.*? Sn-Beta
zeolites have shown high catalytic activity in the isomerization of glucose to fructose*’ and in the production
of lactates from carbohydrates.*
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Figure 1.2. Redox reactions catalyzed by Sn-Beta zeolites a) Baeyer-Villiger Oxidation of cyclohexanone to e-caprolactone’® and b)
Meerwein-Ponndorf-Valery Reduction of clyclohexanone with 2-butanol.

Thus, tin-containing zeolites are considered the most active and promising materials for the transformations of
biomasses. Stannosilicates have been largely studied in their preparation methodologies and catalytic
properties.> Although studies for the incorporation of tin into different types of frameworks are available in
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literature,*>4¢ Sn-Beta zeolites are commonly considered the most active catalysts. Recently, modifications of
Sn-Beta zeolites, in which alkali metals are incorporated into the Beta zeolite framework during the synthesis,
have shown to influence the selectivity during processes for the conversion of biomasses.*” The effect of alkali
ions on zeotypes was already reported for TS-1.48 The presence of alkali metal ions during the synthesis of TS-1
catalysts leads to inactive materials. However, if added in small amounts in the epoxidation reaction media, they
influence the selectivity. Alkali ions change the catalytic activity of zeotypes by modifying the active sites by
ion-exchange with protons in the framework.4

1.1.5 Preparation of Sn-Beta zeolites

Sn-Beta zeolites can be prepared following different approaches. In bottomr-up (hydrothermal synthesis)
procedures, a gel formed by a mixture of the silica source, the tin precursor, water and the organic template is
prepared. The crystallization of the mixture requires the use of a mineralizing agent (HF). Fluoride mineralizers
are often used for the preparation of zeotypes containing metals different from Al**.%0 In fact, the fluoride
creates stable dissolvable complexes with most metals and avoids their precipitation as hydroxides or oxides in
the aqueous media of the synthesis.!" The use of HF, the long times required for the crystallization and the
formation of large crystals (>1 pm) are the main drawbacks of the hydrothermal procedure. The crystallization
time can be slightly tuned by adjusting the parameters of the synthesis. It has been demonstrateds' that the
water content of the initial gel affects the duration of the crystallization and reduced times are achieved by the
use of low amounts of water. The final materials show the same coordination of tin and catalytic activity for
different water contents in the gel.>! On the other hand, the amount of tin influences the duration of the
preparation and the shape of the crystals.>? Short times can be used for samples containing low amounts of tin,
but the resulting materials have less active sites per gram of catalyst. Other methods proposed for the reduction
of the duration of the crystallization are the use of zeolite seeds or steam-assisted crystallizations.5*

In order to overcome the disadvantages of the hydrothermal synthesis, other procedures towards Sn-Beta
zeolites have been investigated. In 2012, Hammond et al.5 proposed a #p-down (post-synthetic) procedure for
the synthesis of Sn-Beta zeolites. The commercial aluminum-containing Beta zeolite can be dealuminated by
acidic treatment with HNOj; at 100 °C. After the treatment, the zeolite contains vacancies in the framework,
which can host a new coordinated metal, such as tin (Scheme 1.1). The content of aluminum in the final material
can be tuned by changing the time of the treatment, which can result in the preparation of multifunctional
zeolites, containing both Lewis and Brensted acid sites.5 The procedure has been applied for the preparation
of Lewis acidic zeolites containing different metal centers.5’
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Scheme 1.1. Post-synthetic procedure for Sn-Beta synthesis in agreement with Hammond et al.5

Several methodologies have been studied for the incorporation of tin inside the dealuminated zeolite. Grafting
with solvents® or vapors,>»% wet impregnation® and Solid-State Ion-Exchange (SSIE)> are the procedures
proposed (Table 1.2). Different procedures lead to different incorporation of tin and different activity.6162 The
hydrothermal synthesis usually present a more efficient incorporation of the tin compared to post-synthetic
procedures, resulting in higher catalytic activity of the final materials.®3 Post-synthetic procedures can lead to
materials with small crystals and allow the incorporation of high amounts of tin. However, the resulting
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materials are more hydrophilic than hydrothermal catalysts due to the presence of many defects in the
framework.®* On the other hand, the procedure is simple and scalable.’> Thus, the procedure allows a wide
range of applications for industrial-level productions and most of the catalysts studied in this work were
prepared using this method.

Table 1.2. Methods for the post-synthetic incorporation of tin in dealuminated zeolites

Method Description
Grafting with The dealuminated zeolite was dehydrated and suspended in isopropanol and SnCls-5H20.
solvents The suspension was refluxed under N2 for 7 hours.%®
Grafting with SnCl4 The dealuminated zeolite was reacted with anhydrous SnClsat 100 °C under inert
vapors atmosphere overnight.59.60
Solid-State

The dealuminated zeolite was grinded with tin(ll) acetate for 15 minutes.>®
lon-Exchange

1.1.6 Active sites in Sn-Beta zeolites

Many spectroscopic studies and theoretical calculations have been performed in order to characterize the active
sites in Sn-Beta zeolites and to correlate them to the catalytic performance.%>¢7 Tin can be incorporated in the
framework of Beta zeolites in different ways and the identification of the structures of the active sites is essential
for the understanding of the structure-activity relation.®® Different synthetic procedures lead to the formation
of different materials with different activity.®?> Generally, hydrothermal Sn-Beta zeolites have hydrophobic and
defect-free frameworks, while post-synthetic Sn-Beta zeolites have hydrophilic defective frameworks, resulting
in different catalytic activity. Thus, the tin can be incorporated at different crystallographic sites in the zeolites
and different environments,” leading to different catalytic proprieties.

First, Boronat at al.™ introduced the distinction between two different types of coordination that were identified
as representative for different catalytic activity. In the first case, the tin finds oxygen-tetracoordination in a fully
saturated environment, which is referred as “closed active site”. In the second case, the tin finds oxygen-
tetracoordination in a partially hydrolyzed environment and is called “open active site”. It has been shown that
the two sites have different acidic strength and catalytic activity. In particular, open sites have shown stronger
interaction with probes for the Lewis acidity in FT-IR analysis”™ and they have been identified as the mainly
responsible catalyst active sites for the isomerization of glucose.” 72 Similar sites with different reactivity have
been previously described for TS-1 catalysts.”> However, this description is only a simplified overview. “Closed”
and “open” sites have been identified in dehydrated samples,’ but they have also shown flexible coordination
during catalysis in solution.” The “closed sites” in solution can partially hydrolyze, resulting in a “hydrolyzed-
open site” (Figure 1.3).7¢ Moreover, the tin can be incorporated into a Beta zeolitic framework in nine different
crystallographic positions, called “T sites”.%> Recently, the incorporation of the tin in at least six “T’ sites” was
identified by ""Sn Magic-Angle Spinning (MAS) NMR spectroscopy by Kolyagin et al.?> “Open” sites in
different T geometries have shown different stability and acidic behavior.”” Thus, for identifying the nature of
an active site, presence of defects, hydrolysis and position in the framework need to be considered in order to
rationalize the activity of different sites.%
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Figure 1.3. Open and close tin active sites in Sn-Beta zeolites, in agreement with Yakimov A. V. et al.76
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The hydroxy groups next to the tin active site have a central role in the catalytic activity of Sn-Beta zeolites.
The isomerization of glucose catalyzed by Sn-Beta zeolite has been used as reference process for the analysis
of the structure-activity relation of the catalyst in many studies.”8 Results have been in agreement with the
identification of the essential role of the hydroxy groups during the activation of the substrate iz multidentate
coordination and the promotion of the hydride shift.”® The hydroxy groups can derive from the presence of
internal silanols due to structural defects or from the adsorption of water molecules.” Thus, the different
methods of preparation leading to different level of structural defects can be central for the activity. Moreover,
the use of different solvents can determine the formation of hydroxy groups iz situ during the reaction.8

The synergic activity of the hydroxy groups in the vicinity of the tin has also been identified as a responsible
factor for preferential activity for the isomerization or the epimerization of glucose catalyzed by Sn-Beta
zeolites.8! In fact, the transition states for the two processes are different and it has been calculated that,
differently from the case of the isomerization reaction, the Bilik-type transition state has lower activation energy
in the absence of a hydroxy group.8! The model can also explain the shift in selectivity from the isomerization
of glucose to the epimerization upon post-synthetic exchange with alkali ions.8283 The alkali ion acts by
exchange with the proton of a hydroxy group and eliminates the coordinative ability. The process has been
studied by the use of tin silesquioxanes as references for open active sites in Sn-Beta zeolites and results have
suggested that the hydroxy groups crucial for the catalysis of isomerization and epimerization are associated
with silanols adjacent to the tin.8485 Analogously, the same group has studied the catalytic activity of methyl-
ligated silsesquioxanes as models for “closed” tin sites in Sn-Beta reporting significant low rates for the
isomerization of glucose using this catalytic system.8¢ The computational model proposes a reaction pathway
that involves the cleavage of the Si-O-5n bond, resulting in slower reaction rates compared to the use of Sn-Beta
catalysts containing “open’ sites.5

The interaction between Sn-Beta catalysts and the alkali salts has been investigated by FT-IR experiments.
Otomo et al.8” have explored the adsorption of deuterated acetonitrile on hydrothermal Sn-Beta modified by
different alkali metals. The presence of alkali ions weakens the tin sites and the interaction of different ions is
correlated to the size of the ion. Moreover, FT-IR characterizations have shown that the alkali metals interact
with the silanols by ion-exchange. Density-Function Theory (DFT) calculations have demonstrated that water
assumes an important role during the catalysis by the coordination around the cation, which affects the
interaction between catalyst and substrate.

Understanding how different distributions of the active sites influence the catalytic activity of the material is
essential for the development of highly productive catalytic systems. In fact, the presence of spectator sites can
decrease the turnover frequency of the catalyst®” and sites involved in competitive reactions can decrease
productivity and selectivity.” However, the development of spectroscopic techniques capable of studying the
tin sites in the different configurations is still challenging. Extended X-Ray Absorption Fine Structure (EXAFS)
has shown the ability to determine active sites distribution.”? The use of ""Sn Magic-Angle Spinning (MAS)
NMR spectroscopy has allowed the characterization of the active sites in Sn-Beta zeolites? and, with the
enhancement by Dynamic Nuclear Polarization, has enabled in-depth studies of the material.®>™ However, the
correlation between characterization studies and catalytic activity is still incomplete due to the difficult study of
the catalyst in conditions similar to the reaction environments, i.e. in liquid solvents.!?
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1.1.7 Characterization of the acidity in Lewis acidic zeolites

Characterization of the acidity in solid acid is usually performed by the study and quantification of probe
molecules that interact with the acid sites in the solid. The total acidity of solid acids can be determined by
adsorption of pyridine or other bases in FT-IR experiments and by NH3;-TPD analysis (Temperature-
Programmed Desorption).”? However, the distinction of Brensted and Lewis acid sites is usually complex
because it requires the use of selective probe molecules. Ammonia is not a sensitive probe for distinguishing
Lewis and Brensted acidic sites. The use of reactive alkylamines (NPA n-propylamine) as adsorbants in TPD
measurements can reveal the presence of Lewis or Bronsted sites.” In fact, these amines desorb in unchanged
forms after the interaction with a Lewis acidic center, but they decompose by Hoffman elimination if
protonated by the interaction with a Bronsted acid site.”2** The combined use of both ammonia and NPA
allows a reliable quantification of the different types of acidity in Sn-Beta zeolites. However, NPA can
overestimate the sites due to the interaction between adsorbants and terminal silanols,?® especially in samples
containing little amount of tin (Si/Sn> 150) or in high presence of defects (post-synthetic preparations).

The adsorption of probe molecules and analysis by FT-IR spectroscopy have been largely applied for the study
of the acidity in solid acids. Pyridine represents a common probe for quantitative analysis.”> However, the
reliability of the techniques can be limited by difficult accessibility of the sites using a bulky molecule. Moreover,
pyridine is not able to distinguish between “open” and “closed” sites. Deuterated acetonitrile has been
frequently applied as a probe molecule due to its small size and the possibility to study both Lewis and Bronsted
acid sites. The interaction with the different active sites is visible with the shift of both CN and OH
frequencies.”” The adsorption of deuterated acetonitrile on Sn-Beta zeolites has shown the presence of two
different interactions of the probe with the tin inside the zeolitic framework giving two different signals at
2308 cm ! and 2316 cm! (Figure 1.4). These experimental results are in agreement with the catalytic activity and
the theoretical simulations of open and closed active sites.” Among different probe molecules, the adsorption
of deuterated acetonitrile has been identified as an optimal method for the characterization of framework tin.%
The molar extinction coefficients for the interaction of deuterated acetonitrile with open and closed sites have
been reported?? and allow the use of the techniques for quantitative analysis.
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Figure 1.4. Adsorption of deuterated acetonittile as probe for different tin sites in the framework of Sn-Beta zeolite, in agreement with
Harris J. W. et al.”3

More recently, Sushkevich et al.97 have studied tin sites in Sn-Beta zeolites by the use of different probe
molecules in FT-IR experiments. Deuterated acetonitrile, pyridine and 2,6-ditertbutylpyridine have been
combined for the unambiguous identification of the sites. The bulky 2,6-ditertbutylpyridine is selective for the
interaction with Brensted acid sites and it has been applied to confirm the nature of the acid sites. In this
study,’” the authors have identified three types of tin sites on the surface of Sn-Beta materials: (i) Lewis acidic
sites connected with the tin inside the framework, (ii) weak Bronsted acidic sites always connected with the tin
inside the framework and (iii) weak Lewis acidic sites related to extra-framework tin oxide. Differently to the




Chapter 1 Introduction

previous studies,”” the authors have attributed the peak of deuterated acetonitrile at 2308 cm! to a weak

Bronsted acidic site associated to tin inside the framework and not to a closed Lewis acidic site.

Probe molecules for solid state NMR characterization of the Lewis acidity in zeolites have also been described.”®
The adsorption of different probe molecules on Sn-Beta zeolites enriched with '9Sn has been studied by 1"°Sn
Magic-Angle Spinning (MAS) NMR spectroscopy, adapted with the Carr-Purcell-Meiboom-Gill (CPMG)
echo-train acquisition, in order to describe the interaction of the active sites with reactants and solvents.”® The
study has shown the different coordination for the interaction of water and other molecules. The adsorption
of methanol and acetonitrile on tin resulted in pentacoordinated species, while hexacoordinated species were
formed over time in the case of water, probably due to hydrolysis of the Si-O-Sn bonds. Finally, the
hexacoordination on the strong tin sites, using isopropyl alcohol and isobutyl alcohol as probes, has suggested
the possibility of dissociative interactions during the reactions with secondary alcohols.”® Recently, 3P NMR
has been applied to characterize the active sites in Sn-Beta zeolites by the adsorption of
trimethylphosphine oxide (TMPO).” The authors have optimized the correlation between different tin sites
titrated with the probe and catalytic activity for the isomerization of glucose and aldol condensation reactions.
The method has been proposed as a general technique for the quantitative characterization of active sites in
microporous materials.”

1.1.8 Mechanisms of deactivation of stannosilicates during conversion of biomasses

The processes for the conversion of biomasses involve the presence of highly oxygenated compounds, which
can be unstable under the reaction conditions and lead to complex polar mixtures. Thus, the catalysts encounter
different conditions compared to the reactions occurring during the conversion of hydrocarbons in gas phase
and the types of deactivation are different. The deactivation of heterogeneous catalysts in liquid media can be
due to chemical, physical or mechanical degradation and follows mainly six types of mechanism.

1. The fouling is the process corresponding to the formation of coke in the conversion of hydrocarbons.
It consists in the accumulation of insoluble products (byproducts, products or intermediates) on the
catalyst, occluding the pores and the access to the active sites.

2. Mechanical degradation of the catalytic material can occur, resulting in too small particles.

3. The sintering is the process leading to the thermodynamically driven growth of crystals, a critical
process under hydrothermal conditions. The process of sintering leads to the loss of surface area,
reduction in the density of active sites and, in some cases, the collapse of the crystalline structures.

4. 'The poisoning refers to the chemisorption of species, which avoid the correct functioning of the
catalyst.

5. The alteration of the active sites by the formation of new species can also occur.

6. Finally, one of the most common mechanism of deactivation for heterogeneous catalysts is the leaching
of the active species in the reaction solution.!%

The application of a catalytic system for industrial production requires high stability. The methods of
deactivation can be irreversible or reversible, depending on the possibility of restoring the original activity by
further treatments, typically by thermal methods.19! Irreversible deactivation is highly undesired in process
applications, but also reversible deactivation leads to additional costs and the need of regeneration steps.!!
Recently, studies on the intensification of the use of Sn-Beta in continuous operations have been reported. 102
Sn-Beta catalysts have shown high stability, productivity and selectivity for the production of bio-renewable
lactone monomers by Baeyer-Villiger oxidations with H2O» as the oxidant.!9® Using hierarchical Sn-Beta
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catalyst, the performances in the conversion of bulky ketones by the MVP reaction increase and high stability
of the catalyst in continuous operation has been observed.104

The deactivation of different stannosilicates during the reactions of isomerization of xylose and
dihydroxyacetone (DHA) at 100 °C has been studied considering the effect of different solvents, different
zeolitic frameworks and procedures for the preparation of the catalysts.'> The main mechanisms of
deactivation are represented by the adsorption of carbon species on the active sites and the decrease in
crystallinity. The latter process is more drastic for samples with small crystals sizes, indicating a higher tendency
of losing crystallinity for materials prepared by post-synthetic procedures. Moreover, the use of water as solvent
favors deactivation by coordinative changes to the metal inside the framework. In general, the higher stability
of the catalyst is the main reason for the preferential choice of methanol or short chain alcohol compared to
aqueous solvents. Leaching and fouling have also been addressed as mechanisms for deactivation of Lewis
acidic catalysts,!?> however, they have not been identified as the main responsible processes.

The process of the deactivation of Sn-Beta zeolites during the isomerization of glucose in water at 100 °C has
been extensively studied. Van der Graff and coworkers have compared the process with the deactivation of
aluminum-containing Beta zeolites under the same conditions.! The FT-IR characterization of the spent
catalysts has shown the high formation of insoluble deposits inside the micropores, leading to the obstruction
of the access to the active sites. Structural deactivation has not been attributed to the leaching of tin, but to
desilication resulting in increased mesoporosity. The deactivation process is accelerated by the use of water as
the solvent and by the 7# situ formation of organic acids, such as the Lewis acid-catalyzed formation of lactic
acid from glucose. The process for the isomerization of glucose catalyzed by Sn-Beta zeolite has been studied
during continuous operation and the catalyst showed a generally high stability in organic solvents.!?” Thus,
stability for over 700 hours was achieved for post-treated Sn-Beta zeolites at 100 °C in methanol.

The choice of the solvent has a central role in the process of deactivation of Sn-Beta zeolites during
isomerization of glucose at 100 °C. The use of methanol as the solvent allows prolonged stability and only
temporary deactivation, with the possible reactivation of the original properties by thermal treatment. In
contrast, the use of water leads to permanent deactivation and destruction of the catalyst.19” The mechanism of
interaction of the water with the hydrothermal and post-treated Sn-Beta zeolites during isomerization of glucose
in aqueous phase has been recently explored by Cordon et al.!% The authors have shown that treatments with
water gradually increased the hydrophilicity of the materials by hydrolysis of the framework. The catalytic
activity of Sn-Beta zeolites requires the presence of hydroxy groups and the stability is strictly connected to the
amount of silanols in the catalyst. While low density of silanols has a positive effect in the coordination and
conversion of sugars molecules, a high density of silanols due to the hydrolysis of the framework destabilizes
the relevant transition-states and leads to deactivation of the material.108-110

The optimum hydration of the catalyst is essential for optimal performances. The use of water as solvent leads
to rapid deactivation. In contrast, the presence of small amounts of water in alcoholic reaction media improve
activity, selectivity and life-time of the catalyst in continuous operation for both the isomerization of glucose at
100 °C and the conversion of fructose into methyl lactate at 160 °C.110 Thus, the addition of small amounts of
water prevents the deactivation of the catalysts mainly by influencing the modification of the active sites due to
dehydration. The loss of Si-OH and Sn-OH species is minimized and the material is kept under the right level
of hydration.!®
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1.2 Carbohydrates as an Alternative Source of
Chemicals

Alternatives to the use of fossil feedstock are a central topic of interest in the current
society. Technologies for the transformation of renewable sources are necessary in order
to reduce the environmental impact of industrial productions. This thesis focused on the
conversion of carbohydrates using zeolites as heterogeneous catalytic systems. In this
section, a summary of the studied catalytic pathways is presented. Fructose is a central
intermediate during the conversion of hexoses and the pathways for the production of
fructose from cheaper sugars are explained. The work mainly considered the use of
stannosilicates as catalysts for the conversion of carbohydrates. Sn-Beta zeolites have been

successfully applied to the production of lactates,''! the monomers for polylactic acids

(PLA), the most common bio-based biodegradable plastics. Moreover, tin-containing
zeolites have shown a generally high catalytic activity in promoting cleavages and rearrangements of
carbohydrates into different o-hydroxy esters.!'? Thus, new bio-based monomers for the production of
polyesters were studied. Finally, the conversion of glycolaldehyde by cascade reactions leading to the formation
of C4 a-hydroxy esters has been explored for the production of new bio-based chemical products.

1.2.1 Research for alternatives to the use of fossil feedstock

Current society is highly dependent on fossil feedstock. Most goods of the daily life are derived from petroleum.
Indeed, the excessive use of fossil resoutrces in the last centuries has caused many environmental problems.
Extraction, refinery and use of oil are the main causes for the increased carbon emission into the atmosphere.!?
The consequences of this process include pollution and climate changes.!!1> Environmental protection is then
the first reason for the need to switch to different sources of energy and chemicals. All over the world,
researchers from different sectors work on the optimization of the technologies required for the
implementation of biorefineries.!'¢!17 Biorefineries use biomass as starting material for the production of
chemicals and fuels, operating in similar ways as the petroleum-based refineries have functioned during the last
centuries. Differently from hydrocarbons, biomass are highly functionalized species that cannot easily be used
in gas phase. Thus, the conversion of biomass is carried out in liquid phase and aims to remove the excess of
functionality. Consequently, also the platform of chemicals derived from the conversion of biomass is different
from the chemicals obtained from oil.!8

The word biomass indicates the organic matter derived from living plants.!’” Biomasses can be processed for
the production of fuels and chemicals and they represent the most attractive rapidly renewable source of carbon.
The use of biomass feedstock does not increase the carbon level in the air, since the gasses produced by its
consumption are the same used in the photosynthetic process for the regeneration of new biomass. Therefore,
finding new technologies for the transformation of plant-derived sources would be a natural method for
reducing the emission of greenhouse gasses responsible for global warming.'20

1.2.2 Sugars as bio-based feedstock for the production of chemicals

Carbohydrates are the most abundant compounds in biomass. Thus, the study of the conversion of
carbohydrates into different products can bring important benefits in the development of biorefinery processes.
The natural polymers cellulose and hemicellulose represent the most available resources of carbohydrates in
biomasses. Cellulose is the most abundant natural polymer and represents a fundamental constituent of plant
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cell walls. Cellulose is formed by linear chains of glucose units connected vzz 1,4-3 glycosidic bonds. The many
hydroxy groups of the monomer form a network of hydrogen bonds, which organize cellulosic chains into a
crystalline structure. Thus, cellulose has high mechanical resistance.'?! Hemicellulose is also a part of the cellular
wall in plants. It is constituted mainly by hexose and pentose sugars linked to each other irregularly. Opposite
to cellulose, the presence of branches prevents a tight crystalline packaging of the chains and the polymer is
amorphous. The absence of crystallinity in hemicellulose is reflected in the scarce physical and mechanical
properties and in the propensity to undergo hydrolytic depolymerization in the presence of diluted acids or
bases.!2!

Plant-derived products are commonly classified in first, second and third generation based on the origin of the
converted biomass.!?? Simple carbohydrates belong to the first generation and their use for the production of
chemicals is in competition with the dietary productions. The commercialization of bio-fuels derived from first
generation biomasses has been harshly criticized, but the discussion on the most convenient source for
chemicals and fuels is still open.'?> An optimal solution would use waste second generation biomasses derived
from not edible materials. However, technologies for the efficient transformation of complex biomasses into
chemical products are still not available. Second generation biomasses contain the sugar polymers cellulose and
hemicellulose and the aromatic polymer lignin. The latter compound is widely studied for the potential
application for the production of a novel platform of aromatic chemicals.'?* The use of cellulose as starting
substrate is mainly limited by the difficult depolymerization of the crystalline structure. On the other hand,
hemicellulose contains chemically different monomers, which complicate the selectivity control of monomer
transformations. However, in both cases, the depolymerization of the natural biomass is followed by the
conversion of the carbohydrate monomers into chemical products. Therefore, the study of the conversion of
simple sugars remains a central topic for understanding and controlling the productivity of biorefinery

processes.!2?

Fructose represents one of the most valuable hexoses, but is less abundant than glucose. Industrially, fructose
is obtained by isomerization of glucose using glucose/xylose isomerase enzymes.!? Currently, it is used in the
food industry as a sweetener in the High-Fructose Corn Syrup (HFCS), which consists in a mixture of glucose
and fructose derived from corn starch.'2¢ Furthermore, fructose is a key-intermediate in transformations of
carbohydrates, it is reactive and can easily be converted into chemical products (Figure 1.1). Mechanistic studies
have highlighted that the conversion of glucose proceeds via isomerization, forming the corresponding ketose
as first reactive intermediate. Thus, fructose can be considered a platform molecule for the formation of
bio-based products (Scheme 1.2).125
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Scheme 1.2. Platform of chemicals derived from fructose.
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Scheme 1.2 gives an overview of the possible products derived from fructose. Beyond the direct use as a
sweetener, different chemical products can be obtained, which can be used in the production of fuels and
materials. One of the most relevant processes is the dehydration of fructose to 5-hydromethylfurfural (HMF),
which can be further converted into monomers for the production of novel polymers.'?” Thus, fructose
represents an important substrate for the production of bio-based chemicals. However, processes for the
production of fructose need to be optimized in order to apply these reactions at an industrial scale. The
enzymatic procedure to obtain fructose has the general disadvantages of enzymatic reactions, such as needs of
mild reaction conditions (temperature and pH), specific substrates and limited yields.!? These drawbacks
restrict the applicability of fructose to large-scale processes.

1.2.3 Isomerization of glucose to fructose

The mechanism of the isomerization of glucose to fructose catalyzed by enzymes follows three steps.!? Firstly,
glucose opens up to its acyclic form. Subsequently, the isomerization of the linear hexose occurs viz a
metal-assisted hydride shift between position 1 and 2. Finally, the ring closes to form fructose (Scheme 1.3).

CHO CH,OH
HOH H——OH —0 HO
Ho HO——H HO——H
Hﬂ . p— _—
o - = H—-OH T H—Ll oH
by H H——OH H——OH
H,OH CH,OH
Glucose Glucose Fructose Fructose
(a-pyranose form) (a-furanose form)

Scheme 1.3. Mechanism of the isomerization of glucose to fructose catalyzed by enzymes.

Optimal catalytic processes for the production of fructose have been investigated during the last years in order
to replace enzymes and design systems resistant to a wide range of conditions and with long lifetimes. In
particular, the isomerization of glucose into fructose has received much attention and many homogeneous and
heterogeneous chemocatalytic systems have been proposed.!? The first study of the interconversion between
glucose and fructose was performed by Lobry de Bruyn and Van Ekenstein in 1895.1% Afterwards, the
chemocatalyzed isomerization of glucose has been extensively investigated as an alternative to the enzymatic
process. In general, the reaction can be promoted by both acids and bases in homogeneous media. Considering
the acidic process, high selectivity in fructose is bately obtained due to the further dehydration into
5-hydroxymethylfurfural (HMF).130

Lewis acid catalysts, such as homogeneous metal chlorides, have shown the highest activity in the
chemocatalytic conversion of glucose to fructose. However, also in this case, the formation of the products
derived from the dehydration of carbohydrates is favored.’® The use of homogeneous Lewis acid salts as
catalysts for the conversion of glucose can lead to three types of rearrangements resulting in isometic
carbohydrates. The hydride shift between positions 1 and 2 in glucose forms fructose. On the other hand, the
shift between position 1 and 5 results in sorbose and the carbon transfer between position 1 and 2 gives
mannose (Scheme 1.4).132 Thus, optimal reaction conditions and catalyst design are needed in order to achieve
high selectivity for the desited product. Although the base catalyzed process has been studied for many
decades,!3 the use of basic catalysts is limited by the degradation of monosaccharides in alkaline media. More
recently, researchers have focused on heterogeneous catalytic systems because their ease of use and recyclability
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facilitate industrial applications. Several solid bases, such as metal oxides!'?* or hydrotalcites,'?> and solids
containing Lewis acidic metal sites!'3¢ showed high catalytic activity.

D-Fructose D-Glucose L-Sorbose

: 1,5-hydride
1,2-hydrid i
,\gH Ok 1=ivdide, _0 Tshift Ho OH OH

HO

HO™ “OH HO

) 1,2-carbon
1 ,z-Qﬁglde L “' transfer
OH o
Ho ~\oH 20 i e
H D-Mannose HO ~C~ “OH
HO™" ™" "OH A
OH .

Scheme 1.4. Different types of rearrangements catalyzed by Lewis acid metals starting from D-glucose.

Among the different heterogeneous catalysts, Sn-Beta zeolites have shown excellent catalytic properties for the
isomerization of glucose into fructose.*> The material was already known for its activity in promoting hydride
shifts in MPV reductions of carbonyl compounds.3® The mechanism for the isomerization of glucose catalyzed
by Sn-Beta zeolites has been studied by the use of isotopic labelled glucose in ’C and 'H NMR experiments.!37
The isomerization occurs vz intramolecular 1,2-hydride shift. Notably, Sn-Beta zeolites in solutions presented
the same interaction with the substrate and the same mechanism as homogeneous Lewis acids and natural
enzymes.”! The same mechanism has been observed also in the case of the isomerization of xylose into
xylulose.!® The hydride shift between position 1 and 5 resulting in sorbose could also be promoted by Lewis
acidic zeolites.’® Sorbose finds application in the production of the Vitamin C.'4 The isomerization has been
largely applied on different reactions and processes.58:14!

The mechanism of interaction between carbohydrates and active sites is still under discussion. The bidentate
binding of two oxygen of the sugar molecule has been initially proposed (Figure 1.5 2).13” However, the presence
of silanols adjacent to tin (in “open active sites”, Chapter 1.1.6) have been reported to favor the interaction
between glucose and the catalyst.8* Thus, the monodentate coordination of the C2-OH oxygen with the tin site
and simultaneous stabilization by hydrogen-bond interaction between the carbonyl group and a silanol group
adjacent to the tin has been suggested by DFT calculation (Figure 1.5 b).8! On the other hand, when the silanol
is not involved in the coordination of the substrate, the selectivity of the reaction changes.'*? In modified
Sn-Beta zeolites, additional ions exchange with the protons of the silanol groups favors the epimerization of
glucose via 1,2-carbon transfer.!¥ The same shift in selectivity has been observed in the presence of borate
salts®3 or using alcoholic solvents.!*2 The presence of coordinated salts results in the catalysis of the
epimerization reaction #za Bilik mechanism, which converts glucose into mannose (Figure 1.5 ¢).'% Thus, the
catalytic system can be applied for the synthesis of rare sugars from different carbohydrates as a replacement
of epimerase enzymes.!%
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Figure 1.5. Proposed mechanisms for the isomerization and epimerization catalyzed by Sn-Beta zeolites a) 1,2-hydride shift by bidentate
coordination to tin,'3” b) 1,2-hydride shift by monodentate coordination to tin and stabilization by interaction with a silanol group®! and
) 1,2-carbon transfer during the epimerization via Bilik-type mechanism.83

The isomerization of glucose to fructose follows a first-order kinetics and the hydride-shift has been identified
as rate-determining step.” The first-order kinetic constants calculated for different mono- and disaccharides
show that stannosilicates are more active catalysts than titaniumsilicates and hydrophobic defect-free materials
are more efficient than their hydrophilic counterparts.®* Moreover, the reactions carried out in different solvents
have different kinetics because the solvent molecules can compete with the substrate for the adsorption on the
Lewis acidic sites.®* The reactions catalyzed by heterogeneous and homogeneous Lewis acids follow the same
mechanism and kinetics, as illustrated by the relevant Kinetic Isotopic Effect using either AlCl;, CrCls or
Sn-Beta catalysts.!4¢ In addition, a kinetic model including parameters of deactivation of the catalyst and
formation of byproducts has been studied, finding activation energy similar to the previously calculated value
for tin framework sites’! and confirming the lost in selectivity during the process due to the irreversible
formation of byproducts.!¥’” The activation energy calculated by the group of Davis™ corresponded to
21 kcal/mol and indicated the hydride shift as rate-determining step. Subsequently, Rai et al. have demonstrated
that the reaction is facilitated when a silanol is adjacent to the tin active site.8!
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1.2.4 Processes for the isomerization of carbohydrates catalyzed by zeolites

Stannosilicates are the most active heterogeneous catalysts reported for the isomerization of glucose in aqueous
media. First, Davis at al.¥ reported the increased activity of Sn-Beta zeolites for this reaction. Afterwards, many
studies have been carried out in order to understand the mechanism and optimize the reaction conditions.
Mesoporous frameworks have been tested, including Sn-MFI, Sn-MCM-41, Sn-SBA-15,% without resulting in
high yields and the best catalytic system remained the Sn-Beta zeolite. In contrast, different studies have
demonstrated that great yields of fructose are obtained tuning the properties of hierarchical zeolites. !4

Saravanamurugan et al.!¥ proposed the use of aluminum containing zeolites, such as USY, in short chain
alcohols for a two-step, two-solvent system for the formation of fructose from glucose. In the first step, glucose
isomerizes into fructose, which is rapidly trapped as alkyl fructosides in alcoholic solvents. Then, in the second
step, the addition of water hydrolyzes the fructosides and high yields of fructose (55%) are achieved
(Scheme 1.5).14 The procedure allows the use of commercially available and reusable zeolite catalysts for the
isomerization of glucose. The method has been applied to the isomerization of other monosaccharides, such
as xylose into xylulose!> and erythrose into erythrulose.!5!
Glucose Fructose
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Step 1 HO"
H
R-OH
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H,O
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1 p
Fructose Alkyl fructosides

Scheme 1.5. The two-step process for the isomerization of glucose using aluminum-containing zeolites.

The aluminum in silicoaluminates is responsible for the Lewis acidity that promotes the isomerization reactions.
However, also the Bronsted acidity depends on the aluminum content (Chapter 1.1.1). High amounts of
Bronsted acid sites promote the competitive formation of alkyl glucosides from glucose in the first step and
make the production of fructose ineffective. 'H-13C-HSQC experiments have been employed in order to
distinguish the different forms of the sugars in alcoholic reaction mixtures and follow the formation of the
different glycosides. Balanced Lewis and Bronsted acidity is fundamental in order to achieve high selectivity.!5?
In all the cases presented, the zeolite H-USY (6) has shown the highest catalytic activity. Therefore, the
mechanism of the isomerization of glucose catalyzed by H-USY (6) in methanol has been studied by advanced
NMR techniques. The results indicate that the reaction catalyzed by aluminum-containing zeolites follows a
1,2-hydryde shift mechanism, resembling the Sn-Beta and enzyme-catalyzed isomerization reactions.'>3

The same approach has been extended to the study of the formation of alkyl lavulinates from glucose. In the
proposed mechanism, glucose is converted via fructose after the formation of alkyl fructosides using alcoholic
solvents. The reaction requires balanced Bronsted and Lewis acidity in order to promote both the isomerization
of glucose to fructose and the following dehydration-rehydration step.’>!15> More recently, the possibility to
produce 5-ethoxymethylfurfural (EMF) from glucose using commercial zeolites has been exploited.!>® These
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processes represent important routes for the conversion of renewable resources into bio-based chemicals and

fuels since both EMF and alkyl levulinates are key intermediates in the production of different chemical
Y y p

products.!>6

1.2.5 The conversion of carbohydrates into alkyl lactates

During the last decade, the research into the catalytic production of 2-hydroxypropionic acid, also known as
lactic acid (LA), from carbohydrates has received great attention. Lactic acid can be used as a platform-molecule
for the production of different types of chemical products, such as alkyl lactates, pyruvic acid, acrylic acid and
propylene glycol.’>” Moreover, it represents the monomer of polylactic acids (PLA), the most common
bio-based and biodegradable plastics. Nowadays, LA is produced by fermentation of carbohydrates and then it
is converted into the dimer L-lactide. PLA are synthesized by ring-opening polymerization of the dimer.!5
However, fermentation productions have some drawbacks for industrial applications, such as low productivity
and complex downstream processes. Thus, many investigations have focused on finding chemocatalytic
alternatives.

The first study on the conversion of trioses into lactates was reported in 2005 by Hayashi and Sasaki.’> Since
then, many studies have been performed on the application of homogeneous catalyst on the conversion of
carbohydrates into lactates'®” and the best catalytic performances have been found with the use of tin halides
as homogeneous catalysts.!o! Afterwards, heterogeneous catalysts have also been investigated. In particular, the
aluminum-containing Y zeolites have shown high catalytic activity, resembling the mechanism of the biological
synthesis of lactic acid catalyzed by the enzymes glyoxylases.!02-164 In 2009, the use of Sn-Beta zeolites as the
catalysts for the isomerization of trioses in alcoholic solvents was reported. The proposed mechanism for the
conversion of dihydroxyacetone (DHA) involves the dehydration into pyruvaldehyde (PAL), the formation of
the hemiacetal and an intramolecular 1,2-hydride shift to from methyl lactate in methanol. The latter step can
occur via MPV-type redox reaction (Scheme 1.6).44163 As discussed for the isomerization of glucose, the
coordination of the reactant to the tin active site is still under discussion. Initially, the bidentate coordination
was proposed.* More recently, DFT calculations have shown that the preferred coordination occurs only on
the oxygen of the hydroxy group of PAL hemiacetal on an “open” tin site.®

During the conversion of trioses into lactates, the first step of dehydration of DHA has been identified as the
rate-determining step. The dehydration can be promoted by weak Bronsted acid sites or Lewis acid sites. On
the other hand, strong Brensted acidity is undesired due to the formation of the acetal forms of PAL .16> High
yields of lactates can be achieve by the use of Lewis acidic catalytic systems.!® Sn-Beta zeolite catalyzes the
rapid isomerization of trioses, resulting in the same yields starting from both DHA or glyceraldehyde (GLA).%
In 2010, the production of lactates from hexoses at 160 °C was reported for the first time.!"! Hexoses are
cheaper and more abundant than trioses, but their conversion involves several competitive pathways, which
can produce byproducts, such as humins or furanic compounds derived by the dehydration of carbohydrates.
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Scheme 1.6. Mechanism for the MVP-type 1,2-hydride shift leading to methyl lactate during the conversion of trioses in methanol, in
agreement with Taarning et al.#
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The mechanism for the formation of alkyl lactates from carbohydrates in methanol at 160 °C follows a cascade
reaction. The conversion of different carbohydrates occurs viaz the formation of the intermediate fructose
derived by the isomerization of glucose, also catalyzed by Sn-Beta zeolites. The catalyst is highly active for the
isomerization step and similar yields are obtained starting from both glucose and fructose.!!! Thus, fructose
undergoes retro-aldol cleavage resulting in trioses, dihydroxyacetone (DHA) and glyceraldehyde (GLA). The
first retro-aldol cleavage of the sugar was identified as the rate-determining step of the process.!!! The reaction
is catried out at 160 °C in methanol. Under these conditions, trioses can rapidly react by dehydration into
pyruvaldehyde (PAL), addition of methanol and 1,2-hydryde shift resulting in methyl lactate (Scheme 1.7). The
optimized system produce 43-44% yields of methyl lactate starting from glucose or fructose and 68% yields
starting from sucrose.!'! The reasons for the higher selectivity of sucrose compared to the other initial
carbohydrates are still unknown.
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Scheme 1.7. Reaction pathway for the formation of methyl lactate from carbohydrates catalyzed by Sn-Beta zeolites at 160 °C in
methanol. Formation of the intermediates glyceraldehyde (GLA), dihydroxyacetone (DHA) and pyruvaldehyde (PAL).

