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Abstract

Sugar upgrading to commodity chemicals has become prevalent over the last decades, owing in
part to the potential of Lewis acid catalysts, in particular Sn-Beta zeolites. Sn-Beta has shown to
possess high activity for the conversion of glucose to fructose as well as smaller molecules such
as a-hydroxy esters (methyl lactate and methyl vinyl glycolate) and trioses (dihydroxyacetone,
glyceraldehyde, pyruvaldehyde). Despite its promising kinetic potential, drawbacks that hinder it
from being an industrially-used catalyst include the relatively low amount of Sn capable of being
incorporated and the requirement of fluoride media to successfully synthesise Sn-Beta. Thus, top-
down methods such as solid-state incorporation (SSI) has been of great interest for hard-to-
incorporate heteroatoms such as Sn at higher wt. %. With this in mind, this thesis begins with an
in-depth mechanistic study in the SSI of Sn-Beta, observing the acetate-zeolite
interaction/evolution from the initial mechanochemical step to the ramp rate, both in inert gas flow
and air using in situ spectroscopic techniques (Chapter 3). Furthermore, an optimised protocol for
the heat treatment is obtained, having no negative impact in the kinetic performance of the zeolite.
Chapter 4 investigates the influence of using different initial precursor (B, Fe, Ga, Al) for the
zeolites’ subsequent SSI. Tests were done with glucose isomerisation as well as retro-aldol
fragmentation in continuous flow. Following this, Chapter 5 demonstrates the application of a
different type of Lewis acid catalyst: metal-organic frameworks (MOFs). The MOFs i.e., UiO-
66(Zr) were studied in different polar solvents under continuous flow to understand their stability
and were subsequently tested for disaccharide (lactose) isomerisation, a substrate which would
typically not be possible to upgrade using conventional zeolites. Lactose isomerisation was done
using binary mixtures of alcohol/water to successfully carry out the reaction. Chapter 6 sets out to
carry out the SSI protocol, conventionally done in hydroxide-assisted zeolites, in fluoride-assisted
zeolites. Tests were conducted firstly in a commercial, hydroxide-assisted zeolite using an alkaline
media along with a pore directing agent at various temperatures. Thereafter, SSI protocol was
conducted for three fluoride zeolites (Hf-, Sn-, Zr-) using the same conditions. Lastly, Chapter 7
discusses the results acquired as well as any pertaining challenges which might have been left open

due to aforementioned results.
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Chapter 1

1. Introduction
1.1 The pursuit of chemical sustainability

Over the last century, the exponential population growth along with changes in societal needs has
propelled us in the search for alternatives in energy sources and chemical demands to supply our
daily requirements. To date, fossil fuels are the primary resource for energy and chemical
production. In particular, the main sources of energy have been coal, oil, and natural gas (Figure
1.1). Unfortunately, these sources are finite and take a toll on the environment, as they are some
of the largest contributing sources of local air pollution and emitters of greenhouse gases (GHC)
such as carbon dioxide, methane (CHa4), and nitrous oxide (N20). These gases have been linked to
climate change, as well as other negative human health effects, such as asthma, cancer, and a wide
array of neurological and cardiovascular diseases. Thus, it is of paramount importance to search

for new energy sources to mitigate the use of non-renewable resources.
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Figure 1.1. Fossil fuel consumption by fuel type in terawatt-hour equivalents (TWh), World, 1965 to 2018. Source:
BP Statistical Review of Global Energy (2019).

While fossil fuel is critically important in our day to day lives and will remain so in the near future,

there has been progress over the last two decades in regard to the use of renewable energy as
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Chapter 1

alternative sources for the use in the energy sector. It is predicted, according to the U.S. Energy
Information Administration (EIA), that energy production from renewable resources will overtake

other fossil fuel-derived resources as the main means of production by 2050, as represented in
Figure 1.2.
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Figure 1.2. Primary energy consumption by energy source, world, 2010 to 2050. Source: International Energy Outlook
2019. U.S. Energy Information Administration.

Renewable energy comprises of a plethora of naturally occurring resources that are constantly
replenished. Some sources include sunlight, wind, water (which includes rain, waves, or tides) and
geothermal heat, stored in the Earth (Figure 1.3). These resources can be easily used for
applications in the transportation, residential and commercial sectors. Other sources such as fuel
cells, specifically a proton exchange membrane (PEM) cell is another alternative for the
transportation sector, which has a substantial advantage over internal combustion engines,
producing only water, heat, and electricity.
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Figure 1.3. Sources of renewable energy.

Nevertheless, polymers and other commodity chemicals are still carbon-based resources. This
makes biomass an intriguing source to produce said chemicals due to their flexibility to different
end-productsand relatively low cost, having shown to be more economically feasible for three
agro-industrial processes 12 Indeed, biomass has proven to have high potential for the sustainable

processing of fuels and chemicals due to its renewable feedstock and worldwide availability.3*

The chemical industry encompasses the companies that produce end-product (or intermediate)
chemicals with the conversion of raw materials (oil, water, metals, air), be it non-renewable or
renewable. Chemical industries produce more than 50,000 chemicals, generating approximately
three trillion US dollars per year,supplying a plethora of markets, such as chemical for agriculture,
food, hygiene, environment, pharmaceutical, and many more.® The chemical sector plays a critical
role to the sustainable development of a nation’s economy. Nearly all chemicals, both bulk and

fine chemicals, are carbon-based, requiring the use of carbon-based precursors to generate these

3



Chapter 1

new commodity chemicals. Unlike chemicals, energy production has alternative vectors to produce

energy via different means.
1.2 Biomass as a precursor for commodity chemicals.

Biomass can be classified as all organic material that stems from plants or animals, such as algae,
trees, agricultural crops and organic waste such as manure.®’ Plant-derived biomass, for instance,
essentially derives from the reaction between CO- in the air, water and sunlight via photosynthesis,
to create the biomass building blocks. Of all types of biomasses, approximately 80 % of biomass
is derived from plants, whilst the second most abundant is from bacteria, constituting ca. 15 %.

The remaining 5 % is made up of animal, archaea and fungi biomass.®

Commodity chemicals are a sub-sector of the chemical industry which comprises to groups of
chemicals that are made at large scale to accommodate the demands of the global market. Some
known commaodity chemicals that have been produced via biomass consist in 1,6-hexanediol for
polyester and polyurethane production,® caprolactone for nylon manufacturing,'® alcohols
(methanol, ethanol) and alcohols (2-butanol, pentanol)®, and ethylene glycol.!!

Throughout history, society has taken advantage of the energy stored in the bonds of biomass by
burning the biomass to produce heat as well as eating other types of biomass for their sugar and
starch contents. Alternatively, biomass can also be used as feedstock for chemical or biochemical
valorisation, producing highly sought-after chemicals which can be used for a vast array of

applications.

Biochemical valorisation involves the use of enzymes or fermentative conversion. Enzymes are
proteins that are biological catalysts, i.e., they increase the reaction rate by lowering the activation
energy, allowing reactions to occur several orders of magnitude faster.'?® These processes involve
anaerobic digestion, decomposing the biomass through bacterial activity which yields biogas,

whereas alcoholic fermentation is used to produce ethanol from sugar and starch crops.

Chemical (or thermochemical) valorisation involves a more straightforward approach. Most
thermochemical valorisations operate at high temperatures. The most used approaches are
pyrolysis, liquefaction, and gasification.!* Pyrolysis consists of thermal decomposition in the
absence of oxygen. Typical products obtained via pyrolysis are char, bio-oil (oxygen-containing

compounds i.e. methanol, formaldehyde, phenol, acetic acid, 1-hydroxypropane), and various

4
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gaseous products.®™>® Temperature plays an important role when undergoing pyrolysis, giving a
distinct product distribution as well as yielding smaller molecules the higher the temperature,

yielding more in the gaseous fraction.*"18

Gasification is another thermochemical process that converts biomass into gas using a gasifying
agent, such as air, oxygen, steam or CO,.1° Although different, pyrolysis is the first step in
gasification; pyrolysis is performed to separate organic liquids and non-condensable gases from
the solid product (char). Overall product distribution differs from pyrolysis, with syngas, a gas
mixture of carbon monoxide, hydrogen, methane, and carbon dioxide, is obtained. Other products
obtainable can be light (ethane and propane) and heavy (tar) hydrocarbons.'®?° Temperatures and
pressures can vary between 500 to 1400 °C, and from atmospheric to 33 bar.?

Unlike pyrolysis and gasification, hydrothermal liquefaction involves the use of low temperatures
(250-350 °C) at high pressure (~5-20 MPa) for its reaction. This process is primarily suited for
converting high moisture biomass (>80 % moisture); this is to abolish the need of drying, unlike
other thermochemical processes.?2® While it is initially intended to be used for wet biomass
feedstock (microalgae: lipids, proteins/amino acids),?*2% it can also be applied for dry biomass,
e.g., lignin, cellulose, hemicellulose.?” Product distribution can vary depending on initial feedstock,
although the liquid portion is considered to be the main product obtained; this typically constitutes
of biocrude oil (acetaldehyde, ethanol, acetone, 2-propanone, pyridine, benzoic acid, and other
oxygenated, hydrocarbons, and nitrogenated compounds), a dark, viscous material with high
energetic content (70-95 % of petroleum fuel).?® Main gases produced are CO2, Hz, and other short
chain carbon compounds (C2-C4). Some solid residues can also be present, such as tar.

Over the last 2 decades, a lot of attention has been placed for the use of catalysts for lignin
valorisation, such as the C-O dehydroaryloxylation using Ir catalysts or hydrogenation of aryl-
ether bonds with Co-Zn catalysts.?>% Other methods for breaking recalcitrant bonds consist in the
use of ionic liquids and/or acids such as trifluoroacetic acid, which has shown promising results in
the breakage of cellulose.®**> However, the latter can suffer in applicability due to their toxicity,
laborious preparation, and high-cost process in use. Therefore, heterogeneous catalysts, such as
noble metals on supports (Pt/Al203, Ru/AC, Ni/ZSM-5), are considered a more feasible option for

the saccharification of these complex hydrocarbons.*
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1.3. Lignocellulosic biomass

Out of the different types of biomass, lignocellulosic biomass is considered to be a favourable
alternative to non-renewable fossil resources. In addition to being an abundant natural resource, it
is the most economical type of biomass available as well as being a nonedible biomass,3* having
the potential to be converted into an assortment of platform chemicals as well as liquid fuel for
transportation.®>-3’ Lignocellulosic biomass is made up of three polymers: lignin (ca. 10-25 %
mass fraction), hemicellulose (20-35 %), and cellulose (35-50 %), which differ in mass fraction
in accordance with the plant species and season (Figure 1.4).333° These feedstocks have multiple
applications for a plethora of markets; some include: energy (biorefinery,*° fuel pellets*!), non-
energy (paper,*>*® composite material,** mulch®), industrial polymer (polyolefins,*® polyesters,*’)

and basic chemical (ethylene glycol*®, succinic acid,*® propylene® production).

Lignin oM —  Cellulose
OH
\
© HO
Q
HO OH —0
O/
—Q
O L
o OH 1
Hd g Hemlcgglglos%H(xylan)
H
o/o @ojﬁ/\%
/
OH OH o~ o
HO. OH

T
O OH O
0.

Figure 1.4. Three main lignocellulosic structures.

1.3.1 Lignin

Lignin is a complex three-dimensional aromatic polymer that provides rigidity to plants and trees.
It is water-insoluble and composed mainly of three main lignin monolignols: caffeyl, sinapyl, p-
coumaryl, coniferyl and 5-hydroxyconiferyl alcohol, as shown in Figure 1.5.°%°* These

monolignols are derived from L-phenylanine, where enzymes (such as L-phenylalanine-ammonia-
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lyase) and other enzymatic steps convert this to the final monolignols. All these lignols are
incorporated into lignin in the form of phenylpropanoids, e.g. guaiacyl (G), syringyl (S), p-
coumaryl (also known as p-hydroxyphenyl, H).>® These undergo a process called lignification,

which links the phenylpropanoid units via radical coupling reactions.>®
0

OH

NH,

L-phenylalanine
+ L-phenylalanine ammonia-lyase

e N N aYa aYa N
OH OH | OH OH OH
O o} O HO O OH
OH OH OH OH OH
Sinapyl alcohol P-coumaryl alcohol Coniferyl alcohol Caffeyl alcohol 5-Hydroxyconiferyl alcohol
. J\ J J\L VAN y,

Figure 1.5. Main monolignol subunits of lignin.

Lignin valorisation continues to be a difficult task. This is due to the distribution of bond strengths
in the C-O and C-C linkages and the tendency for low-molecular-weight species to recondense,
unlike cellulose which is composed of purely B(1-4) glycosidic bonds (bond between -OH group
of C1 of monosaccharide and the -OH of C4 of another monosaccharide) and hemicellulose which
has various glycosidic bonds in a random manner, hence, its relatively weak structure.®® Lignin
depolymerization has been extensively studied via different routes, including: i) purely thermal
degradation, yielding low molecular weight species in vapour phase which subsequently condense,

creating oligomers;® ii) depolymerisation via catalytic oxidation®-; iii) hydrodeoxygenation
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with transition metal catalysts;®! iv) (electrocatalytic) hydrogenation;%2-% and v) catalytic cracking
(Figure 1.6).%¢

Electrocatalytic Hydrogenation

Catalytic Cracking

e N s N
0 o}
o}
o} i :
/ /
HO HO
) Benzene Toluene
acetovanillone a-methylvanillin
HO

: :( OH
/
o}

4-ethylphenol guaiacol

“ o

Naphthalene Methoxyl-benzene

o

Figure 1.6. Lignin valorisation via different routes.
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\O = o H—C—H
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While there is considerable diversity towards product distribution depending on the route taken,

valorisation can be troublesome due to the complexity of the polymer, particularly on a larger scale.
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Challenges regarding the economic feasibility and the search for new catalysts have are currently

being tackled to further obtain newer alternatives for the upgrading of this feedstock >%°2

1.3.2 Hemicellulose

Hemicellulose, the second most abundant component of lignocellulosic biomass, is a
heteropolymer comprised of short chains (500-3,000 units) made of different pentose (xylose,
arabinose) and hexose ( galactose, glucose) monosaccharides. All of the monosaccharides that
comprise the hemicellulose are of the D configuration (-OH of the farthest chiral centre from the
C=0 to the right) with the exception of arabinose, which is L (-OH of the farthest chiral centre
from the C=0 to the left). Of the three polymers, it is the most labile as well as being water-soluble,
and is able to undergo hydrolysis even without the use of a catalyst.®” One of the first valorisations
of this heteropolymer was for the production of furfural using a 15 % sulfuric acid solution at ca.
150 °C by Quaker Oats in 1921.%35° Over time, valorisation of the hemicellulose monomers xylose
and arabinose have awoken the interest of many researchers, being able to upgrade these sugars

either by enzymatic or catalytic means, predominantly by the former, as can be seen in Figure
177078
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Figure 1.7. Summary of some of xylose and arabinose end products.

Of the aforementioned platform chemicals, furfural is considered to be one of the most highly
sought-after commodity chemicals, having many potential industrial applications. Obtained via
dehydration of xylose, furfural can be used as a nematocide and fungicide. Furthermore, it is well-
known for being used as a solvent to extract unsaturated compounds from motor (or lubricating)
oil (range of 18-24C hydrocarbons), refining it by removing mercaptans, polar, and aromatic
compounds via furfural extraction.”*8* Additionally, furfural can be further converted to other

compounds, as shown in Figure 1.8, such as furfuryl alcohol, levulinic acid, among others.8287

10



Chapter 1

Decarbonylation 2-Methylfuran

Decarbonylation oHydr01y51s
(0]
Q "
\J !
Furan Levulinic acid

Reductive amination NH,

= o

z|

RIS

| £ \_/

S| B

HO 3l ©
Furfuryl alcohol (FFA) == Furfurylamine

I\)a o

Furoic acid
Oxidation

Figure 1.8. Furfural and its derivatives.

1.3.3 Cellulose

Cellulose is the most abundant polymer obtainable from lignocellulosic biomasses. It consists of
hundreds to thousands of f(1—4) linked glucose monomers. The structure forms linear chains
unlike hemicellulose, which can form branched chains; cellulose is also water insoluble like lignin.
As it is solely composed of glucose subunits, cellulose can be hydrolysed enzymatically or
chemically to create soluble oligosaccharides (cellobiose) and subsequently to the glucose
monomer. The established method for cellulose hydrolysis is typically acid hydrolysis, using a
strong acid such as sulphuric acid. This, however, has several drawbacks regarding the operational
costs, catalyst recovery, neutralisation of the acid, and corrosion of reactors.®8 Consequently, the
use of liquid acid transitioned into applications of various other acids (Figure 1.9), such as HCI
and HF as well as organic acids (maleic and oxalic acid).8%-°* Over time, the use of heterogeneous
solid acids have been extensively researched to mitigate the use of liquids and reduce the
potentially costly and unattractive downstream unit operations.®? These primarily consist of: i)

11



Chapter 1

metal oxides, i.e., catalysts with Lewis/Brgnsted acid sites, such as Nb-W, ZrO, and (activated)
carbon fibers (ACF), endowing the ACF solid acid properties via sulfonation and hydrothermal
treatment;***° ii) sulfonated solid acids, e.g., Amberlyst® and Nafion NR50® %; iii) heteropoly
acids (HPA) like dodecatungstophoric acid HsPW12040;%” and iv) H-form catalysts, which can be

a variety of zeolites, such as H-beta, H-mordenite, H-USY 928

Cellulose

! !

Liquid acids Solid acids

: !

H,80, Maleic acid Metal oxides H-form zeolites
HCI HF (Nb-W, ZrO,) (BEA, MFI, FAU)

Oxalic acid Sulfonated C-based  Heteropoly acids (HPA)

Figure 1.9. Summary of hydrolysis methods of cellulose via liquid acids and solid acids.

1.3.4. Glucose

The glucose monomer is considered a highly important precursor and has been extensively studied
for valorisation due to its potential of producing a wide array of platform chemicals, as is shown
in Figure 1.10.
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Figure 1.10. Schematic of different products obtainable from glucose.

One of the more prominent uses not mentioned in the previous figure involves the use of glucose
to produce bio-ethanol via fermentation.®® An additional process done at industrial scale is the
production of fructose; this production entails the usage of enzymes such as a-amylase and
glucoamylase for initial hydrolysation of the feedstock, and glucose isomerase to isomerise the

glucose into fructose.

Fructose, along with glucose, is used to yield high fructose corn syrup (HFCS), a sweetener and
an alternative to sucrose produced from corn starch.® Different ratios of HFCS can be classified
according to their fructose content, the most common ones being HFCS-42, HFCS-55, and HFCS-
90, which indicates 42, 55, and 90 % fructose content with the remainder being glucose and

water. 101

Advantages compared to sucrose is that it is relatively cheaper to produce than sucrose (32 ¢/Ib for

HFCS vs 52 ¢/Ib for sucrose), due to HFCS main moieties being monosaccharides, they are easier
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solubilised compared to sucrose, which is a disaccharide, thus, not crystallising under certain

conditions.1®® Furthermore, it is somewhat sweeter than sucrose.

