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Research Scientist Martin S. Holm (HTAS). Both supervisors ended up leaving
for other challenges and instead Research Scientist Irantzu Sadaba (July 2014,
HTAS) and Prof. Anders Riisager (August 2016, DTU) took over.

The thesis is divided into 7 chapters. Chapter 1 presents the motivation
and introduces the field and state of the art of carbohydrate conversion using
stannosilicates. Chapter 2 details the experimental procedures used to
synthesize, characterize and test the catalysts. Chapters 3 to 6 present the main
results obtained including a brief introduction at the beginning of each chapter
and concluding remarks at the end. Chapter 3 describes the effect of tin on
the hydrothermal synthesis of Sn-Beta. Chapter 4 details the optimization of
methyl lactate using an alkali cosolute. Chapter 5 investigates the pathways
involved in the conversion of carbohydrates. Chapter 6 describes the use of
shape selectivity to convert glycolaldehyde into valuable products. Chapter 7
provides an overarching conclusion across all chapters. Unless otherwise
stated, all tables, figures and schemes have been prepared by me.

A detailed list of abbreviations used throughout the dissertation can be
found in Tables A.6 and A.7 on p. 163 and 1606, respectively.

The thesis is the culmination of many years of studies (and hard work),
and I hope you will enjoy the read!
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Abstract

Abstract

The transition to renewable carbon sources such as biomass will require
entirely new catalytic processes and result in completely new products. An entire
industry is built up around the chemicals that are available from fossil resources
but will be unfeasible to prepare from other carbon sources. This dissertation
describes the preparation and use of several important stannosilicate materials,
known to transform carbohydrates into different valuable products. Several
aspects of the tin-containing catalysts are investigated and discussed and new
insight into the conversion of sugars is provided.

The catalyst Sn-Beta is an important and highly active catalyst in a number of
reactions. By carefully investigating the fluoride-route synthesis, the active
component tin was discovered to influence the crystal morphology by changing
the growth of the crystals. Even a small increase in tin content lead to much longer
crystallization times (up to 60 days). Tin was furthermore not evenly distributed
within the crystals, but instead found as an enriched outer shell. Small amounts of
alkali were found to limit the growth retardation, enabling the preparations of Sn-
Beta materials with high tin content.

For the catalytic conversion of sugars, the addition of alkali to the reaction
media was also found to have a large effect on the product distribution. Having
small concentrations of alkali present modified Sn-Beta to favor retro-aldol/aldol
condensation reactions resulting in up to 75% methyl lactate from sucrose at
optimized conditions. The effect of alkali was found to transcend to a variety of
sugars, solvents and other stannosilicates such as Sn-MCM-41 or Sn-Beta
prepared by a post-synthesis methodology. The latter makes it possible to use
industrially relevant tin-containing catalysts to achieved high yields of methyl
lactate simply by optimizing the amount of cosolute.

In the absence of alkali, instead of retro-aldol reaction, hexoses and pentoses
were found to undergo B-dehydration leading to several new and highly functional
products. These include the #rans-2,5,6-trihydroxy-3-hexenoic acid methyl ester
(from hexoses) or #rans-2,5-dihydroxy-3-pentenoic acid methyl ester (from
pentoses) in acceptable yields (18-33%). Several additional products and
intermediates were identified and quantified, providing a better understanding of
the transformation of sugars catalyzed by tin.

By using a zeolite with narrow channels (Sn-MFI), shape selectivity could be
exploited for the valorization of small sugars. Glycolaldehyde (GA) could
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selectively undergo aldol condensation to give high yields of the rare tetroses
(74%). With larger pore systems and channels either substantial yields of hexoses
were formed from subsequent condensation reactions (Sn-MCM-41 and Sn-Beta):
In the particular case of Sn-MFI and Sn-Beta, additional conversion of the tetroses
lead to vinyl glycolic acid and «-hydroxy-y-butyrolactone (HBL). Changing the
conditions, it was possible to form up to 44% of VGA directly from GA using
Sn-MFI.

An important part of making the transition to more renewable resources is to
have attractive alternatives to switch to. This means new, interesting chemicals
easily obtainable from the most abundant biomass-derived sugars need to be
found. The findings and processes investigated and discussed here should be a
move in this direction.

VI



Resumé

Resumé

Skiftet til fornybare kulstofkilder sisom biomasse vil krave helt nye
katalytiske processer og resultere 1 fuldsteendig nye produkter og kemikalier. En
hel industri er bygget op omkring de kemikalier, der er tilgengelige fra fossile
ressourcer. Kemikalier det ikke vil veere muligt at fremstille fra andre kulstofkilder.
Denne athandling med titlen ”Syntese, karakterisering og evaluering af tin-holdige
silikater til omdannelse af biomasse” beskriver fremstillingen og brugen af
adskillige, vigtige stannosilikat-materialer, der er kendte for deres brug inden for
netop omdannelsen af kulhydrater til forskellige verdifulde produkter. Adskillige
aspekter af de tinholdige katalysatorer bliver belyst og diskuteret, og der bliver
givet ny indsigt 1 den katalytiske omdannelse af sukker.

Zeotypen Sn-Beta er en vigtig og meget aktiv katalysator i en rackke reaktioner.
Ved ombhyggeligt at undersege fluorid-rute syntesen blev det opdaget, at den
aktive komponent tin har stor indflydelse pa krystalmorfologien ved at zendre pa,
hvordan krystallerne vokser. Selv ved en lille foregelse af maengden af tin blev den
nodvendige krystallisationstid betydeligt lengere (op til 60 dage). Derudover blev
det opdaget, at tin ikke indsattes ligeligt inden i krystallen, men i stedet blev fundet
som en beriget ydre skal. Smd maengder af alkali kunne begrense vakst-
retardation, hvilket gjorde det muligt at fremstille Sn-Beta materialer med meget
hojt tin-indhold.

For den katalytiske omdannelse af sukker blev det konstateret, at tilseetningen
af alkali direkte til reaktionsblandingen havde en stor effekt pd sammensatningen
af de dannede produkter. Sma mengder af alkali a2ndrede Sn-Beta katalysatoren
til 1 hojere grad at favorisere retro-aldol/aldol kondensation reaktioner, hvilket
resulterede i op til 75% methyllaktat fra sukrose wunder optimerede
forsegsbetingelser. Det blev ydermere opdaget, at alkalieffekten ogsa var tilstede
ved omdannelse af andre sukre og i andre solventer. Effekten blev ligeledes
observeret ved brug af helt andre stannosilikater sisom Sn-MCM-41 eller Sn-Beta
fremstillet ved post-syntese. Dette gor det muligt at bruge industrielt relevante
tinholdige katalysatorer til at opna hoeje udbytter af metyllaktat ved blot at
optimere mangden af additiv.

Nar alkali i stedet blev undgéet blev en anden reaktionsvej favoriseret. I stedet
for retro-aldol reaktioner, sa blev bdde pentose- og hexose-sukrene omdannet via
en B-dehydrerings reaktion, som forte til adskillige nye og meget funktionelle
produkter. Disse produkter inkluderer blandt andet #ans-2,5,6-trihydroxy-3-
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hexensyremethylester (fra hexose-sukre) og #rans-2,5-dihydroxy-3-pentensyre-
methylester (fra pentose-sukre) i acceptable udbytter (18-33%). Adskillige
yderligere produkter og intermediater blev identificeret og kvantificeret, hvilket
gav en bedre forstielse af de transformationer, som sukre kan gennemgi
katalyseret af tin.

Ved at bruge zeolitter med smalle porekanaler (Sn-MFI) var det muligt at
udnytte “form selektivitet” til at valorisere sméd sukre. Den selektive aldol
kondensation af glykolaldehyd (GA) forte til hoje udbytter af de sjaxldne tetrose
sukre (74%). Med storre poresystemer og porekanaler blev betydelige maengder
hexose sukre dannet (Sn-MCM-41 og Sn-Beta). I det saxrlige tilfelde for Sn-MFI
og Sn-Beta forte den efterfolgende omdannelse af de dannede tetrose sukre til
dannelsen af vinylglykolsyre (VGA) og a-hydroxy-y-butyrolakton (HBL). Ved at
andre forsegsbetingelserne var det muligt at opna op til 44% VGA direkte fra
GA ved brug af Sn-MFL.

En vigtig del af at lave skiftet til mere vedvarende ressourcer er at have
attraktive alternativer at skifte til. Dette kraever nye, interessante kemikalier, som
nemt kan fremstilles fra de mest tilgaengelige sukre, der kan fis fra biomasse.
Opdagelserne gjort til denne afhandling og de undersogte og diskuterede
processer er forhdbentligt et lille skridt i den retning.
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Chapter 1. Introduction

1

Introduction”

Material science has greatly contributed to many of the scientific advances
that have led to the development status of the 215t century. The most obvious
innovations are found in the things that surrounds on a daily basis. Phones and
computers have increased in complexity and speed thanks to flash memory and
faster processors, and solar panels on houses and battery-fueled cars are becoming
an increasingly common sight. Another area of material science has however had
an even greater impact on the world that surrounds us. The use of catalysts has
had an immense influence on all aspects of society over the last 100 years from
providing the ability to feed the growing population to cleaning the off gas from
chemical plants for cleaner air. From synthetic fertilizer, over fuels, to the
chemicals involved in everything from plastics to fine chemical pharmaceuticals,
almost all are at some point in their manufacture dependent on the use of catalysts.
It is estimated that 90% of chemicals produced in the word involve at least one
catalytic step.[1] In this sense, catalysis has paramount importance in almost
everything man-made that we come into contact with including the phones and
cars mentioned above. The majority of the chemicals produced are currently
obtained from fossil resources such as natural gas or oil. As we slowly transition
from these finite sources of carbon for the production of chemicals to more
renewable resources, new catalysts and catalytic systems will be needed.[2]
Biomass, one of the most readily available carbon sources, is so different in its
chemical structure from oil that many existing technologies will not be usable for

this new feedstock. Not only will new catalysts and processes have to be

* Parts have been adapted from Tolborg e# a/. The Catalyst Review 2013, 26 (11),
6-12.
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developed, entirely new chemicals will be the result of this change derived from
the more oxygen-rich sugars obtained from biomass.[3] As a result, not only will
the chemical industry have to change with this transition, but the off-takers; the
polymer producers, the chemical companies will likewise have to evolve and
adapt. This can be done either by incorporating these new chemicals into their
current portfolio, if possible, or for the production of an entirely new biomass-
specific portfolio of products.

This dissertation covers the preparation and evaluation of a specific type of
catalyst for the conversion of sugars substrates into chemicals of high value. These
catalysts are reliant on tin as their active site, previously shown to possess excellent
properties in many different reactions involving sugars. The aim of the
introduction is to provide insights into the nature of the different types of
available stannosilicates and their use for carbohydrate conversion. This entails a
brief introduction to zeolites and zeotypes, the preparation and active site of Sn-

Beta and the use of this type of material in the conversion of sugars of all sizes.

1.1 Zeolites and zeotypes

Zeolites are well-known in industrial chemistry due to great potential as
catalyst in many wide-spread applications, for instance in fluid catalytic cracking
and as a hydrocracking catalyst.[4, 5] These crystalline microporous
aluminosilicates are widely used in industrial processes employing solid acid-base
catalysts, for instance dehydration/condensation, isomerization, alkylation and
cracking.[6] Although many naturally occurring zeolites exists, hundreds of
different zeolite frameworks have been prepared synthetically. Framework
structures are denoted using a 3-letter code, and the Structure Commission of the
International Zeolite Association covers 232 different framework topologies. Out
of these only a few have been widely used as catalysts in industry with an
approximate consumption of ~250.000 metric tons (anhydrous) per year.[7] A
particular example of common zeolite is ZSM-5, with the MFI framework, is
extensively used. Zeolites possess distinct active sites and a framework with well-
defined pore dimensions, allowing for the discrimination of products and
reactants based on size and shape.[8, 9] The channel systems can protrude the
structure in one, two or three dimensions with the channel in the Angstrgm—scale
Z.e. similar in size to many chemicals. The fact that the pores have very specific
and uniform sizes makes these material excellent at shape selectivity. They are also
called molecular sieves, since they can separate molecules based on their size. The
most common types of shape selectivity are shown in Figure 1.1. These different
types of selectivity involve restricting the access of certain reactants into the pore
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channels (reactant selectivity), allowing only the release of one type of product
(product selectivity) or hindering the formation of more than one product around
the active site (transition-state selectivity).[9] The types of selectivities are similar
to what is achieved using enzymes, affording zeolites the nickname
metalloenzymes.[4, 10]

Reactant selectivity

AANAAAAAAAANNAAANN
Dmm
AN

NN

Product selectivity

\\ \N\\\\
L Qv@\ O
\ R

Restricted transition-state selectivity

o TN
\\\\\\\\

\\\\ \\\\\

Figure 1.1. Reactant, product and transition-state shape selectivity.[9]

r

In conventional zeolites, connected tetrahedra of SiO4 and [AlO4]" impose a
charge imbalance in the crystalline framework, which is compensated for by
external cations present in the material such as protons or alkali/alkaline earth
metals. This inequity in charge is what gives zeolites its useful properties as a solid
Bronsted acid or for ion-exchange purposes.

A zeolite is defined as a porous, crystalline aluminosilicates. In either the
absence of alumina or silicon or when additional elements are introduced, the
material is instead denoted a zeotype material. A zeotype is thus structurally
identical to a zeolite. Although many different types of zeotypes exist, this
dissertation will focus on the introduction of Lewis acidic elements into the zeolite
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framework while excluding aluminum entirely. By inserting elements such as tin,
titanium or zirconium into the crystal lattice of the material, Lewis acidity is
introduced, making sites available in the material capable of attracting and
accepting electrons. This is vastly different from the conventional Brensted acidic
zeolites instead able to donate a proton. As a result, the solid Lewis acids possess
completely altered catalytic properties. In the work done here the focus will
primarily be on zeotypes where tin is introduced as the active metal, the so-called
stannosilicates. This group of catalysts have shown exceptional properties for the
conversion of biomass-derived sugars, something that will be discussed in more
details later.[11-13] Although in general only little tin can be incorporated in the
zeolite structure, often as low as one tin atom per hundreds of atoms of silica, the
atomic distribution in the structure makes for an ideal single-site heterogeneous
catalyst, creating a catalyst in which every single embedded metal can be an active
site.

The stannosilicate Sn-Beta is one such zeotype consisting exclusively of
silicon, tin and oxygen and has the *BEA zeolite framework. Sn-Beta has
continuously been shown to possess high catalytic activity and selectivity in a
number of industrially relevant reactions including in Baeyer-Villiger (BV)
oxidation and in Meerwein-Ponndort-Verley-Oppenauer (MPVO) redox
reactions.[14, 15] For the work here, it is the role for Sn-Beta for the conversion
of carbohydrates that makes the catalyst of high interest. This catalyst has been
shown to possess high activity both in the isomerization of sugars as well as in the
conversion of sugars to the biomonomer methyl lactate (ML) in high yields.[16-
18] To better understand the exceptional properties of Sn-Beta and its uses as well
as to introduce some of the different zeotypes used throughout this dissertation,
I will here briefly introduce key discoveries within this group of Lewis acidic
zeotypes.

The discovery of titanium silicate-1 (TS-1) was made around 30 years ago by
the group of Taramasso by substituting a small but significant percentage of the
silicon atoms in the zeolite with titanium.[19] TS-1 has the MFI crystal structure,
making it isomorphous to industrially important zeolite ZSM-5 mentioned eatlier.
The solid Lewis acid possessed exceptional catalytic properties in the epoxidation
of olefins and the oxidation of alcohols to aldehydes and ketones, leading to rapid
industrialization in the production of diphenyls (catechol and hydroquinone),
cyclohexanone oxime, and propylene oxide.[20] Cyclohexanone oxime is an
important intermediate in the production of Nylon-6, and propylene oxide is used
in the production of polyurethane plastics and propylene glycol. The discovery of
Ti-Beta (isostructural to Sn-Beta) occurred in 1992, when the group of Camblor
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prepared a titanoaluminosilicate with the *BEA framework structure.[21] It was
later prepared without aluminum in the structure using fluoride ions instead of
hydroxide ions as the mineralizing agent during synthesis.[22] Fluoride ions
change the supersaturation during synthesis enabling the preparation of materials
otherwise difficult to synthesis. It however also often, as in the case of Ti-Beta
(and later Sn-Beta) involves the use of hydrofluoric acid (HF) making direct
industrial upscaling difficult.

MFI *BEA
«—>
~6 A «—>
~TA

Figure 1.2: Graphic visualization of the respective frameworks of the pore systems in
the crystalline MFI and *BEA zeotypes.[23]

One of the main advantages of introducing the Lewis acidic metal into the
*BEA framework as compared to that of MFI was the slightly larger pore size as
shown in Figure 1.2. MFI is made up of 10-membered ring pore openings
(diameter of ~6 A) whereas the ones in *BEA are 12-membered (diameter of ~7
A). Since most of the active sites are present within the pore system of the zeolite,
the size of the channels can both be a benefit resulting in some of the shape
selective properties shown in Figure 1.1 on p. 3, or unfortunate limitations in the
size of the molecules that can be converted using the porous catalyst. For TS-1
the narrow channels restricted the choice of substrate to relatively small sizes.
Although the difference in size of the pore opening is modest, it had tremendous
effect on reactivity and selectivity in a number of reactions when comparing the
two titanium-containing materials. TS-1 was for instance able to selectively
convert 1-hexene to the corresponding epoxide, whereas the use of Ti-Beta
resulted in the formation of primarily byproducts (Figure 1.3a).[24] When a
bulkier product was targeted such as the epoxide of norbonene (Figure 1.3b), no
reaction was observed with TS-1, whereas Ti-Beta could successfully form the

epoxide.[25]
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Figure 1.3: Epoxidation of a) 1-hexene and b) norbonene with TS-1 and Ti-Beta.[24,
25

Despite the rapid industrial success of the TS-1 catalyst, the tin-containing
equivalent Sn-MFI was synthesized approximately 10 years later but has received
little attention over the years.[26-29] Sn-MFI showed promising results in the
oxidation of ethylbenzene to acetophenone, yielding better results than TS-1 at
similar conditions (Figure 1.4a).[30]

Sl T T

TS-1: ~41% Ti-Beta: ~10% ~80%
Sn-MFI: ~58% Sn-Beta: 100% 0%

Figure 1.4. a) Oxidation of ethylbenzene to acetophenone over TS-1 and Sn-MFI.[30]
b) Oxidation of dihydrocarvone catalyzed by Sn-Beta and Ti-Beta.[31]

The benefit of having tin as the active metal instead of titanium became
apparent as Sn-Beta was introduced, initially by the group of Ramaswamy (1997)
and then by Corma e a/ (2001).[14, 32] The latter showed the excellent
selectivities of this zeotype for the BV oxidation of cyclohexanone to e-
caprolactone (Figure 1.5a), an important chemical in polymer production.|[14] Sn-
Beta was likewise found to selective catalyze the MPVO redox reaction for the
conversion of cyclohexanone to cyclohexanol (Figure 1.5b), and the C-C bond
formation for the conversion of citronellal to isopulegol, a chemical used for the
preparation of menthol (Figure 1.5¢).[15, 33] In all cases the use of Sn-Beta had
significant advantages over the existing system either by replacing expensive
peracids with hydrogen peroxide (for BV) or homogeneous metal alkoxides (for
MPVO) or by offering higher selectivities to the desired products.
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Figure 1.5. a) Baeyer-Villiger Oxidation reaction of cyclohexanone to e-caprolactone,
b) Meerwein-Ponndorf-Verley-Oppenauer redox reaction of cyclohexanone to
cyclohexanol, and ¢) conversion of citronellal to isopulegol by oxo-ene reaction.[14,
15, 33]

Similar to Sn-MFI and TS-1, Sn-Beta was found to catalyze the same type of
reactions as Ti-Beta but with significantly higher activity.[15] Distinct differences
in the catalytic properties of the two incorporated metals have however also been
reported. Ti-Beta was found to be almost inactive in the aforementioned oxidation
and redox reactions of cyclohexanone (Figure 1.5a and b, respectively) but were
active in the epoxidation of octene, the exact opposite activities were found for
Sn-Beta.[34] Moreover, when converting a substrate that could be oxidized to
yield either the corresponding epoxide or lactone, Ti-Beta was found to primarily
yield the epoxide and Sn-Beta the lactone, see Figure 1.4b, showing the
complementary selectivities of these catalysts.[31] Similar changes in reactivity was
found when zirconium was introduced in the framework. Zr-Beta was found
capable of catalyzing many of the same oxidation reactions as mentioned above,
but was likewise able to catalyze the MPV reduction of cinnamaldehyde, where
both Sn- and Ti-Beta showed no activity. [35-38] This shows the versatility in and
importance of choosing the right metal to impart Lewis acidity onto the catalyst.
Although a difference in Lewis acid strength has been provided as explanation for
this difference in reactivity, there are fundamental differences between the
different incorporated metal aside from the acid strength.[14]

1.2 Ordered mesoporous stannosilicates

Apart from the zeotypes, an entirely different type of Lewis acidic
metallosilicates exist. These materials are made up of a mesoporous hexagonally-
ordered pore system with the walls of the structure consisting of amorphous silica,
see Figure 1.6.[39] In a similar manner as for the zeotypes, different Lewis acidic

clements can be implemented into the structure. Due to the amorphous nature of
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the material, however, sites are distributed randomly in the material, thereby
differing substantially from the somewhat well-defined incorporating in a
crystalline framework. Of these materials especially the Mobil Composition of
Matter No. 41 (MCM-41) and the Santa Barbara Amorphous-15 (SBA-15)

materials have been extensively studied both as catalysts and as catalyst

supports.[13, 23, 36, 40, 41]
MCM-41

oo

—s
20-40 A

Figure 1.6. Graphic visualization of the hexagonally-ordered structures found in
MCM-41 and SBA-15.

The main differences between the two materials are the slightly higher surface
area and larger wall thickness of SBA-15 as well as the presence of some
microporosity in this material. Although these materials have generally been
shown to possess a lower intrinsic activity than the zeotypes, a benefit can be
found in their large surface area (>900 m2/g), the possibility of preparing them
with high metal content, and the much larger pores.[13, 27, 40, 41] These catalyst
allow for the conversion of even bulkier substrates than what is possible with Sn-
Beta. [40, 42]

1.3 Preparation of stannosilicates

For this dissertation a variety of catalysts were prepared to investigate and
evaluate their use in reactions involving different carbohydrates. The
stannosilicates include; the medium-sized pore zeotype Sn-MFI, the large-pore
zeotype Sn-Beta and the two ordered mesoporous stannosilicates Sn-MCM-41
and Sn-SBA-15.

Most of the zeotypes are prepared by hydrothermal synthesis. This involves
mixing a silica and tin sources with a structure directing agent (SDA) and treating
the mixture at elevated temperatures under autogenous pressure. The role of the
SDA is to guide which zeolite framework is formed. A number of approaches
have been followed for the preparation of these silicate materials containing Lewis
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acidic elements. For the preparation of Sn-Beta, an overview of some of the
synthesis protocols is shown in Table 1.1 including brief descriptions of the
procedures.

Table 1.1. Different synthesis protocol used for the preparation of tin-containing Beta
zeotypes.

Method Brief description Ref.

Fluoride route:

1) TEOS and are mixed with the structure-directing agent,
TEAOH.

2) Hydrolysis of the silica source releases ethanol leading to

; . [14, 17,
formation of viscous gel. 43.46]
3) HF is added, solidifying the gel.
4) (Optional) Seeds made from a dealuminated commercial
Beta zeolite are added.
5) Gelis hated to 140-160 °C (2-60 days).
= Steam-assisted conversion (fluoride):
g K% 1) SnCly-5H20, fumed silica, NH4F and TEAOH are mixed,
% é stirred and finally dried at 60 °C. [47, 48]
_% ‘i 2) The gel is heated to 180 °C (6 h) in the presence of water
S vapor.
T Dry gel conversion (fluoride free):
1) NaOH, TEAOH and fumed silica is dissolved in an excess
of water, followed by addition of tin zr+butoxide and
H>05,.
2) Seeds made from dealuminated commercial Beta zeolite
[49]
are added.
3) Solvent allowed to evaporated by heating for 24 h at 80
°C.
4) The gel is placed at 140 °C (5 days) in the presence of
watet vapor.
Grafting:
1) A commercial source of Beta zeolite is dealuminated using
@ HNO3; at 80 °C for 8 h. [50-52]
é 2) A flow of nitrogen was first passed through an anhydrous
a SnCly liquid then exposed to the dealuminated sample.
% Solid state ion exchange:
% 1) A commercial source of Beta zeolite is dealuminated using 37, 51
A~ HNO3 at 100 °C for 20 h. 53 ’54]’

2) 'The dealuminated sample is then ground mechanically
with a tin salt.
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Wet impregnation:

1) A commercial source of Beta zeolite is dealuminated using
HNO:3 at 80 °C. [51, 55,
2) Tin is impregnated onto the sample by adding tin salt 50]
dissolved in a volume of water matching the internal
volume of the zeolite.
Reflux impregnation:
1) A commercial source of Beta zeolite is dealuminated using
HNO:3 at 80 °C overnight. 51, 57]
2) A dried sample is refluxed under N> atmosphere in
isopropanol containing the tin salt.

Post-synthesis

The conventional synthesis method (fluoride route), developed by Corma ez
al. (Figure 1.7) involves mixing tetraethyl orthosilicate (TEOS) with
tin(TV)chloride and the SDA tetracthylammonium hydroxide (TEAOH) yielding
a thick gel. The synthesis is finalized by adding HF to exchange the hydroxide
ions from the SDA with fluoride ions transforming the gel into a solid. This
material is then placed under hydrothermal conditions (140 °C, autogenous
pressure) for several days. The benefit of this approach is the highly defect-free
crystals formed, creating a hydrophobic, crystalline material consisting entirely of
silicon, tin and oxygen. This preparation route has certain shortcomings, however,
in terms of long crystallization times, large crystal sizes (>1 um) and the use of
hydrofluoric acid. A thorough investigation of this synthesis method and the
effect of incorporating tin is the focus of Chapter 3. This type of Sn-Beta material
is furthermore used extensively for the conversion of different sugars in Chapters
4 to 6.

Sisource Template

\

Tin source EtOH

Eé ‘J\> ! T (I
L Q_} \"“J“\-\:\ ‘@

D)

~— W Calcination
. (550°C,6h)
Crystallization I T
o i [ =
(140°C, static) —
Filtration
& washing

Sn-Beta

Figure 1.7. Overview of the different steps involved in the fluoride-route synthesis of
Sn-Beta.
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As a consequence of the drawbacks of the fluoride route synthesis, several
alternative approaches have been investigated to ease preparation. These focus
either on improving or modifying the existing synthesis or on a post-synthesis
protocol. For the hydrothermal synthesis it has been shown that extensive
seeding can lead to a significant decrease in required crystallization time. [43]
Seeding involves adding already crystalline zeolite to the synthesis to ease the
initial nucleation. A significant reduction in synthesis time was also achieved
by using a ‘steam-assisted conversion’ approach where water vapor is present
during crystallization.[48, 55] Interestingly, decreasing the amount of water
present during synthesis was likewise found to lead to faster crystallization
cither by reducing water content partially,[45] or to the state of having a dry
gel with as little water as possible.[49] The latter dry-gel conversion approach
led to the first successful fluoride-free preparation of Sn-Beta.

Sn-Beta can also be prepared by a post-synthesis approach. By modifying an
already crystalline zeolite it is possible to create vacancies in the framework in
which tin can be incorporated. For the preparation of Sn-Beta, a commercial
aluminum-containing Beta zeolite is often used. By first treating the zeolite in
concentrated nitric acid, aluminum is removed from the framework, creating
hydroxyl nest vacancies. Tin can then be introduced into these created sites in a
variety of ways including gas-phase grafting, [50-52] solid-state ion exchange,[51,
53, 54] simple wet impregnation,[51, 55, 56] or reflux impregnation in an alcohol
solvent.[51, 57] Using either of these preparation methods it is possible with
relative ease to prepare Sn-Beta with a small crystal size (<0.5 pm) and with the
potential inclusion of large amounts of tin.[58-60] It does however also lead to a
much more hydrophilic material due to the presence of defects in the framework
and residual aluminum.[58] The group of Hammond has furthermore shown that
not all tin is necessarily introduced into the created vacancies resulting instead in
tin oxide species upon calcination.[60] This could however be related to the
chosen impregnation technique or potentially avoided by removing excess tin
species before calcination.[52] Most important of all, this preparation method is
simple, scalable and as a result more likely to be successfully prepared on industrial
scale. For the work done for this dissertation, a wet impregnation methodology
was chosen and used extensively for the conversion of carbohydrates in Chapters
4 and 5.

For Sn-MFI the hydrothermal synthesis was to a large extent pioneered by
the group of Ramaswamy with preparation methods available involving both the
use of fluoride and hydroxide ions as mineralizing agents.[26, 30, 61] Several of
these protocols are still forming the basis of the preparation used today with the
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materials prepared for this dissertation being no exception. For Chapter 6, Sn-
MFT was both prepared using both a hydroxide and a fluoride route protocol.
Similar to the work done to produce Sn-Beta through a post-synthesis procedure,
the group of Perez-Ramirez prepared Sn-MFI following a top-down
approach.[28] Instead of an initial dealumination step, however, the parent zeolite
was desilicated using alkaline media to create defects in the framework in which
tin could be incorporated. Some issues with stability during reaction of these
materials were however found.[62]

For the mesoporous stannosilicates, Sn-MCM-41 and Sn-SBA-15, the
preparation involves mixing different surfactants that align to form micelles that
then again arrange into a hexagonal array. It is around this ordered organic
network that silica and tin can connect to form the ordered amorphous

structure.[13]
1.4 The active site of Sn-Beta

There has been much speculation to the nature of the active site in Sn-Beta,
since its discovery 15 years ago. There are still many unknowns regarding the
active site and the high activity of this zeotype materials. The main focus over the
years has been to find a correlation between the nature of the tin site and the
catalytic performance of the material, the so-called structure-activity relation.[13]

A multitude of spectroscopic techniques has been employed to investigate the
exact configuration of tin in the catalyst including ultraviolet-visible (UV-Vis),[52,
63] infrared (FTIR),[46, 64, 65] and nuclear magnetic resonance (NMR).[31, 66-
68] These techniques have often combined with density functional theory (DFT)
to aid in the interpretation of the acquired results.[59, 64, 69, 70] Additionally,
several of the techniques have also been combined with the use of probe
molecules such pyridine, ammonia or acetonitrile have likewise been used to
‘interrogate’ the active site.[71-74]

It is generally well-established that the active sites found within Sn-Beta does
not simply exists as a uniform environment imbedded in the zeolite framework.
Over the years it has become clear that tin can be found in at least two different
coordinating environments, however the nature of these sites are currently being
debated. An ‘open’ and ‘closed’ site was introduced by the group of Corma in
which tin is either isomorphously substituted within the zeolite framework (Site
A, Figure 1.8) or partially inserted leading to the partly hydrolyzed site (Site B,
Figure 1.8), respectively.[64] To again draw upon the history of the zeotype
materials, the presence of two distinct active sites was previously found to be

present in TS-1 by the group of Millini and in Ti-Beta by the group of

12



Chapter 1. Introduction

Matsukata.|75, 76] For these titanium-containing zeotypes, the hydrolyzed sites
were generally found to have detrimental effects on catalysis. Removal of the
hydrolyzed site (Site B, Figure 1.8) in Ti-Beta by ion-exchange for instance
increased activity in the epoxidation of cyclohexene.[76, 77] Conversely, for Sn-
Beta this site has generally been considered the most active due to its higher Lewis
acid strength (found from FTIR).[34, (4]

One of the main arguments supporting the existence of these two sites in Sn-
Beta has been the use results obtained from the combination of DFT combined
with either FTIR or NMR. For FTIR the presence of the two tin sites was shown
by adsorbing volumes of a probe molecule such as acetonitrile (as is the case on
Figure 1.8) over a dehydrated Sn-Beta sample. From the interaction between the
tin and the adsorbate, two distinct bands at 2308 and 2317 cm-! appear. Using
DFT calculations, these two bands could then be correlated to the two sites shown
in Figure 1.8. The sample had to be dehydrated as the tin site can coordinate to
up to two water molecules thereby hindering true interaction with the probe
molecule.[14, 64] Using solid state NMR spectroscopy on similar dehydrated
samples, likewise yielded what appeared to be two distinct peaks at -420 and -443
ppm again leading to the interpretation that two discrete tin sites exist in the
material.[10, 14] The peak with the highest chemical shift (-420 ppm) was even
observed to be in the presence of a hydrogen in the close environment using
cross-polarization (CP) in agreement with one hydroxyl group present on the
‘open’ site of tin.[10]

Site A 2276 2266

OSi OH
Sln.uOSi S|n"‘OSi
/ /
SiO \OS| SiO \OSi
Site A Site B

T T T T T T T ]
2340 2320 2300 2280 2260 2240 2220 2200

wavenumber (cm™)

Figure 1.8: Probe-molecule infrared spectroscopy of Sn-Beta using deuterated
acetonitrile showing the presence of two distinct bands and the tin sites believed to
cause them. All silicon shown are further connected to the zeolite framework through
three oxygen atoms. Adapted from ref. [13].

Recently, however, it is slowly being shown that the nature of tin incorporated
within Sn-Beta is even more complex and exists in many more configuration than
previously assumed. These differences include the likely presence of a defect in

the near vicinity of the tin site, the interaction of the site with water at ambient
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temperatures as well as the distribution of tin within the framework.[59, 73, 74,
78] The *BEA framework consists of 9 distinct so-called T-sites in which tin can
be placed, recent work performed by the group of Hermans and Coperét shows
that it is not straight forward to elucidate which (if any) of these potential sites are
favored for the incorporation of tin.[59] It was recently shown by Otomo ef al.
that ion exchanging Sn-Beta with different cations affected what was assumed to
be both the ‘open’ and ‘closed’ site in FTIR.[46] Since the ‘closed’ site should be
unaffected by cations, this indicates that the initial interpretation could be too
simplified. Furthermore, tin present in the zeolite appears able to interact with
water to form hydrated open sites already at room temperature, meaning that the
site could be more dynamic under reaction conditions at higher temperatures as
well.[65, 74] The group of Corma showed that the catalytic properties of Sn-Beta
samples was affected by being aged under ambient conditions.[79] It was
furthermore shown by the group of Ivanova that even the coordination of the
active site with different substrate and solvent molecules is not straight
forward.[74] These recent findings underline the complexity of the behavior of
the tin site in reaction.

Recent advances within solid state NMR of tin-containing materials have
made investigating the environment of tin more reliable by significantly increasing
the sensitivity of the technique affording much higher resolution of the
spectra.[66-68] NMR has received much focus as the information gained by
investigating a sample gives direct information about the environment of the
measured nucleus. Previous techniques relied heavily on indirect measurements
to yield information of the tin site for instance the aforementioned use of
acetonitrile where the interaction with the tin would affect the C=N bond length,
detectable by FTIR. By studying tin using NMR techniques, it is possible to
investigate the environment of the active site and ideally to relatable this to the
activity of the material. The low natural abundance of '%Sn (of 8.6%) visible by
NMR coupled with a high relaxation time of the isotope makes it difficult to
increase sensitivity by conventional means (e.g. increasing number of scans). One
way of overcoming this problem has been to investigate enriched Sn-Beta samples
prepared using the tin isotope (119Sn) as the metal source. This is however both
an expensive approach and one that distances the technique from being used on
‘real’ catalysts.[10, 14, 80] Instead, two new approaches of obtaining NMR
measurements have been developed within the last few years. One approach
involves transferring polarization of electron spin of an external radical to the
nuclear spin of tin by way of microwave irradiation. The technique coined
‘dynamic nuclear polarization” (DNP) NMR was developed simultaneously by the
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group of Roman-Leshkov and the groups of Coperét and Hermans.[66, 67] A
different approach based on the application of Carr—Purcell-Meiboom—Gill
(CPMG) echo-train acquisition was developed by the group of Ivanova. This
technique utilizes a series of refocusing pulses in order to measure the response
of tin without having to let the nuclei fully relax.[68] Both approaches significantly
reduces the measuring time (from several days to hours) while simultaneously
reducing the signal-to-noise ratio. This has allowed studies showing large
heterogeneities in the environment of tin within Sn-Beta depending on the
synthesis approach,[59, 81] but more importantly have led to spectra resolution
making it clear that the aforementioned two bands observed with conventional
solid state NMR (at -420 ppm and -443 ppm) are in fact a collection of several
peaks in the region from -420 to -445 ppm (Figure 1.9).[68]

T T T T l T T T T ] T T L ) | T T T T ] L L T
-350 -400 -450 -500
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Figure 1.9. 'Sn DP/CPMG MAS NMR of dehydrated Sn-Beta showing the
occurrence of additional peaks in the range of -400 to -470 ppm. Adapted from ref.
[68].