Other catalysts have been proposed for the conversion of carbohydrates into lactates,'¢” but all have presented
lower selectivity and the need for more drastic conditions (i.e. higher temperatures) compared to the use of
Sn-Beta catalysts. In 2015, the use of alkali ions in the reactions for the production of methyl lactate from
carbohydrates catalyzed by Sn-Beta was reported.*” The alkali salts both in solution or added to the catalyst
during the synthesis act as promoters of the process and 75% yields of methyl lactate are obtained using sucrose
as starting substrate. The positive effect of alkali salts has been validated using different stannosilicates and it
has been shown that the optimal concentration of the salt for the achievement of the highest selectivity to
methyl lactate was different depending on the tin content.#” Moreover, the effect is different using different
salts, where potassium carbonate shows the best activity. Currently, addition of alkali salts in the reaction media
is necessary for achieving record yields of methyl lactate. The presence of alkali ions has been observed to
suppress the formation of byproducts derived from the dehydration of sugars, which is catalyzed by residual
Bronsted acidity, and to promote the C-C cleavage favoring the processes for retro-aldol and epimerization
reactions.!®® However, a generally accepted model for the interaction between alkali ions and Sn-Beta zeolite
catalysts is still lacking. Different counter ions in the salts have different effects depending on the basicity of
the anion. In fact, the use of basic counterions, such as carbonates, suppress side-reactions catalyzed by the
Bronsted acidity.!68
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1.2.6 Insight into the processes for the conversion of carbohydrates catalyzed by
Sn-Beta zeolites

The process for the formation of methyl lactate from carbohydrates catalyzed by Sn-Beta zeolites involves
series of pathways leading to complex mixtures of intermediates, products and byproducts. Changes in the
reaction conditions can tune the selectivity into the products and the possibility to produce new chemical
compounds have been investigated.1®170 In fact, the process produces several a-hydroxy acids, which can be
applied as building blocks for new bio-based polymers. The monomers obtainable during the conversion of
common carbohydrates catalyzed by Sn-Beta in methanol include 2,5,6-trihydroxy-3-hexenoate (THM), methyl
vinyl glycolate (MVG), methyl 2,5-dihydroxy-3-pentenoate (DPM), 3-deoxy esters (3DE) and lactones (3DL)
(Figure 1.6). Advanced 1D and 2D NMR experiments have been applied in order to elucidate the different
mechanisms occurring during the process.!”!
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Figure 1.6. Structures of the a-hydroxy esters obtained during the conversion of common carbohydrates catalyzed by Sn-Beta zeolites
in methanol. Methyl lactate (ML), 2,5,6-trihydroxy-3-hexenoate (THM), methyl 2,5-dihydroxy-3-pentenoate (DPM), methyl vinyl
glycolate (MVG), 3-deoxy esters (3DE) and lactones (3DL).172

In general, three types of pathways are recognizable during the reactions at 160 °C in methanol. The retro-aldol
glycolysis pathway leads to the formation of methyl lactate as already explained. The same process is also
responsible to the formation of larger hydroxy esters, such as MVG (Scheme 1.8), derived from the
[4+2] retro-aldol cleavage of glucose forming erythrose and glycolaldehyde. On the other hand, the presence
of residual Bronsted acidity, derived from the catalyst or from species formed 7 sit# during the process, promote
the formation of methyl glycosides. Finally, the Bronsted acidity also catalyzes the formation of products
derived from the dehydration of sugars, such as furanic compounds.!'? Analysis of the mechanism have shown
that the pathway for the conversion of glucose catalyzed by Sn-Beta zeolites is analogous to the biological
Embden-Meyerhof-Parnas glycolysis, where glucose is oxidated to gluconic acid and dehydrated to
3-deoxyglucosonic acid, the intermediate that undergoes retro-aldol cleavage to lactate.!” Analogously, Sn-Beta
catalyst promotes the dehydration of glucose leading to the intermediate 3-deoxyglucosone (3DG), which is
subsequently converted by further dehydration into THM or HMF. The presence of small amounts of alkali
suppresses the dehydration pathway, resulting in a larger amount of substrate available for the retro-aldol
cleavage and in higher yield of methyl lactate.!1?
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Scheme 1.8. The three main pathways during the conversion of carbohydrates in methanol catalyzed by Sn-Beta zeolites and structure
of the intermediate 3DG.

The process has been studied for the conversion of different types of carbohydrates, exploring the possibility
to obtain molecules similar to lactates, which, opposite to lactates, are not abundant metabolites and thus could
not be obtained by classical fermentation. In general, glycolytic pathways have been observed to form hydroxy
esters, which can be applied as building blocks for the production of polyesters.'%0 The conversion of pentoses
has resulted in the formation of a new chemical, methyl 2,5-dihydroxy-3-pentenoate (DPM) as the main
product. DPM has shown good results in the formation of polymers containing functionalities that allow
post-synthetic modifications.!” The mechanism and the intermediates involved in the process for the
conversion of pentoses and hexoses have been investigated in detail by the use of advanced NMR techniques!”!
and isotope tracking.'”? The study has confirmed the analogy with the mechanism of the glycolysis catalyzed by
enzymes, where the keto-forms of the sugars are the reactive species and undergo retro-aldol cleavage.
Experimental data have suggested the formation of an enol intermediate strongly coordinated to the catalyst,
leading to DPM, 3DG and 3DL in a multistep catalysis (Scheme 1.9). The main side-reactions derive from
different rearrangements of unconverted carbohydrates, such as 1,5-hydride shift, 1,2-hydride shift and
1,2-carbon transfer.!72
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Scheme 1.9. Mechanism for the formation of 3DE and 3DL during the conversion of D-xylose catalyzed by Sn-Beta zeolites, in
agreement with Elliot et al.172
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Moreover, C4 hydroxy esters, such as methyl vinyl glycolate (MVG) and methyl-4-methoxy-2-
hydroxybutanoate (MMHB), are obtainable from tetroses and glycolaldehyde (GA). The same products have
been observed also in the final reactions derived from the conversion of hexoses, as the consequence of the
formation of tetroses and glycolaldehyde iz sitn due to retro-aldol cleavage of glucose.!11195 Thus,
cascade-processes from carbohydrates to hydroxy esters catalyzed by Sn-Beta zeolites in methanol allow the
application of the reactions in the production of new bio-based building blocks for polyesters.10

1.2.7 Conversion of glycolaldehyde into methyl vinyl glicolate

Glycolaldehyde (GA) is a two-carbon molecule and, since it is the smallest a-hydroxy aldehyde available, it can
be considered the precursor of the carbohydrate series. Free GA monomer is a gas and it is commercialized as
cyclic dimer. Glycolaldehyde is formed during the fast pyrolysis of cellulose!” and represents one of the major
components of the obtained bio-oils.!76177 The separation of GA from the pyrolysis oil has been extensively
optimized, implying the possibility for GA to be among the cheapest available biomass-derived
compounds.!7817 Alternatively, glycolaldehyde can also be produced by retro-aldol cleavage of glucose under
subctitical hydrothermal conditions.!8 Saccharides are life-essential compounds and the role of GA in the origin
of life has been proposed.!®! The formose process involves cascade-reactions consisting in aldol condensations,
which lead to complex mixtures of carbohydrates. The synthetic pathway is unselective and it is stopped by the
presence of salts such as borates or silicates that stabilize specific forms of sugars and avoid further
condensations.!8?

The formose process has inspired researchers to propose bio-mimetic catalytic routes based on cascade aldol
condensations for producing new chemical products from glycolaldehyde. The process for the conversion of
GA into monomers for polyesters has been first studied using tin halide salts as catalysts in methanol at 90 °C.183
The reactions lead to the formation of methyl-4-methoxy-2-hydroxybutanoate as the main product, which has
been tested for applications in polymers. In contrast, with Sn-Beta zeolite as the catalyst, methyl vinyl glycolate
(MVG) is found as the main product.!? The change in selectivity has been ascribed to shape selectivity due to
the greater size of MMHB compated to MVG. Thus, in the process catalyzed by mesoporous stannosilicates,
the formation of MMHB is preferred and microporous catalysts favor high yields of MVG.8 The confinement
effects of stannosilicates during the conversion of glycolaldehyde in water at 90 °C has also been studied.!8>
Using Sn-MFI catalysts, with smaller pores than Sn-Beta, tetroses are formed as main the products from the
aldol condensation of two GA molecules, while the use of zeolites with large porosity lead to the formation of
hexoses. Moreover, it has been demonstrated that the conversion of tetrose carbohydrates, promoted by
Sn-MFTI zeolite, results in high yields of the vinyl glycolic acid (VGA) during prolonged reaction times. 185

From a mechanistic point of view, the formose-like process resulting in C4 hydroxy esters starting from GA
resembles the process for the formation of lactates from trioses. GA can act as both donor and acceptor in an
intermolecular reaction leading to the formation of the erythrose (ERO). Sequentially, ERO can undergo
dehydration, addition of methanol and 1,2-hydryde shift to form MMHB and MVG using methanol as the
solvent (Scheme 1.10). The selectivity between the two products depends on the position of the addition of the
methanol.1®® Using alcoholic solvents at 90 °C, GA is rapidly thermally transformed in the hemiacetal (GA-HA),
but it takes 24 hours to convert it to the dimethyl acetal (GA-DMA). The study by Dusselier et al.'83 proposed
that the balance between the three forms is rate-determining. In fact, the process can be accelerated by the
presence of a balanced amount of Bronsted acidity (that catalyzes both acetalization and hydrolysis of
GA-DMA) or additional water. After the aldol condensation of GA, erythrose is a central intermediate for the
formation of different products.
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Scheme 1.10. Proposed reaction pathways for the conversion of glycolaldehyde in methanol promoted by tin-containing catalysts.

The formation of the different products can be explained by considering the mechanisms for the Lewis
acid-catalyzed conversion of tetroses. The proposed mechanism follows two consecutive dehydrations to form
the intermediate vinylglyoxal (VG) from erythrose (Scheme 1.11). The addition of methanol forms the
hemiacetal, which determines the selectivity for the different products.!®® The formal intramolecular Cannizzaro
reaction gives MVG. In contrast, the addition of a second molecule of methanol, followed by the formal
Cannizzaro reaction forms MMHB. Using tetroses as starting substrates, the last step has been proposed as the
rate-determining step (Scheme 1.11).16%.183184 Methyl lactate has also been observed as a minor product of the
reaction. Different routes have been identified using alkaline hydrothermal conditions.!8¢ Using Lewis acidic
catalyst, the mechanism involves the cleavage of the ketose erythrulose leading to formaldehyde and
glyceraldehyde.!8¢ Another route, favored in non-alcoholic solvents (acetonitrile), leads to a intramolecular
cyclization, resulting in a-hydroxy-y-butyrolactone (HBL) (Scheme 1.10).187 Another bio-based synthesis of the
same product can be performed by intermolecular aldol condensation of DHA and formaldehyde derive from
the cleavage of carbohydrates.'® Synthetically, HBL represents a further interesting bio-based product and it
can be used as an intermediate for the production of herbicides and pharmacuticals.!
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Scheme 1.11. Mechanism for the formation of MVG and MMHB from tetroses, in agreement with Dusselier et al.16%.183,184
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MVG contains a terminal vinyl group, which is critical when the compound is applied as part of polymers
because it allows further functionalization and adjustable properties of the derived materials. Thus, considering
the two main products derived from the conversion of glycolaldehyde, MMHB is less interesting than MVG
for polymer applications. The incorporation of vinyl glycolic acid (VGA) in polylactic acids has been already
reported.'s3 The terminal vinyl group of VGA has good reactivity and the derived polymeric chains can be
modified by addition of thiols. Thus, MVG allows a wide range of applications in the polymer industry. The
reaction of homo metathesis of MVG, followed by further modifications, allows producing new bio-based
dicarboxylic acids, which have been studied as building blocks for the production of polyesters and
polyamides.'® Transformations of MVG into different compounds with potential commercial applications
have been reported in the literature'! and MVG can be considered a bio-based platform molecule for obtaining
different chemical products.
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1.3 Aim of the thesis

The Ph.D. project was carried out at the Technical University of Denmark in collaboration with Haldor
Topsee A/S and Perstrop AB, with the financial support of the Innovation Fund Denmark. The project aimed
to study routes for the production of bio-based monomer polymers. The conversion of carbohydrates into
hydroxy esters using Lewis acidic zeolites as catalysts represents a valid alternative to the use of fossil feedstock
for the production of polymer building blocks. The work investigated the catalytic pathways for the conversion
of different carbohydrates by time-resolved experiments in order to identify intermediates, competitive
pathways and parameters relevant for the control of the product selectivity. The project aimed to enhance the
current knowledge on the reactions involved during the conversion of hydroxy esters from carbohydrates and
the used catalytic systems.

The thesis is divided into different chapters and the results are discussed from Chapter 3 to 6. Chapter 3
considers the conversion of hexoses into intermediates for the production of bio-based chemicals. The
discussion explores a new process catalyzed by commercially available zeolites for obtaining fructose. Since
zeolites showed improved stability in alcoholic solvents, the reactions were carried out in methanol. Under
these conditions, the formation of methyl glycosides assumes a central role in the selectivity and kinetics of the
processes. Thus, the role of methyl glycosides during the conversion of carbohydrates in methanol was
explored. In particular, the formation of methyl fructosides showed great impact on the kinetics of the process
for the conversion of hexoses to methyl lactate in methanol at 160 °C catalyzed by Sn-Beta zeolites. The
formation and conversion of substrates, intermediates and products in the reaction mixture was studied at the
NMR center DTU using a toolbox of 1D and 2D NMR experiments at high magnetic field (mostly using an
800 MHz instrument equipped with cryogenically cooled probehead).

Chapter 4 focuses on the study of the process for the conversion of glycolaldehyde, a bio-based C2 aldehyde,
using Sn-Beta zeolite as the catalyst in methanol at 160 °C. The process leads to the formation of methyl vinyl
glycolate (MVG) as the main product, which represents an interesting chemical compound for applications in
the polymer industry. Finally, Chapters 5 and 6 discuss the study and the optimization of the stannosilicate
catalytic system. The understanding of structure-activity relations is essential in order to achieve high control
over the selectivity in the products. The selectivity in processes catalyzed by Sn-Beta zeolites has been affected
by the presence of additives, such alkali salts, in the reaction media. Thus, the interaction between the catalyst
and additives has been extensively studied. In Chapter 5, the discussion focuses on modifications on the
synthesis of the catalytic systems in order to develop zeolites for the selective conversion of carbohydrates into
chemical products. Chapter 6 proposes methods for catalyst characterization with the aim to understand the
structure-activity relation. Finally, Appendix A reports a complementary study on the mechanism of the
conversion of glucose using Lewis acidic salts and Appendix B explores possible applications for methyl vinyl
glycolate (MVG) as bio-based reagent for the production of coatings.
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Chapter 2

Experimental Methods

This chapter includes the detailed descriptions of the experimental methods used for obtaining the results
discussed in this thesis. In general, the study included three main fields of experimental work. First, the catalytic
materials were studied in order to understand the features required to achieve high catalytic activity and to
design optimal systems. Second, the conversion of carbohydrates and the formation of products and
intermediates in the reaction mixtures was investigated by NMR spectroscopy. Third, the reactions were studied
ex sitn by time-resolved experiments in order to clarify the catalytic pathways and the effect of different reaction
conditions on the selectivity of the processes.

2.1 Experimental Methods for the Preparation and the
Characterization of the Catalytic Materials

The synthesis of stannosilicate catalysts followed two approaches, the hydrothermal synthesis and the
post-synthetic modification of commercial Beta zeolite. The study of the effect of modifications in the synthetic
procedure focused on the use of post-synthetic materials, because the ease and the large applicability of the
procedures. The effect of different procedures on the catalytic activity is discussed in Chapter 5. Mesoporous
materials and modified catalysts were prepared and studied. Moreover, the structural features of the zeolites
were characterized using different techniques and the results were used for deducing structure-activity relations.

2.1.1 Procedures for the synthesis of stannosilicates

General procedure for the preparation of Sn-Beta zeolites by hydrothermal synthesis

Hydrothermal synthesis of Sn-Beta zeolites was performed in the laboratoties of Haldor Topsee A/S under
the supervision of Dr. Seren Tolborg. For the preparation of hydrothermal Sn-Beta zeolites, the procedure
proposed by Corma et al.3¢ was followed using slight modifications.>? In a typical synthesis, 30.6 g of tetracthyl
orthosilicate (TEOS, Sigma-Aldrich, 98%) were mixed to 33.1 g of tetracthylammonium hydroxide (TEAOH,
Sigma-Aldrich, 35% aqueous solution) and stirred for 30 minutes at room temperature. Afterwards, 2 mL of a
solution of SnCly-5H>O (Sigma-Aldrich, 98%) in water were added dropwise to the mixture in the calculated
concentration for obtaining the desired Si/Sn ratio. The mixture was kept under magnetic stirring for one day,
until complete evaporation of the ethanol formed during the TEOS hydrolysis and the formation of a thick gel.
Then, 3.1 g of hydrofluoric acid (HF, Fluka, 47-51%) diluted in 1.6 g of water were added to the final gel. The
compound was gently stirred until reaching a dried white solid. Finally, the product was transferred in a stainless
steel autoclave and crystallized at 140 °C for 2-4 weeks, depending on the content of tin.2 After the
crystallization, the zeolite was filtered, washed with abundant water, dried at 80 °C overnight and calcined in
air at 550 °C for 6 hours using a temperature ramp of 10 °C/min.
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The hydrothermal synthesis of an aluminum-free Mn-Beta zeolite was explored (Chapter 6.3.5), following the
synthesis proposed by He et al.192

General procedure for the preparation of Sn-Beta zeolites by post-synthetic treatment

Post-treated Sn-Beta zeolites were prepared by following the procedure proposed by Hammond et al.> A
commercial aluminum-containing Beta zeolite (Zeolyst, Si/Al 12.5) was dealuminated in 13 M HNO; (VWR,
65%; 20 mL/g(zeolite)) at 100 °C for 20 hours. The zeolite was washed with water until reaching neutral pH
and dried overnight at 120 °C. The tin (or other metals in the case of the preparation of M-Beta or Sn-M-Beta
zeolites, Chapter 6.3.3) was incorporated inside the framework of the dealuminated Beta zeolite by incipient
wetness impregnation of aqueous solutions of the calculated amount of SnCls-5H>O (Sigma-Aldrich, 98%) to
obtain the desired Si/Sn ratio. Subsequently, the material was dried overnight at 120 °C and calcined in air at
550 °C for 6 hours using a temperature ramp of 10 °C/min.

In Chapter 3.1, the thermally dealuminated Beta zeolite was obtained by treatment at 750 °C in air for 6 hours.
In Chapter 5, different modifications to the procedute for the preparation of post-synthetic Sn-Beta zeolites
are discussed. The removal of extra-framework tin oxide species was explored following the method reported
by Pidko et al.®* In this case, further methanol washes of the catalyst were added to the procedure for the
preparation of post-synthetic Sn-Beta after the impregnation with Sn. Then, the material was dried and calcined
as already described. The preparations of post-synthetic stannosilicates using different zeolitic frameworks
followed the same procedure as described above. The possibility of preparing Sn-MOR, Sn-MFI and Sn-USY
catalysts were explored and described in Chapter 5.2.1.

Preparation of Sn-Beta catalysts containing different contents of potassium

The interaction between alkali salts and tin active sites in Sn-Beta zeolites was investigated in terms of the
catalytic activity and structural changes. Samples for the ex sit# characterization using ammonia as probe
molecule described in Chapter 6.2.2 were prepated by post-treatment. Differently from the preparation
described above, samples of the dealuminated zeolite were impregnated with aqueous solutions of SnCly-5H2O
(Sigma-Aldrich, 98%) and K>CO; for different concentrations of potassium corresponding values of K/Sn of
0, 0.2, 1 and 2. The catalysts were dried (120 °C, overnight) and calcined (550 °C, 6 h, air).

Alkali-containing Sn-Beta zeolites for the analysis of FT-IR iz situ adsorption of deuterated acetonitrile were
prepared differently in order to simulate the concentration of potassium interacting with the catalyst during the
conversion of carbohydrates (Chapter 6.2.3). 400 mg of post-synthetic Sn-Beta (Si/Sn 100) zeolite catalysts
were added to 22 mL solutions containing different concentrations of potassium carbonate in water (0.4 mM
and 3.0 mM). The suspensions were kept under magnetic stirring for three hours and the catalysts were
recovered by filtration and dried overnight at 120 °C.

2.1.2 Procedures for the preparation of mesoporous stannosilicates

Synthesis of mesoporous stannosilicates were performed at the Department of Chemistry, Technical University
of Denmark, with the help of MSc. Annalisa Sacchetti.

Procedure for alkaline desilication!04

The commercial aluminum-containing zeolite was desilicated by alkaline treatment in NaOH 0.2 M, 30 mL g-!
at 45 °C for 30 minutes. The sample was then filtered and washed with deionized water until reaching neutral
pH. The catalyst was dried at 120 °C overnight and used for the preparation of stannosilicates.

26



Chapter 2 Experimental Methods

Surfactant templating post-treatment!*3

The tin-containing zeolite (2.5 g) was added to a solution of cetyltrimethylammonium bromide (CTAB, 1.75 g)
in NH4OH (160 mL, 0.37 M). After 20 minutes of stirring, the suspension was transferred to a Teflon-lined
stainless steel autoclave for hydrothermal treatment (150 °C, 10 hours). Afterwards, the sample was filtered,
washed with deionized water, dried at 70 °C overnight and calcined in air (550 °C, 6 hours).

Dissolution-reassembly post-synthesis!%

The commercial aluminum-containing zeolite (1 g) was stirred in NH4OH (64 mL, 0.36 M, 2 hours).
Cetyltrimethylammonium bromide (CTAB, 0.7 g) was then added and the final mixture transferred to a
Teflon-lined stainless steel autoclave for hydrothermal treatment (150 °C, 48 hours). Afterwards, the sample
was filtered, washed with deionized water, dried at 70 °C overnight and calcined in air (550 °C, 6 hours).

Procedure for the hydrothermal synthesis of mesoporous Beta zeolite!®>

Fumed silica (4.8 g) was added to a prepared solution of NaOH (0.16 g) and NaAlO» (0.3 g) in
tertacthylammonium hydroxide (TEAOH, 32 mL). The mixture was stirred manually to obtain a homogeneous
gel and polydiallyldimethylammonium chloride (PDADMA, 3.0 g) was added. The gel was kept under stirring
at room temperature (24 hours) and transferred to a Teflon-lined stainless steel autoclave for hydrothermal
crystallization (7 days, 140 °C). The obtained aluminum-containing Beta zeolite was then used for the
preparation of a post-treated mesoporous Sn-Beta catalyst.

2.1.3 Characterization of the catalytic materials

Ammonia Temperature-Programmed Desorption (NH3;-TPD)

The quantification of the acidity of the samples by NH;3-TPD was performed using a Micrometrics AutoChem
11 2920 Chemisorption Analyzer. Zeolite powders (100 mg) were inserted into a glass U-tube reactor supported
between two quartz wool plugs. In a typical analysis, the sample was pre-treated in helium at 500 °C (ramp of
20 °C/min) for 110 minutes. The adsorption of ammonia was carried out at 150 °C for 30 minutes, the gas
flow was changed to helium and the physisorbed ammonia was removed by waiting for 230 minutes. The
desorption was catried out between 150 °C and 600 °C using a temperature ramp of 10 °C/min.

FT-IR experiments of in situ desorption of ammonia

Experiments for the characterization of Sn-Beta zeolites by FT-IR ammonia desorption were performed at the
Department of Chemistry, Technical University of Denmark. The experiments were carried out with the help
of Principal Scientist Soren B. Rasmussen (Haldor Topsee A/S). Samples were prepared by pressing 15 mg of
zeolite into pellets of 0.8 cm diameter, which fit into the sample holder of a specially designed ## situ reaction
transmission cell equipped with KBr windows (Figure 2.1). Spectra were acquired on a Thermo Scientific
Nicolet iS5 spectrometer using Omnia Spectra software. Final elaboration of the data was performed in
OriginPro 2018 and processed as described for the experiments of adsorption of deuterated acetonitrile. The
reactor was designed for including two compartments dedicated to the acquisition of the background and the
sample. During the measurements, it was possible to change 7 situ the position of the holder between the
background and sample compartment. The reactor was equipped with a gas-inlet connected to different lines,

a water-cooling system and a manual temperature controller.

In a typical experiment, the sample was pre-treated at 500 °C in helium flow for 110 minutes. The adsorption
of ammonia was done at 150 °C for 30 minutes and then the physisorbed ammonia was removed in helium
flow at 150 °C for 230 minutes. The desorption was carried out step-wise by increasing the temperature
manually each 50 °C. Spectra and background were recorded every 50 °C.
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Figure 2.1. FT-IR set-up for experiments of adsorption of ammonia probe molecule, equipped with 7# situ reaction transmission cell.

FT-IR experiments of in situ adsorption of deuterated acetonitrile

FT-IR experiments of adsorption of deuterated acetonitrile were catried out at Haldor Topsee A/S with the
help and under the supervision of Research Scientist Juan S. Martinez-Espin (HT'AS). Zeolites were prepared
by pressing 20 mg of sample into pellets of 1 cm diameter, which fit into copper envelopes made for the quartz
cell shown in Figure 2.2. Samples were connected to a vacuum circulating system and evacuated overnight at
room temperature and for 1 hour at 450 °C. After the pre-treatment, the background and blank spectra wete
acquired. Then, increasing amounts of acetonitriles-ds; were adsorbed 77 situ onto the samples and FT-IR spectra
at different pressures were collected (from 1.5 x 10-2 mbar to 4.5 mbar). At the end of the adsorption, the
samples were evacuated at room temperature for 20 minutes and the final desorption spectra were recorded.
Spectra were recorded on a Vertex 70 spectrometer and analyzed using Bruker OPUS software. Final analysis
of the data was performed using OriginPro 2018.

IR beam Vacuum port
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Figure 2.2. Schematic representation of the quartz vacuum cell for iz situ FT-IR adsorption of probe molecules.
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FT-IR spectra were recorded in the range 7500-380 cm-!, by accumulating 64 scans at 2 cm! resolution. The
analysis of the collected data was performed using OriginPro 2018 software. The spectra shown in this thesis
were baseline-corrected and normalized to the vibrations of the Beta zeolite Si-O-Si stretch band
(1700-2100 cmt).

Powder X-Ray Diffraction

The technique was applied to confirm the crystalline structures of the catalytic materials and investigate the
formation of crystalline extra-framework metal oxides. The characterization by Powder X-Ray Diffraction
(XRD) was cartied out both at the Technical University of Denmark (DTU) and at Haldor-Topsee A/S with
the help of specialized technicians. In the first case, diffractograms were collected using a Huber G670 with
imaging-plate Guinier powder-diffraction camera using Cu-Ka radiation (. = 0.154184 nm). At Haldor
Topsee A/S, the XRD patterns were acquired by X’Pert diffractometer (Philips) with Cu-Ka radiation.

Elemental analysis

The elemental composition of the prepared materials was confirmed using different techniques for the different
cases. X-Ray Fluorescence (XRF) characterization was carried out using a PANanalytical epsilon3-XL
instrument. Samples were analyzed in powder or after preparation of fused glass disk with lithium borate.
Preliminary calibration of the signal allowed the determination of Si/Al and Si/Sn ratio. Some samples were
characterized at Haldor-Topsoe A/S with the help of specialized technicians. The XRF analyses were carried
out on a Supermini 200 (Rigaku) instrument. For element with expected amounts of less than 0.2 wt%, the
characterization was performed by Inductively Coupled Plasma-Atomic Emission Spectroscopy ICP-OES) on
a OPTIMA 7300 instrument from Perkin Elmer.

Pore and surface analysis

Isotherms of adsorption and desorption of nitrogen were measured for the investigation of pore volumes and
surface area. Analyses were carried out at the Technical University of Denmark and at Haldor-Topsee A/S. In
the first case, the measurements were performed using a Micrometrics ASAP 2020 analyzer for porosity and
surface area. In the second case, an Autosorb automatic analyzer from Quantachrome Instruments was used.
The samples were prepated by degassing in vacuum at 200 °C for four hours and isotherms of adsorption-

desorption were acquired at -196 °C.

Scanning Electron Microscopy

The morphology of the prepared materials was investigated by Scanning Electron Microscopy (SEM). The
investigations were carried out at the Center for Electron Nanoscopy of the Technical University of Denmark
(CEN DTU). Images were collected on a FEI Quanta 200 ESEM FEG microscope.
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2.2 Experimental Methods for the Study of the Conversion of
Carbohydrates

This work focused on the study of the conversion of different carbohydrates into compounds that can represent
platform-molecules for the production of bio-based chemical products. Chapter 3 focuses on the conversion
of hexoses, which are cheap and abundant in nature. First, the conversion of sucrose into the high-value
keto-hexose fructose was explored. Then, the production of hydroxy esters with potential applications in the
polymeric industry was investigated. Reactions for the conversion of hexoses to methyl lactate and the
conversion of glycolaldehyde to methyl vinyl glycolate (MVG) were carried out and studied by time-resolved
experiments in order to analyze the kinetics of the processes. Using NMR, it was possible to follow the
conversion of reagents into intermediates and products. The study allowed the achievement of good
understanding of the pathways and the kinetics of the processes.

2.2.1 Catalytic conversion of carbohydrates

General procedure for the two-step reaction for the conversion of sucrose into fructose

A mixture of 125 mg of sucrose (Sigma-Aldrich, 99.5%) and the catalyst (75 mg) in 5 mL of methanol
(Sigma-Aldrich, anhydrous, 99.8%) was prepared and kept under magnetic stirring in a 15 mIL Ace glass pressure
tube at 100 °C for different times (up to 8 hours). Then, the mixture with the catalyst was used for the second
step, reacting the obtained solution after addition of water (5 mL) at 100 °C for different times (up to 4 hours).
The highest yields of fructose were obtained by evaporation of the methanol and carrying out the second step
in pure water. Samples were collected at different times and analyzed by NMR.

General procedure for the conversion of carbohydrates by zeolites at 160 °C

Conversion of carbohydrates at 160 °C were catried out in a Biotage Initiator+ microwave synthesizer. In a
typical experiment, the substrate (120 mg), the catalyst (50 mg), the internal standard (DMSO, 80 ul,
Sigma-Aldrich, 99.5%) and methanol (5 mL, Sigma-Aldrich, anhydrous, 99.8%) were weighted into a
microwave vial. The reaction was carried out at 160 °C for different times and analyzed by NMR.

General procedure for the conversion of glycolaldehyde into MVG
In a typical reaction, a mixture of 400 mg of glycolaldehyde dimer and 100 mg of catalyst in 5 mL of methanol
was reacted at 160 °C in the presence of 80 uL. of mesitylene (Sigma-Aldrich, 99.8%) as internal standard. The
reactions were carried out in a microwave synthesizer Biotage Initiator+.

Procedure for the in situ formation and conversion of MGA-DMA
Methyl glycolaldehyde dimethyl acetal (MGA-DMA) was synthesized from glycolaldehyde dimer with the
procedure describe above. A dealuminated ZSM-5 zeolite was used as a heterogeneous Brensted acidic catalyst.
The catalyst was then filtered off and the mixture containing high amount of MGA-DMA was transferred to a
5 mL glass vial for the subsequent reaction with Sn-Beta zeolite catalyst.

General procedure for the conversion of glucose catalyzed by CrCl;

Glucose (Sigma-Aldrich, 99.5%) was dissolved in 6 mlL of water or DMSO (Sigma-Aldrich, 99.5%) and
CrCl3-6H20 (Merck, >96%) was added to the final solution to achieve a concentration of 17 mM. The reactions
were carried out in Ace glass pressure tubes at 140 °C under magnetic stirring for different times (up to 6 hours).
Samples were collected at different times and analyzed by NMR spectroscopy. The reaction was studied 7 situ:
500 pL of the mixture using D-[1-13Clglucose (Sigma-Aldrich, 99 atom% 13C) and CrCl36HoO in the same
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concentration as above was prepared in a NMR tube and reacted at 95 °C in a Bruker Avance III 600 MHz
NMR spectrometer equipped with a BBO SmartProbe (Bruker).

2.2.2 Analysis of processes for the conversion of carbohydrates

Analysis of the reaction mixtures by NMR spectroscopy

NMR experiments were performed at NMR center at the Technical University of Denmark with the help and
under the supervision of Senior Researcher Sebastian Meier (DTU). Samples for the analyses were prepared by
first filtration of the reaction mixture from the catalyst (Nylon Filter 0.22 um). Subsequently, the NMR tube
was prepared by addition of 500 uL reaction solution and 100 pL of deuterated methanol. Spectra were recorded
at 25 °C using a Bruker Avance III 800 MHz instrument equipped with a TCI cryoprobe. Products in the
mixtures were quantified by the acquisition of quantitative 13C spectra, sampling 65536 complex data points,
using 30 s of recycle delay and acquisition time of 1.36 s. Quantifications were obtained by comparison of the
integrated area of the peaks of the products with the area of an internal standard (DMSO). Concentrations of
the different products were calculated using the formula:

[X] = [DMSO](nCmwmso)/nCw)(Aw/ Amdnmso)

where nCowmso) indicates the number of carbon atoms in DMSO molecule (internal standard) giving the
integrated peak, nC the number of carbon atoms in the product x giving the integrated peak, Aw the area of
the peak integrated for the product x and Apmso) the area of the peak integrated for DMSO.

The different isomers of the considered carbohydrates were identified and quantified by 'H-13C HSQC spectra,
which were used in order to achieve high resolution between the signals. 'H-13C HSQC spectra were recorded
using 1024(1H)*x300(1*C) complex data points and 62 ppm of 3C cartier offset (primary alcohols region).
Spectra were acquired using a spectral width of 20 ppm and highly-resolved spectra were obtained in short
times (30 minutes). Signals for 13C were also sampled in 'H-13C HSQC spectra for 50 ms with 13C carrier offset
of 102 ppm to better resolve aldose hemiacetal signals. Thus, signals for the different pyrano/furano and «/j
isomers of sugars and glycosides were resolved in the two-dimensional spectra. The concentration of the
compounds was calculated after construction of calibration curves and extrapolation of a response factor in
order to calibrate the signal of the two-dimensional experiment relative to protonated DMSO as internal
standard.!® Spectra were processed and analyzed using TopSpin 4.0.4 software.

Glucose
a-Methyl glucopyranoside

.12 o PB-Methyl glucopyranoside
@« Fructose ,
0.1 A
Y= 0.1781x
— 0.08 R*=0.9898
5 7 y= 0.1749x
“ 0.06 = R?=0.9907
8 ~
2 ) y=0.1737x
0.04 Z R?=0.9996
iy y =0.1682x
0.02 : R? = 0.9963
0
0.1 0.2 03 0.4 0.5 0.6

Conc ST/Conc DMSO

Figure 2.3. Calibration curves of hexoses in 'H-13C HSQC experiments.
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2.2 Study of the Conversion of Carbohydrates

Calibration curves for 2D NMR experiments were built by the analysis of standard samples. In the case of
glycosides, response factors were similar due to the similarity in the structures (Figure 2.3). Products not
commercially available could be calibrated in the 2D NMR experiments by correlation with the signals in the
quantitative 1D C NMR spectra. Thus, the response factor for a compound x is:

RF HSQC = (AHSQC/ A pmso)HSRC) / (A 3¢/ Apniso) )

where AHSQC is the area integrated in the 2D 'H-13C HSQC spectra and A3C the area in the quantitative 1D 13C
NMR spectra. The quantification of the concentration of the compound x can then be calculated:

[X] = (Aw"SC/ Apniso)5Q€) * [DMSO] * (nCpwmiso)/nCe) /REHSQC,

where nCgy and nCpnmso) are the number of carbons giving the integrated signal for the compound x and the
internal standard DMSO, respectively. The method allows the quantification of new products formed during
the conversion of carbohydrates and is more accurate and faster as compared to the use of only 13C NMR
spectra.!’

Fitting and kinetic analysis of the reactions for the conversion of hexoses

Kinetic fittings of the conversion of hexoses was performed by Associate Professor Pernille Rose Jensen and
Senior Researcher Sebastian Meier (DTU). Concentrations at different times were obtained by quantitative
analysis of the NMR spectra. The data for the conversion of sucrose over time were fitted to exponential decays
and the rate constants of pseudo-first order for the methanolysis were obtained using pro Fit 6.2.9
(Quantumsoft, Zurich, Switzerland). The data of the conversion of hexoses to methyl lactate were likewise
titted using proFit 6.29 (Quantumsoft). The formation of methyl lactate over time was fitted using
monoexponential and biexponential expressions. The kinetic expression used for the monoexponential fit was
Y= A(l-e*), where A indicates the maximum yield of methyl lactate and k the pseudo-first-order kinetic
constant. The expression used for the biexponential fitting was: Y=B(1-e1)+C(1-e™), where B and C are the
maximum yields of methyl lactate derived from fructose and methyl fructosides, respectively, and 1 and m the
two pseudo-first-order kinetic constant. Rate constants for a more involved kinetic model of glucose conversion
to fructose and competing irreversible methyl lactate formation and reversible methyl fructoside formation
were calculated using Lmfit in the spyder (release 3.2.4) Python environment.

Kinetic analysis of the reactions for the conversion of glycolaldehyde

Yields of the products and conversion of the starting substrate were calculated from the concentration obtained
from quantitative 3C-NMR analysis using mesitylene as the internal standard. Time-resolved data were fitted
with the desired function using OriginPro 2018. The used kinetic expression for describing the MVG yields Y
were: for the second-order Y = Ao — 1/ (1/Ao + Ait); for the combined kinetics Y = Ag— 1/ (1/A0 + &it) +
Ar*¥(1-exp(-kat)); for the first order Y = Ar*(1-exp(-42t)).

Yields and selectivity

Yield (Y) and selectivity (S) of different products were calculated as the following.