Although valorisation of such compounds by enzymatic means has been prevalent, valorisation by
chemical means has been thoroughly investigated and has increasingly become of interest. This
primarily stems from the particular downfalls of using enzymes as catalysts. Whilst presenting an
outstanding selectivity for the desired product, enzymes require strict operational conditions,
which can make their utilisation laborious and expensive. Some enzymes, such as glucose
isomerase, are expensive enzyme which requires immobilisation, adding to the labour required.%?
Other limitations include enzyme stability at high temperatures or in turbulent flows, and their
stability in the organic solvents.1®®1% Thus, the use of heterogeneous catalysts provides an
alternate route for the valorisation of virtually any sort of biomass-derived feedstock such as algae
(transesterification to biodiesel),'°® municipal solid wastes (cardboard, paper, organic waste),07:108
chitin (production of N-acetylglucosamine and 5-HMF), 1110 corn stover (furfural production),t*

among others, while having an overall higher flexibility in terms of operational conditions.

1.3.5 Glucose upgrading to platform chemicals

Glucose can further be used as a feedstock to produce fine chemicals via retro-aldol fragmentation.
This reaction consists of a -hydroxy carbonyl compound decomposing into an aldehyde or ketone
whilst forming another carbonyl with the remaining fragment. This provides other primary
renewable building blocks that derive from glucose and/or fructose, such as methyl lactate (ML),
a valuable building block which, after converting it to lactic acid, can be used to create polymers
such as polylactic acid (PLA).1?! Other compounds generated can be glycolaldehyde, or
dihydroxyacetone, as can be seen in Figure 1.11.

5-Hydromethylfurfural (5-HMF) which is obtained via dehydration of fructose, for instance, is
considered as a valuable intermediate to produce biofuels such as dimethylfuran (DMF), levulinic
acid, a precursor for pharmaceuticals and additives, and dihydroxymethylfuran, a potential

substitute in the production of polymers.*4116
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Figure 1.11. Additional pathways for creating chemical building blocks from glucose and fructose.

1.4 Homogeneous and heterogeneous catalysis.

Homogeneous catalysts are those where both the catalyst and reactants are in the same state (liquid

or gas typically). Common examples of homogeneous catalysis include:*’

e Lewis acids as catalysts (Diels-Alder reactions)

e General acid and base catalysis (ester hydrolysis)

e Enzymatic processes

e Co-ordination complexes (polyester condensations)
e Porphyrin complexes (epoxidations, hydroxylations)

e Ozone decomposition via chlorine atoms
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Heterogeneous catalysts on the other hand, involve use of a solid-state catalyst with a liquid and/or
gas reactant. Typically, reactions occur on the surface of the material. Most synthesized catalysts
typically contain expensive metals such as platinum and palladium to promote reactions (catalytic
hydrogenation),}*® although others use rare-earth metals to provide stability and alternative
reactions/products.*'® Others as previously mentioned can contain a variety of transition metals
which endow the catalyst with different acidic properties, giving them the potential to undergo
reactions such as cracking, reduction, isomerisation, and many more. The main differences

between homogeneous and heterogeneous catalysts can be seen in Table 1.1.

Table 1.1. Main characteristics of heterogeneous and homogeneous catalysis

Heterogeneous Catalysis Homogeneous Catalysis
Variety of reaction phases Solid/Solid (S/S) e.g. Liquid phases are mostly used in comparison to
alloys, Solid/Liquid, (S/L) and Solid/Gas (S/G) gas phase reactions
High industrial application (over 85% of the Less preferred industrially; more complex
processes) reactions possible

) - Generally milder reaction conditions than
Broader range of operating conditions
heterogeneous catalysts
Investigation of reactions by spectroscopic
methods (NMR, MS, IR, UV-Vis) directly in

solution possible.

Specialized set of analytic methods required

(X-Ray methods, Operando spectroscopy)

Easy to separate Difficult to separate

Heterogeneous catalysis plays a critical role in virtually all types of industrial processes for the
production of base chemicals, and will continue to do so with the switch to more sustainable
processes. By accelerating reactions by orders of magnitude, these materials enable us to obtain
products in the thermodynamically most favourable regime, decreasing the use of high
temperatures and/or pressures significantly. Approximately 90 % of products are obtained via the
use of catalysts, testament to their importance in the chemical industry.'?° Some common examples
include: i) production of ammonia (via Haber-Bosch process) using nitrogen and hydrogen;*2! ii)
Bronsted acid catalysts used for fluid catalytic cracking (FCC);*?>12 iii) olefin polymerisation
(e.g., propylene, polypropylene) via Ziegler-Natta polymerisation;'?* and iv) production of nylon

using noble metal catalysts (Pd, Pt).1?>!%6 Of the wide array of heterogeneous catalysts, ones in
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particular that stand out are the Brgnsted and Lewis acid catalysts, i.e., proton donors and electron
acceptors, respectively. These catalysts have received much attention over the past decades for

numerous processes and include a notable class of heterogeneous catalysts: zeolites.

1.4.1 Zeolites

The first zeolite minerals were discovered in 1765 by A.F. Cronstedt, a Swedish mineralogist; he
discovered the mineral stilbite and described it as boiling stone due to the mineral seemingly
emitting a vapour during heating, hence, the derivation of the name: ‘zeo’, to boil and

lithos ,stone’.*?’

Zeolites are natural or synthetic microporous crystalline aluminosilicates comprised of TO4 (T =
SiO4 or AlQ4) structural units. These TOa4 units assemble into secondary building units (SBU)
which can form different three-dimensional shapes (polyhedral, cubic, hexagonal) which
subsequently join to create a three-dimensional framework.'?® These units, along with the primary
building units (PBU), which are tetrahedra linked by oxygen bridges to form the aforementioned
SBU, combine amongst each other to form a structure which is characterised by their different
channels and chambers.?® Zeolites can have more than one type of SBU, thus, they are typically

classified according to this characteristic.

While zeolites are typically found in three dimensional structures, i.e., three dimensional channels,
other types of structures have been synthesised (Figure 1.12). For instance, one-dimensional
zeolites which consist of unconnected, micropore networks,**® and two-dimensional zeolites,
where these typically derive from 3D zeolites and have a lamellar structure.®3132 This variety of
structures provides zeolites with a variety of diffusional properties, which can impact selectivity

towards products in different systems.

AFI(1D) OKO (2D)

Figure 1.12 Framework examples of 1D, 2D and 3D zeolites (top) with their schematic topologies (bottom).
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1.4.2 Zeolite synthesis
Zeolite synthesis typically involves in the hydrothermal treatment of an aqueous solution. A typical
synthesis zeolite is carried out in the following manner (Figure 1.13):13

e Amorphous reactants (usually Si and Al precursors) are mixed with a cation source (Na*,
Ca") in a basic medium (primary amorphous phase). A structure directing agent (SDA) is
typically used as well to obtain a homogeneous zeotype (i.e. same PBU and SBU).

e The homogeneous mixture is heated, typically in a sealed autoclave (for temperatures
above 100 °C). Mixture undergoes changes due to the equilibration reactions which occur
and is converted into a pseudo-steady-state intermediate (secondary amorphous phase)

e Reactants remain amorphous during the rise of the synthesis temperature (induction
period).

e Crystalline zeolite can be detected after the induction period.

e Replacement of all amorphous material with highly crystalline zeolite after washing and
drying.

e Removal of the organic template (SDA) via calcination.

Hydrothermal synthesis Filtration Template removal

BB ®
B

Figure 1.13. Typical procedure for hydrothermal synthesis of a catalyst.

When under hydrothermal synthesis, the particles undergo several phases of aggregation and
densification; these occur when reaching primarily different size particles to create an energetically
more favourable particle. Through various steps of aggregation and densification, the particles

form the final crystal zeolite, as can be seen in Figure 1.14.13*
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Figure 1.14. Aggregation model for the formation of zeolite crystals.

Another factor for the synthesis of a zeolite to be successful is the presence of a “mineralising”
agent. This mineraliser has to carry out different functions, such as: 1) it must convert the starting
materials into mobile forms (i.e. taking them into solution or vapour phase); ii) carry out chemical
reactivity so that the mobile units can react and form new chemical bonds and generate a
framework, and; iii) de-complex from the mobile units during or after (ii) so it can exist as a stable

solid phase.'®® Hydroxide ions are shown to be one of the most effective mineralisers.

Other than hydroxide ions, fluoride ions have also been shown to be highly effective as
mineralisers for zeolites. In 1978, Flanigen showed the possibility of synthesising of a silica
polymorphs using fluoride ions.**® This new mineraliser opened up new possibilities of synthesis,
primarily with incorporating different heteroatoms which would be relatively difficult and time-

consuming when using hydroxide ions.

Aside from the incorporation of newer heteroatoms, the use of the fluoride and alkaline
mineralisers provide substantially different sizes in regard to its crystallite.**® Fluoride ions form
larger, more well-defined crystals (> 10um), as is shown in Figure 1.15 with fewer defects in

comparison to the hydroxide. 3713
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NMUDS5.4 x6.0k 10 um NMMD7.2 x15k  5.0um

Figure 1.15. Zeolite images synthesised in fluoride media (left, 6x magnification) and hydroxide media (right, 15x
magnification).

In aluminosilicates, upon condensation of these TOa4 units, the zeolite lattices are typically
negatively charged due to the presence of trivalent AI** in the structure (i.e., AlO4). Accordingly,
to maintain electroneutrality, cations from the group IA and IIA elements (sodium, potassium,
calcium) are typically found to compensate the net negative charge of the framework (Figure
1.16).* The cation that is used to electronegatively compensates can also provide additional
properties; for instance, Na* is used to soften ‘hard’ water, i.e., water with high calcium ions, by
ion exchange.*%41 When protons are present as charge compensating ions, zeolites are endowed

with Brensted acidity, which can be used to catalyse a plethora of reactions.

R=Na", Ca", K", H'

o)
o) $Si—o R o)
o\\\\ \S' o’/ \‘o Sinno

i— —Si

o: N/
= Al o)

0 B>

7,

o ©

Figure 1.16. Aluminosilicate zeolite with charge-balancing cation ‘R’ to compensate the negative charge from the
[AlO4] structural unit.
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Similarly, encapsulated metals (e.g., Sn, Zr, Hf) within the zeolitic structure exhibit various
degrees of Lewis acidity, as shown in Figure 1.17. A Lewis acid is defined as an electron pair
acceptor. A representative example of a Lewis acid consists in boron trifluoride (BFs3). BFs has an
empty 2p orbital on the trivalent boron, which is able to accept electrons from a Lewis base. Acid
strength can be tuned as well by changing the halides. For instance, BCls is a stronger Lewis acid
due to having a lower LUMO in comparison to BF3.1*? One of the first zeolites discovered with
Lewis acidic properties was titanium silicalite-1 (TS-1) of the MFI framework. Discovered in 1983
by Eni S.p.A, the zeolite had the ability to activate peroxides, and activity for reactions such as
alkylation, disproportion and isomerisation.'*® As a result, different heteroatoms have since been
used to isomorphously substitute silicon atoms from the framework and tested for their activity,

providing diversity in terms on Lewis acid strengths as well as product distribution.

M = Zr, Hf, Sn, Zn, Ti

\
o—si—o\ o)
O\\\ Si—O O——Si"o
i N\
6 / 'a,/ 0
o ©

Figure 1.17. Schematic representation of a zeolite with ‘M’ metal isomorphously substituted to create Lewis acidity.

1.4.2 Optimisation of zeolite synthesis

1.4.2.1 Addition of seeds

Optimisation of the time profile of a synthesis is typically influenced by the reaction variables,
such as temperature, reaction composition, and mass transfer effects. Some ways to accelerate the
synthesis can be by reducing the induction period, moving a non-ideal system towards its optimum,
or altering the balance between nucleation and growth.*®* Some ways that this has been achieved
is by the addition of pre-synthesised crystal seeds to by-pass normal nucleation and to aid systems
which would have trouble in the nucleation step, as well as to control their crystal size.*+146 Other
benefits that seeds could provide is the synthesis in the absence of an organic structure directing

agent (OSDA), providing a ‘greener’ synthesis of zeolites. 148
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1.4.2.2. Microwave synthesis

Microwave synthesis has also shown to have significant improvements for various zeolite
synthesis. This is due to the thermal gradient across the reaction volume that is presented in
conventional vessels used for hydrothermal synthesis. The main advantage of microwave synthesis
is the drastic shortening of reaction time required for the material to crystallise.*® Furthermore,
microwave synthesis can also modify the structural properties of a zeolite, i.e., producing smaller

nanoparticles.*

1.4.2.3. Hydrothermal synthesis via tumbling

Conventionally, hydrothermal synthesis involves the use of an autoclave and heating it statically.
Hydrothermal synthesis under slow rotation has been shown to produce novel zeolitic frameworks,
particularly nanosheets and other morphological variations of known zeolites (i.e., multilamellar
MPFI1).15:1%% This could be due to agitation preventing excessive aggregation, hence, the smaller

final crystal size.
1.5 Catalyst deactivation

One of the pertaining challenges that comes with using zeolites for biomass conversion is catalyst
deactivation. Catalyst deactivation consists of the loss of the catalyst’s selectivity or activity over
time. Preventing this from occurring is a great challenge for research, given that large scale
operations suffer greatly due to the cost of this problem. There are numerous ways these solid
catalysts can be deactivated, the most common of which are summarised in Table 1.2 and are fully

described in the following section.
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Table 1.2. Types of catalyst deactivations.*>

Mechanism Type Description
o ) Chemisorption of species/compounds on the active
Poisoning Chemical )
sites of the catalysts
) ) Physical deposition of species from fluid phase onto
Fouling Mechanical ) )
the catalytic surface and in catalyst pores
] Thermally induces loss of catalytic surface area,
Thermal degradation Thermal ] ]
support area and active phase-support reactions
] ) Reaction of gas with catalyst phase to produce volatile
Vapor formation Chemical
compound
Vapor-solid and solid- Chemical Reaction of fluid, support, or promoter with catalytic
emica
solid reactions phase to produce inactive phase
Loss of catalytic material due to abrasion, loss of
Attrition/crushing Mechanical internal surface area due to mechanical-induced

crushing of the catalyst particle

1.5.1 Fouling/Coking deactivation

Fouling, more generally known as “coking”, is one of the most prominent forms of deactivation,
particularly for porous catalyst such as zeolites. Deactivation in this case generally occurs through
the accumulation of carbonaceous residue within, or on top of, the catalyst, blocking access of the
reactants to the active sites which are embedded within the porous framework (Figure 1.18). One
of the classical examples of coking is Fluid Catalytic Cracking (FCC), which involves in the use
of acidic zeolites to catalytically crack heavy hydrocarbons (high molecular weight) into smaller

carbon number compounds.**® This fouling can arise from:

e Heavy components that are present in the feed
e Reactants that are not soluble in the solvent

e Unstable by-products that have been produced with the catalyst
OOO L—/\J
OOO h//ﬂ

Figure 1.18. Visual representation of catalyst deactivation by fouling in the pore mouth.
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This deactivation is primarily caused due to the zeolites’ small pore size and structure, making
these two parameters just as crucial as acid strength and density for a zeolite, depending on the

type of process in which the zeolite is used, according to Guisnet et al.*>’

Deactivation via coke deposition consist in two categories: reversible and irreversible. Figure 1.19
provides an illustration on four possible modes of deactivation by carbonaceous deposits with the
ZSM-5 zeolite. Mode 1 depicts a reversible adsorption on acid sites; Mode 2 an irreversible
adsorption on sites with partial blocking of pore intersections; Mode 3 shows a partial steric
blocking of pores; Mode 4 illustrates an extensive steric blocking of pores by exterior

deposits. 1518

Mode 1 Mode 2

Figure 1.19. Possible methods of deactivation by coke deposition in ZSM-5 (adapted from Guisnet et al.).

1.5.2 Poisoning

Poisoning consists in the strong chemisorption of reactants, products, or impurities on the active
site. This accumulation on the surface of active site inhibits it from carrying out any additional
reactions, rendering it inactive, as shown in Figure 1.20. Mechanistically, poisoning is a complex
process which can involve: i) physical blockage of one or more catalytic site; ii) electronic
modification of the nearest neighbour atoms, or iii) hindering surface diffusion of adsorbed

reactants.'®®
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Active site Poisoned site Active site

Catalyst surface Catalyst surface

Figure 1.20. Catalyst deactivation by poisoning.

Some of the most well-known poisons are sulphur, which is especially problematic when
catalytically upgrading bitumen-derived heavy oils. A high content of sulphur leads to the rapid
deactivation of the catalyst in downstream refining but can also produce harmful SOy
emissions.®™*% For instance, poisoning by sulphur, lead, or arsenic can deactivate the catalyst
irreversibly due to the strong interaction they have with the active sites.'®1%2 Thus, it is more
convenient to purify the reactants originally, if possible, rather than removing the poison from the

active site.

1.5.3 Thermal degradation and sintering

Thermally induced degradation of catalysts consists of deactivation due to use of elevated
temperatures. This deactivation can occur through various means, such as: i) loss of surface area
due to crystallite growth of the catalytic phase; ii) loss of support area due to collapsing of
crystallites of the active phase; and iii) modifications of the catalytically active site. The first two
mentioned fall under sintering (Figure 1.21), which is the process of forming a solid mass by heat
(generally >500 °C), and pressure, whilst the last one can occur via a solid-solid reaction.®® This
temperature is called Tamman temperature for lattice (bulk) recrystallisation for metal oxides, and
Hiittig temperature, which is the temperature for surface recrystallisation for metal oxides.%*

These types of deactivation, just as poisoning, are typically irreversible or difficult to reverse.
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Pore

Figure 1.21. Modification of crystal and pore structure via sintering.

1.5.4 Gas/vapour with solid interaction restructuring

Restructuring gas/vapour-solid interactions are similar to the restructuring of surface caused by
sintering, although below the Tamman and Huttig temperatures. Some examples include the
sintering of Ni/Al>Oz in methanation due to the formation of Ni(CO)s and its subsequent
downstream decomposition to large Ni crystallites. This can lead to weakening metal-support

interactions, resulting in sintering.'¢>1%

1.5.5 Leaching
Leaching results from a solvolysis of species of the catalyst into solution. There exist three

different scenarios for heterogeneous catalysts in the liquid phase:*®’

1) The metal does not leach, and catalysis is fully heterogeneous.

2) The metal leaches, but the leached component does not show any activity. This,
nevertheless, is considered mainly heterogeneous catalysis.

3) The metal leaches and forms a homogeneous catalyst; this type of catalysis is considered

homogeneous in nature.

Leaching is considered irreversible due to the active sites being flushed out of the reactor.
Furthermore, it can have significant consequences for the process. Due to the solubilisation of the
catalytic material with the feed, the final product can potentially be hazardous; additionally, it can

decrease the economic potential. 6

Two forms to verify that leaching has not occurred involve analysing the of the liquid phase of the
reaction or the heterogeneous catalysts. Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)
or Atomic Emission Spectroscopy (AES) can be used for the liquid phase, whereas X-ray

Fluorescence (XRF) or Energy Dispersive X-Ray (EDX) can be applied to the solid catalyst. To
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determine if the catalyst is leaching in the reactor, a hot filtration test can be applied (Figure 1.22).
This involves removing the catalyst from the reactor mid-reaction, to determine if any ongoing
catalytic activity following removal of the solid is present. Ideally, catalytic activity should cease
from the moment the solid catalyst is removed from the reactor.6®

<+— Original reaction

<«— Hot filtration (leaching)

Yield / %

<«— Hot filtration (no leaching)

v

Time on Stream / t

Figure 1.22. Schematic representation of a reaction in batch reactors demonstrating hot filtration tests with leaching

and non-leaching.