Furthermore, in the study by the group of Ivanova it was found that the cross-
polarization with 'H observed for the highest shift, originally proving the presence
of an ‘open’ hydrolyzed tin site, disappeared upon dehydration of the sample at
temperatures above 150 °C.[74] These findings in truth show that the
interpretation of two static tin sites is much too simplified to describe the interior
of the Sn-Beta zeolite. Very recent work done by the group of Ivanova using a
combination of NMR utilizing CPMG and various probe molecules have however
confirmed the existence of at least a strong and a weak Lewis acidic interaction
between tin present in Sn-Beta and different adsorbates.[74]

The technological improvements within computing over the last decade, has
made it possible to model large complex structures such as zeolites with much
larger parts of the framework represented in the calculations.[59] Combined with
the improvements within NMR this has made it possible to make some careful

interpretations into the actual placement of tin within the framework showing a
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multitude of possible configurations of the sites. As is often the case, introduction
of new more advanced techniques presents several more questions. For Sn-Beta
it appears that the unknowns surrounding the active site have only increased in

complexity as a result.
1.4.1  Modification of Sn-Beta

For all its complexity, the tin sites have likewise been shown sensitive to the
presence of impurities present during synthesis or added during reaction. The
zeotypes (TS-1, Sn-MFI, Ti-Beta) have generally been shown to be difficult to
prepare with alkali or alkaline earth metals present during synthesis.[21, 82-84] A
major source of these impurities is found in the variety of templates used to direct
the zeolite growth. The presence of alkali has likewise been shown to modify the
active site of the material, presumably by exchanging onto hydroxyl sites present
in the framework. These sites could either be present as defects near the tin site
or some variant of the ‘open’ site mentioned earlier. For TS-1 it was found that
any alkali or alkaline earth metals had to be avoided during synthesis but had a
beneficial effect on the epoxidation of allyl alcohol and the oxidation of
cyclohexene and styrene when added in the appropriate amounts.[83, 85] In most
studies, however, alkali was found to have detrimental effects on the catalytic
properties, often explained by the increased polarity of the tin site with alkali
exchanged onto the hydroxyl.[86-88] As a result of this negative effect, several
groups have studied the post-synthetic removal of these impurities from the
zeotype, cither by ion exchange or acidic treatment.[76, 86, 88, 89] Recently, the
effect of having alkali present during the catalytic conversion of sugars using Sn-
Beta was shown to influence product selectivity.[46, 90, 91] This will be
investigated and discussed in more detail in Chapters 4 and 5.

1.5 Stannosilicates for biomass conversion

Glucose and xylose are the most abundantly available sugars from
lignocellulosic biomass, making up an average 70% of the total carbon.[92]
Products derived from these substrates have a high potential for industrial
implementation.[3, 93] Although fermentative and enzymatic processes are
already implemented industrially for the production of a range of chemicals from
sugars, inorganic systems have many potential advantages in terms of scalability,
tolerance to a broad range of reaction conditions and several options for
continuous conversion. Currently, direct industrial conversion from glucose using
inorganic catalysis has only been applied in the production of sorbitol and
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gluconic acid. Several promising chemicals have however been shown to be
accessible from both the hexoses and pentoses including ethylene- and propylene
glycol and a variety of furanic and lactic acid derivatives.[16, 17, 94-98] Several of
these compounds are interesting for their use as polyester building blocks.

In recent years several potential uses of stannosilicates have been explored for
the emerging area of biomass conversion.[13, 16, 17] For carbohydrate
conversion, especially Sn-Beta has been shown to catalyze a number of interesting
reactions taking advantage of the strong Lewis acidity of the material. One of the
important reactions, Sn-Beta was found to efficiently catalyze, was isomerization
of glucose to fructose and mannose in water, see Scheme 1.1.[10, 13, 17, 18, 99,

100]

OH OH ? OH OH ?
OH OH OH OH OH OH
Glucose Mannose
OH OH OH
OH OH O

Fructose

Scheme 1.1. Reaction scheme for the isomerization (blue) and epimerization (red) of
glucose to either fructose or mannose, respectively.

High-fructose-corn-syrup is still used extensively in the United States, and the
potential of catalytically converting glucose to the much sweeter fructose has
spiked interest in the field. Similar to the Meerwein-Ponndorf-Verley-Oppenauer
(MPVO) redox reaction mentioned eatlier, the isomerization likewise involves the
simultaneous oxidation and reduction of the carbonyl and alcohol group of the
sugar. The mechanism of the isomerization step is believed to consist of a 1,2-
hydrideshift similar to what takes place in the MPVO redox reaction. Through
coordination of tin with the ketone and hydroxyl group of the sugar a hydrogen
is moved, facilitating the reduction of the aldehyde and subsequent oxidation of
the secondary alcohol (Scheme 1.2).[70, 101, 102]

This reaction was furthermore found to be influenced by the presence of alkali
metals during reaction. It was discovered by the groups of Roman-Leshkov and
Davis that the addition of a cosolute in the shape of either sodium borate or
sodium chloride could modify the reaction pathway when Sn-Beta was used to
convert glucose.[90, 91] Both groups showed that the direct epimerization of
glucose to mannose (Scheme 1.1) could be done under these modified conditions.
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This effect was found to also apply to the pentose sugars.[103] Both the
isomerization and epimerization reaction has later been extensively studied both
to obtain the isomers and epimers themselves, but also combined with other
homogeneous or heterogeneous catalysts to yield products easier to obtain from
the fructose isomer such as for instance 5-(hydroxymethyl)furfural (HMF).[29, 90,
91, 96, 104] In a similar way, Sn-Beta was recently combined with a nickel catalyst
for the one-pot conversion of lignin-derived alkylquaiacols to caprolactone
derivatives exploiting the activity of Sn-Beta in BV.[105]

OH OH OH OH
HO - HO ~
T Y o b OH
OH OH OH O
Glucose Fructose
HO HO HO HO H
HO ~ HO ~
Z Z \,O R z ‘ /
OH O0—¢, OH O-.d,

Scheme 1.2. Schematic representation of the tin-catalyzed isomerization of glucose to
fructose.[101]

The catalytic synthesis of lactates from sugars is another example where Sn-
Beta has been found to be a highly active and selective catalyst.[16, 18, 99, 100]
Methyl lactate (ML) is an ester of lactic acid, which can be used in the production
of poly(lactic acid) (PLA); a compostable bio-plastic.[107] The production of this
biodegradable monomer is otherwise restricted to base catalyzed conversion of
sugars and fermentation and is currently produced on an industrial scale using
fermentative processes.[108-112] Sn-Beta was initially found to selectively convert
the triose sugars (1,3-dihydroxyacetone and glyceraldehyde) to methyl lactate even
at low temperatures.[99] With the larger pentose and hexose sugars such as
glucose and xylose, Sn-Beta was likewise capable of forming ML through a retro-
aldol fragmentation of the sugars though less selectively leading to lower obtained
yields (~42% for pentoses and ~54% for hexoses). The lower yields are due to
the increased complexity of these larger sugars leading to the formation of
additional products.[16, 56] Some of these additional products will be touched
upon later, others are investigated in more detail in Chapter 5.

As Sn-Beta is capable of catalyzing the isomerization of the hexose and
pentose sugars, similar yields of methyl lactate are obtained when reacting
different isomers of the monosaccharaides.[10, 18, 43, 99, 100] This alleviates the
need to use a specific sugar substrate, which is often a limitation in enzymatic

18



Chapter 1. Introduction

reactions. Interestingly, sucrose, the disaccharide combination of glucose and
fructose, was found to afford the highest yields of ML using Sn-Beta (68%),[10]
assumed to result from the higher thermostability and slow release of glucose and
fructose upon hydrolysis.[113] Similar to the 1,2-hydrideshift taking place in the
isomerization (Scheme 1.2), the mechanism of the retro-aldol reaction is likewise
believed to involve coordination of the tin site with the carbonyl and alcohol
molety of the sugar, facilitating the bond breaking reaction, see Scheme 1.3.[13]

OH OH OH

HO HO (0]
OH O (e]
Fructose Glyceraldehyde 1,3-dihydroxy
acetone
}\H"
OH OH o OH OH OH OH
HO - B HO x
\/'\ﬂ/\OH A HO\/'\;/%/\OH . \)w OH
OH O Q) (o o O
S/ N Y /
Sn Sn Sn

Scheme 1.3. Schematic representation of the tin-catalyzed retro-aldol reaction of
fructose leading to the formation of the triose sugars; glyceraldehyde and 1,3-
dihydroxyacetone.[13]

The many sequential reactions involved in the conversion of sucrose to ML
can be seen in Scheme 1.4. Initially, sucrose is hydrolyzed to yield equimolar
amounts of glucose and fructose. Both the aldohexoses (glucose and mannose)
and the ketohexose (fructose) can undergo retro-aldol reaction, the resulting
products are directly affected by which sugar is cleaved. If fructose undergoes
retro-aldol reaction (Scheme 1.4, green path), the primary product is ML. From
the retro-aldol of fructose, the two triose sugars, glyceraldehyde (GLA) and 1,3-
dihydroxyacetone (DHA), are formed. These smaller sugar fragments then
undergo first B-dehydration to yield the 1,2-dione intermediate pyruvaldehyde
(Scheme 1.5). This is a very reactive intermediate that upon reaction with the
alcohol solvent yields the corresponding hemiacetal and undergoes an additional
1,2-hydrideshift to yield ML.[114, 115]

Alternatively, if glucose undergoes retro-aldol reaction (Scheme 1.4, blue
path), none of the formed sugar fragments convert directly into ML. This bond
cleavage instead leads to other, interesting potential high-value products. The C-
C bond breaking of the aldohexose leads to the formation of an aldotetrose
(erythrose or threose) and glycolaldehyde. The latter can ecither react with the
alcohol solvent forming glycolaldehyde dimethyl acetal or undergo aldol
condensation by reacting with another sugar molecule.[18, 116, 117] From the
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tetrose sugars the subsequent cascade of reactions are similar to those explained
for the trioses to methyl lactate instead involving the formation of the 1,2-dione
intermediate 3-deoxytetrosone (3DT). The formation of this intermediate is
believed to follow a similar mechanism as the one shown for the trioses in Scheme
1.5 on p. 21.

HO
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OH OH OH HO;/(EHW)(ID 1,2-hydrideshift
OH OH (e} OH OH OH
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Scheme 1.4. Reaction scheme for the conversion of sucrose to methyl lactate through
the retro-aldol reaction of fructose (shown in green) and to methyl vinyl glycolate and
co-products from the retro-aldol reaction of glucose (shown in blue).[16, 99, 118]
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3DT can undergo an additional B-dehydration leading to the second
intermediate vinyl glyoxal (Scheme 1.4).[118, 119] From the hemiacetal of this
intermediate either methyl vinyl glycolate (MVG) is obtained or through addition
of methanol to the vinyl group; methyl-5-methoxy-2-hydroxybutanoate
(MMHB).[16, 18] Especially MVG has been shown to possess interesting
properties for both further conversion to high value products or for the direct use
as building block for polymer production.[23, 116, 118, 120-122]

I

.
Ho N o A HOYP
Sn

OH
Glyceraldehyde HO/\A/\A\O OH" vo H* YQO
. '/ A AN ;

“ > O\S/n o<, HO o

H+
HO/T\OH - HO/\O‘/\/O “
“Sn

1,3-dihydroxyacetone

~o
Pyruvaldehyde o

Scheme 1.5. Proposed mechanism for the 3-dehydration of glyceraldehyde to the 1,2-
dione intermediate pyruvaldehyde.[119]

Sn-Beta is thus capable of sequentially catalyzing a cascade of reactions
resulting in modest to very high yields of methyl lactate depending on the
complexity of the starting carbohydrate substrate. This versatility in choice of
substrate could prove to be an important advantage over the much more substrate
specific enzymatic systems. This will be exploited in the different chapters of this
dissertation. In Chapter 3 the selective conversion of the triose DHA to ML will
be used at low temperatures (75 °C) to probe the activity of the synthesized Sn-
Beta materials. In Chapter 4, the conversion of glucose at moderate temperatures
(120 °C) and sucrose at high temperatures (170 °C) will be used for the
optimization of the ML yield from more complex sugars. The catalytic system and
reaction pathways involved are investigated in more detail starting from both the
pentose and hexose sugars in Chapter 5.

Sn-MFTI has also received some attention for the conversion of carbohydrates
especially for the isomerization of sugars, although the smaller channel openings
in zeotype has limited its application compared with Sn-Beta.[13, 27, 28] Sn-MFI
has been shown to efficiently isomerize both triose and tetrose sugars, but for
larger sugars conversion is hindered. Where the isomerization of the pentoses
occur albeit slowly, the hexose sugars are barely converted.[100] For isomerization
this naturally restricts the use of Sn-MFI, but embracing the size limitations of Sn-
MFT opens up other interesting options for the selective condensation of smaller
sugar substrates.[117] This will be discussed further in Chapter 6. In a similar
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manner, the amorphous stannosilicates such as Sn-MCM-41 can also be exploited
for their large pore system with no limitations in diffusion. In a study by
Osmundsen e al., Sn-MCM-41 was shown to retain a higher carbon balance in
the isomerization of sugar, presumably due to its lower intrinsic activity compared
with Sn-Beta.[13] Sn-MCM-41 was able to catalyze the isomerization but less
active in any further conversion leading to a higher overall yield of sugars left after
reaction.

In conclusion, tin-containing silicates have proven to be excellent catalysts for
the conversion of sugars to value-added products. By keeping within the
philosophy of retaining as much of the functionality found in carbohydrates, the
ability of Lewis acids to efficiently catalyze the movement of hydrogen within the
structure through a 1,2-hydrideshift, opens up a vast portfolio of products
depending on the chosen reaction conditions. Temperature, solvent, cosolutes are
key factors in directing the reaction to either undergo a simple hydride shift of
glucose to fructose (at moderate temperatures) or facilitate a retro-aldol cleavage
and subsequent hydride shift of glucose to methyl lactate (at higher temperatures).
The outcome of the reaction becomes transparent with the understanding of these
principles, leading to a range of similarities in the way tin catalyzes the conversion
of small sugars such as glycolaldehyde (Chapter 6) or trioses (Chapter 3) to the
larger carbohydrates xylose and glucose (Chapters 4 and 5).

1.6 Aim and outline of the study

The aim of the project is to prepare and investigate the use of stannosilicate
catalysts for the conversion of carbohydrates to value-added chemicals.
Preparation and analysis of the different Lewis acidic catalysts has been a key
focus point as well as investigating the reactivity of the materials towards the
desired products. As a result, Chapter 3 details a thorough investigation of the
synthesis and modification of Sn-Beta, and Chapters 4 to 6 investigate the use of
different stannosilicates for the conversion of a variety of sugars and how to
control and improve selectivity of these materials. Throughout the project it has
been a prerequisite that reactions involving the conversion of carbohydrates be
performed at moderate temperatures and in ‘green’ solvents such as water and
methanol when possible.[123]

I hope throughout this dissertation to show both the versatility of the tin-
containing silicates and the importance of directing the catalytic outcome by
choosing the appropriate catalyst and conditions.

All experimental procedures for Chapters 3 to 6 are collected and included
in Chapter 2. This chapter details the synthesis and preparation of the
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investigated stannosilicate materials as well as their characterization. In the
chapters is also included the catalytic evaluation and subsequent analysis of the
reaction mixtures as well as the external work done to polymerize one of the new
products described in this dissertation.

Chapter 3 focuses primarily on the preparation and characterization of Sn-
Beta by the fluoride-route. In the chapter the influence of tin on the synthesis and
resulting materials is investigated using a variety of techniques, bringing light to
both the extensive retardation of the crystal growth, the resulting influence on
crystal morphology and the distribution of tin within the zeolite crystal
Additionally, the effect of alkali salts on these parameters will be discussed. The
chapter is to a large part based on the work published as; Tolborg ez al. J. Mater.
Chem. A 2014, 2, 20252-20262.

Chapter 4 will be used to describe the significant effect of having a cosolute
present alongside Sn-Beta during catalytic conversion of sugars for the formation
of methyl lactate. The effect is studied both when added during synthesis and
when added directly to the reaction media. Additionally, the effect is shown to
both apply to a variety of sugar substrates and stannosilicate materials, making the
effect widely applicable for this system. The chapter is to a large part based on the
work published as Tolborg ez al. ChemSusChem 2015, 8, 613-617.

Chapter 5 can be considered a direct follow-up for the effects observed in
Chapter 4. By employing advanced characterization of the reaction mixtures, it is
shown that at least two different reaction pathways exist when converting
carbohydrates using Sn-Beta. The influence of alkali on these pathways are
investigated. Previously unreported a-hydroxy acids and lactones are found and
shown to be able to undergo co-polymerization. The chapter is based on results
published as Tolborg et al. Green. Chem., 2016, 18, 3360-3369 and submitted as
Elliot e# al. RSC Adyp., 2010, in press.

Chapter 6 describes the importance of choosing the appropriate
stannosilicate framework for the conversion of small sugars. Due to the smaller
pore openings of Sn-MFI, this catalyst is shown to selectively form tetrose sugars
from glycolaldehyde. Using stannosilicates with larger pores (such as Sn-Beta, Sn-
MCM-41 and Sn-SBA-15) are found to form or further convert the formed sugars.
Additionally, the presence of alkali metal salts is shown to influence the selectivity
of the reaction. The chapter is to a large part based on the work published as
Tolborg et al. ChemSusChem, 2016, 9, 3054-30061.

Concluding remarks and key findings across all chapters are included as
Chapter 7.
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At the end of the dissertation can be found; additional information (Figures,
Tables, Schemes) used in the individual chapters (Appendix A), a detailed list of
publications including first pages of the published articles (Appendix B), the
front cover prepared for ChemSusChem (issue 21/2016) (Appendix C),
conference contributions (Appendix D), Curriculum Vitae (Appendix E) and
the Ph.D. Student award received at the EuropaCat XII conference (Appendix
F). A detailed list of abbreviations used throughout the dissertation can be
found in Table A.6 (chemicals) on p. 163 and Table A.7 (general) on p. 166.
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2

Experimental

The conversion of biomass using heterogeneous catalysts embraces several
very different disciplines within chemistry in order to fully understand the
reactions taking place and how to improve them. The disciplines range from
preparation and characterization of the chosen catalysts to investigating the use
of these catalytically as well as analysis of the formed products. In depth
knowledge of all aspects of the catalytic system ideally leads to better control of
the entire process. This chapter collects the detailed descriptions of the
experimental methods and techniques used in Chapters 3 to 6.

Few dissertations are made without the collaboration of others and the work
done here is no exception. Several very skilled researchers and specialists have
aided me with analyses and in the interpretation of these, enabling the acquisition
of the data presented here. The different collaborators will be mentioned for the
individual methods.

2.1 Material preparation

The synthesis and preparation of Sn-Beta can, as mentioned in Chapter 1, be
divided into two different strategies; 1) a direct hydrothermal approach involving
the mixing of a source of silica and tin as well as a structure directing agent
followed by incubation in an autoclave at elevated temperatures, and 2) a post-
synthesis route involving the removal of aluminum from an already commercially
available Beta zeolites followed by insertion of tin in the created vacancies. Here,
Sn-Beta was prepared using both methodologies. Samples prepared by the
hydrothermal route will be denoted Sn-Beta (X, HT) throughout the report,
where X is the nominal Si/Sn ratio of the synthesis gel. Samples prepared by the
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post-treatment route will be denoted Sn-Beta (X, PT). This notation will be used
for all metallosilicates presented in this dissertation thus representing incorporated
metal, type of material, metal content and preparation method eg Zr-Beta (200,
HT) is likewise a zirconium-containing zeotype with the *BEA framework
prepared by hydrothermal synthesis with a Si/Zr ratio of 200. Only Sn-MFI will
deviate slightly from this notation as two different hydrothermal synthesis
approaches were used based on either fluoride (F-) or hydroxide (OH-). To
differentiate the two materials these are denoted Sn-MFI (X, Y) where X again is
the nominal metal content and Y is whether the synthesis was based on fluoride
(F-) or hydroxide ions (OH), z.e. Sn-MFI (100, OH").

It is common to refer to the concentration of active sites in the silicate
material as a ratio of silicon per metal atom (Si/M) as used above. This fraction
gives an indication of the distribution of the metal in the material and is
independent of the weight of the chosen element (Sn, Zr, Ti or Al). The
correlation between this ratio and the estimated weight percent theoretically
present in the finished material can be seen in Table 2.1.

Table 2.1. Correlation between the nominal Si/Sn ratio and the theoretical tin content
in the finished silicate material.

Nominal Tin
Si/Sn ratio (X) wit%
800 0.25
400 0.49
200 0.99

150 1.3

125 1.6

100 2.0

75 2.6

For all materials prepared by hydrothermal synthesis the same calcination
procedure was used for the removal of carbonaceous species left from the
template. Upon recovery, all samples were removed from the Teflon liner and
washed with ample demineralized water, followed by drying at 80 °C overnight.
To finalize the material, any residual organic template still retained within the
material was removed thermally by heating the sample at 2 °C/min to 550 °C and
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held at this temperature for 6 hours. All samples were stored under ambient
conditions.

2.1.1  Sn-Beta by hydrothermal synthesis

The tin-containing silicate Sn-Beta is used throughout the dissertation
(Chapters 3 to 6). The preparation of Sn-Beta (and similar materials) were done
by modifying and adapting the synthesis procedure described by Corma e a/[14]
The use of seeds in original preparation method was omitted entirely from the
synthesis as the addition makes any investigation of crystal morphology difficult
(an important part of Chapter 3). A few of the used Sn-Beta materials in Chapter
3 were prepared by Ph.D. Student Derek D. Falcone (University of Virginia) and
in Chapter 4 by Research Scientist Christian M. Osmundsen (Haldor Topsee
A/S).

In a typical synthesis of Sn-Beta (X, HT), 30.6 g of tetraethyl orthosilicate
(TEOS, Aldrich, 98%) was combined with 33.1 g of tetracthylammonium
hydroxide (TEAOH, Sigma-Aldrich, 35% in water) under stirring for
approximately 60 min, or until a single phase system was formed. The appropriate
amount of tin source was dissolved in 2 mL of demineralized water and added
dropwise to the solution. The tin source most often used was tin(IV) chloride
pentahydrate (SnCly-H2O, Aldrich, 98%). The mixture was then left under
increasingly fasters stirring to allow evaporation of the ethanol formed from the
hydrolysis of the silica source, leading to the formation of a thick, rigid gel. To
conclude the synthesis, 3.1 g of hydrofluoric acid (HF, Fluka, 47-51%) diluted
with 1.6 g of demineralized water was added to the gel, resulting in the immediate
formation of a brittle solid. At this point the approximate gel composition was;
1.0S1:x8n:4xCl:0.55TEA*:0.55F:7.5H>O with x ranging from 0.0025 to 0.01.
Using mechanical force, the sample was reduced to a homogeneous granulate
powder and transferred to a Teflon liner. This liner was then sealed and placed
within a stainless steel autoclave and placed at 140 °C for between 2 and 60 days,
depending on the tin content.

In Chapter 3, replacing the conventional tin source tin(IV) chloride
pentahydrate in the synthesis of Sn-Beta with alternatives was investigated. In two
out of three cases this involved directly replacing the conventional tin source with
cither tin oxide nanoparticles (SnO2, Aldrich, <100 nm particle size) or tin(IV)
acetate  (Sn(CH3COy)s, Aldrich). For the third alternative tin soutrce
tetracthylammonium hexafluorostannate, (TEA)>SnFsg, a preparation procedure
was adapted from the work by Larlus ez a/[124] Prior to synthesis, the desired
amount of tin source in the form of ammonium stannifluoride, (NH)4SnFg,
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Aldrich, 99.999%) was added directly to the 33.1 g of tetracthylammonium
hydroxide later used as template for the synthesis. This solution was then placed
under rotation at 0.2 bar for 20 min at room temperature in a rotary evaporator
to ensure the evaporation of ammonia in order for the desired tin source to form.
This mixture of tin source and template was then used during synthesis with no
additional tin source added. For samples prepared with small amounts of added
alkali, KOH (Sigma-Aldrich, 285%) in the appropriate amount was dissolved in
the template (TEAOH) prior to use. This template was then used following the
standard protocol. Purely siliceous Beta (Si-Beta) was prepared by omitting the
addition of a metal source entirely during synthesis.

In Chapter 4 and 5 the impact of adding alkali metal salts to the structure
directing agent was investigated. These alkali- and alkaline-earth containing Sn-
Beta zeolites were prepared by dissolving the hydroxide of the chosen metal salt
directly in the 33.1 g of tetraethylammonium hydroxide used as structure directing
agent during the synthesis. The sources used were the hydroxides of lithium
(LiOH, Sigma-Aldrich, =298%), sodium (NaOH, Sigma-Aldrich, =298%),
potassium (KOH, Sigma-Aldrich, 285%), rubidium (RbOH, Aldrich, 50 wt% in
water, 99.9%) and cesium (CsOH, Aldrich, 50 wt% in water, 99.9%) as well as the
hydroxides of calcium (Ca(OH)2, Sigma-Aldrich, =296%), strontium
(St(OH)2:8H20, Aldrich, 95%) and barium (Ba(OH)2-8H20O, Sigma-Aldrich,
298%).

For Chapter 4 and 5, Beta zeolites were prepared with other Lewis and
Bronsted acidic elements (Al, Ti, Zr) in the materials by merely replacing the tin
source with a source of other metals. For Zr-Beta and Al-Beta this was done by
adding zirconyl(1V) chloride octahydrate (ZrOCl2-8H2O, Sigma-Aldrich, 98%) or
aluminum(II1I) chloride hexahydrate (AICI3-6H20, Fluka, 299%) at the appropriate
time during synthesis. For Ti-Beta, tetraethyl orthotitanate ((CH3CH20)4Ti,
Aldrich) was used. This metal source first required dissolution in a mixture of

hydrogen peroxide and water before being employed as metal source.
212 Sn-MFI

In Chapter 5 and 6, the tin-containing zeotype Sn-MFI was used. Sn-MFI
was prepared following two different synthesis routes both described by Mal e/
al.[61] One involving the use of hydroxide ions as the mineralizing agent denoted
Sn-MFI (OH-) and one using fluoride ions, denoted Sn-MFI (F).[61] Sn-MFI
(OH") was used in both Chapter 5 and 6 whereas Sn-MFI (F) was only
introduced in Chapter 6.
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For the preparation of Sn-MFI (100, OH"), the approptiate amount of tin(IV)
chloride pentahydrate was dissolved in 5 g of demineralized water and added to
15.6 g of tetraethyl orthosilicate under stirring. After approximately 30 min, 13.4
g of tetrapropylammonium hydroxide (TPAOH, 40%, AppliChem) diluted using
13.4 g of demineralized water was added to the mixture and stirred for 1 hour.
Following this, an additional 60 g of demineralized water was added to the
solution and left to stir for approximately 20 h, yielding a gel with the composition;
1.08i:0.01Sn:0.44TPA*:0.440H:34H>0O. After completion, the solution was
added to a Teflon liner, placed in an autoclave and synthesized at 160 °C for 2
days under static conditions. For the preparation of Sn-MFI (400, ), 5.35 g of
ammonium fluoride (NH4F, Sigma-Aldrich) was dissolved in 25 g of
demineralized water. The tin source tin(IV)chloride pentahydrate was dissolved in
demineralized water and added under rapid stirring. To this solution, 9.8 g of
tetrapropylammonium bromide (TPABr, Sigma-Aldrich) dissolved in 56 g of
demineralized water was added slowly followed by 8.6 g of fumed silica. The latter
was added slowly and under vigorous stirring for 3 hours to prevent
agglomeration of the silica instead of dispersion. The resulting gel composition
was; 1.08i:0.00258n:0.26TPA+:1.0F:35H20. After completion, the finalized gel
was transferred to a Teflon-lined autoclave and heated to 200 °C for 6 days.

2.1.3 Sn-MCM-41 and Sn-SBA-15

Mesoporous stannosilicates including Sn-MCM-41 and Sn-SBA-15 were
likewise prepared and tested alongside the aforementioned catalysts in Chapters
4 to 6.

Sn-MCM-41 (X, HT) was synthesis following the method described by Li ez
al[41] In a typical synthesis, 26.4 g of tetracthylammonium silicate (TMAS,
Aldrich, 15-20 wt% in water, 299.99%) was added slowly to a premade solution
of 13.0 g of hexadecyltrimethylammonium bromide (CTABf, Sigma, =99.0%)
dissolved in 38.0 g of demineralized water. This mixture was allowed to stir for 1
h, followed by the dropwise addition of a mixture of tin(TV) chloride pentahydrate
and hydrochloric acid (HCI, Sigma-Aldrich, min. 37%) in 2.1 g of water. The
solution was then stirred for 1.5 hours, followed by the addition of 12.2 g of
tetracthyl orthosilicate and stirring for 3 hours. This gave a gel solution with the
approximate composition of 1.0Si:x8n:0.44CTABr:0.27TMA:0.08Cl:46H20 with
x varying between 0.005 and 0.02. The finished gel solution was then transferred
to a Teflon-lined container in a stainless steel autoclave and placed in a pre-heated

oven at 140 °C for 15 h.
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Sn-SBA-15 (X, HT) was prepared following the synthesis route described by
Ramaswamy ez ¢/.[125] In a typical synthesis, 1.0 g of hydrochloric acid (HCI, 37
wt%) in 140 g of demineralized water was added to a solution of 8.0 g of Pluronic
P-123 (PEG-PPG-PEG polymer, Aldrich, My = ~5,800 g/mol) in 60 g of
demineralized water. The solution was then stirred for 2 h. To the synthesis
mixture 18.0 g of TEOS (98%, Aldrich) was added followed by tin(IV) chloride
pentahydrate dissolved in 2.0 g of demineralized water. This gave a gel with the
molar composition: 1.08i:x85n:0.016P123:(0.12+x)Cl:134H>O with x varying
from 0.005 to 0.0067. The mixture was then stirred for 24 hours at 40 °C and then
transferred to a Teflon-lined autoclave and heated to 100 °C for 24 hours. The
solid was recovered by filtration, washed with ample water and then calcined at
550 °C for 6 hours.

2.1.4  Sn-Beta prepared by post-synthesis

Sn-Beta prepared by the post-treatment methodology denoted Sn-Beta (PT)
was used alongside Sn-Beta in Chapters 4 and 5. In both chapters the materials
were prepared by either Research Scientist Irantzu Sadaba (Haldor Topsee A/S)
or Research Technician Mette Rams (Haldor Topsee A/S). Sn-Beta (X, PT) was
prepared by the post-synthesis methodology was made by modifying the
procedure described by Hammond e7 a/.[53] In a typical preparation, a commercial
Beta zeolite (Zeolyst, Si/Al = 12.5, NH4*-form) was calcined at 550 °C for 6
hours to remove the ammonia counter ion and instead give the H*-form. This
sample then underwent dealumination at 80 °C for 12 houts by exposing it to
concentrated nitric acid (HNOj3, Sigma-Aldrich, 265%) in quantities of 10 g of
acid per gram of zeolite powder. The dealuminated solid was recovered, washed
with ample water and calcined at similar conditions just described for the samples
prepared by hydrothermal synthesis. Following calcination, the prepared sample
was then impregnated by incipient wetness methodology with a Si/Sn ratio of
125. For this purpose, tin(1l) chloride (0.128 g, Sigma-Aldrich, 98%) was dissolved
in demineralized water (5.75 mL) and added to 5 g of the solid. After the
impregnation process, the sample was dried at 110 °C for 12 h and calcined again
at the conditions mentioned previously.
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2.2 Materials characterization

221  Powder X-ray diffraction

Powder X-ray diffraction (XRD) is a fast analysis method with which
information regarding bulk sample composition, crystallinity and purity can be
investigated. By measuring the sample using a beam of known wavelength at
different angles, a pattern can be produced which can either be compared to the
library of already known compounds or can undergo Rietveld refinement. The
latter can both be used to identify previously unknown crystal structures but was
here used especially for the evaluation of crystallinity. This was done in particular
for Chapter 3 and was performed by Principal Research Scientist Lars F.
Lundegaard (Haldor Topsee A/S). For the measurement for this dissertation,
XRD patterns of the calcined samples were done on an X’Pert diffractometer
(Philips) using Cu-Ka radiation (5°-70° 26). The estimated crystallinities of the
prepared samples were calculated using the TOPAS software following the ‘Partial
or no known crystal structure’ method (PONCKS) described by Scatlett and
Madsen.[126] This approach used to evaluate the crystallinity of the samples
involves the Rietveld refining both the crystalline and the amorphous contribution
in the sample, leading to a fully resolved X-ray diffractogram. Comparing the
obtained ratio against mixtures of crystalline and amorphous samples, it is then
possible to relate the individual contributions as an evaluation of percentwise
crystallinity. For non-crystalline samples such as the ordered amorphous
stannosilicates, low-angle XRD was performed. For these materials, diffraction
occurs not from the crystal lattices but instead from the hexagonal ordering of the
material, but requires the incident X-ray radiation to be done a low incident angles

(0°-5° 20).
2.2.2  Elemental analysis

In this dissertation, small amounts of metals are either introduced into silicate
materials as the active component (e.g. tin, zirconium, titanium) or added to the
material to aid crystallization or promote activity (e.g. potassium, sodium). In both
cases, the information of whether these elements are successfully introduced into
the material is valuable to evaluate any resulting catalytic results obtained with
these samples. Although it is not possible to distinguish between framework or
extraframework species using inductively coupled plasma optical emission
spectroscopy (ICP-OES), the technique still allows for the quantification of
elements in the bulk material. The analyses were done in collaboration with
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Principal Research Scientist Lars F. Ostergaard (Haldor Topsee A/S). By
dissolving the solid in a mixture of acids, the resulting liquid can be nebulized and
vaporized as it is introduced into an inductively coupled argon plasma reaching
temperatures of around 9,000 K. These high temperatures cause the immediate
reduction of the sample into atoms and ions, detectable and quantifiable by
spectroscopy measuring the element specific wavelength and the intensity of
these. In a typical analysis, the silicate materials were first dissolved in a mixture
of HF, HCIl, HNOj3 and H3PO4. Due to the use of HF to ensure dissolution of
the silica framework, B(OH)3 is added to neutralize any excess of the highly
corrosive acid. The resulting solution was then measured on a Perkin Elmer model
Optima 3000 (Varian Vista) and the resulting spectra were compared against
calibrations of the investigated elements.

2.2.3 Pore and surface measurements

Adsorption/desorption isotherms are used extensively to investigate the
physical properties such as surface area and pore volume of porous materials. The
technique takes advantage of the interaction between a well-defined sorbate such
as nitrogen or argon and the internal volume of the measured sample. Surface area
and pore volume measurements were here performed in collaboration with
Laboratory Technician Hale Yasin using multipoint N2 adsorption/desorption on
an Autosorb automatic surface area and pore size analyzer (Quantachrome
Instruments). Typically, around 10-15 mg of sample was placed in the cylindrical
glass vessel, degassed overnight and exposed to nitrogen at 77 K. The total surface
area of the samples was obtained using the Brunauer—Emmett—Teller (BET)
method and the micropore volume was calculated by the #plot method using the
Autosorb3 software.

2.2.4  Electron microscopy

Electron microscopy is an analytical technique that takes advantage of the
physical interaction between an accelerated beam of electrons that is directed onto
a specimen. Upon interaction with the sample, the electrons undergo either elastic
or inelastic scattering resulting in a variety of signals that can be used for analysis
of different aspects of the sample. These include backscattered, secondary and
Auger electrons as well as element specific X-rays to name a few. The different
types of signals can be used to obtain either detailed information about the
morphology of the materials through imaging or composition of the sample by

analyzing the emitted radiation. Electron microscopy was used extensively in
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Chapter 3 to investigate the prepared sample. These measurements were
performed in collaboration with Research Scientist Anna Katerinopoulou (Haldor
Topsee A/S). Preparation of transections of Sn-Beta (HT) was done by former
Research Technician Anne-Mette Heie Kjer (Haldor Topsee A/S). Secondary
electron (SE) and backscattered electron (BSE) images were analyzed on a XI1.30
field emission scanning electron microscope (FEI). Due to the nonconductive
nature of the high silica samples used throughout this project, the samples were
coated with Pt/Pd or Au to avoid charging effects. Element maps of cross
sections of Sn-Beta (HT) were obtained using a JXA-8530F field emission
electron probe micro analyzer (JEOL) operated at 10 kV and 7 nA. For these
experiments, a sample of crystals were mounted in a drop of epoxy and polished
to expose cross sections through the grains. The surface of the mounts was carbon
coated prior to analysis. The elemental maps were composed by beam rastering
across the transection of the crystal at low dwell times due to material instability
under the electron beam. As a result, maps were collected using several
accumulations and combined. Beam tracking was applied to avoid lateral drift,
which would affect the spatial resolution. Characteristic X-rays were analyzed on
a TAP crystal for silicon and PETH crystal for tin. The ZAF procedure was used
as implemented in the JEOL software using SiO2 and CaSiOs; as primary and
secondary standard for silicon, respectively, as well as metallic tin for occurrence

of tin in the sample.
2.2.5  Ultraviolet—visible spectroscopy

Ultraviolet-visivle (UV-Vis) spectroscopy is often as a fast way to evaluate the
nature of tin in the prepared stannosilicates as different absorption profiles have
been shown for samples with tin primarily incorporated in the framework and
material containing extra-framework species. For Chapter 5 the UV-Vis
reflectance spectroscopy was performed on a DH-2000-BAL balanced deuterium,
halogen light source (Ocean Optics). The obtained measurements were converted
using the Kubelka-Munk equation, where R is the absolute reflectance of the
measured sample; AR)=(1-R)2/(2R).

2.2.6  Thermogravimetric analysis

Information about carbonaceous residue left in the porous sample after
catalytic reaction performed for Chapter 6 was investigated using
thermogravimetric analysis (I'G/DSC). This analysis was performed on a
TGA/DSC-1 (Mettler-Toledo) with an attached mass spectrometer. A small
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quantity of sample (~50 mg) was heated first to 150 °C at 5 °C/min and held for
2 hours to allow confined water to evaporate from the porous sample. Following
this initial weight loss, the sample was allowed to cool to 40 °C and then heated
to 1000 °C at 5 °C/min, providing thermogravimetric (T'G) and scanning
differential calorimetric information about the sample. These measurements were
performed in collaboration with Research Scientist Henrik Fordsman (Haldor
Topsoe A/S).

2.3 Catalytic evaluation

A range of different reactions centered around the conversion of
carbohydrates was used to either evaluate the activity of the prepared catalysts
(Chapter 3), investigate the influence of cosolutes (Chapter 4 and 5) or study
shape-selectivity (Chapter 6).

In Chapter 3, Sn-Beta samples of varying tin content are tested in the catalytic
conversion of 1,3-dihydroxyacetone (DHA) to methyl lactate. Typically, 0.300 g
(3.33 mmol) of DHA, 0.025 g of catalyst, and 6.5 mL of methanol were added to
a 15 mL thick-walled glass reactor (ACE) and placed in a preheated oil bath at 75
°C. The vessel was then heated and vigorously stirred for 2 h, and subsequently
quenched in cold water. After reaction, the resulting liquid was analyzed using a
7890A Series GC system (Agilent Technologies) with a SolGel-WAX column
(Phenomenex) to quantify the ML yield.