Y (0/0) Zmolq,)/mol(So) *100 S (0/0) - mol(p)/(mohs())— mol(so) *100

where mol,) indicates mol of the product, mol the initial mol of substrate and moly the mol of substrate at
the time 7
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Chapter 3 Conversion of Hexoses Using Zeolites

Chapter 3

Conversion of Hexoses Using Zeolite
Catalysts

This chapter discusses the results obtained on the study of the conversion of hexoses catalyzed by zeolites.
First, an alternative method for the production of fructose starting from sucrose is proposed. Commercial
aluminum-containing zeolites were applied for the valorization of the cheap sucrose into the high-value fructose
in a two-step two-solvent process. The reactions for the conversion of carbohydrates were carried out in
methanol because the catalysts showed improved stability under these conditions. Thus, the formation of
methyl glycosides assumed a central importance. In the second section, the role of the formation of methyl
glycosides is analyzed with an emphasis on the formation and the conversion of methyl fructoside
intermediates. Finally, the process for the conversion of hexoses into methyl lactate was studied by

time-resolved experiments and a kinetic model for the process was proposed.

3.1 Zeolites with Balanced Brgnsted and Lewis Acidity for the
Conversion of Sucrose into Fructose

Fructose is a central intermediate in the conversion of biomass feedstock into chemicals.!?> Differently from
glucose and other hexoaldoses, it is mainly found in solution in the reactive five-membered ring form. In
industry, it is mainly used as sweetener for the preparation of High Fructose Corn Syrup (HFCS) and it is
produced by isomerization of glucose promoted by the glucose isomerase enzyme.'20 Alternative methods for
the production of fructose are investigated in order to make it competitive as replacement of chemical fossils.
Since the isomerization of glucose to fructose catalyzed by heterogeneous Lewis acids directly replaces the
existing enzymatic process, it is very attractive for industrial applications.'?> However, the disaccharide sucrose
is cheaper and more accessible than glucose. The hydrolysis of sucrose is promoted by Bronsted acidity and it
leads to a mixture of glucose and fructose.!® Reaching high yields of fructose using conventional hydrolysis
systems is challenging since acidic conditions also promote the conversion of fructose into products such as
furanics and levulinic acid.!?

In the last years, researchers have applied commercial zeolites to Lewis acid-catalyzed conversions of
carbohydrates, such as the isomerization of glucose at 100 °C, using short-chain alcohols as solvents.!* The
use of alcoholic solvents both increases the stability!?” of the catalyst and the selectivity for conversion into
fructose because competitive reactions are limited by the immediate formation of methyl fructosides. The
proposed method involved the use of two solvents in a two-step process. In the first step, glucose isomerized
into fructose, which was immediately converted in methyl fructosides. In the second step, methyl fructosides
were hydrolyzed by addition of water (Chapter 1.2.4).14
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3.1 Conversion of Sucrose into Fructose

In this section, a study of the possibility of the use of commercial aluminum-containing zeolites for the
production of fructose starting from sucrose is described. The catalytic systems have both Brensted and Lewis
acidity for the catalysis of both the solvolysis of sucrose and the isomerization of glucose to fructose at 100 °C.
The use of methanol as the solvent sequestered the formed fructose as methyl fructosides and allowed to reach
high selectivity.’

3.1.1 Experimental details: NMR spectroscopy for the study of complex mixtures

The analysis of mixtures of carbohydrates is, in general, complex because they have very similar structures and
physical properties. Glycosides formed in alcoholic solvents increase the number of detectable compounds and
the complexity of the mixtures. Moreover, each hexose is present in solution in different forms, the
six-membered (pyrano-) and the five-membered (furano-) ring forms. In addition, each cyclic form can be alfa
ot beta depending on the spatial arrangement of the anomeric position upon cyclization. Most of the common
analytical techniques are not readily able to distinguish all the different forms in solutions and, for this reason,
the study was performed by using a two-dimensional NMR experiment, the 'H-13C HSQC spectrum. Signals
were resolved and integrated in the region of the primary alcohol and the use of an internal standard (DMSO)
in the reaction allowed absolute quantifications (Figure 3.1).15%199

Methyl glucosides

HOH Methyl fructosides

Ho OCH,4
H HOH,C 4

HO
HO

H H,OH

3.90 Ha

C}:le : 3.80 3
Mical Spg 0 ";5 an L
* PPm) 65

Figure 3.1. Spectral region of the primary alcohols of H-13C HSQC spectra, signals of the different forms of methyl fructosides and
methyl glucosides.

"'The section was adapted from the article “Facile and Benign Conversion of Sucrose to Fructose Using Zeolites with
Balanced Bronsted and Lewis Acidity” published in Catalysis Science and Technology.??
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Chapter 3 Conversion of Hexoses Using Zeolites

Table 3.1. Chemical shifts of the -CH2-OH group (position C6) of the different forms of glucose, fructose, methyl glucosides and
methyl fructosides.

Glucopyranoses
13C H

a 6150 3.79/3.84
B 6162 3.85/3.72

Methyl glucopyranosides - Methyl glucofuranosides

13 1
c H HO 5 y HE H
a 6139 3.83/3.68 e a 6352 3.78/3.61

B 6146 3.89/3.65 OH B 64.07 3.83/3.66

Fructopyranoses Fructofuranoses

p HO 0 OH 13C 1H
C 'H OH
B 64.66 3.67/3.51 HO™ a a 61.34 3.76/3.64

€ 62.86 3.74/3.61

Methyl fructofuranosides

o) Methyl fructopyranosides 13 1
Ho™ S\ ~oH B 6377 3.74/3.68 Ho N\ a 5921 3.72/3.64
OH B B 6019  3.67/355

Reactions were carried out in glass pressure tubes. For kinetic analysis, samples were collected at different times
(Chapter 2.2.1).

3.1.2 Design of a two-step process for the conversion of sucrose into fructose

Starting from the process reported in literature, !4 the same approach for the isomerization of glucose catalyzed
by zeolites was used for the design of a two-step process for the conversion of sucrose into fructose in alcohols.
The Bronsted acidity catalyzes the solvolysis of sucrose and the Lewis acidity catalyzes the isomerization of
glucose. The aim of this study was to find the optimal amount of Bronsted and Lewis acid sites in order to
catalyze both the solvolysis of sucrose and the isomerization of the derived glucose. Commercial zeolites
contain aluminum, which introduces both types of acidity (Chapter 1.1.1). However, acidity and catalytic
behavior can be influenced by several factors, such as Si/Al ratio or the type of framework. The Lewis acidity
of aluminum-containing zeolites is suppressed in aqueous solutions!®* and the conversion of sucrose in water
at 120 °C using H-USY (6) zeolite as the catalyst resulted in only 43% yield of fructose. Isometization was not
observed in water and the reactions were carried out using methanol as the solvent. Under these conditions,
the reaction of glycosylation of the substrate with the alcoholic solvent became highly relevant. Methyl
fructosides were kinetically favored and they were directly formed by solvolysis of sucrose. Methyl glucosides
were absent using catalysts with balanced weak Bronsted acidity. Methyl glucosides are the thermodynamically
preferred products, they were stable and they represented unconvertable byproducts. Using strong Bronsted
acidic catalysts, the formation of methyl glucosides became fast and competitive with the formation of methyl
fructosides.
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3.1 Conversion of Sucrose into Fructose

The proposed process for the production of fructose from sucrose is a two-step reaction with the use of a
unique catalyst. At the beginning, the hydrolysis of sucrose and the isomerization of glucose in pure methanol
resulted in high yields of methyl fructosides. Balanced Bronsted acidity was essential for reaching high yield of
methyl fructosides in this initial step. The Lewis acidity was able to promote the isomerization of glucose
formed by hydrolysis of sucrose, giving fructose, which was readily transformed into methyl fructosides in
methanol. Therefore, the process required two steps. In the first step, high yields of methyl fructosides were
achieved from sucrose in methanol. In the second phase, the hydrolysis of methyl fructosides occurred by
promotion with addition of water and the same catalyst as in the first step (Scheme 3.1).

OH
Q OH
Sucrose HOH
OH
o g
OH
HO
BA
OH fast l MeOH OH
O OH
_OH + —p O—
OH o OH
Glucose oH Me-Fructoside
OH fast 0 O
HO » HO
OH OH OH OH
Fructose Me-Fructoside

Scheme 3.1. Scheme of the interconversion between different sugars in the reaction starting from sucrose using zeolite catalysts in
methanol (BA: Bronsted acidity, LA: Lewis acidity). Reproduced from Ref. 200 with permission from The Royal Society of Chemistry.

Two-step reactions were performed in order to test the activity of different commercial zeolites as catalysts for
the process. Furthermore, optimal reaction conditions were studied and optimized. The purely Bronsted acidic
sulphonic resin Amberlyst 36 was used as a reference for a purely Bronsted acidic heterogeneous catalyst. The
conversion of sucrose was performed at 100 °C in methanol and the subsequent hydrolysis of methyl
fructosides was promoted by addition of water.

100% MeOH, 100% H,0,
100 °C, <8 h, 100 °C, <2 h,
Al-zeolite Al-zeolite
bifunctional suppressed
catalyst Methyl- Lewis acidity
[ . [
Sucrose ——=—= Wiidioaida —_— Fructose
Step 1 Step 2

Scheme 3.2. Two-step process for the conversion of sucrose into fructose. Reproduced from Ref. 200 with permission from The Royal
Society of Chemistry.
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Chapter 3 Conversion of Hexoses Using Zeolites

3.1.3 Zeolites with balanced Brgnsted and Lewis acidity

Different commercial zeolites were studied and the results of their catalytic activity were compared with the
acidic properties. The reaction conditions were studied considering temperature, time, catalyst loading and
sucrose concentration. Hydrolysis of sucrose, isomerization and formation of methyl fructosides occurred at
slow rate at 100 °C and it was necessary to catry out the reaction over eight hours for reaching high yields
(>70%) of methyl fructosides. Further conversion of unreacted glucose was possible in prolonged reaction
times, but eight hours was chosen in order to avoid the formation of byproducts during prolonged times.
Increasing the reaction temperature, the formation of methyl fructosides accelerated and maximum yields were
reached within the first few minutes. Nevertheless, high temperatures reduced selectivity and increased the
amount of different products. The final optimal conditions were decided based on a compromise between
highest yields and applicability of the system (125 mg suctose, 75 mg catalyst, 5 mL methanol, 100 °C, 8 hours).

Figure 3.2 shows the distribution of carbohydrates after eight hours of reaction at 100 °C using different
catalysts. Only for Ambetlyst 306, yields are reported after one hour, since prolonged reaction times led to the
formation of products derived from the dehydration of fructose (5-hydroxymethyl furfural and other furanic
compounds) catalyzed by Bronsted acidity. Aluminum-containing zeolites formed methyl fructosides in yields
higher than 70%. Catalysts without marked Lewis acidity, Amberlyst 36 and H-USY (30), were insufficiently
active for isomerization and methyl fructosides were only derived by direct solvolysis of sucrose (Scheme 3.1).
On the other hand, the NMR spectra showed glucose accumulation and the formation of methyl glucosides
due to the Bronsted acidic behavior. Using H-USY (30), the low amount of aluminum did not provide the
Lewis acidity necessary for promoting isomerization and the formation of methyl glucosides became
competitive to the formation of methyl fructosides.

For the other catalytic systems, differences in activity were minimal. The Sn-Beta (12.5) catalyst showed the
best performance in terms of high methyl fructoside yields and low methyl glucoside yields. The thermally
dealuminated Beta zeolite also presented the capability to isomerize glucose to fructose by stabilizing high yields
of methyl fructosides. The extra-framework aluminum remaining on the surface of the material after thermal
delaumination behaved as a Lewis acidic center. However, the formation of methyl glucosides using DeAl-Beta
and H-Beta (12.5) was slightly higher than for Sn-Beta (12.5) and H-USY (6) (Figure 3.2) and the latter catalysts
were chosen as the optimal systems for the study of the second step of methyl fructoside hydrolysis.
Amberlyst 36 was also explored as purely Bronsted acidic counterpart in order to understand the benefits of
balanced Bronsted and Lewis acidity.
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3.1 Conversion of Sucrose into Fructose

B HBeta(125 M H-USY(6)
DeAl-Beta B Amberlyst 36
Sn-Beta B H-USY (30)

Yield (%)

Fru Me-fru Me-glu Glu

Figure 3.2. Distribution of carbohydrates after the first reaction step. Reaction conditions: 125 mg sucrose, 75 mg catalyst, 5 mL
methanol, 100 °C, 8 hours. Only in the case of Ambetlyst 306, yields are calculated after 1 hour in order to avoid excessive degradation.
Adapted from Ref. 200 with permission from The Royal Society of Chemistry.

Table 3.2 summarizes the total amount of acid sites measured by umol of ammonia desorbed per gram of
zeolite during the NH3-TPD experiments and the temperature of desorption indicates their strength. Although
it is not possible to distinguish between Lewis and Bronsted acid sites using ammonia as probe molecule, TPD
profiles of all catalyst samples presented two characteristic desorption peaks. The first peak between 100 °C
and 270 °C was related to weak acid sites, the second peak between 270 °C and 500 °C was due to more
persistent acid sites. Assuming that Bronsted acid sites are strong and desorb at higher temperature compared
to Lewis acidic sites, the quantification of the TPD peaks followed the trend of activity just discussed. Optimal
acidity for the formation of methyl fructosides as main products was not dependent on the total amount of
acid sites, but required that the weak-type acid sites desorbing at low temperatures exceeded the strong sites
responsible for the formation of byproducts. In fact, solvolysis occurred when using catalysts with some
character of Brensted acidity, while prominent Lewis acidity was needed for the isomerization.

Table 3.2. Physical characterization of the different catalysts.
2The number in bracket in aluminum-containing zeolites indicates the Si/Al ratio

Acid sites type 1  Acid sites type 2

(100-270 °C) (270-500 °C) Total acid sites BET area  Pore volume
Entry Catalyst (umolig)° (m2/g)? (cm?3/g)?
(umolig)e (umol/g)©

1 H-USY (6)° 488 539 1027 708 0.2436

2 H-USY(30)? 140 226 366 792 0.2504

3 H-Beta(12.5) 693 395 1088 579 0.1631

4 DeAl-Beta 128 91 219 526 0.1492

5 Sn-Beta

(12.5)° 196 95 291 492 0.1446
6 Amberlyst 36 - - >5400 33 0.2

b The number in bracket in Sn-Beta zeolite indicates the Si/Sn ratio ¢ Measured by NH3-TPD d Measuted by nitrogen physisorption
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Chapter 3 Conversion of Hexoses Using Zeolites

It is noteworthy that the two best performing catalysts, H-USY (6) and Sn-Beta (Table 3.1 entry 1 and 5),
presented opposite situations considering the total amount of acid sites. H-USY (6) has a high Si/Al ratio,
which determined the high acidity (1027 umol/g) and activity for both Lewis and Bronsted catalysis. Sn-Beta
does not contain aluminum and the total amount of acid sites was low (291 umol/g). However, the presence
of tin introduced Lewis acidic properties and high activity for both solvolysis and isomerization. When the
strong acid sites (type 2) were predominant, high formation of methyl glucosides were obtained. These products
derived directly from glycosylation of glucose in methanol (Scheme 3.1) and were thermodynamically stable.
Using catalysts able to promote the quick interconversion between glucose and fructose, the formation of
glucosides did not occur since the substrate was preferably sequestered from the mixture as methyl fructosides
upon quick conversion of fructose. However, when the Lewis acidic behavior was not prevalent and the
isomerization was slow, methyl glucosides formation became competitive.

The formation of methyl glucosides was strongly undesired because the stability of methyl glucosides stopped
the process. The possible conversion of a and B methyl glucopyranosides was explored starting from the
commercial compounds and using different reaction conditions. Using Lewis acidic zeolites, the conversion of
methyl glucosides and the presence of traces of products were observed only at high temperatures (>160 °C)
and in the presence of a large amount of water (> 50% (v/v)) for both anomers (- and B-glucopyranose).
These conditions were not relevant for the process and the stability of the catalysts. Hence, methyl glucosides
need to be considered as unreactive byproducts. In all cases, the predominant amount of acid sites type 2 was
not beneficial for the process. Amberlyst 36 is an organic resin with sulphonic acid groups and cannot be
characterized by using the same techniques as for inorganic materials, such as zeolites. For this reason, the
results obtained with the zeolite catalytic systems were not directly comparable with Amberlyst 36. However, it
could be used as a qualitative reference for the effect of Bronsted acid sites in the process.

The NMR spectra showed also the formation of other hexoses. Mannose, sorbose, methyl mannosides and
methyl sorbosides were present in the reaction mixture in small amounts (<1% yield) due to concurrent
reactions starting from glucose. In all cases, prolonged times led to the degradation of the sugars, as proved by
the decrease of fructosides and the appearance of other products. In the case of marked Breonsted acidity
(Amberlyst 36), derivatives of levulinic acid were formed, while for increased proportion of Lewis acid sites,
traces of products derived by retro-aldol pathways appeared, i.e. methyl lactate, hydroxy esters and lactones.
Free fructose was barely visible in the reaction mixtures and free glucose was present only at short reaction
times.

3.1.4 Investigations on the formation and the hydrolysis of methyl fructosides

Considering the low abundance of free fructose, methyl fructosides represented central products of the first
step in the two-step process converting sucrose to fructose. Therefore, the formation of methyl fructosides
over time using Sn-Beta, H-USY and Amberlyst 36 catalysts was explored. Figure 3.3 shows the kinetics of the
conversion of sucrose for the three investigated catalytic systems. H-USY (6) and Sn-Beta showed similar trends
with high yields of methyl fructosides (80%) and no accumulation of glucose or fructose. However, H-USY (6)
showed a slower reaction progression and the conversion of sucrose was complete after about 150 minutes,
while only 50 minutes were necessary using Sn-Beta zeolite. A further acceleration occurred when using
Amberlyst 36 as the catalyst, which provided a complete consumption of the starting substrate in only 20
minutes. The hydrolysis led to methyl fructosides, glucose and methyl glucosides, but, over time, the amount
of methyl glucosides from glucose and products from the degradation of methyl fructosides increased.
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3.1 Conversion of Sucrose into Fructose
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Figure 3.3. Distribution of carbohydrates during the progression of the reaction for the catalyst Amberlyst 36 (top), Sn-Beta (middle)
and H-USY (6) (bottom). Note different time axes for the three catalysts. Reaction conditions: 125 mg sucrose, 75 mg catalyst, 5 mL
methanol, 100 °C, DMSO as internal standard. Reproduced from Ref. 200 with permission from The Royal Society of Chemistry.

The fitting of the data for the solvolysis of sucrose for the different catalysts during the first 150 min is presented
in Figure 3.4. The data followed a pseudo-fist-order kinetic as methanol, H* and catalyst concentration were
constant over the progression of the reaction. Under these conditions, the fitted rate constants for the
hydrolysis of sucrose were 0.10 min-!, 0.06 min! and 0.02 min"! for the catalysis by Amberlyst 36, Sn-Beta (12.5)
and H-USY (6), respectively. Methyl fructofuranosides and methyl glucofuranosides were the main forms of
glycosides identified by 'H-13C HSQC. The majority of the five-member ring forms indicated that the formation
of methyl glycosides under such conditions occurred under kinetic control on a short timescale at 100 °C.

k=0.02 min" ® Amberlyst 36

Sn-beta (12.5)
& H-USY (6)

Yield sucrose (%)
(o)}
o

Time (min)

Figure 3.4. Curve fitting for the conversion of sucrose. Reaction conditions: 125 mg sucrose, 75 mg catalyst, 5 mL methanol, 100 °C,
80 uL. DMSO as internal standard. Adapted from Ref. 200 with permission from The Royal Society of Chemistry.
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Chapter 3 Conversion of Hexoses Using Zeolites

The hydrolysis of methyl fructosides to fructose could be performed in water using the same catalysts as used
in the first step. Optimal fructose yields (80%) and stable distribution of products were obtained by evaporation
of the methanol and addition of the same volume of water (5 mL). The reported results were achieved after 2
hours at 100 °C. The hydrolysis of methyl fructosides was carried out for the same duration for the different
catalytic systems. However, using Sn-Beta (12.5) as the catalyst, the composition of the mixtures was not stable.
After 30 minutes of reaction, the consumption of methyl fructosides was complete and the yield of fructose
reached a maximum of 80%. For longer reaction times, fructose was further converted due to the high Lewis
acidity of the catalyst, which allowed the isomerization of glucose in water. Therefore, fructose yields decreased
and glucose yields increased over time using Sn-Beta (12.5) catalyst (Figure 3.5). On the other hand, the Lewis
acidic character of H-USY (6) was completely suppressed in the second step, as generally known for aluminum-
containing zeolites in aqueous solutions.!** Thus, the use of H-USY (6) catalyst produced 80% fructose yields
from sucrose in the two-step process (Figure 3.6).

—a Fru 4 Me-fru _g Me-glu Glu
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70 70 — m
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Figure 3.5. Hydrolysis of methyl fructosides in water using Sn-Beta (12.5) (left) and H-USY (6) (right) as catalysts. Reaction conditions:
products and catalyst (50 mg) mixture obtained from the first step after evaporation of the solvent, 5 mL water, 100 °C, 80 pL. DMSO
as internal standard. Adapted from Ref. 200 with permission from The Royal Society of Chemistry.
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Figure 3.6. Distribution of carbohydrates for the two different steps of the process using H-USY (6) as catalyst. Adapted from Ref. 200
with permission from The Royal Society of Chemistry.

The hydrolysis of methyl fructosides occurred also without the need of evaporation of the solvent after the first
step. Small volumes of water were sufficient to promote the hydrolysis and to stabilize the free fructose. Figure
3.7 A shows the evolution of the reaction over time, if water was added 1:1 (v/v) to the reaction mixture. The
formation of fructose was slower compared to the use of pure water and 50% yields were obtained after 2
hours. The use of 50% water 50% methanol (v/v) preserved the activity of the catalyst, which showed high
stability over five cycles of recycle and reuse even at 120 °C (Figure 3.7 B).
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Figure 3.7. a) Hydrolysis of methyl fructosides into fructose by H-USY (6) in a mixture of water and methanol and b) stability of the
catalytic system over five runs. Reaction conditions: product, catalyst (H-USY (6) 50 mg) and methanol (5 mL) from the first step, 5
mL water, 100 °C, 80 uL. DMSO as internal standard.

The applicability of the system to the isomerization of different sugars was studied in the conversion of
galactose into tagatose. Tagatose is a rare sugar with low calorie content and it is used as sweetener with
beneficial effects for lowering the blood glucose content.?! The two-step process using H-USY (6) catalyst
allowed to achieve around 62% yields in 2 hours. During the first step, galactose was isomerized in methanol
and methyl tagatosides were obtained. Successively, the alcoholic solvent was evaporated and the water used in
the second step promoted the hydrolysis of the glycosides leading to tagatose (Scheme 3.3). Hence, the process
can be generally used for the valorization of common sugars via isomerization into rare isomers.

H-USY (6) HO HUSY(6) 0

a0 1A% 6 100°C o

62% yields

HO “OH MeOH HO"™"SOH H,0 o
H OH OH

Galactose Methyl tagatosides Tagatose

Scheme 3.3. Conversion of galactose into tagatose using the two-step two-solvent approach.

3.1.5 Conclusions on the study for the conversion of sucrose into fructose catalyzed by
zeolites

In this section, the approach for the isomerization of carbohydrates in alcohols by a two-step reaction catalyzed
by aluminum—containing zeolites was applied to the conversion of sucrose into fructose in methanol. The
process involved the solvolysis of sucrose into glucose and methyl fructosides catalyzed by weak Bronsted
acidity. In the presence of Lewis acidity in the heterogeneous catalyst, the formed glucose isomerized into
fructose, which accumulated as methyl fructosides. Finally, methyl fructosides could be easily hydrolyzed in a
second step by addition of water. The optimal catalyst for the process required balanced Bronsted and Lewis
acidity. Excessive Bronsted acidity promoted the formation of methyl glucosides, which represented unreactive
byproducts. Different zeolites were screened as catalysts for the process and most of them were able to promote
the accumulation of methyl fructosides in high yields. After characterization of the acidity by NH;3-TPD, the
most active catalysts were the samples presenting a prevalent desorption of ammonia at low temperatures.
Results indicated that the active sites of the catalyst required weak acidic behavior. Sn-Beta and H-USY (6)
zeolites presented the best activity for the formation of methyl fructosides in the first step and they were further
studied and compared to Ambetlyst 36, as a purely Bronsted acidic reference material. Finally, H-USY (6)
showed the best result in the final formation of fructose after both steps. Differently from Sn-Beta zeolite, the
Lewis acidity was suppressed in water and it was possible to stabilize fructose in the final mixture in high yields.
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3.2 The Role of Methyl Glycosides during the Conversion of
Hexoses in Methanol

The conversion of carbohydrates in industry is mainly performed by enzymatic processes. The use of zeolites
as catalysts for the conversion of carbohydrates allows a wide range of applications for the production of
bio-based chemicals. Industrially, the processes would be carried out in alcoholic solvents since the catalytic
materials have shown improved stability under these conditions.!” Thus, the study of the glycosylation of
carbohydrates in short-chain alcoholic solvents needs to receive particular attention. As discussed in the
previous section, alkyl glycosides can represent reactive intermediates or unreactive byproducts and they have
great influence on rates and selectivity of the different processes. In the previous section, the formation of
methyl fructosides from sucrose in methanol at 100 °C using aluminum-containing zeolite catalysts was utilized
to sequester the masked product from the reaction mixture.2 However, using temperatures higher than 100 °C,
the formed methyl fructosides were activated for the production of different compounds. The selectivity into
the different reaction pathways depended on the balanced amount of Brensted and Lewis acidity in the catalyst.
The use of increased temperatures and different zeolite catalysts could promote the formation of different
products and the approach could be studied as a method for the production of bio-based platform chemicals
from carbohydrates. In this section, formation, hydrolysis and reactivity of methyl glycosides in the reactions
of hexoses in methanol using zeolite catalysts at 160 °C is presented and discussed.

3.2.1 The role of the formation of methyl fructosides in the conversion of hexoses in
methanol catalyzed by solid acids

The analysis of the reaction mixtures by 'H-3C HSQC showed the formation and the conversion of the
different isomers (Figure 3.8). Free fructose was present mainly as «- and B-fructofuranose and only minor
amount of B-fructopyranose was formed. Analogously, methyl fructosides were formed in high amount as
furanosides and only low yields of 3-pyranosides were visible. On the other hand, glucose was only visible as
a- and B-glucopyranose. In contrast, methyl glucosides were formed in all the possible forms.
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Figure 3.8. 1H-13 HSQC spectra, in the region of the primary alcohols.

The conversion of carbohydrates in methanol at 160 °C using catalysts with different balanced acidity was
studied by time-resolved experiments. Figure 3.9 shows the conversion of glucose in methanol promoted by
catalysts with poor Lewis acidity. Using the purely Bronsted acidic Amberlyst 36, methyl glucosides were the
only products at 160 °C. In this case, the absence of Lewis acidity did not allow the isomerization to the reactive
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3.2 The Role of Methyl Glycosides

fructose and the only pathway available was the glycosylation to methyl glucosides. Differently, H-Beta (12.5)
contains aluminum, which is a Lewis acidic center. Thus, the isomerization to fructose and the sequential
formation of methyl fructosides in methanol was promoted (Figure 3.9 b). During the first hour, methyl
fructosides were also hydrolyzed and converted into different products. In particular, furanic products appeared
in the mixtures after 15 minutes, when the consumption of methyl fructosides started. In this work, the term
of “furanics” indicates the sum of furfural, 5-hydroxymethylfurfural (HMF) and derivative compounds.
Nevertheless, H-Beta (12.5) zeolite is prevalently Bronsted acidic and methyl glucosides were the favored
products in methanol.
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Figure 3.9. Conversion of glucose by a) Ambetlyst 36 and b) H-Beta (12.5). Reaction conditions: 120 mg glucose, 50 mg catalyst, 5 mL
methanol, 160 °C, 80 uL. DMSO as internal standard.

Methyl glucosides are stable compounds and they were not converted into different products under the studied
conditions. Thus, the results indicated the requirement of the first isomerization step for converting glucose
into the reactive fructose in order to obtain the desired products. Fructofuranoses and fructofuranosides are in
dynamic equilibrium with the open-chain form and they were prone to react in solution. In contrast, glucose
and glucosides are present in the thermodynamically stable pyrano-forms and they did not undergo any reaction
pathway.202 Consequently, the reactions starting from fructose in methanol showed different trends over time
compared to the use of glucose as substrate (Figure 3.10). The main products consisted in furanic compounds
derived from the dehydration of fructose. Using both Amberlyst 36 and H-Beta (12.5) as catalysts, methyl
fructosides were initially formed from fructose as reactive intermediates. Then, they were rapidly hydrolyzed
and converted into different products. Using H-Beta (12.5) zeolite, the consumption of methyl fructosides
yielded high amounts of furanic compounds. Differently, the use of the strong Brensted acidic resin
Amberlyst 36 produced furanics at short times, which were converted further. Subsequently, furanics were
consumed and derivatives of the levulinic acid were formed from their rehydration.
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Figure 3.10. Conversion of fructose by Amberlyst 36 (left) and H-Beta (12.5) (right). Reaction conditions: 120 mg fructose, 50 mg
catalyst, 5 mL methanol, 160 °C, 80 pL. DMSO as internal standard.

Fructose was converted into different products under the considered conditions. Methyl fructosides were the
first intermediates in all cases. They were rapidly formed, but they were then hydrolyzed back to fructose and
converted to other products for prolonged reaction times. In the reactions starting from glucose, the first
isomerization to fructose catalyzed by the Lewis acidity was an essential requirement to enter catalytic pathways

beyond glucosides formation.

3.2.2 Formation of methyl fructosides from glucose at 160 °C using post-treated Sn-Beta
zeolite catalysts

Methyl fructosides are key intemediates for the conversion of glucose in methanol.’32 Glucose cannot undergo
reactive pathways into desired products without the presence of a Lewis acidic catalyst promoting the
isomerization into fructose.22 Using zeolite catalysts in methanol, fructose was quickly converted into methyl
fructosides as first intermediates. Thus, the formation of methyl fructosides promoted by Lewis acidic zeolites
could be used as an activation of the starting glucose. For this purpose, post-treated Sn-Beta zeolites presented
optimal catalytic properties. The tin confered high Lewis acidity for promoting the fast isomerization between
glucose and fructose. Moreover, the presence of defects in the structure due to the post-synthetic preparation
introduced the weak Bronsted acidic behavior for the rapid formation of glycosides. The formation of methyl
fructosides from glucose at 160 °C in methanol was studied by short-time experiments (five minutes). As seen
in the previous section, free fructose was hardly observed as it was immediately sequestered as fructosides. The
increased temperature promoted a great acceleration of the process. Using a Sn-Beta with Si/Sn ratio 50 at
160 °C, the conversion of glucose was complete within the first two minutes and methyl fructosides reached
maximum yields. In contrast, methyl fructosides required two hours in order to reach 70% yields from sucrose
at 100 °C. The correlation between amount of tin and progtess of the formation of methyl fructosides from
glucose was also explored (Figure 3.11), further corroborating the dependence on sufficient Lewis acidic sites

for efficient isomerization.
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Figure 3.11. Formation of methyl fructosides in the first 5 minutes of reaction using Sn-Beta catalysts containing different amounts of
tin: ) Si/Sn = 50 b) Si/Sn = 150 ¢) Si/Sn = 300 d) Si/Sn = 800. Reaction condition: 120 mg glucose, 50 mg Sn-Beta catalyst, 160 °C,
5 mL methanol, 80 L. DMSO as internal standard.

Yields of methyl fructosides after five minutes at 160 °C were around 60% for all the catalysts containing
different amount of tin. However, the formation of methyl fructosides during the first minute decelerated using
the catalysts containing lower amount of tin. The reaction blank without any catalyst did not present
glycosylation products under the same conditions. The formation of methyl fructosides from glucose required
acidic catalysis and both Lewis and Brensted acidity promoted the reaction. On the other hand, the amount of
acidic sites required for the catalysis was extremely low under the used conditions and by application of small
tin contents (Si/Sn = 800) yields of methyl fructosides still reached 60% yields after five minutes. The process
forming methyl fructosides from glucose at 160 °C by post-treated Sn-Beta zeolites could be used as activation
of the substrate by the creation of a pool of reactive intermediates in few minutes. In a second step, the
accumulated glycosides could undergo transformation by different catalytic pathways. In the next paragraph,
the sequential hydrolysis and conversion of methyl fructosides promoted by different zeolites are explored.

3.2.3 The reactivity of methyl fructosides in the presence of different zeolites

Methyl fructosides are the reactive intermediates in the conversion of glucose in methanol.1>2 Once they are
formed in the reaction media, they can be hydrolyzed and they can be converted into different products using
zeolite catalysts. Methyl fructosides could be synthetized in high yields from glucose, fructose or sucrose using
post-treated Sn-Beta zeolites. Consequently, the prepared solutions could be reacted using different catalysts
and different products can be obtained. Using aluminum-containing zeolites with main Bronsted acidic
behavior, furanic compounds and derivatives of levulinic acid were formed in high yields. Furanic compounds
derived from the dehydration of sugars and include furfural and 5-hydroxymethylfurfural (HMF), which
represent attractive bio-based chemicals. In fact, furfural and its derivatives can be used for the production of
a wide variety of fuels, solvents, polymers and other chemical products.?”® Levulinic acid derives from the
rehydration of HMF and it has been also applied as precursor for many chemical products. Processes for the
conversion of sugars in alkyl levulinates using zeolites have been previously studied.!>

46



Chapter 3 Conversion of Hexoses Using Zeolites

The reactivity of methyl fructosides at 160 °C using different heterogeneous catalysts and methanol as the
solvent was explored. A stock-solution of methyl fructosides was synthesized from fructose at 100 °C for five
hours in methanol using post-treated Sn-Beta (150) catalyst. Although the high temperature allowed the
production of the intermediates in short times, a temperature of 100 °C was chosen for the synthesis in order
to avoid the formation of different byproducts. The catalyst was then filtered off and the resulting
stock-solution analyzed by NMR. The final composition resulted in 70% of methyl fructosides and 30% of
unreacted fructose. No other products were visible in the mixture. Portions of the solution containing methyl
fructosides were reacted at 160 °C for two hours using different catalysts. Reference reactions were carried out
starting from the pure fructose. All tested catalytic systems showed same catalytic activity in the reactions
starting from fructose or methyl fructosides at 160 °C for two hours (Figure 3.12). In all cases, the two final
mixtures had the same products distribution. Catalysts with different types of acidity influenced the reactivity
and allowed to obtain different products. The presence of aluminum in commercial zeolites introduces
Bronsted acidity, which promoted the dehydration of fructose forming furanics and the further rehydration
leading to methyl levulinates as main products. The ratio of these two products depended on the balanced
Bronsted acidity. Yields of methyl levulinates higher than 70% were obtained using H-USY (30) as the catalyst.
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Figure 3.12. Distribution of products in the reactions starting from methyl fructosides and fructose using different commercial
aluminum-containing zeolite. Reaction conditions: 120 mg fructose in 5 mL methanol or 5 mL of methanol solution containing 70% of
methyl fructosides and 30% of fructose, 50 mg catalyst, 160 °C, 2 hours, 80 uI. DMSO as internal standard.

Small amounts of glucose and methyl glucosides derived from the isomerization and the glycosylation of
glucose were also present in the mixtures. Using Sn-Beta catalyst, the products distribution changed, as expected
for the absence of the aluminum Brensted acid center (Figure 3.13). The retro-aldol pathway was promoted
and methyl lactate was formed as the main product. In addition, only negligible differences were observed
starting from fructose or from a mixture of methyl fructosides as the substrates. The results indicated that using
cither Bronsted or Lewis acidic conditions, methyl fructosides were rapidly converted into other products

without relevant changes in the reactive behavior compared to unmasked fructose.
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Figure 3.13. Distribution of products in the reaction starting from methyl fructosides and from fructose using Sn-Beta catalyst. Reaction
conditions: 120 mg fructose in 5 mL methanol or 5 mL of methanol solution containing 70% of methyl fructosides and 30% of fructose,
50 mg catalyst, 160 °C, 2 hours, 80 uI. DMSO as internal standard.
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Figure 3.14. Time-resolved conversion of fructose (left) and methyl fructosides (right) using Sn-Beta catalyst. Reaction conditions:
120 mg fructose in 5 mL methanol or 5 mL of methanol solution containing 70% methyl fructosides 30% fructose, 50 mg catalyst,
160 °C, ex situ analysis by NMR, 80 ul. DMSO as internal standard.

The comparison of the kinetics starting from fructose and from methyl fructosides using Sn-Beta zeolite
catalysts was explored by time-resolved experiments (Figure 3.14). Methyl fructosides were the first
intermediates in the reaction for the conversion of fructose at 160 °C in methanol catalyzed by Sn-Beta. They
were rapidly formed and then further converted. The reaction pathway starting from a mixture of methyl
fructosides did not present relevant differences and led to identical distribution of products. Using methanol
as the solvent, the formation of methyl fructosides was kinetically preferred from fructose and occurred quickly.
Thus, the trend using fructose or methyl fructosides as starting substrates was the same.
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3.2.4 Conclusions on the study of the role of methyl glycosides during the conversion of
carbohydrates in methanol

In this section, the differences in reactivity between glucose and fructose was first explored. The identification
of the different isomers in 'H-13C HSQC spectra confirmed the correlation between reactive behavior and
different cyclic forms. Fructose was highly reactive and it was present in solution mainly as five-membered ring,
which was instable and prone to react. In contrast, glucose was present in solution mainly as pyranose and
underwent glycosylation with the solvent to furanosides under kinetic control and to pyranosides under
thermodynamic control. However, glucose could be channeled into the reaction pathways by initial
isomerization to fructose catalyzed by Lewis acidity. In the reactions starting from both glucose and fructose
catalyzed by zeolites in methanol, methyl fructosides are the first intermediates. Thus, the formation of methyl
fructosides in methanol could be used as first activation step of glucose using Lewis acidic zeolites.
Subsequently, the accumulated methyl fructosides could undergo the different reaction pathways catalyzed by
zeolites with different acidity. Methyl fructosides could be synthesized from glucose in very short times at
160 °C using post-treated Sn-Beta zeolites. Furthermore, they showed the same reactivity as fructose and they
produced different attractive bio-based chemicals, such as 5-hydroxymethylfurfural (HMF) and alkyl
levulinates.
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3.3 Kinetic Analysis of the Production of Methyl Lactate from
Hexoses Catalyzed by Sn-Beta Zeolites

In 2010, the process for the production of methyl lactate using Sn-Beta zeolite catalysts was reported for the
first time.!! Since then, the reaction for the conversion of carbohydrates into methyl lactate using Sn-Beta
zeolites has been extensively studied'®” and, currently, it represents an important possibility for the production
of bio-based biodegradable materials, i.e. polylactic acids (PLA). However, an in-depth understanding of the
kinetics of the process still misses. Understanding kinetic details has an important role in the optimization of
processes and applications. In this section, the study of the process for the conversion of hexoses by Sn-Beta
is discussed by the analysis of time-resolved experiments. The evolution of products and intermediates over
time was followed ex si## by NMR. The technique allowed the identification and quantification of the
intermediate species. All the reactions studied in the section were carried out using a hydrothermal Sn-Beta
(150) zeolite. The effect of the use of a post-treated catalyst is compared and discussed separately.