1.5.6 Hydrothermal dissolution

Lastly, deactivation by hydrothermal dissolution entails the loss of zeolite crystallinity upon
processing in hot water, as can be seen in Figure 1.23.1° Just like most of the methods of
deactivation, hydrothermal dissolution is irreversible due to the result of the dissolution producing
new phases of metal and metal oxides, restructuring such as sintering, or partial/complete
amorphization of the catalyst. For instance, when applying water to zeolite Beta in continuous
flow, a high amount of amorphization can be observed by powder X-ray diffraction (XRD) and
porosimetry.t’* According to Ravenelle et al., the hydrothermal dissolution of zeolites consists in
the hydrolysis of the siloxane bonds; particularly, Si-O-Al hydrolysis is proton catalysed, whereas
hydroxyl ions catalyse siloxane bond cleavage.'’> When undergoing siloxane hydrolysis, a Si-O-
Si bond is broken, forming two SiOH groups.t” This reaction is further accelerated due to the
strong interaction between the water molecules and hydroxyl ions, creating more defective groups

within the framework.
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Figure 1.23. Hydrothermal dissolution of Beta zeolite.

Other types of deactivations attacking specifically the active metal site can occur. In the presence
of steam, aluminium atoms can be removed from the zeolite lattice, resulting in the formation of
extraframework aluminium (EFAI).241"™ These form a different alumina phase outside the
framework, which has been associated as aluminium in the form of octahedrally coordinated

aluminium.

1.6. Structural modification of zeolites

As previously mentioned, natural zeolites are inherently microporous (pore diameter — dp = < 2
nm). Nevertheless, the creation of synthetic zeolites has allowed the creation of a plethora of
zeolites with different porosity. Mesoporous (dp = 2-50 nm) and macroporous (dp = >50 nm)
zeolites have been synthesised to combat steric hindrances, modification of selectivity or products,
or to provide a higher lifetime for zeolite catalysts in certain processes.'’®1"® Furthermore, these

pore channels can be combined to create micro-meso or micro-macro porosity. These zeolites are
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known as hierarchically organized materials, or simply hierarchical zeolites. Because of this
bimodal porosity, hierarchical zeolites can outperform purely microporous materials in certain

applications.!™

While zeolites tend to deactivate through various means, modifications on the framework have
been prepared to mitigate some of the effects of deactivation or provide enhanced properties in
terms of activity, selectivity, or even the use of bulkier substrates. Generally, there are two
approaches to modify and/or synthesise zeolites; these consist in ‘bottom-up’ and ‘top-down’

approaches.

1.6.1. Bottom-up zeolite synthesis

The bottom-up approach methods use the concepts of molecular self-assembly and/or molecular
recognition, which was described in Section 1.4.2. This consists in the synthesis of zeolites
primarily from a sol-gel precursor or a homogeneous mixture, and subsequently crystallising the
zeolite from this gel hydrothermally under autogenous pressure.’®® All zeolites are typically
synthesised by this method, using a specific Organic Structure Directing Agent (OSDA) to modify
structure. However, within the realm of bottom-up approaches, modifications or more specifically,
additions to the zeolite sol can be done. A great part of these modifications’ out-turn consists in
creating mesoporosity. Some examples including the use dual templating, i.e., addition of a second
OSDA to the original OSDA to create the specific framework to create mesopores in the zeolitic
framework, 84182 or using a multifunctional template, which has the function of two OSDA,
forming a micro/meso zeolite or 2D zeolites!®3!83 These can further be divided by ‘soft’ and ‘hard’

secondary templates.

1.6.1.1 ‘Soft’ secondary template.

These templates are denominated soft due to their flexibility and versatility compared to their ‘hard
template counterparts. These templates can act as a physical scaffold which can replace the OSDA
or can have a certain chemical interaction with the zeolitic phase.!3* Some of these include the use
of polymers and silylated surfactants such as trimethoxsilylpropyldimethyloctadecyl ammonium
chloride.'®1%  Some examples of polymers are the use of cationic polymers
poly(diallyldimethylammonium) (PDDA) chloride and polyethyleneimine (PEI) for the

functionalisatiion agents to create a zeolite membrane.®” Moreover, PDDA can also be used in
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addition to an OSDA to synthesis hierarchical (i.e., micro-meso zeolite), showing the high

versatility that can be obtained using the same polymers.*8®

Crystal structure can also be controlled with the implementation of polymers.*® Polyacrylamide
(PAM), for instance, has been shown to form hollow ZSM-5 crystals via dissolution-
recrystallisation method.!® Polystyrene has a similar effect, as shown by Valtchev, creating
Silicalite-1 hollow spheres (Figure 1.24).1%

Template surface Zeolite growth Template-Polymer removal

Figure 1.24. Application of polystyrene for Silicalite-1 hollow spheres.

1.6.2 “Hard” secondary template

Hard templates have been used for synthesis in a wide array of zeolites and metallophosphates;
they generally consist in plant materials, aerogels, and more typically carbon compounds.'® The
function of these hard templates is to infiltrate the solution, planting itself within the zeolite
precursors where it undergoes typical hydrothermal synthesis. Lastly, when calcining (to remove
the template), the templates are combusted or undergo dissolution along with the conventional
OSDA, creating additional cavities within the zeolitic framework.®> However, there may exist
some drawbacks when it comes to destroying the hard template; this can be due to the conditions

required to destroy which can have a detrimental effect on the zeolitic framework.

1.6.2.1 Carbon-based hard templates

Carbonaceous templating is one of the most common hard templates to create hierarchical zeolites.
This involve the use of carbon nanostructures such as nanoparticles, nanowires or nanotubes,
which are subsequently removed just like most hard templates (calcination, acid dissolution).

Carbon templates have been applied in a variety of different topologies (LTA, BEA, FAU),
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confining the zeolite in a three-dimensionally ordered mesoporous structure (3DOm) (Figure
1.25).1% As demonstrated by Chen et al., the confinement with 3DOm increased the overall surface
area and created mesopores, and showed an increase in mesopore size with respect to the size of
the 3DOm carbon.

Zeolite
precursor Carbon template C-templating+Zeolite Mesoporous zeolite
solution
( A
Hydrothermal
synthesis Removal
& J

Figure 1.25. Implementation of carbonaceous template for mesopore creation in zeolites.

1.6.2.2 Cellulose as a hard template

Abdulridha et al. successfully synthesised Y zeolites (FAU) with cellulose nanocrystals, creating
a highly mesoporous zeolite without any effects towards its crystallinity. Other than being
relatively easy to remove (at 600 °C), the use of cellulose nanocrystals provides a more economic
and sustainable way to synthesis mesoporous FAU zeolites which require typically toxic hard/soft

templating.1%

1.6.2.3 Other hard templates

Nanosized calcium carbonate can also be applied to create mesopores in the range of 50-100 nm.
These crystals follow the relatively same procedure in which they are trapped in the zeolitic
framework, whenthe nanoparticles are removed via acid dissolution they give similar results to
Figure 1.25.1%°

Another interesting hard template that has been used for the preparation of nanoporous carbons,
consists in MgO precursor (MgO, magnesium acetate, citrate, gluconate) templating. Along with
a carbonaceous polymeric precursor (PVA, PET, HPC), this methodology can prepare various
carbon precursors, such as activated carbon, without the need for stabilisation and activation

processes. This template can be applicable to zeolites, where Linares synthesised a Silicalite-1

31



Chapter 1

with intracrystalline mesoporosity using MgO, showing an effective synthesis and preserved

crystallinity.1%

Advantages of the MgO precursors consist in: i) MgO being removable with a diluted non-
corrosive acid; ii) recyclable; ii) the size of the mesopore is tuneable according to the MgO

precursor used; iv) micropore size and volume are controllable by carbon precursor used.

1.7 Top-down approach

In contrast to the ‘bottom-up’ approach, where the material (i.e., carbon, polymers, silylated
surfactants) is added to the hydrothermal sol-gel from the start and assembled step by step to
modify the zeolite, top-down synthesis consists of treating the finished zeolite to introduce the
intracrystalline mesoporosity. Generally called post-synthetic treatment, this approach comprises
of two distinctive treatments: demetallation and desilication. However, demetallation does not
necessarily modify the overall structure of the catalysts so much rather that it endows it with

different catalytic activity depending on the metal incorporated.

1.7.1 Desilication

Desilication, is an example of a top-down method used to leach out silicon atoms to create
hierarchical zeolites. One of the first instances of desilication was reported by Cizmek et al., where
he showed the dissolution of high-silica zeolites under 5 M NaOH solution. Desilication according

to this mechanism has been attributed to two reactions:1%’

1) Breakage of Si-O-Si and/or Si-O-Al bonds through the OH- of the solution.1%
2) Formation of solid phases caused by reactions of the soluble species and/or from the

dissolved solids.1%

Ogura et al. thereafter carried out desilication under mild conditions (0.2 M NaOH) to create
uniform mesopores (ca. 4 nm in diameter) on ZSM-5.2% This, however, diminished the micropore
area by around 40 %. By analysing the parameters such as temperature, stirring speed, time and
Si/Al ratio, it was found that framework aluminium plays a role in the post-treated zeolite, in which

it was determined that aluminium has a crucial role for silicon extraction.?°! It was found that the
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extraction of silicon could be suppressed by the presence of adjacent aluminium in the
framework.?2 With a lower Si/Al (i.e., more aluminium in the framework), silicon extraction is
hindered due to the Si-O-Al bonds in the presence of hydroxide ions despite the relative ease of

Si-O-Si extraction, as can be seen in Figure 1.26.
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Figure 1.26. Desilication effect on different Si/Al ratios. Adapted from reference 187.

1.7.2 Surfactants and amines for pore-size tuning

The use of different pore-directing agents (PDAS) for pore size tuning can not only improve rates
of deactivation but also allow other materials to catalyse bulkier substrates where it could not be
possible if used in its innate form (e.g., MFI with glucose isomerisation). Post-synthetic leaching
can further be tuned with the use of quaternary ammonium cations along with the alkaline solution.
The use of (PDA) also can also be essential to mitigating any amorphization that can occur when
desilicating with alkaline media if the Si/Al ratio is high (> 200).

One of the most prominent examples is the use of cetyltrimethylammonium bromide (or chloride)
(CTAY). However, there are a multitude of PDA that can be used as mesoporogens, as can be seen
in Table 1.3:
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Table 1.3. Reactants used as PDA for mesopore creation.

Name Structure lon Method Ref
NH
Ethylenediamine /\/ 2 - T-D 203,204
HoN
1,6-Diaminohexane HZN/\/\/\/ e - B-U 204,205
H
N
Hexamethyleneimine B.U T.D 206207
(Azepane) '
H
N
Piperazine ( - T-D 207
N
H
Tetrabutylammonium b\i/\\i\ OH- T-D 208
Hexadecyl Br, CI,
_ y _ |/ _ B-U T-D 209210
trimethylammonium N*\ OH
Octadecyl
_ . | _ Brcr TD 211
trimethylammonium N+\

*T-D = Top-down approach
*B-U = Bottom-up approach

PDAs can be cationic tetraalkylammonium (TAA) surfactants or in non-ionic organic amines.

These are effective in protecting the parent zeolitic framework and capable of directing mesopore

formation when undergoing base leaching. Amines have also been shown to create larger

mesopores (d= 5-8 nm) compared to those treated with TAA (d= 2-6 nm).?* This could be due to

how the TAA can accommodate itself better within the channels of the framework and have a more

favourable interaction, irrespective of their length (carbon atoms: 10-20), in contrast to the amines.
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Since TAA are composed of an attractive segment long hydrophobic carbon chain (cetyl,
octadecyl) and a repulsive segment which would be the cationic quaternary ammonium, these
surfactants self-assemble to create micelles. A micelle consists of an aggregate of surfactants
which arrange themselves in an aqueous solution; these act as templates and confine themselves
into the zeolitic framework while leaching is carried out, where they can be subsequently calcined

to release the space which would correspond to the mesopore, as is shown in Figure 1.27.

Surfactant

Hydrophobic tail Hydrophillic head

Micellization
—

Surfactant
Removal

Figure 1.27. Formation of micelle from surfactants such as CTA*, and subsequent infiltration and removal of the

micelle to form the mesopore.

1.8 Sn-incorporated zeolites

Of the previously mentioned Lewis acid zeolites, one that stands out for its activity is the Sn
incorporated zeolites. One of the most common frameworks to isomorphously substitute this
heteroatom is the beta zeolite, although there have been incorporation of Sn into other frameworks,
such as Sn-TUD and Sn-MF1.212213 First synthesised in 1997 by Mal and Ramaswamy,?'* Sn-Beta
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was shown to be highly active and selective in the acetylation of trimestylene (1,3,5-

trimethylbenzene) to 2,4,6-trimethylacetophenone.

Beta zeolites are one of the few zeolites which are comprised of intergrown polymorphs, creating
a disordered framework, as is shown in Figure 1.28. This disorder comes from the [001] plane
from the two or three of these polymorphs (A, B, and C), which are all mutually intersected along
the 12-ring channels.?1%216

Beta Polymorph A Beta Polymorph B Beta Polymorph C

Figure 1.28. Polymorphs of beta framework. Lines indicating the location of the 12-membered rings.

For Sn-Beta synthesis, it is typical to use fluoride ions due to the relative difficulty of Sn
incorporation caused by the increased atomic radius.?!’” The use of this mineraliser along with a
stoichiometric amount of SDA (tetraethylammonium hydroxide — TEAOH) ensures the
crystallisation of the zeolite. This also is particularly important to guarantee no other zeotypes are

produced.?!8

1.8.1 Sn incorporation via demetallation

Another method that does not require the use of fluoride as a mineraliser consists in demetallation.
Demetallation, as the name says, is a top-down approach which consists of stripping framework
heteroatom (not silicon) atoms. Due to the typically lower quantities of the heteroatom (high Si/M
ratio), demetallation does notdestroy the micropore structure. This is undoubtedly one of the most
useful and widely used modifications due to the significant post-application that can be achieved

with the post-treated zeolite. One of the most common framework atoms, aluminium, typically
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uses a highly concentrated acid (e.g., HNO3) at mild temperature (100 °C). This creates silanol
‘nests’ where a variety of heteroatoms can be reinserted by different means, such as solid-state
incorporation (Figure 1.29)1121% and incipient wetness impregnation.??® This creates the
possibility to incorporate different heteroatoms other than Sn,?2222 sych as Hf 22 Zr,21% Np?2422
and many more. A higher degree of incorporation is possible in contrast to the bottom-up
hydrothermally synthesized approach, which can only achieve relatively low percentages (ca. 1
wt %), whereas post-synthetic incorporation can achieve up to 5 wt % of the heteroatom.??® In

addition, the use of demetallation also has shown to increases zeolite’s mesoporosity.

HNO;

100 °C

Figure 1.29. Schematic representation of demetallation of Beta zeolite.

Other than HNOs, other acids have been implemented and have shown good results when it comes
to demetallating. Oxalic acid, for instance, can easily remove framework aluminium from the
zeolite, reaching up to a Si/Al molar ratio of more than 100 at room temperature without any severe
effect on the crystallinity and or textural properties. Silicon tetrachloride (SiCls) has also been
shown to demetallated as well as occupy the silanol nests left by the aluminium atoms. This can
potentially heal pre-existing defects the original material may have had. When used for
demetallation, SiCls can result in the formation of hydrochloric acid, which can subsequently cause
further demetallation.??” The combined use of mild acids and calcination has also been tested by
Miller et al., using a mild concentration of oxalic acid along with calcination treatment.??® This
resulted in a framework with higher flexibility which enabled interaction between Brensted

protons and oxygen atoms in the framework.
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1.8.2. Synthesis of heteroatom-substituted zeolites

A major advantage with the use of demetallation is the creation of vacant sites (silanol nests, Figure
1.26) for another heteroatom to isomorphously substitute itself and endow a zeolite with diverse
catalytic properties. One method consists in the solid-state ion-exchange or incorporation (SSI) of
a zeolite whose aluminium atoms have been stripped by a highly concentrated acid (e.g., HNO3).1%
This involves in the mechanochemical grinding of the desired metal precursor into the
dealuminated zeolite. Subsequently, the sample is calcined and the resulting zeolite with a new
heteroatom is successfully substituted. Various elements have been incorporated in different
frameworks, for instance: Cu,??® Mn,?*° Ti, Sn, and Zr.?1%2%! Other than mechanochemical grinding,
post-synthetic impregnation has been carried out by liquid-phase grafting, reflux, or by passing a

vapourised metal precursor through the sample.?322%

SSI, unlike traditional bottom-up synthesis, have the ease of incorporating a more-than-usual
quantity of heteroatoms. In particular Lewis acid zeolites such as Sn, Ti, Zr, Nb, and Hf in the
zeolite (1 wt. % bottom-up vs. up to 5 wt. % top-down) if provided with the adequate number of
vacant sites.??® Incorporation of these heteroatoms at higher than 1 wt. % (in a bottom-up approach)
would lead to a drastic retardation of zeolite nucleation (ca. 40 days) needed for the amorphous

sol-gel to crystallise and create the zeolite crystals.25®

1.9 Sn-Beta for biomass valorisation

1.9.1 Baeyer-Villiger oxidation

Over time, a variety of reactions have been shown to be effectively catalysed by use of Sn-
incorporated (Beta) zeolites. The Baeyer-Villiger oxidation (BVO) is used to convert ketones and
aldehydes into more valuable esters and lactones. Traditionally performed with use of peracids,
the implementation of Sn-Beta zeolites and hydrogen peroxide (Figure 1.30), discovered by Corma
et al., in 2001, results in a less polluting and cheaper oxidation taking place.?**?% Furthermore,
Hammond et al. have reported the upgrading of 4-substituted cycloketones (4-isopropyl
cyclohexanone) using Sn-Beta (normal and hierarchical) under continuous flow, showing the

potential for these catalysts to achieve a sustainable production of renewable lactone monomers. 2
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Figure 1.30. Baeyer-Villiger oxidation using Sn-Beta and hydrogen peroxide as catalyst and oxidant, respectively.