Leaching experiments were carried out as follows; 0.025 g of Sn-Beta zeolite
was treated in 6.5 mL of methanol at 75 °C for 2 h. After this time, the catalyst
was filtered off and this methanol was used as the solvent for the reaction under

the previous conditions.

In Chapter 4, catalytic conversion of sucrose to methyl lactate (ML) was
performed in a 40 mL stainless steel pressure vessel (Swagelok). Typically, 0.450
¢ (1.3 mmol) of sucrose (Fluka, 299.0%), 0.150 g of catalyst, and 15 g of methanol
(Sigma-Aldrich, 299.8%) were added to the container. The reactor was sealed and
heated to 170 °C under stirring (~700 rpm) in a pre-heated oil bath. The
temperature was chosen to reach an internal temperature of the vessel of 160 °C.
Some experiments were instead performed in 50 ml autoclaves (Parr
Instruments) using the reaction conditions and concentrations as described above,
except due to internal temperature measurements, these experiments were set to
160 °C. In Chapter 4 the experiments performed using the Parr autoclaves will
state so in the figure caption. For both types of autoclaves, the reaction was
quenched after 16 hours by submerging the reactor in cold water.
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Reactions involving the catalytic conversion of glucose were done in
exclusively in glass pressure vessels (ACE) using 0.250 g glucose, 0.100 g of
catalyst and 5 g of solvent. For these experiments, the vessel was placed in a pre-
heated oil bath at 120 °C and left for 19 hours under 500 rpm stirring. Upon
completion, the experiments were quenched in cold water. In reactions involving
alkali-containing solutions, a stock solution was made by dissolving the
appropriate alkali metal salt directly in methanol. This stock solution was then
used and diluted with additional methanol to achieve the desired concentration of
alkali for the experiment. Alkali sources used for these experiments were lithium
chloride (LiCl), cesium chloride (CsCl, Sigma-Aldrich, 99.9%) potassium acetate
(CHsCOOK, Sigma-Aldrich, 299.0%), potassium bicarbonate (IKHCO3, Fluka,
99.7%), potassium bromide (KBr, Sigma-Aldrich, 299.0%), potassium carbonate
(K2COs, Sigma-Aldrich, 299.0%), potassium chloride (KCl, Sigma-Aldrich, 99.5-
100.5%), potassium fluoride (KF, Sigma-Aldrich, 299.0%), potassium iodide (KI,
Sigma-Aldrich, 299.5%) potassium lactate (CH3;CH(OH)COOK, Fluka, 60% in
water), potassium nitrate (KNOsj, Riedel-de Haén, 299.%), rubidium chloride
(RbCl, Aldrich, 299.0%) and sodium nitrate (NaCl, Sigma-Aldrich, =299.5%).

In Chapter 5, catalytic conversion of sugars was performed in a 5 mL glass
microwave reaction vial (Biotage). Typically, 0.120 g (0.67 mmol) of glucose
(Sigma-Aldrich, >99.0%), 0.060 g of catalyst, and 4.0 g of methanol (Sigma-
Aldrich, >99.8%) were added to the reaction vial. The reactor was sealed and
heated to 160 °C under stirring (600 rpm) in a microwave synthesizer (either a
Biotage Initiator or a Biotage Initiator+). After 2 h, the reaction was cooled and
aliquots were retrieved from the reactor vessel and filtered using a 0.22 pm syringe
filter. In reactions involving alkali-containing solutions, the alkali metal source
(K2COs, Sigma-Aldrich, 299.0%) was dissolved in methanol to yield a stock
solution, which was then used in combination with additional methanol to yield

the desired concentration of alkali for the experiment.

In Chapter 6, catalytic conversion of glycolaldehyde (GA) was done by
mixing 0.075 g catalyst, 0.125 g GA (dimer, Sigma-Aldrich) and 2.5 ¢
demineralized water in a 15 mL glass pressure vial (ACE). The reaction mixture
was then heated at 40-100 °C under vigorous stirring (600 rpm) for between 10
min and 48 hours. After finishing, the reaction was quenched in cold water and
filtered samples were retrieved for analysis. In reactions where alkali was added to
the reaction, 0.2-1.0 g of KNOj (Riedel-de Haén, 299.%) was simply added

alongside GA to the reaction vessel.
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2.4 Reaction analysis

Over the course of the project, much insight has been gained into reaction
pathways taking place and the products formed when converting different sugars
using a Lewis acidic catalyst. This is among other things one of the main focus
points of Chapter 5. As a consequence, the required analysis of the reaction media
has grown increasingly more demanding over the years. In this section the analysis
techniques used in each individual chapter will be described including high-
performance liquid chromatography (HPLC), gas chromatography (GC) and
nuclear magnetic resonance spectroscopy.

NMR spectroscopy was used extensively to identify and quantify products
obtained from the conversion of sugars in Chapters 5 and 6. Measurements done
for Chapter 5 and 6 were performed and analyzed by Senior Research Scientist
Sebastian Meier (Technical University of Denmark) with some parts involving
analysis of xylose-derived products (Chapter 5) done by Ph.D. Student Samuel
G. Elliot (Technical University of Denmark).

Several biomass-derived compounds obtained here using stannosilicates have
already been provided with names by different research groups following varying
naming conventions. In this dissertation, the names used for the different
compounds will be those adopted in the research field and the corresponding
abbreviations. This will be most obvious in Chapter 5 where several old and new
compounds are identified and named as they have been in their corresponding
publications. A comprehensive list of relevant compounds and their
corresponding abbreviations and IUPAC names is provided in Table A.6 on p.
163.

In Chapter 3 the yield of methyl lactate (ML) was used to evaluate the activity
of the prepared Sn-Beta material. The yield of ML was quantified using a 7890A
Series GC system (Agilent Technologies) utilizing a SolGel-WAX column
(Phenomenex) and a flame ionization detector (FID).

In Chapter 4 a combination of HPLC and GC techniques were used to
quantify the products from the conversion of a variety of sugars to methyl lactate
(ML). After reaction the resulting liquid was filtered and analyzed using a 7890A
Series GC system (Agilent Technologies) with a SolGel-WAX column
(Phenomenex) to quantify the yields of ML. An Agilent 1200 series HPLC
equipped with an Aminex HPX-87H (BioRad) column held at 65 °C equipped
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with a refractive index (RI) detector was used with an eluent of 0.004 M H2SOg4
at a flow of 0.6 mI./min to quantify unreacted sugars.

In Chapter 5 reaction solutions were analyzed using a combination of NMR
spectroscopy and chromatography. The yields of methyl lactate (ML), methyl vinyl
glycolate (MVG), glycolaldehyde dimethyl acetal (GA-DMA) and methyl 4-
methoxy-2-hydroxybutanoate (MMHB) were quantified using a 7890A Series GC
system (Agilent Technologies) with a SolGel-WAX column (Phenomenex) and an
FID. Since MMHB is not available commercially, the response factor for MVG
was used to approximate the amount of the compound.

The a-hydroxy ester; Trans-2,5,6-trihydroxy-3-hexenoic acid methyl ester
(THM) was identified and quantified using GC-MS on an Agilent 6890 with a
Zebron ZB-5MS column (Phenomenex) equipped with an Agilent 5973 mass
selective (MS) detector. Trans-2,5-dihydroxy-3-pentenoic acid methyl ester (DPM)
was likewise identified using the same GC-MS system but was quantified using a
GC-FID on an 7890A Series GC system (Agilent Technologies) utilizing a Zebron
ZB-5 column (Phenomenex). For both compounds, no commercial sources were
available. Quantification was done by purifying a sample of the product and using
this for calibration. The purified sample of THM was prepared by Ph.D. Student
Steffan K. Kristensen (Aarhus University) using flash column chromatography,
whereas the purified sample of DPM was prepared by Ph.D. Student Samuel G.
Elliot (Technical University of Denmark) using dry column vacuum
chromatography with a mixture of ethyl acetate and heptane as eluent. For both
samples, the purity (>90%) of the samples was evaluated by NMR spectroscopy.

For the quantification of furanic compounds, an Agilent 1200 series HPLC
was used equipped with an Aminex HPX-87H (BioRad) column using an RI and
diode array detector (DAD). The eluent used was a solution of 0.004 M H2SO4
run at 0.6 mL/min using a column temperature of 65 °C. During the reaction, any
furanics present in the reaction mixture might undergo acetalization with the
alcohol solvent to yield a range of furan derivatives. Under the acidic conditions
of the eluent used for this column, the formed furanic acetals hydrolyze and are
thus quantified as 5-(hydroxymethyl)furfural (HMF), 5-(methoxymethyl)furfural
(5-MMF) and furfural (F) using standards provided by Sigma-Aldrich (HMF and
F) and Manchester Organics (MMF).

Conversion of sugar as well as an estimation of formed methyl glycosides
were quantified using a combination of NMR spectroscopy and HPLC analysis.
For experiments involving hexoses, the remaining sugars and methyl glucosides
(MG) were quantified on an Agilent 1200 series HPLC equipped with a
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Carbohydrate (Zorbax) column using an eluent of 60 wt% acetonitrile/water run
at 0.5 mL/min with a column temperature of 30 °C. The response factor used for
the combined methylated sugar yield was based on an average of the three
commercially available methyl sugars; methyl «-D-glucopyranoside (Sigma,
299%), methyl B-D-glucopyranoside (Sigma, =299%) and methyl o-D-
mannopyranoside (Sigma, 299%). The calibration curve for the three compounds
can be seen in Figure A.1. An overview of the different isomers of the methyl
glycosides from glucose and mannose can be seen in Figure A.2.[127] The yield
of MG was additionally verified by NMR of the reaction liquids.

For pentose sugars, 2-dimensional (2D) 'H-13C heteronuclear single quantum
coherence (HSQC) spectra were used to quantify methyl glycosides and residual
substrate. The quantification was done relative to DPM at natural 13C isotopic
abundance. The 'H-13C HSQC spectra had a 13C carrier offset of 101 ppm and
employed a spectra width of 22 ppm to sample the anomeric region of xylose and
its methyl glycosides at high resolution and sensitivity. Samples were prepared by
condensing 1 mL of the filtered reaction mixture using a SpeedVac vacuum
concentrator and redissolving the resultant residue in deuterated methanol
(Sigma-Aldrich, 99.96%). These spectra were recorded on a Bruker Avance 111
HD spectrometer equipped with a 9.4 T'magnet and a Bruker CryoProbe Prodigy,
sampling 1024 and 128 complex data points in the 'H and '>C spectral dimensions
for acquisition times of 292 and 58 milliseconds, respectively. Spectra were
processed with extensive zero filling in all dimensions and integrated in Topspin
3.5.

High-field NMR spectroscopy was conducted on a Bruker Avance II 800
MHz spectrometer equipped with a TCI Z-gradient CryoProbe and an 18.7 T
magnet (Oxford Magnet Technology, Oxford, U.K.). Sufficiently 1>C resolved
TH-13C HSQC spectra were acquired by sampling 1024 complex data points in
the direct ('H) dimension and 1024 complex data points in the indirect (13C)
dimension during acquisition times of 143 and 93 milliseconds, respectively. All
spectra were recorded at 37 °C.

For the discovery of chemicals formed in the stannosilicate-catalyzed
conversion of glucose, high-field NMR spectroscopy was employed on a Bruker
Avance II 800 MHz spectrometer equipped with a TCI Z-gradient CryoProbe
and an 18.7 T magnet (Oxford Magnet Technology, Oxford, U.K.). For this
purpose, 1 mL of reaction mixture was condensed and re-dissolved in deuterated
methanol. Standard homonuclear 1-dimension (1D), 2D correlation spectroscopy
(COSY) and 2D total correlation spectroscopy (TOCSY) were carried out on the
sample in addition to heteronuclear 'H-13C heteronuclear multiple bond
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correlation (HMBC) and highly 13C resolved 'H-13C HSQC and 'H-13C HSQC-
TOCSY spectra. All spectra were recorded at 30 °C.

The NMR quantification of identified compounds such as 3-deoxy-p-lactones
(DGL) in reaction mixtures was performed by addition of 10% deuterated
methanol to 500 ul. of reaction mixture and subsequent 3C 1D NMR
spectroscopy sampling 16384 complex data points during an acquisition time of
1.6 seconds and using a recycle delay of 58.4 seconds between 400 scans. One-
dimensional 'TH NMR spectra were used to quantify 3-deoxy-y-pentonolactones
(DPL), 2,4,5-trihydroxypentanoic acid methyl ester (TPM) and 2,5-dihydroxy-4-
methoxy pentanoic acid methyl ester (DMPM) relative to methyl lactate. Spectra
were recorded directly on reaction mixtures in methanol after removal of catalyst
and upon addition of 10% deuterated methanol. Spectra were recorded on a
Bruker Avance 111 spectrometer equipped with a 9.4 T magnet and a BBO probe.

In Chapter 6 filtered samples were analyzed on an Agilent 1200-series HPLC
equipped with an Aminex HPX-87H (BioRad) column using an RI and DAD
detector. The eluent used was a 0.004 M solution of H2SO4 run at 0.6 ml./min
with temperature of the column held at 65 °C. Unconverted glycolaldehyde (GA),
formed tetrose sugars; erythrose (ERY), threose (THR) and erythrulose (ERU)
and larger hexose sugars were quantified using an RI detector. Standard solutions
of the tetrose sugars were obtained from Omicron Biochemicals, Inc. The
formation of larger hexose sugars was quantified using the response factor of the
aldohexose; glucose and verified using NMR spectroscopy. Vinyl glycolic acid
(VGA) was quantified using the DAD detector at a wavelength of 210 nm with a
standard provided by Enamine (95%). a-Hydroxy-y-butyrolactone (HBL) was
tentatively quantified on HPLC using the RI detector and a standard provided by
Aldrich. High-field NMR spectroscopy was conducted on a Bruker Avance II 800
MHz spectrometer equipped with a TCI Z-gradient CryoProbe and an 18.7 T
magnet (Oxford Magnet Technology, Oxford, U.K.). Sufficiently 13C resolved
TH-13C HSQC spectra were acquired by sampling 1024 complex data points in
the direct (*H) dimension and 1024 complex data points in the indirect (13C)
dimension during acquisition times of 143 and 93 ms, respectively. All spectra
were recorded at 37 °C. Identification of compounds in the reaction mixture was
performed by the use of pure reference standards for glycolaldehyde, tetroses and
hexoses.
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2.5 Polymer preparation and characterization

In Chapter 5 the potential of using the #rans-2,5-dihydroxy-3-pentenoic acid
methyl ester (DPM) for polymerization. Polymer synthesis and characterization
were done entirely at the Danish Polymer Center by Research Assistant Christian
Andersen (DTU) and Associate Professor Anders E. Daugaard (DTU). Senior
Researcher Sebastian Meier (DTU) assisted with NMR characterization of the
resulting polymers. A brief description of the polymerization will be given here as
well as an overview of the measurement techniques. Any further information will
be found described in ref. [128].

For the co-polymerization, 0.40 g (3 mmol) of DPM, 2.0 g (13 mmol) of ethyl
6-hydroxyhexanoate (E6-HH, Sigma-Aldrich, 97%) and 0.24 g of Candida arctica
Lipase B (CAL-B; N435, Novozymes) was added to a Schlenk tube. The mixture
was placed in an oil bath under magnetic stirring at 60 °C and 200 mbar pressure
for 2 hours, before being reduced to 5 mbar for another 70 h. The product was
dissolved in tetrahydrofuran (Sigma-Aldrich, 299.9%) and filtered. The filtrate
was evaporated, re-dissolved in tetrahydrofuran and precipitated in cold
methanol. After refrigeration at 5 °C for 30 min and filtration, and orange solid
sample of poly(E6-HH-co-DPM) was obtained.

NMR characterization of prepared polymers was performed on a 7 T
Spectrospin-Bruker AC 300 MHz spectrometer at room temperature in CDCls.
Assignments of NMR spectra were based on 'H-TH COSY and 'H-12C HSQC
spectra. Glass transition temperatures (Ty) and melting temperatures (T'm) were
obtained using a Discovery DSC (T'A Instruments). Thermal analyses were
petformed by heating and cooling the sample from -100 to 150 °C at a rate of 10
°C/min. FTIR spectroscopy was conducted on an attenuated total reflection
ATR-FTIR (Thermo iS50). Molecular weight (My) and dispersities (D) were
determined using Size Exclusion Chromatography (SEC). SEC was performed in
THF on a Viscotek GPCmax autosampler using a Viscotek TriSEC model 302
triple detector array including an RI detector, viscometer detector and light
scattering detectors measuring at 90° and 7° as well as a Knauer K-2501 UV
detector on two PLgel MIXED-D columns (Polymer Laboratories). The samples
were run at a flow rate of 1 mL/min at 35 °C and molecular weights were
determined from a PS calibration.
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3

Impact of Tin on the Synthesis of
Fluoride-route Sn-Betal

Although Sn-Beta has received much attention since its discovery due to
its high activity and selective in a number of important reactions, several
fundamental aspects surrounding the hydrothermal synthesis of the material
are still not fully understood. In the synthesis of other zeolite structures it is
well-known that even small changes to the synthesis gel can result in large
changes to the finished material. Changing basicity of the synthesis gel,
choosing a different silica-source or structure directing agent (SDA), altering
the content of water or using agitation affect zeolite crystallization
behavior.[129-133] The traditional procedure for synthesizing Sn-Beta
involves fluoride media at near neutral pH as described in Chapter 1 and
detailed in Chapter 2.[10, 14, 16, 32] The role of the mineralizing agent is to
dissolve and transport silica species during the formation of the zeolite
framework.[134] Since the interaction between fluor and the silica-species is
strong, fluoride ions can advantageously be used as the mineralizing agent for
materials difficult to prepare in basic media.[14, 22, 135] For Sn-Beta the
preparation in a fluoride media results in the formation of highly defect-free
materials. Since no charge imbalance is present in the zeolite when tin is
introduced as mentioned in Chapter 1, this results in a very hydrophobic
material. The fluoride route also leads to the formation of zeolites with a much

larger crystal size often of several micrometers. Conversely, hydroxide route

T This chapter was adapted from Tolborg ez al. |. Mater. Chem. A 2014, 2, 20252.
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syntheses generally result in crystals of only a few hundred nanometers in
diameter. The difference between the two syntheses is shown in Chapter 6
where Sn-MF1 is prepared by both routes. The larger crystals are formed due
to the low degree of supersaturation obtained with fluoride. This limits
nucleation in the preliminary steps of zeolite formation and results in the
growth of fewer crystal that grow to larger sizes.[124] This also affects the
crystallization time of the materials, as the time required to obtain a fully
crystalline zeolite increases drastically. This can sometimes be countered by
the addition of zeolite seeds to the synthesis to induce nucleation.[43, 130]
This however also severely affects the crystal morphology of the sample, as
the additional points of nucleation often results in intergrown zeolite crystals
growing into larger agglomerates.[13] Since obtaining information about the
morphological changes of Sn-Beta is part of this chapter, seeds were avoided
here.

The aim of this fundamental study is to identify the effect of the presence
of tin on the synthesis of Sn-Beta materials in terms of crystal morphology,
crystallization time and distribution of tin in the individual crystals.
Understanding the role of tin could help increase the amount of active sites
which can be incorporated in the zeolite. The tin content of Sn-Beta is often
kept low (Si/Sn>100) as it has been stated that incorporation retards
crystallization, resulting in long crystallization times.[14, 16, 17] To investigate
these parameters, the conventional fluoride-route synthesis described by
Valencia ef al. is used to obtain the larger crystals that can be analyzed by
advanced spectroscopic techniques in the electron microscope.[137]

In this chapter, it is shown that the incorporation of tin during synthesis
of Sn-Beta not only introduces Lewis acid sites in the zeolite material but also
directly affects the growth kinetics and the morphology of the resulting
crystals. Several of the reactions that Sn-Beta is known to catalyze are liquid
phase reactions where diffusion limitations are expected to be an even more
important factor than in gas phase reactions. The understanding and control
of the crystal morphology as well as the accessibility to the active tin sites are
therefore important for the activity of the catalyst. Furthermore, it will be
shown that alkali ions can counter some of these effects resulting in
significantly reduced crystallization times. Additionally, tin is shown to not
incorporate evenly within the crystal particles, resulting in a localized tin-rich
shell.
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3.1 Results and discussion

3.1.1  Effect of tin on crystallization time

A series of Sn-Beta samples was prepared following the fluoride route
synthesis, keeping all synthesis parameters unchanged apart from the content of
tin added and the time of crystallization. Samples with varying Si/Sn ratios from
100 to 400 were synthesized and crystallized for between 2 and 60 days. The
temperature during crystallization was kept constant for all samples at 140 °C. It
was found initially that the use of higher temperatures favored the formation of
the MFI zeolite framework. Crystallinity, amounts of tin and properties of the
pore system can be seen in Table 3.1 for the samples prepared using a nominal
Si/Sn ratio of 200 in the gel.

Table 3.1. Physical properties of Sn-Beta samples synthesized with a nominal Si/Sn
ratio of 200.

b Crystallization Crystallinity« Tin® Si/Sn? SeET Vicropore?
S days % wt % m?/g mL/g

1 2 8 0.93 211 395 0.10

2 4 52 0.90 219 422 0.14

3 5 60 0.91 217 437 0.16

4 7 >95 0.97 203 471 0.19

5 14 >95 0.96 204 473 0.19

6 30 >95 0.94 209 475 0.20

a. Determined by Rietveld refinement of XRD measurements using the PONCKS method.
b. Determined by ICP analysis. c. BET surface area. d. Micropore volume, calculated using
the #~plot method.

Crystallinity of the prepared samples was assessed using X-ray diffraction
(XRD) by evaluating the obtained diffraction patterns using the ‘Partial or no
known crystal structure’ method (PONCKS) for the Rietveld refinements.[120]
This techniques evaluates both contributions from the crystalline and amorphous
phase in the sample, leading to a fully resolved refinement. By comparing these
contributions with fully crystalline and amorphous phases, it is possible to relate
the calculated contributions as a percentage of crystalline material present in the

sample.
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Figure 3.1. X-ray diffraction patterns of Sn-Beta samples with Si/Sn = 200 crystallized
for a) 2, b) 4, and ¢) 7 days. The latter is representative of an X-ray diffraction pattern
of a fully crystalline Sn-Beta material.

XRD diffractograms of some of the samples shown in Table 3.1 can be seen
in Figure 3.1 for samples crystallized for 2, 4 and 7 days. A steady increase in
crystallinity is clearly observed also seen from the calculated crystallinity increasing
from 8 to >95%. A well-crystalline Sn-Beta sample is obtained after 7 days with
little to no amorphous background present in the diffractogram (Figure 3.1c).
Longer crystallization times (14 and 30 days) did not lead to any changes in the
XRD diffractograms with the assessed crystallinity remained >95% (Table 3.1,
entries 4-6). For all samples series aside from the presence of an amorphous
component in the materials, no other crystalline phases were observed aside from
that arising from the *BEA zeolite framework. Even at very long crystallization
times and with large quantities of tin in the synthesis mixture, no formation of
MFI framework structure was detected at the chosen conditions. MFI is often
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found as a secondary phase when varying the synthesis conditions of Beta
zeolites.[124]

The amount of tin that was recovered in the finished Sn-Beta samples was
found to vary only from what was introduced during the synthesis with Si/Sn
ratios ranging from 203 to 219 (Table 3.1). Almost all tin present in the gel is
recovered in the finished solid. This was however also the case for samples of low
crystallinity (Table 3.1, entries 1-3). In almost all samples, small tin oxide
nanoparticles were visible on the surface of the zeolite crystals (Figure A.6.) The
tin content in the samples is determined by elemental analysis of the zeolite
dissolved in a mixture of acids. A consequence of this method is both tin
successfully incorporated in the framework and the formed tin oxide particles
counts towards the amount of recovered tin. More importantly, the presence of
these particles on the surface also means that not all tin added to the synthesis gel
can be assumed to be incorporated in the framework. Since tin oxide is found to
be inactive in all reactions investigated in this dissertation, these particles also
mean a lower number of active sites present in the catalyst. No contribution from
tin oxide could be found in any of the diffractograms due to the small size of the
particles. As a result, it was not possible to quantify the fraction of tin ending up
as tin oxide for this study. It is likewise unknown at which stage of the synthesis
these particles are formed. The particles could result from precipitated tin species
that upon calcination are turned into the oxides, or the particles could simply form
during the synthesis.

The properties of the pore system of the samples shown in Table 3.1 undergo
similar changes as was observed from XRD. A typical Sn-Beta zeolite (200, HT)
has a surface area (Sprr) and micropore volume (Vmicropore) Of 450-500 m2/g and
0.20 mL/g, respectively.[13] These physical characteristics of Sn-Beta are caused
by the channel and pore system of the zeotype material. Especially the micropore
volume is only found in crystalline samples. These properties can therefore also
be used as an indication of the achieved crystallinity of a samples.[45] For the
mentioned Sn-Beta samples prepared with a Si/Sn ratio of 200, the total surface
area increases from 395 to 471 m?/g (Table 3.1, entries 1-4) with the increase in
crystallinity from 8% to >95%. After full crystallinity is achieved, the surface area
remains unchanged at ~475 m?/g for longer crystallization times (Table 3.1,
entties 4-6). The micropote volume likewise increases from 0.10 to 0.19 mL/g at
the point of full crystallinity (>95%) and stay at ~0.20 mL./g beyond this point
(Table 3.1, entries 1-6). The crystallinities determined by Rietveld refinement are
thus supported by the surface area and pore volume measurements.
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For samples with varying tin contents, the crystallinity values obtained from
XRD results were plotted as a function of the crystallization time, see Figure 3.2.
The hydrothermal synthesis time required to obtain Sn-Beta samples of high
crystallinity (>95%) was found to vary greatly with the amount of tin added during
synthesis. For samples prepared without or low amounts of tin (Si/Sn = 400),
highly crystalline Beta samples could be obtained after only 4 days. When the
amount of tin was increased to give a Si/Sn ratio of 200, the required
crystallization time likewise increased slightly to 7 days. As a result, when the tin
content was further increased to Si/Sn 150 and 100, the required synthesis time
increased to 14 days and to 60 days, respectively. A similar retardation caused by
the introduction of tin has previously been reported for the synthesis of Sn-
MFI.[27]
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Figure 3.2. Crystallinity of Sn-Beta samples of varying hydrothermal synthesis times
from 2-60 days and with Si/Sn ratios ranging from 100 to 400 and without tin. The
lines are a guide to the eye.

The structural and material properties of the Sn-Beta samples at the point of
high crystallinity (>95%) can be seen in Table 3.2 for the different Si/Sn ratios.
Even the required crystallization time varies greatly in-between the different
sample series, almost no differences in the physical properties are observed. Only
the Sn-Beta sample prepared with a Si/Sn ratio of 100, synthesized for 60 days
gave a slightly higher surface area than the other samples (508 m2/g, Table 3.2,
entry 5). The retardation in the synthesis caused by tin clearly shows the
impracticality of preparing Sn-Beta catalysts with higher tin loadings (Si/Sn < 100)
and the reason why high tin content is often avoided in this type of synthesis. The
consequence of this practical limit in tin content is a lower number of active tin
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sites that can be present in a Sn-Beta catalyst synthesized in a fluoride medium
under these current conditions.

Table 3.2. Physical properties of Sn-Beta samples with varying tin content after
obtaining full crystallinity (>95%).

Entry I\]S(l)/n;rllfl Crystallization Tin® Si/Sn? SeET Vmicropore?
days wt%o m2/g mL
1 - 4 - - 459 0.19
2 400 4 0.42 468 464 0.19
3 200 7 0.97 202 471 0.19
4 150 14 1.24 157 470 0.20
5 100 60 1.81 107 508 0.20

a) Nominal Si/Sn ratio in the synthesis gel. b) Determined by elemental analysis (ICP). c)
Total surface area of the material. d) Calculated using the ~plot method.

3.1.2 Impact of tin on crystal morphology

In order to investigate the influence of tin on the growth of the zeolite crystals
and their morphology, samples of varying tin content and crystallinity was
analyzed using clectron microscopy. As expected for this type of material, all
prepared Sn-Beta samples were found to possess the capped square bipyramidal
(CSBP) morphology typical to Beta zeolites.[138] A graphical representation of
this morphology can be seen in Figure 3.3f. The clongated CSBP crystal
morphology of the purely siliceous Beta (Figure 3.3a) resemble what has been
reported previously under comparable synthesis conditions.[139]

From the micrographs shown in Figure 3.3 of crystalline Sn-Beta samples of
high crystallinity (Table 3.2), it is clear that tin has a pronounced effect on the
shape and size of the morphology of the formed crystals. As the amount of tin is
increased from a Si/Sn ratio of 400 to a ratio of 100 (Figure 3.3b to Figure 3.3e,
respectively), the resulting morphology changes systematically. This is seen by a
significant decrease in the height of the crystal and the expansion of the square
base of the pyramidal morphology (Figure 3.3a-¢).

The morphology of a zeolite crystal is directly determined by the relative
growth rates of the different faces of the crystal.[138] If the outward growth of
one of the faces is higher than the other(s), this will be witnessed as a
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diminishment of this face in the crystal morphology, while the slower face of the
crystal will be more pronounced. With the introduction of the tin source for the
synthesis of Sn-Beta, the growth of the pyramidal (40)) face relative to the
pinacoidal (00)) face is significantly increased. This can be seen as the change from
the morphology shown in Figure 3.4a to the one shown in Figure 3.4e. At very
high tin content (Si/Sn = 100), the resulting crystals are almost plate-like, although
the distinct shape of the CSBP morphology is still clearly visible.

Figure 3.3. SEM imaging of Sn-Beta crystals synthesized with a Si/Sn ratio and
crystallization time of a) tin-free, 4 days, b) 400, 4 days c) 200, 7 days d) 150, 14 days
and ¢) 100, 60 days. In f) a representation of the capped bipyramidal morphology
typical to Sn-Beta is shown with the a, b and ¢ direction presented. Adapted from ref.
[44].

The length of the pyramidal, 4, and plateau, 4, edges (represented on the
crystal shown in Figure 3.5 on p. 50) has previously been used to track the changes
in the morphology of crystals with the CSBP morphology.[138] Obtaining these
two crystal parameters are, however, not straightforward using electron
microscopy (Figure A.7). Measuring distances on images obtained from SEM can
be difficult and requires the precise knowledge of the geometry between the
orientation of the crystal and the detector. In the absence of this correlation and
with no reference this makes measuring a height or width of a crystal inaccurate.
However due to the parallelism of the two lengths @ and & and their equal
otientation relative to the detectot, the ratio a/4 of the investigated crystals can
be determined far more precisely. In Table 3.3, the average approximate crystal
size (as determined by electron microscopy as the length of @) and the ratio @/b of
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the zeotype crystals are shown. Standard deviations have been included for the
crystal size for reasons mentioned above and the size is primarily used to get an
indication of the growth of the crystal. The sizes of the crystals were confirmed
by transections used for SEM-WDS described later.

Table 3.3. Changes in the crystal size and aspect ratio (a/b) of the formed crystals. The
crystal size is done as an average of a minimum of 10 crystals. Adapted from ref. [44].

Crystallization Crystal size“
Entry Si/Sn alb
Days wm
1 - 4 3.4(7) 2.3
2 400 4 5(1) 1.7
3 200 7 4.0(7) 1.6
4 200 14 7(1) 1.5
5 200 30 11.8(9) 1.5
6 150 14 7(1) 1.4
7 100 60 8(3) 1.1

a. Crystal size measured from SEM as the length across the pyramidal base (@) as shown from
the representation of Sn-Beta in Figure 3.5. The numbers in parentheses show the standard
deviation of the measurement.

a) (001) b)
(001
(hory (hol)

Figure 3.4. Representation of the effect of the growth rates of the individual faces on
the resulting morphology shown for dominant a) pinacoidal and b) pyramidal growth
rates. High growth rate is marked in green, low rate in red.

From purely siliceous Beta (Table 3.3, entry 1) to samples with a Si/Sn ratio
of 100 (Table 3.3, entry 7), a steady decrease in the /b ratio from 2.3 to 1.1 is
found, see Figure 3.5. This trend suggests that there is a direct correlation between
the amount of tin added during synthesis and resulting change in the morphology.
Interestingly, a similar (albeit not as pronounced) change in morphology of purely
siliceous Beta was found by Larlus and Valtchev in a two-step synthesis procedure
involving first nucleation of the zeolite in fluoride media followed by aging in
basic media.[138] It that study, they found a clear correlation between increasing
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the amount of alkaline template used in the second step of the preparation and
the increase in pyramidal growth. The correlation was later confirmed in a one-
step synthesis similar to the one used in the current study.[140] The dependence
on basicity in the system could help explain the drastic change in morphology and

will discussed in more detail later.
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Figure 3.5. The a/b aspect ratio measured for samples of varying tin content after full
crystallization (>95% crystallinity). Adapted from ref. [44].

As mentioned previously, growth rates of the individual crystal faces
determine the resulting morphology of the formed crystals (as shown in Figure
3.4).[124] This suggests that the addition of tin to the synthesis mixture changes
the growth of the pyramidal and pinacoidal faces, making the plateau of the crystal
the dominant feature with higher tin loadings. This change in morphology could
have an effect on the resulting catalytic properties as it would mean that different
parts of the channel would be represented in the crystal and thus available for
reactants. Any changes to the activity or selectivity of the materials caused by this
effect were however not possible to separate from the additional active tin sites
present when increasing tin content.

It is important to note that although no change is observed for the physical
properties of the zeolite samples after full crystallinity is reached, the crystals were
found to undergo Ostwald ripening. In this process smaller crystals atre
continuously during synthesis dissolved and redeposited onto larger ones,
resulting in an overall increase in the average crystal size of the sample.[141, 142]
Ostwald ripening can occur even after a fully crystalline material has been
obtained and was also observed here for Sn-Beta. In Table 3.3 entries 3-5, the
Ostwald ripening effect can be seen from the increase in crystal size observed for
samples with a Si/Sn ratio of 200. After 7 days samples prepatred with this amount
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of tin are fully crystalline and have an average crystal size of ~4 pm (Table 3.3,
entry 3). Upon further crystallization for up to 14 and 30 days, the size of the
particles increased to ~7 pm and then to ~12 um, respectively (Table 3.3, entries
4-5). This restructuring could have an impact on the catalytic activity of the
material, not only due to diffusion limitations introduced with larger crystals but
also caused by changes in the environment of tin. One consequence of this
continued crystal growth could be an increased formation of inactive tin oxide
species, although this was not confirmed in this study. Although the crystals
increased roughly three-fold in size for the samples shown in Table 3.3, the
measured /b ratio of the formed crystals remained constant at ~1.6. This shows
that although crystal growth continues with longer synthesis time, ripening does
not affect the morphology. The morphology is thus dictated by the tin content
and not the time of crystallization.

3.1.3 Internal crystal composition

The morphology of the samples is very important with respect to catalyst
activity,[143] but the distribution of tin in the zeolite crystal could have an even
greater importance. To investigate the incorporation of tin in the crystals,
transverse cuts of the samples of various tin contents and synthesis times were
prepared and investigated by SEM with a wavelength-dispersive spectrometer
(SEM-WDS). Interestingly, for a number of transverse cuts of the array of Sn-
Beta crystals, lines protruding from the center towards the corners were observed,
see Figure 3.6a. This is known as the ‘hourglass phenomenon’ and is believed to be
caused by the continuous incorporation of defects during the crystal growth,
where the crystal faces meet found for several other types of zeolite.[144, 145]
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Figure 3.6. WDS analysis of a Sn-Beta sample (Si/Sn = 200) crystallized for 30 days
showing a) SE image of the investigated crystal, b) Sn X-ray intensity, and ¢) X-ray
intensities for Si (b/ue) and Sn (green). The data for c¢) were extracted from the map at
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the area indicated by the green outline on b) and averaged across the thickness of the
line. Adapted from ref. [44].

Using SEM-WDS, it was possible to select and accurately map the elemental
composition of the chosen crystal transections. In all cases where the CSBP
morphology was clearly visible as a symmetrical hexagonal geometry (Figure 3.6a),
a clear gradient was observed in the distribution of tin in the zeolite crystal. In
Figure 3.6 this is shown for a sample crystallized for 30 days with a Si/Sn ratio of
200 showing both the tin gradient (Figure 3.6b) and a plot of the X-ray intensity
acquired for Si and Sn across the transection (Figure 3.6¢). For silicon the latter
shows a constant concentration throughout the crystal, but for tin a clear decrease
in metal content can be seen towards the center of the crystal. After acquisition
of the maps, the signal on each pixel was processed. A fixed background was
subtracted and full ZAF standard-based correction routine was applied. The latter
procedure involves correlating the measured ‘counts’ of silicon and tin in the
sample computationally against reference sample containing these elements in
known amounts, correction for atomic number (Z), absorbance (A) and
fluorescence (F), leading to quantitative results. Due to the large difference
between the acquisition time of calibration intensities and the dwell time of
mapping, the quantitative results can only show a relative difference in
concentrations rather than absolute mass concentrations. Applying this technique
to the measurement shown in Figure 3.6b, it was found that the rim contained

approximately twice as much tin compared to the center.

Figure 3.7. SEM-WDS measurements showing the tin distribution in transverse
sections of Sn-Beta zeolites with Si/Sn ratios of a) 400 (crystallized for 4 days), b) 200
(7 days) and c) 100 (60 days). Adapted from ref. [44].

The enriched outer shell of tin was found for all prepared Sn-Beta materials
with varying tin content, irrespective of the resulting morphological changes and

the size of the formed crystals. Figure 3.7 shows the tin distribution in Sn-Beta
crystals with Si/Sn ratios of 400, 200, and 100, respectively. All analyses show the
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same decrease in tin concentration towards the center of the zeolite crystal with a
thickness of the shell varying from 1-2 um. This shows that tin is primarily found
as a shell with a thickness corresponding to roughly half the distance along the
center of the crystal independent of the amount of tin incorporated in the material.
The tin distribution was also found in transection before and after calcination
showing that it is not caused by a thermal redistribution (Figure A.8). The
occurrence of zoning of aluminum within synthesized crystals of ZSM-5 (with the
MFI framework) is a well-known phenomenon.[146-148] Despite being shown
for the first time in 1981, the occurrence is still not fully understood with
explanations ranging the redistribution of aluminum during synthesis to
deposition of aluminum during cooling.[148] The gradient in the tin distribution
within the bulk crystal has to our knowledge not previously been observed for tin-
containing zeolites.