The formation and the reactivity of methyl glycosides in the reactions of carbohydrates in methanol using
zeolite catalysts is discussed in the previous sections. Thus, the interconversion into methyl glycosides occurred
also in the process for the production of methyl lactate from hexoses catalyzed by Sn-Beta zeolites. In particular,
methyl fructosides represented central intermediates and had a great impact on the kinetics. In this section, a
kinetic model for the process is proposed and the effect of changes in the reaction conditions, such as the

addition of small amounts of water, on the kinetics are explored.?

3.3.1 Conversion of hexoses into methyl lactate using hydrothermal Sn-Beta catalyst

As reported in the previous sections, the use of two-dimensional NMR experiments, such as 'H-13C HSQC,
allowed high-resolved analysis of the species in the reaction mixtures. The technique allowed the identification
and quantification of all the different forms of the studied carbohydrates. Thus, the conversion of hexoses
catalyzed by hydrothermal Sn-Beta (150) zeolites was studied ex si## by time-resolved experiments. Reactions
were carried out in a microwave reactor (Chapter 2.2.1), which permitted the controlled repetition of the heating
ramp for all the experiments, eliminating experimental variables due to the manual settings control. Moreover,
the microwaves heating occurs rapidly without temperature fluctuations and allowed the study of the process
at very short times (few seconds).?** Figure 3.15 reports the distributions of products in the conversion of

hexoses catalyzed by Sn-Beta zeolite.

?'The section was adapted from the article “Kinetic Analysis of Hexose Conversion to Methyl Lactate by Sn-Beta: Effects
of Substrate Masking and of Watet” published in Catalysis Science and Technology.!%
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Figure 3.15. a) Distribution of products during the conversion of hexoses catalyzed by Sn-Beta zeolite. b) Methyl fructosides forms
(furanosides and pyranosides) during the conversion of fructose catalyzed by Sn-Beta zeolite. Reaction conditions: substrate 120 mg,
catalyst 50 mg, methanol 5 mI, DMSO as internal standard 80 uL, 160 °C. Adapted from Ref. 196 with permission from The Royal
Society of Chemistry.

In the case of the conversion of both glucose and fructose, the starting substrate was converted rapidly and it
was consumed in the first few minutes. Concurrently, methyl fructosides were formed in high yields. The
highly-resolved 'H-13C HSQC spectra showed that methyl fructofuranosides were the main fructoside species
formed. Pyranosides were present in small amounts during the entire process and they seemed to be as stable
as methyl glucosides (Figure 3.15 b). On the other hand, fructofuranosides were reactive in the mixture and
they were slowly converted. Methyl glucosides and furanic compounds were also formed in the process, but
only in small yields. Thus, it was decided to neglect the formation of these byproducts from the analysis of the
process. Figure 3.15 a illustrates that small differences were observed in the distribution of products starting
from either glucose or fructose. The result indicated that the isomerization between the two substrates occurred

rapidly and there were no differences in using the two substrates under the considered reaction conditions.
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Figure 3.16- Yields of methyl lactate over time and fitting of data with monoexponential and biexponential functions. Reaction
conditions: glucose 120 mg, catalyst 50 mg, methanol 5 mL, DMSO as internal standard 80 uI., 160 °C. Reproduced from Ref. 196 with

permission from The Royal Society of Chemistry.
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The yields of methyl lactate over time followed two trends (Figure 3.16). At the beginning of the process, the
starting substrate was rapidly consumed and the yields of methyl lactate started to increase. However, the
majority of methyl lactate was produced slowly during the conversion of methyl fructosides making the yields
of methyl lactate follow a biexponential kinetics, given by the sum of two first-order regimes (Figure 3.16).

3.3.2 Kinetic analysis of the process for the conversion of hexoses into methyl lactate

Data from time-resolved experiments were used for obtaining and testing a kinetic model.” The proposed model
is shown in Figure 3.17. The isomerization between glucose and fructose occurred rapidly. Fructose behaved
as central reactive species and it could undergo two different competitive pathways. The first route was the
Lewis acid-catalyzed irreversible retro-aldol process leading to methyl lactate. The formation of methyl
fructosides as acetals of the substrate due to the presence of weak residual Bronsted acidity was the second
competitive reaction.
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Figure 3.17. a) Scheme for the proposed kinetic model and b) fit of the concentration of the products in time-resolved experiments with
the functions for the proposed model. Reaction conditions: substrate 120 mg, catalyst 50 mg, methanol 5 mL, DMSO as internal
standard 80 pL, 160 °C. Adapted from Ref. 196 with permission from The Royal Society of Chemistry.

Under the considered reaction conditions, the second pathway was highly favored and methyl fructosides were
formed in high yields at the beginning of the process. However, methyl fructosides were reactive compounds,
they accumulated in this first step as masked substrates and then they were hydrolyzed back to fructose. Thus,
the formation of methyl lactate followed two kinetic regimes. In the first regime, methyl lactate derived directly
from the retro-aldol pathway of fructose at the beginning. Afterwards, in a second kinetic regime, methyl lactate
was formed by the slow hydrolysis of methyl fructosides.

?The project was carried out in collaboration with Senior Researcher Sebastian Meier and Associate Professor
Pernille Rose Jensen (DTU) for the kinetic fits and the calculations of reaction rate constants.

52



Chapter 3 Conversion of Hexoses Using Zeolites

Table 3.3. First-order rate constants of the different reactions occurring in the process for the formation of methyl lactate from hexoses.

Reaction Constant (min-")
k1 Isomerization glucose-fructose 1.8
k-1 lsomerization fructose-glucose 1.8
k2 Formation of methyl fructosides 3.6
k2 Hydrolysis of methyl fructosides 0.036
k3 Retro-aldol to methyl lactate 0.72

In Table 3.3 the calculated first-order rate constants of the different reactions occurring in the process are listed.
Considering &2 and £;, the rate for the formation of methyl fructosides occurred faster than the pathway leading
to methyl lactate. Thus, the formation of methyl fructosides was favored at the beginning of the process. On
the other hand, the hydrolysis of methyl fructosides with a rate constant (42) of 0.036 min' was the
rate-determining step. The kinetics for the formation of methyl lactate was strongly dependent on the Fischer
glycosylation of the substrate catalyzed by the weak residual Bronsted acidity. Balanced Bronsted and Lewis
acidity of the catalyst was essential for the control of the productivity of the process.

3.3.3 Improving the productivity in methyl lactate by the addition of small amounts of
water

In the reaction model proposed, methyl fructosides assumed a central role in determining the production of
methyl lactate. In fact, they were the first intermediates formed in the process and their consumption was the
rate-determining step. Thus, a possible acceleration of the production of methyl lactate could be obtained by
addition of water to reaction media in order to facilitate the hydrolysis of methyl fructosides to fructose. The
use of water as the solvent was previously avoided due to the instability of Sn-Beta catalysts in aqueous
solutions.!®> However, the addition of few percent water in the alcoholic solvent could act as promoter of the
hydrolysis maintaining the properties of the catalyst unaltered.
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Figure 3.18. Time-resolved experiments in mixtures containing different percentages of water. Reaction conditions: substrate 120 mg,
catalyst 50 mg, methanol 5 mI, DMSO as internal standard 80 pL, 160 °C.
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Figure 3.18 illustrates the effect of the addition of small volumes of water to the reaction. Water drastically
affected the formation of methyl fructosides and the kinetics of the formation of methyl lactate. The water had
two main effects on the methyl fructoside intermediates. First, it prevented the glycosylation of fructose and
the maximum yields of methyl fructosides decreased in reactions containing increased amounts of water
(Figure 3.19 a). Second, their hydrolysis was accelerated and no traces of methyl fructosides were present after
two hours in all the reactions containing water. Thus, hydrolysis of methyl fructosides was accelerated by factors
of 5.6, 9.9, 15.5 in the case of 2, 5 and 10% (v/v) of watet, respectively. The promoted hydrolysis released free
fructose (Figure 3.19), which rapidly entered the retro-aldol pathway leading to methyl lactate. Thus, the
presence of water accelerated the formation of methyl lactate (Figure 3.19 b).
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Figure 3.19. a) Formation and consumption of fructose in time-resolved experiments for the conversion of glucose in the presence of
different amounts of water and b) yields of methyl fructosides, fructose, methyl lactate and lactic acid after 20 minutes of reaction in
the presence of different amounts of water. Reaction conditions: substrate 120 mg, catalyst 50 mg, methanol 5 mL, DMSO as internal
standard 80 pL, 160 °C. Adapted from Ref. 196 with permission from The Royal Society of Chemistry.

The presence of water also affected the formation of the methyl glucosides byproduct, which showed decreased
yields upon addition of water. These products were formed in very small amounts in all the reactions and they
were neglected for the general process. Results indicated the possibility to increase the rate for the formation
of methyl lactate by simple addition of water to the reaction media. The acceleration of the production can
represent an important improvement for the application of the process in continuous operations.!'® Moreover,
water has been shown to affect the stability of Sn-Beta catalysts in continuous operations.'??

3.3.4 Comparison in the production of methyl lactate using different starting substrates

The distribution of products in the reactions converting fructose or glucose revealed only minor differences
due to the fast isomerization between the two carbohydrates catalyzed in the presence of Lewis acidic catalysts
at high temperature. However, small differences were measurable when comparing the conversion of the
substrate in the first ten minutes of reaction (Figure 3.20 b). Both substrates were completely consumed within
the first five minutes, but fructose was consumed faster than glucose. The effect was due to the additional pre-
equilibrium of glucose into fructose before reacting, while fructose directly entered the reactive pathways.
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Figure 3.20. a) Comparison of the conversion of fructose, glucose and sucrose during the first ten minutes of reaction and b) products
distribution during the first ten minutes of reaction using fructose (top) and glucose (bottom) as starting substrate. Reaction conditions:
substrate 120 mg, catalyst 50 mg, methanol 5 mL, DMSO as internal standard 80 pL, 160 °C. Adapted from Ref. 196 with permission
from The Royal Society of Chemistry.

The trends for the conversion of fructose and glucose were then compared with the consumption of the
disaccharide sucrose over time (Figure 3.20 a). In contrast to fructose and glucose, sucrose was only completely
converted after ten minutes of reaction due to the further necessary step of solvolysis of the substrate before
conversion into the reactive species. The solvolysis of sucrose in methanol gave glucose and methyl fructosides,
as seen previously in this chapter. Therefore, methyl fructosides were accumulated in higher yields starting from
sucrose compared to the other substrate. Thus, hydrolysis and slow release of the reactive species were
necessary in this case and the process starting from sucrose presented slightly different features compared to
glucose and fructose.!! All substrates presented the general effect of acceleration of methyl lactate production
by addition of water. In all cases, the promotion of the hydrolysis of the accumulated methyl fructosides led to
increased rates in the formation of methyl lactate.

3.3.5 Comparison between hydrothermal and post-synthetic Sn-Beta zeolites

All the results previously considered in this section were obtained by the use of a hydrothermal Sn-Beta (150)
zeolite as the catalyst. The hydrothermal synthesis of zeolites leads to large-crystal defect-free materials>? and,
in this case, high Lewis acidity. Differently, Sn-Beta zeolites prepared by post-synthetic treatments have many
structural defects present in the samples as large silanol nests. The use of post-treated catalysts in the process
for the conversion of hexoses to methyl lactate was studied and the results compared with the data obtained
using hydrothermal samples. Table 3.4 reports the physical characterization of the prepared post-treated and
hydrothermal Sn-Beta. The post-synthetic modification produced a material with higher amounts of acid sites,
measured by NH3-TPD. Moreover, the presence of defects was reflected in lower crystallinity and higher
surface area compared to the hydrothermal catalyst.
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3.3 Kinetic Analysis of the Production of Methyl Lactate

Table 3.4. Physical properties of the studied hydrothermal Sn-Beta (150) and post-treated Sn-Beta (150).

Hydrothermal Sn-Beta (150) Post-treated Sn-Beta (150)
Crystallinity (%)?2 93.66 59.60
SBET (m?/g)° 602 722
Sn (wt%)° 1.189 0.977
Si/Sn¢ 130.36 152.80
Vmicropore (mL/g)d 0.24 0.30
Total acid sites (umol/g)® 56 108
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Figure 3.21. Comparison of the distributions of products in time resolved-experiments for the conversion of hexoses catalyzed by
post-treated or hydrothermal Sn-Beta (150) zeolites. Reaction conditions: substrate 120 mg, catalyst 50 mg, methanol 5 mIL, DMSO as
internal standard 80 uL, 160 °C. Adapted from Ref. 196 with permission from The Royal Society of Chemistry.

Notably, the Lewis acidity of post-treated Sn-Beta was sufficient for promoting both the isomerization of
glucose and the retro-aldol pathway to methyl lactate. However, the higher amount of acid sites in post-treated
zeolites catalyzed higher yields of methyl fructosides at the beginning of the process. Methyl glucosides and
furanic byproducts were also produced in larger amount in this case. The increased Bronsted acidity was
reflected in decreased yields of methyl lactate formed during the process due to the competitive reaction
pathways catalyzed by the Bronsted acidity. Thus, a proper balanced between Lewis and Bronsted acidic
properties of the catalyst was still essential for achieving high productivity in methyl lactate.

3.3.6 The role of methyl glycosides in the conversion of different substrates catalyzed
by post-treated Sn-Beta zeolite

Methyl fructosides are central intermediates during the conversion of glucose, fructose and sucrose in
methanol.1>? They were formed in high yields at the beginning of the reaction prior to being hydrolyzed and
converted into the different products. Thus, hydrolysis of methyl fructosides was the step controlling the rate
of the processes catalyzed by Sn-Beta zeolites in methanol.!¢ Methyl fructosides had a high impact on the rate
of the conversion of hexoses catalyzed by hydrothermal Sn-Beta. Nevertheless, post-synthetic catalysts
promoted increased formation of methyl glycosides and the step of hydrolysis assumed great importance. This
paragraph includes a short analysis of the role of methyl glycosides in the conversion of different carbohydrate
substrates, i.e. pentoses and tetroses, catalyzed by post-synthetic Sn-Beta zeolites.
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Chapter 3 Conversion of Hexoses Using Zeolites

Figure 3.22 illustrates the time-resolved experiments for the conversion of xylose. Xylose is an aldo-pentose
and its conversion by Sn-Beta zeolites gave methyl 2,5-dihydroxy-3-pentenoate (DPM) and methyl lactate (ML)
as the main products.'” The pattern over time followed the same steps as the conversion of hexoses. The
conversion of the starting pentose substrate occurred rapidly and the consumption of xylose was completed at
the very beginning of the process. Concurrently, methyl xylosides were formed in high yields (50%). The slow
hydrolysis of methyl glycosides over prolonged reaction times led to the increased formation of the products,
i.e. methyl lactate and DPM. Thus, methyl glycosides seemed to assume a central role for the general conversion

of carbohydrates in methanol.
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Figure 3.22. Time-resolved experiments for the conversion of xylose catalyzed by post-treated Sn-Beta catalysts. Reaction conditions:
xylose 120 mg, catalyst 50 mg, methanol 5 mL, DMSO as internal standard 80 uL, 160 °C.

The impact of the formation of methyl glycosides in the reactions catalyzed by post-treated Sn-Beta zeolites in
methanol was further studied by comparison with the conversion of erythrulose under the same conditions
(Figure 3.23). Erythrulose is a keto-tetrose and the derived methyl glycosides were not observed during the
reaction in methanol. The conversion of eryuthrulose using Sn-Beta zeolites gave methyl vinyl glycolate IMVG)
as the main product. The process for the production of MVG and is discussed in detail in Chapter 4.1.6.
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Figure 3.23. Distribution of products during the first hour of reaction for the conversion of a mixture of erythrulose and fructose
catalyzed by post-treated Sn-Beta zeolite. Reaction conditions: erythrulose 60 mg, fructose 60 mg, catalyst 50 mg, methanol 5 mlL,
DMSO as internal standard 80 L, 160 °C.
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3.3 Kinetic Analysis of the Production of Methyl Lactate

In this section, erythrulose was used as reference substrate for the analysis of the kinetic impact of the formation
of methyl glycosides on the process. A mixture of fructose and erythrulose was reacted in methanol at 160 °C
using Sn-Beta zeolite as the catalyst. Figure 3.23 shows the distribution of products derived from the conversion
of both substrates during the first hours. Fructose was rapidly converted and the yields of methyl fructosides
reached 40% in the first two minutes. The maximum yields of methyl fructosides at the beginning of the process
exceeded 60% using a post-treated Sn-Beta catalyst. On the other hand, erythrulose was converted slightly
slower compared to fructose and it was completely consumed after the first five minutes. However, erythrulose
did not form glycoside intermediates and the reagent was immediately converted into the product. The
formation of MVG occurred in the first five minutes and yields were not increased further for prolonged
reaction times. In contrast, methyl lactate was only slowly formed without the presence of water and 45% of
unreacted methyl fructosides was still present in the reaction mixture after 45 minutes. The results confirmed
the role of methyl fructosides as intermediates during the conversion of fructose in methanol. The absence of
methyl glycosides formation during the conversion of erythrulose had a great impact on the kinetics of the
process, leading to an immediate formation of the final product.

3.3.7 Conversion of different keto-hexoses: comparison between fructose and sorbose

The experimental data showed that the ketose fructose was the reactive species in the process for the formation
of methyl lactate from glucose and initially rapid isomerization between fructose and glucose occurred. The use
of reactive substrates leading to high selectivity into the desired product and minor amounts of byproducts
would simplify the design of downstream processes and the purification of the product. Different ketoses, such
as tagatose, sorbose and psicose, have previously shown different reactivity from fructose in the formation of
5-hydroxymethylfurfural (HMF) catalyzed by mineral acids.?%> Although L-sorbose is available in nature and it
presents a structure similar to D-fructose, the application of sorbose in chemical reactions is rare. The main
application of sorbose in industry is in the synthesis of vitamin C.1% In this paragraph, the reactivity of sorbose
for producing methyl lactate in methanol at 160 °C using post-treated Sn-Beta zeolite catalysts is investigated
and compared to the conversion of fructose. The conversion of a mixture of fructose and sorbose was studied
by time-resolved experiments (Figure 3.24).
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Figure 3.24. Conversion of a mixture of sorbose and fructose into methyl lactate. Reaction conditions: sorbose 60 mg, fructose 60 mg,
catalyst 50 mg, methanol 5 mL, DMSO as internal standard 80 pL, 160 °C.
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Chapter 3 Conversion of Hexoses Using Zeolites

The trends of the reactions for the conversion of fructose and sorbose were identical (Figure 3.24). Sorbose
was rapidly consumed in the first few minutes of reaction under the considered conditions. Concurrently,
methyl sorbosides were formed in yields over 60% and then hydrolyzed and converted into other products in
prolonged reaction times. Similar reaction profiles were observed for fructose and methyl fructosides. Methyl
lactate was formed following the same pattern as for the conversion of only fructose. Thus, the results indicated
that there was no difference between fructose and sorbose in the conversion into methyl lactate catalyzed by
Sn-Beta zeolite catalysts.

3.3.8 Conclusions on the kinetic analysis of the production of methyl lactate from
carbohydrates catalyzed by Sn-Beta zeolites

In this section, the kinetics of the conversion of hexoses into methyl lactate was analyzed by series of
time-resolved experiments. The formation and conversion of methyl glycosides was followed by H-*C HSQC
NMR. The reactions starting from fructose, glucose and sucrose showed similar trends, the initial isomerization
was promoted and there was no difference in the products distribution for the reactions starting from the
different substrates. In all cases, the initial reagent was consumed in the first few minutes concurrently to the
formation of high yields of methyl fructosides. Afterwards, methyl fructosides were hydrolyzed and converted.
Thus, a biexponential kinetic model for the formation of methyl lactate was proposed involving two kinetic
regimes. The first regime involved the direct retro-aldol pathway from fructose and the second pathway
proceeded with the hydrolysis of methyl fructosides.

The majority of methyl lactate was produced in the second step. Moreover, calculated rate constants indicated
that the hydrolysis of methyl fructosides was the rate-determining step of the process. Thus, the production of
methyl lactate was drastically accelerated by the addition of small amounts of water (2-10% (v/v)). The results
were used for further analysis of the process starting from different substrates and the differences between
post-treated and hydrothermal zeolites. In general, residual weak Bronsted acidity was enhanced in post-
synthetic samples due to the presence of high amounts of defects. Thus, post-treated catalysts showed increased
formation of methyl fructosides at the beginning of the process, in association with decreased selectivity for
the products derived from the Lewis acid-catalyzed pathways. The study was also extended to the conversion
of different substrates, resulting in analogous findings and confirming the proposed model.
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4.1 Conversion of GA Using Sn-Beta Catalysts

Chapter 4

Conversion of Glycolaldehyde into
Bio-Based Chemicals

Glycolaldehyde is an abundant product formed during the pyrolysis of cellulose and it represents a renewable
resource for the production of bio-based chemicals. Using homogeneous tin halides or heterogeneous
stannosilicates as catalysts, cascade reactions leading to C4 hydroxy esters are catalyzed.!$3 In particular, methyl
vinyl glycolate (MVG) was produced using Sn-Beta catalysts for applications in the polymer industry.!! This
chapter includes the study of the conversion of glycolaldehyde into MVG. The catalytic process was investigated
by time-resolved experiments and the data were analyzed in order to propose a kinetic model in comparison
with the kinetics of the conversion of hexoses and tetroses under the same conditions. The effect of water and
additives such as alkali was also considered.

4.1 Conversion of Glycolaldehyde Using Sn-Beta Catalysts

Glycolaldehyde (GA) is a useful bio-based feedstock for the production of chemicals. Mixtures of oxygenate
compounds containing high concentration of glycolaldehyde can be produced from the pyrolysis of cellulose.!”
In the study of the conversion of carbohydrates catalyzed by Sn-Beta zeolites, GA represents one of the smallest
compounds formed by retro-aldol cleavage. However, using hexoses as starting substrates, the [3+3] retro-aldol
pathway, leading to the cascade process to form methyl lactate, is preferred.!’! Glycolaldehyde can be used as
the starting reagent for the formation of hydroxy esters promoted by Sn-Beta catalysts. The process from GA
gives methyl vinyl glycolate (MVG) as the main product, which can represent a new green monomer for the
production of polyesters.’83 As the terminal double bond of MVG allows the insertion of additional
functionalities and the possibility to modulate the physical properties in the final materials, the process for the
conversion of glycolaldehyde to MVG has lately received much attention.’”! On the other hand, the use of a
small molecule as starting reagent complicates the available pathways of transformation and the mechanisms
of the reaction. Thus, the study of the process still misses fundamental understanding.

The process for the conversion of glycolaldehyde using Sn-Beta catalysts was explored in order to understand
the involved reaction pathways and to control selectivity. Under optimized conditions, the production of MVG
could represent a new route for the development of sustainable building blocks for polymers and this section
had the purpose to improve the knowledge on the process. The screening of the reaction parameters aimed to
optimize the conditions and to increase yields and selectivity into the desired products. The comparison with

the reaction using a larger starting substrate and mechanistic insight are discussed in the following section.
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Chapter 4 Conversion of Glycolaldehyde

4.1.1 The process for the formation of MVG from glycolaldehyde

Glycolaldehyde is a small molecule and the study of the different pathways during its conversion is extremely
complex. The available reaction pathways are numerous and the main mechanism of the formation of products
can change by modification of the reaction conditions. A comprehensive overview of the reaction pathways
has been reported by Dusselier et al. for the study of the formation of MVG and methyl-5-methoxy-2-
hydroxybutanoate (MMHB) form glycolaldehyde!®? or tetroses!® using tin halide catalysts. The proposed
mechanism starting from GA is shown in Figure 4.1. First, GA can undergo acetalization leading to the
reversible?0s formation of the hemiacetal (3 GA-HA) or the dimethyl acetal (4 GA-DMA). On the other hand,
2 molecules of GA can react by aldol condensation to form erythrose (5 ERO) as central intermediate for the
sequential formation of hydroxy esters. The tetrose 5 undergoes dehydration by two sequential retro-Michael
reactions forming the intermediate vinylglyoxal 6. The final step involves the addition of the solvent and formal
intramolecular Cannizzaro reaction to form the products. This latter reaction has been considered as the
responsible step for the discrimination between formation of MVG and MMHB. However, no experimental
evidences have been available for the identification of the mechanism during the last step.!8? The authors have
identified the last intramolecular Cannizzaro reaction as the rate-determining step for the process starting from
tetroses!® and the hydrolysis of GA-DMA to free GA as the rate-determining step in the case of the use of
GA as the starting substrate.183
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Scheme 4.1. Simplified scheme for the cascade reactions during the process for the conversion of GA into MVG and MMHB proposed
by Dusselier et al.183

First, the process was studied considering the similarity with the reaction for the conversion of hexoses to
methyl lactate promoted by Sn-Beta catalysts. In both cases, the process was catried out in methanol at 160 °C
and the starting reagents could undergo two competitive reactions. The first pathway involved the aldol
condensation of two molecules of GA or the retro-aldol cleavage of fructose and they both led to cascade
processes resulting into the desired hydroxy esters (MVG or methyl lactate, respectively). Concurrently, the
competitive acetetalization of the substrate with methanol occurred. As discussed in Chapter 3.3.1, fructose in
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4.1 Conversion of GA Using Sn-Beta Catalysts

methanol at 160 °C preferably formed methyl fructosides, whereas the majority of methyl lactate detived from
further hydrolysis of methyl fructosides (Scheme 4.2 a). This second step of hydrolysis was determined to be
the rate-determining step of the process. The kinetics for formation of methyl lactate from hexoses followed a
biexponential model composed of two apparent first order reactions.!” Analogously in the case of
glycolaldehyde (GA), the reaction could proceed by formation of the hemiacetal (GA-HA) and dimethyl acetal
(GA-DMA) or to the aldol condensation of two molecules of glycolaldehyde giving erythrose (ERO). Also in
this case, the acetalization of the starting substrate occurred quickly at the beginning of the process and the
dimethyl acetal was the main form of glycolaldehyde formed after few minutes. Free glycolaldehyde was never
observed in the mixtures under these conditions. The conversion of GA-DMA was therefore used as
representation for the consumption of the starting substrate (Scheme 4.2 b).
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Scheme 4.2. Similarity between the process for the conversion of a) hexoses and b) GA in methanol at 160 °C catalyzed by Sn-Beta
zeolites.

The process was studied by ex situ# time-resolved experiments in order to extrapolate the order of the reaction
from the experimental data. As for the kinetic study of the conversion of hexoses by Sn-Beta catalysts, the
crude mixtures were analyzed by *C-NMR and quantification was performed by the use of an internal standard
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Figure 4.1. Data plot for the conversion of GA-DMA during the time using Sn-Beta catalysts.
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The plots of the data for the conversion of GA-DMA over time are shown in Figure 4.1. The integrated rate
law for a first-order reaction is In[A] = In[Ao]-£t. Thus, the correlation between logarithm of the concentration
of the substrate and time is linear in first-order reactions. On the other hand, the integrated rate law for a
second-order reaction is 1/[A] = 1/[Aq]+4t and the concentration is linear between time and reciprocal of the
concentration of the substrate. The experimental data followed the trend of a second-order reaction
(Figure 4.1), which was consistent with the aldol condensation of two molecules of glycolaldehyde as the
determining step. Figure 4.2 shows the distribution of products over time. The acetalization of glycolaldehyde
under these conditions occurred immediately and GA-DMA was the main product at the beginning of the
process, whereas the hemiacetal (GA-HA) was present in the mixtures only in small amounts. Blank reactions
showed that the acetalization of glycolaldehyde was also thermally promoted in the absence of a catalyst, as also
reported in literature.’83 MVG was the main product, while methyl-5-methoxy-2-hydroxybutanoate (MMHB),
methyl-2,4-dihydroxybutanoate (MHHB), methyl lactate (ML) and o«-hydroxy-y-butyrolactone (HBL) were
formed as minor byproducts. Moreover, erythrulose (ERU) was an identified intermediate formed by
1,2-hydride shift of erythrose (ERO), which is the product of the aldol condensation of two molecules of
glycolaldehyde (Scheme 4.3).
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Scheme 4.3. Formation of the intermediate erythrulose (ERU) from glycolaldehyde (GA) via erythrose (ERO)
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Figure 4.2. General distribution of products and intermediates in the conversion of glycolaldehyde by Sn-Beta catalysts. Reaction
conditions: glycolaldehyde 400 mg, catalyst 50 mg, methanol 5 mL, mesitylene 80 uL as internal standard, 160 °C.
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Figure 4.3. Formation of MVG from glycolaldehyde using Sn-Beta catalysts, fitting of time-resolved experiments.

Fitting of the data for the formation of MVG was not consistent with a second-order reaction kinetics (Figure
4.3). Instead, as for the production of methyl lactate from glucose, the trend for the formation of MVG over
time showed the presence of two kinetic regimes. The red trend-line for the formation of MVG in Figure 4.3
was given by the combination of a second-order kinetic function (the first term) and a first-order function (the
second term). The kinetic law for the second-order fit of the yields of MVG (Y) was Y = Ao — 1/(1/Ao tAit),
where Ag is the maximum yield of MVG and 4, the apparent second-order rate constant. The expression of
the combination of a second-order and first-order kinetics was defined as Y = Ao — 1/(1/Ao +Akit) + Ar*(1-
exp(-kat)), where A represented the maximum yields of MVG during the second regime and 4, the apparent
first-order constant. It could be assumed that the first term indicated the formation of MVG derived from the
direct aldol condensation of GA and represented correctly the beginning of the process. The second part of
the expression could be referred to the hydrolysis of the acetals, the dehydration of tetroses or the
intramolecular Cannizzaro reaction.

Hypothetically, the process for the formation of MVG was determined by the aldol condensation of two
molecules of GA at short times. During the reaction progress, when all the starting substrate reacted, the
process followed the same kinetics as for the conversion of the formed erythrose. As reported previously for
the formation of MMHB from tetroses,!® the final Cannizzaro reaction was the rate-determining step. On the
other hand, the same authors proposed the hydrolysis of the acetals as the rate-determining step for the
conversion of GA catalyzed by homogeneous tin salts.!®3 Nevertheless, more experimental evidences were
necessaty in order to elucidate the determining step during this second kinetic regime and hydrolysis of the
acetals, dehydration of tetroses or intramolecular Cannizzaro reaction were all possible candidates for the
rate-determining step. Thus, the kinetic model for the formation of MVG from GA catalyzed by Sn-Beta
zeolites has not been clarified yet and the conclusions of the kinetic model are currently under elaboration.

4.1.2 The study of the reaction conditions for the conversion of glycolaldehyde

The study of the conversion of glycolaldehyde into MVG started with the optimization of the reaction
conditions. The effect of different parameters on the selectivity for the desired products and on the rate of the
formation of MVG was analyzed. First, the effect of the concentration of the starting substrate was investigated,
resulting in the acceleration of the process for high concentration of the initial reactant, as expected for a

second-order reaction. In the same way, the use of catalysts containing different amounts of tin induced
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acceleration in the formation of MVG (Chapter 5.1.3). Thus, optimal conditions for the study of the process
in batch reactions were defined as 400 mg GA in 5 mL. methanol using 100 mg of Sn-Beta (150) at 160 °C.

Among the parameters studied for optimizing the selectivity for MVG, the use of different stannosilicate
catalysts was explored. In this case, the hydrothermal Sn-Beta showed similar activity to the post-treated catalyst
(Figure 4.4). Thus, the use of the post-treated catalysts was chosen for the ease of the synthetic procedure. The
MFI framework was recalcitrant to the acidic dealumination process and the resulting post-treated Sn-MFI
(150) presented a marked Bronsted acidity leading to GA-DMA and methyl glycolaldehyde dimethylacetal
(MGA-DMA) as the only products of the conversion of GA in methanol. Hydrothermal Sn-MFI (150) was
tested in order to understand the effect of the porosity of the catalyst on the formation of different products.
The small pores of the MFI framework can give beneficial confinement effects for the small substrate in the
pores.'$> However, Sn-MFI did not show improved activity compared to Sn-Beta. In contrast, the reaction
seemed to proceed at lower rate, tetrose intermediates accumulated and MVG was formed only in 18% yield
after two hours compared to 36% yield obtained with the use of Sn-Beta under the same conditions (Figure 4.4).
The formation of lactone byproducts was suppressed using Sn-MFI as catalyst, probably because of steric
effects in the small pores for the large compounds. Sn-USY (150) zeolite was also tested as a catalyst for the
conversion of GA to MVG, resulting in the deceleration of the process and higher yield of GA-DMA compared
to the use of Sn-Beta were found after two hours (Figure 4.4.).

B vwe W vvHB B GA-DMA
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Sn-USY Sn-Beta Sn-MFI Sn-Beta

Figure 4.4. Distribution of main products in the conversion of glycolaldehyde using Sn-USY and Sn-Beta, Sn-MFI and hydrothermal
Sn-Beta zeolite catalysts. Reaction conditions: glycolaldehyde 400 mg, catalyst 100 mg, 5 mL methanol, mesitylene 80 uL as internal
standard, 160 °C, 2 houts.

4.1.3 Effect of water on rate and MVG formation

In the proposed model for the formation of MVG from glycolaldehyde in methanol,'83 the product derived
both from the direct aldol condensation of two molecules of glycolaldehyde and from the hydrolysis of the
dimethyl acetal intermediate. Thus, the presence of water could promote the hydrolysis of GA-DMA and
accelerate the formation of MVG (Scheme 4.4). The effects of small amounts of water on the reaction kinetics

and on the distribution of products were therefore studied.
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Scheme 4.4. Equilibria of glycolaldehyde in methanol. In the presence of a catalyst or at high temperatures, the formation of the
hemiacetal and the dimethyl acetal forms is favored.

Scheme 4.4 shows the equilibria of glycolaldehyde in methanol. In the presence of a catalyst or at high
temperatures, the formation of the hemiacetal (GA-HA) and the dimethyl acetal (GA-DMA) forms was
favored.!83 A further reaction with methanol led to the formation of the methyl glycolaldehyde dimethyl acetal
(MGA-DMA). This last compound was formed only in small amount in the reaction mixtures, the reactivity is
further discussed in this chapter. As described for hexoses in Chapter 3, the acetalization was the preferred
pathway under the used reaction conditions. Thus, the effect of small amounts of water as a promoter for the
hydrolysis of GA-DMA was investigated.
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Figure 4.5. Conversion of glycolaldehyde by Sn-Beta with and without water, different methylated forms (a and b) and formation of
main products (c and d). Reaction conditions: glycolaldehyde 400 mg, catalyst 100 mg, 5 mL methanol, mesitylene 80 uL as internal
standard, 160 °C.

Figure 4.5. shows the conversion of glycolaldehyde in the presence of 3 and 6% (v/v) of water. Compatred to
the reaction in the absence of water (black line), the water accelerated the conversion of GA-DMA. As
previously described for methyl fructosides from fructose, the presence of water both promoted the hydrolysis
and avoided the formation of the acetal intermediate resulting in lower maximum yields of GA-DMA at the
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beginning of the reaction. The reduced formation of GA-DMA was associated with increased population of
GA-HA. However, the hemiacetals hydrolysis occurred quickly and the effect of this product on the kinetics
could be neglected. Moreover, the addition of small amounts of water completely suppressed the formation of
the byproduct MGA-DMA. The trend for the formation of the main products, MVG and MMHB, was
accelerated in the presence of water (Figure 4.5 ¢ and d). The absence of the formation of GA-DMA needed
to be correlated to a favored aldol condensation and an accelerated process at the beginning, when the kinetics
was determined by the aldol condensation (first term of the function corresponding to a second-order kinetics)
as described in Chapter 4.1.1. The results indicated the kinetic role of the hydrolysis in the process and the
possibility to adjust the productivity in MVG by addition of water.

414 The role of MGA-DMA

1,1,2-Trimethoxyethane (methyl glycolaldehyde dimethyl acetal, MGA-DMA) derived from the further reaction
of GA-DMA with methanol (Scheme 4.4). This compound exhibited high stability and it accumulated in the
mixtures as a stable byproduct. For this reason, the formation and the reactivity of MGA-DMA was explored.
In the studied reactions, MGA-DMA was formed only in small amounts and it seemed to disappear over
prolonged reaction times. However, the formation of byproducts in small amounts can be problematic during
the upgrade of processes in continuous operations. Thus, the possibility to avoid the formation of MGA-DMA
or to convert it into useful products was explored. Firstly, the commercial reagent for MGA-DMA was reacted
using a post-treated Sn-Beta catalyst and different conditions. The compound was very stable in all cases and
no conversion was observed. The presence of water did not help to promote the reactivity of this compound,
which hence is an unreactive byproduct.

The formation and the conversion of MGA-DMA was also studied simulating the process conditions.
MGA-DMA was synthesized 7 sitn by using a slightly Bronsted acidic catalyst (dealuminated ZSM-5) from
glycolaldehyde in methanol. The final reaction mixtures resulted in 50% of MGA-DMA and large amount of
dehydration products, such as humins, due to the use of a Bronsted acidic catalyst and no initial reagent was
visible (Figure 4.6 a). The heterogeneous Bronsted acidic catalyst was then removed and the mixtures reacted
using a Sn-Beta zeolite as the catalyst. The conversion of MGA-DMA was observed, in association with the
formation of MVG and increased yields of MMHB (Figure 4.6 b). In the presence of small amounts of water,
the conversion of MGA-DMA and the formation of products increased (Figure 4.6 c).
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Figure 4.6. In situ formation and conversion of MGA-DMA. Reaction conditions: a) glycolaldehyde 400 mg, catalyst deAl-ZSM-5
100 mg, 5 mL methanol, mesitylene as internal standard 80 ulL, 160 °C, 2 hours. b) 5 ml of the mixture detived from (a), catalyst Sn-Beta
100 mg, mesitylene as internal standard 80 pL, 160 °C, 2 houts. ¢) 5 ml of the mixture derived from (a), water 6% (v/v), catalyst Sn-Beta
100 mg, mesitylene as internal standard 80 uL, 160 °C, 2 hours.
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4.1 Conversion of GA Using Sn-Beta Catalysts

The results suggested the conversion of MGA-DMA 77 situ due to the presence of acidic species formed in the
mixture. The increased yields of MVG and MMHB could also be caused by the accumulation of undetectable
intermediates between the two steps, so it was not possible to prove that MGA-DMA was converted into useful
products. Nevertheless, the results confirmed the possibility to consume MGA-DMA i sitn under the
considered reaction conditions and to avoid its accumulation from GA, as observed experimentally during
prolonged reaction times.