Due to the bifunctional nature of the Sn sites, the Lewis acidic tin atom can activate the carbonyl
group whilst the adjacent basic oxygen atom of the Sn-OH can form a hydrogen bond with H20,.2%
This discovery allowed more studies to come for Sn-Beta in oxidation reactions.?3-240 Although
Ti-containing zeolites have a well-established application in this area, it has been shown that Sn-
Beta to be an alternative to Ti-containing zeolites, particularly as they both exhibit different types
of performance. For instance, with the reactant dihydrocarvone, Sn-Beta is capable of being fully

selective for the lactone whereas Ti-Beta showed selectivity towards the epoxide and diols.?*

1.9.2 Meerwein-Ponndorf-Verley-Oppenauer reduction.

The Meerwein-Ponndorf-Verley (MPV) reduction of ketones and aldehydes along with the
complementary Oppenauer oxidation (MPVO) have been shown to be particularly useful reactions
due to their highly chemoselective nature (e.g., C=C bonds are not attacked) and mild conditions
it requires to undergo reaction.?®”?*2 MPV involves the use of secondary alcohols as hydrogen
donors whereas in MPVO the ketone is the oxidant. The reaction begins with a cyclic six-
membered transition state where the oxidant and reductant (ketone and secondary alcohol,
respectively) are coordinated with the metal centre, and undergo a intermolecular hydride transfer
from the alcohol to the carbonyl, as shown in Figure 1.31.243244
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Figure 1.31. General mechanism of MPVO reaction using a Lewis acid metal centre.

While the MPV reaction may differ from BVO, they share a lot of similarities as to how they are
catalysed. Both reportedly use the same partially hydrolysed Sn-OH groups that were found active
for BVO reactions which can form a hydrogen bond with H.O>.The steps using Sn-Beta are
essentially the same as with using other metal centres, such as Zr-Beta or aluminium alkoxides.
Firstly, adsorption of ketone and alcohol on the Lewis acid centre is required. Subsequently,
deprotonation of the alcohol occurs, followed by C-C hydride transfer, proton transfer from the

catalyst, and lastly product desoprtion.?%’

1.9.3 Sugar isomerisation

As mentioned previously, glucose and xylose are the main basic units of cellulose and
hemicellulose, respectively. Glucose, as the only monomer in cellulose, which is the most
abundant lignocellulosic biomass, has been extensively studied to show the potential of
valorisation using heterogeneous catalysts. It was not until 2009 that Moliner et al. demonstrated
the potential of Sn-Beta to isomerise glucose to fructose, showing as well the ability to catalyse
this reaction in water.?* Prior to this, Holm et al. also showed the ability for sucrose, glucose and
fructose dissolved in methanol to be converted into racemic methyl lactate in yields up to 68 %.24°
This can potentially provide advantages through valorisation by chemical means with respect to
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the enzymatic route due to the strict conditions needed to be applied for the enzymes to take
activity. Given the resilient properties of zeolites, reactions can take place at elevated temperatures,
exceeding the maximum conversion obtainable governed by the thermodynamic equilibrium by
the enzyme glucose isomerase, which is done industrially at 333 K (ca. 50 % wt/wt glucose and
42 % wt/wt fructose).?4

While glucose and fructose are normally present in cyclic six-membered (aldopyranose and

ketopyranose) and five-membered (aldofuranose and ketofuranose) forms, 4

it has been shown by
Roman-Leshkov et al. that the sugar is adsorbed on Sn-Beta in their open-chained form, without
exhibiting any apparent reaction barriers when ring-opening and ring-closing occurs (Figure
1.32).2* Their proposed mechanism consists of: i) coordination of glucose to active site; ii)
intramolecular hydride transfer, and; iii) desorption of fructose from zeolite. Just like previous
reactions (BVO and MPV), it is suggested that glucose isomerisation activity is more in open sites

than closed sites.

B 4
H H H H
Ho _H_ H. _H \O/HSi
=0s of /S =0 97 8 H——O0-o/ H——OH
oo _ S L,
07 s 07 %—si =0""" %—si
HO——H <—==Ho H > HO H HO——H
ES
H——OH H——OH H——OH H——OH
H——OH H——OH H——OH H——OH
CH20H CH,OH CH,OH CH,OH
D-Glucose o - D-Fructose

Figure 1.32. Glucose to fructose isomerisation mechanism proposed by Roman-Leshkov et al.?*

As mentioned previously, reactions for BVO require the use of Sn-OH to form a hydrogen bond
with H20>. These two types of tin sites (Figure 1.33) were studied by Boronat et al., which showed
via ONIOM and Density Functional Theory (DFT) that the partially hydrolysed framework Sn,
i.e., Sn-OH was much more active than the fully closed Sn species.?*® Furthermore, Hammond et
al. showed the importance of hydration in Sn-Beta species for glucose isomerisation in continuous
flow. Using a small quantity of water with a MeOH/glucose reaction feed, the rate of deactivation

was minimised significantly.?!
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Figure 1.33. Closed and open sites for different Sn species, dehydrated and hydrated.

Other than the highly sought-after reaction of glucose to fructose isomerisation, Sn-Beta has been

shown to isomerise and epimerise (C-C shift) different monosaccharides (Figure 1.34) with the

addition of borate salts, or with ion exchanging the Sn-Beta with Na* cations to shift the reaction

pathway.252*256
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Figure 1.34. Schematic of isomerisation (blue squares) and epimerization (green squares) reactions of different

monosaccharides.
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1.10 Metal-organic-frameworks.

Another interesting class of material that has been gaining attention for the use of biomass
valorisation is metal-organic-frameworks (MOFs). MOFs are an organic-inorganic hybrid
crystalline material which consists of a (organic) polymer and metal centres which are formed by
reticular synthesis. This synthesis is based on the understanding of the structure coordination
compounds which was established by Werner, which essentially consist of the linking between
organic and inorganic units by strong bonds, as shown in Figure 1.36.2°" The first known MOFs
were published by Tomic in 1965, where the chelation of different aromatic polymers and a metal
ion, such as Zn, Al, Ni and Fe, was demonstrated. These original MOFs showed high thermal

stability, the level of which was a function of the metal involved in the incorporation.?>®

Metal ion  Organic linker MOF building unit Aggregation of MOF BU

¢

Figure 1.36. Representation of metal-organic-framework synthesis.

Over the last 2 decades, the synthesis of new MOFs (along with other structures) has been
exponential, according to the Cambridge Structure Database (CSD) (Figure 1.37), due to the great
flexibility they have when it comes to metal centre and polymer linkers. This endows them with
potential for a plethora of applications, in particular for fuel cells,?® supercapacitors,?® and gas

storage/separation. 25!
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Figure 1.37. Number of structures reported in the CSD. Structures include zeolites, covalent-, and metal-organic

structures.

While thousands of MOFs have been created, only a small fraction are used as catalysts.?62-2%4 The
most prominent examples that have been used widely as catalysts are UiO-66/67, MOF-808 and
NU-1000. Furthermore, these MOFs, along with their active metal centre, can also have functional
groups such as -NOs, -NH., -OH, and SOsH, providing additional functionality.?®>2% Although
the application is still relatively new, these have the potential to be used under continuous

operational conditions.

1.11. Objectives of the thesis

The overall objective will focus on the modification of zeolites to see the potential of enhanced
kinetic performance in a variety of reactions such as glucose isomerisation and its subsequent

retro-aldol fragmentation, alongside MPV.

In Chapter I11, a study involving the mechanism of solid-state incorporation (SSI) of Sn (I1) acetate
and dealuminated beta zeolite using various spectroscopic techniques is investigated. Furthermore,
an optimisation for the calcination step is also investigated, and zeolites are tested to observe if the

choice of synthesis technology resulted in any substantial effects on the final kinetic parameters.
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Chapter 1V presents the influence of different precursor M-Beta (M = Fe, B, Ga, Al) zeolites for
their subsequent SSI.Zeolites are demetallated and Sn is incorporated to be tested for both glucose
isomerisation (low temperature) and retro-aldol fragmentation (high temperature) to observe any
differences in their Kinetic activity. SSI’s major disadvantage consists in the use of highly
concentrated acid to remove the aluminium to create the vacant sites. Application of other metals
could potentially remove this drawback and make way for demetallation under milder conditions

a possibility, making SSI more industrially and economically feasible.

Chapter V involves the use of hierarchical zeolites. Different metal zeolites (Sn, Hf, Zr) are
synthesised and subsequently desilicated to observe if there are any improvements when it comes
to its performance or rate of deactivation for glucose isomerisation and/or retro-aldol
fragmentation. The use of surfactants will also be implemented in desilication to determine if pore

tuning using a PDA shows a more beneficial effect than with solely alkaline solution.

For Chapter VI, the MOFs UiO-Zr-66-H and its amino-functionalized analogue UiO-Zr-66-NH:
are tested under continuous flow conditions to determine their activity as catalysts for the bulkier
lactose isomerisation in continuous flow. These tests are done with the most stable polar solvents

and with different mixtures to determine the effect the solvents.
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Chapter 2. Experimental and methods

2.1 List of acronyms

Solid state incorporation:

Glucose Isomerisation:
Meerwein-Ponndorf-Verley:

Tin Beta zeolite:

X-Ray Diffraction:

Scanning Electron Microscopy:

Transmission Electron Microscopy:

Diffuse Reflectance Infrared Fourier Transform Spectroscopy:
Magic Angle Spinning Nuclear Magnetic Resonance:
Carr-Purcell-Meiboom-Gill:

High Performance Liquid Chromatography:
Evaporative Light-Scattering Detector:

Gas Chromatography:

Flame lonization Detector:

Inductively Coupled Plasma Mass Spectroscopy:
X-Ray Absorption Spectroscopy

Extended X-ray absorption fine structure

X-ray Absorption Near Edge Structure

Plug Flow Reactor:

Brunauer-Emmett-Teller surface area:
Non-Local Density Functional Theory:
Pore-directing agent

Cetyltrimethylammonium

Chemical Shift Anisotropy
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SSI

Gl
MPV
Sn-Beta
XRD
SEM
TEM
DRIFTS
MAS NMR
CPMG
HPLC
ELSD
GC

FID
ICP-MS
XAS
EXAFS
XANES
PFR
SgeT
NLDFT
PDA
CTA"
CSA
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2.2 Formulae and expressions
Substrate conversion

mo lSubstrate — mo lSubstratet

X(%) = * 100
mozSubstrateo
Product yield
mol
Y(%) = M * 100Hexoses or 50ML and MVG
mOlSubstrateo
Product selectivity
Product Y (%)
S(%) = 100
(%) Conversion X (%) i
Carbon Balance
(%) Y. Carbon; 100
= — %
0 Y. Carbon,

Levenspiel rate of deactivation

kg (A1) = In|in

LX)
100
Turnover frequency
mOZProduct
TOF h™ 1) = :
product (h"7) time(h) * molg,
Productivity

Product,,; .,
Q *psor * 100Wt'/

Productivity (h™1) =
mcatalyst
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2.3 Catalyst synthesis

2.3.1 Hydrothermal Beta zeolite

Beta zeolites with different metals were synthesized using fluoride ions as a mineralizer. In a
typical synthesis, 30.6 g of tetraethylorthosilicate (TEOS) was added to 33.37 g of
tetraethylammonium hydroxide (TEAOH) under constant stirring. After TEOS was hydrolysed
(i.e., homogenization of both liquids was achieved), a metal precursor (FeCls, AICl3, GaCls, SnCls,
HfCls, ZrCls, HBO3) was added and left stirring until the adequate water ratio (1:Si02:8.5H,0)
was reached. Water ratio was calculated by weighing the weight of the flask (taking into
consideration the ethanol evaporation as well). Afterwards, HF was added to form a solid gel. Final
molar ratios of the gel were 0.005-0.01M:1Si02:0.54TEAOH:0.54HF:8.5H.0, where M
corresponds the indicated metal. The gels were transferred into a stainless-steel autoclave with
PTFE liners and placed in an oven set to a temperature of 140 °C and held isothermally under

static conditions for 7 days.

The crystallised zeolites were subsequently filtered with copious amounts (~ 2 L) of water and
dried at 110 °C overnight. Calcination of the organic template was achieved by heating the powder
to 550 °C for 6 h at 2 °C/min in static air.

2.3.2 Post-synthetic modification

2.3.2.1 Demetallation

All metal Betas and commercial Beta (PS Sn-Beta, 1Sn-Betacom19) underwent demetallation using
20 mL g* (zeolite) of a 13 M HNOgz solution at 100 °C for 20 h. The dealuminated samples were
filtered with copious amounts (~ 2 L) of water and left to dry at 110 °C overnight. Subsequently,
SSI was carried out to fill the silanol nests of the metal-stripped zeolites with the desired metal;
this was done by grinding the demetallated zeolite with a required amount (1 wt.%) of Sn(ll)
acetate with the sample for ca. 10 minutes. For instance, to create 1 g of 1 wt. % Sn-Beta, 0.02 g
of Sn(Il) acetate was mixed with 0.99 g of dealuminated Beta zeolite. Other Sn-Beta SSI materials
containing different Sn loading were prepared by the same method, but with the mass of Sn-Beta
adjusted appropriately. Thereafter, the demetallated/Sn acetate mixtures were heated in a
combustion furnace (Carbolite MTF12/38/400) to 550 °C (10 °C min ramp rate) in nitrogen flow
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(60 mL min). After reaching set temperature, it was left isothermally for 3 hours and subsequently

changed to air flow (60 mL min) for 3 more hours.

m _ Meqe * Snwt% * MSTL(OAC)Z
Sn(0Ac), MSn

Mpear = Megr — (mcat * Snwt%)

Where:

®  Mgp0ac),= Mass of Sn(ll) acetate required

e mp.4,= Mass of dealuminated Beta required

e m,, = Desired mass of the final catalyst

e Sny. = Desired wt. % of Sn of the final catalyst
®  Msn(oac), = Molar mass of Sn(ll) acetate

e M, = Molar mass of Sn

2.3.2.2 Desilication

In the event of creating a hierarchical structure, desilication was carried out prior to dealumination.
For commercial zeolites, they were first converted to their protonic form by calcining in static air
at 550 °C at 5 °C min* for 5 h. The H-form zeolite was thereafter suspended in a 0.2 M NaOH
solution and was heated at the indicated temperature (0.5 h, 30 mL g* of zeolite). The solid product
was quenched in an ice bath, filtered with deionised water until reaching neutral pH, and dried at
110 °C overnight. Zeolites were converted back to NHs-form by ion exchange using an aqueous
solution of NH4sNO3 (1 M, 2 h, 85 °C).

When a PDA was employed, 1:1 mixture of 0.2 M NaOH (or otherwise stated) and 0.2 CTA* was
first stirred and heated at temperatures ranging from 45-85 °C°C before the zeolite is added. As
was undertaken for the initial desilication, the samples were left for 0.5 h and were subsequently
quenched, filtered, and dried. Calcination for the removal of the PDA was carried out at 550 °C at

a heating rate of 2 °C min* for 6 h.

2.3.3 UiO-66-Zr-H and UiO-66-Zr-NH2 MOF synthesis
Synthesis of UiO-66(Zr)-H was adapted from a published paper by Ma et al.! In a typical synthesis,
444 mg of ZrCls and 316.5 mg of terephthalic acid (H.BDC) were dissolved in 50 mL of

65



Chapter 2

dimethylformamide (DMF) and stirred. 5.55 mL of acetic acid (glacial, >99%) was subsequently
added to the solution and was left stirring for another 30 minutes. Afterwards, the solution was
transferred to a stainless-steel autoclave with a PTFE liner and placed in an oven and heated
statically at a temperature of 120 °C for 48 h. The samples were centrifuged for 10 minutes and
washed with ethanol after every centrifugation thrice, and finally were statically dried in an oven
at 100 °C overnight.

2.4 Kinetic evaluation

2.4.1 Batch glucose isomerisation (GI)

D-glucose (> 99%) isomerisation batch experiments were performed in a pressurized 15 mL thick-
walled Ace tubular glass reactor, which was heated in a temperature-controlled oil bath at 110 °C.
The reactor was charged with 5 mL of a glucose/methanol (1:99 wt/wt) solution and an appropriate
amount of catalyst which corresponded to Sn:glucose molar ratio of 1:50. The solution was stirred
vigorously (800 rpm) and periodic aliquots of the samples were taken by quenching the reactor in
an ice bath, followed by centrifugation to separate the solid (catalyst) phase. Sample preparation
for analysis consisted of mixing 0.1 mL of the separated solution with 0.1 mL of 5 wt. % of sorbitol
as the external standard, diluting the mixture with 0.4 mL of deionized water. GC-FID had a
starting temperature of 50 °C and was heated to 180 °C at 15 °C min™*. This was maintained for 3
minutes and was thereafter heated to 230 °C at the same heating rate. H2 flow for the flame was 30

mL min and 300 ml min! for air which was used as the carrier.

Samples were subsequently analysed by HPLC (Agilent 1260 infinity 11). Compounds were
separated with a Ca Hi-Plex column (6.5 x 300 mm, 8 um particle size, Agilent) held at 80 °C.
Ultrapure HPLC water was used as the mobile phase using a flow rate of 0.75 mL min™. An
Evaporative Light Scattering Detector (ELSD Agilent 1200) was used to detect the sugars. ELSD
was used with an evaporative and nebulizing temperature at 30 °C and a N2 flow at 1 mL min for

all analysis.
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2.4.2 Batch Meerwein-Ponndorf-Verley (MPV) reduction

Batch reactions for the MPV reduction using cyclohexanone as reactant and 2-butanol as the
secondary alcohol (hydride donor) were performed in a 50 mL round bottom flask equipped with
a reflux condenser, controlled thermostatically by immersion in a silicon oil bath. The vessel was
charged with a 10 mL solution of cyclohexanone in 2-butanol (0.2 M) with biphenyl (0.01 M) as
the internal standard. The flask was subsequently heated to the desired temperature (100 °C
internal temperature). An aliquot prior to the addition of the catalyst was obtained and analysed to
obtain the initial point (To) by immersing and letting the vessel reach internal temperature. The
reaction started when Sn-Beta catalyst (1 mol% of Sn relative to cyclohexanone) was added to the
flask, being stirred at +750 rpm. Aliquots were taken periodically from the flask, centrifuged and
subsequently analyzed in a GC-FID (Agilent 7820, 25m CP-Wax 52 CB).

2.4.3 Continuous Gl reaction

D-glucose (Sigma-Aldrich > 99 %) isomerisation (GI) and its consecutive retro-aldol
fragmentation of fructose to methyl lactate (ML) production experiments were performed under
continuous flow in a plug flow, tubular (%4”, 4.1 mm ID) stainless-steel reactor. The reactor was
connected to an HPLC pump to regulate the reactant flow and be able to operate at high pressures.
Catalysts (100 mg) were placed between two plugs of quartz wool and packed in the reactor with
a 0.5 pm frit in the reactor’s outlet. The reactor was then immersed in a thermostatted oil bath at
the desired temperature (110 °C for Gl and 160 °C for ML) at a flow of 0.65 mL min™ for Gl and
1 mL min™ for ML. Glucose was solubilised in the chosen solvent at a concentration of 1 wt. %,
and the solvent used was either pure methanol, or a mixture of ethanol and water (e.g. 99:1 v/v
ratio). Pressure in the system was controlled using a backpressure regulator, set at desired pressure
depending on the undergoing experiment (10 bar Gl, 20 bar ML). Periodic aliquots were taken
with a Vici Valco 10 position microelectric valve actuator placed at the outlet and analyzed by an
Agilent 1260 Infinity HPLC coupled with a Hi-Plex Ca column and an ELS detector where sorbitol

was used as an external standard.