3.1.4  Ostwald ripening effects

Since a continued growth of the zeolite crystals was observed with longer
synthesis times, presumably due to Ostwald ripening effects, it was important to
investigate the evolution of this outer layer of tin within the crystal over time.
Samples of different crystallization times from 4 to 30 days and Si/Sn = 200
(Table 3.3, entries 3-6 on p. 49) were investigated. As described earlier, a
significant difference in crystal size was measured for this sample series with
crystal size increasing from 4 to 12 um over time. Investigating these samples
using SEM-WDS, it was discovered that the enriched tin layer described above
likewise changes in thickness as the crystals grow. This is especially clear from the
two transections shown in Figure 3.8 crystallized for 7 and 30 days. After 7 days
the crystal size is 4 pm with the enriched tin shell having a thickness of roughly 1-
2 pm (Figure 3.8a), thus corresponding to roughly half the crystal radius. For the
very large crystals (12 pm) obtained after 30 days the shell was found to have a
shell thickness of 3-3.5 um (Figure 3.8b). Although this crystal has increased
substantially in size with the increased crystallization time, the tin shell is still
found to correspond to roughly half the radial distance. This means that the
internal void with low tin concentration likewise must have grown in size as the
zeolite grew. A consequence of these findings is that tin to some extent must have
redistributed during crystallization. This is corroborated by the fact that the tin
shell was found in all samples, and the shell was also observed in samples of low
crystallinity containing only semi-crystalline crystal shapes. This shows that the tin
gradient is already present in the crystal at the earliest stages of the synthesis. This

is surprising as one would expect growth from nucleation to crystal formation to
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occur radially. The difference in tin concentration in the crystal would then be a
result of a late incorporation of tin during the synthesis. The fact that tin is already
incorporated in what later becomes the catalyst crystals at such early stages, hints
that tin is incorporated as part of the ‘solid-phase transformation process’, where the T-
O-T bonds within the solid are continuously formed and broken initially to form
the crystalline solid from the amorphous phase and later to mediate the further
growth brought on by Ostwald ripening between crystals.[149]
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Figure 3.8. SEM-WDS measurements showing the tin X-ray intensity in transverse
sections of Sn-Beta (200, HT) samples synthesized for a) 7 days and b) 30 days. The
approximate thickness of the enriched outer shell has been overlaid in white.

Figure 3.9. SEM and SEM-WDS measurements showing a) micrograph, b) tin X-ray
intensity, ¢) Sn X-ray intensity with an overlay of the size and shape of the crystal from
(a) of transverse sections of a zeolite synthesized by regrowing a sample of uncalcined
Sn-Beta (200, HT) in a purely siliceous gel.

To further investigate the occurrence of redistribution of tin during the
hydrothermal synthesis, a Sn-Beta sample with a Si/Sn ratio of 200 was prepared
and allowed to crystallize for 7 days, producing fully crystalline Sn-Beta crystals
with a diameter of ~4 um (Table 3.3, entry 3). Upon recovery of the finished
crystals, the sample was washed thoroughly but not calcined. This sample was
then used as seeds (50% of the total silica content of the synthesis) in an otherwise
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purely siliceous gel and crystallized for another 7 days to ensure high crystallinity.
Figure 3.9 shows the SEM-WDS results obtained for the finished material. The
Sn-Beta crystals used as seeds have a crystal size of ~4 um, identical to those
described in Table 3.3, entry 3. As it can be seen from the micrograph in Figure
3.9a, the seeds have clearly continued to grow in the siliceous gel, leading to the
formation of larger crystals (diameter of 7-8 um). Additionally, looking at the
distribution of tin within the crystal, it can be seen that not only has the crystal
continued to grow, it appears to also have fully incorporated the initial Sn-Beta
seed within its core. As a result, the zoning of tin is still clearly visible in the center
of the crystal, but now the majority of the tin concentration can be found a
distance of 1-2 um within the crystal (Figure 3.9b). Interestingly, although the
second synthesis step was done using a purely siliceous gel, the hexagonal
morphology of the resulting crystal can still be discerned from the Sn map alone
(an overlay of the shape and size of the investigated crystal can be seen on Figure
3.9a and c). This indicates that some tin from the initial seed has indeed been
dissolved and reinserted under hydrothermal conditions leading to a redistribution
of tin as the larger zeolite crystals are formed. Compared with the initial shell, the
amount of tin found in the outer layer is small and more experiments are required

to conclude whether extensive redistribution of tin occurs.
3.1.5 Other synthesis parameters

The basicity of the synthesis mixture has as mentioned earlier been shown to
result in similar changes to the morphology of Si-Beta under conditions similar to
the ones used here as mentioned previously.[138, 140, 150] The change was
introduced primarily by increasing the template content relative to the silica
source. In an analogous manner, it was investigated whether the synthesis used in
this study was influenced by the same parameters. Two purely siliceous Beta
samples were prepared by changing the ratio of template to silicon (TEA/SiO2)
source from 0.55 to 0.44, 0.61 and 0.71, letting the samples crystallize for 7 days
(micrographs are available in Figure A.9). Although both samples prepared with
increased template content (TEA/SiO2 = 0.61-0.71) largely led to a partly
amorphous sample, the formed crystals did appear to undergo a similar change in
morphology as seen for Sn-Beta. Lowering the template content (TEA/SiO2 =
0.44) resulted in a fully crystalline sample, but with a much larger perceived size
distribution of the sample but with no discernible change in morphology. In the
case of Sn-Beta, the change in morphology occurring is induced by introducing
an acidic component; tin(IV) chloride pentahydrate, thereby lowering the basicity
of the system slightly. In order to prove that the reason for the change in
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morphology was not due to formation of HCI from using SnCl4-5H20 as the tin
source, HCl was added instead of the tin source in amounts equivalent to what
would form zn-sitn from hydrolysis of the salt.[116] Again, no obvious change in
morphology was found. Interestingly, when adding the tin source during synthesis
a white precipitate is often observed slowly dissolving under stirring after several
hours. This was assumed to be the precipitation of tin species formed upon
reaction with the gel caused by its low solubility, but the same effect was observed
from adding hydrochloric acid, making it clear that the zxz-situ formation of HCI
from the tin source briefly solidifies parts of the gel upon addition.

Table 3.4. Sn-Beta samples (Si/Sn = 150) prepared with different tin sources
synthesized at hydrothermal conditions for 14 days.

/ Crystal

Si/Sn« SseT? Vmicropore® ized

Entry  Tin source " size a/b

m2/g ml./g pm

1 SHC14'5H20 159 470 0.20 7(1) 1.4
2 Sn(CH3CO2)s 995 468 018 8(2) 1.3
3 (TEARSnFs 465 478 0.19 102) 1.4
4 SnO»f 177 456 0.19 6.6(9) 1.6

a) Determined by elemental analysis. b) Total surface area. ¢) micropore volume calculated
using the #plot method. d) Crystal size measured from SEM as the length across the
pyramidal base. e) Prepared by adding (NH4)2SnFs to TEAOH under stirring allowing NH3
to evaporate. f) SnO; particles < 100 nm.

To further investigate the impact of the tin salt on the resulting materials, Sn-
Beta samples with a Si/Sn ratio of 150 were prepared using different tin sources
and crystallized for 14 days. The metal sources used were tin(IV) oxide
nanoparticles (SnO2, <100 nm), tin(IV) acetate (Sn(CH3COg2)4) and
tetracthylammonium hexafluorostannate (TEA)2SnFe). The latter was prepared
from commercially available (NH4)2SnFs following a similar procedure described
by Larlus ef al. for the preparation of (TEA)2SiFe.[124] Tin(IV) oxide is insoluble
in the synthesis gel creating instead a suspension of nanoparticles, tin(IV) acetate
eliminates the presence of chloride ions, and the use of (TEA)2SnF¢ allows the
synthesis to proceed without introducing any additional anions. Aside from
changing the tin source, all other parameters were kept constant. Micrographs and
physical properties for these samples can be found in Table 3.4 and Figure 3.10.
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Figure 3.10. SEM images of Sn-Beta samples crystallized for 14 days using a) tin(IV)
acetate, b) (TEA)2SnFs and ¢) SnO» (<100 nm) as the tin source. Adapted from ref.
[44].

When SnO: nanoparticles were used as tin source, the resulting crystals
pottrayed the more elongated morphology (Figure 3.10c), leading to an a/b ratio
of 1.6 (Table 3.4, entry 4), comparable in appearance to samples prepared in
absence of tin (Figure 3.3a). For this sample, we believe that no tin is incorporated
in the zeolite framework due to the insolubility of the tin source. From the
elemental map shown of a transection of this sample in Figure 3.11, very little tin
is found to be contained within the crystal (Figure 3.11c). Instead highly localized
tin concentrations were found on the surface of the crystals (Figure 3.11a and c).
The surface of the crystals from this sample was covered with small particles
found to be SnOx. As a result, when tin is not incorporated in the framework, no

enriched tin shell or change in morphology are observed.
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Figure 3.11. a) SEM image of Sn-Beta crystals prepared using SnO3 as tin source, b)
SE image of the transected SnOz-Beta crystal and c) the X-ray intensities of tin of b).
Adapted from ref. [44].

Using both tin(1V) acetate and (TEA)2SnF¢ (Figure 3.10a-b) as the tin source
yielded highly crystalline, truncated crystals with very similar morphological
appearance (¢/b ~ 1.4) to a comparable sample prepared using tin(1V) chloride
(Table 3.4, entries 1-3). As a result, it can be ruled out that the change in
morphology is related to the anion of the alkali source used. Although tin
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gradients could be found both for Sn-Beta samples prepared using tin(IV) acetate
(Figure 3.12a) and (TEA)>SnFs (Figure 3.12b), it is clear that using the former lead
to an even greater heterogeneity in the distribution of tin with much of the tin
found near the surface of the crystal. This could indicate large amounts of formed
tin oxide deposited on the surface of the crystals, comparable to the what was
observed for SnOs-Beta (Figure 3.11c). However, unlike SnO»-Beta where the tin
oxide nanoparticles were clearly visible in micrographs of the crystals (Figure
3.11c), no visible particles were found in Sn-Beta prepared using tin(IV) acetate
(Figure 3.10a) aside from the small amounts found for all samples. Whether this
then means that the tin is then instead incorporated in the zeolite framework

within the first micrometer requires more investigation.

Figure 3.12. SEM-WDS measurements showing the tin X-ray intensity of transections
of Sn-Beta (150, HT) samples prepared using a) tin(IV) acetate and b) (TEA)>SnFs as
the source of tin.

It is important to note that albeit the physical properties (surface area,
micropore volume, crystal size and morphology, Table 3.4, entries 1-3) are
comparable for all three samples, the amount of tin found confined within the
zeolites varied greatly in the finished materials (S§i/Sn = 159-295). This could
indicate that the morphological change is caused by the presence of soluble tin
ions in the synthesis gel, changing conditions of the growth of the zeolite, and not
the incorporation of tin itself as more metal is added. Changes in the synthesis
conditions can have a large impact on the resulting crystals; the aforementioned
heterogeneous distribution of aluminum in ZSM-5 was for instance less
pronounced when a different template was used.[146, 151]

3.1.6  Countering retardation by addition of cosolutes

The morphological change from elongated CSBP to plate-like particles
appears to be related to the tin species present in the gel during the growth of the
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zeolite, a synthesis component difficult to omit in the preparation of Sn-Beta. An
alternative approach could be to post-functionalize tin into sites prepared by
dealumination of an aluminum-containing zeolite, an approach being utilized by
several groups (including our own) as an alternative synthesis method for Sn-
Beta.[37, 50, 51, 56, 59] For the current study an alternative approach was used,
attempting to counter the retardation and morphology changes caused by tin.

Alkali ions are known to be of great importance in the preparation of a variety
of zeolites. As mentioned in Chapter 1, general consensus is that alkali metal ions
must be avoided when synthesizing Ti- and Sn-containing zeotype materials, due
to the formation of highly charged octahedral species, [M**Og/2]%, essentially
unable to incorporate within the zeolite framework unlike the tetrahedral
equivalents, [M*+*O4/2]0.[152] As a result, when TS-1, Ti-Beta and Sn-MFI zeotype
materials were synthesized in the presence of alkali metal ions both
crystallization,[21, 82-84] and the catalytic activity were negatively influenced.[86-
88] The addition of small amounts of alkali hydroxide (Na, K, Li) has however
recently been shown to be a pre-requisite in the fluoride-free synthesis procedure
develop by the group of Fan.[49] Similarly, we early got indications from samples
prepared with small amounts of alkali metal impurities that the picture was more
nuanced for Sn-Beta and positive effects could be achieved by stringent control
of the alkali content.

In order to study, the impact of alkali metal salts on the crystallization of Sn-
Beta, small amounts of alkali (here primarily KOH) was dissolved directly in the
template solution and used for the synthesis of Sn-Beta. The base was added
relative to the tin content in a molar ratio (M/Sn) ranging from 1 to 8. As it was
described above, Sn-Beta with a Si/Sn ratio of 150 required ~14 days to obtain
full crystallinity (Figure 3.13a-b). It was found that by adding small amounts of
alkali during synthesis (M/Sn ~ 6) it was possible to reduce the crystallization time
and obtain samples with comparable crystallinity after only 2 days (Figure 3.13c).

In a similar manner, a sample with a nominal Si/Sn ratio of 100 could be
obtained after only 10 days (not shown), down from 60 days. Since the limitation
in going beyond a tin content of ~2 wt% (Si/Sn = 100) is mainly due to the long
crystallization times, we saw the introduction of alkali as a possibility for the
synthesis of Sn-Beta samples with even higher levels of tin. With a Si/Sn ratio of
75, equivalent to 2.6 wt% tin in the materials, a theoretical synthesis time with the
conditions used previously would be >150 days (assuming exponential increase in
crystallization with tin content). A seties of samples with nominal Si/Sn ratio of
75 was synthesized for only 7 days, varying the M/Sn ratio from 1 to 5.
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Figure 3.13. X-ray diffraction patterns of Sn-Beta zeolites prepared without (a-b) and
with (c-d) alkali added during synthesis. The samples wetre Si/Sn ratio and synthesis
time of the samples were a) 150, 2 days, b) 150, 14 days, and ¢) 150, 2 days with alkali
added K/Sn ~ 6.

Figure 3.14 shows the crystallinity of the obtained samples versus the added
alkali as well as a micrograph of the sample prepared with a M/Sn ratio of 2. It is
quite clear that a large increase in crystallinity after 7 days is achieved by increasing
the M/Sn ratio in the gel from 1 to 2, for higher M/Sn ratios, samples appear
largely unaffected (according to XRD, Figure 3.14). For all crystalline samples
irrespective of the tin loading, crystallinity higher than ~80% could not be
achieved, presumably caused by the more alkaline conditions leading to
desilication of the formed crystals (visible on Figure 3.15a).[153] This was also
observed visually as the formed crystals were often etched across the surface and
in some cases higher tin content was measured in the obtained solid than was
present in the gel. This effect grew more pronounced with longer crystallization
times (Figure 3.15a).

From both Figure 3.14 and Figure 3.15a it can be seen that the morphology
of the samples likewise changed with the introduction of alkali. The Sn-Beta
sample shown in Figure 3.15 synthesized for 21 days using a Si/Sn ratio of 75 and
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a K/Sn ratio of 3 was found to be yield morphology with @// = 1.4. Instead of
obtaining plate-like crystals (¢/4 = 1.1) obtained for samples with Si/Sn = 100,
the morphology motre resembled samples synthesized with nominal Si/Sn ratios
of 200 ot 150 (a/b ~ 1.5). In eatlier studies with purely siliceous Beta, Latlus ez a/.
found that although an increase in amount of alkaline template used during
synthesis resulted in changes to the morphology, adding similar amounts of
NaOH only resulting in the formation of larger crystals.[138] For the synthesis of
TS-1 (titanium-containing MFI zeotype) ammonium salts however had a large
impact on the resulting morphology.[154]
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Figure 3.14. Sn-Beta (75, HT) prepared using different amounts of KOH added to the
synthesis gel and crystallized for 7 days at 140 °C. A electron microscopy image has
been included for the sample of ~80% crystallinity synthesized with K/Sn = 2.

This seems to indicate that the improvement in crystallization time is not
related to the alkalinity of the system, but instead from the salts hindering the
retarding effects caused by tin species, perhaps by forming a stable transition
phase not interfering with the crystal growth. No change in the internal
composition of the formed Sn-Beta particles were seen (Figure 3.15c¢) as the
enriched outer shell of tin was also present of these samples. This likewise shows
that the retardation in crystallization and the differences in morphology caused by
preferred growth of the faces are indeed correlated; one a result of the other.
Using the appropriate amount of alkali appears to allow for some degree of
morphology control. This control could have an effect on the resulting catalytic
properties of the materials, as the number of contribution of the pore openings
of the different faces will change with the morphology. As mention earlier the
introduction of alkali is however also known to influence the catalytic properties
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of similar materials (often negatively). The catalytic activity of these types of
modified Sn-Beta samples will briefly be mentioned in the next section, but will
be described in more details in Chapters 4.

Figure 3.15. SEM-WDS analysis of Sn-Beta (75, HT) prepared with K/Sn ratio of 3
and synthesized for 21 days showing a) electron microscope image, b) image of the
transected crystal and c) the X-ray intensities of tin of b).

3.1.7  Catalytic activity

To investigate the catalytic activity of the Sn-Beta materials for the conversion
of sugars, a model reaction was used. The conversion of the trioses is well-known
to undergo a cascade of reactions catalyzed by Sn-Beta, leading to the selective
formation of methyl lactate (ML). [99] The number of steps involved in the
reaction (involving both several 1,2-hydrideshift and dehydration reactions, see
Scheme 1.4 on p. 20) makes it possible to probe the activity of the different
materials prepared here. For the experiment, 1,3-dihydroxyacetone (DHA) was
converted in methanol. To ensure moderate conversion, the reaction was at 75 °C
for 2 hours, using a large excess of sugar compared with the amount of catalyst,
m(DHA)/m(Sn-Beta) = 12. By keeping the conversion low, it was possible to
compare the activity of the different Sn-Beta samples with both varying tin
content and crystallinity.

Due to the inhomogeneous incorporation of tin and the large differences in
morphology of the differences samples, this approach was chosen as opposed to
comparing the samples based on tin content. Moreover, as mentioned previously,
almost all samples prepared in this study contained small amounts of visible tin
oxide particles on the surface of the crystals, a variant of tin known to be inactive
in the conversion of sugars to methyl lactate. Although by visual inspection the
amount of tin oxide particles appeared to increase with an increase in tin content,
it was not possible to quantify how much of the tin ended up as inactive species.
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Any contribution from leached tin species from the Sn-Beta zeolites under
reaction conditions was found to be negligible (Figure 3.16).
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Figure 3.16. Comparison of the yield of methyl lactate obtained from 1,3-
dihydroxyacetone using a) the Sn-Beta catalyst and b) from any leached species. The
latter was done by initially treating the Sn-Beta sample in 6.5 mL of methanol at 75
°C for 2 hours, filtering off the catalyst and using this methanol as the solvent for the
reaction. Reaction conditions: 0.025 g catalyst, 0.30 ¢ DHA, 6.5 mL methanol, 600
rpm, 75 °C, 2 hours.
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Figure 3.17. Crystallinity of and methyl lactate yield obtained with Sn-Beta samples
(150, HT) prepared at varying hydrothermal synthesis times. Reaction conditions:
0.025 g catalyst, 0.300 ¢ DHA, 6.5 mL methanol, 600 tpm, 75 °C, 2 hours. Each
experiment was performed a minimum of 3 times.
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Figure 3.17 shows the obtained ML yield for a sample with a Si/Sn = 150 as
a function of crystallization time along with crystallinity of the sample. As the
crystallinity increased from 20% to 63% (after 7 days), the ML yield remained
below 5%. This is comparable to the yield of a blank experiment (~4%). An onset
in activity is observed after 10 days of crystallization (83% crystallinity) with an
obtained yield of ML of 14% increasing after 14 days (>95% crystallinity) to 22%.
The Sn-Beta catalyst is relatively inactive until late in the crystallization. Simple
pore blocking by amorphous material in the partial crystalline samples could
explain this observation.
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Figure 3.18. Yield of methyl lactate obtained using Sn-Beta samples crystallized for a
varying amount of days and different tin content (Si/Sn ratios from 100 to 400).
Reaction conditions: 0.025 g catalyst, 0.300 g DHA, 6.5 mL methanol, 600 rpm, 75
°C, 2 hours. Each experiment was performed a minimum of 3 times.

Expanding the catalytic results to the rest of the Sn-Beta series of varying tin
content (Figure 3.18), it is evident that a large increase in yield of ML coincides
with the point of full crystallization (>95% crystallinity). A ML yield of 11% (4
days) was obtained for a Si/Sn ratio of 400 whereas for Si/Sn ratios of 200 and
100, ML yields of 23% (7 days) and 32% (60 days) were obtained, respectively.
Although Sn-Beta is active with low tin content for this reaction, it is clear that
the bulk activity can be improved by incorporation of increasing amounts of tin.
However, in all the cases the crystallinity needs to be above 80% to reach
maximum activity. For two of the series (Si/Sn = 200 and Si/Sn = 400), a decrease
in catalytic activity is observed for samples crystallized longer than what is
required to obtain a crystalline sample. For a Si/Sn ratio of 200, the obtained ML
yield decreases from 27% (14 days) to 18% (30 days). The observation that the
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catalyst activity decreases for excessive synthesis times is very important when
preparing the material for catalytic use. As explained in the previous section,
Ostwald ripening phenomenon has been identified in the samples.

The catalytic activity was likewise measured for samples prepared with
alternative tin sources (Figure 3.19) and samples where potassium was introduced.
Both Sn-Beta prepared using tin(IV) acetate and (TEA)2SnFs were found to be
active in the conversion of DHA. Surprisingly, despite the poor incorporation of
tin (Si/Sn = 295) and the large heterogeneity of tin found in samples prepared
using tin(IV) acetate, this catalyst gave comparable or slightly higher yields (~27%)
than when tin(1V) chloride (22% ML) was used. Although more thorough analysis
of this catalyst is required to fully understand the incorporation of tin here, the
catalytic activity of this material must mean that a high number of active,
accessible tin sites are present in this catalyst. This seems to indicate that the high
tin concentration found at the surface of the crystals are indeed active,

incorporated tin sites and not tin oxide as earlier speculated.
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Figure 3.19. ML yield obtained with Sn-Beta prepared using different tin sources. The
dashed line shows the yield when no catalyst is present. Reaction conditions: 0.025 g
catalyst, 0.300 ¢ DHA, 6.5 mL methanol, 600 rpm, 75 °C, 2 hours. Adapted from ref.
[44].

For the Sn-Beta sample prepared using (TEA)2SnF¢ a yield of 13% was
obtained, lower than for the conventional Sn-Beta. Sn-Beta (75, HT) prepared in
the presence of potassium (K/Sn = 3) was likewise found to be active in the
conversion of the trioses resulting in a ML yield of 35%. Although only slightly
higher than the yield achieved using a Sn-Beta catalyst with one third the amount
of tin (Si/Sn = 200, 27% ML), this result shows that active Sn-Beta materials can
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indeed be prepared in the presence of alkali metals. Chapters 4 and 5 will describe
the catalytic conversion of carbohydrates using alkali containing catalysts in more
detail. It is important to note that the samples synthesized here using different tin
sources or with the addition of alkali during synthesis were used primarily to
investigate changes in crystal growth and composition and were not optimized for
catalytic conversion of sugars. The lower or slightly higher yields achieved with
the alternative tin sources could be a reflection of a number of the aforementioned
factors (tin incorporation, crystallinity, etc.) which would likely improve upon
proper optimization of the synthesis procedure.

When insoluble tin oxide nanoparticles were used as a source of tin, the
material was inactive. These results illustrate that framework Sn sites are the active
sites in the reaction and that the morphology changes are a consequence of the
incorporation of tin in the framework.

3.2 Conclusions

In this chapter, I have shown that the addition of tin during near-neutral
conditions in a fluoride medium severely retards the crystallization and changes
the preferred growth of the crystal faces. A clear correlation was found between
the tin content present during synthesis and the change in the capped square
bipyramidal morphology. This was observed as a change from highly elongated
crystals with low tin contents to highly truncated, almost plate-like, crystal at high
tin contents. This retardation could be countered by adding the appropriate
amount of alkali salt to the synthesis, resulting in the successful preparation of Sn-
Beta with high tin content (Si/Sn = 75).

Furthermore, tin was found to be unevenly distributed within the bulk of the
crystal. Regardless of tin content and resulting morphology, a clear gradient in the
distribution of tin within the bulk crystal was observed using SEM-WDS for all
samples. The tin enriched shell was observed to extend roughly half the crystal
radius and contain approximately twice the amount of tin as the depleted core.
This feature was found to exist in samples even before being fully crystalline in
appearance and was surprisingly found in crystals that continuously increased in
size from Ostwald ripening. Tin was additionally found in small amounts present
as nanosized tin oxide particles on the surface of the crystals.

The catalytic activity of the prepared Sn-Beta materials for the conversion of
the triose sugar 1,3-dihydroxyacetone to methyl lactate was likewise found to
depend on the tin content with increasing activity following increasing tin
incorporation. The activity was found to not directly follow the crystallization of
the materials. Instead any activity of the material appeared to be introduced in the
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very late stages of the crystal growth. Even though the physical properties such as
degree of crystallinity, pore volume etc. were unchanged at prolonged synthesis
times, we observed a decrease in the catalytic activity of the material as a function
of prolonged synthesis time indicating that thorough control of the crystallization
of Sn-Beta is required in order to make a good catalyst, also indicating that
optimizing the catalyst could be done by reducing the crystal size. Furthermore,
Sn-Beta was successfully prepared using a variety of tin sources including tin(IV)
chloride, tin(TV) acetate and tetracthylammonium hexafluorostannate yielding
active catalysts for the conversion of 1,3-dihydroxyacetone to methyl lactate and
all having similar slightly truncated morphologies. A high density of tin was found
at the surface of the catalyst when tin(IV) acetate was used as the tin source
resulting in exceptional activities for this catalyst, indicating that the synthesis
conditions could change the internal distribution of tin towards materials of
higher activity. When using tin(IV) oxide particles as the tin source no activity was
obtained and the crystals resembled purely siliceous Beta crystals by being highly
clongated with a distribution of SnO; particles on the surface of the crystals.

These findings point out that careful control of the synthesis parameters is
required in order to optimize the catalytic activity of the Sn-Beta when prepared
in a fluoride medium. In addition, direct turnover number comparisons for
different Sn-Beta materials, based on the amount of tin in the samples is likely to
give an over-simplified picture of the number of accessible active sites, as the tin
gradient distribution, crystal morphology and Ostwald ripening will distort such
an analysis, and a varying degree of active site accessibility may result for different
samples.
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A

Effect of Alkali on Methyl Lactate
Formation?*

The conversion of sugars to lactic acid is currently done by fermentation in
processes that yields up to 95%. Although several benefits exist when using
heterogeneous catalysts in terms of throughput, cost and efficiency, it is important
to improve selectivity if this process is to be able to compete.[155] Homogeneous
systems have been developed often using expensive lanthanide catalysts such as
erbium triflate or chloride, yielding very high amounts of lactates (~90%) from
cellulose.[156, 157] Less expensive systems have been described recently however
using stoichiometric amounts of Ba(OH): resulting in high yields from
glucose.[112] However, utilizing inexpensive catalysts also easy to recover and
recycle is essential for an industrial process for methyl lactate (ML) in order to
keep costs low.

Alkali ions are known to be of great importance in the preparation of a variety
of conventional zeolites. As mentioned in the previous chapters, alkali ions
present in zeotype materials such as TS-1, Ti-Beta and Sn-MFI can have negative
impacts on both crystal growth[21, 82-84] and activity of the prepared
materials.[86-88] Several research groups have studied the post-synthetic removal
of alkali metal impurities to obtain catalytically active materials. |76, 86-89] Small
amounts of alkali metal ions have however also been reported to improve the
activity of titanium-containing silicates for some epoxidation and oxidation
reactions.[46, 83, 85] Recent studies have shown that, alkaline conditions and the
presence of salts can also affect the catalytic conversion of monosaccharides.[90,

¥ This chapter was adapted from Tolborg ef a/. ChemSusChem, 2015, &, 613.

69



Tin-containing Silicates for Carbohydrate Conversion

91, 103] As mentioned in Chapter 1, alkali added ecither as sodium borate or
chloride had a pronounced effect on the conversion of sugar in water using Sn-
Beta. In the presence of alkali ions, glucose underwent epimerization to mannose,
instead of isomerization to fructose.[17, 90, 91] The effect of alkali was also found
in homogeneous systems. In the presence of either alkali using tin(IV) chloride,
the yield of ML obtained from glucose increased from 25% to 45% when tin(Iv)
chloride was used as catalyst in the formation of ML from glucose.[158, 159]

The focus of this chapter is on the optimization of the catalyst synthesis and
reaction conditions in order to increase the selectivity for ML from sugars. The
effect of alkali on the catalytic conversion of sugars using stannosilicates will be
investigated in both Chapters 4 and 5. Chapter 5 will investigate the different
pathways accessible catalytically from sugar by the stannosilicates and how these
are affect by the presence of alkali metal salts. In this current chapter, the focus
will be the investigation and optimization of the yield of methyl lactate using alkali.
It will be shown that the addition of small amounts of alkali salts can significantly
improve the yield of ML if added ecither directly to the Sn-Beta catalyst during
synthesis or added directly to the reaction medium. After optimization, ML yields
of up to 75% were obtained from sucrose, whereas in the absence of alkali, the
ML yield was only 30%. Additionally, it is shown that this effect is not exclusive
to traditional Sn-Beta synthesized in a fluoride media. Comparable yields of ML
are achieved with optimized addition of alkali during reaction using Sn-Beta
prepared by the post-synthesis method and at slightly lower yields using Sn-MCM-
41 and Sn-SBA-15.

4.1 Results and discussion

4.1.1  Alkali- and alkaline earth-containing Sn-Beta

With the aim of investigating the influence of alkali metal ions on the catalytic
conversion of sugars, a series of alkali or alkaline earth modified Sn-Beta samples
were prepared. Alkali-free Sn-Beta (simply denoted Sn-Beta) was prepared similar
to what was described in Chapter 3 using a Si/Sn ratio of 200 and a crystallization
time of 14 days. In the synthesis of these materials, however, dealuminated Beta
seeds were added as described in the original synthesis protocol.[137] The
modified Sn-Beta materials were prepared following the same synthesis
procedure, but dissolving the source of alkali source in the structure directing
agent (SDA) and using this mixture in the synthesis. Additionally, Sn-Beta
materials were also prepared with alkaline earth metals in a similar manner. This
yielded Sn-Beta samples containing mono- or divalent metals in addition to tin
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ranging from lithium to cesium and from calcium to barium, see Table 4.1. In this
chapter, modified Sn-Beta samples are denoted M-Sn-Beta with M being the
added alkali or alkaline earth metal. The alkali metals were added to give a nominal
M/Sn ratio of 8 in the gel. For the alkaline earth metals, it was not possible to
obtain highly crystalline samples using this ratio, instead this ratio was reduced to
4. The metals are thus added in equivalent instead of equimolar amounts.

All syntheses produced high solid yields from the gel (=89%) of highly
crystalline Sn-Beta materials, see Table 4.1. Although all samples were found to
have high pore surface area (=400 m2/g) and micropore volumes (0.16-0.20
ml./g), the physical characteristics were (apart from Li-Sn-Beta) slightly lower
than what is normally found for Sn-Beta samples synthesized in the absence of
alkali metal ions (Table 4.1, entry 1).[44, 45] Regarding the composition, the tin
content was found to vary moderately between samples with Si/Sn ratios ranging
from 202 to 238, resulting in a tin recovery in the finished catalyst of 81-98%
(Table 4.1). UV-Vis measurements for samples synthesized in the presence of
alkali metals (Figure A.10) showed the characteristic bands for tin incorporated in
the zeolite framework (220-260 nm) for all samples. The samples Na-Sn-Beta and
K-Sn-Beta deviated from the other samples, however, showing an additional band
at 280-320 nm often. This band is often ascribed to the presence of extra-
framework tin species.[17, 43, 47, 101] These two samples also showed the lowest
micropore volume (0.16-0.17 mL/g) of the prepared samples. As mentioned
carlier, alkali metal ions have pronounced effect on crystallization (as was also
shown in Chapter 3) and both potassium and sodium are known to act as
structure directing agents for zeolite synthesis.[132, 160, 161] This could indicate
that although both samples were highly crystalline samples, the nature of tin and
the pore system could be affected by having potassium or sodium present during
synthesis. In Chapter 3 it however did not appear to have any influence on the
internal composition of the prepared materials (Section 3.1.6).

Despite being added with a nominal M/Sn ratio of either 4 or 8 to the
synthesis gel, the recovered metal in the catalyst was significantly lower. Only Ca-
Sn-Beta (M/Sn ~ 3) appeared to contain most of the metal introduced during
synthesis (M/Sn = 4). For all other samples, the final M/Sn atomic ratios ranged
from 0.18 to 0.79 (Table 4.1, entries 2-6 and 8-9) Ze. in the order of magnitude of
the amount of tin found distributed in the material. A similar correlation between
potassium and titanium was found for TS-1 by Tatsumi e# 2/.[86] To investigate
the inclusion of alkali metals, a seties of Sn-Beta samples (Si/Sn = 200) was
prepared by varying the amount of potassium hydroxide added to the template
during the synthesis. This addition was done relative to tin to give a series with

71



Tin-containing Silicates for Carbohydrate Conversion

K/Sn ratios varying from 0.3 to 11. The introduction of potassium in these levels
were found to have no effect on the physical properties of the finished materials
with all samples having high crystallinity and solid yields of >90%. From elemental
analysis of the calcined samples, the K/Sn ratio found in the finished material
could be compared with the nominal ratio (Figure 4.1).

Table 4.1. Properties of the M-Sn-Beta (200, HT) series: Composition in the synthesis
gel and characterization of the final zeolite material.

. g Synthesis gel Zeolite
g A
S & Si/Sm M/Sn Sn’  Si/Snb Mp M/Snb  Sperd Viniero®
= ) N wt% - ppm - m?/g  ml/g
1 - 201 - 0.80 237 - - 477 0.20
2 Li 200 8 0.92 202 300 0.56 474 0.20
3 Na 211 7 0.90 202 310 0.18 403 0.16
4 K 204 8 0.91 212 780 0.26 435 0.17
5 Rb 200 8 0.84 222 3,580 0.60 447 0.18
6 Cs 200 8 0.83 220 7,220 0.78 448 0.18
7  Ca 200 4 0.93 199 10,330 3.16 469 0.19
8 S 200 4 0.94 199 4,060 0.60 460 0.18
9 Ba 200 4 0.93 197 7,070 0.65 464 0.18

a) The ratio of zeolite material obtained after calcination to the theoretical yield of silicon
and tin in the synthesis mixture. b) Determined by elemental analysis. ¢) The ratio of tin
detected by chemical analysis to the amount in the synthesis mixture. d) BET surface area.
¢) Micropore volume, calculated using the ~plot method.

Although in most samples a large excess of potassium was added to the
synthesis, less than 10% was recovered in the finalized materials. Moreover, the
amount of potassium introduced in the material was found to not increase beyond
around one potassium per four tin atoms in the structure (K/Sn = 0.26). This
maximum was achieved using a nominal K/Sn ratio in the synthesis gel of ~7,
yielding samples with high crystallinity (=95%) and the expected characteristics of
the pore systems mentioned above (high surface area and micropore volume).
Increasing the amount of KOH in the synthesis gel beyond this nominal ratio
hindered crystal growth leading to a decrease in both surface area (389 m2/g) and
micropore volume (0.15 mlL./g), explaining the lower inclusion of potassium in
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the finished material (Figure 4.1). That alkali can have detrimental effects on
zeolite formation has previously been shown for similar Lewis acidic zeotypes;

TS-1 and Ti-Beta.[22, 24, 86, 88]
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Figure 4.1. K/Sn ratio determined by elemental analysis in the finished Sn-Beta
samples as a function of the nominal KK/Sn ratio as present in the respective synthesis

gel.

This maximum included potassium (I</Sn = 0.26) could originate from the
incorporation of the cation on ion exchange positions present in the zeotype
material. Unlike for the incorporation of trivalent aluminum, incorporating of
tetravalent tin does not introduce a charge imbalance in the framework creating
conventional ion exchange positions. Additionally, using the fluoride route
synthesis ensures the formation of highly defect-free crystals, further limiting the
number of Brensted acid sites from imperfections in the structure. In line with
the different theories on the nature of the active site of Sn-Beta, incorporation of
tin could lead to the formation of small amounts of local defects in the near
environment of tin.[59] Any residual alkali cations could therefore be present in
the material exchanged with protons of hydroxyl groups as a result of the lack of
conventional ion exchange sites present in the material.[46, 76, 86, 90, 162]

'The difference in the M/Sn ratio observed for the different alkali and alkaline
earth metals seen in Table 4.1 could be the result of a number of factors: the
differences in ion-exchange capabilities of the mono- and divalent additives, the
large difference in ionic size of these metals or from the changes in crystal growth
as shown in Chapter 3 by having these additives present during hydrothermal.
Since the synthesis was not optimized for each individual alkali or alkaline earth
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metal this could result in materials with both fewer or additional ion-exchange
positions in the form of defects or hydrolyzed-open sites.