4.1.5 The presence of alkali salts in the reaction mixtures

The effect of alkali on Sn-Beta catalysts has been studied extensively and discussed as an interaction with the
tin active sites. The use of low concentrations of alkali salts in the reaction mixtures or as modifiers of the
catalyst has been largely applied for the production of methyl lactate from carbohydrates.*” However, analysis
of the consequences of the presence of alkali salts on reactions starting from different substrates are lacking.
The effect of alkali salts on the kinetics and selectivity of the process for the conversion of GA to MVG was
investigated by time-course experiments.
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Figure 4.7. Products distribution of the reaction for the conversion of glycolaldehyde by Sn-Beta (150) a) in the absence of alkali, b) in
the presence of a 0.24 mM and ¢) 1.2 mM of K>COs. Reaction conditions: glycolaldehyde 400 mg, 100 mg Sn-Beta (150), 5 mL methanol,
mesitylene 80 pL as internal standard, 160 °C.

In the reaction for the conversion of hexoses to methyl lactate, alkali salts increased the yields of the desired
product.*” The amount of alkali salts needed to achieve the maximum yields of methyl lactate was different for
different catalysts and it was strictly correlated to the amount of tin contained in the sample. The study for the
titration by potassium carbonate of the active sites in Sn-Beta zeolites is discussed in detail in Chapter 6.2.4.
Starting from the results obtained by studying the interaction between alkali ions and the active sites in the
process for the formation of methyl lactate from hexoses, three different concentrations were compared: no
K>CO;3, optimum amount of K>COj3 (related to the maximum yields obtained in ML in Chapter 6.2.4), excess
of ML (deactivation of the catalyst, Chapter 6.2.4). Since optimal concentrations of the salt depended on the
content of tin, the absolute amounts were adjusted based on the catalyst used and the kinetic effects using Si/Sn
ratio of 25, 150, 400 were studied by time-resolved experiments. Results underlined the same effect for the
different catalysts with different kinetics due to the different amount of active tin. An overview of the
distribution of products is given in Figure 4.7 using a post-treated Sn-Beta (150) as the catalyst.
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Figure 4.8. Consumption of a) glycolaldehyde dimethyl acetal and b) hemiacetal in reactions containing different amounts of potassium
carbonate. Reaction conditions: glycolaldehyde 400 mg, catalyst 100 mg, 5 mL methanol for no alkali (black line), 5 mL solution of
0.24 mM K,CO3 in methanol for the optimum amount of alkali (blue line), 5 mL solution of 1.2 mM K,COj in methanol for excess of
alkali (pink line), mesitylene 80 pL as internal standard, 160 °C.

Figure 4.8. shows the effect of the presence of potassium carbonate on the conversion of the substrate. The
presence of alkali salts avoided the formation of GA-DMA at the beginning of the reaction. Concurrently, the
yields of GA-HA increased, meaning that the acetalization of GA to form GA-DMA was reduced and the
balance was shifted to the hemiacetal. In the mixture containing potassium carbonate, the formation of
GA-DMA and the consumption of GA-HA over time could be followed (Figure 4.8 b). This effect could be
explained by the neutralization of residual Brensted acidity that promoted the formation of acetals, due to
addition of a basic salt. At the same time, free GA was available in larger amount compared to the case in the
absence of potassium carbonate and the aldol condensation between two molecules of GA was favored leading
to the tetrose sugars that are the central intermediates for the cascade processes to the different C4 products.
Therefore, the acceleration of the formation of erythrose was associated with the acceleration of the formation
of MVG and MMHB (Figure 4.9).
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Figure 4.9. Formation of MVG and MMHB from glycolaldehyde using Sn-Beta catalyst and different amounts of alkali. Reaction
conditions: glycolaldehyde 400 mg, catalyst 100 mg, 5 mI. methanol for no alkali (black line), 5 mL solution of 0.24 mM K,COj3 in
methanol for the optimum amount of alkali (blue line), 5 mL solution of 1.2 mM K>COj3 in methanol for the excess of alkali (pink line),

mesitylene 80 pL as internal standard, 160 °C.
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4.1 Conversion of GA Using Sn-Beta Catalysts

On the other hand, the yields of MVG decreased when using an excess of alkali salts. In the reaction with a
large excess of potassium carbonate, alkaline decomposition of sugars occurred, leading to a large amount of
insoluble undetectable products (humins), as suggested by the datk color of the final mixtures. In Figure 4.9, it
is possible to notice the change in the curve shape for the formation of MVG over time. The plot suggests a
different pathway for the reaction containing potassium carbonate. The elimination of GA-DMA formation
favored the aldol condensation and avoided the need for hydrolysis of GA-DMA, similar to the case of the
presence of water. In this case, the kinetics of the process was modified by the presence of alkali salts. The
curves of the formation of MVG with and without alkali ions were fitted using the combined function for two
kinetic regimes previously explained in Chapter 4.1.1 (Figure 4.10).

Increasing the amount of alkali salts, the formation of the intermediate compound GA-DMA was suppressed
and the aldol condensation of free GA was favored. Thus, the first term of the expression determined by the
aldol condensation step decreased and an acceleration for the formation of MVG at short times was observed
from the absence of alkali salts (Figure 4.10 a) to the presence of alkali salts (Figure 4.10 b). In the case of an
excess of potassium carbonate, the presence of GA-DMA was almost completely suppressed and the shape of
the curve for the formation of MVG over time changed (Figure 4.10 c). The curve of the yield of MVG (Y)
resembled the trend of an ordinary first-order kinetics described as the monoexponential function
Y = Ar*(1-exp(-42t)) with A as the maximum yield of MVG and 4 as the apparent first-order constant. The
results supported that the process in the presence of abundant basic alkali salt proceeded similar to the
conversion of tetroses due to the favored initial aldol condensation. However, the fitting of the different
expressions (first-order, second-order and the combination of the two) were similar and the data supporting
the kinetic model for the formation of MVG in the presence of excess of potassium carbonate were not evident.
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Figure 4.10. Data fit for the formation of MVG from glycolaldehyde in reactions containing different amounts of alkali.

The presence of alkali salts increased yields of methyl lactate, similar to results from more detailed studies for
the conversion of hexoses. Starting from glycolaldehyde, methyl lactate was only a minor product without alkali
salts (2-3% yield), but in solutions containing potassium carbonate, the final concentration increased (up to
35% yield). This result was associated with the high amounts of erythrulose found in the reaction mixtures
(Figure 4.11). In a hypothetical mechanism (Scheme 4.5), erythrulose was an intermediate in the pathway for
the formation of methyl lactate and it was not an immediate precursor in the formation of MVG. The formation
of erythrulose (ERU) in high yields was observed at the beginning of the reactions containing alkali salts. ERU
derived from the 1,2-hydride shift of erythrose (ERO), the central intermediate produced after the aldol
condensation of two molecules of glycolaldehyde.
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Figure 4.11. a) The formation of methyl lactate and b) the formation and conversion of the intermediate erythrulose in reactions
containing different amounts of alkali. Reaction conditions: glycolaldehyde 400 mg, Sn-Beta (150) catalyst 100 mg, 5 mI. methanol for
no alkali (black line), 5 mL solution of 0.24 mM K>COj in methanol for the optimum amount of alkali (blue line), 5 mL solution of
1.2 mM K>COj3 in methanol for the excess of alkali (pink line), mesitylene 80 pL as internal standard, 160 °C.

An additional pathway for the formation of methyl lactate was identified in the reactions containing alkali salts.
Traces of fructose were present in the mixtures containing potassium carbonate, but were absent when pure
methanol was used as solvent (Figure 4.12). In this case, fructose was the product derived by the [4+2] aldol
condensation between glycolaldehyde and erythrose. As studied for the conversion of hexoses by Sn-Beta
catalysts, fructose in solutions of alkali salts gave high selectivity for the formation of methyl lactate.
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Figure 4.12. Alternative formation of methyl lactate iz fructose intermediate.
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4.1 Conversion of GA Using Sn-Beta Catalysts

4.1.6 Formation of MVG using erythrulose as starting reagent

Erythrulose is a keto-tetrose carbohydrate. Commercially, it is produced by enzymatic fermentation and, since
its natural abundancy is limited, it is an expensive feedstock for the production of chemicals. In general, tetroses
are rare sugars and their conversion into monomers is not industrially relevant.?0” However, tetroses represent
an intermediate in the process for the conversion of glycolaldehyde to MVG!1%3 and the study of its reactivity
can help to understand the reaction pathways and achieve a high control of the process. For this reason,
time-resolved experiments for the conversion of erythrulose by Sn-Beta catalyst were carried out and the
resulting distribution of products were compared to the use of glycolaldehyde as the starting substrate.
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Figure 4.13. Distribution of products in the conversion of erythrulose by Sn-Beta zeolite catalyst. Reaction conditions: erythrulose
120 mg, catalyst 50 mg, methanol 5 mL, mesitylene 80 uL as internal standard, 160 °C.

Figure 4.13 shows the trend for the conversion of erythrulose over time using Sn-Beta catalyst and the main
products formed in the reaction. The consumption of the starting sugar occurred quickly and the conversion
was complete after the first ten minutes. To a minor extent, erythrulose underwent retro-aldol cleavage forming
glycolaldehyde, as shown by the presence of GA-HA and GA-DMA in the reaction mixtures. The trend of
GA-DMA (Figure 4.13a black line) showed an accumulation over time (yield 6%) without any apparent
conversion within two hours. Thus, the behavior of GA-DMA in the reactions starting from ERU differed
from the conversion of glycolaldehyde. Erythrulose gave MVG as main product, together with MMHB and
methyl lactate (Figure 4.13 b). The yields of MVG and MMHB after two hours of reaction at 160 °C
corresponded to 40 and 12%, respectively. The results indicated the quick isomerization between erythrulose
and erythrose and the favored formation of MVG compared to the retro-aldol cleavage leading to methyl lactate
(Scheme 4.6). Nevertheless, methyl lactate was produced in a yield of 6% after two hours compared to the 2%
yields obtained from glycolaldehyde. The increased formation of methyl lactate was an indication of the
formation of this product »ia erythrulose intermediate. The kinetics of the formation of MVG from erythrulose
was different from both conversion of glycolaldehyde to MVG and from the conversion of hexoses to methyl
lactate.
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Figure 4.14. Data plot for the conversion of GA-DMA over time using Sn-

Beta zeolites.

Experimental data indicated the linear correlation of the exponential decrease of the concentration of ERU
over time (Figure 4.14), as occurring in first-order reactions. The results reflected a first-order kinetic process,
as expected in the absence of the aldol condensation step. In the case of erythrulose as the starting substrate,
the data were fitted to a monoexponentional first-order kinetics (Figure 4.15). The absence of the aldol
condensation step changed the mechanism into a first-order reaction and the data described a monoexponential
trend. The data were in-line with the kinetic model indicating the final intramolecular Cannizzaro reaction as

the rate limiting step, proposed previously by Dusselier et al.!6?
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Figure 4.15. Data fit for the formation of MVG from erythrulose.
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The effect of small amounts of water in the conversion of erythrulose using Sn-Beta catalyst was investigated.
The conversion of the starting substrate and the distribution of products in the reaction of erythrulose by
Sn-Beta in the presence of 6% water reflected the trend observed in the absence of water and the conversion
of erythrulose was unchanged by the presence of water (Figure 4.16). However, the formation of MVG was
slightly increased by the presence of water (Figure 4.16). This result could indicate the contribution to the
formation of MVG from GA-DMA derived from retro-aldol cleavage of the tetroses. GA-DMA was present
in lower amounts in the reactions containing water. However, the formation of GA-DMA from erythrulose
presented low yields also in the case of the absence of water. Therefore, it is possible that the results suggested
the possible beneficial influence of water on a different step than the hydrolysis of GA-DMA for the formation

of MVG. Differently from MVG, the formation of all the other products were not influenced by the presence
of water.
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Figure 4.16. Compatison of the conversion of erythrulose into MVG in the presence and in the absence of water. Reaction conditions:
erythrulose 120 mg, catalyst 50 mg, methanol 5 mL, 6% (v/v) water, mesitylene 80 pL as internal standard, 160 °C.

The effect of the presence of alkali salts in the conversion of erythrulose by Sn-Beta was also considered in
order to better understand the pathway for the formation of methyl lactate from glycolaldehyde. Potassium
carbonate in the reaction mixture promoted the retro-aldol [3+1] route to methyl lactate. The retro-aldol [2+2]
reaction giving glycolaldehyde from erythrose was not visible and the formation of GA-DMA was suppressed
by alkali ions. Fructose was not identified as an intermediate for the formation of methyl lactate. Supposedly
also in the case of the use of glycolaldehyde as a starting reagent, methyl lactate was mainly formed by
erythrulose and only traces of fructose were present due to aldol condensation [4+2]. Differently from the case
of glycolaldehyde, the optimum amount of potassium carbonate did not accelerate the formation of MVG and,
in contrast, yields dropped in the presence of small concentrations of potassium carbonate (Figure 4.17). The
results confirmed that the effect of alkali salts on the conversion of GA to MVG was mainly determined by the
suppression of the formation of the acetal GA-DMA.
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Figure 4.17. Formation of MVG from erythrulose by Sn-Beta catalyst in the presence of different amounts of potassium carbonate.
Reaction conditions: erythrulose 120 mg, catalyst 50 mg, 5 mL methanol for no alkali (black line), 5 mL solution of 0.24 mM K>COj3 in
methanol for the optimum amount of alkali (blue line), 5 mL solution of 1.2 mM K>COj in methanol for the excess of alkali (pink line),
mesitylene 80 pL as internal standard, 160 °C.

In the case of the use of erythrulose as starting reagent, the beneficial effect of the presence of potassium
carbonate in avoiding the acetalization step was lacking. In this case, the predominant effect of the presence of

potassium carbonate was the alkaline degradation of sugars leading to high carbon loss and to decreased yields
of MVG.

4.1.7 Conclusions on the study for the conversion of glycolaldehyde catalyzed by
Sn-Beta zeolites

This section discussed the investigation of Sn-Beta zeolites as catalysts for the conversion of glycolaldehyde
(GA) into methyl vinyl glycolate (MVG), which has great potential for applications as bio-based monomer for
the production of polyesters. The mechanism of the conversion of glycolaldehyde (2 GA) involved an initial
[2+2] aldol condensation resulting in the main intermediate erythrose (5 ERO), as represented in Scheme 4.7.
The experimental time-resolved data showed that the process followed a second-order kinetics, suggesting the
determining step of aldol condensation of two molecules of GA (Step 2). The data for the formation of MVG
presented two kinetic regimes and yields of MVG over time were fitted with an expression given by the
combination of two different terms. The first term indicated a second-order reaction, corresponding to the
aldol condensation of two molecules of GA and the second term indicated a first-order reaction, corresponding
to either the hydrolysis of acetals (Step 1), the dehydration of tetroses (Step 3) or the intramolecular Cannizzaro
reaction (Step 4). The effect of different parameters on the reaction rate and selectivity into the different
products was studied in order to define optimal reaction conditions.

The effect of the presence of water and alkali salts on the reaction kinetics was explored. In both cases, the
formation of GA-DMA was suppressed and the formation of MVG was accelerated. The use of an excessive
amount of potassium carbonate (3.0 mM) led to high carbon loss due to the alkaline degradation of sugars
resulting in large amounts of humins. However, the complete suppression of GA-DMA resulted in the change
of the kinetics and the elimination of the two regimes for the formation of MVG. The conversion of erythrulose
into MVG catalyzed by Sn-Beta was also investigated in order to confirm the proposed model. Erythrulose
showed different kinetics compared to the conversion of glycolaldehyde. The data followed a first-order kinetics
due to the lack of the aldol condensation step and the formation of MVG could be fitted to a monoexponential
function.
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Chapter 5

Development of Synthetic Procedures
for the Preparation of Tin-Containing
Zeolite Catalysts

This chapter presents a study of the procedures for the preparation of stannosilicates as catalysts for the
conversion of carbohydrates into bio-based chemical products. The project focused on the preparation of
post-synthetic materials because of the ease of the procedures and their large applicability. First, the different
steps involved during the synthesis of post-treated Sn-Beta zeolites were considered, studying the effect of
modifications in each step on the activity and the physical properties of the catalysts. Furthermore, different
frameworks were studied for the preparation of tin-containing zeolites. Beta and USY were chosen as optimal
for obtaining stannosilicates and these frameworks were used for the preparation of mesoporous materials. The
effect of introducing mesoporosity was studied by the conversion of substrates with different sizes.

5.1 Exploring the Parameters for the Synthesis of Sn-Beta
Zeolites

The synthesis of stannosilicates has received much attention during the last decades. Different synthetic routes
lead to different materials and catalytic activity. Hydrothermally prepared Sn-Beta zeolites are defect-free
large-crystals materials.>> However, the synthetic procedure presents several disadvantages, which do not allow
industrial-scale applications (e.g. long crystallization times and the use of HF as mineralizing agent). More
recently, post-synthetic procedures have been proposed in order to overcome these problems.>> Post-treated
catalysts contain more defects than hydrothermal samples. The general understanding of the impact of the
parameters employed during the synthesis on the final material can help the design of optimal catalytic systems.
Thus, this section explores the effect of modifications in the synthetic procedure on the catalytic material and
on the activity in the conversion of carbohydrates. The analysis of synthetic modifications and their effect on
the final catalytic properties can bring useful information for the design of modified catalysts with high
selectivity in the specific processes.
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Figure 5.1. Reactions for testing the performances of the synthesized Sn-Beta catalysts in the conversion of bio-based feedstock.
1-Conversion of glucose to a) different hydroxy esters, b) methyl lactate using alkali salts in solution, ¢) methyl glycosides intermediates
and byproducts using short times and low amounts of catalyst. 2- Conversion of glycolaldehyde into MVG. All the reactions were
performed at 160 °C in methanol solution.

In this part of the project, parameters affecting the preparation of Sn-Beta and the effect on the resultant
materials were explored. Catalysts were tested in different reactions for the conversion of carbohydrates
(Figure 5.1). Different reaction conditions in the conversion of glucose allowed to study the selectivity for
specific products. The conversion of glucose was carried out at 160 °C in methanol for two hours for analyzing
retro-aldol pathways leading to methyl lactate and other hydroxy esters, such as trans-2,5,6-trihydroxy-3-
hexenoic acid methyl ester (THM) and methyl vinyl glycolate (MVG), as main products. The addition of small
amounts of alkali salts (usually K2COs) in the reaction mixtures allowed to maximize the methyl lactate
selectivity and yields. In order to study the formation of intermediates, experiments using low amounts of
catalyst and short times (30 minutes) were used. Finally, the conversion of glycolaldehyde into MVG at 160 °C
in methanol was also considered. Characterization of the prepared materials and results from the different
catalytic tests allowed to give a correlation between parameters employed for the synthesis, material features
and activity in the conversion of carbohydrates for obtaining different products. The section starts with a
comparison of Sn-Beta zeolites prepared by hydrothermal synthesis and post-treatment in order to elucidate
the differences between the two materials. Afterwards, the steps for the preparation of post-synthetic
stannosilicates are analyzed and the influence of different protocols for dealumination and tin incorporation on
the final material are discussed.

5.1.1 Comparison between hydrothermal and post-treated Sn-Beta catalysts

The preparation of Sn-Beta zeolites by hydrothermal synthesis yields large defect-free crystals, but the use of
HF as mineralizer and the need of long times for the crystallization makes the method inconvenient for large-
scale applications. Thus, alternative studies have focused on fgp-down methodologies for the introduction of tin
in already crystallized zeolites.>> This paragraph explores the characteristic and catalytic properties of
post-synthetic materials compared to their hydrothermal counterparts and aims to elucidate the differences
between the two catalytic materials.

Initially, the comparison between catalysts prepared by the two routes was performed. Subsequently, the effect

of several parameters in the preparation of post-synthetic catalysts was studied in order to optimize the
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procedure and the characteristic of the final material. Figure 5.2 displays the SEM images of two Sn-Beta
catalysts with Si/Sn ratios of 200 prepared via the hydrothermal (left) and post-treated (right) route. The
pictures show different crystal sizes: hydrothermal crystals were large and monodisperse. Although
post-synthetic crystals maintained regular shapes and dimensions of the parental aluminum-containing Beta
zeolite, they were ten times smaller compared to the material prepared by the bottom-up procedure. The
formation of small crystals could bring advantages in terms of diffusion control.2® Moreover, hydrothermal
Sn-Beta crystals prepared with the use of HF as crystallization agent presented a capped bipyramidal
morphology.”? In contrast, the appearance of the crystals in post-treated Sn-Beta strictly depended of the
starting zeolite. In this case, the SEM image in Figure 5.2 shows the formation of round-shape crystals.

Figure 5.2. Scanning Electron Microscopy images of hydrothermal (left) and post-synthetic (right) Sn-Beta (200) zeolites. The
hydrothermal synthesis resulted in material with large crystals.

Table 5.1 illustrates the characteristic physical properties of the two samples. Post-synthetic procedures
involved the partial dissolution of the zeolite at 100 °C, but the process was not followed by any
recrystallization. As a result, the post-treated material had lower crystallinity. In contrast, the hydrothermal
Sn-Beta was crystallized for forty days and exhibited high crystallinity. Both samples had a good incorporation
of the tin and microporosity. The increased surface area of the post-synthetic material was due to the smaller
size of the crystals compared to the other sample. Also in the case of the acidity, the post-synthetic material
had a higher value than the hydrothermal sample, reflecting the presence of defects containing slightly acidic
O-H groups. The different acidity of the samples reflects the different catalytic activity and the presence of
different active sites in the two maerials.5?

Table 5.1. Physical characteristics of hydrothermal and post-treated Sn-Beta zeolites.

Hydrothermal Sn-Beta Post-treated Sn-Beta

Crystallinity (%)?2 93.66 59.60

Tin (Wt%)° 1.189 0.977

Si/SnP 130.36 152.80
Sget (M?/g)° 602 722
Vmicropore (ML/g)° 0.24 0.30
Total acid sites (umol/g)? 56 108
Methyl lactate yield (%)® 29 15

aX-Ray Diffractometry, PX-Ray Fluorescence, <Nitrogen physisorption, 4Ammonia Temperature-Programmed Desorption, ¢Reaction
conditions: glucose 120 mg, catalyst 50 mg, 5 mL methanol, DMSO 80 pL as internal standard, 160 °C, 2 hours.

The two zeolites showed different catalytic activity. The catalysts were tested in the reaction for the conversion

of glucose into methyl lactate at 160 °C in methanol. The production of methyl lactate tested under standard
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conditions gave 15% yield in the case of the post-synthetic material and 29% yield using the hydrothermal
catalyst. Thus, optimizations of the features of the post-treated catalyst were necessary in order to increase
methyl lactate. Further comparison in the production of methyl lactate between the post-synthetic and
hydrothermal Sn-Beta is discussed in Chapter 3 with an emphasis on kinetic and mechanistic findings. The
following discussion aimed to understand the parameters of the synthesis influencing the catalytic activity in

order to increase the efficiency of post-synthetic materials.

STEP 1 STEP 2
DEALUMINATION TIN INCORPORATION
e
Beta zeolite g i
SnClx5H,0
HNO- 13 M Dealuminated Beta zeolite  in water, Sn-Beta zeolite
1030 °C dry overnight,
aH 20 h calcination
8o YN W
/\JI \S/\’\S/ n /SI\O’ by o ’n‘o’l\ n

A AN
Figure 5.3. Schematic representation of the procedure for the preparation of post-synthetic Sn-Beta zeolites.

Figure 5.3 represents a simplified scheme of the preparation of post-synthetic stannosilicates. The procedure
involved two main steps. The first step consisted in the dealumination of the starting commercial Beta zeolite.
The acid treatment overnight led to dealuminated Beta zeolite, which had free silanols available for the
incorporation of other metal ions. The second step was the incorporation of the tin into the dealuminated
material leading to the final Sn-Beta zeolite, which was thoroughly washed, dried and calcined.3’ In the following
sections, the different steps of the procedure for the preparation of Sn-Beta zeolites are described. Specifically,
the effects of using different durations for the dealumination treatment leading to the presence of residual
aluminum and the amount of tin incorporated are discussed.

5.1.2 Sn-Beta catalysts containing residual aluminum

The presence of residual aluminum has different impacts depending on the considered reaction. In general, the
aluminum introduces Bronsted acid sites, which can have positive, concerted effects in bifunctional catalysis as
reported by Dikjimans et al.> in the reaction for the production of methyl lactate starting from
dihydroxyacetone (DHA). Using hexoses as starting substrates, the presence of Bronsted acidity led to the
formation of byproducts in the process for the formation of methyl lactate. The Bronsted acidity promoted the
dehydration of sugars giving furanic compounds, such as furfural or 5-hydroxymethylfurfural (HMF), which
were undesired byproducts during the production of methyl lactate (Chapter 3.2.1). Using glucose as the starting
reagent, the Bronsted acidity introduced by the presence of residual aluminum was also responsible for the
formation of methyl glucosides. Methyl glucosides were stable compounds and they did not convert further
under the considered reaction conditions. However, their formation was usually suppressed by the use of highly
Lewis acidic catalysts. In fact, the Lewis acidity promoted the fast isomerization equilibrium between glucose
and fructose and the reactive methyl fructosides were the preferred products (Scheme 5.1). Methyl fructosides
could then be further converted into other products. In Chapter 3, the effect of balanced Brensted and Lewis
acidity on the conversion of hexoses is discussed in detail.
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Scheme 5.1. Formation of methyl glycosides from hexoses, competition and roles of Bronsted and Lewis acidity.

The introduced Bronsted acidity could have either positive or negative effects on the selectivity of a process.

The role of residual aluminum in Sn-Beta catalysts was investigated for the conversion of glycolaldehyde into

methyl vinyl glycolate (MVG). Beta zeolites were dealuminated in nitric acid solutions (13 M) for different

durations and the resultant materials presented different level of dealumination and contained different Si/Al

ratio. The dealuminated zeolites were used for preparing Sn-Beta samples containing the same amount of tin

(1.3 wt%, Si/Sn ratio of 150) and they were tested as catalysts for glycolaldehyde conversion. The acidic

treatment was highly effective and high levels of aluminum removal were obtained for the samples treated at

short times. Therefore, only the extreme cases are discussed in this chapter. The treatment did not affect the

crystallinity of the materials, as observed by XRD analysis and reported in literature.?? The acidity measured by

NH;-TPD was high in samples that were dealuminated for short times, as the aluminum introduced acidic
centers (Table 5.2).

Table 5.2. Acidity of samples dealuminated for different times. Measurements by XRF?and NH;-TPDP analysis

MVG Yield (%)

Time of dealumination (h) Si/Al2 Acidity (umol/g)®
65
126
152
70~ Formation of MVG 34 Formation of MGA-DMA
. &
60 A = o
H /O\)\o/
O -
50 2 5
4 o]
40 / o 2
0 <
=
30 =
,0 - %4
20 —|:|— 1h dealumination, Si/AI65 £
— 24h dealumination, Si/Al 126 /’
—0—48h dealumination, Si/Al 152 ///

0 T T
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Figure 5.4. Trend of formation of MVG (left) and MGA-DMA (right) using catalysts with different Si/Al ratio. Reaction conditions:
glycolaldehyde 400 mg, catalyst 100 mg, methanol 5 mI, mesitylene 80 pL as internal standard, 160 °C.

81



5.1 Parameters of the Synthesis of Sn-Beta Zeolites

Figure 5.4 shows the trends for the formation of MVG using catalysts dealuminated for 1 hour, 24 hours and
48 hours. Following the process by time-resolved experiments, the negative influence of residual aluminum on
the formation of MVG was evident. Samples dealuminated for longer times performed better in the production
of MVG from glycolaldehyde compared to the partially dealuminated catalysts. The introduced Bronsted acidity
mainly led to the formation of byproducts. In particular, the amounts of the methyl glycolaldehyde dimethyl
acetal (MGA-DMA) increased considerably using catalysts containing residual aluminum, i.e. Bronsted acidity
(Figure 5.4). This latter product was stable and had a reduced rate of conversion, as is discussed in more detail
in Chapter 4.

5.1.3 Synthesis of Sn-Beta zeolites containing different amounts of tin

The second step considered in the preparation of post-synthetic Sn-Beta zeolites was the incorporation of the
tin inside the dealuminated framework. The tin incorporated in the zeolite is the Lewis acid center and forms
the active site of the catalyst. However, the amount of active tin that can be incorporated inside the structure
is limited for both hydrothermal and post-synthetic synthesis and the addition of excessive concentrations of
tin salts leads to the formation of inactive extra-framework species.® The extra-framework material can obstruct
the pores and limit the access of reactants to the active sites.?” The possibility to incorporate large amounts of
active tin in Beta zeolites was studied. Post-treated Sn-Beta catalysts were prepared by impregnation of different
amounts of tin and tested for the conversion of carbohydrates.

In Supplemetary Information SI.1, the full characterization of the physical properties for the prepared catalysts
is enclosed. Samples with higher tin content presented higher acidity in the NH3-TPD measurements, but all
the other features were not significantly affected. QBET surface areas decreased slightly for high tin content,
as also reported in literature.> The impregnation did not change the crystal structure, as shown in the XRD
diffractograms. The peaks relative to crystalline extra-framework SnO; species were well visible in samples with
Si/Sn ratio equal or lower than 50. Moreover, amorphous oxides or nanoparticles may be formed also in
samples with higher Si/Sn ratio and they are invisible to the XRD technique. Zeolites impregnated with
different amounts of tin were tested in the conversion of glucose for maximizing yields of methyl lactate (ML),
methyl glycosides (Me-Fru and Me-Glu) and other hydroxy esters (IMVG and THM) (Table 5.3). All the Sn-Beta
catalysts were prepared starting from the same dealuminated Beta zeolite, meaning that the physical properties
were constant and the only variable among the samples was the tin content.

Table 5.3. Catalytic tests of post-treated Sn-Beta containing different amount of Sn (three standard reaction conditions for testing ML,
MVG/THM, methyl glycosides)

Si/Sn ML (%) Me-Fru (%)®> Me-Glu (%)® THM (%) MVG (%)°

12.5 47 26 6 4 3
50 29 25 4 4 3
100 25 41 4 3 4
150 15 37 4 2 3
200 15 57 4 2 3

Reaction conditions: glucose 120 mg, catalyst 50 mg, methanol 5 mL, DMSO 80 L as internal standard, 160 °C, 2 houts. 2 In the assays
for the optimization of the formation of methyl lactate, a solution of KoCO3 in methanol was used. The concentration of the solution
was calculated for having a Sn/K ratio of 0.1. > In the assays for the optimization of the formation of methyl glycosides, 25 mg of

catalyst and 30 minutes reaction time were used. ¢ Standard reaction conditions.

The catalytic results presented in Table 5.3 indicate that the formation of methyl lactate increased for higher tin
content in the reaction with alkali, while no significant yields of MVG and THM were observed in the test
without alkali. However, the increase was not proportional to the tin content and it was combined with an
opposite trend in the amount of methyl fructosides in the short-time tests. Methyl fructosides were formed in
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high yields using catalysts with low tin content. Therefore, considering methyl fructosides as intermediates to
the formation of methyl lactate, higher tin content accelerated the process as the main effect. The effect of
different tin contents in the formation of methyl fructosides from glucose at 160 °C in methanol is discussed
in detail in Chapter 3.2.2. The non-linear correlation between tin content and final yields has been already
reported for Sn-Beta catalysts.628 The effect could be explained by the presence of extra-framework tin in
samples containing high amounts of tin or to the change of the distribution of the T sites.®

Samples containing different amounts of tin were also tested in the conversion of glycolaldehyde into MVG.
Figure 5.5 shows the yield of MVG and glycolaldehyde dimethyl acetal (GA-DMA) after four hours. GA-DMA
is the main form of glycolaldehyde in methanol solution in the presence of an acidic catalyst, therefore, it could
be used as representation of the conversion of the starting substrate. Also in the case of the conversion of
glycolaldehyde, the tin content affected the kinetics of the reaction. The yield of the main product MVG
increased for high amounts of tin, while at low tin content the conversion of GA-DMA was still incomplete

after four hours.

60 B vwa
50 [] GA-DMA

25 50 100 150 200 400 800 Si/Sn

Figure 5.5. Yields of MVG and GA-DMA using Sn-Beta containing different amount of Sn. Standard reaction conditions for the
conversion of glycolaldehyde after 4 hours. Reaction conditions: GA dimer 400 mg, catalyst 100 mg, 5 mL methanol, mesitylene as
internal standard 80 uL, 160 °C, 4 hours.
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Figure 5.6. Time-resolved experiments for the conversion of glycoladehyde using catalysts containing different amounts of tin. Reaction
conditions: GA dimer 400 mg, catalyst 100 mg, 5 mL methanol, mesitylene as internal standard 80 ulL, 160 °C.

The acceleration of the formation of MVG starting from glycolaldehyde was then confirmed by time-resolved
experiments (Figure 5.6). The conversion of GA-DMA by post-treated Sn-Beta (800) followed the same trend
as the other high tin content counterparts with a decreased rate in MVG formation. Considering the formation

83



5.1 Parameters of the Synthesis of Sn-Beta Zeolites

of MVG over time (Figure 5.0), the presence of high tin contents seemed to affect the kinetics of the process
mainly at the beginning. On the other hand, the slope of the curves in Figure 5.6 at longer reaction times were
similar. As discussed in Chapter 4.1.1, the formation of MVG followed two kinetic regimes and the presence
of high tin contents mainly acted on the first part determined by the aldol condensation of two molecules of
GA. Thus, the increased amount of tin affected the kinetics of the first regime of the formation of MVG.

5.1.4 The addition of a washing step in the procedure for the removal of
extra-framework species

Extra-framework tin oxides can be deposited on the surface and inside the porosity of the zeolite when the
impregnation procedures are performed with high concentrations of tin salts.®® Tin oxides are mostly inactive
in the conversion of sugars and can block the pores with consequent negative effects on the catalytic activity.’
Recently, van der Graaff et al. have proposed a method for removing extra-framework deposits by additional
methanol washing during the preparation of post-synthetic Sn-Beta zeolites.®” The obtained catalysts have
shown improved activity in the formation of methyl lactate from dihydroxyacetone.® The method was applied
to the Sn-Beta samples containing Si/Sn ratios of 50 and 12.5, because the XRD characterization showed the
presence of high amounts of crystalline tin oxide in these samples. The zeolites were repeatedly washed with
methanol after the impregnation with the aqueous solution of tin in order to remove the non-incorporated
species. As shown in Figure 5.7, the washed catalysts presented slightly improved activity in the formation of
methyl lactate from glucose at full conversion.

The amount of tin determined by XRF decreased after washing, from Si/Sn 20 to Si/Sn 23 in the case of the
sample having Si/Sn nominal ratio of 12.5 and from Si/Sn 45 to Si/Sn 49 in the case of the sample with Si/Sn
nominal ratio of 50. However, the XRD diffractograms of the washed samples after calcination still indicated
presence of some crystalline SnO». It is possible that the washing procedure removed amorphous tin species
not visible in the XRD and had no effect on the crystalline oxides. As already reported for reactions using
different substrates,® the washing procedure had a beneficial effect on catalyst activity. However, no drastic
improvement was obtained in the final yields of methyl lactate from glucose. Therefore, the method was not
investigated further.
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Figure 5.7. Formation of methyl lactate using post-treated Sn-Beta (12.5) and (50) prepared with and without methanol washes. Reaction
conditions: glucose 120 mg, catalyst 50 mg, 5 mL solution of K»COj3 in methanol (to a concentration that cotresponds to a K/Sn ratio
of 0.1), DMSO 80 uL as internal standard, 160 °C, 2 hours.
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5.1.5 Conclusions on the study of the parameters for the synthesis of Sn-Beta zeolites

This section aimed to probe the effect of systematic changes in the procedures for the preparation of Sn-Beta
zeolites on the catalyst. The study focused on the development of post-synthetic procedures because they allow
easy catalyst synthesis and many applications. The preparation of post-synthetic Sn-Beta zeolites involved the
initial dealumination of the commercial aluminum-containing zeolite, followed by the incorporation of tin by
incipient wetness impregnation. The effect of the presence of residual aluminum was studied by the preparation
of catalysts derived from Beta zeolites, which were dealuminated for different times. The residual aluminum
introduced Bronsted acidity, which had a negative impact on the production of methyl lactate from glucose and
MVG from glycolaldehyde. Different from using dihydroxyacetone as starting substrate,* residual aluminum
needed to be avoided for the processes considered herein (the conversion of both hexoses and glycolaldehyde)

and a complete dealumination led to optimal performances of the catalysts.

Table 5.4. Effect of residual aluminum in Sn-Beta catalysts on the conversion of different substrates.

Reaction Effect of residual aluminum
Conversion of DHA into lactates EZT:Lve: promotion of the dehydration of DHA into
. . Negative: formation of glucosides and furanic
Conversion of glucose into lactates
byproducts
Conversion of GA into MVG Negative: formation of MGA-DMA byproduct

The maximum amount of active tin incorporated in the structure by impregnation was also considered. The tin
forms the active sites of the catalyst, but excessive amounts cannot be incorporated and result in the obstruction
of the porosity due to the formation of extra-framework tin oxides.® Increased tin contents resulted in an
acceleration of the production of MVG from glycolaldehyde at the beginning of the process. The preparation
of samples containing different amounts of tin were probed by XRD and were found to contain extra-
framework species in some instances. The possibility to remove the oxides by washings steps during the
synthesis was explored, but resulted in only marginally improved catalytic activity and was therefore not studied
further considering that the additional step increased the times for the preparation of the catalysts.
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5.2 Synthesis and Use of Mesoporous Stannosilicates for the
Production of Methyl Lactate

In this section, the preparation of stannosilicates with different porous systems is explored.# The use of
microporous materials as catalysts can lead to several disadvantages for industrial applications. The deactivation
of the catalyst due to the formation of coke has a large impact on micropores because of the ease of obstruction
in these systems.!” Moreover, in biorefinery applications, the ability to convert large natural molecules that can
tind diffusional limitations in small pores systems is often required. The enlargement of the porous structure
can facilitate the access of oligo- and polysaccharides. For this reason, the synthesis of hierarchical zeolite
catalysts has become a central topic in the research for the use of biomass as a source for the production of
chemicals.??” Strategies for the preparation of mesoporous systems can be classified as zop-down and bottom-up
(Chapter 1.1.3). The first approach involves post-synthetic modification of already crystallized materials.!?

Post-synthetic treatments have received much interest because of the ease of the procedures that allow many
applications. Traditionally, the cavities in zeolites have been enlarged by treatments with a basic solution of
NaOH.?! However, the procedure has low level of control and can lead to the formation of irregular structures.
More recently, procedures involving the use of surfactants as templates for post-synthetic reorganizations of
the zeolites structures have been proposed. The hydrothermal restructuring can be performed after the first
dissolution?? of the sample in basic media or directly by hydrothermal treatment.?* The methodologies allow
obtaining organized and controlled hierarchical materials using a simple and broadly applicable post-synthetic
treatment. On the other hand, direct bottom-up procedures can be used for the preparation of mesoporous
catalysts. The approach involves classical hydrothermal synthesis with the use of specific templates, such as
large organic polymers.

In this section, the preparation of stannosilicates starting from different commercial zeolites is discussed. Beta
and USY frameworks showed the best results for the dealumination and incorporation of tin. Therefore, those
zeolites were used for studying the modification of microporous systems into hierarchical systems. Several
post-synthetic procedures were applied for the preparation of mesoporous stannosilicates. Finally, a large-pore
hydrothermal Sn-Beta was synthetized for comparison with the post-synthetic catalysts. All the samples were
characterized and tested for the conversion of substrates with different dimensions, namely glucose, sucrose
and inulin.