2.4.4 Continuous lactose isomerisation
Lactose (Sigma-Aldrich > 98 %) isomerisation experiments were performed under continuous
flow in a plug flow, tubular (47, 4.1 mm ID) stainless-steel reactor. The reactor was connected to

an HPLC pump to regulate the reactant flow and be able to operate in high pressures. A 1 wt. %

67



Chapter 2

solution of lactose using various ratios of EtOH/H20 (e.g., 50:50, 75:25, 99:1 v/v) or purely H2O.
The chosen MOF or zeolite catalyst (100 mg) was placed between two plugs of quartz wool and
packed in the reactor with a 0.5 um frit in the reactor’s outlet. The reactor was then immersed in a
thermostatted oil bath at the desired temperature (160 °C) in a flow of 0.4 mL min’. Pressure in
the system was controlled using a backpressure regulator, set at 20 bar. Periodic aliquots were
taken with a Vici Valco 10 position microelectric valve actuator placed at the outlet and analyzed
by an Agilent 1260 Infinity HPLC coupled with a Hi-Plex Ca column and an ELS detector where

sorbitol was used as an external standard.

2.5 Analytical methods

2.5.1 Chromatography

Chromatography involves in the separation of a mixture of chemical substances into their
individual constituents. Each type of interaction chromatography requires a mobile phase that
carries it through a second substance called the stationary phase. This mobile phase can either be
a liquid or a gas, depending on the system being used, while the stationary phase can be a solid or
a liquid. The use of specific mobile and stationary phases determines how fast or slow the
substances travel; this is termed as retention time. Originally employed by Mikhail Tsvet in 1900,
it was used to separate plant pigments (chlorophyll, carotenes, etc).? Separation was done in a
chromatographic setup similar to Figure 2.1. Over the years, this technique has advanced into more

complex and automated systems capable of separating a wider array of compounds.

Analyte mixture

Time

Stationary phase
(e.g., siilica gel)

Figure 2.1. Chromatographic column setup for separating analytes.
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2.5.1.1 Gas Chromatography — Flame lonization Detector

Gas chromatography, also known as gas-liquid chromatography, is one of the most common
analytical techniques used. In GC, the mixture being analysed is vaporised and is carried through
the stationary phase, which is typically a metal or glass separation column using an inert gas (N2
or He). Due to GC being gas-based separation, it is limited to components that have sufficient
volatility and thermal stability to be volatilised into the gaseous phase. Therefore, GC is best used
for analysing small to medium-sized molecules that are thermally stable. Operational temperatures
are normally between 150 — 300 °C.

GC follows the same principle when it comes to separation; the compounds being analysed interact
with the walls of the column which is coated with a stationary phase, eluting at different times

(Figure 2.2) depending on their degree of interaction with the stationary phase.

Time

GC column

Figure 2.2. Schematic of compounds separation in a GC column.

The flame ionization detector (FID) is a standard instrument used for measuring hydrocarbon gas
concentration. The FID is based on the detection of ions formed during combustion when exposed
to a hydrogen flame. Since it is mass sensitive and not concentration sensitive, the carrier gas flow

rate has minor effects on the detector response.
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Syringe/Sampler

FID
Hoy—
MFC/ReguIator| Air—] ﬁ
M B Injector
GC column Data capture

Carrier gas

Figure 2.3. Schematic of GC-FID system.

2.5.1.2 High Performance Liquid Chromatography (HPLC)

HPLC is another alternative for samples analysis, consisting of relatively the same elements with
different functionalities: it is a form of column chromatography which pumps an analyte or mixture
in a solvent (mobile phase) at high pressure (up to 400 bar) through a column with a
chromatographic pumping material (stationary phase). Just as the GC, the analytes are retained
while traversing through the stationary phase. Unlike the GC however, this chromatographic
technique is preferable when the analytes are not able to be vaporised or they are easily prone to
decomposition (low thermal stability).

The HPLC has more flexibility when it comes to applying different methods to analyse the samples.
Most HPLC are modular, i.e., they are individual parts prefabricated offsite which can be easily
assembled, as can be seen in Figure 2.4.
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Mobile phase Sample loading Sample injection

R Sample :

Waste :

|

© :

L Column © 6 gymn i

. (4) I

i Calibrated loop Calibrated loop |

S L R Pump___ ____ )

. |
. . L= "’/

Waste !
.

Autosampler

Data capture

Figure 2.4. Schematic of HPLC modular system with pump, column oven, autosampler and an ELSD. Inset: sampling

switching valve when loading a sample and its subsequent injection.

The switching valve, as can be seen in the figure, is a six-port two-position valve where the where
in the load position, the sample loop or calibrated loop is filled with the sample while the system
is equilibrating. When switching to the injection position, the calibrated loop is switched to the

high-pressure part of the system, feeding the sample in the loop onto the column.

Common mobile phases include ultrapure HPLC grade water along with various organic solvents
(acetonitrile or methanol). Acids such as formic acid or phosphoric can also be applied to aid in
the separation process. For the analysis of sugars, a sulfonated polystyrene column with Ca?*ions

exchanged to H™ ions to provide a good separation of the sugars (e.g., Hi-Plex Ca).

Another important factor is the choice of detectors for the analysis, which is generally dependent
on the analyte being analysed. One of the most commonly used detectors for the analysis of
carbohydrates such as sugars is the Evaporative Light-Scattering Detector (ELSD) (Figure 2.5)

This detector is suitable for non-volatile samples in a volatile eluent. The eluent is mixed with an
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inert gas, typically nitrogen, passing through a nebulizer to create a fine spray. This spray is
composed of droplets of the mobile phase containing the analyte of interest. The nebulized eluent
goes through a heated tube to evaporate the mobile phase to subsequently detect the solid particles
entering by a light source and a photodiode.

Nitrogen

Column effluent

Figure 2.5. Schematic of Evaporative Light-Scattering Detector.

2.5.2 Quantification of GC and LC products

2.5.2.1 GC quantification

For HPLC analysis, an Agilent 1260 Infinity HPLC coupled with a Hi-Plex Ca column and an
ELSD was used. A flow rate of 0.75 mL min! with a temperature of 80 °C was used for all analytes.
The external calibration standard employed was sorbitol at 0.5 wt. % before dilution, using 0.1 g,
0.1g, and 0.4 g of solution, external standard, and deionised water, respectively. Calibration curves
were performed with varying degrees of wt. % of the analyte of interest, within the ranges of 0.1-
1 wt.% in water which can be seen in Table 2.1. Samples of the analysed sample were done with

the corresponding weights of analyte, sorbitol, and water mentioned in section 2.4.
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Table 2.1. Concentration and areas obtained from HPLC of glucose and external standard sorbitol

Glucose Sorbitol
Sample / wt.% Area Concentration / Moles Area Concentration / Moles
1% 26898 5.5896E-06 9771 2.77608E-06
0.75% 16600 4.12377E-06 9627 2.713757E-06
0.5% 8638 2.72654E-06 9703 2.74307E-06
0.25% 2972 1.40337E-06 9538 2.72381E-06
0.1% 655 5.47301E-07 9743 2.73481E-06

Products were monitored by a GC-FID Agilent 7820, using a 25 m * 0.53 mm * 2 um CP-Wax 52
CB. A power equation (y = ax®) was used to obtain the best fit due to the ELSD response, as can
be seen in Figure 2.6.

To generate the calibration curve, the ratio of concentration of analyte and sorbitol was plotted

against the ratio of their corresponding areas which were obtained by the HPLC:

. AreaAnalyte
RathArea =
AreaStandard

Concentrationgngiyte

Ratio ion =
C trat 3
onecentration — Concentrationgigngard

The ratios were plotted and were fitted using the power trendline to find the corresponding

calibration factors (CF), as shown in Figure 2.6.
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Figure 2.6. HPLC-ELSD-obtained calibration curve to obtain the response factor of glucose using sorbitol as an

external standard.

With the adequate CFs, the unknown amount of analyte can be determined using the following

formula;

CFp
AreaAnalyte ) " < wt. %Standard )

Analyte = CF, * (
“ Massstandard * MMStandard

AreaStandard

*MW: Molar mass

This was done with the other analytes of interest, which are shown in Table 2.2.
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Table 2.2. Calibration factors for the compounds analysed in the HPLC.

Analyte R.T. CFa CFp
Lactose 9.6 0.5252 0.61
Lactulose 9.8 0.474 0.6169
Glucose 10.5 1.0705 0.6225
Mannose 11.6 0.9743 0.7227
Fructose 13.6 1.1536 0.6101

Sorbitol 215 - -

*R.T. Retention time.

2.5.2.2 GC quantification

GC quantification was carried out with an Agilent 7820A (G4350A) GC with FID using a CP-
Wax 52 CB column. Given that the work (using cyclohexanone — MPV) would be conducted
within a range of 0.2 M, the range opted for calibration was within the range of 0.05-0.3 M (Table
2.3). The analytes were made and subsequently quantified by use of biphenyl (1 wt.% ) as the

standard.

Table 2.3. Area, mass, and concentration of cyclohexanone obtained in the GC-FID.

Cyclohexanone Biphenyl
Molarity Mass Area Moles Mass  Area Moles
0.3 0.3172 1629 0.003231788 109.9 109.9 1.0180922E-04
0.2 0.1999 1017.4 0.002036679 101.2 101.2 9.4676091E-05
0.1 0.1007 482.2 0.001025981 93.6 93.6 1.0375462E-04
0.05 0.0539 488.7 0.000549159 | 0.0162 181.1 1.0505155E-04

For the GC-FID, the trendline was linear, as can be seen in Figure 2.7. Thus, to calculate the

analytes concentration, the following formula was used:
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Figure 2.7. GC-FID-obtained calibration curve to obtain the response factor of cyclohexanone using biphenyl as an

internal standard.

AreaAnalyte

Analyte = CF * ( )[Standard]

AreaStandard

This was done with the other analytes of interest, which are shown in Table 2.4.

Table 2.4. Calibration factors for the compounds analysed using the GC-FID.

Analyte R.T. CF
Methyl lactate 14.12 6.459
Methyl vinyl glycolate 15.43 4.27
Cyclohexanone 14.74 2.2087
Cyclohexanol 16.02 2.19
Biphenyl 21.12 -

76



Chapter 2
2.6 Catalyst characterisation

2.6.1 Powder X-Ray Diffraction (pXRD)

XRD is one of the most common characterisation techniques used for crystalline materials. It is a
non-destructive technique that provides information on the materials structure, phases, as well as
crystallinity (degree of structural order), grain size, and if the material presents crystal defects. The
diffraction pattern is obtained when an incident beam of monochromatic X-rays is collimated to
target the sample of interest. Due to the crystal being an array of atoms, X-ray waves are diffracted.
As the sample and detector are rotated by a goniometer, the diffracted X-rays are being recorded
This interaction of the rays with the sample creates a constructive interference, as well as a

diffracted ray, when conditions satisfy Bragg’s Law:®
ni =2dsiné
where:

n = Positive integer

A = Wavelength of incident wave

d = Interplanar distance

0 = Angle of incidence

Bragg’s Law indicates that when the X-ray beams are scattered from the planes in the crystal, it
will travel distances differing by exactly one wavelength, given that n = 1. A schematic which

shows the diffraction of X-rays from the sample can be seen in Figure 2.8.

Figure 2.8. Schematic of diffraction of the incident beam into a crystalline sample according to Bragg’s Law.
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To obtain a diffraction (or spectra), there must be a constructive interference, as mentioned
previously. This comes from two waves that are in phase with each other, creating a diffraction
pattern. However, when deconstructive interference exists, the waves are out of phase, resulting in

no diffraction pattern, as can be seen in Figure 2.9.

q In phase: Diffraction pattern d Out of phase: No diffraction pattern

|

e

Figure 2.9. Schematic of constructive (left) and deconstructive (right) interference in XRD.

Constructive interference
Deconstructive interference

For this work, XRD patterns were recorded on an X’PertPRO diffractometer equipped with a
CuKa radiation source (40 kV and 40 mA) and were recorded between 5-80° 20 (step size 0.0167°,
time/step 150 s, total time = 1.5 h). XRD was used to verify crystallinity after synthesis and
following various post-synthetic treatments (i.e., desilication/dealumination), as well as to identify

potential presence of extra-lattice phases such as SnOa.

2.6.2 Physisorption for surface and porosimetry analysis
Physisorption consists in the adsorption of gaseous molecules (adsorptive) onto the surface of the
solid material (adsorbent). The gases typically used are nitrogen or argon, due to their inert nature,

preventing them from interacting chemically with the solid.

The surface of the solid and how the adsorbate interacts with the adsorptive can be divided into
three levels (Figure 2.10):*

e Van der Waals surface, which consists in the outer part of the van der Waals spheres of the
surface atoms.

e Connolly surface, also known as the solvent-excluded surface, which is imagined as a
cavity in bulk solvent, which encompasses the van der Waals surface.

e Lastly is the pore-accessible surface, which is the surface at r distance from the Connolly

surface.
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[ van der Waals surface ] [ Connolly surface ) [ Pore accessible surface ]

Figure 2.10. Schematic representation of possible surfaces of an adsorbent.

Physisorption can take place in various stages, particularly if mesopores are present (Figure 2.11).
If micropores exist within the solid, an adsorption process denominated micropore filling also
occurs. Mesopore physisorption, for instance, takes place in three stages. The first consists in
monolayer adsorption, where all adsorbed molecules are in contact with the surface. Next is
multilayer adsorption, in which the adsorbate forms more than one layer which is not in contact
with the solid. Lastly, capillary (pore) condensation takes place, where this consists in
condensation to a liquid-like phase in a pore at a pressure, P, less than the saturation pressure, Po,
of the bulk liquid, which is used to maintain condensation.

The best known model of multilayer adsorption is that developed by Brunauer, Emmet, and Teller.®
It still continues to be the most used procedure to calculate the surface area of the material:

1 _C_1*<£)+i
O R

Where P and Py are the equilibrium and saturation pressure of the adsorbates at the temperature of

adsorption, ‘v’ is the adsorbed gas quantity (cm?, mL), and vm is the adsorbed gas on the surface
or monolayer. The parameter C is related to the energy of the monolayer adsorption and can be an
indicator of the shape of the isotherm.
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Adsorptive Monolayer formation

Capillary condensation Multilayer formation

Figure 2.11. Schematic of different stages of adsorbate formation.

Although the use of BET is commonly used for surface analysis, more detailed information can be
obtained when implementing Non-local density functional theory (NLDFT) based methods,
particularly for pore size distribution (PSD), whereas with the other methods such as Barrett-
Joyner-Halenda (BJH), which assumed capillary condensation of the adsorptive. NLDFT uses a
classical fluid DFT to construct the adsorption isotherms in ideal pore geometries and conditions.
For porosity, NLDFT is applied to create a series of theoretical isotherms, called kernels, from
various values and are used with an appropriate physical representation (model) of the pore
structure, such as slits (typically for carbonaceous species) or cylindrical pores alongside the
adsorbate used (N2 or Ar). The main benefit of NLDFT is the wide applicability it has, extending

from micropores to macropores, and from a plethora of materials.

Other useful methods to use for micropore analysis is the t-plot method, which determines both
the micro and/or mesopore volumes along with the surface area and external surface area. To
correctly ascertain a value, the relative saturation pressure for the t-plot method should be assigned
between 0.2-0.5 (P/Po).
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For this study, nitrogen adsorption isotherms were determined on a Quantachrome autosorb iQ at
-196 °C. Prior to analysis, samples were degassed at 300 °C (for zeolites) or 120 °C (for MOFs)
for 6 h. Specific surface area and total pore and micropore volume were determined from the DFT
method using the NLDFT N2 - silica equilibrium transition kernel at -196 °C based on a cylindrical
pore model. Water sorption analysis was also conducted in the same porosimeter, using water as
the solvent, within P/Po ranges of 0-0.7. External surface area was obtained with the t-plot method

using a P/Po range from 0.2-0.5.Total pore volume was obtained at the P/Po of 0.99.

2.6.3 Infrared Spectroscopy — Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS)

Infrared spectroscopy is one of the most common and widely used spectroscopic techniques; it
consists in the analysis of infrared light interacting with a molecule, and its main use is to determine
functional groups in molecules. Infrared spectroscopy can be divided into three regions: the near
infrared (NIR), which is approximately 14,000-4,000 cm™, and is mainly used to observe overtones
(harmonics) and combination bands,® far infrared (FIR), within the range of 400-10 cm™, primarily
used to study lattice vibrations of crystals and rotational spectra, and lastly, the mid-range infrared
(MIR) which is used for the identification of chemicals based on the interaction of molecules with
electromagnetic radiation (EMR). This last region is the most commonly used for the analysis of

both organic and inorganic samples.

IR spectroscopy involves in using energy to excite the bonds from a molecule. This can be
presented in various types of vibrations and rotations in the molecule. These vibrations can be
presented in different modes such as: bending, stretching, twisting, wagging, scissoring, and
rocking. However, for the molecule to be IR active, a net dipole moment should result of the
vibration when IR radiation occurs. This can be obtained through the equation:

f=%; O
Where

e /i is the dipole moment vector

e (Q; is the charge at the i™" position
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e 7 is the distance (vector) which represents the charge at the i" position.

Due to the dipole moment being a vector quantity, it can be broken down into horizon and vertical
components to obtain the net dipole moment from a compound. One example to elucidate on net
dipole moment consists in (E) and (Z) configurations of a haloalkene (Figure 2.12), where (E)
configuration of a compound, e.g., (E)-1,2-dibromoethene’s C-Br vibrations would cancel each
other out, showing no symmetric vibration, whereas (Z)-1,2-dibromoethene creates a net dipole
moment from both vectors, resulting in a net dipole moment. Furthermore, this also influences
properties of the reactants, where intermolecular dipole moment is shown to increase the boiling

point of the reactant.

N\ (
Dipoles cancel each other out Creation of net dipole moment

Hc_{gBr ;C—CQ
4 / Br/ l \Br

(F)-1,2-dibromoethene (£)-1,2-dibromoethene

Figure 2.12. Example of net dipole moment of a chemical with E and Z configurations.

DRIFTS is an infrared spectroscopy sampling technique that collects and analyses scattered IR
irradiation. It is applied to analyse powders and rough surface solids due to the technigue relying
upon scattering of radiation within the sample’. Unlike other sampling techniques which require
pelletization and/or mixture with a reference (such as KBr), little to no sample preparation is
required for DRIFTS.

DRIFT spectra for this work were recorded on a Bruker Tensor Il spectrometer, using a Harrick
praying mantis cell over a range of 4000-650 cm™ at a resolution of 2 cm™. Silicon carbide was
used as an IR source with ZnSe as beamsplitters. In-situ DRIFT spectroscopy was also performed
with the same conditions under flow (Figure 2.13); calcination of the post-synthetic zeolite
mixtures (demetallated - section 2.3.2.1) was analysed. The samples were heated at a ramp rate of
10 °C min to set temperature 550 °C under nitrogen flow, switched to air (20 mL min™) after

reaching set temperature and maintained under isotherm for 1h.
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IR Spectrometer
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Nitrogen Temperature controller
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Figure 2.13. Schematic of in-situ DRIFTS for analysis of the calcination step of post-synthetically modified zeolites.