4.1.2  Catalytic activity of M-Sn-Beta

To investigate the impact of having alkali present in the material on the
catalytic properties, the prepared samples were tested in the conversion of sucrose
to ML (Figure 4.2). Sucrose has previously been shown to result in the highest
yields of ML of any simple sugars.[16, 18] The cascade of reactions (as described
in detail Section 1.5) involves the first the hydrolysis of sucrose, the retro-aldol
reaction of the hexose sugars followed by dehydration and isomerization of the
formed trioses to yield ML. A simplified overview can be seen in Scheme 4.1.

HO, QH OH

b/ Glucose Dihydroxyacetone
OH OH OH [e]
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¢ o ~__ OH OH O OH OH
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OH OH O OH OH
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HO:
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OH OH OH OH O O—
Fructose Glyceraldehyde Methyl lactate

Scheme 4.1. Simplified schematic representation of the steps involved in the
conversion of sucrose to methyl lactate.

When the alkali-free Sn-Beta catalyst was used, a low yield of only 29% ML
was achieved. Similar low yields were achieved using the samples prepared in the
presence of the alkaline earth metals (30-37%). For the samples modified using
alkali metals, however, a more than two-fold increase in yield of ML was observed
(up to 66%); a pronounced improvement in yield over the unmodified sample.
The catalysts containing Li, K, Rb and Cs all led to ML yields of 60-66% (Figure
4.2). In the case of Na-Sn-Beta, the obtained yield was only around 50%, which
might be due to the lower micropore volume and alkali content as described
earlier.

Although all alkali-containing samples gave improved ML yields over the
alkali-free variant, it is clear that the additional cation content was not optimized.
To further investigate the dependence of the specific quantity of alkali on the
catalytic outcome, we made use of the Sn-Beta series prepared with potassium
included in the structure in varying amounts with a maximum K/Sn achieved of
0.26 (Figure 4.1). From Figure 4.3 the highest obtained ML yield (here ~60%) can
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be seen to coincide with the maximum K /Sn achieved in the material. This further
corroborates that the inclusion of alkali in the structure is linked to the catalytic

properties of the material, hinting that potassium somehow modifies the active
site of tin, as stated previously.
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Figure 4.2. Methyl lactate yield obtained from sucrose using Sn-Beta zeolites (Si/Sn =
200) prepared with different alkali metals present (nominal M/Sn = 8). Physical

properties in Table 4.1. Reaction conditions: 0.450 g sucrose, 0.150 g catalyst, 15 g
methanol, 170 °C, 16 h.
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Figure 4.3. Yield of methyl lactate (ML) as a function of the K/Sn ratio included in
the Sn-Beta sample as measured by elemental analysis. Reaction conditions: 0.450 g
sucrose, 0.150 g catalyst, 15 g methanol, 160 °C, 16 h, performed in Parr autoclaves.
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4.1.3 Effect of alkali mobility

Considering the potential mobility of the alkali ions during reaction,[90]
meaning that they could leave the catalyst and migrate into the solution or vice
versa, experiments were carried out, adding alkali ions directly to the reaction
medium. Alkali metal salts were dissolved in the methanol solvent and used
together with alkali-free Sn-Beta. Different concentrations of alkali chlorides (0-
100 mM) were used and tested for any beneficial effects in the conversion of
glucose to methyl lactate at 120 °C (Figure 4.4). The conversion of hexose sugars
is similar to when sucrose is used as the starting substrate (Scheme 4.1 on p. 17).
The reaction involves several of the same catalytic steps to obtain ML, but allows
for lower temperatures (120 instead of 170 °C) as no initial hydrolysis step is
required. This procedure was thus used for initial screening purposes. This
however also results in lower achieved ML yields compared with sucrose with
only ~9% ML obtained using an alkali-free Sn-Beta. For this reaction, a more than
five-fold increase was achieved increasing the ML yield from 9% to ~55% with
the introduction of alkali in solution. These yields are similar to what has been
shown possible using a combination of Sn-MFI and MoOsj at comparable
temperatures from fructose and higher than what previously was obtained using
Sn-Beta at even higher temperatures (160 °C).[18, 29]
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Figure 4.4. Yield of methyl lactate obtained in the conversion of glucose using Sn-
Beta (200, HT) in the presence of different alkali chlorides. Reaction conditions: 0.250
g glucose, 0.100 g catalyst, 5 g of 0-100 mM INCI dissolved in methanol (IN = Li, Na,
K, Rb, Cs), 120 °C, 19 h, 500 rpm stirring.

In Figure 4.5, the obtained ML yield can be seen when 0, 10 or 20 mM of the
alkali chlorides were added during reaction. The effect of the added alkali appears
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to improve moving down through the Group I elements, leading to significantly
higher yields using cesium chloride (55%) than lithium chloride (23%) at
comparable concentrations (10 mM). The trend seems to correlate with a fall in
electronegativity and can be assume caused by an increase in ion exchange
capabilities.

607 10mm
B 20 mM

50
40
30+
20+
10
L

- LiCl NaCl KClI RbCl CsCl

ML yield / %

Figure 4.5. Yield of methyl lactate obtained in the conversion of glucose using Sn-
Beta in 10 and 20 mM solutions of different alkali chlorides. The alkali-free
experiment is marked in white. Reaction conditions: 0.250 g glucose, 0.100 g Sn-Beta
(200, HT), 5 ¢ of 0-20 mM NCI dissolved in methanol (N = Li, CI, Na, K, Rb and
Cs), 120 °C, 19 h, 500 rpm stirring.

Following these results, the investigated salts were expanded to include a
range of different sources, focusing solely on potassium as the cation. Although
rubidium and cesium showed slightly higher yields than potassium (Figure 4.5),
potassium was chosen for its greater natural abundance making a larger variety of
chemicals available commercially for investigation. For the sources of alkali added
to the solution, it was quickly found that the cosolutes divided into two groups,
primarily depending on the basicity of the potassium source, see Figure 4.0.

The more basic sources of potassium including the carbonates, bicarbonates,
acetates and lactates, all gave rise to a maximum yield of ~42% at low
concentrations (0.6 mM) with a relatively narrow profile. At concentrations above
this optimum, a steep decrease in ML yield was observed with little to no product
formed above 3 mM. The causes for decrease in yield is the basic degradation of
sugars cleatly visible by a coloration of the reaction mixtures. The remaining more
neutral salts gave yields of ML slowly increasing to ~50% at high concentrations
(5-20 mM). This is similar to what was found for the Group I chlorides shown
carlier (Figure 4.4). For these different potassium salts, no immediate decrease in
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ML yield was observed for the concentrations tested for Figure 4.6. A decrease
was however observed for the chlorides of rubidium and cesium at high
concentrations (100 mM, Figure 4.4), hinting that a maximum yield likewise exists
for the neutral salts. At these high concentration of salts, solubility in methanol
becomes an issue for several of the tested cosolutes (including KCl, KNO3,
NaCl).[163] Potassium fluoride (KF, Figure 4.6) was found to not behave as the
other halides, resulting instead in very low ML yields across the range of
concentrations (=5%). This is likely due to the reactivity of the fluoride ions and
in-situ formation of small amounts of hydrofluoric acid in solution leading to

detrimental effects on the zeolite structure at these concentrations.
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Figure 4.6. Yield of methyl lactate obtained in the conversion of glucose using
different concentrations of a variety of potassium salts using Sn-Beta in methanol.
Reaction conditions: 0.250 g glucose, 0.100 g Sn-Beta (200, HT), 120 °C, 19 h, 500
rpm stirring.

A similar concentration profile was found when changing the starting
substrate from glucose to sucrose. For the conversion of this sugar substrate the
reaction temperature was increased to 170 °C to ensure full conversion. As
expected even greater ML yields were obtained from this disaccharide than from
glucose, see Figure 4.7. Moreover, the obtained yields were significantly higher
than what was achieved with the synthesized M-Sn-Beta series shown in Figure
4.2 on p. 75. By increasing the content of alkali in solution to a concentration of
0.065 mM, the ML yield increased from 29% to an unprecedented yield of 75%.
Similar to what was found for the conversion of glucose, a relatively narrow
concentration range of KoCOj3 (0.05-0.07 mM) was found to produce the high
yields of ML rapidly decreasing to 55-60% above the optimum. At alkali levels
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below the optimum, the concentration of the cosolute is not high enough to fully
neutralize the unwanted sites in the material and yield the highest the
improvement of selectivity. Addition beyond the optimum results in excess base
in the system leading to sugar degradation (seen by a darkening of the reaction

liquid), a decrease in conversion and as a result a decrease in ML yield. [164]
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Figure 4.7. The methyl lactate yield obtained from sucrose using Sn-Beta versus the
concentrations of K>COj3 in methanol. The line is a guide to the eye. Reaction
conditions: 0.450 g sucrose, 0.150 g Sn-Beta (200, HT), 15 g solvent, 170 °C, 16 h.

From these results, it appears that the addition of an alkali salt indeed plays a
crucial role in the conversion of sugars to ML and that very low yields are obtained
in their absence. Although different effects are found for different chlorides of
Group I showing that the effect is linked to the cation, it is here shown that the
choice of counter ion likewise influences the reactivity of the reaction system. This
seems to fit with previous reports on the epimerization of glucose to mannose,
where different groups have shown correlating effects to both the presence of
sodium and borate in the reaction.[90, 91, 103] For the conversion of glucose or
sucrose to ML, following previous thoughts, the anion likely facilitates the
deprotonation on the hydroxyl groups present in the zeolite materials, allowing
for the ion exchange of alkali onto these sites. For the more basic sources of alkali,
this is achieved at rather low concentrations (<0.2 mM), whereas for less basic
cosolutes such as KCl or KNO3, the optimum concentration is shifted to much
higher concentrations. It is speculated that the effect of alkali can be explained as
a titration of unwanted sites in the material, responsible for catalyzing other
reactions than the retro-aldol cleavage and 1,2-hydride shift involved in formation
of methyl lactate. This will be described in more detail in Chapter 5.
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In order to further relate the effect of alkali to the active site of Sn-Beta,
samples with varying amounts of tin were tested for the conversion of glucose in
varying concentrations of KCl (up to 40 mM), see Figure 4.8. Here the results are
compared on the basis of potassium relative to tin (K/Sn) in the reaction system.
For this sample series, a similar trend was indeed found for the obtained yield in
ML, although slightly lower yields were obtained with Sn-Beta (800, HT). It was
shown in the previous chapter that tin incorporates unevenly in the prepared
crystals, making it difficult to directly compare the accessible tin in the different
zeotype samples. The coinciding profiles shown in Figure 4.8 does however
indicate that the effect is correlated with the presence of tin in the structure and
achieved by modifying some characteristics about the active site itself.
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Figure 4.8. Yield of methyl lactate as a function of the IKX/Sn ratio present in solution
using a combination of Sn-Beta and different concentrations of KCI. Reaction
conditions: 0.250 g glucose, 0.100 g Sn-Beta (Si/Sn = 125-800), 5 g of up to 40 mM
KCl dissolved in methanol, 120 °C, 19 h, 500 rpm stirring.

Although the effect of having alkali present was found to be most pronounced
in methanol, an increase in lactate yield was likewise observed when the solvent
was changed to both ethanol and butanol (Figure 4.9). In water almost no effect
was observed. The tested concentration (2 mM) might be too low to achieve any
effect in an aqueous solvent due to solvation effects. The group of Davis used a
concentrated aqueous solution of NaCl (~3 M) to investigate and show the effect
of alkali in water for isomerization/epimerization.[90] Higher concentrations in
water will be investigated for the valorization of glycolaldehyde in Chapter 6.
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Figure 4.9. Yield of methyl, ethyl and butyl lactate or lactic acid obtained from glucose
using Sn-Beta in methanol or a 2 mM KNOj; solution. Reaction conditions: 0.250 g
glucose, 0.100 g Sn-Beta (200, HT), 5 g of solvent, 120 °C, 19 h, 500 rpm stirring.
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Figure 4.10. Comparison of the conversion of sucrose using a 0.17 mM K.CO;
solution in absence of Sn-Beta (Blank) or with a) the Sn-Beta catalyst or b) leaching
experiment: Initially treating the catalyst in 15 g of 0.17 mM K>CO3; in methanol at

170 °C for 4 h, filtering off the catalyst and using this solution as the solvent for the
reaction. Reaction conditions: 0.450 g sucrose, 15 g solvent, 170 °C, 16 h, 700 tpm.

To investigate any homogencous catalytic contribution from leached tin from
the catalysts used or the added alkali, control experiments were performed.
Homogeneous tin salts have been shown to be active in the same reactions as Sn-
Beta and retro-aldol reactions are known to also take place in basic media.[115,
118, 122] Any contribution from leached tin species was found to be negligible
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under the used reaction conditions (170 °C, 16 hours in methanol), see Figure
4.10. Additionally, almost no ML was formed (~4%) when only the alkali metal
ions were present during reaction in absence of the stannosilicate catalyst, see
Table 4.2, entries 1-4. Similar low yields of ML were obtained from the reaction
intermediates fructose and 1,3-dihydroxyacetone (DHA), Table 4.2, entries 5-
8.[16] On the contrary, the alkali-containing solvent was found to hinder the
formation of ML from DHA leading only to a yield of 3%, while 28% was formed
in methanol. Using SnO»-Beta or siliceous Beta (Table A.1 on p. 159) likewise
gave no appreciable yield of ML, confirming that the obtained high yields are a
result of the combined effect of alkali and the stannosilicate.

Table 4.2. The methyl lactate yield obtained in the absence of tin-containing catalyst
using varying concentrations of KoCOj; in methanol starting from sucrose, fructose
and 1,3-dihydroxyacetone (DHA).

Concentration ML Conversion
Entry Sugar (K,COj3 in methanol) ORVErsio
mM % %
1 0 4 N/A
2 0.065 3 N/A
Sucrose
3 0.17 3 N/A
4 0.25 3 N/A
5 0 5 37
Fructose
6 0.17 3 11
7 0 28 N/A
DHA
8 0.17 3 N/A

Reaction conditions: 1.31 mmol sugar substrate, 15 g solvent, 170 °C, 16 h,
>700 rpm stirring.

4.1.4  Expanding the alkali effect

For the purpose of testing alternative stannosilicate materials, a post-
synthesized Sn-Beta sample, Sn-Beta (125, PT), was prepared using the incipient
wetness impregnation methodology and used for the conversion of sucrose, see
Figure 4.11a.[51] Again, a narrow concentration optimum was observed for this
material occurring at a concentration of 0.17 mM K>COsleading to a yield of 72%
ML. Beyond this optimum, like for Sn-Beta (200, HT), lower yields were obtained,
showing that the two materials indeed behave in a similar way in the presence of
alkali, also resulting in comparable yields of ML.

The optimum concentration varies slightly between the two Sn-Beta
materials. The optimum for the material prepared by hydrothermal synthesis, Sn-
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Beta (200, HT), is found at 0.065 mM K>COs; and for post-synthesized material,
Sn-Beta (125, HT) at 0.17 mM. Although the effect of alkali is still not fully
understood, if it is assumed that the effect is related to the active tin sites as
discussed earlier, the difference can still not be explained only by the slightly larger
content of tin in the post-treated material. The calculated K/Sn ratios present
during reaction for the two catalysts are 0.20 and 0.32 for the samples prepared
by hydrothermal synthesis and post-treatment, respectively. The additional alkali
metal ions needed per tin atom for Sn-Beta (PT) could be ion-exchanged onto
additional Brensted acid sites formed from residual aluminum or from a higher
number of defects.[58] Interestingly, the optimum K/Sn ratio to have in solution
during reaction with Sn-Beta (200, HT) strongly resembles the maximum
potassium successfully incorporated during the synthesis (K/Sn = 0.26) described
carlier in Section 4.1.1. The latter was also linked to the highest ML yield, hinting
that the modification of the sites in the material can either be achieved during
synthesis or simply during reaction. As a consequence, however it appears that
the alkali salt concentration requires optimization for the specific catalyst used to
achieved the best results. Similar to what was found earlier in the conversion of
glucose, much higher concentrations were required when KNO3 or KCl was used

as the alkali source and no clear optimum (Figure 4.11b-c).
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Figure 4.11. The methyl lactate yield obtained from sucrose using post-synthesized
Sn-Beta (125, PT) versus the concentration of a) KoCO3, b) KNOj3 or ¢) KCl dissolved
in methanol. The lines are a guide to the eye. Reaction conditions: 0.450 g sucrose,
0.150 g catalyst, 15 g solvent, 170 °C, 16 h.

As mentioned earlier, not only zeotype materials have proven relevant for the
conversion of carbohydrates, also the mesoporous stannosilicates Sn-MCM-41
and Sn-SBA-15 have shown activity in the conversion of sugars.[13, 41, 119, 125]
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The beneficial effect of alkali ions was found to also apply to this type of
amorphous stannosilicate. The highest yield of ML obtained using Sn-MCM-41
of 58% at a KoCOj3 concentration of 0.20 mM (Figure 4.12a) and only 20% ML
was obtained in an alkali-free environment. For Sn-SBA-15, the optimum
concentration (0.05 mM K>COj; in methanol) resulted in an increase from 23 to
52% ML vyield (Figure 4.12b). Since the insertion of tin in these amorphous
materials is much more randomized, the improvement observed with these
materials show that the effect is not exclusive to materials where tin is placed
within a crystalline, rigid framework.
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Figure 4.12. The methyl lactate yield obtained from sucrose using a) Sn-MCM-41
(Si/Sn = 200) and b) Sn-SBA-15 (Si/Sn = 200) versus the concentration of K,COj3 in
methanol. The lines are a guide to the eye. Reaction conditions: 0.450 g sucrose, 0.150
g catalyst, 15 g solvent, 170 °C, 16 h. Adapted from ref. [50].

This shows that the already fairly complex reaction system can be tuned for
high selectivity towards the retro-aldol product ML by using the appropriate
concentration and source of alkali. Furthermore, the effect of adding alkali was
found to extend to all simple monosaccharaides (Figure 4.13), enabling more
flexibility in the choice of sugar.

Although it is still being investigated exactly how alkali salts improve the
selectivity of the catalyst towards methyl lactate, as it was mentioned earlier, the
alkali seems to be related to the tin in the material. This has also been corroborated
by IR studies done by Otomo ¢# al.[46] Alkali cations could modify the active tin
site in the catalyst by exchanging onto adjacent Bronsted acid sites either as silanol
group from a defect or a partially hydrolyzed site.[69, 90] Alkali could however
also exchange onto other types of Bronsted acid sites formed from a defect-rich
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structure or aluminum left in the framework in post-synthesized materials.
Additionally, purely siliceous Beta has been shown to facilitate the hydrolysis of
sucrose indicating that Brensted acidic exchange positions could be present in
highly defect-free materials.[18] For all these cases, the improvement in selectivity
would arise from the neutralization of Brensted acidity, limiting the formation of
unwanted byproducts.
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Figure 4.13. Yield of methyl lactate obtained in the conversion of various mono- and
disaccharides using Sn-Beta (125, PT) in the absence (dark) and presence (light) of
alkali during reactions. Reaction conditions: 0.150 g Sn-Beta (125, PT), 1.31 mmol
sugar substrate, 15 g of methanol or a solution of 0.17 mM K>COs3 in methanol, 170
°C, 4 h, 700 rpm stirring.

4.2 Conclusion

It is shown here that the presence of alkali salts has a significant effect on the
selectivity of tin-containing silicates catalysts for the conversion of sucrose to
methyl lactate. The alkali salt can be added during the preparation of the catalyst,
cither by adding the metal compound directly to the template during synthesis
through the hydrofluoric acid route, or by impregnating a post-treated Sn-Beta
zeolite with the alkali metal. In both cases, the yield of methyl lactate increased
more than twofold from 20-25% to 66-71%.

It was found that the positive effect of alkali salts on the ML yield can be
obtained simply by adding the alkali salt directly to the reaction medium. Instead
of depending on alkali to be included during preparation. The latter would result
in high risk of leaching during continuous operation. By adding the appropriate
amount of alkali directly to the reaction feed it was possible to achieve the same
or greater positive effects on the ML yield. It was found that the concentration of
alkali used was specific to the individual stannosilicates and that an optimum could
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be found using K>COs3. Using this approach, it was possible to achieve ML yields
in the range of 72-75% using both Sn-Beta prepared by hydrothermal synthesis
and through post-synthesis methods. This is an important finding as it enables the
use of more industrially feasible stannosilicate materials such as post-treated
materials, which could lead to a faster industrialization of the process.
Furthermore, it was shown that the beneficial effect of adding alkali can be
extended to non-zeolite materials, here shown for Sn-MCM-41 and Sn-SBA-15.

From this it can be concluded that the total amount of alkali ions present in
the reaction, both in the catalyst and in solution, is essential to reach a high ML
yield. The amount of alkali has to be optimized for every salt and each specific
catalyst.
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5

Formation of Novel Biomonomers
in the Absence of Alkali®

Chapter 4 has shown the optimization of the yield of a very promising
biomonomer; methyl lactate (ML). It was found that the presence of alkali during
reaction has a strong effect on product selectivity in the conversion of sugars using
stannosilicates. The effect was furthermore found to be most pronounced for Sn-
Beta leading to ML yields of up to 75%. The mechanism for this effect is however
not yet fully understood. As a result, it is important to look at the reactions taking
place and the products formed in the absence of any additives to better
understand and further optimize this catalytic system.

The main objective of this chapter is to better understand the reaction
pathways involved in the Lewis acid catalyzed conversion of carbohydrates. Using
a combination of advanced NMR spectroscopy and gas chromatography, an
entirely new pathway from sugars was discovered leading to a variety of interesting
new products. As a result, it was possible to produce and identify several
interesting new products from both pentose and hexose sugars using a variety of
stannosilicate catalysts. These new products include highly functional a-hydroxy
acid esters; #rans-2,5-dihydroxy-3-pentenoic acid methyl ester (DPM) and #rans-
2,5,6-trihydroxy-3-hexenoic acid methyl ester (THM) were produced in
acceptable yields (18-33%). Additionally, to investigate the potential of these new
biomass-derived esters for polymer production, co-polymerization of DPM was
performed.

§ This chapter is based on Tolborg et al. Green Chem., 2016, 18, 3360 and Elliot e#
al., RSC Ady., 2016, in press.

87



Tin-containing Silicates for Carbohydrate Conversion

5.1 Results and discussion

5.1.1 Identification of new «-hydroxy esters and lactones

The pronounced effect of alkali metal salts on the selectivity towards ML
demands a further understanding of all the additional products formed from
sugars. Especially intermediates and products formed in the absence of alkali
metal salts using Lewis acid catalysts require further investigation. To target this
catalytic system, reaction mixtures of either pentose or hexose sugars were
converted using Sn-Beta and analyzed thoroughly by NMR spectroscopy and GC-
MS. Reactions wete performed at 160 °C in methanol with a reaction time of 6
hours for the hexoses and 2 hours for the pentoses. In both systems a Sn-Beta
catalyst was used but for hexoses this was prepared by post-synthesis and for the
pentoses by hydrothermal synthesis.

As expected, analysis of the conversion of both type of carbohydrates showed
the presence of unconverted sugars, methoxylated sugars and substantial amounts
of the well-known retro-aldol products formed from both hemicellulosic sugars.
These products include ML, methyl vinyl glycolate (MVG), glycolaldehyde
dimethyl acetal (GA-DMA) and methyl 4-methoxy-2-hydroxybutyrate (MMHB)
as detailed in Section 1.5. In addition to these familiar products, several other
major end-products were found in the mixture, a number of which were
undescribed in this catalytic system. Although clear similarities in the formed
products from the pentose and hexose sugars will be detailed in a later section,
for simplicity the formed products will be first be discussed originating from the
conversion of hexoses and then the conversion of pentoses. The chemical
structures of all the identified products can be seen represented in Scheme 5.1 on
p- 92 and a list of abbreviations used can be found in Table A.6 on p. 163.

From the conversion of the hexose sugars, several well-known and anticipated
products were found. One of the most abundant products are the methyl
glycosides, formed from the acetalization of the initial sugar substrate with the
alcohol solvent. Quantification of these sugar derivatives were done by liquid
chromatography with the combined yields verified by NMR. To differentiate the
methyl glycosides originating from the hexoses from those obtained from the
pentoses, these are henceforth denoted MG and MX, respectively. A large group
of different furanic end-products were likewise observed from GC-MS. From
hexoses these are denoted FURcs” and include 5-(hydroxymethyl)furfural (HMF)
and 5-(methoxymethyl)furfural (MMF) as well as their corresponding acetals
(HMF-DMA and MMF-DMA). Small amounts of furfural dimethyl acetal (F-
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DMA) and methyl levulinate (MILA) were also found present in the reaction liquid.
As these are expected to be derived from the furanic products, these are also
included in the combined yield of FURce Trace amounts of formaldehyde
dimethyl acetal were also observed but not quantified.

Aside from the products expected to form from the conversion of hexose
sugars using Sn-Beta, three new products were identified by multidimensional
NMR spectroscopy. These include the $,y-unsaturated o-hydroxy acid; #rans-2,5,6-
trihydroxy-3-hexenoic acid methyl ester (THM), the 3-deoxy-p-lactones (DGL)
covering 3-deoxy-y-gluconolactone and 3-deoxy-y-mannonolactone as well as 3-
deoxy-gluconic acid methyl ester (DGM), see Figure 5.1. Further identification of
these products can be seen in the supporting information of ref. [119].

DGL

MMHB OH

Figure 5.1. TH-13C spectral region of secondary alcohol CH-groups (indicated by small
spheres) of a reaction mixture produced by the catalytic conversion of glucose in
methanol at 140 °C. Figure prepared by Senior Researcher Sebastian Meier (DTU).
Adapted from ref. [119].

From the pentose sugars, similar groups of products were observed. Again, a
major product was the methyl glycosides (MX) and the formation of pentose-
derived furanics such as furfural (F) and furfural dimethyl acetal (F-DMA), treated
as one product denoted ‘FURcs’. In addition to the anticipated products, several
new compounds were observed, homologous to those identified from the
hexoses. These new products include the a-hydroxy acid #rans-2,5-dihydroxy-3-
pentenoic acid methyl ester (DPM), the 3-deoxy-y-pentonolactones (DPL) as well
as 2,4,5-trihydroxypentanoic acid methyl ester (TPM) and 2,5-dihydroxy-4-
methoxy pentanoic acid methyl ester (DMPM).

Out of these previously unidentified compounds, especially THM and DPM
possess very interesting structures with multiple functionalities in addition to the
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a-hydroxy acid core structure. Both compounds have previously been observed
in minute amounts formed as their respective acids from the alkaline degradation
of sugars in their acid form in low amounts (<1%).[165, 166] Very recently, the
group of Romdn-Leshkov uncovered the same degradation pathway in water
using tin-containing catalysts showing the formation of a number of analogous
products including 2,5-dihydroxy-3-hexenoic acid (DPA).[167] Due to their high
degree of functionality including both a vinyl group and one or more alcohol
groups, many potential applications can be foreseen as a monomer or an additive
in the synthesis of materials with improved properties.[164, 165] Implemented in
a polymer these functional esters could be post-functionalized to yield materials
with improved properties as it has been shown for comparable chemicals by the
group of Sels.[110]

5.1.2 Reaction pathway

The reaction scheme for the conversion of both pentose and hexose sugars
to the retro-aldol products has already been studied in much detail.[16, 18] This
pathway has been proposed to involve a cascade of reactions as described in
Chapter 1 for the hexoses (Scheme 1.4 on p. 20). In brief, from hexoses this
pathway involves an initial retro-aldol cleavage of fructose to yield the triose
sugars. These smaller sugars then undergo B-dehydration to yield the 1,2-dione
intermediate pyruvaldehyde, which can then react with the alcohol solvent and
undergo 1,2-hydride shift to yield methyl lactate.[99] For the formation of MVG,
this reaction undergoes the same sequence of reaction only with the retro-aldol
cleavage taking place from the aldohexoses (glucose or mannose), and the formed
1,2-dione intermediate being the tetrose-derivative vinyl glyoxal.[18, 118] Both «-
hydroxy esters ML and MVG are the products of an almost identical sequence of
retro-aldol reaction, [-dehydrations and 1,2-hydride shifts. From these
similarities, it is clear that tin efficiently catalyzes this type of transformations (8-
dehydration to 1,2-dione and 1,2-hydride shift) independent of the type of sugars,
and that this reactivity could extend to also include the larger pentose and hexose
sugars. With this in mind and the products identified above, it is possible to
propose a reaction pathway going through completely analogous 1,2-dione
intermediates derived from either the pentose or hexose sugars. This pathway
shows the key intermediates involved in the formation of the new biomonomers
DPM and THM as well as the other newly reported co-products. An overview of
the intermediates from sugars (C3 to Ce) can be seen in Scheme A.1 on p. 157.

Scheme 5.1 (on p. 92) shows a simplified reaction schematic of the possible

products formed when converting the hemicellulosic sugars. The scheme is
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constructed to show the products starting from ecither the hexoses (top) and the
pentoses (bottom) to emphasize the similarities between the conversion of the
two sugars. Furthermore, the formed products are divided into three overall
pathways: 1) the formation of methyl glycosides, 2) the formation of retro-aldol
products shared for both pentoses and hexoses, and finally 3) the proposed
formation of the newly identified products through a number of B-dehydration
reactions.

intermediates
formed from 1-*C glucose

4.70 J e
4465 4 6 e
0

T g
1 H : ’ 93‘8 123G \ppm\
(bpm)

3-deoxyglucosone
reference standard

98.0

470

465 T oged

H (me) 4.55 a2 e}

Figure 5.2. Identification of 3-deoxyglucosone (3DG) by comparison of the acetal
region between a reaction mixture and a reference standard by 2D 'H-'>C HSQC
NMR spectroscopy. Figure prepared by senior researcher Sebastian Meier (DT U).
Adapted from ref. [119].

For simplicity, I will initially focus on the B-dehydration pathway of the
hexoses including the intermediates and products formed (top part of Scheme
5.1). In this case, the proposed 1,2-dione intermediate is 3-deoxyglucosone
(3DG), a hexosone often reported as an intermediate in the Maillard and
degradation reactions of carbohydrates.[168-171] For the conversion of glucose
using Sn-Beta, this particular intermediate was indeed observed directly as the
acetal of 3DG using 'H-3C HSQC NMR spectroscopy at low conversion. A
visual comparison of the reference standard of 3DG and the observed
intermediates can be seen on Figure 5.2 from the conversion of labeled 1-13C
glucose. The formation of this intermediate is believed to proceed by an analogous
B-dehydration reaction mechanism as the one shown previously in Scheme 1.5 on
p- 21 for the conversion of the trioses to the 1,2-dione intermediate
pyruvaldehyde.[118, 119] The proposed mechanism can be seen in Scheme 5.2 on
p- 93.
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The further conversion of 3DG can follow several routes. The cyclization and
subsequent 1,2-hydrideshift of the 1,2-dione itself leads to the formation of the
observed 3-deoxy-p-lactones (DGL). 3-deoxy-gluconic acid methyl esters (DGM)
were likewise observed, formed from the reaction between 3DG and the alcohol
solvent. More importantly, however, 3DG can also undergo another 3-elimination
of water to yield another intermediate; 3,4-dideoxyglucosone-3-ene (3,4DGE), see
Scheme 5.2. This is again entirely analogous to the intermediates 3-deoxytetrosone
and vinyl glyoxal obtained from the tetroses desctribed previously for Scheme 1.4
on p. 20.[118] Unlike 3DG, the intermediate 3,4DGE was not observed directly
in the experiments, however it has been described to form from the dehydration
of 3DG and is hypothesized to be an intermediate in the formation of furanic
compounds such as HMF.[172-176] Moreover, it has been proposed that it is
specifically the ¢s-isomer of 3,4DGE that can undergo cyclization and subsequent
dehydration to yield HMF.[174] This pathway can be seen in Scheme 5.2.

OH
HO ~o
OH OH O OH HO ©
@) HO
X OH OH 3DG
OH OH OH OH /
Aldohexose Ketohexose OH
Z ‘ ~o OH
HO. o dn HO A NS0
: >-Sn
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HO o AN o
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HO a HO. = o~
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HMF THM

Scheme 5.2. Proposed reaction mechanism for the 3-dehydrations of hexose sugars
to the intermediates 3-DG (red) and ¢is/#rans-3,ADGE (blue) showing how these
intermediates relate to the products HMF and THM.[119]
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The furanic end-products are known to readily form by Brensted acid
catalyzed dehydration of the fructose, also indicated on Scheme 5.1 by the grey
arrow.[94, 177-179] Interestingly, Sn-Beta has previously been used in
combination with different Brensted acids to produce HMF from the glucose. In
those studies, Sn-Beta was used solely for its ability to catalyze the isomerization
of glucose to fructose, which could then undergo dehydration to HMF.[96, 104]
Sn-Beta did not in itself comprise the strong Bronsted acidity required for the
direct dehydration of the ketohexose, and as a result, groups employed the
addition of a either HCI or an acidic Amberlyst resin to achieve acceptable yields
by promoting this part of the reaction.[96, 104] This further corroborates the
notion that furanic end-products here are formed instead by a Lewis acid catalyzed
dehydration of glucose in the presence of Sn-Beta alone, as Sn-Beta simply does
not possess the Bronsted acidity necessary to achieve any noticeable yields from
fructose. Furthermore, only the #rans-isomer of THM was detected in the reaction
media leading to the speculation that this compound is likely formed by the
conversion of the #rans-isomer of 3,4ADGE and that ¢s-3,4DGE here is converted
into furanic end-products and presumably the main source of these in the absence
of a strong Bronsted acid. Formation of the intermediates 3DG and 3,4DGE and
their further transformation can be seen in Scheme 5.1.[174]

The conversion of 3,4DGE to THM is likewise analogous to what was
described to occur for the tetrose sugars in Scheme 1.4 on p. 20. In brief, this
transformation involves first reaction with the methanol on the aldehyde followed
by a 1,2-hydrideshift to yield the a-hydroxy ester.[118] Addition of methanol to
the unsaturation of 3,4DGE instead leads to 4-methoxy-2,5,6-trihydroxyhexanoic
acid methyl ester (MTHM) following the subsequent steps as for THM. MTHM
was not detected in any experiments, but is likely formed only in very small
amounts as the equivalent xylose-derived compound; 2,5-dihydroxy-4-
methoxypentanoic acids methyl ester (DMPM) was indeed detected.

To further support 3DG as the key intermediate in the formation of the
aforementioned products, the tin-catalyzed conversion of a commercial source of
3DG was investigated. The products formed were indeed THM, a mixture of
furanics and DGL, albeit with the lactones being the major components.
Although this indeed shows that some of the found products including THM can
be formed from 3DG, the distribution is contrary to what was obtained starting
from the hexoses. In these reaction, the main products were instead THM and
the combined furanics. This difference could however be explained by the
complexity of the commercial sample of 3DG, which in methanol consists
primarily of cyclic furanosides and pyranosides and only a small fraction found in
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an acyclic form.[180] It is speculated that 3DG might have to be found in acyclic
form to be reactive. 3DG formed during reaction could be kept in the acyclic
form ecither by the confinement in the channels of Sn-Beta or while coordinated
to the active site leading to THM and DGM. If this is the case, this interaction
might not be reproduced with commercial 3DG leading to the different
distribution. Interestingly, also small amounts of ML (1-2%) were found in the
reaction mixture when 3DG was used as substrate. This indicates that 3DG could
be an additional source of this retro-aldol product. It has indeed been reported
that 3DG can convert into glyceraldehyde and the enol form of
pyruvaldehyde.[181-183] Glyceraldehyde is readily converted into ML, and both
are expected to be intermediates in the formation of ML from the larger
sugars.[99, 106, 115, 184] The complex mixture found in the commercial sample
of 3DG when dissolved in methanol makes it difficult however to evaluate the
actual contribution of retro-aldol products through this intermediate.

Using the information gained from the hexose sugars, it is clear that the §-
dehydration products obtained from the pentoses follow similar transformations
involving corresponding intermediates as those shown in Scheme 5.2. From
pentoses, the key 1,2-dione intermediate is 3-deoxyxylosone (3DX) which can
either undergo 1,2-hydrideshift to yield 3-deoxy-y-pentonolactones (DPL), react
with the methanol solvent to yield 2,4,5-trihydroxypentanoic acid methyl ester
(TPM), or further dehydrate to yield either the #ans- or cis-form of 3,4-
dideoxyxylosone-3-ene (3,4DXE), see Scheme 5.1. Along similar lines as for
3,4DGE, it is speculated that the #ans-isomer of 3,4DXE leads ecither to the
formation of the unsaturated a-hydroxy ester; #rans-2,5-dihydroxy-3-hexenoic acid
methyl ester (DPM) or 2,4-dihydroxy-4-methoxypentanoic acid methyl ester
(DMPM). DPM was like THM only observed in its #rans-configuration. DMPM is
similar to DPM albeit with methanol added to the vinyl group. The formed
furfural (F) and furfural dimethyl acetal (F-DMA) found in the reaction mixture
is again assumed to form primarily from the ¢Zs-isomer of 3,4DXE.[173, 174] Like
for the formation of HMF using Sn-Beta, addition of a Bronsted acid has likewise
previously been found necessary to facilitate the dehydration of xylose to
furfural.[185]

It is apparent that the two pathways shown in Scheme 5.1 leading from the
hexoses or pentoses to either DPM or THM are very similar and involve the same
sequence of reactions to form. Focusing solely on these two new products and
the well-studied a-hydroxy esters ML and MVG, it is likewise clear that a family
of chemicals is formed when tin-containing catalysts are used for the conversion
of sugars of varying size (Figure 5.3). These products are the result of the same
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overall mechanism through similar 1,2-dione intermediates leading to products
with functionality increasing in step with the size of the converted sugar. The
chemical structure of the a-hydroxy ester in ML forms the ‘core-structure’, which
is then present in the structure of MVG extended with a 3,y-unsaturation and
further extended in DPM and THM with either a primary or a primary and
secondary alcohol groups.

The formation of these compounds both increase our understanding of the
products formed in the conversion of sugars using Lewis acidic catalysts, but it

also provides entirely new, highly functional chemicals.