5.2.1 Synthesis and characterization of stannosilicates with different porous systems

In this work, the possibility of the use of different porous systems in the preparation of stannosilicates for the
conversion of carbohydrates into methyl lactate was explored. In a first preliminary screening, the preparation
of stannosilicates by post-synthetic modifications of different commercial zeolites was studied. Among the
Beta, USY, MOR and MFI zeolite frameworks, only Beta and USY were successfully dealuminated. The
dealumination was not dependent on the initial Si/ Al ratio, therefore, the dealuminated USY resulted in similar
materials starting from both H-USY (6) and H-USY (30). All the frameworks were impregnated with tin and
tested for the conversion of glucose to methyl lactate. Sn-Beta (100) and Sn-USY (25) presented the best activity

* Synthesis of the zeolites and tests of reactivity were carried out with the help of MSc. Annalisa Sacchetti duting the
project for her final thesis. The section was adapted from the article “Exploring the Synthesis of Mesoporous
Stannosilicates as Catalysts for the Conversion of Mono- and Oligosaccharides into Methyl Lactate” published in
Topics in Catalysis.?!?
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and they were chosen for the preparation of mesoporous catalytic systems. Table 5.4 lists the procedures
explored for the preparation of tin-containing zeolites. Alkaline desilication!™ and surfactant templating?? were
applied as post-synthetic modifications. Moreover, a hydrothermal Sn-Beta was synthetized using polydiallyl
dimethylammonium chloride (PDADMA) and tetraethyl ammonium hydroxide (TEAOH) as templates. %>

Table 5.5. Synthetic procedures for the preparation of modified stannosilicates.

Catalysts Preparation

Dealumination of the commercial zeolite and
impregnation of tin®®

Alkaline desilication, dealumination and impregnation of

Sn-Beta (100)/Sn-USY (25)

[deSi] Sn-Beta (100)/ [deSi] Sn-USY (25)

tin104
[ST] Sn-Beta (100)/ [ST] Sn-USY (25) Surfactant templating of Sn-beta (100)/Sn-USY (25)93
Dissolution in alkaline media and surfactant reassembly
[DR] Sn-Beta (100)/ [DR] Sn-USY (25) of the commercial zeolites, dealumiantion and

impregnation of tin1%4
Hydrothermal synthesis of mesoporous Sn-beta
zeolite®5

[HT] Sn-Beta (100)

Numbers in brackets indicate the Si/Sn ratio

Opposite to the dealumination procedure, the alkaline treatment introducing mesoporosity was strongly
dependent on the Si/ Al ratio.* Therefore, the method was applied on the aluminum containing zeolites before
the dealumination step. However, the H-USY zeolite was recalcitrant to the basic treatment and underwent a
collapse of the structure. Thus, only the Beta mesoporous framework was obtained by desilication. On the
other hand, it was possible to obtain mesoporous Sn-USY zeolites following surfactant templating procedures
and using cetyltrimethylammonium bromide (CTAB) as surfactant agent. Finally, a mesoporous Sn-Beta was
also synthesized by hydrothermal bottom-up methodology by the use of polydiallyl dimethylammonium chloride
(PDADMA) together with tetraethyl ammonium hydroxide (TEAOH) as structure directing agents.

Table 5.5 reports the physical properties of the prepared samples. Materials presenting amorphous structures
in the XRD characterization were omitted from Table 5.5. It was not possible to modify USY zeolites by
desilication in alkaline media, nor to apply the surfactant restructuring to Beta zeolites. In Supplementary
Information SI.1, the SEM images of the samples shows that the morphology of the crystals were not modified
after post-treatment. However, evident clusters of extra-framework species were visible on the surface of the
crystals in Sn-USY (25) (Figure 5.8). The deposit corresponds to an improper incorporation of the tin inside
the structure, giving external amorphous oxides or tin nanoparticles, invisible to the XRD technique. However,
the material still had a catalytic activity that was comparable to the other samples.

Table 5.6. Characterization of the physical properties of mesoporous stannosilicates.

Catalyst Framework BET Average pore Si/Sn Si/Al Acidity
y (m?/g) width (A) ratio ratio (umol NHas/g)
Sn-Beta (100) BEA 592.4 21.8 102.5 134.8 71
Sn-USY (25) USY 757.6 25.6 33.7 67.8 69
[deSi] Sn-Beta BEA 637.7 48.0 129.0 137.0 95
(100)
[ST] (82’;')USY usy 539.7 25.0 28.5 126.0 ;
[DRI (22;USY usY 626.0 34.0 52.0 70.0 58
[HT](fg(;')Beta BEA 568.0 70.0 95.7 11.3 76
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Figure 5.8. SEM image of Sn-USY (25). Adapted from Ref. 212.

Results from nitrogen physisorption characterization confirmed the enlargement of the pores in the modified
samples. Only the sample [ST] Sn-USY (25) did not result in the dimensions between 30 A and 75 A. Therefore,
it was not investigated further. The hydrothermal synthesis was the most efficient in terms of width of pores,
leading to average dimension of 70 A. As expected for hydrothermal Sn-Beta, the material presented large
crystals and the absence of the use of HF as mineralizing agent led to spherically shaped crystals. However, the
SEM images showed the presence of amorphous material, indicating the incomplete crystallization
(Supplementary Information SI.1.8). Synthesized catalysts did not show drastic changes in the acidity measured
by NH3-TPD (Table 5.5), indicating comparable tin incorporation and activity among the samples.

5.2.2 The activity of mesoporous stannosilicates in the conversion of carbohydrates into
methyl lactate

The activity for the conversion of carbohydrates was studied for the different catalytic systems using substrates
with different dimensions. Large pores should reduce diffusional limitations and promote a faster conversion
of large compounds compared to micropores.!'® Glucose, sucrose and inulin were used as starting substrates in
the process for the production of methyl lactate at 160 °C in methanol and the reaction mixtures were analyzed
by quantitative 2D NMR. Reactions carried out at full conversion (two or four hours) did not present a clear
trend between porosity and distribution of products. However, indications for the effect of enlarged porosity
could be noticed in the trends of initial rates. Glucose is a small substrate and its conversion (Figure 5.9) was
not improved by the use of large pore catalytic systems. In contrast, microporous Sn-Beta and Sn-USY
presented a faster conversion of glucose and formation of methyl lactate. This outcome could be ascribed to
the beneficial effect of confinement?! or to the higher concentration of active tin in micropores compared to

the mesoporous counterparts.
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Figure 5.9. Conversion of glucose (a, b) and formation of methyl lactate (c, d) using different Beta (a, c) and USY (b, d) catalytic systems.
Reaction conditions: glucose 120 mg, catalyst 50 mg, methanol 5 mL, DMSO as internal standard 80 uI., 160 °C. Adapted from Ref. 212.

Analogous to the use of glucose, the conversion of sucrose was not affected by the modified porosity. In

general, the disaccharide sucrose requires an initial step of Bronsted acid-catalyzed hydrolysis before it enters

the retro-aldol catalytic pathway catalyzed by Lewis acidity. This additional step complicated the interpretation

of results and made the general formation of methyl lactate slower compared to the use of glucose or other

monomers.!% However, sucrose did not show diffusional limitations and microporous stannosilicates were able

to catalyze a slightly faster formation of methyl lactate than mesoporous catalysts (Figure 5.10). All the studied

systems formed negligible amounts of furanic byproducts, indicating minor contribution of Brensted acid

catalysis in the reaction.
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Figure 5.10. Formation of methyl lactate from sucrose using different Beta and USY catalytic systems. Reaction conditions: sucrose
120 mg, catalyst 50 mg, methanol 5 mL, DMSO as internal standard 80 ul., 160 °C. Adapted from Ref. 212.

89



5.2 Mesoporous Stannosilicates

Inulin is an oligosaccharide found in nature as carbon storage for different types of plants. It is formed by
fructose units linked by B-(1,2)-glycosidic bonds and it is rather easily hydrolyzed in water.?!! Using methanol
as solvent, the solvolysis of inulin gives methyl fructosides, which can be hydrolyzed further to fructose and
enter retro-aldol pathways to form methyl lactate in the presence of a Lewis acidic catalyst (Scheme 5.2).1% The
conversion of inulin into methyl lactate showed slower reaction rates compared to the conversion of glucose
and fructose due to the additional steps required using this substrate. The use of the bulky starting substrate
inulin resulted in the initial formation of methyl fructosides and methyl lactate. Catalysts with larger porosity
were affected less by diffusional limitations compared to the microporous counterparts and the process was
faster in mesopores (Figure 5.11). For both mesoporous Sn-USY and Sn-Beta the solvolysis of inulin occurred
rapidly, resulting in the formation of methyl fructosides.
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Scheme 5.2. Scheme of the reaction pathway for the conversion of inulin into methyl lactate. Adapted from Ref. 212.
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Figure 5.11. Formation of methyl fructosides (a, b) and methyl lactate (c, d) from inulin using different Beta (a, ¢) and USY (b, d) catalytic
systems. Reaction conditions: inulin 120 mg, catalyst 50 mg, methanol 5 mI., DMSO as internal standard 80 uL, 160 °C. Adapted from
Ref. 212.
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On the other hand, yields of methyl lactate from inulin were not improved when taking the distribution of
products after four hours as an indicator (Figure 5.12). Only the Beta framework presented slightly increased
formation of methyl lactate using mesoporous catalysts. However, yields in Figure 5.14 were not the only
relevant parameter for considering the catalytic activity of one particular systems. The products distribution
after four hours showed a large quantity of methyl fructosides left in the final mixtures. As discussed in
Chapter 3.2.2, methyl fructosides were intermediates in the process and could be further converted into methyl
lactate by changing the reaction conditions, for instance by using prolonged reaction times. Therefore, the pore
sizes were not limiting for the conversion of inulin during long periods, but it affected conversion at the
beginning of the process. The final product distribution was dependent only on the amount of active tin in the

catalyst.
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Figure 5.12. Yields of methyl lactate and methyl fructosides in the conversion of inulin using catalysts with different porosity. Reaction
conditions: inulin 120 mg, catalyst 50 mg, methanol 5 mI., DMSO as internal standard 80 uL, 160 °C, 4 hours. Adapted from Ref. 212.

The prepared catalytic systems presented good stability over three cycles of reuse without regeneration
(Figure 5.13). The removal of the inactive tin oxide species from the surface after the first catalytic run may be

the cause of the increased yields of methyl lactate for Sn-USY.
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Figure 5.13. Reuse of the mesoporous catalysts over three cycles. Reaction conditions: glucose 120 mg, catalyst 50 mg, 5 mL methanol,
DMSO 80 uL as internal standard, 160 °C, 2 hours. Adapted from Ref 212.
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5.2.3 Conclusions on the study of mesoporous stannosilicates as catalysts for the
production of methyl lactate

This part of the project investigated the use of stannosilicate catalysts with different pore systems in order to
avoid diffusional limitations during the conversion of carbohydrates into methyl lactate. In a preliminary
screening, the framework Beta and USY were selected as the best frameworks for the preparation of
tin-containing zeolites by acidic dealumination and tin incorporation. Beta and USY were then used for the
preparation of hierarchical porous structures. Different synthetic approaches were followed. Mesoporous
Sn-USY were successfully synthesized by a #gp-down method of surfactant templating of original Sn-USY
zeolites. In contrast, mesoporous Beta zeolites were prepared by alkaline desilication of a commercial Beta
zeolite. Finally, hierarchical Sn-Beta was synthesized by hydrothermal boftom-up procedure using polydiallyl
dimethylammonium chloride (PDADMA) and tetraethyl ammonium hydroxide (TEAOH) as templates. All the
samples showed physical properties similar to the original microporous systems, except for the width of the
pores. The effect of pore size was studied in the conversion of glucose, sucrose and inulin to methyl fructosides
and methyl lactate. Using glucose and sucrose as starting reagents, mesoporous systems did not improve the
initial formation of methyl lactate, indicating low impact of diffusional limitations in the reactions. On the other
hand, the initial formation of methyl lactate from a large oligomer like inulin was accelerated using mesoporous
stannosilicates. The catalytic materials were stable over three cycles of reuse. Results indicated the possibility to
improve the activity of Sn-Beta catalysts for conversion of biomasses by modifications in the porosity.
Mesoporous systems could overcome diffusional limitations of large substrates without changing the intrinsic

activity of the catalysts.
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Chapter 6

Characterization of the
Structure-Activity Relation of Sn-Beta
Zeolites

This chapter discusses the characterization of Sn-Beta zeolite catalysts. FT-IR spectroscopy was applied for the
investigation of the structural modifications in the material resulting from different synthetic procedures. The
effect of a thermal treatment for the regeneration of the catalyst was also explored. The FT-IR # situ adsorption
of deuterated acetonitrile as a probe molecule resulted in an efficient technique for the characterization of the
structure of Sn-Beta catalysts. Ammonia was also applied as a probe molecule for the characterization of the
catalyst acidity by TPD and FT-IR spectroscopy for quantitative and qualitative information. These methods
of characterization were used for the determination of the acidity in Sn-Beta in the absence and in the presence
of alkali ions. The interaction between Sn-Beta catalysts and alkali salts was studied by titration with potassium
carbonate. Moreover, the interaction with different additives was considered. Salts of different metals were
incorporated into the structure of Beta zeolites and the effect on the reaction for the conversion of glucose
into methyl lactate was analyzed.

6.1 Characterization of Sn-Beta Zeolites Using FT-IR
Spectroscopy with /In Situ Adsorbed Deuterated Acetonitrile as
a Probe Molecule

In stannosilicates, tin can be incorporated into different coordinative environments,® influencing the catalytic
properties of the final material. Thus, the characterization of the active sites can give important information for
the design of optimal catalytic systems. Vibrational spectroscopic techniques represent relevant methods for
the characterization of zeolitic materials and different methods have been developed and applied to study
tin-containing catalysts.”> Among the explored procedures, the use of FT-IR experiments of z situ adsorption
of deuterated acetonitrile represents a powerful method for the analysis of active sites acidic properties. In this
section, the FT-IR spectroscopic characterization of different Sn-Beta zeolites is presented. The technique was
applied for studying the connection between catalytic properties, characteristics of the materials and procedures
of preparation. The acidity of each sample was studied by adsorption of deuterated acetonitrile. This section
aimed to understand the structure of the catalytic material and the parameters affecting the acidity and the

93



6.1 FT-IR Experiments of Deuterated Acetonitrile Adsorption

activity in order to bring useful information for future development of the catalytic system. Finally, the
techniques were used to characterize a Sn-Beta sample that was spent and regenerated. The study aimed to
probe how processes of deactivation and regeneration modify the physical properties of the catalytic material.”

6.1.1 FT-IR characterization of zeolites and the use of deuterated acetonitrile as a
probe molecule for active sites Lewis acidity

In general, FT-IR spectra of zeolites are most informative in two main regions: 3000-4000 cm! and
1500-2100 cm'. The bands at high frequencies appear in the spectral region of the O-H vibrations. The sharp
peak at 3733 cm! (Figure 6.1) is related to the stretching of the O-H group in terminal silanols. It is followed
by a broad tail at lower frequencies, indicating the hydrogen-bonded internal silanol nests.8” The O-H stretching
frequency is also indicative of the Bronsted acidic behavior: at higher frequency, the O-H bond is stronger and
the proton is not easily released, corresponding to weaker acidity. Isolated Bronsted acidic sites usually creates
bands around 3600 cm.213 The other signals at lower frequencies (Figure 6.1) are related to the framework
vibrations and are specific for each zeolite type. In general, zeolites show a stretching band between 2000 cm-!
and 1800 cm!, connected to the stretching modes of T-O, where T indicates silicon or aluminum.?!3 Spectra
are usually normalized to these signals in order to compare different samples of the same zeolite. However, for
absolute quantifications, it is necessary to take into account the amount of sample and the thickness of the
pellets. These parameters are not easily controllable and, in this work, only relative comparisons are discussed.
Figure 6.1 shows the FT-IR spectra of a Sn-Beta sample. Bands related to the vibrations of tin are not visible
since they overlap with other intense signals (the stretching of stannanol is reported in literature at 3664 cm1).214

3733

Absorbance (a.u.)

4500 4000 3500 3000 2500 2000 1500

Wavenumber (cm™)

Figure 6.1. FT-IR spectra of Sn-Beta zeolite.

Probe molecules are widely used for exploring the acidity of solids by spectroscopy, especially NMR and FT-IR
spectroscopy. In the case of Lewis acidity, deuterated acetonitrile was applied as the probe molecule and the
adsorption was followed by FT-IR spectroscopy. Acetonitrile adsorbed on Sn-Beta is able to distinguish Lewis
and Bronsted acidic sites, but also to identify the tin in different environments. The technique has been recently

’ Experiments discussed in this section were performed in the laboratories of Haldor Topsee A/S with the help
and under the supervision of Research Scientist Juan S. Martinez-Espin.
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applied to correlate the intensity of the different peaks to specific catalytic behavior.? This characterization
method is thus an attractive tool for predicting the activity of synthesized catalytic materials.

In a general experiment of acetonitrile adsorption, the sample was first pre-treated to complete remove water.
The probe molecule was adsorbed 77 sitn and spectra were recorded at different pressures of acetonitrile
(between 2¥102 and 4 mbar). In the first spectra at low pressure, bands related to the probe interacting with
strong acid sites were visible. The interactions with weak sites appeared later in spectra at relative high pressures.
The overall area of the peaks was proportional to the amount of bonds in the sample giving the same signal,
i.e. the quantity of sites. Although normalization for the vibrations of the framework allowed the comparison
between different samples, the technique was challenging to be used for absolute quantifications due to the
difficulty in controlling samples preparation. The peaks of acetonitrile adsorbed on Sn-Beta appeared in the
region between 2150 cm and 2400 cm and above 3000 cm!. The main signals observed in this type of
experiment are summarized in Table 6.1.

Table 6.1. Signals of acetonitrile interacting with Sn-Beta zeolites.?- 7

Vibration frequency

(wavenumber cm) Detected group Group interacting with acetonitrile

2265 v(C=N) None (physisorbed)

2276 Vv(C=N) Silanols

2290 Vv(C=N) Tin oxide

2301 v(C=N) Alumina

2308 v(C=N) Tin closed sites

2316 v(C=N) Tin open sites

3300-3600 -OH Hydrogen-bonded silanols

From the adsorption of deuterated acetonitrile, it is possible to distinguish open and closed tin sites.”” Open
sites are stronger than the closed counterparts, thus the signals have higher wavenumbers. At higher pressures,
the peak is shifted to a lower frequency, indicating the interaction with the weaker closed sites. Recently,
Sushkevich et al. have contradicted the correlation of the peak at 2308 cm! to closed sites in a study using
combined spectroscopic techniques.?” The authors have proposed that the signal derives from the interaction
of acetonitrile with weak Bronsted acidic sites, probably silanols affected by the presence of tin.

6.1.2 Sn-Beta catalysts with different tin content

Tin content is a crucial parameter for the activity of the catalyst, since it constitutes the active site. The effects
of the tin content on the activity are discussed in the previous chapters. High contents of tin accelerated the
formation both of intermediates and products, such as methyl fructosides during the conversion of hexoses in
methanol at 160 °C (Chapter 3.2.2) and MVG during the conversion of glycolaldehyde (Chapter 5.1.3).
However, the correlation between activity and tin content was not completely proportional. The tin could be
positioned in different coordination environments in the zeolite framework, leading to active sites with different
strength and activity.®” Moreover, the amount of active tin, which can be incorporated inside the structure, is
limited and synthetic routes for the incorporation of high active tin content are still under investigation.®
Catalysts containing different tin contents were characterized by FT-IR adsorption of deuterated acetonitrile,
in order to study the relation between incorporation of tin in the framework and acidity.
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Figure 6.2. FT-IR spectra of Sn-Beta zeolites containing different amounts of tin.

The blank spectra, obtained upon water removal at 450 °C under vacuum overnight, of the samples containing
different amounts of tin showed different intensity of the bands related to the O-H stretching (Figure 6.2). The
process of dealumination of H-Beta zeolites removed aluminum and created free silanols inside the framework.
The tin was then incorporated into the vacant T-sites by closing the formed silanol nests.5 For high tin
contents, the amount of free silanols was small and the O-H band in the FT-IR spectra was less intense than
for samples containing low amounts of tin (Figure 6.2). The adsorption of acetonitrile (Figure 6.3) clearly
showed that the ratio between silanols and tin changed for different Si/Sn nominal ratios. The band around
2310 cm! related to the interaction between probe and framework tin was barely visible in the Si/Sn 400 catalyst
(Figute 6.3 a), but became predominant in the case of Si/Sn ratio 25 (Figure 6.3 ¢). Unfortunately, it was not
possible to separate the peaks at 2308 cm-! and 2316 cm-! for these samples and no indication about the relation

between level of incorporation and different coordination environments was obtained.
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Figure 6.3. FT-IR spectra of i situ adsorption of deuterated acetonitrile on Sn-Beta containing different amounts of tin: a) Si/Sn 400,
b) Si/Sn 100, c) Si/Sn 25.
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Table 6.2. Properties of Sn-Beta catalysts with different tin content.

Sample . Area? Area? NHs-TPD
Si/Sn Snwt%  Siwth% 5310 cm 2276 cm"! (umol/g)
25 73 406 44 62 184
100 1.89 43.7 16 23 71.9
400 0.46 44.7 7 26 27.2

alntegrated in the spectra recorded after 20 minutes of desorption of deuterated acetonitrile under vacuum at room temperature

Table 6.2 reports the elemental composition, the integrated area in the FT-IR spectra of the peak of acetonitrile
interacting with the zeolites and the NH3-TPD acidity. The area of the peak was integrated in the FT-IR spectra
after desorption of deuterated acetonitrile under vacuum at room temperature for 20 minutes. The area of the
peak had a linear correlation with the number of groups in the sample giving the signal. Nevertheless, the area
of the peaks at 2310 cm! did not show an exact linear correlation with tin content (Table 6.2). This deviation
was probably caused by the presence of tin that was not incorporated in the framework, which did not
contribute to the signal. The area of the peak could be propetly correlated to the acidity measured by NH;-TPD
(Figure 6.4). The values of acidity gave quantitative information on the activity of the sample, as discussed in
the following section. The linear correlation between the total acidity of the catalyst and the area of the signal

also showed that the activity and the acidity of the samples were derived from the tin incorporated in the
framework.
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Figure 6.4. Linear correlation between acidity of samples measured by NH3-TPD and area of the peak at 2308 cm! in the FT-IR spectra
of zeolites after in situ desorption of deuterated acetonitrile under vacuum at room temperature for 20 minutes.

6.1.3 Calcination of the dealuminated Beta zeolite precursor

The preparation of Sn-Beta catalysts was performed by post-synthetic procedure starting from the acidic
dealumination of a commercial Beta zeolite. Zeolites were treated with nitric acid overnight leading to the
dealuminated material. Samples of dealuminated Beta zeolite were calcined at different temperatures before
impregnation with tin and studied by FT-IR spectroscopy. This step was not carried out for samples generally
used herein and calcinations were performed only at the end of the synthetic procedure. The calcination in air
after dealumination can change the structure of the sample, mainly due to condensation of silanols that typically
occurs at 400-700 °C.215 This process of elimination of water can “close the silanol nests”, which are essential
for the incorporation of tin into the framework.>” In this paragraph, the effect of the calcination of dealuminated
Beta zeolites on the final catalytic material is discussed. The effect of intermediate calcination was investigated

in order to optimize parameters for the preparation of Sn-Beta zeolite catalysts. Figures 6.5 and 6.6 report
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FT-IR experiments on dealuminated Beta zeolites calcined at 450 and 650 °C and reflect the effect of silanol

condensation after dealumination and subsequent calcination.

[ ;
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Figure 6.5. Different -OH region in the FT-IR spectra (blank) of dealuminated Beta zeolites calcined at 450 °C and at 650 °C.
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Figure 6.6. In situ adsorption of deuterated acetonitrile on dealuminated Beta zeolites: a) calcined at 450 °C, b) calcined at 650 °C.

The blank spectra in Figure 6.5 showed the silanols peak decreasing upon increased calcination temperature.
The same results were found during the experiments of adsorption of deuterated acetonitrile on the
dealuminated samples. For calcination at 650 °C (Figure 6.6b), the band related to acetonitrile adsorbed on
silanols had lower intensity than for the sample calcined at 450 °C. Four samples of dealuminated Beta zeolite
calcined at temperatures between 350 and 650 °C were impregnated with tin at 1.5 wt%. Figure 6.7 shows the
same trend as Figure 6.5. When increasing the calcination temperature, the amount of silanols decreased.
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Figure 6.7. Sn-Beta zeolites calcined at different temperatures before tin incorporation.
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Figure 6.8. FT-IR spectra of i situ adsorption of deuterated acetonitrile on Sn-Beta catalysts prepared from dealuminated Beta zeolites
calcined at different temperatures: a) 350 °C, b) 450 °C, ¢) 550 °C, d) 650 °C.

Results shown in Figure 6.8 for the adsorption of the probe molecule on the final catalysts (after incorporation
of tin) were more relevant. The intermediate calcination reduced the silanols available in the dealuminated Beta
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precursors and different levels of incorporation of tin in the framework were obtained depending on the
temperature of calcination. The peaks of acetonitrile in the spectra recorded after desorption under vacuum for
20 minutes were deconvoluted and integrated using OriginPro 2018 (Table 6.3). The values of the area of the
peak related to the interaction with the framework tin reflected the availability of silanols for the incorporation.
The sample calcined at low temperature (350 °C) showed an intense peak for the framework tin, with an
integrated area of 4.56. In contrast, the value of the area decreased to 2.47 in the sample calcined at 650 °C.
The integration of the peaks at 2276 cm™ and 2290 cm! related to the interaction of the probe with the silanols
and extra-framework tin, respectively, did not show a clear trend probably due to the difficult deconvolution

of the two overlapped peaks, which created a large error in the integration at low acetonitrile pressures.

Table 6.3. Properties of Sn-Beta catalysts calcined at different temperatures before tin incorporation.

Sample
Area? Area? Area
H H 0, 0, H 0,
calc(loré:a)tlon Sn wt% Al wt% Si wt% 2308 em"! 2276 em-! 2290 cm-"

350 1.35 0.087 44.9 46 6.2 2.7
450 1.23 0.086 45.2 3.5 4.8 23
550 1.32 0.085 452 2.6 5.1 5.5
650 1.29 0.086 45.0 25 4.5 3.7

aPeak integrated in the spectra acquired after 20 minutes of iz situ desorption of deuterated acetonitrile PPeak integrated in the spectra
acquired at pressure of 5x10-2 mbar of deuterated acetonitrile

The study of samples calcined before tin impregnation showed the importance of the presence of the silanol
nests during the preparation of post-synthetic Sn-Beta zeolites. The effective incorporation of tin in the zeolitic
framework was achieved for samples calcined at low temperatures. Above 400 °C, the dehydroxylation of the
silanols occurred and the final materials presented a high amount of extra-framework (inactive) tin. A
condensed rigid dealuminated structure did not allow the insertion of the tin into the framework which is
indispensable for active Sn-Beta catalysts, but it led to the formation of inactive extra-framework tin species.
Thus, the presence of free silanols was an essential parameter for the preparation of active Sn-Beta zeolites and
calcination at high temperatures before the impregnation of tin led to undesired modifications of the catalytic

material.

6.1.4 Characterization of regenerated catalysts

Stability of the catalyst is an important parameter for industrial applications. Catalysts can deactivate temporarily
or permanently. The first case often occurs when the formation of deposit obstructs the access to active sites.!?
Thermal treatments can be carried out for removing organic deposit materials and reactivating the materials.
However, thermal treatments could also ruin the catalytic material and cause irreversible damages. In this
section, the effect of the thermal treatment for the regeneration of a spent Sn-Beta catalysts is analyzed. Fresh
and regenerated samples were characterized by FT-IR spectroscopy in order to understand the structural
modifications occurring during the process of deactivation and thermal regeneration. The regenerated catalyst
was obtained after deactivation during the conversion of glycolaldehyde into MVG for prolonged times and
regeneration in air at 550 °C. The section focuses on the analysis of the structural changes of the materials after
regeneration and samples were characterized by FT-IR spectroscopy of deuterated acetonittile i sitn adsorption.
As observed for freshly calcined samples (Chapter 6.1.3), the spectra in the region of O-H vibrations showed
that the thermal treatment partially removed silanols by dehydration (Figure 6.9). The broad band of the silanols
decreased in the sample regenerated at 550 °C. Experiments of iz situ adsorption of deuterated acetonitrile also
had different patterns in the regenerated catalyst compared to the fresh sample (Figure 6.10).
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Figure 6.9. Spectral region of O-H vibrations in FT-IR spectra of fresh and regenerated Sn-Beta catalysts.
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Figure 6.10. FT-IR spectra of 7# situ adsorption and desorption of deuterated acetonitrile on Sn-Beta zeolites a) fresh and b) regenerated
at 550 °C, ¢) comparison between the desorption from the fresh and regenerated samples.

Changes in the FT-IR peaks occurred when comparing fresh and regenerated samples, corresponding to
changes in the acidic properties. In the adsorption on fresh Sn-Beta, the peaks at 2316 cm™ and 2301 cm!
related to the probe interacting with open tin sites and residual aluminum, respectively, appeared as first,
indicating the strong acidic behavior of these sites. At higher pressure, the high band at 2276 cm! for the
adsorption of acetonitrile on silanols was visible and the band related to the framework tin was shifted from
2316 cm! to 2308 cm! (Figure 6.10 a). After 20 minutes of desorption under vacuum at room temperature, the
fresh Sn-Beta still showed probe molecules adsorbed on tin sites at 2308 cm ! and on silanols at 2276 cm,
indicating the high number of these sites in the material (Figure 6.10 c). The regenerated catalyst presented a
different pattern. The peak at 2301 cm-! was absent, meaning that the residual aluminum was lost during the
reaction or the regeneration procedure. At the same time, the new peak at 2290 cm-! of tin oxide was present
at the beginning of the experiment (Figure 6.10 b). The interaction of the probe with the oxide gave information
of the strong influence of these new sites on the acidic behavior of the catalyst. The formation of tin sites in a
highly-defective coordination is an important pathway toward the loss of activity in regenerated catalysts,!%> but

it has not been reported as the main cause of Sn-Beta catalyst deactivation. 1%
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The interaction with framework tin sites was less abundant in the experiment on the regenerated sample than
on fresh Sn-Beta. The tin peak around 2310 cm! appeared at high pressures and led to scarcely intense bands.
In addition, the acetonitrile adsorbed on silanols was also less intense in the regenerated sample compared to
fresh Sn-Beta. After desorption, the regenerated catalyst showed the peak at 2290 cm-!, as the most intense
signal remained, meaning that the formed tin oxide was an abundant acidic species in this sample. The active
tin in fresh Sn-Beta was incorporated in the framework leading to two signals in the FT-IR spectra when
interacting with deuterated acetonitrile, at 2308 cm ! and 2316 cm!. A large amount of this framework tin
leached and formed extra-framework oxides, which had different acidic behavior and were catalytically inactive.
These results may contribute to explain part of the mechanism of deactivation of the catalyst. However, still it
was not possible to determine if the leaching of tin from the framework and the formation of the oxides
occurred during reaction or regeneration. In fact, the dark deposit (humins) on the catalyst surface and porosity
made the application of spectroscopic techniques directly to the spent materials impossible. A further study on
the mechanism of formation of tin oxide in used Sn-Beta could give important information for future process
optimization. Small changes in the reaction conditions or in the regeneration treatment could maintain the tin
inside the framework and greatly prolong the catalyst lifetime.1%”

Table 6.4. Properties of Sn-Beta catalysts calcined at different temperatures before tin incorporation.

Area? Area®
0,
Sample Snwt%  308cm® 2290 cm-!
fresh 1.37 99 0.0
Regen. 550 °C 1.22 43 35

aPeak integrated in the spectra acquired at pressure of 4 mbar of deuterated acetonitrile
bPeak integrated in the spectra acquired at pressure of 4x10-2 mbar of deuterated acetonitrile

The integrals and elemental analysis of fresh and regenerated materials are listed in Table 6.4. The catalyst
showed loss of tin during the reaction. The integration of the peaks related to the adsorption on silanols at
2276 cm! was not completely reliable due to the interference with the intense band of physisorbed acetonitrile
at 2267 cm!. On the other hand, the area of the peak at 2310 cm!, measured at the maximum intensity of
4 mbar of deuterated acetonitrile pressure, decreased after the regeneration treatment. The value of the integral
dropped from 9.9 for the fresh catalyst to 4.3 for the sample regenerated at 550 °C. These results indicated a
correlation between the change in coordination of framework tin and the processes of deactivation and
regeneration.

a) Fresh b) Regenerated

Figure 6.11. SEM images of the Sn-Beta zeolites a) fresh and b) regenerated.
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In Figure 6.11, SEM images show unchanged morphology upon regeneration and no extra-framework species
were visible on the zeolite surface. The XRD patterns also reported the stability of the crystalline structure. The
extra-framework tin species were invisible to the XRD technique, therefore they had amorphous structures or
they formed nano-clusters. Despite the results obtained from the SEM and XRD characterization, the FT-IR
analysis of adsorbed deuterated acetonitrile clearly showed the changes in the structure of the catalytic material
during deactivation and regeneration. Thus, the FT-IR technique represented a powerful method for the
characterization of the catalysts and gave information invisible to other commonly used techniques. However,
further studies are necessary in order to understand and prevent the mechanism of degradation of the catalyst

structure during deactivation and regeneration.

6.1.5 Conclusions on the study for the characterization of Sn-Beta zeolites by FT-IR
spectroscopy and in situ adsorbed deuterated acetonitrile probe molecule

FT-IR spectroscopy is a powerful tool for the characterization of zeolites and deuterated acetonitrile can be
used as a probe molecule for studying the Lewis acidity by iz sitn adsorption experiments. The technique was
applied for the characterization of Sn-Beta zeolites. From the spectra, qualitative information on the species in
the samples and relative quantifications were obtained. The section explored the differences in the final
materials for catalysts derived from impregnation of different tin contents. The results indicated that the
integrated area for the peak of acetonitrile interacting with the tin in the framework in the spectra recorded
after desorption of acetonitrile under vacuum for 20 minutes had a linear correlation with the total acidity of
the sample. Thus, the peak could be considered as representative for the acidic behavior of the catalyst.
Moreover, the trend indicated that the acidity of the samples derived mainly from the tin incorporated in the
framework.

The effect of the calcination step before tin impregnation was investigated. The calcination can close the silanol
nests needed for the incorpoartion of tin in the framework, leading to inactive final materials. Samples prepared
from dealuminated zeolites calcined at different temperatures were characterized by adsorption of deuterated
acetonitrile. Altough the samples presented the same content of tin measured by XRF elemental analysis, the
spectra clearly showed different interaction between probe molecule and tin in the framework within the
different samples. Samples calcined at higher temperatutes, i.e. 650 °C, presented lower intesity for the peak of
the acetonitrile interacting with framework tin at 2308 cm'! compared to samples calcined at lower
temperatures, i.e. 350 °C. Results indicated that the calcination of dealuminated Beta zeolites led to the
condensation of the silanol nests and avoided the incorporation of active tin in the framework. Finally, FT-IR
spectroscopy was applied to study the changes of the structural features of Sn-Beta catalysts over deactivation
and regeneration in air at 550 °C. Upon regeneration, the sample showed tin leaching and the intense peak at
2290 cm! related to the interaction of acetonitrile with tin oxide appeared. The technique represented a
powerful tool for the characterization of the structural modifications in the catalytic material and allowed
information undetectable using other techniques.
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6.2 Characterization of the Interaction between Sn-Beta Catalysts
and Alkali Salts

During the last years, the beneficial effect of the presence of alkali salts in the reactions for the conversion of
carbohydrates to methyl lactate has been studied.#” The performance of the catalyst in the production of methyl
lactate has increased the yields from 20-25% to 65-70%. The increased activity has been observed for either
alkali salts in solutions or for hydrothermal catalysts prepared in the presence of alkali ions.#” Thus, the use of
alkali salts has been shown to be essential for achieving high yields of methyl lactate. Different alkali ions and
counter ions have exhibited slightly different effects and the use of potassium carbonate has been identified as
the best for producing methyl lactate. For this reason, in this work potassium carbonate was the only salt
studied.

The mechanism for the effect of alkali ions on Sn-Beta catalysts is still unclear; the model proposed for
Na-exchange Sn-Beta zeolite during the catalysis of epimerization of glucose involves the interaction with the
environment of active sites by ion-exchange with a proton in the silanol nests.82 The change in activity has been
first studied at temperatures around 100 °C. Under these conditions, Sn-Beta catalysts usually promote the
isomerization of glucose to fructose in both aqueous and alcoholic media #zz 1,2-hydryde shift. In the presence
of alkali salts, the epimerization into mannose is preferred viz 1,2-carbon transfer.8! Thus, the favored catalytic
pathways are modified by the presence of alkali. However, a clear model for the interaction of alkali ions with
Sn-Beta catalysts is still missing. In this section, a comprehensive study of spectroscopic analysis and reactivity
data on the interaction between alkali salts and Sn-Beta catalysts is presented. The study aimed to understand
how alkali salts change the active sites in order to extend the knowledge on the best catalytic structures and
help the future design of highly active and selective catalytic systems.

6.2.1 Ammonia as probe molecule for the characterization of solid acids

Although many studies have been carried out for the analysis of the physical properties of Lewis acidic zeolites,?>
routine methods of characterization are still lacking. Ammonia Temperature-Programmed Desorption
(NH;3-TPD) is a technique commonly applied for quantitative analysis of the acidity in solids.?2 The ease of the
procedure and the automation of the technique allowed the use of TPD measurements as routine analytical
technique. However, ammonia is not a selective probe and does not allow the distinction between Bronsted
and Lewis acid sites. Using different titrants, it is possible to achieve a generally good overview of the acidity
of the solid sample.” Otherwise, spectroscopic techniques, such as FT-IR, are available for the distinction of
the type of acid sites. The use of probe molecules allows insights in the mechanism of interaction between
reactants and acid sites as detailed above. %3

Currently, ammonia is not commonly applied as a probe molecule in FT-IR experiments for the characterization
of the acidity of stannosilicate catalysts. However, the availability and the ease of use make ammonia an
attractive compound for investigating the acidic properties of solid acid by FT-IR. Ammonia absorbs on both
Lewis and Bronsted acid sites and the use of FT-IR spectroscopy as detection method allows to identify the
different interactions by monitoring of the vibration of adsorbed NH; (Lewis) or NH4* (Bronsted).?¢ In
Table 6.5, frequencies for the vibrations of NH3; and NH4* are listed.
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Table 6.5. Frequencies of the vibrations of NHj and NH,4*.216.217

Molecular NH3 NH4* ions
Wavenumber (cm') Wavenumber (cm™')
V1 3290-3340 2890
V2 930-960 1690
v3 3800 3050
V4 1620 1440

For molecular ammonia, the band of the vibration v4is commonly considered indicative for the presence of
Lewis acidic centers. Since it is not dependent on the adsorption environment, it can be found at a fixed
wavenumber of 1620 cm1.216 In contrast, the vibration vz is very sensitive to the coordination environment and
the signal in the FT-IR spectra is shifted depending on the electron-acceptor character of the interacting metal.
Thus, the shift of the band can give information on the electronegativity of the metal.?!® Wavenumbers around
1300-1340 cm have been reported for vz in ammonia adsorbed on aluminum containing zeolites.?!” The
bending mode at 1620 cm'is overlapped with the water vibration in the same spectral region.?'” Regarding the
ammonium ion, the peak at 1440 cm! can be shifted up to 1490 cm! due to the solvation with other ammonia
molecules at high pressures. Moreover, in the spectra of adsorbed ammonia, it is often possible to observe
bands at 3740 cm! and between 3520 and 3430 cm!. The former signal is formed by the shift of the silanols
peak around 3050 cm! when interacting iz hydrogen-bonds with the ammonia. The latter signal between 3520
and 3430 cm™! is indicative of the consumption of Al-OH groups on the surface of the material and the
formation of Al-NH; during the heating treatment of the experiment.?!’