2.6.4 Temperature Programmed Desorption (TPD) — Mass Spectroscopy (MS)

TPD is highly useful technique, particularly in catalysis. It allows one to elucidate and study the
interaction of gases with the solid surfaces or the use of probe molecules to measure the amount
of acid or basic sites as well as their strength. The application of this technique involves the use of
probe molecules, such as NHsz, CO, or CO2, and saturating a solid catalyst after an earlier
pretreatment to remove any physisorbed molecules on the surface (e.g., H20). Using a designated
ramp rate, the gaseous molecules are desorbed at different temperatures according to their relative
strength of interaction with the material, which can be attributed to a higher desorption temperature.
The signal of the desorbed molecules is typically recorded using a thermal conductivity detector
(TCD) due to its lower sensitivity for the detection of organic compounds in comparison with other
detectors (FID).2

In this thesis, the use of TPD was implemented for the analysis of gas evolutions obtained through
post-synthetic calcination of demetallated beta and Sn(ll) acetate; a schematic illustrating the setup
can be seen in Figure 2.14. TPD-MS measurements were performed on a homemade system
formed by mass flow controllers (MFC) equipped with a horizontal tube furnace where the sample
is placed, connected with a Hiden QGA Mass Spectrometer. A weighed amount of catalyst was

placed inside a calcination boat and placed in the horizontal furnace and compound evolutions
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were monitored by the aforementioned spectrometer. The furnace was heated from 30 to 550 °C
(ramp rate 10 °C/min) and a constant flow of nitrogen or helium was used throughout the
experiment (20 mL min™?). Nitrogen or helium flow was switched to air after reaching set

temperature and continued for 1h.

5
<
E
c
<5
(=2
>
x
(@]

Mass spectrometer

Figure 2.14. Schematic of in-situ TPD-MS for analysis of gas evolutions of post-synthetic zeolites under calcination.

2.6.5 Diffuse Reflectance Ultraviolet-visible (UV-vis) spectroscopy

DRUV-Vis technique consists in how much a chemical substance absorbs light; it works within
the ranges of the ultraviolet (10-400 nm) and visible region (400-700 nm). Within these regions,
molecules undergo electronic transitions and can be useful for the investigation of the electronic
structure of materials. The radiation source is typically a tungsten (300-2500 nm), a deuterium arc
lamp (190-400 nm) or light-emitting diodes for use in the visible region (400-700 nm) In the thesis,
UV-Vis analysis was performed using a Cary 4000 UV-vis spectrophotometer. A scanning range

between 200-800 nm was undertaken, at a scan rate of 200 nm min™.

2.6.6 Thermogravimetric analysis (TGA)

TGA is a useful analytical tool which measures the changes of the samples mass as a function of
temperature and/or time. These measurements provide insight on of the materials thermal
decomposition patterns. One of the main uses it has for zeolites or MOFs is to evaluate the thermal
stability of the material. TGA can also be combined with other characterisation techniques, for

instance a TGA-MS or TGA-IR, to further compliment analysis of the thermal decomposition.
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For the analysis of post-synthetic zeolites, TGA tests were done to observe thermal decomposition
changes when applying Sn(ll) acetate on a demetallated zeolite, a defect-free zeolite (Beta
silicalite), and the acetate by itself. TGA analysis was performed on a PerkinElmer TGA 4000
system. Samples were held isothermally at 30 °C for 30 min before being heated to 550 °C (10 °C
min~! ramp rate) in nitrogen (30 mL min*). For MOFs, TGA analysis was performed the same
system, and was done in the range of room temperature to 800 °C at a rate of 10 °C min~* under a

constant flow of nitrogen (30 mL mint).

2.6.7 Electron Microscopy (EM)

Electron Microscopy is a tool used to obtain high resolution images of organic and inorganic
samples. This is possible due to the usage of accelerated electrons as the source of illuminating
radiation. It is helpful in catalysis to observe the morphology of the catalysts crystallites as well as

their size.

2.6.7.1 Scanning electron microscopy (SEM)

SEM consists in scanning a focused electron beam over a surface to create an image; this allows
the observation of surface morphology as well as homogeneity/uniformity of zeolites and MOFs,
as well as the dispersion when using nanoparticles. The main components of the SEM are the
source of electrons, EM lenses to focus the electrons, electron detectors, which can charge or
amplify the charge from the incident electron beam, scanning coils that are used to deflect the
beam in the X and Y axes so that it scans the sample in a raster fashion and the sample chamber,

as shown in Figure 2.15.
SEM can use two types of detectors for imaging, which consist of:

Backscatter electron detector (BSE): Detects elastically scattered electrons; the electron beams
ricochet from the when colliding with the atoms. Upon colliding with larger atoms (greater atomic
number, Z), higher the chances of producing an elastic collision due to the greater cross-sectional

area. Thus, with a higher Z, the more intense (brighter) the image will show.
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Figure 2.15. Schematic of a standard SEM system with BSE and SE detectors.

Secondary electron detectors (SE): these electrons originate from the surface regions of the sample.
Unlike BSE, which occur due to elastic interactions, these occur from inelastic scattered
interactions between the primary beam and the sample, containing lower energy. While BSE can
show information regarding the Z from nanoparticles for instance, SED is more useful for the
inspection of topography of the sample.

For this work, SEM images were obtained in a Hitachi TM3030 electron microscope using an
accelerating voltage of 15 kV, using a secondary detector for imaging.
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2.6.7.2. Transmission Electron Microscopy (TEM)

TEM is a technique that uses a particle beam of electrons to observe biological and non-biological
samples. Whilst similar to SEM, the main difference comprises in how the images are produced.
SEM images are created by the detection of reflected (Backscattering) or knocked-off electrons,
whereas in TEM, the electron pass (transmitted) through the samples. These electrons make an
image and are focused on an imaging device, typically a fluorescent screen. Normally, to obtain
higher contrast image, the TEM can be defocused. This aids in obtaining lattice or structure images,
important for the bulk characterisation of zeolites.

TEM images were recorded with a JEOL JEM 2100 operating at 200 kV. Zeolites were dispersed
in a 300 mesh Cu grid and were recorded at various magnitudes (8,000 — 120,000X).

2.6.8 Nuclear Magnetic Resonance (NMR) spectroscopy

NMR is an essential tool for the elucidation of the molecular structure of organic and inorganic
compounds. Like most spectroscopic techniques, it is non-destructive. Furthermore, it is the only
one that is able to provide a complete analysis and interpretation regarding the structure.

The basic principle of NMR spectroscopy involves in the application of an EM radiation
(radiofrequency — RF pulse) to a certain nucleus to subsequently measure the amount of energy
required to put various nuclei in resonance. Some nuclei such as H, C, ?’Al, and ?°Si, have
inherent spin properties, letting them behave like magnets. Spin is an important property which
can determine whether a nucleus is NMR active or not. The nucleus, which consists of protons and
neutrons, are made up of subatomic particles known as quarks and gluons. Quarks for protons and
neutrons differ, where the former has two +2e/3 (u, d) and one -e/3 (u) charge quarks, resulting in
a charge of +1 while the latter has two -e/3 (u, d) and one +2¢e/3 (d) charge quarks, resulting in the

latter a net charge of 0. This gives both the proton and neutron with a spin of %%.

When the sum of the protons and neutrons is an odd number, they have fractional spins, such as
'H and *°F (1= 1/2), "B (1= 3/2), or 'O (I = 5/2). When the number of protons and neutrons are
odd numbers and add to an even mass nucleus, they will have integral spins, such as ?H, and N
(I =1). However, when both protons and neutrons are of even number and result in an even nuclei
mass, they have zero spin (I = 0), making the nuclei NMR inactive (e.g., 1*C and *°0). Due to this,

all these isotopes which contain odd number of protons and/or neutrons have an intrinsic nuclear
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magnetic moment and angular momentum. In the absence of an external field, these are randomly

oriented.

Quantum mechanics tells us that with a nucleus of spin 1, it will have 21+1 possible orientations.
For instance, a nucleus with spin 1/2 will have two orientations (Figure 2.16). Without any external
magnetic field, these orientations are of equal energy. Each of these orientations and/or different

energy levels is a magnetic quantum number, defined as m.
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Figure 2.16. Energy levels of 1/2 and 3/2 spin nuclei. When a nucleus is in a higher energy state, the spin is aligned

against the magnetic field whereas with a lower energy state, it becomes aligned.

When such compounds are placed in a magnetic field, these nuclei spin in the direction of the
magnetic field (ground state). When the RF pulse is applied, the nuclei become excited and
changes their magnetic moments opposed to the applied magnetic field (from longitudinal to
transverse plane), as shown in Figure 2.17. The nuclei then undergo precession, more specifically,
Larmor precession. Larmor precession is the change in orientation (or precession) of the magnetic
moment when an external magnetic field is applied. This external magnetic field exerts a torque
(t), which is influenced by the number of spins and the gyromagnetic ratio (i.e., magnetic

moment/angular momentum ratio, y) of the nuclei.
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T=uxBh
Where u is the magnetic moment and B is the magnetic field.

Further into the RF pulse, when precession occurs, a free induction decay (FID) is observed. This
is a signal generated by non-equilibrium nuclear spin magnetization precessing, and is created

when the RF pulse is close to the Larmor frequency of the nuclei,
w=-y *B
where w is the Larmor frequency or angular frequency.

This FID signal is digitised and subsequently Fourier Transformed to obtain a frequency spectrum
of the NMR. The units are called chemical shift (in ppm), which is the resonant frequency of a
nucleus relative to a standard in a magnetic field.

\ / y RF pulse —\--/—\‘L y
x | |

X

Transverse plane Transverse plane Transverse plane Transverse plane

FID

Figure 2.17. Schematic representation of nuclei precession using a RF pulse to obtain FID signal used to generate the

spectra.

2.6.8.1 Magic angle spinning (MAS) NMR

Whilst being a versatile tool with a plethora of applications, there exist drawbacks when analysing
solid samples. For instance, one of them include the relatively low sensitivity, requiring at least
micromolar quantities of the material. When solid samples are analysed with NMR, the spectra

tend to be very broad due to the crystallites’ multiple orientations and interactions (chemical shift
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anisotropy — CSA, quadrupolar, dipolar) in the magnetic field. These broad lines, referred to as
‘powder patterns’, can be highly informative when it comes to the local geometry of the solid and

electronic structure, but they come with a complete loss of resolution.®

An approach used to eliminate or mitigate the effects of chemical shift anisotropy but not of the
chemical shift dispersion is the implementation of Magic Angle Spinning (MAS).1° In MAS, the
rotor is rotated around an axis of 54.74° with respect to the direction of the magnetic field (Bo)
(Figure 2.18). These interactions in solids are orientation-dependent and can be averaged by MAS

either partially or totally, depending on the MAS frequency.

____________________________________________________________________________________________________
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Figure 2.18. Diagram of a rotor with no MAS and MAS, showing how the dipole interaction averages to zero when

applying the angle to the rotor.

Other implementations that have been shown to improve overall signal generation is the Carr-
Purcell-Meiboom-Gill (CPMG) echo train acquisition. CPMG allows one to measure the
transverse (x,y) or spin-spin T2 relaxation times of the nucleus. The pulse sequence is similar to
the Hahn echo, which uses © (180°) pulses to refocus inhomogeneous broadening of the nuclear
spins; the only difference is that it uses an ‘n” amount of spin echoes with delays (delay — pulse —
delay). The application of CPMG acquisition along with MAS for NMR analysis on catalysts with

low sensitivity such as Sn-Beta has proven to increase drastically the signal-to-noise ratio.!
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Nuclear Magnetic Resonance (NMR) was carried out in a Bruker Avance 111 HD 400 MHz NMR
spectrometer. 11°Sn, H, 3C and 2°Si NMR were carried out at operating frequencies of 149.23,
400.20, 188.41 and 79.508 MHz, respectively. All analysis were run with a 10 kHz spin rate packed
in ZrO- rotors. °Sn MAS DE CPMG NMR experiments were performed with the CPMG echo-
train acquisition as described in references 12 and 13.2 13 Spectra were measured by applying 100
echoes, using a 2.5 ps 90°-pulse with a 180° proton decoupling. Two relaxation delays (t1) were
used: t1 with 5 s and 2048-10480 scans, depending on the wt. % of tin, and a longer t1 = 135 s with
512 scans. Tin chemical shifts were calibrated using tin (1V) oxide as reference. 2°Si MAS NMR
were obtained by one-pulse experiment with a 4 ps 45°-pulse with a 20 second recycle delay and
128 scans. Chemical shifts were calibrated using a pure siliceous beta silicate. *H MAS NMR were
obtained by a one-pulse experiment with a 2.5 us pulse with a 3 second recycle delay. 3C CP MAS
were acquired with a relaxation delay of t1=5 s, using 2048 scans NMR. Adamantane was used for

calibration of the *H chemical shifts.

2.6.9. Inductively Coupled Plasma — Mass Spectroscopy (ICP-MS)
ICP-MS is an analytical technique used for elemental analysis, which can detect and measure
elements at trace levels (ppb to ppt). Elements are led through a plasma source where they are

ionised, which can be identified with respect to their mass.

In the thesis, metal concentrations of the zeolites were determined by ICP-MS using an Agilent
7900 ICP-MS using a mixture of ultrapure HNO3z (2.5 mL) and HF (0.75 mL).

2.6.10. Raman Spectroscopy
Raman spectroscopy is an important tool to complement FTIR. These differ from one another in
which FTIR is based on absorption, creating a change in the net dipole moment, whereas Raman

spectroscopy is based on the inelastic scattering.

Inelastic scattering occurs from interactions with the incident electrons and the electrons of the
sample, i.e., the kinetic energy of the incident electron is not conserved. In Raman spectroscopy,
the three most common inelastic scattering phenomena are the i) Rayleigh scattering, which
indicates no change in energy; ii) Stokes Raman scattering, in which the atom or molecule absorbs

energy (emitted radiation is of lower frequency than incident radiation); and iii) Anti-stokes Raman
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scattering, attributed to an atom or molecule losing energy (emitted radiation is of higher
frequency), as can be depicted in Figure 2.19. This energy difference provides information about
the vibrational energy and frequencies. As they are also molecule-specific, they can be used for
imaging.

For these experiments, Raman spectra were obtained with a Renishaw inVia spectrometer
equipped with a laser line at 266 nm.

Excited State
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Figure 2.19. Different types of scattering that can undergo a sample in Raman spectroscopy, depicting the differences
in energy transitions (E).

2.6.11 X-ray Absorption Spectroscopy (XAS)

XAS is a technique that characterises the chemical nature and environment of atoms in molecules.
It can provide bulk measurements of the elemental, chemical composition, along with radial
distances of neighbouring atoms. Normally, XAS is carried out in a synchrotron due to it requiring
a high-intensity, coherent X-ray beam that is tuneable to be able to apply in a wide energy range.
This is due to each element having their own set of characteristic absorption edges which
correspond to different binding energies.'*
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Photoelectron e M

Incident X-ray
Figure 2.20. Graphical representation of an incident X-ray creating a photoelectron on the innermost shell (K-edge).

XAS can be divided into X-ray Absorption Near Edge Structure (XANES), and Extended X-ray
Absorption Fine Structure (EXAFS). XANES consists in the scattering of multiple-scattering
resonance of the low kinetic energy photoelectrons (around 10 below and 20 above the absorption

edge). It can provide information of the oxidation states of the specimen.®

EXAFS is presented at higher energies (up to 500 eV), which originates from the scattering of the
ejected photoelectron to its surrounding, giving data, such as the neighbouring atoms of the studied

element.16

For this work, Sn K-edge XAFS measurements were carried out by a supervisor Dr. Ceri
Hammond, along with various collaborators: Dr. Daniele Padovan, Dr. P. P. Wells and Dr. E. K.
Gibson. XAS spectra were obtained on the B18 beamline at Diamond Light Source, Didcot, UK,

using a Si(111) double crystal monochromator and were measured in transmission mode.
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Chapter 3. Tracking the solid-state incorporation of Sn
into the framework of dealuminated zeolite beta, and

consequences for catalyst design

3.1. Introduction

Isomorphously-substituted zeolites such as TS-1, Sn-Beta and Fe-ZSM-5, have emerged in recent
decades as state of the art catalysts for a variety of sustainable chemical transformations.*~ Out of
these caOtalysts, of particular interest amongst these Lewis acidic metallosilicates is Sn-containing
zeolite Beta (Sn-Beta). Over recent years, this catalyst has emerged as one of the most promising
in the area of green chemistry, due to its ability to catalyse reactions such as the Baeyer—Villiger
oxidation of (renewable) ketones with H>O5, glucose isomerisation along with the conversion of
hexoses to a-hydroxyester compounds including methyl lactate and methyl vinyl glycolate at high
temperatures, various C-C bond forming reactions, and the catalytic transfer hydrogenation of

carbonyl compounds.*®

Sn-Beta is classically prepared by hydrothermal synthesis using fluoride as a mineraliser, where
an aqueous sol-gel containing the metal precursors and an appropriate Structure Directing Agent
(SDA\) is crystallised at elevated temperature (140 °C) and pressures (autogenous).” Whilst this
results in the formation of highly active and selective catalysts, there are several drawbacks to this
method of preparation, such as: the need for long crystallisation times,'® the requirement of
fluoride as the mineraliser instead of using hydroxide, inhibited crystallisation of the material at
higher loadings of Sn, therefore limiting catalyst productivity, and the creation of large crystallites
due to suppression of the nucleation,!*** and hence, possessing less than ideal mass transfer
properties.'?® Thus, large scale utilisation of these catalysts which hold promising activity are not

favourable.

With these disadvantages being the main obstacle for industrial scale utilization, the development
of alternative preparation methodologies for Sn-Beta has received substantial attention.’:%16-20

Top-down approaches have been garnering much attention, which consists in preparing the
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stannosilicate zeolite from a prior, readily prepared aluminosilicate zeolite. Top-down synthesis is
classically achieved by “demetallation-remetallation”. Demetallation consists in stripping Al from
acommercially available aluminosilicate using typically a concentrated acid (e.g. HNO3), resulting
in the formation of silanol nests (i.e. vacant “T” sites). Remetallation can comprise of incorporating
the desired metal (in this case, Sn) to the structure through various approaches.'2!6:2122 Amongst
top-down approaches, solid-state methods of incorporation are particularly suitable for the
preparation of Sn-Beta, as has been demonstrated.?>2° Here, a mechanochemically mixture of
metal precursor (Sn(OAc)2) and dealuminated Beta zeolite are heat treated in a two-step process
which includes initially an inert atmosphere and subsequent change to air, leading to incorporation
of Sn*" into the framework of the zeolite. This approach, which has been termed Solid-State
Incorporation (SSI), provides several advantages over other top-down methods, including fast
synthesis timescales, the absence of solvents and wet chemicals in the remetallation stage, and the
ability to incorporate higher loadings of metal than conventional hydrothermal synthesis due to its
time-consuming nucleation step (> 2 wt. % Sn).?>?% Notably, the procedure can also be tuned to

allow inclusion of other metal centres, such as Fe®*, Ti** and Zr**, when desired.?"28

SSl-prepared catalysts have been shown to exhibit comparable performance to classical Sn-Beta
at lower loadings. Nevertheless, extra-framework SnOy species are shown to form at higher
loadings, particularly when the loading is increased above 5 wt. %.2° Despite being inactive for
the catalytic reactions of interest i.e. SnOx species are spectator species, the co-presence of these
species at higher loadings results in a drop in the intrinsic activity of the catalyst (turnover
frequency, TOF). Consequently, these inactive sites limit opportunities to improve the productivity
of the catalyst on a per gram basis, which is an important parameter for intensification purposes.?
As such, elucidating the mechanism of heteroatom incorporation during SSI, and hence being able
to scientifically improve the synthesis protocol either from a practicality (time, temperature) or a
performance perspective (more uniform incorporation regardless of metal loading) is a challenge

of practical importance and scientific interest.