) ST 0
‘\\_/' o/ '.\ = ,’; o/
OH “--" OH
Methyl lactate Methyl vinyl glycolate
(ML) (MVG)
fOH V0 / OH '\ O
Wo/ \ 7 o7
7 OH _OH .~ OH
trans-2,5-dihydroxy-3-pentenoic trans-2,5,6-trihydroxy-3-hexenoic
acid methyl ester acid methyl ester
(DPM) (THM)

Figure 5.3. Representation of the similarities and functionalities of the a-hydroxy acid
esters; methyl lactate (ML), methyl vinyl glycolate (MVG), trans-2,5-dihydroxy-3-
pentenoic acid methyl ester (DPM) and trans-2,5,6-trihydroxy-3-hexenoic acid methyl
ester (THM).

5.1.3  Effect of alkali on product distribution

It is clear that the conversion of sugars using tin-containing catalysts results
in a range of different products, all results of a combination of retro-aldol reaction,
B-dehydration or 1,2-hydride shifts. This simplifies the type of products that can
form as described in the last section. The complexity of the product distribution
arises from the retro-aldol/aldol reaction enabling the formation of a broad range
of sugars (C2-Ce) and thus significant increases the number of products formed,
instead of simple transformations in which the carbon chain is maintained. The
retro-aldol reaction has already been described in Chapter 4 to be highly
dependent on the concentration of cosolutes such as alkali metal salts in the
reaction. In order to study the effect of alkali metal salts with the focus on these
new products, solutions of glucose and xylose in methanol (9 wt%) were
converted at 160 °C using Sn-Beta in the presence or absence of a cosolute, see
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Figure 5.4. Like in Chapter 4, the employed alkali metal source was K>CO3, here
used in a concentration range of 0-1.0 mM. The products shown in Figure 5.4
have been divided according to the three previously described pathways shown
in Scheme 5.1 on p. 92; the methyl glycosides (MG, MX), the dehydration
products (DPM, THM, etc.) and the retro-aldol products (ML, MVG, MMHB,
etc.). Yields of some previously mentioned xylose-derived products such as TPM,
MDPM and DPL were not quantified in these experiments. No unconverted
sugars were observed under the chosen conditions.

In the absence of added alkali, it is evident that the 3-dehydration products
are dominant in both the conversion of glucose (Figure 5.4a, red colors) and
xylose (Figure 5.4b, blue colors). Upon the addition of alkali an optimum
concentration is found where the retro-aldol products instead dominate (Figure
5.4a-b, green colors), similar to what was shown for ML in Chapter 4.

For simplicity, I will again initially focus on the effect of alkali on the
conversion of the hexoses and the impact on products formed. For these
experiments a Sn-Beta zeolite prepared by post-synthesis, Sn-Beta (125, PT), was
used. In the absence of alkali metal added to the reaction, a combination of
dehydration products was obtained consisting of 14% THM, 6% DGL and 12%
furanics (FURGcg), resulting in a total carbon flux through this pathway of 32%.
This number decreased significantly with the addition of alkali to a combined yield
of 11% at 0.31 mM KyCOs. At these conditions all dehydration products
decreased in yield; THM to 6%, DGL to 3% and furanic contribution to 2%. This
further emphasizes that all three types of product are formed through the same
intermediate species (3DG) and thus affected equally by the presence of alkali. In
comparison, products formed by an initial retro-aldol reaction instead increased
with the introduction of alkali. In absence, the combined yield of these products
were 26% of the total carbon with ML and MVG accounting for 17% and 6%,
respectively. The yield of these two ester increased to 48% (ML) and 18% (MVG)
at the optimum concentration (0.31 mM). At this concentration, the total yield of
retro-aldol products accounted for almost 70% of the total carbon. An increase
in MMHB yield was also observed, however glycolaldehyde dimethyl acetal (GA-
DMA) instead decreased slightly as the alkali content was increased. Above the
optimum concentration, yields of all quantified products decreased due to alkaline
degradation. From these experiments it thus becomes clear that having alkali
present during reaction changes the product selectivity leading to the higher yields
of ML and MVG at the expense of the dehydration products.
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Figure 5.4. Product distribution for the conversion of glucose (a) and xylose (b) at
different alkali concentrations using Sn-Beta. Reaction conditions: 0.360 g substrate,
0.180 g catalyst, 4.0 g solvent, 160 °C, reacted for a) 6 h and b) 2 h. The Sn-Beta
catalyst used was in a) Sn-Beta (125, PT) and in b) Sn-Beta (150, HT).

As expected a similar influence of alkali on the product distribution was
observed for the conversion of xylose. In these experiments a hydrothermally
synthesized Sn-Beta zeotype, Sn-Beta (150, HT) was used. For this substrate,
however, the formation of the dehydration products DPM and the furanics
(FURcs) in the absence of alkali appeared even more favorable than what was
found for glucose. A DPM yield of 33% was obtained as well as 11% furanics
(FURcs). Under these conditions the sum of retro-aldol products was likewise
lower than for glucose with a combined yield of 19% (14% ML, 2% MVG, 1%
MMHB and 2% GA-DMA). At the optimum alkali concentration in this system
at 0.25 mM K>COs, this increased to 54% with ML and MVG making up 35%
and 14%, respectively. The retro-aldol fraction even at the optimum was thus
significantly lower for the conversion of xylose compared with glucose.

It is important to note, that the yields of the lactone DPL and TPM/DMPM
have not been included in Figure 5.4b, while the equivalent hexose-derived
compounds were included in Figure 5.4a as DGL/DGM. These additional
dehydration products were only quantified using NMR in the absence of alkali
and therefore not included in Figure 5.4b. Under these conditions a yield of 10%
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DPL and 13% TPM/DMPM was observed (Table 5.2, entry 1 on p. 102). With
these additional yields in mind, the resulting carbon flux through the 3DX
pathway constitutes 68% of the total carbon when alkali is avoided. This shows
that the pathway leading to the dehydration products is much more preferred for
xylose than glucose. It is evident from the results shown here for both xylose and
glucose that although selectivity to the retro-aldol and dehydration products can
be tuned by adding or avoiding alkali, it is not possible to fully avoid either type
of products. It is clear that with more control it would be possible to increase the
yield of one group of products further by limiting formation of the other.

Surprisingly, it was found that even in reactions without added alkali, small
amounts of sodium (~4 wt. ppm) were found to be present. In comparison, the
optimum potassium content in the reaction involving glucose (0.31 mM)
corresponds to roughly 30 wt. ppm. This ‘background’ alkali thus constitutes a
small but potentially significant amount of alkali present even under ‘alkali-free’
conditions. This impurity was found in all investigated reactions and did not
correlate to the amounts of alkali metal salts added. Instead it is likely that this
contamination originates from either small levels of sodium present from
preparation of the catalyst or from the reactor vessels used made from borosilicate
glass. Washing the vessels prior to use with ample water or dilute nitric acid did
not remove these impurities. It is therefore possible that the yields of this category
of products could be increased slightly by removing also avoiding these impurities.

The effect of alkali metal salts on the reaction was furthermore evaluated for
the conversion of glucose by performing a series of kinetic experiments at low
reaction times using Sn-Beta (125, PT). Figure 5.5 clearly shows that the presence
of alkali greatly influences the formation of products as all the investigated
compounds (MG, ML, FUR and THM) were affected. A large difference was
observed for the formation of methyl glucosides (MG) where the presence of
alkali appeared to hinder reaction with the methanol solvent. In the absence of
alkali, after only 10 min a majority of the initial hexose substrate (50%) was found
in the form of MG. When alkali was added only 15% was formed. Although the
formation of these by-products appeared to be somewhat reversible, shown here
to decrease under both conditions, some isomers of MG are suspected to be
highly stable and thus unable to undergo further conversion.[186-188] When
commercially available methyl glycosides (Table 5.1, entries 1-3) were used as
substrate only low conversion was achieved (3-15%) after 6 hours at 160 °C. An
overview of the different isomers of the methyl glycosides can be found in Figure
A2 on p. 149.
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Figure 5.5. Kinetic experiment on the formation of MG, ML, FUR and THM at low
conversion in the presence (closed circle) and absence (gpen circle) of added alkali.
Reaction conditions: 0.180 g Sn-Beta (125, PT), 0.360 g glucose, 4.0 g of methanol
(open circle) or 0.62 mM KoCOs/methanol (closed circle), 160 °C. Adapted from [119].

Table 5.1. Conversion of various commercially available methyl glycosides using Sn-
Beta (125, PT), entries 1-3. Blank experiments done in the presence and absence of

alkali, entries 4-5.

3
m
Y g 2 0o I ~ =
g Catalyst Substrate o O a3 =« 3 2 T
i ! £ 2 2 0 = 5 B E
%
Methyl a-D-
L SaBew(125,PT) O moside S8 1 <1 1 <1 <1 <1
Methyl -D-
2 Sn-Beta (125, PT) glucopyranoside - 82 1 <1 1 <1 <1 <1
3 Sn-Beta (125, PT) Methyl a-D- 97 2 <1 <1 <1 <1 <1
mannopyranoside
4 - Glucose 78 18 <1 <1 <1 <1 1 <1
57 - Glucose 39 34 <1 <1 <1 <1 2 <1

a) Solvent used was 0.62 mM K>COjs/methanol. Abbreviations can be found in Table A.G on p.
163. Reaction conditions: 160 °C, 360 mg substrate, 4 g methanol, 180 mg catalyst, 6 hours, 600

rpm stirring.

Even after 6 hours at 160 °C roughly 16% of the initial glucose is found as

these potentially unreactive methyl glycosides in the absence of alkali (Figure 5.4a

on p. 98). Hindering the formation of this unwanted by-product could therefore

100



Chapter 5. Formation of Novel Biomonomers

lead to higher overall yields as more carbon is available for conversion to desirable
products. In line with previous studies, no methyl furanosides were observed
presumably due to their higher reactivity.[187]

Looking at the formation of ML compared with both FUR and THM in
Figure 5.5, it is clear that where the yield of ML increases significantly in the
presence of alkali metal salts, the opposite is true for FUR and THM. When alkali
is avoided from the reaction, up to 11% of THM is obtained after 30 min
compared with only a few percent when alkali is present. This again shows the
influence of these cosolutes on the selectivity towards different products and
highlights the fact that certain products appear to react similarly to the change in
conditions.

5.1.1  Catalyst variations

Testing a range of different catalysts showed that the formation of DPM and
THM from their respective sugars was more dependent on the incorporated metal
(Sn, Ti, Zr or Al) rather than on the structure type of the catalyst (MFI, *BEA,
etc.). The most important catalysts have been collected in Table 5.2 with
additional results shown in Table A.4 and Table A.5 on p. 161-162, respectively.
Significant yields (10-33%) of DPM or THM were obtained exclusively when tin
was present in reaction. All tested stannosilicate materials (Table 5.2, entries 1-4,
8-10) were found to yield DPM from xylose, and all but Sn-MFI (Table 5.2, entry
11) likewise catalyzed the dehydration of glucose to THM. As can be seen from
the difference in obtained yields from xylose and glucose, the intermediate 3DX
again appears to form more readily from pentoses leading to significantly higher
yields from this starting substrate. The highest achieved yields from the two
sugars; 18% from glucose and 33% from xylose is in line with previous findings
using Sn-Beta, where the yield of the formed «-hydroxy esters increase as the
length of sugar decrease; 56% MVG was obtained from tetroses and >95% ML
from trioses.[16, 99]

Although Sn-MFI was found able to convert the pentoses, yielding 11% DPM
(Table 5.2, entry 3), less than 1% of THM was observed from glucose (Table 5.2,
entry 10). This is likely a result of the smaller channels present in the MFI zeolite
framework compared with those in *BEA. Although the pore channels are only
slightly smaller, this difference in size has been shown (as mentioned in Chapter
1) to have a large impact on the conversion of the larger pentose and hexose
sugars.[100, 117] Exploiting this difference in size for shape-selective catalysis is
the main focus of Chapter 6.
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S Table 5.2. Conversion of xylose (entries 1-7) and glucose (entries 8-14) in the absence of alkali metal salts using a variety of catalysts.

Adapted from ref. [119] and [128].

Sugars Retro-aldol products Dehydration products
& Catalyst Uncon. MX GA- ML MVG MMHB Total DPL TPM/ FURcs? DPM Total
! y DMA DMPM« “5
- Yo Yo %
1 Sn-Beta (150, HT) n.d. 4 2 14 2 <1 19 10 13 11 33 68
2 Sn-Beta (125, PT) n.d. 23 3 11 <1 <1 15 6 9 17 23 55
3 Sn-MCM-41 (150, HT) n.d. 23 4 12 <1 <1 18 6 14 20 16 57
4 Sn-MFT (100, HT) <1 30 6 17 1 <1 24 3 3 10 11 27
5 Ti-Beta (150, HT) <1 48 7 11 3 <1 22 4 7 5 <1 16
6 Zr-Beta (150, HT) <1 39 12 10 2 <1 25 2 2 4 <1 9
7 Al-Beta (150, HT) 6 82 n.d. n.d. n.d. n.d. <1 n.d. n.d. 1 n.d. 1
Catalyst Uncon. MG 15}1\1/?1_\ MIL. MVG MMHB Total DGL/DGM-¢ FURce? THM Total
% %o Yo
8 Sn-Beta (150, HT) n.d. 8 1 24 8 1 34 N/A 9 17 25
9 Sn-Beta (125, PT) n.d. 13 3 17 6 1 27 6 13 14 33
10 Sn-MCM-41 (200) n.d. 16 3 26 5 3 37 N/A 13 18 31
11 Sn-MFT (400, HT) n.d. 40 8 8 4 <1 20 N/A <1 <1 <1
12 Ti-Beta (150, HT) n.d. 14 3 28 6 1 38 N/A 3 3 6
13 Zr-Beta (150, HT) n.d. 27 5 25 7 <1 37 N/A 2 3 5
14 Al-Beta (12.5, C)¢ n.d. 32 <1 <1 <1 <1 <1 N/A 14 <1 14

Combined yields of a) TPM and DMPM, b) F and F-DMA, ¢) DGL and DGM, d) HMF and MMF and the acetal detivatives and MLA. e¢) commercial Al-
Beta zeolite (Si/Al = 12.5, Zeolyst). n.d. = not detected, N/A = not available. Abbreviations are described in Table A.6 on p. 163. Reaction conditions: 160
°C, 0.360 g glucose (entries 1-7) or xylose (entries 8-14), 4 g methanol, 0.180 mg catalyst, 2 h (entries 1-7) or 6 h (entries 8-14), 600 rpm stirring.
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The highest yield of DPM of 33% (Table 5.2, entry 1) was achieved using Sn-
Beta (150, HT) as described earlier. The total products formed through the -
dehydration pathway accounted for 68% of the total carbon (leading aside from
DPM to 10% DPL, 13% TPM/DMPM and 11% FURcs). With the dehydration
pathway as the dominant route, only 19% of retro-aldol products were obtained
with ML making up 14%. This gave a total mass balance of 91%, thereby
accounting for almost all the carbon present during reaction. Using a similar
hydrothermally synthesized Sn-Beta catalyst for glucose (Table 5.2, entry 8)
yielded 16% THM as well as 9% FURcs. The yield of DGL/DGM was not
quantified for this catalyst, making the total accounted carbon from the
dehydration pathway only 25%. From glucose, DGL/DGM was only quantified
for the post-synthesized catalyst Sn-Beta (125, PT) resulting in a combined yield
of only 6%. These two products are thus not expected to substantially increase
the total carbon from the dehydration pathway.

The highest yields of THM were obtained using Sn-Beta prepared by
hydrothermal synthesis yielding 17% and Sn-MCM-41 (150, HT) giving 18%. The
latter yielded comparable contributions from both the retro-aldol (37%) and
dehydration (31% excluding DGL/DGM) pathways. Sn-MCM-41 has previously
shown to possess similar catalytic properties to Sn-Beta both in the presence and
absence of alkali (see Chapter 4).[13, 40, 56, 117]

Using a Sn-Beta catalyst instead prepared by the post-synthesis protocol lead
to a small decrease in THM yield (14%) and a significant decrease in yield of DPM
(23%), see Table 5.2, entries 2 and 9. A similar decrease in yield of retro-aldol
products was observed. Instead, formation of methyl glycosides (both MG and
MX) as well as the yield of furanics increased for both substrates. Both types of
products are readily formed by Brensted acid catalyzed dehydration and are here
likely formed as a result of residual aluminum still present in small amounts after
dealumination or from the presence of defects known to be more pronounced in
this type of material.[187, 188] The difference in activity could, however, also
originate from fundamental difference in the environment surrounding the active
site as has recently described recently by the groups of Sels and Hermans.[59, 78,
81]

Ti-Beta and Zr-Beta, likewise solid Lewis acids, are known to catalyze the
many of same type of reactions as Sn-Beta as exemplified in Chapter 1.[16, 31,
37, 189] Changing the incorporated metal for the conversion of xylose and
glucose, however, lead to almost no 3-dehydration products. Very low yields of
DPM (<1%) and THM (3%) were obtained and the formation of furanics ranging
from 2-5% (Table 5.2, entries 5-6 and 12-13). This shows that the pathway leading
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to the different dehydration products indeed is exclusively catalyzed with tin as
the active site. The substantial decrease in yield of both product groups
(DPM/THM and the corresponding furanics) again corroborates the formation
of these compounds through similar pathways through 3DX/3DG. Compared
with Sn-Beta, the retro-aldol product distribution and yields were found to be
largely unaffected by the change in element. Only GA-DMA gave significantly
higher yields using Ti- and Zr-Beta (up to 7%). Concurrently, the amounts of
sugar found as methyl glycosides were significantly higher using these catalysts
with for instance up to 48% MX obtained for Ti-Beta (200, HT). These findings
seem to indicate that the dehydration pathway and thereby the formation of either
3DX or 3DG are much more dependent on the Lewis acidic element than the
fragmentation. Furthermore, despite being found to achieve similar yields of ML
and MVG compared with Sn-Beta in the absence of alkali, no effect of adding
K>COs3 was found using Zr-Beta (not shown), hindering the high yields of retro-
aldol products obtained in Chapter 4.[119] This also indicates that only the local
environment of the tin site is affected by the alkali effect, further underlining that
some degree of ion-exchange can take place either directly on the tin site or in the
near vicinity as also speculated in Chapter 4.[56] To further corroborate the
importance of the strength of the active site, the conversion of xylose and glucose
was followed using Beta zeotype materials prepared either without an active metal,
Si-Beta (HT), (Table A.4, entry 11 and Table A.5, entry 12 on p. 161-162) or
using nanosized SnO> particles as the tin source instead of SnCls-5H20 yielding
SnOz-Beta (200, HT) (Table A.4, entry 10 and Table A.5, entry 11).[119] For
both catalysts, no formation of DPM or THM was observed. The same was found
from blank experiments (Table A.4, entry 12 and Table A.5, entry 4).

It was speculated in Section 5.1.2 that the dehydration through the 1,2-dione
intermediates 3DX/3DG were likely not catalyzed by conventional strong
Bronsted acid catalysts. To confirm this aluminum-containing Beta catalysts were
prepared by hydrothermal synthesis and acquired commercially. The commercial
zeolite was also tested after having underwent dealumination, as this was parent
material used for the preparation of Sn-Beta (125, PT). For all tested
aluminosilicates, no DPM/THM was formed from ecither sugar substrate (Table
A.4, entries 7, 14 and Table A.5, entries 9-10). Instead high degrees of degradation
and methyl glycosides were observed as well as some degrees of furanics (up to
14%). The current findings seem to indicate that tin sites present in both
crystalline and amorphous silicates are fully capable of catalyzing the dehydration
reaction required for the formation of DPM and THM and that an increase in
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strong Bronsted sites (as is the case for residual aluminum present in post-
synthesized Sn-Beta) instead leads to furanics.

This shows that using a variety of tin-containing catalysts it is possible to
obtained acceptable yields of entirely new products directly in a ‘one-pot’ reaction
from xylose and glucose. Still, more work is required to improve these yields in
order to develop industrially relevant processes for these chemicals.

5.1.2  Polymerization of DPM

Both DPM and THM are highly functional molecules containing several
alcohol groups (both primary and secondary) and a vinyl group in the backbone.
To investigate the polymerization potential of these new a-hydroxy ester it was
decided to focus exclusively on DPM due in part to the higher achieved yields (up
to 33%) and the slightly lower functionality of this monomer compared with
THM. It was estimated that polymerization of this ester would be more selective
due to the fewer alcohol groups. The approach chosen for testing DPM as a
building block follows the work done by Dusselier ¢ /. on the polymerization of
MVG.[116] In this work, vinyl glycolic acid (VGA, obtained by hydrolysis of
MVG) was co-polymerized with lactic acid (LA) as conceptual proof. Poly(lactic
acid) as mentioned previously is an already utilized bio-derived plastic, but the
polymer has a number of drawbacks including high hydrophobicity and the lack
of functional side groups available for post-functionalization.[190-192] Dusselier
et al. showed that these limitations of the polymer could be improved by
incorporating small amounts of VGA (up to 12%) into the structure. The
unsaturation present in VGA thus afforded pendant vinyl groups in the polymer,
allowing for further functionalization.[116, 193-195] Recently, using metathesis
reaction, MVG was converted into dimethyl 2,5-dihydroxy-3-hexenedioate and
likewise co-polymerized with LA.[120, 121] The same approach was also used for
diethyl 2-methylene-4-oxopentanedioate (an itaconic acid ester analogue).[196,
197] Both of these products, resemble somewhat DPM/THM in terms of
functional groups.

O E6-HH
LN i
H OWJ\ oH V( OM OM/\”V}W
OH CAL-B m OH n o)
DPM poly(E6-HH-co-DPM)

Scheme 5.3. Schematic of the desired product obtained when co-polymerizing ethyl
6-hydroxyhexanoate (E6-HH) with trans-2,5-dihydroxy-3-pentenoic acid methyl ester
(DPM) using Candida Antarctica Lipase B (CAL-B).
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Due to the increased functionality of DPM it was not possible to directly
follow the experimental procedure described for the polymerization of
VGA.[116] The tin-based polymerization catalysts used in that study were
unfortunately not suitable here due to a low control of selectivity from the
additional alcohol present in DPM. Instead, it was chosen to perform a conceptual
proof by exploiting the added control of seclectivity from enzymatic
polymerization using Candida Antarctica Lipase B (CAL-B).[198, 199] Co-
polymerization was done using ethyl 6-hydroxyhexanoate (E6-HH).[200] E6-HH
is obtained from hydrolysis of e-caprolactone. Polymerization was performed by
mixing E6-HH with DPM in a molar ratio (MR) of 0.22 using the enzyme CAL-
B under vacuum at 60 °C for 18 h. Ideally, this would lead to the formation of a
linear polymer with a 1,5-linkage and both the secondary and the vinyl group
available for post-functionalization. This co-polymer is denoted poly(E6-HH-co-
DPM), see Scheme 5.3. That the polymerization was indeed successful was
verified by both NMR and FT-IR spectroscopy. Using these techniques the
presence of the vinyl group ({H NMR, C-11 and -12 in Figure 5.6) was confirmed
as well as the alcohol, alkane and ester groups observed from characteristic bands
in IR at 3496 cm! (O-H stretch), 1721 cm™! (C=O stretch) and 1159 and 1045
cm ! (C-O stretch), see Figure A.11. The vinyl group was likewise observed in the
IR spectrum as a shoulder on the C=0O stretch and a strong C=C bend signal at

961 cm-.
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Figure 5.6. '"H NMR assignment of poly(E6-HH-co-DPM). Figure prepared by
Research Assistant Christian Andersen (DTU) for ref. [128].

Although a MR of 0.22 was targeted in the preparation of the polymer, only
roughly half of the DPM was found to co-polymerize and incorporate in the
polymer. This instead lead to an obtained MR of 0.12 (Table 5.3, entry 1).
Increasing the reaction time from 18 to 72 h, led to an increase in the
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incorporation of DPM up to 0.17 (Table 5.3, entries 1-3), ze. to a degree of
incorporation of ~78%. This increase in MR resulted in an increase in the
molecular weight of the polymer (My, from 10,050 to 12,350 g/mol) but also in a
less uniform polymer as the dispersity likewise increased (D, from 2.1 to 2.5).
Dispersity is defined as the molecular weight of the polymer (My) over the
number-average molar mass (My). For both prepared polymers, the values of D
are comparable to those found in similar systems for the polymerization of
monomers with both primary and secondary alcohol groups.[198, 199] Increasing
the target MR led to a higher degree of insertion of DPM (up to 0.66), but
simultaneously led to a significant decrease in the molecular weight of the formed
polymers (down to 3,700 g/mol, Table 5.3, entries 4-5). This could indicate that
an optimum MR exists for the incorporation of DPM, as it was likewise not

possible to form a homopolymer using the ester.

Table 5.3. Properties and characterization of poly(E6-HH-co-DPM) products obtained
from enzymatic co-polymerization of E6-HH and DPM using CAL-B. Table prepared
by Research Assistant Christian Andersen (DTU) for ref. [128].

Entry Time Feed Product Ty Tt M,? M, b
h MR« MR#b °C g/mol
1 18 0.22 0.12 -47.8 42.5 5,150 10,050 2.1
2 42 0.22 0.14 -47.3 42.5 4,490 10,750 24
3 72 0.22 0.17 -48.0 34.6 5,000 12,350 2.5
4 72 0.44 0.44 -55.5 15.2 1,900 4,500 24
5 72 0.66 0.66 -52.0 7.5 1,760 3,700 2.1
6¢ 18 0 0 -61.4 48.9 3,600 4,700 1.3

a) Molar ratio (MR) listed as DPM/EG6-HH (mol/mol). b) Determined by 'H NMR. ¢) Determined
by DSC. d) Dispetsity (P = My/M,) determined by SEC in THF using PS standards. ¢) Using only
E6-HH as monomer. Reaction conditions: 60 °C, pressure held at 200 mbar for 2 h then reduced
to 5 mbar.

The thermal properties of the prepared polymers were investigated using
differential scanning calorimetry (DSC), see Table 5.3. The highly flexible
properties of these co-polymers were confirmed by the measured glass transition
temperature (T) ranging from -49 °C to -56 °C. The inclusion of DPM in the E6-
HH polymer strongly influenced the melting temperature (Tm) of the material
decreasing from ~49 °C for the homopolomer of E6-HH to as low as 7.5 °C ata
MR of 0.66. For incorporation of DPM lower than 0.15 the temperature was still
above 42 °C. Additionally, further post-functionalization was done on the
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prepared polymer and included in ref. [128], indeed showing the high functionality
of the formed materials. Although more work is required to fully illuminate the
use of these newly discovered a-hydroxy esters as monomers, the work presented
here shows proof of high molecular weight polymers prepared from the co-
polymerization of DPM.

5.2 Conclusion

In this chapter it was shown that aside from the retro-aldol cleavage of sugars,
leading to the formation of a variety of retro-aldol products, a secondary reaction
pathway exists involving the Lewis acid catalyzed B-dehydration of the sugars. The
investigation of this new pathway led to the identification of several new products
obtainable directly from pentose and hexose sugars including the DPM and THM
and the lactones DGL and DPL. By avoiding the presence of alkali metal salts
during reaction of the sugars with the tin-containing catalysts, it was possible to
obtain DPM and THM in acceptable yields of 18-33%. The dependence on
cosolutes in the reaction media showed that it was possible to tune the reaction
leading either to the formation of high yields of retro-aldol products (as was also
touched upon in Chapter 4) or to the so-called dehydration products. Further
work is still required to fully unveil how alkali modified the stannosilicate
selectivity. Additionally, alkali salts were found to reduce the formation of methyl
glycosides resulting in more free sugar available for conversion than in the absence
of alkali. This pathway was found to be primarily catalyzed by tin and could be
formed with a wide variety of tin-containing catalysts with acceptable yields
achieved for using both Sn-Beta and Sn-MCM-41.

The identified B-dehydration pathway was found to be analogous in the
conversion of both the pentose and hexose sugars. Both reactions involved the
formation of a 1,2-dione intermediate; 3DG (from hexoses) or 3DX (from
pentose). The intermediates were either converted directly into products or
underwent another B-dehydration to yield 3,4ADGE or 3,4DXE, respectively.
Depending on the cis/trans-isomerism of the intermediate either THM/DPM
(trans) were formed or furanic end-products (¢/s). Additionally, DPM was used for
the co-polymerization with E6-HH using enzymatic polymerization, leading to
highly functional polyesters with a 0.17 to 0.66 molar ratio content of DPM.

This shows that new, highly functional a-hydroxy acid ester can be formed in
the presence of a variety of stannosilicates from both pentose and hexose sugars
when alkali metal salts are avoided during reaction. With further optimization and
better understanding of the role of the interaction between the alkali salt and the
stannosilicate, I believe that the yields of these products can be further improved.
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6

Shape-selective Valorization of
Glycolaldehyde™

The two-carbon sugar glycolaldehyde (GA) has potential to become a
valuable biomass-derived platform chemical. It is currently obtained in high yields
in supercritical water or as a main component in bio-oil, and other processes are
presently being developed to efficiently transform sugars to GA in high
yields.[201-203] GA can be catalytically converted into many interesting
chemicals. For instance, ethylene diamine or ethanolamine, with application in
polymer production and pharmaceuticals, can be produced by direct
amination.[204] Glyoxal, glycolic acid or glyoxylic acid can be obtained by
oxidation whereas ethylene glycol can be produced by hydrogenation.
Alternatively, the aldehyde functionality can be employed in C-C bond formation,
such as aldol condensations.[205] Selective aldol condensation of GA is the focus
of this chapter.

The self-condensation of GA leading to the formation of tetrose sugars
permits the production of uncommon and expensive sugars. The tetroses
currently have limited potential uses, for example within pharmaceutical
treatments,[206] but increased availability could provide a new platform for
biomass-derived products. Especially products that are otherwise difficult to
access from the cheaper pentose and hexose sugars are attractive. The sweetener
erythritol for instance is currently obtained by fermentation of glucose and
sucrose, but could be obtained through hydrogenation of the tetrose sugars.[207]

“ This chapter was adapted from Tolborg et al. ChenSusChenr 2016, 9, 3054-3061.
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Under hydrothermal alkaline conditions, lactic acid has also been obtained by way
of aldol condensation and subsequent conversion of GA.[208, 209]

One of the major advantages of zeolite catalysis is the ability to control
product selectivity by choosing materials with suitable pore sizes.[9] Zeolites have
previously been used with some success to control the condensation of
formaldehyde to selectively form the triose 1,3-dihydroxyacetone.[210, 211]
Recently, solid Lewis acid catalysts have been shown to achieve high selectivity in
the aldol and cross-aldol reactions for the formation of a range of chemicals
including the pharmaceutical precursor o-hydroxy-y-butyrolactone (HBL).[116,
196, 205, 212-214] As mentioned in Chapter 1, the choice of zeolite framework
has proven important in many reactions including the conversion of
carbohydrates.[23, 100, 215] In brief, the large channels in Sn-Beta could easily
facilitate the conversion of all monosaccharides, whereas the slightly smaller
channels of the MFI framework were only adequate for the isomerization of the
triose sugars.[100, 215] Exploiting this difference in size is the objective of this
study, showing the influence of catalyst framework on the product selectivity in
water at moderate temperatures. Here it is shown that the medium pore zeolite
Sn-MFT is able to catalyze the formation of tetrose sugars and vinyl glycolic acid
with high selectivity (up to 98%) resulting in a combined yield of C4 products of
up to 80% (at 90% conversion), while avoiding the formation of hexoses (<2%).
Due to the mild reaction conditions (80 °C), the catalyst showed good reusability

over several cycles.
6.1 Results and Discussion

6.1.1  Lewis acidic aldol condensation of glycolaldehyde

The condensation of GA with small oxygenates such as formaldehyde (FA)
has long been considered a plausible pathway in the abiotic synthesis of
sugars.[216-218] The most common catalysts used in this reaction include
bases,[219] amino acids,[220, 221] and peptides.[222, 223] Inorganic hydroxides
as well as various minerals such as borates,[224, 225] silicates,[226] and
phosphates have also been studied.[217] A combined yield of tetrose derivatives
of 86% was obtained using GA and borates at moderate temperatures (65
°C).|225] In the catalytic self-condensation of GA, the challenge is to control the
selectivity towards tetrose sugars while avoiding the formation of hexoses.

The Lewis acid catalyzed condensation of GA was first reported by Holm ez
al. using Sn-Beta in methanol yielding the Cy-products; methyl vinyl glycolate
(MVG) and methyl 4-methoxy-2-hydroxybutanoate (MMHB) as well as methyl
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lactate (ML). [18] The reaction mechanism was later investigated in more detail by
the group of Sels using homogeneous tin catalysts.[116] In both studies, GA
underwent condensation to yield the tetrose sugars that were then immediately
converted to MVG or MMHB following a cascade of reactions identical to those
described in Section 1.5. In brief, the conversion of formed tetroses involved the
two B-dehydration reactions yielding first the 1,2-dione 3-deoxytetrosone and
then vinyl glyoxal followed by esterification and isomerization.[116, 118]
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Scheme 6.1. Proposed mechanism for the Lewis acid catalyzed of the C; sugar
glycolaldehyde (green) followed by aldol condensation to the tetrose sugars (blue) and
subsequent aldol condensation to hexoses (red).

Although GA in water is known to exists in a number of forms depending on
the substrate, the proposed reaction mechanism is believed to proceed through
the 1,2-enol of glycolaldehyde formed upon interaction with the tin site, see
Scheme 6.1. The coordination with tin is thus analogous to the proposed
mechanism for the retro-aldol reaction (shown Scheme 1.3 on p. 19), facilitating
the fragmentation of larger sugars at higher temperatures (>120 °C) as
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investigated in Chapters 4 and 5. The C-C bond forming reaction then proceeds
through condensation of the enol-form with another GA molecule (Scheme 6.1)
yielding the aldotetroses; erythrose (ERY) and threose (THR). However, due to
the ability of the solid Lewis acids to catalyze the isomerization of sugars as
described earlier, a mixture of ERU, THR and the ketotetrose; erythrulose (ERU)
are obtained. As mentioned above and shown on Scheme 6.1, GA can also react
with the formed aldotetroses to yield even larger hexose sugars. The challenge in
maintaining a high selectivity is therefore to avoid this second condensation step
from taking place.

6.1.2  Catalyst preparation and characterization

To investigate whether this second condensation step could be hindered by
the shape and size of the channels of the catalyst, stannosilicates with varying
channel diameters were prepared and tested. The materials include Sn-MFI (pore
opening of 5.5 A), Sn-Beta (6.5 A), Sn-MCM-41 (~30 A) and Sn-SBA-15 (~40
A).[23] For this chapter Sn-Beta was prepared exclusively using the fluoride route.
Sn-MFI was prepared following two different approaches: 1) utilizing hydroxide
ions as mineralizing agents yielding the catalyst designated Sn-MFI (100, OH-) or
2) using fluoride ions yielding Sn-MFI (400, F-).[61] The large difference in the
nominal Si/Sn ratios was due to limitations in the preparation methods.

The structure and physical properties of the micro- and mesoporous materials
were confirmed by X-ray diffraction and Nz-adsorption/desorption
measurements (Table 6.1, and Figure A.3 Figure A.4 on p. 150-151). The prepared
Beta and MFI zeotypes all showed high crystallinity (Figure A.3a-c). As expected,
the morphology and size of the prepared Sn-MFI catalyst crystals were highly
influenced by the preparation method. As mentioned in Chapter 3, the
differences between using fluoride and hydroxide ions are caused by a difference
in the supersaturation during crystallization. In fluoride-containing media, this
leads to highly defect-free crystals but large in size. Scanning electron microscopy
revealed that the hydroxide route resulted in the formation of small (0.5-1.5 pm),
spherical crystals, whereas the fluoride route yielded much larger, prism-shaped
crystals, see Figure 6.1a-b. This also explains the differences in textural properties
seen in Table 6.1, entries 1-2. The capped square bipyramidal morphology of the
Sn-Beta crystals with an approximate size of 5-10 um can be seen in Figure
6.1c.[44] For both Sn-MCM-41 and Sn-SBA-15 no discernible morphology was
found.[13]
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Table 6.1. Structure and physical properties of the catalysts. Adapted from [117].

Elemeqtal Surface area Pore volume
analysis
Entry CatalySt SBET]; Smicro Vtotal Vmicro[
Si/Sn<
m?/g mL/g
1 Sn-MFTI (100, OH") 82 404 273 0.25 0.14
2 Sn-MFI (400, F-) 383 377 337 0.20 0.13
3 Sn-Beta (150, HT) 186 492 395 0.28 0.21
4 Sn-MCM-41 (150) 148 857 - 1.09 -
5 Sn-SBA-15 (200) 271 918 111 1.09 0.06

a) Determined by ICP analysis. b. BET surface area. c. Micropore volume calculated using
the #plot method.

Low angle X-ray diffraction (0-5° 26) of the ordered amorphous materials
(MCM-41 and SBA-15) showed the characteristic (100), (110) and (200)
reflections appearing as a consequence of diffraction from the hexagonally
ordered structure (Figure A.3d-e on p. 150).[13, 41] The measured angles
correspond to dioo spacings of ~40 and ~100 A for Sn-MCM-41 and Sn-SBA-15,
respectively. The large pore volume and surface area anticipated for these two
types of materials was confirmed with Nz-adsorption/desorption showing total

surface areas of ~900 m2/g and a pore volumes of ~1.2 mL/g for both materials
(Table 6.1).

Figure 6.1. Electron micrographs of a) Sn-MFI (100, OH), b) Sn-MFI (400, F-) and
¢) Sn-Beta (150, HT).
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6.1.3  Condensation of glycolaldehyde with different catalysts

As expected in consecutive reactions where products can undergo further
conversion, selectivity here was highly dependent on the degree of conversion.
Furthermore, due to the difference in amount of tin incorporated in the different
stannosilicate catalysts, the intrinsic activity of the individual catalysts was found
to vary greatly (Figure 6.2). To allow for the comparison of the different catalysts
under comparable conditions, catalysts are from this point related on the basis of
conversion rather than as a function of time as is shown on Figure 6.2 for the

different tin-containing catalysts.
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Figure 6.2. Yield of tetrose sugars obtained with different tin-containing catalysts from
glycolaldehyde as a function of time. Reaction conditions: 0.125 g glycolaldehyde
(dimer), 0.075 g of catalyst, 2.5 g of water, 80 °C, reaction times 1-48 h, 600 rpm.
Adapted from [117].