In the current work, the possibility to use ammonia as a probe molecule for 7 situ adsorption during FT-IR
experiments for the characterization of Lewis acidic zeolites was explored because of the ease of use, availability
and direct correlation with the TPD as quantitative reference. The experiments of adsorption of ammonia were
carried out using an 7z sitn FT-IR cell (Chapter 2.1.3). The comparison with results obtained by adsorption of
deuterated acetonitrile was performed. The experiments of ammonia TPD involved a first pretreatment of the
sample under inert atmosphere at 500 °C to complete dehydration, followed by saturation with gaseous
ammonia. The step of adsorption was carried out at 150 °C in order to avoid the interference of physisorbed
ammonia. Desorption of chemisorbed ammonia occured in inert gas flow under programmed increase of the
temperature and it was measured as a change in the thermal conductivity of the flow by a Thermal Conductivity
Detector (TCD). The detected signal gave indications of the amount of acid sites in the sample, but it also
indicated the acid strength, since stronger sites desorbed ammonia at higher temperatures.”? In order to
correlate qualitative information on the type of desorbing sites with the quantitative information of TPD, the
steps of the TPD analysis were reproduced using FT-IR spectroscopy as the detection method.

6.2.2 Ammonia as a probe molecule for studying the acidity of Sn-Beta modified by
alkali ions

Samples containing different concentrations of alkali salts were prepared with the post-synthetic procedure for
Sn-Beta zeolites (Si/Sn nominal ratio of 150), using aqueous solutions of SnCly and KxCOs during the
impregnation of the dealuminated zeolites. Moreover, hydrothermal Sn-Beta zeolites (Si/Sn nominal ratio of
150) were impregnated after calcination with aqueous solutions at different concentrations of potassium
carbonate. The materials were studied in their activity and acidic properties. The characterization by FT-IR
spectroscopy aimed at discovering the structural features modified by the presence of alkali ions in the catalyst.
The effect of potassium carbonate on the conversion of glucose into methyl lactate was analogous for catalysts
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containing alkali ions or using alkali salts in solution in the reaction mixture, as already reported in literature. 4’
The presence of potassium carbonate in the conversion of glucose catalyzed by Sn-Beta zeolites resulted in
increased yields of methyl lactate and suppressed formation of products derived from the dehydration of sugars
(furanics) and glycosides. The selectivity into methyl lactate increased by increasing the amount of potassium
in the sample to an optimum amount. Increasing the concentration beyond the optimum led to a drop in methyl
lactate yields (Figure 6.12). The specific amount of potassium needed for the optimum was different for each
synthesized sample. Generally, hydrothermal Sn-Beta zeolites needed lower concentrations of potassium
carbonate for reaching the optimum yields of methyl lactate compared to post-treated catalysts.
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Figure 6.12. Change in the yields of methyl lactate using Sn-Beta (150) catalysts impregnated with solutions containing different
concentrations of K>COj. Reaction conditions: glucose 120 mg, catalyst 50 mg, 5 mL. methanol, 80 pL. DMSO as internal standard,
160 °C, 2 hours.

The considered catalysts gave different NH3-TPD profiles. In general, post-treated samples had higher acidity
values compared to the hydrothermal materials. Probably, this effect was due to the presence of numerous
defects in the post-synthetic materials leading to the formation of weakly acidic hydroxy groups. In both cases,
the addition of potassium decreased the value of the total acidity of the samples. The effect could be explained
by the interaction of potassium with a silanol group by ion-exchange with the weakly acidic proton. This
mechanism could also explain the need of higher amounts of potassium carbonate for post-treated Sn-Beta for
reaching the optimum compared to hydrothermal catalysts. The acidity decreased up to a characteristic value
of K/Sn and subsequently remained unchanged for the further increase of K/Sn.

Table 6.6. Acidic properties of post-treated and hydrothermal Sn-Beta zeolites measured by NH3-TPD.

Post tree:ltesc:‘Sn Beta Area des:;gt:gn peak at Area des;;gt:cén peak at Total acidity (umolig)
0 3.97 5.37 128
0.2 3.46 3.75 75
1 6.22 1.17 77
2 5.56 1.30 73
Hydrothelzlrr::‘l Sn-Beta Area des;);;;t:gn peak at Area des;(r);z)t:gn peak at Total acidity (umol/g)
0 1.38 3.17 67
0.2 1.57 2.33 45
1 1.80 0.46 22
2 1.93 0 22
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It is possible that the salt acted as a base for the neutralization of the weak residual Bronsted acidity, suppressing
competitive reaction pathways catalyzed by Brensted acidity and leaving the substrate available to form the
desired product. The TPD profiles gave precise information on the decrease of the acidity in materials modified
by impregnation with alkali salts. The curve of the desorption of ammonia presented the combination of two
or more peaks with maximum intensity around 190 and 250 °C in the case of post-treated samples and 160 and
210 °C for hydrothermal materials. The peaks were deconvoluted and the obtained area was compared
(Table 6.6). While the area of the peak centered at 190 °C was almost stable for all samples, the desorption at
250 °C decreased during increasing of the amount of potassium in the sample. The samples containing the
amount of potassium carbonate corresponding to the maximum production of methyl lactate presented the
smallest area of the second desorption peak centered at 250 °C. The further increase of the content of potassium
carbonate did not lead to an additional decrease of the peak. Thus, the results suggested that the ammonia
interacted with at least two different types of acidic sites of the catalyst and only the strongest acidic sites seemed
affected by the presence of alkali ions. However, qualitative information on the type of sites required the

correlation with other characterization techniques.
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Figure 6.13. FT-IR spectra of Sn-Beta zeolite recorded during ammonia desorption between 100 °C and 400 °C. Analysis condition:
15 mg PT Sn-Beta (200) pellet, temperature ramp to 450 °C, sample drying at 500 °C for 1 h, NHj3 absorption at 100 °C for 1h, removal
of physisorbed NHj in He at 100 °C for 1 h, temperature ramp in He from 100 °C to 450 °C and spectra acquisition each 50 °C.

Experiments of NH3-TPD were correlated with FT-IR analysis of iz situ desorption of ammonia. The aim of
the study was to correlate the same TPD experiment to a different analytical method of detection. FT-IR
spectroscopy was able to distinguish ammonia interacting with different types of sites and gave qualitative
information about the tin active sites. A typical experiment of iz situ desorption of ammonia is presented in
Figure 6.13. Spectra were collected at different temperatures and the desorption of ammonia at increased
temperatures was followed 7z situ. In order to study the ammonia vibrations in detail, the subtraction of the
blank spectra recorded at each temperature was needed to remove the overlap from the intense bands of the
zeolitic framework. The corrected spectra showed that the ammonia interacts with different acidic sites
(Figure 6.14). Unfortunately, for low intensity bands (Figure 6.14 b), the interference of gaseous water was
visible due to the humidity between the windows of the reactor when using high temperatures.
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Figure 6.14. FT-IR spectra of ammonia adsorbed on Sn-Beta zeolite recorded during desorption between 100 °C and 400 °C.
Subtraction of the blank (Sn-Beta zeolite FT-IR spectra) from the experiments of desorption.

Figure 6.14 b shows the bands of ammonia adsorbed on Sn-Beta zeolite between 1350 and 1750 cm-!. In the
current case, the interferences with the small bands due to the presence of vapor and the vicinity of the
subtracted vibrations of the zeolitic framework made the interpretation difficult. The peak at 1617 cm-! was
related to the presence of molecular ammonia interacting with a Lewis acid site. The interaction was persistent
up to 300 °C meaning the strong adsorption of the probe on the site. The peak at 1461 cm™! indicated the
adsorption of ammonia on a Bronsted acid site. However, the band was barely visible for temperatures higher
than 200 °C, indicating the weakness of the interaction. The signal at 1520 cm! was related to the presence of
gaseous water outside the reactor since the signal was constant in all spectra. Thus, Sn-Beta zeolites contained
both Lewis and Bronsted acidity. However, the Lewis acidity was dominant and the Bronsted acidity assumed
a weak character.

Considering the subtracted spectra at high frequencies, between 3500 and 3000 cm-!, three peaks of adsorbed
ammonia were visible, at 3378, 3282 and 3176 cm! (Figure 6.13 a). Comparing them with the values reported
in literature,?' all the three were connected to ammonia adsorbed on Lewis acidic sites. The peaks at 3378 and
3282 cm! were both connected to the interaction with Lewis tin sites, but their behavior in desorbing ammonia
was different. In fact, the peak at 3378 cm lost 80% of its area at 300 °C, while the peak at 3282 cm! was
more persistent and lost only the 65% of the integrated area at the same temperature. Different behavior in the
interaction with ammonia could be caused by the different coordination of the tin or the different environment
in the zeolite framework.%? Since the maximum of the desorption of the peak at 3282 cm! was more persistent
compared to the other signal, it was correlated to the second desorption peak in the TPD experiment centered
at 250 °C.
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Figure 6.15. Percentage decrease of the ammonia peaks during desorption between 150 °C and 400 °C form samples containing different

amounts of alkali.

Figure 6.15 indicates the decrease in the area of the ammonia peaks at 3282 cm! (Figure 6.15 a) and at 3378 cm!
(Figure 6.15 b). Desorption of ammonia from the two sites followed different patterns. The ammonia on the
site with signal at 3282 cm! was desorbed following a linear trend over increased temperature. On the other
hand, the curve connected to the desorption from the site at 3378 cm! resembled an exponential decay. The
latter peak was not found at high temperature and it could represent the TPD peak not affected by the presence
of potassium. Thus, the characterization showed the presence of two Lewis acidic sites with different acidic
behavior. Clear proof for the structural role of alkali ions could not be obtained from the data of the desorption
from samples containing different amounts of potassium carbonate. Using FT-IR as detection method,
qualitative information on the type of site (Lewis and Brensted) were correlated with the quantitative
information obtained by TPD. However, the interaction of alkali salts with the catalyst remained unclear and
the use of different probe molecules was necessary for a realistic interpretation of the modifications of the

acidity in Sn-Beta catalysts by alkali ions.

6.2.3 Deuterated acetonitrile as a probe molecule for studying the acidity of Sn-Beta
zeolites modified by alkali ions

Deuterated acetonitrile was used as the probe molecule in order to study the change of the acidity in samples
containing alkali ions by FT-IR spectroscopy. The use of acetonitrile for studying the acidity in Sn-Beta catalysts
is discussed in detail in Chapter 6.1. As simplification, this paragraph only considered post-treated Sn-Beta
zeolites. Samples containing different amounts of potassium carbonate were prepared using concentration
above and equal to the optimum amount of potassium carbonate (3.0 and 0.4 mM) for the production of methyl
lactate starting from glucose. Optimal yields refer to the experiments of titration by potassium carbonated
discussed in Chapter 6.2.4. The effect of the presence of different amounts of alkali salts in the reaction mixtures
was examined by experiments of FT-IR 7 situ adsorption of deuterated acetonitrile. Samples of the already
prepared post-treated catalyst containing a Si/Sn ratio of 100 were stirred at room temperature for three hours

in aqueous solution of potassium carbonate at different concentrations.
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Figure 6.16. FT-IR spectra of Sn-Beta zeolites containing different amounts of K2COs in the spectral region of the O-H stretching.

Samples containing different amounts of potassium presented different features in the spectral region of the
O-H stretching. The large band connected to the vibrations of silanols decreased with increasing concentration
of potassium carbonate for both the sharp peak at 3752 cm! connected to the terminal silanols and the broad
band of the internal silanol nests (Figure 6.16). Potassium could interacted with the silanol group by
ion-exchange with the proton.®? Thus, the O-H signal decreased, resulting in a low intensity band around
3500 cm!. The experiments of adsorption of deuterated acetonitrile and the values for the integrated area of
the peak at 2310 cm™ connected to the acetonitrile interacting with the tin in the framework are shown in
Figure 6.17 and Table 6.7. Increasing the concentration of potassium carbonate less molecules of acetonitrile
interacted with the tin and the intensity of the signal decreased. Thus, when increasing the concentration of
potassium carbonate from 0.0 mM to 3.0 mM, the area of the peak was reduced from 15 to 6.

a) 0.0 mM K,CO, b) 0.4mmk,co, C) 3.0 mMK,CO,

0.5

Absorbance (a.u.)

2320 2280 2240 2200 2320 2280 2240 2200 2320 2780 2240 2200
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Figure 6.17. FT-IR experiments of ## sitn adsorption of deuterated acetonitrile on samples impregnated with different concentrations of
K>CO3, a) 0.0 mM, b) 0.4 mM and c) 3.0 mM. the table reports the integrated area of the peak at 2308-2316 cm-! related to vibrations
of deuterated acetonitrile interacting with tin in the zeolite framework for samples containing different amounts of K2COs.

Table 6.7. Integrated area of the peak at 2308-2316 cm! related to the interaction of deuterated acetonitrile with tin in the zeolitic
framework.

Sample
(mM K2COs) 0 0.2 0.4 0.8 3
Area peak 2310
em-! 15 11 11 10 6
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Results indicated the possibility that potassium exchanged with a proton of a silanol group of the zeolite, but it
also affected the tin in the framework and the acidity of the final material. Exchange of potassium with a proton
of a stannanol group was also possible but not visible in the experiments due to the interference with the intense
silanols bands.8” Minor amount of probe molecule was able to interact with the tin site in samples modified by
potassium carbonate. Small amounts of alkali salts were able to increase the activity of the catalyst in the
production of methyl lactate, but an excess led to deactivation.!6® Thus, the sample treated with a solution of
3.0 mM of KyCOsyielded a low intensity peak at 2310 cm!. The experiments of adsorption of deuterated
acetonitrile gave relevant information on the acidic behavior of Sn-Beta zeolites modified by alkali ions. In fact,
the presence of potassium carbonated affected the interaction between the probe and both silanols and
framework tin sites.

6.2.4 Titration of Sn-Beta active sites by potassium carbonate

All the results on the characterization of Sn-Beta zeolites modified by the presence of alkali suggested that the
interaction with potassium carbonate occurred by titration of the hydroxy groups near tin Lewis acid sites. The
presence of alkali ions affected the acidity of framework tin and a quantitative effect correlated with the amount
of tin in the sample could be expected. Therefore, the study proceeded with the analysis of the stoichiometric
effect of alkali salts in samples containing different amounts of tin.¢ Catalysts with different Si/Sn nominal
ratios were tested for the conversion of glucose into methyl lactate in the presence of different concentration
of potassium carbonate. Each catalyst presented the highest yield of methyl lactate at full conversion (four
hours) at a different concentration of potassium carbonate. As previously reported in the literature,! the use
of basic counter ions resulted in the deactivation of the material for an excess of alkali salts. As in the case of
catalysts impregnated with alkali salts, the presence of potassium had the general effect of avoiding the
formation of furanic byproducts and methyl glycosides. Thus, yields for all the catalysts increased by increasing
the concentrations of potassium carbonate up to an optimum. Increasing the concentration further above the
optimum, yields of methyl lactate dropped. The optimum amount of potassium carbonate needed for the
highest yield of methyl lactate was different for each catalyst, indicating the stoichiometric correlation between
content of tin and alkali ions (Figure 6.18).

The suggested stoichiometric binding of the potassium to the active site was confirmed after normalization of
the potassium carbonate concentration for the acidity of each catalyst experimentally measured by NH3;-TPD
(Figure 6.18). After normalization, all the catalysts containing different amount of tin followed the same trend
and the optimal concentrations of potassium carbonate were identical for all the catalysts. All the catalysts with
Si/Sn ratios between 25 and 400 presented the highest yields of methyl lactate in a range of concentrations of
potassium carbonate corresponding to values of K/NHj3 between 0.6 and 1. Some deviations for the Si/Sn
ratio of 400 were observed because of the nonlinear response of the TPD instrument in the case of minor
acidity. Deviations were also observed in the case of Si/Sn ratio of 25 due to the presence of tin not
incorporated in the zeolite framework, but present as inactive tin oxide species.

%'The study of this paragraph was cattied out in collaboration with Ph.D. Samuel G. Elliot (DTU).
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Figure 6.18. Production of methyl lactate from glucose using Sn-Beta catalysts with different amounts of tin at different concentrations
of added potassium carbonate (left), and normalization by the acidity of the catalysts measured by NH;3-TPD analysis (right). Reaction
condition: 360 mg glucose, 90 mg catalyst, 55 mg DMSO as internal standard, 5 mL solution of potassium carbonate in methanol,
160 °C, 4 hours.

NH;-TPD experiments can be used as a quantitative analytical tool for predicting the amount of alkali salts in
solution required for maximizing the formation of methyl lactate from glucose. In the current case, all the
samples had the optimum value of normalized potassium content between 0.6 and 1 K/NHs. However,
absolute values were dependent on the specific characteristic of the zeolite material and only samples with the
same features could be compared. In this case, all the catalysts were prepared from the same batch of
dealuminated Beta zeolite in order to eliminate deviations due to different residual aluminum contents.

Starting from the assumption that in polar solvent the incorporated tin assumes preferentially an “open”
configuration,®® FT-IR analysis showed that the modification of the OH in silanol groups upon alkali addition
affected the tin acidity. Thus, the hydroxy groups adjacent to the tin sites had central roles. In the absence of
alkali ions, the fully protonated form of the site (stage A in Figure 6.19) had a weakly Bronsted acidic behavior
and promoted the dehydration of sugars as a competitive reaction to the formation of methyl lactate. The
furanic byproducts were formed in the reaction mixture. In the case of excess alkali salts, the double titration
of the site occurred and the absence of the synergistic effect of hydroxyls adjacent to the tin®! (stage C) led to
deactivation of the site. Reactions in the presence of excessive concentration of alkali salts resulted in high
formation of undetectable byproducts (humins). The intermediate situation (B), corresponding to the single
titration of the site, represented the optimal configuration for the production of methyl lactate starting from
glucose.

Yield

Retro-Aldol

Dehydration c
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Figure 6.19. The three stages of the active sites in Sn-Beta catalysts titrated with alkali and the preferred catalytic pathways.
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6.2.5 Conclusions on the study for the characterization of the interaction between
Sn-Beta zeolites and alkali salts

In this section, the mechanism for the interaction of alkali salts with Sn-Beta zeolites was investigated by
different characterization techniques correlated to the activity in the production of methyl lactate from glucose.
The use of ammonia as a probe molecule for studying the acidity in Lewis acidic zeolites was optimized and
presented. NH3-TPD was applied for the quantification of the acidity of the catalyst. In addition, ammonia was
also used as a probe molecule for studying the acidity by FT-IR spectroscopy, indicating the presence of two
Lewis acidic sites in the material. The two sites had different acidic behavior and were affected differently by
alkali salts. More detailed qualitative information was obtained by the use of acetonitrile as the probe molecule
for in sitn FT-IR analysis. In the presence of potassium, the broad silanol band decreased, indicating the
possibility of the interaction of potassium by ion-exchange with silanol protons. At the same time, increasing
the amount of potassium carbonate the peak of acetonitrile interacting with framework tin decreased. When
the concentration of alkali is excessive the exchange in proximity of tin sites limited the interaction of reactants
with the active sites. The results from the characterization were correlated to experiments on the titration of
the active sites. The amount of potassium carbonate required for achieving maximum yields of methyl lactate
had a linear correlation with the amount of tin and the acidity measured by NH3-TPD. The stoichiometric
interaction between alkali and tin active sites was proposed. The tin interacting with alkali ions showed three
stages with different activity, consistent with a double titration of the hydroxy groups in the octahedral
coordination of an open site.
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6.3 Conversion of Carbohydrates Using Sn-Beta Catalysts in the
Presence of Additional Metals

The presence of alkali salts during the conversion of hexoses was able to increase drastically the production of
methyl lactate.#” Alkali ions interact with the active sites in the catalyst and modify the activity. The possibility
of the interaction between Sn-Beta catalyst and other external species during the conversion of hexoses was
investigated. In a preliminary screening, different homogeneous additives were tested in the reaction. The work
focused on the use of additional metals in order to introduce co-catalysts or modifiers of the catalyst. Zinc was
studied for the potential catalytic activity in the conversion of glucose to methyl lactate.2! Moreover, zinc has
a central role in biological aldol transformations in nature, forming the active site in class 1I fructose-
bisphosphate aldolase enzymes.?? Beyond the use of homogeneous additives, the study proceeded with the
investigation of the possibility to incorporate additional metals in the catalyst framework and create bifunctional
heterogeneous Sn-M-Beta catalysts. In this section, the results of the use of homogeneous metal additives and
their incorporation into the zeolitic framework are discussed.

6.3.1 Modification of Sn-Beta catalysts with metals

The positive effect of the presence of alkali salts in the reaction for the production of methyl lactate has been
confirmed for both homogeneous and heterogeneous introduction of the alkali salts.#” Among all the salts,
potassium carbonate has shown the most effective interaction with the catalyst. Since the use of homogeneous
additives is not attractive for industrial production, the possibility to incorporate potassium in the framework
during the synthesis has been studied. However, the interaction of alkali ions with the zeolite is labile and the
catalysts showed a rapid leaching of the additional metals.#” Moreover, several studies have been presented
about the introduction of different additional metals into a Sn-Beta framework, in order to introduce
bifunctionality and new types of catalytic activity. The incorporation of lead??! and zinc??? has been proposed
for increasing the yields of methyl lactate from glucose. Different hypotheses have been proposed as
explanations for the increased activity, for instance the role of a second promoter of the reaction from lead?!
and the introduction of zinc as a basic site.??? In this work, bifunctional catalysts were also prepared and their
activity in the reaction for the conversion of glucose into methyl lactate was explored. In particular, the
possibility to use a catalytic system containing both acid and basic sites was investigated. Zinc was largely
investigated for the potential to introduce both Lewis acidity and basic sites.??? Analogously, the incorporation
of manganese into the framework was studied. In addition, basicity could be introduced by incorporation of

calcium?? or magnesium.??*

6.3.2 Homogeneous additives during the conversion of glucose to methyl lactate

Since the presence of alkali salts in the reaction mixtures had a great impact on the production of methyl lactate,
the possibility of using additives able to interact with the catalyst and thus to modify the catalytic properties
was explored. A preliminary screening of salts as homogeneous additives for the conversion of glucose into
methyl lactate was carried out. In general, many metal salts had a positive effect on the production of methyl
lactate using post-treated Sn-Beta catalysts. Using hydrothermal Sn-Beta zeolites, however, the impact
decreased and final yields of methyl lactate were similar to the reaction without additives. Therefore, the project
focused on the study of post-treated Sn-Beta zeolites.
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The general effect of salts in solution seemed comparable to the effect of alkali ions, deriving from the
ion-exchange with the weak Bronsted acidic hydroxyl protons. The formation of furanic compounds and
byproducts derived by Brensted acidic competitive pathways was suppressed and more substrate was available
for the formation of methyl lactate. Thus, yields of the final product were generally enhanced. Here, the salts
with the best reaction performances are discussed. Metal chlorides were initially chosen due to their large
availability. The effect of different counter ions was considered only for specific compounds. Finally, results
were compared with the yields of methyl lactate obtained without additives and in the presence of potassium
carbonate as a reference for the traditional effect of alkali salts. Figure 6.20 presents the cases of most
significantly increased methyl lactate yields, specifically potassium carbonate, zinc acetate and manganese
chloride in solution compared to the reaction containing Sn-Beta without additives.

50

43 45

N
3

ML Yields (%)

Sn-Beta Sn-Beta Sn-Beta Sn-Beta
K,CO; Zn(CH;CO0), MnCl,

Figure 6.20. Yields of methyl lactate using catalytic systems containing only Sn-Beta and Sn-Beta together with additive salts, potassium
carbonate, zinc acetate and manganese chloride. Reaction conditions: Glucose 120 mg, catalyst 50 mg, 5 mL methanol, M/Sn =1
M= K, Zn?*, Mn 2t), DMSO 80 uL as internal standard, 160 °C, 2 hours.

The addition of the salts in Figure 6.20 had a positive impact on the production of methyl lactate and the yields
increased from 21% to 43-50%. The use of divalent manganese in solution was not considered further because
the paramagnetic character of the metal interfered with NMR analysis. Zinc has Lewis acidic properties and is
part of the active sites in aldolase enzymes.??) However, divalent zinc showed different behavior in function of
the counter ion of the salts. In the blank reactions using the additive salts in a solution of glucose in methanol
without catalyst, zinc acetate showed the ability to promote the Lewis acidic-catalyzed pathways and 7% of
methyl lactate was found after two hours at 160 °C together with unconverted sugars. On the other hand, zinc
chloride was not active by itself and only unconverted sugars were present in the final mixture. The ability of
Zn (II) to convert sugars into alkyl lacates was already reported for zinc chloride at 200 °C.2!° Results indicated
that the presence of different counter ions had different effect on the activity and the process was already
promoted at 160 °C with zinc acetate. Using the zinc salts as additives in the reaction containing Sn-Beta, the
formation of methyl lactate and furanic coumpounds was changed, as shown in Figure 6.21.
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Figure 6.21. Formation of methyl lactate and furanic compound using different concentration of a) zinc acetate and b) zinc chloride.
Concentrations are reported as ratio between metals, Zn/Sn. Reaction conditions: Glucose 120 mg, catalyst 50 mg, 5 mL methanol,
DMSO 80 uL as internal standard, 160 °C, 2 hours.

The use of zinc acetate improved the production of methyl lactate and decreased the formation of furanics,
eliminating the competition of dehydration pathways catalyzed by residual Bronsted acidity (Figure 6.21 a). As
seen for the use of potassium carbonate, the yields of methyl lactate increased for high concentrations of the
salts up to an optimum (Zn/Sn 1). Increasing the concentration further, the yields of methyl lactate decreased.
In contrast to zinc acetate, the use of zinc chloride did not affect the reaction greatly and the yields of methyl
lactate remained similar for the additions of different concentrations of the salt (Figure 6.21 b). The trend for
the formation of methyl lactate in the presence of zinc chloride seemed to indicate the absence of a co-catalysis
and the need of high temperature for the activation of the salt.!” In this case, the metal did not show the activity

for a co-catalysis nor a positive interaction with the Sn-Beta catalyst.
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Figure 6.22. Formation of MVG and ML from glycolaldehyde using only Sn-Beta catalyst and Sn-Beta in the presence of zinc salts.
Reaction conditions: glycolaldehyde 120 mg, catalysts 50 mg, methanol 5 mI., DMSO 80 pL as internal standard, Zn/Sn ratio of 1, 160
°C, 2 hours.

The effect of homogeneous salts in the reactions catalyzed by Sn-Beta zeolite was explored also for the
conversion of glycolaldehyde into methyl vinyl glycolate (MVG). In general, yields of MVG at full conversion
were not greatly increased using alkali salts, but the presence of the salts increased methyl lactate yields also in
this case. The effect of potassium carbonate on the conversion of glycolaldehyde is discussed in detail in
Chapter 4.1.5. Figure 6.22 shows the yields of MVG during the conversion of glycolaldehyde using zinc salts
as additives. The activity of the catalyst did not undergo drastic changes. However, some differences were still
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present. In this case, zinc acetate did not affected drastically the reaction, but zinc chloride improved the
production of MVG. The poor yields of MVG in the reaction containing zinc acetate needed to be explained
as analogous to the effect of potassium carbonate. In fact, increased formation of methyl lactate was observed
in this case. On the other hand, zinc chloride was not active for promoting the formation of methyl lactate and
the available substrate entered the pathway leading to MVG.

6.3.3 Sn-M-Beta catalysts for the conversion of sugars

The interaction of salts with Sn-Beta catalysts was further studied and different metals were attempted to be
incorporated into heterogeneous catalytic systems. This paragraph includes the study for the preparation of
bifunctional Sn-M-Beta catalysts for the conversion of glucose into methyl lactate.” All samples were prepared
from the same batch of dealuminated Beta zeolite in order to eliminate structural variability in the starting
materials. Thus, residual aluminum and Brensted acidity were fixed for all the compared systems. Manganese,
potassium, zinc, calcium and magnesium were used for the preparation of catalysts containing different metals.
The preparation followed the procedure of the incipient wetness impregnation for obtaining Si/M final ratios
of 200.

M-Beta samples were first prepared without the insertion of tin. However, the absence of tin led to inactive
materials for the conversion of carbohydrates, indicating the need of tin as active site. Therefore, Sn-M-Beta
zeolites were prepared using M/Sn ratio of 1 and tested as catalysts for the conversion of glucose into methyl
lactate. Structural properties were not modified by the insertion of different metals and the characteristic of
BET surface area and XRD were the same for Sn-Beta and Sn-M-Beta zeolites. As seen for samples modified
by impregnation with potassium carbonate, the modification decreased the acidity measured by NHs-TPD
compared to original Sn-Beta zeolite. The sample Sn-K-Beta presented the lowest acidity of 22 umol/g
compared to the value of 128 pmol/g for the patent Sn-Beta (Table 6.8).

Table 6.8. Acidity of Sn-M-Beta catalysts measured by NH3-TPD analysis.
Catalyst Acidity (umol NHas/g)

Sn-Beta 128
Sn-Mn-Beta 71
Sn-K-Beta 22
Sn-Zn-Beta 74
Sn-Ca-Beta 61
Sn-Mg-Beta 69

In order to investigate the catalytic behavior of the incorporated metals, samples were characterized also by
CO2-TPD. The experiment was analogous to the NH3-TPD analysis, but carbon dioxide was adsorbed instead
of ammonia on the material surface in order to detect basic sites. Two or more desorption peaks were present
in the CO2-TPD profiles of Sn-M-Beta zeolites, but the integrated areas of the peaks corresponded to extremely
low values and it was not possible to correlate the results to basic properties of the materials. The catalytic
systems were tested in methanol using glucose as the substrate at 100 °C and 160 °C. Using low temperatures,
the activity of the samples for the catalysis of the isomerization of glucose was explored and the results are
reported in Figure 6.23.

7'The project was carried out with the help of MSc. Luca Piccirilli during the final project for his thesis.
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Figure 6.23. Isomerization of glucose into fructose using Sn-M-Beta zeolites as catalysts. All the carbon loss corresponds to unreacted
glucose. Reaction conditions: glucose 120 mg, catalyst 50 mg, 5 mL methanol, DMSO 80 uL as internal standard, 100 °C, 2 hours.

The isomerization catalyzed by Lewis acidic zeolites proceeded at slow rates and resulted in high amount of
unconverted glucose after two hours, as reported previously under these reaction conditions.?0 Surprisingly,
methyl fructosides were formed only using tin or zinc as active metals. Sn-Beta zeolite was the best catalyst of
the series. Methyl glucosides and other products were detected only in minor amounts. Mannose derived from
the epimerization of glucose was also visible in traces in all the reaction mixtures. Results from the conversion
of glucose into methyl lactate at 160 °C are reported in Figure 6.24. All the modified catalysts showed better
activity in the production of methyl lactate than the original Sn-Beta zeolite. Increased methyl lactate yields
were associated with the suppression of the formation of furanic compounds derived by the dehydration of
sugars. Only the reference catalyst, Sn-Beta without additional metals, promoted the formation of furanics in
8% yields after two hours of reaction. In contrast, the decreased acidity of Sn-M-Beta zeolites avoided

dehydration reactions leading to furanic byproducts.
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Figure 6.24. Conversion of glucose into methyl lactate using Sn-M-zeolites as catalysts. Reaction conditions: glucose 120 mg, catalyst 50
mg, 5 mL methanol, 80 uL. DMSO as internal standard, 160 °C, 2 hours.
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6.3.4 The time-resolved formation of methyl lactate over Sn-M-Beta catalysts
compared to the kinetic model proposed for Sn-Beta zeolites

Modified catalysts showed increased activity in the production of methyl lactate from glucose after two hours
at 160 °C. Therefore, the reaction was studied by time-resolved experiments in order to understand the
differences between Sn-M-Beta and Sn-Beta catalysts in promoting the catalytic pathways. Figure 6.25 shows
the formation over time of methyl fructosides (a) and methyl lactate (b) using different Sn-M-Beta zeolites as
the catalysts. The presence of additional metals changed the reaction pathway. In the conversion of glucose
catalyzed by Sn-Beta zeolite, methyl fructosides are the first products formed in high yields after few minutes
at 160 °C. Afterwards, they were slowly converted and yields of methyl lactate increased. Thus, the formation
of methyl lactate followed a biexponential kinetics, as discussed in Chapter 3.3.2. First, methyl lactate was
formed directly from fructose, but the majority of the product derived from the hydrolysis and conversion of
the intermediate methyl fructosides.

In contrast, the pathway in the presence of potassium showed an immediate formation of methyl lactate with
only little amount of methyl fructosides during the whole reaction. The potassium-modified zeolite did not
promote the formation of methyl fructosides and methyl lactate was the main product since the beginning of
the process. In this case, the formation of the product from methyl fructosides was negligible and the kinetic
for the production of methyl lactate followed a monoexponential trend. Sn-Mn-Beta and Sn-Zn-Beta zeolites
had intermediate behavior. In the case of the catalyst containing zinc, methyl fructosides were formed in lower
amounts compared to the zeolite without zinc, but methyl fructosides showed slower consumption. Manganese
showed a pattern very similar to the trend derived by the use of potassium. Methyl fructosides were stable and
formed in small amounts and methyl lactate was immediately formed as the main product of the process.
Different from the use of potassium, Sn-Mn-Beta zeolite showed a less sharp slope in the formation of methyl
lactate at the very beginning, indicating the lower activity compared to the Sn-K-Beta catalyst in the production
of methyl lactate (Figure 6.25).
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Figure 6.25. Time-resolved formation of a) methyl fructosides and b) methyl lactate using different Sn-M-Beta zeolite catalysts. Reaction
conditions: glucose 120 mg, catalyst 50 mg, 5 mL methanol, 80 uI. DMSO as internal standard, 160 °C.
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6.3.5 The use of Sn-Mn-Beta zeolite for replacing the addition of homogeneous
potassium carbonate in the production of methyl lactate

Manganese-modified catalyst showed catalytic properties similar to the use of Sn-K-Beta zeolite. Therefore, the
possibility of applying it in converting sugar-based feedstock was investigated further. As already reported, the
process for the production of methyl lactate from glucose requires the use of homogeneous alkali salts in order
to achieve high yields of the final product.4” Nevertheless, the use of homogeneous additives is inconvenient
for large-scale processes and the substitution with heterogeneous alternatives is higly desired.
Potassium-modified Beta zeolites presented the same activity as Sn-Beta catalysts in potassium carbonate
solutions, but the bond between potassium and the zeolite structure is labile, giving rapid leaching of the
potassium and deactivation of the catalytic material. In this paragraph, the study of Sn-Mn-Beta zeolite as
alternative for the potassium modified catalyst is presented. The study shows results analogues to the use of
Sn-K-Beta zeolites, for both activity and deactivation. Mn-Beta zeolite synthesized following post-treated and
hydrothermal procedures!®? was inactive for the conversion of glucose, implying the need of tin as active site.
The optimal tin to manganese ratio for the production of methyl lactate was approximately 1:1, resulting in
yields of methyl lactate of 42.6%. In Table 6.9 are reported the methyl lactate yields using different ratios, the

activity of the catalyst decreased with decreasing amounts of manganese.

Table 6.9. Yields of methyl lactate for different manganese to tin ratios in Sn-Mn-zeolites (Si: Mn+S8n ratio of 100). Reaction conditions:
glucose 120 mg, catalyst 50 mg, methanol 5 mL, DMSO 80 pL as internal standard, 160 °C, 2 houts.

Mn : Sn Methyl lactate yields (%)
1 42.6
0.5 27.4
0.3 22.3
0.1 20.5

However, catalysts containing manganese showed reduced or comparable activity compared to the use of alkali
salts. Unfortunately, it did not show stable incorporation and the yields of methyl lactate decreased over time
in recycling experiments. Figure 6.26 shows the reduction in methyl lactate formations for Sn-K-Beta and
Sn-Mn-Beta zeolites over three cycles. In contrast, Sn-Beta zeolites were stable under the studied conditions
and no deactivation was observed in the considered reactions over three cycles. Therefore, additional metals
did not show catalytic properties useful for the conversion of sugars, nor stable incorporation and the increased

activity was rapidly lost as in the case of the impregnation by potassium.
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Figure 6.26. Yields of methyl lactate and methyl fructosides using a) Sn-K-Beta and b) Sn-Mn-Beta zeolites during three recycles of the
catalysts. Reaction conditions: glucose 120 mg, catalyst 50 mg, methanol 5 mI, DMSO 80 uL as internal standard, 160 °C, 2 hours.
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6.3.6 Conclusions on the study of the conversions of sugars by Sn-Beta in the
presence of additional metals

In this section, the possibility of the use of additional metals in the conversion of carbohydrates catalyzed by
Sn-Beta catalysts was explored. Several metals showed beneficial effects when present in the solutions for the
production of methyl lactate from glucose. The use of zinc as co-catalysts was then investigated, finding
different results based on the nature of the counter ions. Even if the presence of homogeneous additives led
to increased production of methyl lactate, the use of heterogeneous systems is attractive. Thus, the possibility
to incorporate different active metals in the zeolite framework and to obtain Sn-M-Beta bifunctional catalysts
was explored. The modification of Sn-Beta zeolite with calcium, magnesium, manganese and potassium led to
increased yields of methyl lactate from glucose. The metals did not show intrinsic activity and the presence of
the tin was indispensable for promoting the reaction. The modified samples presented different reaction
pathways analyzed by time-resolved experiments. In particular, the formation of methyl fructosides in high
yields as first intermediates was suppressed using Sn-K-Beta and Sn-Mn-Beta zeolites. The latter catalysts
presented the best catalytic activity in producing methyl lactate and their stability was studied over three cycles
of reuse. Unfortunately, the experiments of recycling showed a fast deactivation of the materials, due to the
weak bonds between the impregnated metals and the zeolite structure.
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Chapter 7

Conclusions

The work explored the development of zeolite-based catalytic systems for the conversion of carbohydrates into

promising bio-based chemicals and developed, implemented and used spectroscopic tools to investigate further

the characterization of catalyst structure and function. Results and discussion are described in Chapters 3 to 6.