However, this goal has been thwarted by the fact that limited knowledge exists regarding which
parameters influence the incorporation mechanism(s). Furthermore, whilst some spectroscopic
studies have recently focused on identifying the mechanism of heteroatom incorporation,*®2° these

studies are emphasised in the influence of the heat treatment atmosphere and/or have variations in
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their post-synthetic modification (i.e. different Sn precursor, synthesis conditions), which does not
provide information on the direct process of heteroatom incorporation at real operational

conditions, i.e. during the critical heat treatment procedure.

By employing state-of-the-art spectroscopic methods, including **°Sn Carr-Purcell-Meiboom-Gill
(CPMG) Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR), in situ X-ray
Absorption Spectroscopy (XAS), in situ Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS), in situ Temperature Programmed Desorption-Mass Spectrometry (TPD-
MS), Raman, and Diffuse Reflectance UV-Vis (DRUV-Vis) Spectroscopy, alongside
complimentary kinetic studies, a detailed study focused upon the chemistry occurring during SSI
is hereby presented. In addition to providing unique molecular level insight into the preparation
procedure, these studies also reveal which parameters influence successful synthesis of the catalyst,
and thereby reveal how the synthesis protocol can be tailored to maximise the rapidity of the
synthesis procedure. The catalytic performances of these materials were also evaluated for the
Meerwein-Pondorf-Verley transfer hydrogenation reaction and glucose isomerisation, both in
batch and continuous flow, demonstrating that similar catalytic activity can be achieved even with

a ca. 90 % faster calcination rate.

3.2. Results and discussion

3.2.1 Effect of physical grinding

SSl is a two-step procedure (Scheme 3.1), where dealuminated Beta zeolite (Zeolyst™ |, Si/M ratio
= 19) and Sn(ll) acetate (denoted as deAl-Beta and Sn(OAc),, respectively) are first treated
mechanochemically (grinding) for 10 minutes prior to heat treatment of the solid mixture at
elevated temperature (550 °C, 3 h N2 and 3 h air, ramp rate 10 °C min').% Elucidation of the
changes that occurred to Sn(OAc)2 after being grinded with the deAl-Beta was first studied. For
all these studies, a 10 wt. % Sn-Beta zeolite (denoted 10Sn-Beta post-calcination), a wt. % which
is theoretically capable of isomorphously incorporating itself to this Si/M zeolite, was used due

to its ease of characterising given its high loading.
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Scheme 3.1. Schematic of conventional solid-state incorporation process.

FTIR analysis of a physically mixed sample of Sn(OAc)./deAl-Beta revealed the formation of a
new vibration at 1297 cm™ upon grinding, and that the so-called A value of Sn(OAC)2 [VCOasym -
vCOgym]*® shifted from 137 cm™ in pure Sn(OAc), alone (1404 cm™ and 1541 cm™), to 310 cm™?
(1404 cm™and 1714 cm™) subsequent to grinding with the dealuminated zeolite (Figure 3.1, Left).
Alongside this shift in the vibrational spectra was the disappearance of the 245 nm band observed
by DRUV-Vis, indicative of the Ligand-to-Metal Charge Transfer (LMCT) bands of the Sn(ll)
precursor (Figure 3.1, Right), losing the lower energy signal which is associated with pure
Sn(OAc).. Additionally, a grinded Sn(OAc). without deAl-Beta was carried out and the same tests
were conducted, showing no changes to the A value or the absence LMCT bands unlike with the

mixture, as observed in Figures 3.2 and 3.3.
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Figure 3.1. (Left) DRIFTS comparison of deAl-Beta, Sn(OAc), (grinded), and physical mixture Sn(OAc)./deAl-Beta.
(Right) DRUV-vis spectra of deAl-Beta, Sn(OAc) (grinded), and physical mixture Sn(OAc)./deAl-Beta.
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Figure 3.2. FTIR on grinded and pure Sn(OAC).
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Figure 3.3. DRUV-Vis comparison of grinded and pure Sn(OAC)-.

The loss of one charge transfer band, coupled to the increase in the A value to + 310 cm™, strongly
indicates that upon grinding, the acetate ligands become more monodentate in nature, resulting in
the formation of more inequivalent acetate oxygen atoms than those found in the original metal
acetate complex.312 A shift towards monodentate coordination is supported by the new vibrational
feature at 1297 cm, which has been attributed to monodentate acetate groups.®® An additional test
using Si-Beta (i.e. zeolite with no vacancies and no dealumination) was carried out as an alternative

zeolite for the mixture to observe the importance of the vacancies for SSI. Despite having no
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vacancies, an increase in the A value and the emergence of the feature at 1297 cm™ was observed
(Figure 3.4). Nevertheless, the final product (Sn(OAc)./Si-Beta) was shown to not be an active

catalyst, implicating the need for vacant sites for the metal to incorporate itself.
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Figure 3.4. DRIFT spectra of i) Si-Beta, ii) Sn(OAC)./Si-Beta, and iii) Sn(OAc)./deAl-Beta.

However, although comparable on first glance, a more detailed analysis revealed that the presence
of silanol nests led to differences in the vibrational bands related to asymmetric CO vibrations and
monodentate acetate groups (Figure 3.5). This effect may be caused by formation of hydrogen
bonds between silanol nests and the oxygens of the acetate groups, which are exclusively present

in Sn(OAc)./deAl-Beta.
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Figure 3.5. Differential FTIR spectra obtained through subtraction of (Left) Sn(OAc)./deAl-Beta mixture and
deAl-Beta alone (blue line) and (Right) Sn(OAc)./Si-Beta mixture and Si-Beta alone (red line).

Further evidence of a shift towards a monodentate coordination upon grinding was also obtained
by *C MAS NMR. As can be seen (Figure 3.6), the *C MAS NMR spectrum of Sn(OAc).
exhibited two symmetric doublets at -25.6 and -26.7 ppm, and -181.3 and -184.1 ppm. These
doublets correspond to [CHz-] and to [C=0], respectively, likely found in two separate crystal
environments.® Similar to previous data obtained, no changes were observed following grinding
of the acetate alone. However, when Sn(OAc). was physically mixed with deAl-Beta, the doublets
disappeared and only one intense peak for the methyl group, as well as a single broad carbonyl
resonance were observed. This change indicates that after mixing Sn(OAc). with the zeolite, the
initial polymeric structure of Sn(OAc)2 changes/collapses, having similar environments for the

[CHa3-] groups, indicated by the single peak observed.
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Figure 3.6. 3C MAS NMR of normal and grinded Sn(OAc)2, and Sn(OAc),/deAl-Beta.

To elucidate the impact of the grinding step on the Sn centres, 1*°Sn Carr-Purcell-Meiboom-Gill
(CPMG) MAS NMR measurements in Direct Excitation (DE) mode, in addition to preliminary
XAS measurements, were performed on the Sn(OAc)./deAl-Beta grinded mixture (Figures 3.7).
In spite of the changes to the acetate ligands, Sn was still found in a tetrahedral geometry and

oxidation state +2, indicating that the overall speciation of the metal did not change throughout

this process. This suggests that, upon grinding, partial coordination of Sn to the zeolite occurred,

with the lattice providing two of the bonds required to maintain tetrahedral geometry after the

change in acetate coordination from bidentate to monodentate.
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Figure 3.7. 11°Sn DE CPMG MAS NMR of pure Sn(OAc),, Sn(OAc)2/deAl-Beta, Sn(OAc)/Si-Beta, and SnO.
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Complimentary data of the metal-zeolite interaction was provided by Raman analysis, gathered by
Dr. Giulia Tarantino, a collaborator in the project. Upon grinding, new bands in the region 550-
650 cm™ were formed (Figure 3.8). Although absent in pure Sn(OAC)., the intensity of these bands
strongly depended on the relative amount of Sn, i.e., the intensity of the new bands increased going
from 2 wt. % of Sn to 10 wt. %. Notably, other works have reported Sn-O vibrational bands in
such spectral region (550-650 cm™).% Therefore, the broad peak around 585 cm™, especially broad
for the sample containing 10 wt. % Sn, may be reasonably assigned to Sn-O bonds in a range of

different configurations as a result of interactions between Sn(OAc). and the zeolite.*®
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Figure 3.8. Raman spectra obtained using a 266 nm excitation wavelength of i) deAl-Beta (black line), ii) pure
Sn(OAC): (red line), and Sn(OAc)./deAl-Beta mixture with iii) 2 wt. % of Sn (blue line), and iv) 10 wt. % of Sn (green

line).

In summary, spectroscopic study of the first step of the SSI procedure revealed that upon grinding
the metal precursor with deAl-Beta, several changes occurred to the acetate ligands, which moved
from a bridged coordination to a more monodentate one. This did not occur when trying to grind
Sn(OAc)2 alone, which showed no changes to its denticity or vibrational spectra. Si-Beta was
shown to have some changes as well, showing shifts in the vibrational spectra. Nevertheless, the
need for vacant sites for subsequent Sn incorporation was required for there to be an active catalyst.
This indicated the presence of a zeolite is vital for Sn(OAc)2 to undergo changes in its coordination,
regardless of vacancies. However, these changes were not accompanied by changes to the Sn

centres, which remained in the +2 oxidation state and in a tetrahedral geometry, due to partial
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coordination to the zeolite. These findings contrast to those recently reported by Schiith et al,
which indicated formation of Sn(IV) via mechanochemical grinding using a ball mill in the
absence of heat treatment.'® Sels et al demonstrated via Mdssbauer spectroscopy the oxidation
ratio of Sn(I1)/Sn(IV) under both inert atmosphere and air. Under air it was shown to present a full
oxidation to Sn(IV) whereas under inert atmosphere, the oxidation was shown to be much less
(18 % Sn(1V)).2° Comparison with control samples also showed different Sn(OAc)2-zeolite
interaction occur in the presence of silanol nests (i.e. substituting Si-Beta with deAl-Beta).
Nevertheless, none of these samples (including Sn(OAc)2 and SnO3) exhibited catalytic activity
prior to heat treatment, and only Sn(OAc)./deAl-Beta gained substantial activity following heat
treatment. Thus, it is clear that only those spectral changes uniquely observed for the
Sn(OAc)./deAl-Beta physical mixture are particularly relevant to the formation of an active
catalyst following heat treatment.

3.2.2 Evolution of Sn during heat treatment of Sn(OAc)./deAl-Beta

Despite the changes that occur to Sn(OAc). during the grinding stage, no catalytic activity was
observed for the Sn(OAc)./deAl-Beta grinded mixture. Thus, to obtain catalytic activity by SSI,
heat-treatment of Sn(OAc)./deAl-Beta was required. During previous research, this has been
achieved by heating the sample to 550 °C (10 °C min™), first in a flow of N2 (ramp and 3 h
isotherm), and subsequently in a flow of air (3 h), at gas flow rates of 60 mL min™* throughout for
1.5 g of catalyst (WHSV=~2400 h™) of catalyst.?® Accordingly, to understand how the physically
grinded ‘pre-catalyst’ gains catalytic activity, the evolution of the metal precursor in the mixture
during heat treatment was followed at real conditions with a variety of in situ spectroscopic
techniques, including TPD-MS, DRIFTS and XAS. Control experiments were also performed on
grinded samples of Sn(OAc)2 alone, deAl-Beta alone, and a physical mixture of Sn(OAc)./Si-Beta,

where required.

First, to better understand the nature of the interactions between Sn(OAc). and the zeolite, the
gaseous effluent generated during calcination was monitored by Mass Spectrometry (TPD-MS).
To maximise rigour, the MS system was connected directly to the calcination furnace employed
for conventional catalyst synthesis and identical conditions (mass of catalyst, gas flow rates) were

used to the standard protocol. Notably, CaCO3z decomposition was conducted in the TPD-MS to
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determine the delay between the evolution of the compound and the detection of the MS (Figure

3.9) to subsequently offset all MS spectra.
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Figure 3.9. TPD-MS of CaCO3; decomposition.

TPD-MS experiments of Sn(OAc)./deAl-Beta calcination detected a number of compounds, such
as hydrogen, carbon monoxide, carbon dioxide, acetone, and acetic acid. The overwhelming
majority of these compounds were detected during the ramping stage of the heat treatment, in
particular at a temperature range 300-550 °C, and only a small percentage of such compounds
were detected throughout the isotherm stages. To determine the relevance of these evolutions with
respect to formation of an active catalyst, control experiments were performed by measuring the
gaseous effluent generated from Sn(OAc)2 alone, and a Sn(OAc)./Si-Beta mixture, which did not
result in the production of an active catalyst. To better observe the changes in compound evolution
in the Na/air switch part of the heat treatment, this switch can be observed in Figure 3.10 (Right),
given that there was no evolution or any changes throughout isotherms, . As can be seen (Figure
3.10, Left), Sn(OAc). alone decomposes at much lower temperature when compared to
Sn(OAc)2/deAl-Beta. In particular, all the volatile decomposition products were detected within
the first 30 minutes of the ramp stage for Sn(OAc). and Sn(OAc)./Si-Beta, at temperatures of <
280 °C and 350 °C, respectively. Typically, Sn(OAc)2 hydrolyses at temperatures < 280 °C to form
acetic acid and SnO, as can be seen for both Sn(OAc)2/Si-Beta and Sn(OAc)..2%% At temperatures
> 295 °C, acetone was shown to be one of the main evolution gases, which is in line with the
former two TPD tests.®” However, Sn(OAc)./deAl-Beta presented all acetic acid and acetone

evolutions at much elevated temperatures. Interestingly, acetone was shown to first evolve (ca.
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435 °C) while acetic acid gradually decomposed throughout the ramp rate. This can an important

factor to create an active catalyst, requiring a gradual compound evolution, which is aided by the

silanol nests of the deAl-Beta zeolite.
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Figure 3.10. TPD-MS during calcination of (from top to bottom) i) Sn(OAc)./deAl-Beta, ii) Sn(OAc)./Si-Beta, and
iii) pure Sn(OAcC).. Left plots consist of the first 2 hours which include the ramp and part of the N2 isotherm. Right

plots consist of the No/air switch step. Full TPD-MS profiles are presented in Annex 3.1-3.3.

Replacing N2 flow with air flow (minute 232.5) (Figure 3.10, Right), an additional amount of

carbon dioxide (CO2) was released from Sn(OAc)./deAl-Beta. This may suggest that despite most

of the acetate being released during the first stage of the calcination, a particular amount of carbon

was still retained in the mixture despite being subjected to very high temperature, suggesting that

it remained present as a coordinated carbon compound. Further control experiments were achieved
by performing TPD-MS analysis of deAl-Beta (Figure 3.11-12).
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Figure 3.11. TPD-MS of deAl-Beta.
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Figure 3.12. Comparison amount of CO; detected via TPD-MS for deAl-Beta and Sn(OAc)./deAl-Beta after switching
from nitrogen to air flow.

These confirmed that, although some CO. was released from deAl-Beta alone, most of the
observed CO: in Figure 3.10 (Right) arose mainly from residual carbon of the Sn(OAc): .
Therefore, additional COz evolution may be related to established interactions between silanols
and Sn(OACc).. Interestingly, the TPD-MS profile of a deAl-Beta sample previously impregnated
with acetic acid revealed similar product evolution to Sn(OAc)./deAl-Beta (Figure 3.13),

suggesting that primary interconversion of the acetates into acetic acid, prior to further
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decomposition into CO. as main product, may be a key step towards the synthesis of an active

catalyst.
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Figure 3.13. TPD-MS of 1wt. % Sn(OAc)./deAl-Beta impregnated with 9 wt. % acetic acid.

Complementing the TPD-MS data, the mass loss profiles of these samples were also measured by
TGA (and DTG) during the initial ramping stage. As can be seen (Figure 3.14), the mass loss
profiles of both Sn(OAc)2 and Sn(OAC)./Si-Beta are in excellent agreement to the TPD-MS data,
exhibiting one major mass loss between 100-300 °C. Interestingly, the total mass lost during
treatment of pure Sn(OAc). does not fully account for all the acetate present in the sample which
accounts to 50 % of mass of the acetate in Sn(OAc). in contrast to the experimental mass loss of
40 %. This could either be due to the formation of a solid product of higher mass than elemental
Sn, such as an oxide, carbonate, or oxycarbonate product, or due to the fact a small amount of
acetate is lost during the isotherm and was not detected with the TPD-MS. In contrast, the mass
loss profile of Sn(OAc)2/deAl-Beta is more complex than its accompanying TPD-MS profile. Most
notably, whereas no volatile compounds were observed in the effluent at low temperature, mass
losses at low temperatures (< 200 °C) were observed. These can be attributed to (partial)
dehydration of deAl-Beta, the product of which (water) could not reliably be monitored by MS,

and hence, was omitted from the TPD-MS patterns for clarity (vide supra).

Data obtained from TPD-MS and TGA clearly indicated that the rate and mechanism of acetate
decomposition is strongly influenced when a zeolite is present, modifying also the order of

evolution of compounds. Also, these changes were not solely due to additional hydrolysis
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processes caused by the presence of water present in the hydrated zeolite, since the pathway of
acetate decomposition is different for Sn(OAc)./Si-Beta and Sn(OAc)./deAl-Beta. Hence, the
mechanism is particularly modified when the zeolite also possesses silanol nests. These findings
are in good agreement with the FTIR spectra reported in Figures 3.4 and 3.5, which revealed
different interactions occurring between Sn(OAc)./deAl-Beta and Sn(OAc)./Si-Beta.
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Figure 3.14. TGA profiles and derivatives of (from top to bottom) i) pure Sn(OAc),, ii) Sn(OAc)./Si-Beta, and iii)
Sn(OAc)./deAl-Beta.

To investigate the evolution of the silanol sites during heat treatment, 2°Si MAS NMR analysis
was performed on samples of Sn(OAc)./deAl-Beta removed from the furnace after different
periods of time during the ramping stage. As shown in Figure 3.15, 2°Si MAS NMR analysis
revealed that the signal at -98 ppm, assigned to isolated (Si(—OSi—)3OH) groups (Q3),% strongly
decreased in the temperature range 300-550 °C, similar temperature where the major mass loss
was observed in the TGA profile of Sn(OAc)./deAl-Beta, and the evolution of most of the acetate
in its decomposed forms from the sample was observed by TPD-MS. The simultaneous loss of
both silanol sites and the organic molecules from the Sn(OAc)./deAl-Beta mixture further suggests

that interactions between them are essential to achieve synthesis of an active Sn-Beta catalyst.
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Figure 3.15. 2°Si MAS NMR of Sn(OAc)./deAl-Beta heated at different temperatures (stepwise ramping stage).