Figure 6.3 shows the combined yield of tetrose sugars as a function of
conversion for several Lewis acid and base catalysts. Apart from the
stannosilicates, materials without a defined pore structure (zirconia, Amberlyst
A21) and a homogeneous tin catalyst such as SnCly-5H>O were used to probe the
effect of the pore structure. A weak base resin, Amberlyst A21, containing
dimethyl amino functional groups was used as a reference for base-catalyzed

aldol-condensation.

114



Chapter 6. Valorization of Glycolaldehyde

The tested catalysts were found to fall into two different groups in terms of
product yield (Figure 6.3). For the group marked in blue including Sn-Beta, Sn-
MCM-41 and Sn-SBA-15, only low yields of the tetroses were obtained (up to
38%) as the formed sugars instead underwent further condensation or
transformations (touched upon later). Although only low yields of tetroses were
obtained using Sn-MCM-41 and Sn-SBA-15, both the stannosilicates and zirconia

were found to reach high selectivity towards the Cy4 sugars albeit only at a
conversion below 20%.
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Figure 6.3. Yield of tetrose sugars obtained with different catalysts from
glycolaldehyde as a function of conversion. The grey dotted line represents a
selectivity of 100%. Reaction conditions: 80 °C, 5 wt% glycolaldehyde (dimer) in
water, 0.075 g of catalyst, 2.5 g of water, reaction times 1-48 h. Adapted from [117].

The other group (marked in green on Figure 6.3) including both Sn-MFI
zeotypes and the Amberlyst resin, all resulted in high maintained selectivity (up to
96%) towards the tetroses. All three catalysts were found to almost selectively
form the tetroses up to a degree of conversion of 70-80%, where after a significant
decrease in the obtained yield was observed. This drop in selectivity can be
explained by the lower concentration of GA left in the reaction media. At high
conversion, the probability for two molecules of GA to interact and undergo aldol
condensation decreases and instead alternative reaction pathways are preferred
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such as the further transformation of the formed tetroses causing the yield to
drop. These additional reactions will be discussed in a later section.

From Figure 6.3 it is clear that Sn-MFI (100, OH-) maintains a high selectivity
for tetrose sugar formation to higher conversion values than all the other selective
catalysts tested, resulting in a yield of 74% of tetrose sugar at 76% conversion.
This yield of tetroses was furthermore obtained after only 30 min (Figure 6.2).
Testing the reaction temperature in the interval from 40 °C to 100 °C was found
to have little influence on the selectivity for tetrose formation when Sn-MFI (100,
OH) was used, see Figure 6.4.

As expected, no tetrose formation was observed using purely siliceous Beta
or Sn-Beta prepared using SnO3 as the tin source (as described in Chapter 3).
From this it can be concluded that tin incorporated in the zeolite must be the
active sites for the aldol condensation as neither tin nor the silicious framework
show any activity in the reaction.[16, 44|
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Figure 6.4. Yields of tetrose sugars obtained using Sn-MFI (100, OH-) varying the
reaction temperature. Reaction conditions: 5 wt% glycolaldehyde, 0.075 g Sn-MFI
(100, OFT), 40-100 °C, 0.08-24 h, 600 rpm stirring.

As described in Chapter 1, all stannosilicate materials tested here (Sn-MFI,
Sn-Beta, Sn-MCM-41, and Sn-SBA-15) have been reported to also catalyze the
1,2-hydride shift enabling the isomerization of sugars, this naturally includes the
tetrose sugars.[13, 18] As a result, although the aldotetroses threose (THR) and
erythrose (ERY) are the product of the aldol condensation of GA, the distribution
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of isomers changes over time as the ketotetrose erythrulose (ERU) is formed, see
Figure 6.5a-d.[227] A different distribution of tetroses is observed for the basic
Amberlyst A21 resin (Figure 6.5¢) primarily THR is observed at full conversion
as hardly any isomerization takes place.
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Figure 6.5. Normalized distribution of tetrose sugars obtained at 80 °C in water at
different times (in hours) using a) Sn-MFI (100, OH"), b) Sn-Beta (150, HT), ¢) Sn-
SBA-15 (150, HT), d) Sn-MCM-41 (150, HT) and ) Ambetlyst A21. The black points
show conversion at each point in time. Reaction conditions: 0.125 g glycolaldehyde
(dimer), 0.075 g of catalyst, 2.5 g of water, 80 °C, reaction times 0.25-48 h, 600 rpm
stirring. ERU: Erythrulose, ERY: Erythrose and THR: Threose.
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6.1.4  Catalyst stability

One of the many benefits of using zeolites is their reusability, significantly
reducing catalyst cost in an industrial process. As it is well-known that reactions
taking place in water can be detrimental to the structural integrity of silicates, it
was important to investigate the stability of these selective zeotype catalysts.[62,
228] Additionally, Amberlyst A21 is normally used for its anion exchange
capabilities and the stability of the resin under the reaction conditions used here
likewise requires investigation. For this purpose, Sn-MFI (100, OH-) and
Amberlyst A21 was tested in five consecutive experiments at 80 °C. Both catalysts
were washed thoroughly with water and dried overnight in-between experiments.
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Figure 6.6. Yields of tetrose sugars obtained from glycolaldehyde when reusing Sn-
MFT (100, OH-) or Amberlyst A21. The catalysts were washed repeatedly with water
and dried over night at 80 °C between runs. Reaction conditions: 80 °C, 5 wt%
glycolaldehyde in water, substrate-to-catalyst ratio of 1.7, 2 h, 600 rpm stirring.
Adapted from ref. [117].

Significant differences in stability were observed when comparing the two
materials, see Figure 6.6. For Sn-MFI (100, OH") reusing the catalyst over several
consecutive cycles was found to only result in a small decrease in tetrose yield

from 69% to 65%, showing the high stability of this type of catalyst. Using the
same conditions and treatments for Amberlyst A21 instead resulted in a step-wise
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decrease in yield from 64% to 25% over the five repetitions, thus showing poor
reusability under the chosen conditions.

It is important to note, that both materials normally require regeneration in-
between uses to recover activity (Sn-MFI) or their ion-exchange capabilities
(Amberlyst). Zeolites used for catalysis are often thermally treated at temperatures
above 500 °C in order to remove any carbonaceous species confined within the
pores and channels of the material.[229] Amberlyst A21 is normally regenerated
by treating the resin in a flow of aqueous base. From Figure 6.6, it is evident that
thorough washing of the Sn-MFI catalyst with water in-between experiments was
sufficient in regenerating the catalyst. This was also confirmed when a washed
sample of spent Sn-MFI catalyst was investigated using thermograviometric
analysis (TG/DSC). This measurement indeed showed that little to no residual
carbon remained in the washed zeotype as only a negligible mass loss (2.9 wt%)
was observed upon heating the sample to 1,000 °C, see Figure 6.7.
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Figure 6.7. Thermogravimetric analysis (TG/DSC) of spent Sn-MFI (100, OH") after

being washed three times with demineralized water and then dried overnight at 80 °C.

The preceding reaction was performed using 0.360 g glycolaldehyde (dimer), 0.225 g

catalyst, 80 °C, 2 h, 600 rpm stirring. No mass loss was observed above 800 °C. Initial

mass loss caused by drying prior to shown analysis. Adapted from [117].

Regeneration of Amberlyst A21 was done by exposing the resin to an aqueous
solution of NH4OH (2 and 7 M), a method adapted from the procedure provided
by the supplier (DOW). The resin was stirred in the basic media for one hour and
followed by thorough washing in water to remove any excess base. Unfortunately
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alarge decrease in the achieved tetrose yield was still observed for both the treated
Amberlyst samples, see Figure 6.8. Moreover, the decrease in yield was even more
pronounced than when the sample was simply washed. Although these
experiments show a lower stability of this material, more dedicated studies are still
required to thoroughly investigate both alternative regeneration procedures or to
confirm that the integrity of the material is indeed irreversibly deactivated during
reactions.
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Figure 6.8. Yields of tetrose sugars obtained from glycolaldehyde when reusing
Amberlyst A21. The resin was either washed three times and dried (80 °C) overnight
or stirred in a solution of NH4OH for 1 h, washed (three times) and dried overnight.
Reaction conditions: Amounts were adjusted for every cycle based on the catalyst
recovery. First catalyst use was performed using 0.360 g glycolaldehyde (dimer), 0.225
¢ catalyst, 80 °C, 2 h, 600 rpm stirring. Adapted from [117].

6.1.1  By-product formation

One of the main reasons for the lower obtained yields of the targeted tetroses
was that the formed sugars were converted into other products. The primary by-
products observed here were the larger hexose sugars, the a-hydroxy acid vinyl
glycolic acid (VGA) as well as a-hydroxy-y-butyrolactone (HBL). These additional
products were cither the result of additional aldol condensation reactions taking
place between the formed tetroses and GA (shown in Scheme 6.1 on p. 111) or
formed from the transformation of the tetroses to other C4 products. Both VGA
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and HBL can be assumed to be formed through a similar 3-dehydration pathway
as described in Chapter 5. In brief, this involves an initial 3-dehydration of the
tetrose to yield the 1,2-dione intermediate 3-deoxytetrosone which can then either
cyclize to yield HBL or undergo an additional 3-dehydration and subsequent 1,2-
hydride shift to form VGA.[18, 118]

The product distribution for the tested catalysts is shown at comparable levels
of conversion (70£6%) in Table 6.2. From these results, the very high selectivity
(96%) of Sn-MFI (100, OH") can again be seen resulting in 19% THR, 15% ERY
and 39% ERU giving a combined tetrose yield of 74% and a mass balance of 99%
(Table 6.2, entry 1). A similar distribution of the tetrose isomers and are found
for Sn-MFT (400, F-) with only a slightly lower mass balance (95%) (Table 6.2,
entry 2).

Table 6.2. Comparison of product distribution using different catalysts at comparable
conversion levels (70£6%). Adapted from [117].

Product distribution

[ é’ v g 2 - D = = % % =
f S EEBEEPEE 3 ¢
h %

1 Sn-MFI (100, OH") 0.5 76 19 15 39 1 1 96 99
2 Sn-MFI (400, F-) 6.5 74 19 16 30 2 1 88 95
3 Sn-MCM-41 (150, HT) 24 66 11 5 16 3 7 48 76
4 Sn-SBA-15 (200, HT) 48 65 12 8 15 - 6 54 78
5 Sn-Beta (150, HT) 3 69 6 1 16 16 5 33 75
6 SnCly-5H,0¢ 24 74 9 4 3 - 3 22 45
7 Amberlyst A21 2 70 35 14 9 - 4 83 92

a) Conversion of GA, b) selectivity towards the tetroses (THR, ERY, ERU) ¢) 0.025 g of
catalyst used. Reaction conditions: 0.125 mg glycolaldehyde dimer, 0.075 g catalyst, 2.5 g
demineralized water, 80 °C, 600 rpm, 0.25-48 h.

All the catalysts tested were found to form varying amounts of hexose sugars.
Comparing the formation of these larger sugars as a function of conversion
(Figure 06.9), it is again evident that the investigated catalysts divide into two
groups indicated here by the blue and green dashed lines. One group contains the
two Sn-MFI zeotypes (green line) and the other group includes all other catalysts
both Lewis acidic and basic (blue line).

121



Tin-containing Silicates for Carbohydrate Conversion

The catalysts in the second group were all found to continuously form
hexoses even at low conversion. At close to full conversion, this lead to the
formation of up to 10% hexoses. Although Amberlyst A21 achieved a high
selectivity towards the tetrose sugars (83%, Table 6.2, entry 7), the resin likewise
formed the highest quantities of hexoses of all the tested catalysts reaching 10%
approaching full conversion, see Figure 6.9.
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Figure 6.9. Yield of Cs sugars obtained with different catalysts from pure
glycolaldehyde as a function of conversion. Reaction conditions: 80 °C, 5 wt%
glycolaldehyde (dimer) in water, 0.075 g of catalyst, 2.5 g of water, reaction times 0.25-
48 h. Adapted from [117].

As expected, no VGA or HBL was observed for this catalyst. The ordered
amorphous stannosilicates (Sn-MCM-41 and Sn-SBA-15) were likewise found to
continuously form hexose sugars (up to 7%, Figure 6.9) as well as low yields of
VGA (up to 4%). Additionally, a much lower mass balance of 76-78% was found
for these materials (Table 6.2, entries 3-4). Sn-Beta shown in Chapter 4 and 5 to
efficiently catalyze retro-aldol and B-dehydration reactions, was found to facilitate
both the aldol condensation of tetrose to larger sugars (~8% at high conversion,
Figure 6.9) and the cascade of reactions leading to VGA and HBL in a combined
yield of 16% at 74% conversion (Table 6.2, entry 5). As a result of this high activity
in the consecutive reactions, the selectivity of Sn-Beta towards tetrose selectivity
is highest at low conversion (60% at 20% conversion, Figure 6.9) decreasing
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continuously with the increase in conversion (33% selectivity at 69% conversion,
Table 6.2, entry 5). Using dissolved tin chloride in the conversion of GA, only
16% of tetrose sugars were formed at 74% conversion, see Table 6.2, entry 0.
Several volatile unidentified products with high boiling points were observed on
GC not observed for any of the other stannosilicates, explaining the low mass
balance of 45%. The different reactivity of tin chloride when compared with the
other tin-containing catalysts could be explained by the precipitation of tin
(hydr)oxide species in the aqueous solvent.[116]

In Figure 6.9, the other group (green dashed line) comprised only the two Sn-
MFI zeotypes (OH- and F-). For this type of catalyst very low formation of
hexoses was observed (<1%) and maintained until a conversion of 75% was
reached, after which the yield of hexoses increased to ~4%. This clearly indicates
that hexose formation is hindered when this type of catalyst is used, presumably
from the narrow channels and pore openings found in the MFI framework. This
is further corroborated by the similar product distribution observed for the two
Sn-MFI catalysts, see Table 6.2, entries 1-2. The two different preparation
methods (OH- and F-) yielded Sn-MFT catalysts possessing very different physical
characteristics as shown earlier. Large differences in crystal size (0.5-1 versus 50-
100 pm crystals, Figure 6.1 on p. 113) were observed as well as differences in
surface area and pore volume (Table 6.1 on p. 113). As described in Chapter 3,
zeotypes prepared in fluoride media generally result in highly defect-free crystals,
making the materials more hydrophobic. Despite these many differences, the two
catalysts still performed comparably in terms of product formation (Table 6.2,
entries 1-2). This indeed suggests that the high selectivity towards the tetrose
sugars is not caused by limitations brought on by the physical properties of the
materials, but instead is a result of the restricted tin sites within the narrow
channels of the MFI framework.[23] This type of ‘restricted transition-state’
shape-selectivity was visualized in Figure 1.1 on p. 3 and occurs when formation
of certain intermediary states (here the coordination between tetrose and GA as
shown in Scheme 6.1) is hindered by the confined environment around the active
site. This is further supported by the different product distribution obtained with
Sn-MFI and Sn-Beta. As mentioned eatrlier, Sn-Beta formed the larger hexoses in
comparable yields (~8%) to both the mesoporous stannosilicates and Amberlyst
catalysts (7-10%, Figure 6.9) having very large or no pore structure. From this it
is clear that the 12-membered ring pores found in the framework of Sn-Beta does
not restrict the formation of larger products, whereas the 10-ring pores in MFI
does. This limitations of the channels size in Sn-MFI is in line with previous

reports targeting the conversion of the larger pentose and hexose sugars. Whetre
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Sn-Beta was fully capable of converting the hexose sugars, very poor activity was
found for Sn-MFI, hinting that hexoses are too large to enter the narrower
channels of this pore system.[100] Additionally, it can also be ruled out that larger
products are formed but trapped within cavities in the MFI crystals as almost no
carbonaceous species were left in the material after washing the catalyst in water
(Figure 6.7). As a result, it can be concluded that the high selectivity achieved with
Sn-MFTI is likely a consequence of shape selectivity.[8]
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Figure 6.10. "H-13C HSQC spectra of hemiacetal groups formed from the catalytic
conversion of glycolaldehyde at ~85% conversion (80 °C, D>O) using a) Sn-MFI (100,
OH-) and b) Amberlyst A21. Figure prepared by Senior Researcher Sebastian Meier
(DTU). Information on abbreviations used can be found in Scheme A.2. Adapted
from [117].

To validate the formation of hexoses, multidimensional NMR analyses of the
reaction mixtures were carried out.[230, 231] Figure 6.10 shows the anomeric
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region using Sn-MFI (100, OH") (Figure 6.102a) and Amberlyst A21 (Figure 6.10b)
for the conversion of GA in D2O at ~85% conversion. The abbreviations and
corresponding compounds identified in Figure 6.10 are shown in Scheme A.2 on
p- 158. As expected, both catalysts form large quantities of the aldotetroses ERY
and THR found in their respective furanose forms (x and {) as well as in the
hydrated open-chain forms. For Amberlyst A21 earlier shown to result in high
formation of hexoses, all eight aldohexose isomers (allose, altrose, glucose, gulose,
idose mannose, and talose) were observed (Figure 6.10b). In contrast, only minor
amounts of mannose, glucose and gulose were detected for Sn-MFI (Figure
6.102). These findings confirm that all stereoisomers of the hexose sugars can be
formed from consecutive aldol reactions at high conversion and confirms the
lower formation of hexoses for Sn-MFI.

In addition to the formation of larger sugars, the formed tetroses can undergo
dehydration and 1,2-hydride shift to yield the a-hydroxyacid vinyl glycolic acid
(VGA).[18, 118] As mentioned earlier, VGA has been successfully co-
polymerized with lactic acid and shown to form interesting, functional polyesters
and polyamides through condensation or metathesis reactions.[116, 121, 232] In
a previous study by the group of Sels, several ester analogues of VGA were
formed using SnCly-5H>0 in alcohol solvents. Under these conditions, methyl-4-
methoxy-2-hydroxybutanoate (MMHB) was the main product with a maximum
yield of 55%.[116] This molecule does not contain the vinyl group characteristic
for VGA. As mentioned in Chapter 5 when co-polymerized with LA, it is these
pendant vinyl group that gives the polymer its improved properties.

From the data presented in Table 6.2 on p. 121, it is clear that not all the
catalysts tested form HBL and VGA in significant amounts. The most active
catalysts for HBL. and VGA formation are Sn-Beta and Sn-MFI. The yield of
VGA as a function of conversion can be seen for the different stannosilicates in
Figure 6.11. It is interesting to note that Sn-Beta readily produces VGA from
tetroses, even at low conversion where GA is still available in solution, while Sn-
MFTI only starts transforming the tetroses at close to full conversion.

The results also suggest that the selectivity towards the different co-products
is not only affected by the type of catalyst, but also by the concentration of GA
in the medium. At the beginning of the reaction, the reaction medium is rich in
GA and the possibility for two molecules of GA reacting with each other is high.
With diminishing GA substrate and tetrose sugar formation, reactions can
progress by formation of hexose sugars or further conversion to VGA becomes
more likely. This effect was also observed when the starting concentration of GA
was changed (Figure A.12). At low GA concentrations, VGA is formed in higher
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relative yields (10% vs 3%, for initial concentrations of GA of 2% and 8%,
respectively, after 2 h, using the same amount of catalyst). Bearing this difference
in selectivity in mind, we tried to optimize the reaction conditions for the

production of VGA.
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Figure 6.11. Yield of vinyl glycolic acid (VGA) as a function of conversion using
different stannosilicates. Reaction conditions: 0.125 g glycolaldehyde (dimer), 0.075 g
of catalyst, 2.5 g of water, 80 °C, reaction times 0.25-48 h, 600 rpm stirring.

Sn-Beta and Sn-MFI were found to form significant amounts of VGA in
water, leading to yields of 39% using Sn-MFI (100, OH") and 30% using Sn-Beta
(150, HT) after 48 h (Figure 6.12). When the amount of Sn-MFI catalyst and
temperature was increased, the 3-dehydration reaction was favored and the yield
of VGA reached 44% (Table A.2 on p. 159) at 100 °C after 4.5 hours. This is the
highest VGA yield reported in water so far. In the case of Sn-Beta, similar
conditions lead to the formation of up to 33% HBL and 27% VGA after 48 h at
80 °C to give a combined yield of ~60% (Figure 6.12).
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Figure 6.12. Yields of the different products as a function of time using a) Sn-MFI
(100, OH") and b) Sn-Beta (150). Reaction conditions: 80 °C, 5 wt% glycolaldehyde in
water, 0.075 g of catalyst, 2.5 g of water, 0-48 h.

6.1.2  Effect of alkali metal salts on the product distribution

It was shown in Chapters 4 and 5 that the presence of small amounts of
alkali metal salts had a pronounced effect on the product distribution when
converting the pentose and hexose sugars using stannosilicates. Alkali was found
to modify the reaction pathway leading in the absence of alkali to 3-dehydration
products, and to retro-aldol products when alkali salts were present. Analogous
to the study in Chapter 5, the conversion of GA can likewise be divided into two
reaction similar pathways. One pathway involves the aldol condensation of GA
to tetroses and hexoses following a similar mechanism as that in the retro-aldol

reaction, only in reverse. The other pathway, involves the conversion of the
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formed tetroses to VGA and HBL requiring 3-dehydration and subsequent 1,2-
hydride shift or cyclization to form. Since these were precisely the type of
reactions that alkali was shown to influence at higher temperatures, it was
important to investigate the impact of alkali on the product distribution starting
from GA. Aside from the higher temperatures employed in the previous chapters
(>140 °C), another main difference is the methanol solvent used. The group of
Davis recently showed that the effect of adding an alkali metal cosolute could be
applied to an aqueous solvent albeit at much higher salt concentrations (saturation
of NaCl) compared with the ppm levels used in methanol.[90] As a result, high
concentrations of KNOj3 were used to test the effect in the reactions here.

To ensure a broad product distribution, Sn-Beta was used as the catalyst at
high temperatures (100 °C) in order to better distinguish any effect brought on by
the added cosolute. It is well-known that bases such as K2COj can facilitate aldol
condensation, instead KINO3 was chosen as the source of alkali to avoid any
contribution from basicity of the additive. From blank experiments, it was indeed
confirmed that the small amount of condensation products (tetroses and hexoses)
formed in the presence of KNOj alone (Table A.3, entries 6-7 on p. 160) was
comparable to that of a blank experiment performed in pure water (Table A.3,
entry 5).

In Figure 6.13, the preliminary findings can be seen when adding KNOj; to
the aqueous solution of GA in increasing amounts (0-2.6 M). As it can be seen in
the absence of alkali, equal amounts of HBL (13%) and VGA (13%) were formed
with most of the carbon being unaccounted for at these conditions. For this
sample, almost no GA, tetrose or hexose sugars were observed in the reaction
mixture. With the introduction and increase in KNO3 in the reaction, the
combined yield of HBL and VGA decreased slightly (to a total of 13%), while an
even larger increase in sugar content was observed resulting in an improved
carbon balance of 79%. This meant both an increase in the yield of tetroses (4%
to 29%) and hexoses (3% to 21%), but also a simultaneous decrease in conversion
of GA from 2 to 16%. Although the increase in condensation products cannot be
explained entirely from the decrease in HBL and VGA yield, the conditions used
here did appear to favor aldol condensation, and several unknown products were
suppressed by the introduction alkali, affording the increase in accounted carbon
in the reaction. Alkali thereby also appears to have a large impact on product
distribution from GA. Similar to retro-aldol reaction being favored in the presence
of alkali at higher temperatures in methanol, aldol condensation was favored in

water at lower temperatures. More experiments are however required to
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investigate this in more detail in order to determine whether the effect observed
here is indeed linked to what was discussed in Chapters 4 and 5.
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Figure 6.13. Product distribution obtained in the presence or absence of alkali during
conversion of glycolaldehyde using Sn-Beta. Reaction conditions: 0.075 g Sn-Beta
(150, HT), 5 wt% glycolaldehyde (dimer), 3 mL of 0-2.6 M KNOj in H>O, 100 °C, 6
h. Data can be found in Table A.3, entries 1-4 on p. 160.

6.2 Conclusion

Valorization of biomass-derived GA using tin-containing zeotypes in water
has potential for establishing a platform for tetrose-derived products. By
exploiting the shape-selectivity of the zeolite frameworks with different pore sizes,
a high selectivity towards C4 products could be achieved in water at moderate
temperatures (80 °C). The main products of the reaction of GA in water using
Sn-MFT as catalyst were a mixture of the tetrose sugars; erythrose, threose and
erythrulose. A combined yield of 74% of these rare sugars were obtained with Sn-
MFTI at a selectivity of 96%. Sn-MFI was likewise found to retain most of its
activity after consecutive uses and could be regenerated by thoroughly washing
the catalyst in-between uses.

High selectivity towards the tetroses (83%) was likewise found using the basic
resin Amberlyst A21 but this catalyst was found difficult to regenerate and lead to
the simultaneous formation of hexoses (up to 10%).
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It was found that consecutive aldol condensation reactions leading to the
unwanted hexose sugars could be significantly minimized with by using a Lewis
acidic catalyst with the MFI framework. The narrow channels in this zeotype (10-
membered ring pores) were unable to accommodate for this second aldol
condensation reaction. This restriction was not found when Sn-Beta was
employed having only slightly larger channels (12-membered ring pores).

It was furthermore observed that both Sn-MFI and Sn-Beta catalyzed the
additional transformation of tetrose sugars into VGA and HBL. By varying the
reaction conditions, the product distribution could be tuned to not only result in
the high yield of tetrose sugars, but also to achieve good yields of VGA of up to
44%. Moreover, it was found from very preliminary experiments that alkali
likewise influenced the product distribution obtained from GA, as more aldol
condensation products (both tetrose and hexose sugars) were obtained with Sn-
Beta in the presence of alkali.

A natural next step following the work presented here is the investigation of

this process in a continuous reaction in order to facilitate later scale up.
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v

Conclusion

Throughout this dissertation the versatility and usability of a variety of
stannosilicates have continuously been shown for the conversion of a broad range
of carbohydrates. All the prepared stannosilicate materials from the zeotypes Sn-
Beta and Sn-MFI to the ordered amorphous materials Sn-MCM-41 and Sn-SBA-
15 were found to form desirable, (potential) high-value products from sugars such
as methyl lactate, methyl vinyl glycolate and previously unknown a-hydroxy B,y-
unsaturated esters. These reactions and catalysts are very promising in the context
in the conversion of carbohydrates into chemicals.

Conclusion summarizing all results and findings in the individual chapters can
be found on p. 66 (Chapter 3), p. 85 (Chapter 4), p. 108 (Chapter 5), and p. 129
(Chapter 6). In this final conclusion, I will try to list the most key findings across
all chapters:

The dissertation compiles four results chapters, which can be divided into
preparation (Chapter 3) or catalytic investigation (Chapters 4 to 6) of the
stannosilicates. Here, Chapter 3 focuses primarily on the synthesis and
understanding of the zeotype Sn-Beta. The following chapters describe the
optimization of the retro-aldol product methyl lactate (Chapter 4), the different
reaction pathways and formed products taking place when tin-containing catalysts
are used (Chapter 5), and the use of shape selectivity to upgrade glycolaldehyde
to valuable products (Chapter 6).

The following key findings across all chapters of this dissertation will likewise
be split into a preparative and a catalytic part.
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The main findings when investigating the preparation of Sn-Beta:

Tin was found to have a pronounced influence on morphology and
crystal growth and composition in the preparation of Sn-Beta. This
translates to a change in morphology from truncated to almost plate-
like square bipyramidal crystals containing an enriched outer shell of tin
with crystallization times varying from 2 to 60 days. Addition of small
amounts of alkali metal salts could counter this effect leading to Sn-Beta
zeolite of higher tin content (up to 3%) at the expense of high
crystallinity.

The main findings regarding catalytic conversion of sugars:

It was found that the versatility of these tin-containing catalysts in the
conversion of carbohydrates could be expressed as being the result of
only a few, very similar types of reactions, all involving coordination
of tin with the alcohol and aldehyde moiety on the sugars. All products
formed could be explained by sequence of retro-aldol/aldol reactions,
one or more 3-dehydration or 1,2-hydride shifts, all catalyzed by tin.
This was particularly shown for glucose were different combinations of
these reactions lead to either ML or THM. Depending on the starting
substrate, the only influences on the product distribution were
temperature, solvent, type of catalyst and additives. In regards, to the
latter it was found that the presence of small amounts of alkali would
enable especially reaction involving retro-aldol/aldol reactions, whereas
the absence led to pronounced formation of products obtained by -
dehydration.

In the absence of any added alkali during conversion of the pentose and
hexose sugars, several new and highly functional products were
obtained including DPM or THM and other previously unknown
lactones and sugar derivatives. DPM and THM were formed directly
from the most abundant sugars under relatively mild reaction conditions
in acceptable yields (18-33%) with a large potential for optimization and
as potential high-value products for polymerization

Confinement effects found to hinder the formation of larger
byproducts were likewise found to add versatility to the choice of
catalyst. By selecting the smaller MFI framework as opposed to slightly
or much larger *BEA framework or mesoporous network MCM-
41/SBA-15, it was shown that glycolaldehyde could undergo shape
selective aldol condensation to achieve high yields of the rare tetrose

sugars.
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Figure A.1. Concentration as a function of response for the three commercially
available methyl glycosides; methyl a-D-glucopyranoside, methyl (3-D-
glucopyranoside and methyl a-D-mannopyranoside measured Carbohydrate (Zorbax)

column running an eluent of 60 wt% acetonitrile/water at 0.5 mL/min with a column
temperature at 30 °C.
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Figure A.2. Representation of the different isomers of methyl glycosides obtained
from glucose, fructose and mannose.[127]
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Figure A.3 Normalized X-ray diffraction patterns (5° — 60° 26) of a) Sn-MFI (100,
OH>), b) Sn-MFI (400, F), and ¢) Sn-Beta (150, HT) and Low-angle X-ray diffraction
(0.7° — 6° 26) of d) Sn-SBA-15 (200, HT), and €) Sn-MCM-41 (150, HT).
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Figure A.4. Nz-adsorption/desorption isotherms for Sn-MFI (100, OH-), Sn-MFI
(400, F-), Sn-Beta (150, HT), Sn-MCM-41, (150, HT) and Sn-SBA-15 (200, HT) used
for the determination of total and micropore surface area as well as total and
micropore volume showed in Table 6.1 on p. 113.
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;ZA
Figure A.5. Micrographs of Sn-Beta sample with Si/Sn = 200 synthesized under
hydrothermal conditions for a) 2 days, b) 4 days, c¢) 7 days and d) 14 days.

Figure A.6. a) Secondary electron and b) back-scattered electron images of Sn-Beta
(Si/Sn = 200) synthesized for 7 days with SnO; particles visible on the sutface.
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Figure A.7. SEM image of Sn-Beta sample with Si/Sn = 150 synthesized for 14 days
with measurements of z and 4.

Figure A.8. SEM-WDS measurements showing the tin distribution in transverse
sections of Sn-Beta zeolite (Si/Sn = 200, synthesized for 7 days). The measurements

are done a) before and b) after thermal removal of the organic template at 550 °C for
6 h.
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Figure A.9. Micrographs of purely silicecous Beta samples synthesized varying the
TEA/SiO2 ratio in the gel from 0.55 to a) 0.44, b) 0.66 and c) 0.71 and allowing them
to crystallize for 7 days at 140 °C.
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Figure A.10. Ultraviolet-visible (UV-Vis) reflectance spectra measurements of Sn-Beta
zeolites samples (Si/Sn = 200) prepared a) without alkali, Sn-Beta (200, HT), in the
synthesis gel and with alkali yielding; b) Li-Sn-Beta (200, HT), ¢) Na-Sn-Beta (200,
HT), d) K-Sn-Beta (200, HT), ¢) Rb-Sn-Beta (200, HT) and f) Cs-Sn-Beta (200, HT).
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Figure A.11. FT-IR spectrum of poly(E6-HH-co-DPM) showing a broad signal at
3496 cm-1 arising from the O-H stretch as well as a characteristic C=O stretch at
1721 em-1 and C-O stretch at 1159 and 1045 cm-1 from the ester functionality. A
weak signal from the C=C stretch is visible on the shoulder of the C=0O stretch and
a strong C=C out-of-plane bend signal is visible at 961 cm-1. Figure prepared by Ph.D.
Student Christian Anders. Adapted from ref. [49].
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Figure A.12. Yields of tetrose sugars and vinyl glycolic acid (VGA) obtained using Sn-
MFT (100, OH") varying the glycolaldehyde concentration. Reaction conditions: 0.060-
0.250 g glycolaldehyde (dimer), 0.075 g Sn-MFI (100, OH"), 80 °C, 2 h, 600 rpm
stirring. Adapted from [117].
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Scheme A.1. Overview of the different 1,2-dione intermediates formed in the tin
catalyzed conversion of different sugars (trioses to hexoses) to their corresponding -

hydroxy acid esters.
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Scheme A.2. Names, structures and abbreviations of glycolaldehyde and the tetrose
and hexose sugar isomers identified by high-field NMR spectroscopy shown in Figure

6.10 on p. 124. Adapted from [117].
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Tables

Table A.1. The methyl lactate yield obtained in the absence and presence of a variety
of catalysts.

ML yield

Catalyst
%
Blank 3
Si-Beta 4
SnO,-Beta 3
SnOy¢ <1
Sn-Beta (200, HT) 60

a) For this experiment, 50 mg of catalyst was used. Reaction

conditions: 0.150 g catalyst, 0.450 g sucrose (1.31 mmol), 15 g
0.17 mM K,COj3 in methanol, 170 °C, 16 h.

Table A.2. Conversion of glycolaldehyde dimer at low substrate-to-catalyst ratios
using Sn-MFT (100, OH")

Glycolaldehyde Substrate-to-catalyst ratio .
Entry . Time VGA
concentration (wt/wt)
% h %
1 2 0.27 4 44
2 2 0.28 20 43
3 1 0.14 20 37

Reaction conditions: 0.031-0.062 g glycolaldehyde dimer, 0.230 g Sn-MFI (100, OH"), 2.5 g water,
100°C, 4-20 h, 600 rpm.
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Table A.3. Conversion of glycolaldehyde in the presence or absence of alkali added to

the reaction media. Entries 1-4 were performed using Sn-Beta (150, HT) while entries
5-7 were done with done without added catalyst.
k Catalyst c(KNO3) GA  Tetroses Hexoses VGA  HBL  Total
g
= M %
Sn-Beta
1 0.2 2 4 3 13 13 36
(150, HT)
Sn-Beta
0.5 5 17 13 13 13 61
(150, HT)
Sn-Beta
1.0 7 22 16 8 9 63
(150, HT)
Sn-Beta
2.6 16 29 21 5 8 79
(150, HT)
5 - - 93 5 2 100
6 - 1.1 89 6 2 97
7 - 33 87 7 1 95
Reaction conditions: 0.075 g Sn-Beta (150, HT), 5 wt% glycolaldehyde (dimer), 0-3.3 M
KNOj3 in H>O, 100 °C, 6 h.
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Table A.4. Conversion of pentose sugars in the absence of alkali. Adapted from ref. [128].

Dehydration products

Sugars Retro-aldol products
5 y - g 5 2S 4
3 Z g >
- 5
°C % % %
1 Sn-Beta (150, HT) Xylose 140 nd. 4 3 11 1 <1 16 10 14 17 31 72
2 Sn-Beta (150, HT) Xylose 150 n.d. 3 2 15 2 <1 19 10 12 13 32 68
3 Sn-Beta (150, HT) Xylose 170 n.d. 3 1 18 4 1 25 10 10 9 34 63
4 Sn-Beta (150, HT) Xylose 180 n.d. 3 <1 18 4 1 24 10 9 8 32 59
5 Sn-Beta (150, HT) Ribose 160  n.d. 3 2 12 2 <1 17 10 10 12 30 63
6 Sn-Beta (150, HT) Lyxose 160 n.d. 3 2 15 2 <1 20 12 13 11 31 66
7 Sn-Beta (150, HT) Xylose’ 160 <1 6 <1 14 2 <1 17 11 13 9 34 68
8 Sn-Beta (150, HT) Xylosed 160  n.d. 6 2 13 2 <1 17 11 13 11 32 67
9 Sn-SBA-15 (150, HT) Xylose 160 <1 32 6 11 <1 <1 18 3 10 18 12 42
10 SnO;-Beta (150, HT) Xylose 160 53 42 2 <1 <1 <1 3 1 2 1 <1 6
11 Si-Beta (HT) Xylose 160 13 42 5 2 <1 <1 8 2 3 3 <1 8
12 - Xylose 160 75 10 <1 <1 <1 <1 1 n.d. n.d. <1 nd. 1

a) combined yields of 2,4,5-trihydroxy-3-pentanoic acid methyl ester and 2,5-dihydroxy-4-methoxypentanoic acid methyl ester. b)
Combined yields of furfural and furfural dimethyl acetal. ¢) 15 wt% xylose. d) 23 wt% xylose. n.d. = not detected. Abbreviations can be
found in Table A.6 on p. 163. Reaction conditions: 160 °C, 0.360 g xylose, 4 g methanol, 0.180 g catalyst, 2 h, 600 rpm stirring.




Table A.5. Conversion of a variety of hexose sugars in the absence of alkali. Adapted from ref. [119].