These chapters include investigations on the catalytic processes (Chapter 3 and 4) and on the catalytic materials

(Chapter 5 and 6). The processes for the conversion of carbohydrates were studied in detail in order to

understand kinetics, reaction pathways and parameters that can affect the selectivity into the desired products.

The work aimed especially at identifying material properties that are central to the formation of new chemical

building blocks for the development of innovative materials. The main conclusions of the study are summarized

in the following.

Chapter 3 explored the conversion of hexoses using zeolite catalysts. In the chapter, a new method for the
valorization of sucrose into fructose at 100 °C in methanol was proposed. Fructose is a central intermediate
for the synthesis of bio-based chemicals from carbohydrates and chemocatalytic procedures for its
production are currently investigated. The procedure was based on the formation of methyl fructosides as
masked substrates, which could easily be hydrolyzed to fructose by addition of water. The formation and
the reactivity of methyl glycosides during the conversion of hexoses in methanol was explored and methyl
fructosides had a central role for the general conversion of hexoses. The balance between Bronsted and
Lewis acid sites in zeolites was essential for the conversion of glucose into useful products. In the absence
of Lewis acidity, the unreactive methyl glucosides were formed from glucose in methanol and no formation
of different products occurred. On the other hand, the Lewis acidity promoted the isomerization resulting
in high yields of methyl fructosides, which were reactive and could be transformed into different platform
chemicals. Methyl fructosides were the central intermediates also in the process for the formation of methyl
lactate from glucose, fructose and sucrose. The use of highly-resolved 2D NMR experiments allowed the
study of the formation and conversion of the different forms of the sugars in the reaction mixtures over
time. The results were used to propose a kinetic model for the formation of methyl lactate starting from
hexoses. The addition of small amounts of water promoted the hydrolysis of the methyl fructoside
intermediates and affected drastically the kinetics of the process.

In Chapter 4, the conversion of glycoladehyde (GA) into methyl vinyl glycolate (MVG) catalyzed by
Sn-Beta zeolites at 160 °C in methanol was investigated by time-resolved experiments. The process was
compared with the formation of methyl lactate from hexoses in methanol and the time-resolved data were
used for kinetic analysis. The formation of MVG, as well as methyl lactate from hexoses, presented two
kinetic regimes. Different from the conversion of hexoses or tetroses, the reaction starting from GA
followed a second-order kinetics, determined by the aldol-condensation of two molecules of GA. The
process was compared to the formation of MVG starting from erythrulose, which presented a first-order
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kinetics. The effect of the addition of alkali and water in the reaction mixture was also explored. The study
aimed to understand the reaction pathways leading to the formation of MVG and the parameters affecting
the selectivity in order to design optimal processes for the production of a new bio-based hydroxy ester.

Chapter 5 and 6 include the study of the catalytic materials. In Chapter 5, the synthesis of stannosilicates
with different properties was explored and the effect of the different procedures was studied on the
selectivity of the processes for the conversion of carbohydrates. Post-synthetic Sn-Beta zeolites are active
catalysts for the conversion of carbohydrates, but the catalytic material can be optimized further. Thus,
modifications to the synthesis were explored in order to understand how the different synthetic steps can
be modified for improving the activity of the catalysts. Mesoporous catalytic systems were prepared and
tested as catalysts for the conversion of different carbohydrates into methyl lactate, resulting in the initial
acceleration of the conversion of large substrates like inulin and in unchanged activity in the cases of the
use of small substrates, such as glucose and sucrose.

Chapter 6 focused on the characterization of the structure-activity relation of Sn-Beta zeolites. The
adsorption of deuterated acetonitrile was studied zz siz« by FT-IR spectroscopy and it represented an
efficient method for studying the structure of catalytic materials. The technique was applied to study
materials calcined before tin impregnation and to explore the changes in the structure in regenerated
catalysts. In both cases, extra-framework tin species, invisible to other characterization techniques, were
formed. Thus, the method was an useful tool for understanding structural changes occurring in the catalyst
under different conditions. Ammonia was also applied as a probe molecule for quantitatively determining
the acidity by TPD and qualitatively by FT-IR spectroscopy. The data correlated with functional
experiments of titration of the tin in the catalysts by potassium carbonate and allowed to propose three
stages of the active sites in Sn-Beta zeolites in the presence of alkali salts. The addition of small amounts
of alkali salts inhibited the formation of furanic compounds due to the neutralization of the residual
Bronsted acidity given by the presence of defects in the catalyst structure. The suppression of the
competitive reaction resulted in increased yields of methyl lactate. However, an excess of alkali salts led to
the deactivation of the catalysts, the optimal amount had a stoichiometric correlation with the amount of
tin and the acidity measured by NH3-TPD. The interaction with different metals and the preparation of
Sn-M-Beta zeolites were also investigated in the same chapter. However, the studied systems showed
catalytic behaviors comparable to the use of alkali salts.
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Appendix A- Case Study on
Homogeneous Catalysis

Conversion of Glucose in Aqueous
Solutions Catalyzed by CrCls

In this appendix, the case study for the analysis of the conversion of glucose catalyzed by CrCl; in aqueous
solutions is summarized. The study employed 7# sit NMR methods developed herein to the discovery of new
reaction pathways and byproducts in a widely studied model reaction. Among the different processes for the
conversion of carbohydrates, the conversion of glucose catalyzed by Lewis acid salts in aqueous solution is
relevant to study.??> Glucose is the most abundant carbohydrate occurring in nature and the use of Lewis acids
as catalysts promotes the first isomerization to fructose and the rapid conversion into different types of
products. The process can be used for the production of 5-hydroxymethylfurfural (HMF), which can be used
for the preparation of monomers for polymeric materials.??¢ Despite the importance of the process for
industrial applications, the reaction pathway is unclear and several products are still unknown.!32 Advanced
NMR techniques were applied to the identification of products and intermediates formed in the reaction

mixture and a general overview of the catalytic process is presented in this appendix.$

Conversion of Glucose in Aqueous Solutions Catalyzed by CrCl3

Among the different chemicals obtainable from the conversion of biomasses, 5-hydroxymethylfurfural (HMF)
is one of the most relevant because of the wide range of applications. Biomasses can be converted into HMF
using different heterogeneous and homogeneous systems.??> In particular, the conversion of glucose into HMF
has received much attention because of the large availability of this starting substrate. The process is generally
catalyzed by Lewis acid salts, such as CrCls, using water as the solvent.??” Despite the general interest for the
process, the production of HMF from glucose catalyzed by Lewis acid can still be improved. In fact, the catalytic
mechanism is still not completely understood and several unknown byproducts are formed.!3? The identification
of the different byproducts can simplify the understanding of the mechanism and bring advantages for the
optimization of the production. Moreover, a clear overview of the identity of all the products present in the
final mixture is highly desired for industrial applications and for the design of downstream purification.!3 The
reaction for the conversion of glucose catalyzed by the Lewis acid CrCls in water was studied by a serie of NMR

$'The appendix was adapted from the article “Uncharted Pathways for CrCls Catalyzed Glucose Conversion in
Aqueous Solution” published in Topics in Catalysis.??® The project was carried out with the help and under the
supervision of Senior Researcher Sebastian Meier (DTU).

124



Conversion of Glucose Catalyzed by CrCls;

experiments at high magnetic field (800 MHz) for the identification of unknown compounds. Two-dimensional
NMR techniques were applied in order to increased the signal and resolution and to ensure a correct
interpretation of the molecular structures of the different products.

A.1 Identification of formed acetals in the conversion of glucose catalyzed by CrCl3

The conversion of glucose was performed in aqueous solution of 17 mM CrCl36H2O and 10% (w/v) glucose
at 140 °C for one hout. First, the products 1,6-anhydroglucofuranose (AGF) and 1,6-anhydroglucopyranose
(AGP) (Figure A.1) were identified in the reaction mixtures by comparison with the data in the literature and
the spectra of the commercial levoglucosan standard.

4.21/3.80 4.07/3.74
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Figure A.1. Spin systems of 1,6-anhydroglucofuranose (AGF) and 1,6-anhydroglucopyranose (AGP). Adapted from Ref 228.

Although the B-pyranose precursor was much more abundant in aqueous solution than the 3-furanose form,
AGF and AGP were found in very similar amounts. The equal concentrations gave indication of the kinetic
preference for the formation of the furanoside. The process was also studied using DMSO as the solvent, since
the formation of these products has been reported in literature?? as more relevant under these conditions. The
concentration of both AGF and AGP increased greatly using DMSO as solvent. The reaction was then followed
in sitn by 1D 1BC NMR spectroscopy at 110 °C. The formation of AGF was faster than formation of AGP,
confirming the kinetic preference for the former product. Moreover, upon addition of 17% (v/v) of water to
the final DMSO mixture, AGF was slowly hydrolyzed. In contrast, AGP was stable and the concentration was
constant in the presence of water.

The formation of AGF and AGP was due to the intramolecular reaction of glucose. On the other hand,
intermolecular reactions also occurred, resulting in the presence of different disaccharides in the reaction media.
All the different combinations of glucose in disaccharides were detected and identified by comparison with the
TH-13C HSQC spectra of the standards. The disaccharides formed zia 1-6 glycosidic bond, such as isomaltose
and gentiobiose were observed in higher amounts than the other disaccharides. In general, byproducts were
formed in higher concentrations in the reaction in DMSO compared to the use of water as solvent. Other
disaccharides were also visible in traces: cellobiose, maltose, trehalose, kojibiose, sophorose, nigerose and
laminaribiose (Figure A.2).
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Figure A.2. Identification of the different disaccharides in the 'H-13C HSQC NMR spectra. Adapted from Ref 228.

A.2  Formation of branched hexose during the conversion of glucose catalyzed by CrCl3

The formation of branched carbohydrates during the conversion of glucose catalyzed by homogeneous Lewis
acid has been hypothesized in previous studies.!3? Although the previously unknown signals were identified in
this work as 1,6-anhydroglucofuranose (AGF), the presence of branched hexoses was also confirmed.
Hamamelose (2-C-(hydroxymethyl)-D-ribose) and 2-C-(hydroxymethyl)-L-lyxose (Figure A.3) were detected in
the final reaction mixtures. The former compound was visible in all the a- and -, furano- and pyrano- forms.
In contrast, 2-C-(hydroxymethyl)-L-lyxose was observed prevalently in the pyranose form.

3 o 0
HO“‘ "OH HO\\L}\ i}\
. OH
D-hamamelose 2-C-(hydroxymethyl)-L-lyxopyranose
b) OH ©O OH O gy =0

HOWOH e Ho/ﬁ;ﬂ\/OH —= HO _0
H
H OH H OH H

Figure A.3. a) Structures of Hamamelose and 2-C-(hydroxymethyl)-L-lyxose, b) proposed mechanism for the formation of branched
carbohydrates in the reaction mixture. Adapted from Ref 228.
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Experiments using D-[1-13C]glucose as starting substrate were carried out in order to confirm the plausible
mechanism for the formation of branched hexoses during the conversion of glucose. The formation of
branched sugars could be due to a Bilik-type carbon shift and, as confirmation, the label *C was found in the
2-hydroxymethyl group of hamamelose. In addition, branched hexoses could derive from the aldol
condensation of small linear sugars. This latter hypothesis is less probable than the Bilik reaction since the
dehydration of sugars is irreversible and hexoses hardly fragmentize under these conditions. Branched sugars
were probably ketose-derived intermediates in a pathway leading to HMF.

A.3 Identification of different hexoses

The Lewis acid CrCls can catalyze the interconversion between hexoses and different types of shifts, such as
the 1,2-hydryde shift and the Bilik reaction. Moreover, Lewis acid salts can also promote retro-aldol cleavage
reactions followed by further condensations. The latter pathway was confirmed by the identification of C3
sugars, like dihydroxyacetone. In the spectral region of the primary alcohols in the 'H-13C HSQC spectra,
different ketoses were visible, such as fructose, sorbose and tagatose. Moreover, beyond glucose, different C6
aldoses were present in the reaction mixtures: galactose, altrose, idose and allose (Figure A.4).
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Figure A.4. Identification of different hexoses in the spectral region of the primary alcohols in the 'H-13C HSQC spectra of the crude
reaction mixtures. Adapted from Ref 228.

Thus, in the reaction for the conversion of glucose catalyzed by CrCls, a complex mixture of carbohydrates was
formed, including different hexoses, anhydrosugars, disaccharides and branched hexoses.

A.4  Reactions catalyzed by CrCls starting from glucose

Finally, products different from carbohydrates were studied. As expected, HMF and levulinic acid were formed
during the reaction. Moreover, the byproduct (2E)-2,4-pentadienal was identified. The structure was assigned
by the study using complementary NMR experiments. In the 1H-1H TOCSY spectra, correlations of the spin
system are shown (Figure A.5).
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Figure A.5. TH-TH TOCSY spectra of the byproduct (2E)-2,4-pentadienal. Adapted from Ref 228.

Lactone byproducts were also present in the reaction mixtures. 2-C-methyl-ribonolactone was identified. The
presence of this compounds is due to a cascade process including the isomerization between glucose and
fructose followed by dehydration and rearrangement catalyzed by Bronsted bases (Scheme A.1).

Scheme A.1. Mechanism for the formation of 2-C-methyl-ribonolactone. Adapted from Ref 228.

A.5 Conclusion on the study for the identification of products and intermediates during
the conversion of glucose in water catalyzed by CrCls

The appendix aimed to give a short overview of the potential applications of NMR techniques on the study of
catalytic processes for the conversion of carbohydrates. The identification of products and intermediates is
essential for industrial processes and for the design of downstream purifications. In this case, the crude reaction
mixture for the conversion of glucose in aqueous solutions catalyzed by the homogeneous Lewis acid salt
CtCl36H>O was studied in detail by NMR spectroscopy. Products, byproducts and intermediates were
characterized and pathways leading to their formation were proposed. Different carbohydrates were identified,
such as different hexoses, anhydrosugars, disaccharides and branched hexoses. The formation of HMF and
levulinic acid occurred, as expected. Moreover, (2E)-2,4-pantadienal and 2-C-methyl-ribonolactone were visible

in the mixtures as byproducts.
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Appendix B- Applications

Application of MVG as Bio-based
Reagent for Coatings

The purpose of the thesis was the characterization and optimization of materials catalyzing innovative chemicals
for novel polymer applications. This appendix includes considerations about possible applications of methyl
vinyl glycolate (MVG) in commercial formulation for coatings.’ The appendix aims to give a general overview
on the possible applications of the studied hydroxy esters. Detailed results and experimental procedures are not
included due to confidentiality. The use of MVG in formulations for alkyd resins and UV-cured coatings was
investigated. Moreover, the epoxide derived from MVG was also studied in cationic UV-cured coatings.

B.1  MVG as reactive diluent in alkyd paints

Alkyds are oil-modified polyesters and they find large application as coatings. Traditionally, alkyd paints are
diluted with volatile organic solvents and after the application, they dry by evaporation of the solvent. However,
formulations without organic solvents are attractive from an environmental point of view. An alternative
application is the use of reactive diluents, such as methacrylate. In this case, the diluent agent acts as a solvent,
but it reacts and it is converted to a part of the coating during the curing process.?* Because of the similarity
in functionality between MVG and methacrylate, MVG was tested in formulations as the reactive diluent for
alkyd paints. However, it did not show optimal behavior for the application because of the high volatility. Thus,
MVG evaporated during the drying process and it was not incorporated in the final product.

B.2 MVG as monomer in UV-cured coatings

The UV-curing is the process of polymerization promoted by ultra-violet light. It was proposed as a method to
avoid the use of organic solvents in manufacturing industries. Formulations for coatings derived by photo-
polymerization contain the reactive monomers or oligomers, e.g. acrylates, in the presence of a photo-initiator.
Moreover, the presence of additional linker helps the cross-linking and enhances final physical properties.23!

MVG and 1,6-hexanediol (HDO) were tested as reactive components for different formulations in the presence
and in the absence of 1,1,1-trimethylolpropane triacrylate (TMPTA) as cross-linker for UV-cured coatings. The
blends were compared with reference blends containing 1,6-hexanediol diacrylate (HDDA) (Figure B.1). All
the prepared blends were successfully dried; however, the curing process was completed in much longer times
compared to the reference blend containing 1,6-hexanediol and acrylic acid. The physical properties of the final
film were tested. The coatings containing MVG showed high flexibility and low hardness compared to the

? The wotk discussed in this appendix was cartied out in collaboration with Ph.D. Samuel G. Elliot (DTU) duting an
external working visit at Perstorp AB.
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reference. The results indicated the incomplete cross-linking of the blend and further optimizations of the
formulations were necessary.

Reference blend with HDDA monomer Tested blend with MVG+HDO monomer TMP__TA
Cross-linker

pooote et A
oA

Figure B.1. Structures of the monomers of the blends studied for UV-curing and structure of TMP-TA cross linker.

B.3 The epoxide of MVG in cationic UV-cured coatings

MVG was epoxidized by meta-chloroperoxybenzoic acid to give methyl 2-hydroxy-2-(oxiran-2-yl)acetate
(Figure B.2).70 First, the reactivity of the compound was studied by Differential Scanning Calorimetry (DSC)
and FT-IR spectroscopy. The results confirmed the high reactivity of the epoxide and the possibility to react it
both with acids and with itself. Thus, possible applications of the compound in formulations for cationic

(0]
Q/J\g/o\

Figure B.2. MVG epoxide, methyl 2-hydroxy-2-(oxiran-2-yl)acetate

UV-cured coatings were tested.

Epoxy resins can also be polymerized by UV-curing in the presence of a photo-initiator. In this case, the process
of polymerization occurs by the formation of highly reactive epoxy cations, which propagate the reaction
forming the polymeric chain.?’! The epoxide of MVG was tested as reactive initiator in different blends for the
UV-curing of 3,4-epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (ECC). All the blends dried
quickly and homogeneous films were rapidly obtained. The characterization of the physical properties indicated
high hardness and chemical resistance. The results indicated the possibility to apply the MVG epoxide to
formulations for cationic UV-cured coatings.

B.4  Conclusions on the study of the applicability of MVG in coatings

In this appendix, an overview of possible applications of MVG as bio-based monomer in formulations for
coatings was presented. The pure MVG as reactive diluent in alkyd resins did not present optimal behavior and
MVG was not integrated in the final product. In contrast, the photo-polymerization of MVG with
1,6-hexanediol occurred successfully. However, the characterization of physical properties of the final product
suggested the incomplete cross-linking of the blend and further studies are needed for the optimization of the
application. Finally, the epoxide derived from MVG was studied in formulations for the cationic UV-curing of
epoxy resins. The films obtained in the presence of MVG epoxide were polymerized quickly and the resulting
coatings showed high hardness and resistance. The results indicated the possibility of applications in
formulations for coatings for MVG and MV G-derived molecules.

" Synthesis and putification of the epoxide were catried out by Ph.D. Bo Jessen (DTU).
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Supplementary Information

Supplementary Information

In this section, additional information to the results discussed in Chapter 3-6 are enclosed.

Sl.1  Catalysts characterization

Table SI.1.1. Physical properties of the catalysts containing different amount of tin used for the conversion of glucose to ML,
MVG/THM and methyl glycosides discussed in Chapter 5.1.3.

Elemental Analysis X-ray diffraction Ne-adsorption NH-TPD .
Entry Catalyst SeeT(M?/g)  Tmax Absorption

Si / Metal Primary Phase °C pumol/g

1 Sn-Beta (PT, 12.5) 20 *BEA 778 191 316.7
2 Sn-Beta (PT, 50) 45 *BEA 771 202 265.3
3 Sn-Beta (PT, 100) 98 *BEA 758 191 141.9
4 Sn-Beta (PT, 150) 152 *BEA 773 248 471
5 Sn-Beta (PT, 200) 165 *BEA 792 252 39.3

Table SI.1.2. Physical properties of the catalysts containing different amount of Sn used for the conversion of glycolaldehyde to MVG
discussed in Chapter 5.1.3.

Elemental X-ray N2-adsorption NHs-TPD
Entry Catalyst Analysis diffraction  Sger  Smicropore  Viotal  Vmicropore  Trmax Absorption
Si/sn m2/g mL/g °Cc  umol/g mOSI/rTol
1 (SF[‘TB;":; 23 BEA 617 415 101 o1es 27 18 028
2 (SF[‘TB;’:)"“; 50 BEA 638 433 101 o474 283 13 04
3 (f,'{'ieotg) % BEA a5 430 107 o477 2% 718 043
A (ir{iestg) 145 BEA o s 110 oqg3 248 471 042
5 (f,'{ieotg) 198 “BEA 657 444 106 0179 22 386 047
6 (ir{i%tg) 41 “BEA 661 425 112 0163 o8 272 068

Table SI.1.3. Correlation between tin content and Si/Sn nominal ratio in the studied stannosilicates.

Si/Sn 100 150 200 400
Tin (wWt%) 2.0 13 1.0 0.5

144



Supplementary Information

Sn-Beta (400)
Sn-Beta (200)

Sn-Beta (150)
Sn-Beta (100)

Sn-Beta (50)
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Figure SI.1.1. XRD patterns of post-treated Sn-Beta zeolites containing different amounts of tin.

det [mode] HV |spot] WD |mag n
ETD| SE 12.00kV| 3.0 [12.0 mm 2 075 x

det mode HV spot WD mag -
ETD SE 12.00kV 3.0 /12.0 mm 1903 x

Figure SI.1.2. SEM images of hydrothermal Sn-Beta (150) zeolite discussed in Chapter 3-6.
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10 um

Figure SI.1.5. SEM images of Beta zeolite dealuminated by acidic treatment discussed in Chapter 3-6.
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Figure SI.1.7. SEM images of the parental Beta zeolite (left) discussed in Chapter 3-6 and the parental USY zeolite (right) discussed in
Chapter 5.

147



Supplementary Information

Figure SI.1.8. SEM images of the mesoporous Sn-Beta zeolites discussed in Chapter 5: a) parent H-Beta zeolite, b) microporous Sn-Beta
(100), c) [deSi] Sn-Beta (100), d) hydrothermal mesoporous [HT] Sn-Beta (100). Adapted from Ref. 212.

Figure SI.1.9. SEM images of the mesoporous Sn-USY zeolites discussed in Chapter 5: a) parent H-USY, b) microporous Sn-USY,
) [ST] Sn-USY (25), d) [DR] Sn-USY (25). Adapted from Ref. 212.
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Sl1.2  Structures

Methyl D-glucosides

Methyl D-fructosides

Methyl D-mannosides

Methyl L-sorbosides

Figure SI.2.1. Structures of methyl glycosides of the hexoses discussed in Chapter 3

a-Pyranosides B-Pyranosides

Table SI.2.1. Structures and names of compounds considered in this thesis

a-Furanosides

[-Furanosides

Abbreviation Name Structure
(@] OH
| 2
3DG 3-Deoxyglucosone
H H
o
DHA Dihydroxyacetone HO\)K/OH
(0]
DPM Methyl 2,5-dihydroxy-3- ~0 X"0H
pentenoate H
O OH
| z
ERO Erythrose
H H
OH OH
ERU Erythrulose m
H
0 @]
Fur Furfural | Y
Vi
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0
FA Formaldehyde HJ\H
OH OH OH
Fru Fructose
H H
OH
GA Glycolaldehyde O%)
Oo_ OH
GA dimer Glycolaldehyde dimer /[ ]/
HO™ ~O
OH
GA-HA Glycolaldehyde hemiacetal \O/J\(]?
H
~o0
GA-DMA Glycolaldehyde dimethyl acetal ~0
H
OH
GLA Glyceraldehyde Ok _OH
O OH OH
I vy
Glu Glucose
H H H
o]
o]
HBL 3-Deoxy-y-butyrolactone
H
HO (0] /O
HMF 5-Hydroxymethylfurfural | y/
O OH OH
| =
Man Mannose :
OH H H
(o]
ML Methyl lactate \O%
H
0}
MMHB methyl 2,4-dihydroxybutanoate \OJ%\/O\
H
o]
Me-Lev Methyl levulinate \O/U\/\K
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MVG
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Xylu

Methyl vinyl glycolate
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Abstract

Sn-beta zeolites are among the most promising catalysts for the conversion of biomasses due to their high Lewis acidity,
which allows coordination to functionalized molecules and promotes cleavage and rearrangement reactions. For applications
in biorefining zeolite porosity would ideally be optimized to avoid diffusional limitations, which otherwise may decrease
reaction rates and restrict the conversion of bulky substrates. The synthesis of mesoporous zeolites can help alleviating
limitations and is a central topic in heterogeneous catalysis, with many synthetic procedures for mesoporous zeolites pro-
posed over the last decades. Here, we explore different syntheses routes to prepare Lewis acidic Sn-containing zeolites, and
the main features of the prepared mesoporous materials are characterized. We investigate the correlation between different
types of porosity and the activity for the conversion of sugars into methyl lactate. The monomer glucose, the dimer sucrose
and the oligomer inulin are applied as model substrates for the reaction in order to probe the accessibility of molecules with
different sizes to active sites in zeolites with different pore systems.

Keywords Biomass conversion - Inulin - Mesoporous zeolites - Methyl lactate - Sn-beta

1 Introduction

Sustainable production of fuels and chemicals requires the
replacement of fossil feedstocks with renewable resources.
Among those, abundant low cost biomass feedstock com-
posed of highly functionalized molecules promises a favora-
ble carbon footprint and the ability for transformation into
many relevant chemicals along several chemo-catalytic
routes [1].

In the last two decades, Lewis acidic zeotype materials
have received much attention for biomass conversion due to
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their high Lewis acidity, which allows the coordination to
functionalized molecules and promotes cleavage and rear-
rangement reactions [2, 3]. Among the Lewis acidic zeotype
materials, Sn-beta zeolite is perhaps the most studied cata-
lyst due to its versatile catalytic activity in the conversion of
simple sugars, promoting transformations such as isomeriza-
tion [4, 5] and epimerization [6] of glucose, retro-aldol reac-
tions [3], hydride-shifts and rearrangements into different
products [7]. The production of methyl lactate starting from
either glucose, fructose or sucrose has arguably remained
the most important process catalyzed by Sn-beta, as this pro-
cess permits the sustainable production of the monomer for
polylactic acid (PLA) formation [8]. PLAs represent about
10% of the raw material globally produced for bioplastics,
and their production capacity is expected to grow by 50%
by 2022 as a consequence of the biobased origin and bio-
degradability of the compounds [9]. Additional a-hydroxy
esters, such as methyl vinyl glycolate (MVG) and methyl
trans-2,5,6-trihydroxy-3-hexenoate (THM) are formed in the
sugar conversion reaction, making the process a possible
source for the production of diverse polyester monomers that
contain additional groups for functionalization [7, 10-12]
(Fig. 1).
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Abstract

Innovative processes for converting carbohydrates to materials and fuels form the basis for profitable bio-based economies
of the future. For such innovation, approaches that provide detailed structural information would be desirable to detect
uncharted chemistries of carbohydrate conversion. Among the most important value-added products accessible though
conversion of biomass is 5-hydroxymethylfurfural (HMF), whose market values strongly depends on the quality of the
product. Here, we use high-field in situ NMR spectroscopy to shed light on obscure competing reactions of CrCl;-catalyzed
carbohydrate conversion to HMF in water. High-field NMR spectroscopy has enormous prowess in distinguishing isomeric
and dehydrated products formed from glucose. Previously unidentified compounds were identified with this approach and
include anhydrosugars and a variety of branched and linear mono- and disaccharides. Other identified compounds leverage
the understanding of the active catalyst species. In addition to providing mechanistic insight, the approaches and findings

described herein help to measure and manage carbon balances and product quality in HMF production.

Keywords 2D NMR - Cascade reactions - Catalysis - Chromium trichloride - HMF - Sugars

1 Introduction

A change towards sustainable production of materials and
fuels is increasingly imminent. Sustainable production using
rapidly renewable resources involves both challenges and
opportunities for developing novel catalytic approaches
towards the use of resources such as carbohydrates and
lignin [1, 2]. The high oxygen content in these substrates as
compared to fossil compounds is accompanied by high func-
tionality present in biomass [3]. Such abundant functional-
ity in biomass raises the question, how novel processes can
selectively transform the substrate to a product with selected
functionality [3].
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The most important value-added products accessible from
carbohydrates include 5-hydroxymethylfurfural (HMF) [4,
5]. HMF is being investigated by several academic and
industrial groups as a promising precursor of polymers,
resins, pharmaceuticals, fuel additives and solvents [2].
Depending on its quality, market values in the range of
(2-300 USD/kg) have been described [6, 7]. Hence, a pro-
duction of highly pure compound is desirable for profitabil-
ity. Processes of production have included transformations
of carbohydrates using Lewis acidic salts and water as an
obvious green solvent [6]. In addition, water is a more prom-
ising option for HMF purification than high-boiling organic
solvents or ionic liquids [8—10].

While glucose is the cheaper and hence economically
more attractive substrate than fructose, HMF yields from
glucose in water have left room for improvement. Such
improvement should be based on reliable carbon balances,
but reported carbon yields often imply a significant amount
of unidentified compounds in the reaction mixtures. The
quantity of these compounds would help close the carbon
balance of the processes, while their identity would be indic-
ative of reaction mechanisms that are accessible under the
given reaction conditions. The nature of byproducts in the
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Abstract

Carbohydrate conversion offers access to a variety of chemicals with diverse functionalities. An accurate analysis of the mul-
tiple products in post-reaction material is indispensable for enabling good atom economy in biorefining. A certain need for
reconsidering current analytical approaches to chemocatalytic biomass conversion is witnessed by the often poor carbon bal-
ances that are reported for carbohydrate conversion processes. Carbohydrate conversion usually includes isomerization and/
or dehydration, therefore analytical approaches that are suitable for the distinction and concurrent quantification of isomers
are desirable for developing sustainable processes towards known and new chemicals. Quantitative 1D NMR spectroscopy
can be used to determine absolute concentrations in the absence of purified reference compounds and can thereafter be used
to obtain response factors in other analytical methods resolving the compounds of interest. Here, we show that this approach
is applicable for obtaining response factors relative to an internal standard for rapid, highly resolved 2D NMR spectra at
natural isotopic abundance. Following calibration, this approach provides a limit of quantification in the order of (.8 mM
within an experiment time of a few minutes. The approach is particularly beneficial for the quantification of compounds at
low concentrations, for instance in initial rate experiments, and for the quantification of low populated reaction intermediates.

Keywords Biomass - Catalysis - gNMR - Quantitative analysis - Reference standard - Response factor

1 Introduction

The current trajectories of global population growth and of
natural resource consumption are unsustainable, as many
natural resources are poised to deplete within the next few
generations. Hence, sustainable means of producing known
and new chemicals to sustain our materials- and energy-
demanding lifestyles are needed. In this shift to alterna-
tive industries that rely more on renewables and less on

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11244-019-01131-y) contains
supplementary material, which is available to authorized users.
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petroleum refining, biomass is a promising feedstock [1, 2].
Biomass conversion offers access to a variety of chemicals
with diverse functionalities, for instance through the use of
solid acid catalysts such as zeolites [3, 4].

Accurate qualitative and quantitative analysis of the mul-
tiple products in post-reaction material is indispensable for
the development of biorefinery technology. The conversion
of biomass often includes the isomerization or dehydration
of carbohydrates [3, 5-10]. Therefore, analytical approaches
that are suitable for the distinction and concurrent quantifi-
cation of isomers (such as monosaccharides and their respec-
tive dehydration products) are poised to be particularly valu-
able for the analysis of biomass conversion products, and
thus for aiding sustainable processes towards known and
new chemicals. A certain need for reconsidering analytical
approaches to chemocatalytic biomass conversion is wit-
nessed by the often poor yields and low carbon balances
that are reported for carbohydrate conversion processes, with
little effort to identify and quantify the byproduct “dark mat-
ter” in the mixture [11].

NMR spectroscopy has been used in qualitative and
quantitative analysis for more than five decades [12].
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Simple sugars show promise as substrates for the formation of fuels and chemicals using heterogeneous
catalysts in alcoholic solvents. Sn-Beta is a particularly well-suited catalyst for the cleavage, isomerization
and dehydration of sugars into more valuable chemicals. In order to understand these processes and save
resources and time by optimising them, kinetic and mechanistic analyses are helpful. Herein, we study sub-
strate entry into the Sn-Beta-catalysed methyl lactate process using abundant hexose substrates. NMR
spectroscopy is applied to show that the formation of methyl lactate occurs in two kinetic regimes for
fructose, glucose and sucrose. The majority of methyl lactate is not formed from the substrate directly, but
from methyl fructosides in a slow regime. At 160 °C, more than 40% of substrate carbon are masked (i.e.
reversibly protected in situ) as methyl fructosides within a few minutes when using hydrothermally
synthesised Sn-Beta, while more than 60% methyl fructosides can be produced within a few minutes using
post-synthetically treated Sn-Beta. A significant fraction of the substrate is thus masked by rapid methyl
fructoside formation prior to subsequent slow release of fructose. This release is the rate-limiting step in
the Sn-Beta-catalysed methyl lactate process, but it can be accelerated by the addition of small amounts
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Introduction

Simple sugars can be converted into fuels and chemicals, in-
cluding levulinic acid,"® 5-hydroxymethylfurfural (HMF),>’°
lactic acid'™"! and others,”'*'® using zeolite-based materials
as heterogeneous catalysts. Sn-Beta in particular is able to
promote the cleavage, isomerization and dehydration of car-
bohydrates into more valuable chemicals. Such reactions in-
clude valorisations of abundant simple sugars by converting
them into rare sugars®'"'7>* at moderate temperatures near
100 °C, or the formation of different hydroxyl esters as pro-
spective building blocks for the production of biomass-
derived polymers at temperatures near 160 °C."*'*'%?° gince
the stability of the catalysts for the production of Sn-Beta is
increased in alcoholic solvents compared to water,’ a high
temperature process is normally carried out in short-chain al-
cohols. The use of alcoholic solvents leads to the formation of
activated and pH-neutral methyl esters and glycoside by-prod-
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of water at the expense of the maximum methyl lactate yield.

ucts.">7'? The transformation of simple sugars into methyl
lactate'™* or other o-hydroxy esters'***'®2® is a possible
route for the sustainable production of polymers in bio-based
processes. PLA (polylactic acid) has attracted great interest be-
cause of its mechanical and physical properties, and the pos-
sibility to combine lactic acid with other monomers and thus
obtain a large variety of copolymer materials for diverse appli-
cations.”” In addition, lactic acid is a platform for other
chemicals and allyl lactates are promising green solvents.'”
Knowledge-based approaches to improving biomass con-
version processes could benefit from a detailed kinetic and
mechanistic understanding of the processes. Relatively little
attention has been devoted to the systematic study of reac-
tion kinetics in the Sn-Beta-catalysed methyl lactate process.
Herein, we therefore employ a quantitative NMR methodol-
ogy to derive a kinetic model of carbohydrate influx into the
pathway that ultimately converts a fructose intermediate to
methyl lactate. Glucose and fructose had previously been
shown to yield similar product mixtures in the Sn-Beta-
catalysed methyl lactate process, while the non-reducing di-
saccharide sucrose resulted in higher methyl lactate yields,
possibly due to a slower release of reducing sugars. We
hypothesised that a slow release of reducing sugars may play
a generally neglected role in Sn-Beta catalysed conversions of
glucose, fructose and sucrose at temperatures near 160 °C,

Catal Sci. Technol., 2018, 8, 2137-2145 | 2137

156



List of Pubblications

Catalysis
Science &
Technology

ROYAL SOCIETY
OE CHEMISTRY

View Article Online

View Journal | View Issue

Facile and benign conversion of sucrose to
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Sucrose is by far the industrially most abundant simple carbohydrate with a production volume of more
than 160 million metric tons from sugar cane and sugar beet per year. Many promising pathways towards
bio-based organic compounds use, however, fructose as the pathway substrate. Hence, a chemocatalytic
approach to convert sucrose into fructose would provide a means to channel sucrose into pathways for
sugar valorization. Here, we show that a variety of heterogeneous zeolite catalysts with balanced Brensted
and Lewis acidity enable a simple route for the conversion of sucrose to more than 80% fructosides or
fructose at 100 °C, The catalysts can encompass aluminium or tin Lewis acidic sites in various zeolite
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frameworks. The reaction proceeds in volatile alcohol solvents and broadly enables the channelling of
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Introduction

Carbohydrates constitute the predominant fraction of annu-
ally renewable biomass, mostly in the form of structural poly-
saccharides, storage polysaccharides or simple carbohy-
drates." Among the simple carbohydrates, the disaccharide
sucrose (o-p-glucopyranosyl-{1—2)-B-o-fructofuranoside) re-
fined from sugar beet or sugar cane has particular relevance,
reaching global production volumes of more than 160
million metric tons per year, orders of magnitude higher
than worldwide glucose and fructose production.'”

While its use as a chemical feedstock has remained lim-
ited, sucrose as the most abundant simple carbohydrate is
poised to play a role as a substrate for the production of or-
ganic compounds from renewable biomass.>* So far, fructose
has played a central role as the entry point for molecular
pathways leading to bio-based chemicals and fuels due to the
higher reactivity of fructose relative to glucose.” These path-
ways often involve dehydration of the furanose form or dehy-
dration and retro-aldol reactions of the open-chain form to
products such as 5-hydroxymethylfurfural (HMF), levulinic
acid, lactic acid or unsaturated a-hydroxy esters.*” Both fura-
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sucrose into processes that use fructose as the pathway substrate.

nose and acyclic forms are orders of magnitude more highly
populated in fructose solutions than in glucose solutions. Ac-
cordingly, chemocatalytic glucose-to-fructose isomerization
procedures have been devised using Lewis acidic zeolite cata-
lysts that also exhibit activity in carbohydrate dehydration
and cleavage.*®? These Lewis acidic zeolite catalysts exhibit
strongly improved stability in short-chain alcohols such as
methanol, if compared to water.” In addition, the use of alco-
hols in glucose-to-fructose isomerization has been proven
beneficial due to the fast sequestration of the formed fruc-
tose as fructosides."™"' Hence, the use of methanol in
glucose-to-fructose isomerization permits the formation of
fructosides in amounts near 60% from glucose, higher than
the equilibrium distribution of 42% fructose (50% glucose,
8% other sugars, especially mannose) attainable in water.'"'?
Glucose-to-fructose isomerization has been shown to proceed
by a stereoselective 1,2-hydride shift in the acyclic form in
methanol when aluminium- and tin-containing zeolite cata-
lysts were used.'® This reaction mechanistically resembles
the enzymatic glucose-to-fructose isomerization by xylose
isomerase.

Sucrose is a non-reducing carbohydrate that does not lend
itself directly to biomass conversion reactions occurring in
the open-chain form. Accordingly, sucrose has been consid-
ered stable in isomerization reactions using Lewis acidic zeo-
lites under mild reaction conditions (near 100 °C) in water."?
Sucrose is, however, easily hydrolysed by Brensted acids, but
the instability of fructose under usual process conditions
employing homogeneous Bronsted acids for biomass hydroly-
sis poses a potential problem for fructose production by such

This journal is © The Royal Society of Chemistry 2017
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