Sugars Retro-aldol products Dehydration products

e S 2 = = oo = = s e — 5
)
°C % % %

1 Sn-Beta (125, PT) Glucose 120 44 1 3 1 <1 4 10 8 18
2 Sn-Beta (125, PT) Glucose 140 21 2 10 3 1 16 16 12 28
3 Sn-Beta (125, PT) Glucose 180 5 2 26 11 1 40 10 8 18
4 Sn-Beta (125, PT) Fructose 160 9 2 19 7 1 29 14 18 32
5 Sn-Beta (125, PT) Mannose 160 12 2 20 8 1 31 12 15 27
6 Sn-Beta (125, PT) Sotbose 160 13 3 15 9 2 29 14 17 31
7 Sn-Beta (125, PT) Galactose 160 26 2 10 6 1 19 13 12 25
8 Sn-Beta (125, PT) Sucrose 160 10 2 22 8 2 34 13 15 28
9 deAl-Beta Glucose 160 86 <1 <1 <1 <1 1 <1 <1 1
10 deAl-Beta Fructose 160 51 <1 <1 <1 <1 1 14 <1 14
11 SnOz-Beta (200, HT) Glucose 160 37 1 <1 <1 <1 1 2 <1 2
12 Si-Beta (HT) Glucose 160 46 3 2 1 <1 6 3 <1 3

a) combined yields of 5-(hydroxymethyl)furfural (HMF) and 5-(methoxymethyl)furfural (MMF) and the acetal derivatives. b) total
dehydration products excluding 3-deoxy-y-gluconolactones (IDGL) and 3-deoxy-gluconic acid methyl ester (DGM), not quantified for
these samples. Abbreviations are found in Table A.6 on p. 163. Reaction conditions: 160 °C, 0.360 g glucose, 4 g methanol, 0.180 g
catalyst, 6 h, 600 rpm stirring. No unconverted sugars were observed.
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Table A.6. Overview of abbreviations, names and structures of substrates, reaction
intermediates and product relevant for this dissertation.

Abbreviation =~ Name; I[UPAC name Structure
OH O
- |
3DG 3 Deoxyglucosone, M
4,5,6-Tribydroxy-2-oxobexanal
OH OH O
O
3-Deoxytetrosone; |
DT 4-Hydroscy-2-oxobutanal [/\H)
OH O
OH o
3DX 3-Deoxyxylosone; I
4,5-Dibydroxy-2-oxopentanal W
OH O
(Trans/ cis)-3,4-dideoxyglucosone- o
(Trans/cis)- 3-ene; oH (|) |
3,4ADGE (Lrans/ cis)-5,6-dibydroxy-2-ox0-3- M ﬂ
hexenal OH o HO o
. . : B e}
(Trans//cis)- gTéf:Zi/ ¢is)-3,4-Dideoxyxylosone OH (I) _ |
34DXE ene W
(Lrans/ cis)-5-hydroscy-2-oxo0-3-pentenal 0 oL
OH
DGL 3-Deoxy-y-lactones H\&O
OH OH
OH (@)
DGM 3-Deoxyhexonic acid methyl ester; P
Methyl 2,4,5,6-tetrabydroxybexanoate H\/\/U\ o
OH OH OH
OH OH
DHA 1,3-Dihydroxyacetone;
1,3-Dibydroxcypropanone kﬂ)
0o
2,4-Dihydroxy-4-methoxy- OH o)
pentanoic acid methyl ester; WJ\ _
DMPM Methyl 2,4-dihydroscy-4-methoxy ©
pentanoate O\ OH
00
DPL 3-Deoxy-y-pentonolactones Hov
OH
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Trans-2,5-dihydroxy-3-pentenoic OH o
DPM acid methyl ester; _
. Z o
Methyl 2,5-dibydroxy-3-pentenoate K/\O#
E6-HH Ethyl 6-hydroxyhexanoate H Ov\/\)(i g
Ethyl 6-hydroxcyhexanoate o
OH OH
ERU Erythrulose;
(2R, 3R )-2,3,4-Trihydroxybutanal o
OH O
OH O
ERY Erythrose;
(R)-1,3,4-Tribydroxybutan-2-one OH OH
-~
: O o)
Furfural (dimethyl acetal); i
- o)
FCDMA) Furan-2-carbaldehyde (dimethyl acetal) @2 @)\ o~
o o
Glycolaldehyde (dimethyl acetal); |
GA(DMA) 2-Hydroxyacetaldehyde (dimethyl acetal) # H\ o~
OH OH
OH O
GLA Glyceraldehyde; \)
2,3-Dihydroxypropanal
OH
a-Hydroxy-y-butyrolactone; Oo__o
HBL 4,5-Dibydro-3-hydroxy-2(3H)- (_f
furanone OH
5-(hydroxymethyl)furfural _
HMF(DMA) (dimethyl acetal); ™ o o M o |
5-(Hydroxcymethyl)-2-furaldebyde W o~ \ )
(dimethyl acetal)
o._0O
Methyl glycosides obtained from HO >
MG
hexoses HO OH
OH
Methyl 4-methoxy-2- O
MMHB hydroxybutanoate; /O\/\‘)J\O/
Methyl 2-hydroxcy-4-methoxybutanoate OH
O
ML Methyl lactate; _
Methyl 2-hydroxypropanocate \)J\O
OH

164



Appendix A. Supporting Information

Methyl levulinate;

O
MELA Methyl 4-oxo-pentanoate \H/\)J\o/
O
5-(methoxymethyl)furfural _ _
MMFE(CDMA) (dimethyl acetal); o 0 o o |
5-(Methoxcymethyl)-2-furaldebyde \ o~ v/
(dimethyl acetal)
. (0]
Methyl vinyl glycolate;
MVG Methyl 2-hydroscy-3-butenoate MO/
OH
. , 0._0_
MX Methyl glycosides obtained from
pentoses HO OH
OH
O
PA Pyruvaldehyde; [
2-Oxopropanal
O
2,5,6-trihydroxy-4-methoxy
TMEIM hexanoic acid methyl ester; oH Q
Methyl 2,5,6-tribydroxy-4- Wo/
methoxyhexanoate OH O, OH
Trans-2,5,6-trihydroxy-3-hexenoic
; . OH O
THM acid methyl ester; .
Methyl trans-2,5,6-trihydroxy-3- = o~
hexenoate OH OH
2,4,5-trihydroxypentanoic acid OH 0]
TPM methyl ester; No/
Methyl 2,4,5-tribydroxcypentanoate OH OH
OH OH
THR Threose; R
(258,3R)-2,3,4-Tribydroxybutanal T
OH O
Vinyl gl 1 ?
inyl glyoxal;
VG 2-0x0-3-butenal Z
O
Vinyl glycolic acid 0
inyl glycolic acid;
VGA MOH

2-hydroxy-3-butenoic acid
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Table A.7. List of general abbreviations used throughout the dissertation.

1D

2D

Al-Beta

ATR

*BEA

BET

BSE

BV

CAL-B

COSY

CPMG

CSBP

CTAB«r

DAD

DFT

1-dimensional

2-dimensional

Aluminum-containing
zeotype with the *BEA
framework

Attenuated total reflection

The zeolite framework of
the Beta zeolite

Brunauer—Emmett—Teller

Backscattered electron

Baeyer-Villiger

Candida arctica Lipase B

Correlation spectroscopy

Carr—Purcell-Meiboom—
Gill

Capped square bipyramidal

Hexadecyltrimethyl
ammonium bromide

Diode array detector

Density function theory

DNP

DSC

FID

FTIR

GC

ICP-OES

HMBC

HPLC

HSQC

HT

MCM

MFI

Mn

MPV

MPVO

Dynamic nuclear
polarization

Differential scanning
calorimetry

Flame ionization
detector

Fourier transformed
infrared

Gas chromatography

Inductively coupled
plasma optical emission
spectroscopy

Heteronuclear multiple
bond correlation

High-performance
liquid chromatography

Heteronuclear single
quantum coherence

Hydrothermal

Mobil Composition of
Matter

The zeolite framework
of the MFI zeolite

Number-average molar
mass

Meerwein-Ponndorf-
Vetley

Meerwein-Ponndorf-
Verley-Oppenauer
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Mw

NMR

PLA

PONCKS

PT

RI

SBA

SDA

SE

SEC

SEM

Sn-Beta

Sn-MFI

TEA

TEAOH

TEOS

Molecular weight

Nuclear magnetic
resonance

Poly(lactic acid)

Partial or no known
crystal structure

Post-treatment/post-
synthesis

Refractive index
Santa Barbara Amorphous
Structure directing agent

Secondary electron

Size exclusion
chromatography

Scanning electron
microscopy

Tin-containing zeotype
with the *BEA framework

Tin-containing zeotype
with the MFI framework

Tetraethylammonium

Tetraethylammonium
hydroxide

Tetraethyl orthosilicate

Ti-Beta

Tg

TG

Tm
TMAS
TOCSY
TPA
TPABr

TPAOH

TS-1

uv

UV-Vis

WDS

XRD

Z.AF

Zr-Beta

Titanium-containing
zeotype with the *BEA
framework

Glass transitions
temperature

Thermogravimetric

Melting temperature

Tetraethylammonium
silicate

Total correlation
spectroscopy

Tetrapropylammonium

Tetrapropylammonium
bromide
Tetrapropylammonium
hydroxide

Titanium silicate-1
(titanium-containing
zeotype with the MFI
framework)

Ultraviolet

Ultraviolet-visible

Wavelength dispersive
spectroscopy

X-ray diffraction

Atomic number,
absorbance and
fluorescence

Zirconium-containing
zeotype with the *BEA
framework
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A series of Zr-containing catalysts including bulk ZrO,, ZrO, supported on silica, titania and ceria, Zr-BEA
zeolite and Zr-MCM-41 mesoporous material was prepared and characterized by X-ray diffraction, nitro-
gen adsorption-desorption, X-ray photoelectron spectroscopy, 2°Si MAS NMR, TPD NH3, and FTIR of
adsorbed CO. The catalytic materials were tested in the MPVO reaction of crotonaldehyde and ethanol

in the temperature range of 473-573 K. The results showed that the activity of Zr-based catalysts in

Keywords:

MPVO reaction between crotonaldehyde
and ethanol

Zr-BEA

Supported zirconia

Zr-MCM-41

Lewis acid sites

the MPVO reduction of crotonaldehyde correlates with the amount of Zr** Lewis acid sites in the cata-
lysts. Tetrahedral Zr atom sites isolated within the crystalline structure of zeolite BEA were found to
be the most efficient. The best catalyst performance in terms of selectivity was observed over ZrBEA:
72% selectivity to crotyl alcohol was achieved at crotonaldehyde conversion of 15%.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Meerwein-Ponndorf-Verley-Oppenauer  (MPVO)  reaction
between crotonaldehyde and ethanol is one of the key intermedi-
ate steps of ethanol conversion into butadiene-1,3 [1-3], an
important monomer for the production of polybutadiene,
styrene-butadiene rubber, styrene-butadiene latex, and other
polymers. Nowadays, the necessity in this catalytic route of butadi-
ene synthesis is growing, due to the shortage of butadiene produc-
tion from steam cracking of oil fractions and therefore the lack of
this product on the market. Therefore this process has attracted
much attention during the last years [4-7].

Ethanol conversion into butadiene is a complex process involv-
ing at least four consecutive reaction steps [1-3,5]: (1) ethanol
dehydrogenation into acetaldehyde; (2) aldol condensation of
acetaldehyde leading to crotonaldehyde; (3) MPVO reaction
between crotonaldehyde and ethanol yielding crotyl alcohol and
acetaldehyde, and (4) dehydration of crotyl alcohol into butadiene.
The complexity of the reaction network requires the detailed infor-
mation on each reaction step for the design of the optimal multi-
functional catalyst of the overall process. While ethanol

* Corresponding author at: AV. Topchiev Institute of Petrochemical Synthesis,
Russian Academy of Science, Leninskiy prospect, 29, 119991 Moscow, Russia, Fax:
+7 (495)939 3570.

E-mail address: iiivanova@phys.chem.msu.ru (LI Ivanova).

http://dx.doi.org/10.1016/j.jcat.2014.04.019
0021-9517/© 2014 Elsevier Inc. All rights reserved.

dehydrogenation into acetaldehyde [8-10] and aldol condensation
of acetaldehyde [11-13] have been repeatedly addressed in the lit-
erature, no information on MPVO reaction between crotonalde-
hyde and ethanol over solid catalysts is available as yet.

MPVO reaction has been reported for various alkyl- and aryl-
substituted ketones [14-22], and cyclohexanones [23-26], as well
as for some o,p-unsaturated carbonyl compounds [16,17,27-33].
The reductant is usually an easily oxidazable secondary alcohol,
such as 2-propanol or 2-butanol. The reaction can be carried out
in liquid phase [14-26] or in vapor phase [27-33] with the dilution
by solvent or inert gas correspondingly.

The traditional homogeneous catalysts of MPVO reactions are
aluminum or titanium alkoxides [35]. The reaction mechanism
involves a cyclic six-membered transition state, in which both
the reducing alcohol and the carbonyl compound are coordinated
to the same metal center. The reaction proceeds by a hydride trans-
fer from the alcohol, bound to the metal center as an alkoxide, to
the carbonyl group. The main drawbacks of homogenously cata-
lyzed MPVO reaction are related to the necessity of stoichiometric
amounts of catalyst, the moisture sensitivity and the problems
with catalyst separation.

The solid catalysts studied so far in MPVO reaction include metal
oxides [19,20,27-33], hydrotalcites [21,22], zeolites [14,16,17,23~
26,34],and immobilized metal alkoxides [18].Ivanov et al. [36] have
compared the MPVO reaction of acetone with ethanol over various
metal oxides with different acid-base properties: magnesium oxide,

171



Tin-containing Silicates for Carbohydrate Conversion

ROYAL SOCIETY
OF CHEMISTRY

Journal of
Materials Chemistry A

View Article Online

View Journal | View Issue

Incorporation of tin affects crystallization,
morphology, and crystal composition of Sn-Beta+

CrossMark
<dlickforupdates

Cite this: J. Mater. Chem. A, 2014, 2,
20252 S. Tolborg,® A. Katerinopoulou,® D. D. Falcone© I. Sadaba,® C. M. Osmundsen,®

R. J. Davis,© E. Taarning,*® P. Fristrup® and M. S. Holm®

The crystallization of Sn-Beta in fluoride medium is greatly influenced by the amount and type of tin source
presentin the synthesis gel. By varying the amount of tin in the form of tin(iv) chloride pentahydrate, the time
required for crystallization was studied. It was found that tin not only drastically affects the time required for
crystallization, but also that the presence of tin changes the morphology of the formed Sn-Beta crystals. For
low amounts of tin (Si/Sn = 400) crystallization occurs within four days and the Sn-Beta crystals are capped
bipyramidal in shape, whereas for high amounts of tin (Si/Sn = 100) it takes about sixty days to reach full
crystallinity and the resulting crystals are highly truncated, almost plate-like in shape. Using SEM-WDS to
investigate the tin distribution along transverse sections of the Sn-Beta crystals, a gradient distribution of
tin was found in all cases. It was observed that the tin density in the outer parts of the Sn-Beta crystals is
roughly twice as high as in the tin depleted core of the crystals. Sn-Beta was found to obtain its
maximum catalytic activity for the conversion of dihydroxyacetone to methyl lactate close to the
minimum time required for obtaining full crystallinity. At excessive crystallization times, the catalytic
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1 Introduction

Sn-Beta is a zeotype material containing tin incorporated in the
zeolite framework. The crystalline material has strong Lewis
acidic properties, attributable to discrete tin sites, as well as a
microporous network characteristic of a zeolite system. These
two features combined with sufficiently large pores have made
this material a promising catalyst for a range of industrially
relevant reactions. Sn-Beta has been shown to be an active
catalyst for Meerwein-Ponndorf-Verley-Oppenauer redox reac-
tions as well as for Baeyer-Villiger oxidations where the use of
hydrogen peroxide with Sn-Beta makes it possible to avoid the
use of expensive peracids."” In recent years other interesting
potential uses of Sn-Beta have been explored within the
emerging area of biomass conversion.** The catalytic synthesis
of lactates from sugars is one such example where Sn-Beta has
been found to be a useful catalyst.>>” The production of this
biodegradable plastic monomer is otherwise restricted to base
catalyzed conversion of sugars and fermentation.**® Apart from

“Technical University of Denmark, Department of Chemistry, Kemitorvet, 2800-Kgs.
Lyngby, Denmark

"Haldor Topsoe A/S, New Business R&D, Nymollevej 55, 2800-Kgs. Lyngby, Denmark.
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Box 400741, Charlottesville, VA 22904, USA
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measurements. See DOIL: 10.1039/c4ta05119j

20252 | J. Mater. Chem. A, 2014, 2, 20252-20262

activity decreased, presumably due to Ostwald ripening.

this reaction, Sn-Beta also catalyzes the isomerization of
monosaccharides e.g. glucose to fructose.*'*

Fundamental studies have revealed the presence of two or
more configurations of the framework tin site."”** This was
achieved using a combination of computational studies with
advanced techniques such as cross polarization nuclear
magnetic resonance, infrared spectroscopy, and thermogravi-
metric measurements using a variety of probe molecules.*

In spite of the interest in Sn-Beta, fundamental aspects of the
effect of tin during the preparation of the catalyst are still not
fully understood. It is well-known from preparation of other
zeolite structures that even small variations in the composition
of the gel during synthesis can have great impact on the
resulting material. For instance, changing pH, silica-source,
structure directing agent (SDA), water content, and the use of
agitation during the synthesis have all been shown to affect the
crystallization behavior for other zeolites."”*

The traditional procedure for synthesizing Sn-Beta involves
fluoride media at near neutral pH as described by Corma,**"*
but it has also been prepared in hydroxide media.>* The role of
the mineralizing agent is to dissolve and transport silica species
during the formation of the zeolite framework.” Due to the
strong interaction between the fluor and the silica-species,
fluoride ions can advantageously be used as the mineralizing
agent.">** The fluoride route produces largely defect-free and
hydrophobic materials as well as larger crystals, in the order of
several um, compared to the hydroxide counterparts where
crystals of only a few hundred nanometers in diameter are

This journal is © The Royal Society of Chemistry 2014
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This study focuses on increasing the selectivity to methyl lac-
tate from sugars using stannosilicates as heterogeneous cata-
lyst. All group | ions are found to have a promoting effect on
the resulting methyl lactate yield. Besides, the alkali ions can
be added both during the preparation of the catalyst or direct-
ly to the solvent mixture to achieve the highest reported yield
of methyl lactate (ca. 75%) from sucrose at 170 °C in methanol.
The beneficial effect of adding alkali to the reaction media ap-
plies not only to highly defect-free Sn-Beta prepared through
the fluoride route, but also to materials prepared by post-treat-
ment of dealuminated commercial Beta zeolites, as well as or-
dered mesoporous stannosilicates, in this case Sn-MCM-41 and
Sn-SBA-15. These findings open the door to the possibility of
using other preparation methods or different Sn-containing sil-
icates with equally high methyl lactate yields as Sn-Beta.

Tin-containing silicates are very promising heterogeneous cata-
lysts for sugar conversion' and other important reactions such
as Baeyer-Villiger oxidations and Meerwein-Ponndorf-Verley-
Oppenauer redox reactions.” At low temperatures (40-100°C),
Sn-Beta selectively converts the Cs-sugars 1,3-dihydroxyace-
tone (DHA) and glyceraldehyde (GLA) into lactic acid (LA) de-
rivatives.” At mild reaction conditions (80-110°C), Sn-Beta is
also capable of catalyzing the isomerization of monosaccharide
sugars, such as glucose into fructose.">* At yet higher reaction
temperatures (> 150°C), Sn-Beta catalyzes the retro-aldol reac-
tion of monosaccharides, resulting in the formation of C,
sugars which are further converted into lactic acid derivatives
(Figure 1).0*¢ This catalytic pathway could become useful as
an alternative to fermentation for the production of LA, which
is an important bio-based commodity chemical.”’ Another al-
ternative to fermentation is the oxidation of glycerol to DHA
and the subsequent conversion to LA. Glycerol is readily avail-
able as a byproduct from the production of biodiesel.”
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Figure 1. Proposed reaction pathway for the conversion of sucrose to
methyl lactate!™

In the conversion of sugars to lactic acid, it is important to
improve the selectivity towards lactates if the catalytic path-
way is to compete with state-of-the-art fermentative processes,
which yield up to 95% lactic acid from sugars.” Therefore, the
focus of this study is on the optimization of the catalyst syn-
thesis and reaction conditions in order to increase the selectivi-
ty to lactic acid derivatives from sugars using Sn-Beta.

Alkali ions are known to be of great importance in the prep-
aration of a variety of zeolites. For high-silica metallosilicate
zeolites such as TS-1, Ti-Beta, and Sn-MFI the presence of alkali
metals during synthesis has been reported to hinder successful
crystallization®® and negatively influence the catalytic activity.”
As a result, several works have studied the post-synthetic re-
moval of alkali metal impurities to obtain catalytically active
materials*'® On the other hand, other studies have reported
that small amounts of alkali metal ions can improve the activi-
ty of titanium-containing silicates for the epoxidation of allyl
alcohol and the oxidation of cyclohexene and styrene.™ "

Recent studies have shown that alkaline conditions and the
presence of salts can also affect the catalytic conversion of
monosaccharides.""'? For example, the addition of sodium
chloride was found to change the reaction pathway for the iso-
merization of glucose using Sn-Beta. In this case, Sn-Beta treat-
ed with sodium ions catalyzes the epimerization to mannose
through a 1,2-carbon shift instead of isomerization via a 1,2-hy-
dride shift to form fructose."? In another case, tin(IV) chloride
was used as catalyst in the formation of methyl lactate (ML)
from glucose.™ Here, the addition of alkali hydroxide (KOH
and NaOH) or alkali metal chlorides increased the yield of ML
from 25 to 45%.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Tin-containing silicates: identification of a
glycolytic pathway via 3-deoxyglucosonet
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Inorganic glycolytic systems, capable of transforming glucose through a cascade of catalytic steps, can
lead to efficient chemical processes utilising carbohydrates as feedstock. Tin-containing silicates, such as
Sn-Beta, are showing potential for the production of lactates from sugars through a cascade of four to
five sequential steps. Currently, there is a limited understanding of the competing glycolytic pathways
within these systems. Here we identify dehydration of glucose to 3-deoxyglucosone as an important
pathway that occurs in addition to retro-aldol reaction of hexoses when using tin-containing silicates. It is
possible to influence the relative carbon flux through these pathways by controlling the amount of alkali
metal salts present in the reaction mixture. In the absence of added potassium carbonate, at least 15-30%
carbon flux via 3-deoxyglucosone is observed. Addition of just a few ppm of potassium carbonate makes
retro-aldol pathways dominant and responsible for about 60-70% of the overall carbon flux. The 3-deoxy-
glucosone pathway results in new types of chemical products accessible directly from glucose. Further-
more, it is argued that 3-deoxyglucosone is a contributing source of some of the methyl lactate formed
from hexoses using tin-containing silicates in the presence of alkali metal salts. Further catalyst design
and system tuning will permit even better control between these two different glycolytic pathways and
will enable highly selective catalytic transformations of glucose to a variety of chemical products using

www.rsc.org/greenchem tin-containing silicates.

Introduction

Processes, in which glucose is directly converted to useful
chemical products, have a high potential for industrial
implementation.' Inorganic catalytic systems, although with
limited examples of industrial implementation, have potential
advantages over enzymatic and fermentative systems in terms
of scalability, tolerance to a broad range of harsh reaction con-
ditions and tolerance to cytotoxic intermediates or products.”?
So far, direct industrial conversion of glucose with inorganic
catalytic systems has been limited to the production of sorbitol
and gluconic acid, but several other chemicals have been
reported as being accessible directly from glucose in high
yields. These include fructose, ethylene glycol, propylene

“Technical University of Denmark, Department of Chemistry, Kemitorvet, 2800-Kgs.
Lyngby, Denmark

"Haldor Topsoe A/S, Haldor Topsoes Allé 1, 2800-Kgs. Lyngby, Denmark.
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“Aarhus University, Carbon Dioxide Activation Center, Interdisciplinary Nanoscience
Center, Department of Chemistry, Gustav Wieds Vej 14, 8000-Aarhus C, Denmark
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
©5gc02840j

3360 | Green Chemn., 2016, 18, 3360-3369

glycol, levulinic acid, 5-(hydroxymethyl)furfural (HMF) and
lactic acid derivatives.*™

The use of tin-containing silicates for the conversion of
sugars to lactates has received considerable attention. The first
report from 2009 described the isomerisation of triose sugars
to lactic acid and methyl lactate (ML) in near quantitative
yields using Sn-Beta at low temperatures.’® The scope was
expanded the following year with a report that also hexoses
can be converted to ML at higher temperatures (160 °C) in
68% yield, with formation of small amounts of methyl vinyl
glycolate (MVG)." At the same time, Sn-Beta was reported to be
an active catalyst for the isomerisation of glucose to fructose
and mannose in water at moderate temperatures (100 °C).>

This dependence on temperature enables some degree of
versatility in the use of Sn-Beta as a catalyst. At moderate temp-
eratures the Lewis acidic tin sites primarily catalyse a 1,2-
hydride shift leading to isomerisation. At higher temperatures
a C-C bond cleaving retro-aldol reaction is catalysed resulting
in the fragmentation of monosaccharides to either the afore-
mentioned triose sugars, which subsequently lead to ML (in
methanol) or to C,- and C,-sugar fragments (glycolaldehyde
and tetrose sugars) that form MVG (and glycolaldehyde
dimethyl acetal, GA-DMA)."""'? Additionally, Sn-based catalysts
have also been used to catalyse the C-C bond formation to

This journal is © The Royal Society of Chemistry 2016
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Tin-containing zeotypes, particularly Sn-BEA, are promising heterogeneous catalysts for a number of
important industrially relevant reactions. However, the direct hydrothermal synthesis of these materials
requires unfavourably long times, which is an obstacle for their industrial application. In the present
study we show that up to 4-fold reduction of the crystallization time can be achieved by a decrease of
the H,O/SiO; ratio in the synthesis gel from 7.5 to 5.6. The crystallization kinetics has been studied for
five series of gels containing 1.0SiO,:0.27TEA,O : xSnO5: 0.54HF : yH,0, for which y was fixed to 5.6,
6.8 and 7.5 at x = 0.005 and to 5.6 and 6.8 at x = 0.010. The crystallization time was varied within
0.5-60 days. The intermediate and final products obtained were investigated using XRD, FTIR, XRF, SEM,
UV-Vis, MAS NMR spectroscopy and nitrogen adsorption—desorption techniques. The products obtained
with lower water content are shown to have the same structure, textural properties and morphology as
materials synthesized with higher water content. Although the size of the crystals is found to decrease
with water content in the gel, it does not affect the Sn coordination and environment as confirmed
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1. Introduction

Tin-containing zeolites and zeotypes, particularly Sn-BEA, have
been demonstrated to be promising heterogeneous catalysts for
many important industrially relevant reactions including the
conversion of sugars into methyl lactate,” the isomerization
of glucose into fructose,>® Baeyer-Villiger oxidation reactions,®
Meerwein-Ponndorf-Verley-Oppenauer redox reactions’ and
ring-opening hydration of epoxides.® In general there are a large
number of examples of the widespread applicability of Sn-BEA
zeolites as catalysts in biomass-derived processes.’

The outstanding catalytic properties of Sn-BEA are considered
to be due to high Lewis acidity attributed to isolated Sn atoms in
the zeolite lattice and the hydrophobic environment associated
with a defect-free siliceous surface.'®'* The latter feature is a
consequence of the fluoride route used for the hydrothermal
synthesis of Sn-BEA materials.'® Fluoride ions facilitate the
mineralization of silica sources and compensate the positive
charges associated with organic structure directing agents,
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resulting in highly crystalline materials with a low amount of
structural defects compared to materials synthesized using
hydroxide ions.'”> However, the application of fluoride ions is
accompanied by a number of drawbacks, including complicated
handling measures of the fluoride source e.g. HF and formation of
large zeolite crystals. Furthermore, the increase of Sn content in
the reaction mixture, required for the creation of higher amount
of Lewis sites results in long crystallization times." As an result, in
the case of low amounts of Sn (Si/Sn = 400) crystallization occurs
within 4 days, whereas the synthesis of Sn-BEA with Si/Sn = 100
requires up to 60 days of synthesis."

To reduce the crystallization time and the crystal size several
approaches have been proposed. These include extensive
seeding,*™*® steam-assisted conversion'® and post-synthesis
modification.®'®' Significant efforts have been made for
shortening the crystallization time by seeded growth methods.?>*
Although noticeable reduction of crystallization time was
achieved, the induced nucleation severely affected the crystal
morphology, resulting in intergrown zeolite crystals forming
large agglomerates.*”**** An interesting method was proposed
by Chang et al,”® who demonstrated that Sn-BEA can be
synthesized in non-fluoride media via dry gel conversion using
a seeded growth procedure. However, this approach yielded
materials with a hydrophilic surface and a different distribu-
tion and location of Sn sites, as revealed by FTIR of adsorbed
CD;CN, which resulted in lower catalytic activity in glucose
isomerization. Several approaches have been proposed for the

New J. Chem., 2016, 40, 4367-4374 | 4367
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ABSTRACT: "9Sn CPMG MAS NMR is demonstrated to be a fast and efficient method
for characterization of Sn-sites in Sn-containing zeolites. Tuning of the CPMG echo-train
sequence decreases the experimental time by a factor of S—40 in the case of as-synthesized
and hydrated Sn-BEA samples and by 3 orders of magnitude in the case of dehydrated Sn-
BEA samples as compared to conventional methods. In the latter case, the reconstruction
of the quantitative spectrum without the loss of sensitivity is shown to be possible. The
method proposed allows obtaining "'*Sn MAS NMR spectra with improved resolution for
Sn-BEA zeolites with natural "'Sn isotope abundance using conventional MAS NMR

11557 MAS NMR
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equipment.

T in-containing zeolites have received considerable attention

over the last years due to their profound -catalytic
properties. These materials show high activity and selectivity
in many important reactions such as Baeyer—Villiger
oxidation,"* Meerwein—Ponndorf—Verley and Oppenauer
reaction,”™* ring-opening in epoxides,” and in the different
processes of sugar conversion.””"

The information about the state, location, and coordination
of tin atoms in these materials is critical for the optimization
and the development of novel Sn-containing zeolite catalysts
for various industrial applications. Among the broad range of
analytical methods (EXAFS,'* '""Sn Mdssbauer spectrosco-
Py,l‘s'”‘ UV—vis,'” IR of adsorbed probe molecules'®'?) which
were used for characterization of Sn-zeolites, ''*Sn MAS NMR
spectroscopy is considered to be the most appropriate as it
provides reliable information on the state of tin, its environ-
ment and coordination.”">*

One of the largest limitations in using "'°Sn MAS NMR is its
low sensitivity arising from both low tin content in the zeolite
framework (up to 2 wt %),”**” and low natural abundance of
the NMR active nucleus '”Sn (8.59%). Furthermore, due to
the high relaxation time (T,) of '"°Sn, it is not possible to
compensate the low isotope content by an increase in the
number of scans to obtain higher sensitivity,“ Therefore, the
measurement of '"’Sn MAS NMR spectra by standard
protocols with reasonable detection time is possible only for
samples enriched in 'S isotope.

To overcome this restriction, a method involving dynamic
nuclear polarization (DNP-SENS NMR) was adapted by the
groups of Romén-Leshkov®” and Copéret.” Its application
makes the detection of framework incorporated Sn-sites
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possible without isotopic enrichment. However, this technique
requires state-of-the art equipment (high-power microwave
source, low-temperature DNP MAS probe, etc.) available only
in a limited number of laboratories. Additionally, it requires the
modification of the samples with specially selected biradical
compounds and conducting the experiment at low temperature
(usually 100 K), which limits its application for adsorption and
in situ catalytic studies.

Herein we report on the application of Carr—Purcell—
Meiboom—Gill (CPMG) echo-train acquisition for the
registration of '’Sn MAS NMR spectra with improved
signal-to-noise ratio over Sn-containing zeolites with natural
""%Sn isotope abundance using conventional solid-state NMR
equipment.

Sn-BEA zeolites containing 0.98 wt % of Sn (Si/Sn = 200)
with natural isotope abundance (™Sn-BEA) or enriched with
90 ('9Sn-BEA) were synthesized under hydrothermal
conditions in fluorine media.’® The samples prepared were
characterized by XRD, SEM, **Si and '"F MAS NMR
spectroscopy. The results presented in the Supporting
Information (Figures S1—S6) point to the same structure,
composition, and morphology of labeled and unlabeled
samples.

Since it is well-established that the interaction with water and
other substrates drastically changes the state of the tin in
zeolites, the samples were studied in as-synthesized form,
containing the structure directing agent (denoted as Sn-
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Shape-selective Valorization of Biomass-derived
Glycolaldehyde using Tin-containing Zeolites

Seren Tolborg,™®' Sebastian Meier,”’ Shunmugavel Saravanamurugan,® Peter Fristrup,®

Esben Taarning,” and Irantzu Sadaba*®!

A highly selective self-condensation of glycolaldehyde to differ-
ent C, molecules has been achieved using Lewis acidic stanno-
silicate catalysts in water at moderate temperatures (40—
100°C). The medium-sized zeolite pores (10-membered ring
framework) in Sn-MFI facilitate the formation of tetrose sugars
while hindering consecutive aldol reactions leading to hexose
sugars. High yields of tetrose sugars (74%) with minor
amounts of vinyl glycolic acid (VGA), an a-hydroxyacid, are ob-
tained using Sn-MFI with selectivities towards C, products
reaching 97%. Tin catalysts having large pores or no pore

Introduction

Glycolaldehyde (GA), a two-carbon monosaccharide, has the
potential to become a valuable biomass-derived platform
chemical. It is currently obtained in high yields in supercritical
water or as a main component of bio-oil, and other processes
to efficiently transform sugars to GA in high yields are current-
ly being developed."”

GA can be catalytically converted into many interesting
chemicals. For example, ethylene diamine or ethanolamine,
with applications in polymer production and pharmaceuticals,
can be produced by direct amination.”’ Glyoxal, glycolic acid,
or glyoxylic acid can be obtained by oxidation, whereas ethyl-
ene glycol can be produced by reduction (hydrogenation).
Alternatively, the aldehyde functionality can be employed in
C—C bond formations, such as aldol condensations.” The self-
condensation of GA, leading to the formation of tetrose
sugars, permits the production of uncommon and expensive
sugars. The tetroses currently have limited potential uses, for
example within pharmaceutical treatments,” but increased
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structure (Sn-Beta, Sn-MCM-41, Sn-SBA-15, tin chloride) led to
lower selectivities for C, sugars due to formation of hexose
sugars. In the case of Sn-Beta, VGA is the main product (30%),
illustrating differences in selectivity of the Sn sites in the differ-
ent frameworks. Under optimized conditions, GA can undergo
further conversion, leading to yields of up to 44% of VGA
using Sn-MFI in water. The use of Sn-MFI offers multiple possi-
bilities for valorization of biomass-derived GA in water under
mild conditions selectively producing C, molecules.

availability could provide a new platform for biomass-derived
products. Especially products that are otherwise difficult to
access from cheaper pentose and hexose sugars are attractive.
The sweetener erythritol, for example, is currently obtained by
fermentation of glucose and sucrose, but could be obtained
through hydrogenation of the tetrose sugars.”” Under hydro-
thermal alkaline conditions the monomer lactic acid has also
been obtained, by way of aldol condensation and subsequent
conversion of GA® Similarly, several interesting products have
been obtained by employing Lewis-acid catalysts, including
the a-hydroxyacids lactic acid/methyl lactate (LA/ML), methyl
vinyl glycolate (MVG), and methyl 4-methoxy-2-hydroxy-3-bu-
tenoate (MMHB).” In addition to these, the formation of the
pharmaceutical precursor o-hydroxy-y-butyrolactone (HBL)
from smaller sugars (C, to C;) has been reported.®”>#

The condensation of GA with small oxygenates such as
formaldehyde (FA) has long been considered a plausible path-
way in the abiotic synthesis of sugars! In the catalytic self-
condensation of GA, the challenge is to control the selectivity
towards tetrose sugars while avoiding the formation of hexo-
ses (Scheme 1). Various strategies have been utilized to control
the aldol condensation of smaller sugars towards the desired
condensation products. The most common catalysts used in
this reaction include bases,"” amino acids,"" and peptides."?
Inorganic hydroxides such as calcium hydroxide have been ex-
tensively studied, alongside various minerals such as borates,"
silicates," and phosphates.”™ A combined yield of tetrose de-
rivatives of 86 % was obtained using GA and borates at moder-
ate temperatures (65 °C)."**!

One of the major advantages of zeolite catalysis is the ability
to control product selectivity by choosing materials with suita-
ble pore sizes!" Zeolites have previously been used with

177






Appendix C. Front cover ChemSusChem

Appendix C
ChemSusChem (21/2016)

179






Appendix D. Conference Proceedings

Sep. 2014

May 2015

Sep. 2015

Jun. 2016

2013 — 2016

2013 — 2016

2013 — 2016

Appendix D
Conference Proceedings

Poster and poster workshop presentation at the 6™ International
conference of the Federation of European Zeolite Associations
(FEZA) titled “New Insights into the Synthesis of Sn-Beta Catalyst”.
Leipzig, Germany (September 8t — 11th, 2014)

Oral presentation (10 min) at the 3% International Symposium on
Green Chemistry (ISGC) titled “Stannosilicates for Catalytic Conversion
of Sugar: Alkali lons Boost the Yield”. La Rochelle, France (May 3rd —
7t 2015).

Oral presentation (20 min) at the 12% European Congress on
Catalysis (EuropaCat) titled “New Insights in the Catalytic Conversion of
Sugars with Sn-Beta”. Kazan, Russia (August 30t — September 4th,
2015).

o Awarded the EuropaCat XII Ph.D. Student Award (p. 185)

Oral presentation (20 min) at the 18% International Zeolite
Conference (IZC) titled “Shape-selectivity in Biomass Conversion:
Zeotype-catalyzed Formation of Cy Sugars”. Rio de Janeiro, Brazil (June
19t — 24t 20106).

Oral presentations internally at Haldor Topsee A/S.

Oral presentations on two occasions at the Annual Ph.D.
symposium organized by Technical University of Denmark.

Oral presentations on two occasions at the Annual BioValue
meeting.
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Max-Planck Society, Department of Inorganic
Chemistry, Berlin (Germany)

External stay, University of Calgary, Calgary
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