To gain further insights into the changes occurring from the modified [C=0] groups during heat
treatment, in situ DRIFTS measurements were subsequently performed. DRIFTS analysis of
Sn(OAc)./deAl-Beta (Figure 3.16) revealed various changes to the 1750 — 1200 cm™ region at
325 °C, which may be related to both (partial) dehydration of the zeolite and changes to the acetate
coordination. A control experiment on Sn(OAc). alone revealed that these changes did not occur
in the absence of the zeolite (Figure 3.17). However, despite some shifts which may indicate
changes in coordination, some of the C=0 stretching modes of acetate were still present at 325 °C.
Indeed, it is only when CO: started to be detected in the effluent at approximately 400 °C did
further decomposition of the acetate occur, eliminating both CO asymmetric and CO symmetric
stretching signals (1541, and 1413 cm, respectively), which is in line with the in situ TPD-MS
analysis and TGA. Alongside the loss of features related to the removal of the acetate, DRIFT
spectra recorded at the end of the ramp revealed the 950 cm™ band gradually fading which has
been attributed to framework defects such as surface silanol sites, typically present in zeolites

synthesised in OH  media.>**
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Figure 3.16. In situ DRIFTS for calcination of Sn(OAc)./deAl-Beta during the ramping stage.
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In situ DRIFT analysis of the following stages of the heat treatment was also performed, indicating

only minor changes occurring throughout the three hours isotherm in N2 and the three hours

isotherm in air, whilst re-hydration of the material with restoral of the 950 cm™ band was clearly

observed at the end of the calcination (Figure 3.18). Given the defective nature of the zeolite used,

reappearance of the 950 cm™ band at atmospheric is possible, where the zeolites undergo

hydroxylation at relatively low temperature.*? The appearance of the 950 cm™ does, however, have

a relation with metal centres; higher metal content such as Sn is shown to create more defects

attributed to this wavenumber, which can be result of the high intensity of 950 cm™ observed for

Sn(OACc)2/deAl-Beta catalyst.
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Figure 3.17. In situ DRIFTS of the calcination of Sn(OAc).: range 2000-900 cm™.
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Figure 3.18. DRIFT comparison between Sn(OAc)./deAl-Beta and deAl-Beta alone during isotherms stages and

cooled to room temperature following heat treatment.

To complement the DRIFTS studies, DRUV-Vis was performed during heat treatment of
Sn(OAc)./deAl-Beta, as shown in Figure 3.19. From this, it was found that only minor changes to

the absorption spectra of the mixture occurred during the ramp stage and first isotherm in No.

However, a drastic decrease in intensity and an evident blue shift of the major absorption band was
observed Sn(OAc)./deAl-Beta after the switch to air and the resulting 3 h isotherm. These

observations strongly indicate major variations in Sn speciation occur during heat treatment, but

only in the second part of the heat treatment, i.e., upon moving from N2 to air flow.
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Figure 3.19. Stepwise DRUV-Vis analysis of Sn(OAc)./deAl-Beta mixture at different stages of the heat treatment

protocol.
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To complement these findings, an in situ experiment following the SSI of Sn was performed with
X-ray Absorption Spectroscopy (XAS). As reference points for the normalised intensity, pure
Sn(OACc)z, the grinded sample, and the sample following the entire heat treatment protocol are also
presented (Figure 3.20, Right). The catalyst used for XAS was Sn(OAc)./deAl-Beta with 10 wt. %

Sn (i.e. 10Sn-Beta).
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Figure 3.20. In situ XAS analysis of 10Sn-Beta synthesis. (Left) Oxidation state of Sn as a function of time. (Right)
Position of the 1% derivative maxima (Normalised intensity) of Sn K edge XANES spectra.

However, the beamline only provided He as the inert gas. To ascertain that the change in the inert
gas in the heat treatment did not overall affect the catalysts’ compound evolution, textural
properties, and/or activity, reference experiments (spectroscopic and catalytic) were performed on
10Sn-Beta and underwent the same screening as can be seen in Figures 3.21-3.23 and Table 3.1.
Same catalytic activity was observed for samples prepared in He/air and No/air for the Meerwein—
Ponndorf—Verley (MPV) transfer hydrogenation of cyclohexanone to cyclohexanol,

demonstrating that other inert gases such as He can be implemented without having any contrasting

changing.
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Figure 3.21. Comparison catalytic performances for Meerwein—Ponndorf—Verley reaction of cyclohexanone to
cyclohexanol over 10Sn-Beta calcined using nitrogen flow and helium flow as inert gas. Reaction conditions: 0.2 M
cyclohexanone and 0.01 M Biphenyl in 2-butanol, 373 K.
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Figure 3.22. TPD-MS of 10Sn-Beta using helium as inert gas.
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Table 3.1. Textural properties of Air and He 10Sn-Beta catalysts.

Catalyst t-plot BET DFT Method
. ' External
Micropore Micropore Surface Pore  Surface
Surface area
volume (cm®g!)  area (m’g™) Area Volume  Area
(m’g™)
Air Sn-Beta 0.219 416 92 509 0.35 890
He Sn-Beta 0.207 396 94 490 0.34 874
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Figure 3.23. Nitrogen physisorption of He/air 10Sn-Beta catalysts.

Firstly, eventual changes within the near edge structure by X-ray Absorption Near Edge Structure
(XANES) were investigated and the maximum of the first derivative of the XANES data was used
to determine the position of the absorption edge. In accordance with previous findings (i.e. *°Sn
MAS DE CPMG NMR), grinding Sn(OAc)2 with deAl-Beta led to a slight shift in edge position,
and a very small decrease in intensity. However, the edge position was still consistent with Sn?*
being the dominant species (Figure 3.7). Heat treatment of the sample under the X-ray beam was
subsequently performed. To aid the understanding of the changes in the XANES spectra, the
intensity and position of the 1% derivative maxima are plotted against time, allowing both the level
of order (intensity) and the oxidation state (position) of Sn during the heat treatment to be
monitored (Figure 3.20, Left). Notably, the edge position was transformed to an oxidation state
value by comparison to authentic standards of SnO (+2) and SnO> (+4), which were observed at
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29185 and 29190 eV, respectively.**> During the first stages of the heat treatment (ramp to 550 °C
and 3 h isotherm in Ny), little change was observed to the Sn species despite the loss of the acetate
ligands, which is in excellent accordance with DRUV-Vis and °Sn MAS DE CPMG NMR
analysis. Although there was a minor decrease in order during this period, as evidenced by the
slight decrease in normalized intensity of the maxima of the first derivative (Figure 3.20, Right),
Sn?* was clearly still present throughout this process. However, dramatic changes to the XANES
spectrum occurred upon switching the gas stream from the inert carrier to air. As can be seen in
Figure 3.20 (Left), the introduction of air led to extremely rapid increases in both the order and the
oxidation state of Sn. Indeed, within 60 minutes, the oxidation state of Sn rapidly increased from
+2 to +4.

To gain further insight on how these changes correlate to the structure of the catalyst, and in
particular the coordination environment of Sn, Extended X-ray Absorption Fine Structure
(EXAFS) measurements were also performed. To simplify interpretation and the level of analysis
required, focus was placed on the speciation of Sn just prior to, and following, the switch to air,
where the major spectral changes were expected based on XANES and !Sn MAS NMR
spectroscopy. Figure 3.24 presents the magnitude of the k3-weighted Fourier transform of the
EXAFS spectrum of the mixture in R-space. The first features present in the spectra (1-2 A, peak
maxima at 1.4 A) can be assigned to Sn-O scattering interactions (Figure 3.24, Left), whilst Sn-Sn
scattering indicative of clustered/extra-lattice Sn species can be identified by features between 3.0
and 4 A (peak maxima at 2.8 A) (Figure 3.24, Right), where it has been reported that bulk SnO
and SnO scattering are found at 2.21 and 2.052 A, respectively.*¢47 Prior to the introduction of
air, only one major feature is observed at approximately 1.8 A, indicative of Sn-O bonding. The
Sn-O signal observed at this particular time is almost identical to that observed following the
physical grinding stage, confirming the lack of major changes to the Sn sites during the ramp and
first isotherm period in N2. However, upon introduction of air into the system, a dramatic increase
in the intensity of the first peak in the FT spectrum occurred, indicating either i) an increase in the
number of Sn-O bonds, ii) an increase in the order/uniformity of the existing Sn-O bonds, or iii) a
combination of both. Notably, this increase in intensity occurred over the same period of time as
the oxidation state of Sn increases to +4. Over the course of 60 minutes, the first-shell oxygen
distance (Sn-0) also shifts to 1.95 A. Notably, this value is consistent with Sn atoms that are

isomorphously substituted into the Beta framework, confirming that full isomorphous substitution
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occurs at the same time as the Sn atoms are oxidised from +2 to +4.%¢ At this stage, the Sn atoms

remain tetrahedrally coordinated, due to their dehydrated nature at high temperature.
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Figure 3.24. (Left) EXAFS 3D spectrum of the k® weighted FT of 10Sn-Beta calcination in R-space. (Right) EXAFS
3D spectrum of the k® weighted FT of 10Sn-Beta calcination in R-space with zoom on Sn-Sn cluster.

After the first 60 minutes of the isotherm in air, only minor additional changes were observed in
the first-shell Sn-O feature, indicating that after the initial oxidation and incorporation of Sn, no
major modifications to the Sn-O bonds were observed. However, changes in the second shell (Sn-
Sn) features can be observed throughout the isotherm. As can be seen in Figure 3.24, immediately
upon switching to air, the feature at approximately 3.2 A increases at a similar rate to that of the
1.8 A feature. The increase in this feature throughout the heat treatment protocol indicated some
Sn-Sn formation occurs regardless of how long the heat treatment protocol is carried out for at
these Sn loadings. However, the 3.7 A feature characteristic of SnO; is not observed until extended
parts of the air isotherm, suggesting that additional clustering to form extra-framework SnOx
species is a secondary process during the synthesis.

Further elucidation of Sn incorporation into the zeolite lattice was achieved by *°Sn CPMG MAS
NMR spectroscopy, performed in direct excitation (DE) mode.*® Technical limitations prohibited
analysis of the samples at true operational conditions, and hence, the heat treatment was terminated
at various stages prior to removal of the sample and measurement by ex situ means. Catalysts were
let to rest in the furnace after reaching the designated temperature until reaching room temperature

to assure that no external air could influence in the possible formation of +4 Sn in the framework.
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Consequently, all Sn resonances are characteristic of Sn samples in their hydrated state.14%%,1195p
MAS NMR spectra of Sn(OAc)./deAl-Beta obtained at different stages of the ramp only revealed
minimal changes between 300-550 °C, showing -600 ppm species to still be the dominant
resonance (Figure 3.25, Left). Switching to air showed an evident increase in intensity at -689 ppm,
which could be related to an active Sn species, assigned in previous reports to hydrated Sn(IV)
species incorporated on beta zeolites (Figure 3.25, Right).*%! However, upon having the catalyst
in isotherm in air, no further changes in terms of speciation were shown. This proved the long
isotherm under air to be superfluous, resulting in an overall similar speciation and requiring only

60 minutes for oxidation to complete, as suggested by XAS.
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Figure 3.25. 1°Sn MAS DE CPMG NMR spectra of 10Sn-Beta (Left) at different stages of the ramp rate (in N,) and
(Right) different step of the isotherms.

Taken together, the UV-Vis, XANES, EXAFS and '*Sn MAS DE CPMG NMR analyses all
indicate that full isomorphous substitution of Sn into the framework of zeolite Beta, and its
resulting oxidation to Lewis acidic Sn** only occurs upon introduction of air into the system. This
oxidation is in line with what Sels et al have reported, demonstrating the oxidation of Sn*?to Sn**
in the same two-step heat treatment protocol via Méssbauer Spectroscopy.?® However, unlike with
calcining in pure air which showed to convert all Sn to +4 oxidation state, some Sn seems to
maintain in +2 oxidation when carrying out Na/air step (18 % Sn*? / 82 % Sn**, which could
partially represent the -600 ppm resonance in the °Sn NMR spectra. Another factor for which a
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high amount of -600 ppm species is shown can be caused by the elevated wt. % of Sn(OAc).. Thus,

a 1 wt. % Sn sample was subsequently studied to elucidate further on the SSI mechanism.

3.2.3 Increasing the relative proportion of active sites; spectroscopic analysis of 1Sn-
Beta

As has been previously demonstrated,?®2?® Sn-Beta catalysts possessing initial Sn loadings > 5
wt. % typically contain higher quantities of extra-framework SnOx species. Although these species
do not contribute to the catalytic performance of the material which results in an underestimation
of the activity of the catalyst, they can also influence the spectroscopic signals generated, which
may complicate mechanistic understanding of this system. Thus, key experiments described above
were repeated for samples of using only 1 wt. % Sn, denoted 1Sn-Beta, using deAl-Beta as the
zeolite parent. While lower metal loading catalysts are more challenging to study, these samples
with a higher fraction of active to inactive sites evidently allows better evaluation of which of the
processes occurring during SSI are most relevant to catalysis and active site formation. It is noted
that recent studies have suggested that the turnover frequency of Sn in 1Sn-Beta is approximately
7-fold higher than that determined for 10Sn-Beta for continuous glucose to fructose isomerisation,
and two-to-three fold for batch MPV transfer hydrogenation of cyclohexanone to cyclohexanol (2

wt. % vs. 10 wt. % Sn).?26:52

In situ TPD-MS analysis performed throughout the synthesis of 1Sn-Beta correlates well with the
10Sn-Beta, showing that most of the original acetate was released in the temperature range 300-
550°C as CO», carbon monoxide, acetone, hydrogen, and small amounts of acetic acid (Figure
3.26), with an additional amount of CO- released when switching from N2 to air flow. Analogously,
DRIFT measurements performed on 1Sn-Beta prior to heat treatment revealed similar changes in

the acetate coordination to the ones observed for the high loading sample (Figures 3.27).
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Figure 3.26. TPD-MS during calcination of Sn(OAc)./deAl-Beta mixture with 1 wt. % Sn loading.

—— 10 % (Sn(OAc), / deAl-Beta) - deAl-Beta 025 1= - I :
Sn(OAC). | ShBota) - Si.Bet —— 10 % (Sn(OAc), / deAl-Beta) - deAl-Beta
(1 ;( . ch I-/Za;u-a 't ez Bt 50| [ (Sn(0A0C), / Si-Beta) - Si-Beta ]
04 6 (Sn(OAc), / deAlBeta) - deAl-Beta 1 ° 1% (Sn(OAc), / deAl-Beta) - deAl-Beta
> 1721 cm”! 3
A @ 0.15 i
_:-'2: :;..—- OACW\ONO
< 2
C 0.10 .
£ 02 g
=] 1
0.054 i
0.0 0.00
1850 1BIOO 17I50 17I00 16I50 13I25 13I00 12:75 12I50 1225
Wavenumbers/ cm’™ Wavenumbers/ cm'

Figure 3.27. Differential FTIR spectra obtained through subtraction of i) Sn(OAc)./deAl-Beta mixture with 10 wt. %
of Sn and deAl-Beta alone (blue line), ii) Sn(OAc),/Si-Beta mixture and Si-Beta alone (red line), and iii)
Sn(OACc)./deAl-Beta mixture with 1 wt. % of Sn and deAl-Beta alone (Black line).

In situ DRIFT analysis performed throughout the ramping stage (Figure 3.28, Left, and Annex 3.4
for full spectra) was shown to indicate a greater level of clarity present in the 1 % Sn mixture in
contrast to the 10 wt. % mixture. Upon heating the 1 % Sn mixture, fast decrease of the vibrational
band at 1709 cm™, assigned to COasym stretching, was observed. This was accompanied by the

formation of a band at 1751 cm™ at 125°C, which disappeared at 375 °C. These findings clearly
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indicate changes of C=0 coordination throughout the ramp, prior to full decomposition of the
acetate groups at temperatures > 300 °C, comparable to previous observations reported for the
10 % Sn mixture (Figures 3.10 and 3.15). Notably, fast rehydration of the catalyst was again
observed upon cooling the sample to room temperature following synthesis, which suggests the

formation of hydrated Sn sites, as is shown in Figure 3.28 (Right).
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Figure 3.28. DRIFT spectra during heat treatment of Sn(OAc)./deAl-Beta mixture with 1 wt. % of Sn (Left) at different

stages of the ramp rate in N2 (zoom on COasym bands) and (Right) different steps of the isotherms and cooling to room

temperature.

To investigate the evolution of the silanol sites, 2°Si MAS NMR analysis was also repeated at
different stages of the ramp, as can be seen in Figure 3.29 (Left), revealing that despite a small
decreasing of intensity observed between 100-300 °C, the majority of the silanol sites diminished
in the range 300-550 °C in accordance with those findings reported in Figure 3.15, with a further
reduction observed in the post synthetic sample. Following investigation of the acetate evolutions,
focus was placed on the main changes in Sn speciation. Comparison between the °Sn MAS DE
CPMG NMR spectra of 1Sn-Beta and 10Sn-Beta at the end of the ramp revealed clear similarities,
confirming that only some Sn centres may be incorporated in the zeolite at this stage. Moreover,
large formation of signal(s) in the region -650 — -750 ppm was observed on 1Sn-Beta sample,

further suggesting hydrated species at -689/-703 ppm as active Sn sites (Figure 3.29, Right).
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Figure 3.29. (Left) 29Si DE MAS NMR spectra of 1Sn-Beta at different temperatures of the heat treatment protocol.
(Right) 119Sn MAS DE CPMG NMR spectra of 1Sn-Beta at different stages of the ramp rate and at following

calcination (i.e. post calcined).

Key experiments repeated on 1Sn-Beta revealed that the main changes in both acetate evolution
and Sn speciation previously observed for 10Sn-Beta are all essential to the synthesis of active Sn
species. 2°Si- and °Sn-MAS NMR, along with TPD-MS, were shown to be consistent with the
results obtained from 10Sn-Beta. DRIFT of 1Sn-Beta presented minor differences due to the better
resolution of 1Sn-Beta, showing clear formation of acetic acid, confirming the key role it has for

the synthesis of an active catalyst.

3.2.4 Application of mechanistic insight for catalyst design

Following preliminary understanding of the reaction mechanism(s) for Sn incorporation in deAl-
Beta zeolites, this knowledge was used to focus on optimising the synthetic procedure of Sn-Beta.
Despite possessing higher distribution of spectator sites compared to 1Sn-Beta, 10Sn-Beta was
used as the study material for optimisation for two reasons. Firstly, its higher loading results in
improved productivity, making it more favourable from an industrial perspective. Secondly, its
higher ratio of spectator sites / active sites provides greater opportunity for improving the maximal
performance of the catalyst. Based on spectroscopic data, two important key points were

determined to be essential for an active catalyst: i) the use of a N> ramp, and ii) subsequent change
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to air flow. However, given with previous data gathered (*1°Sn MAS NMR and XAS), it was shown
that it was not necessary for the air treatment isotherm to be that extensive (i.e. 3 hours), as it was
traditionally done, demonstrating that an active catalyst can be created within 60 minutes
Therefore, to assess the kinetic impact on the different stages of the heat treatment, reactions using
10Sn-Beta samples were carried out and tested for batch MPV reaction of cyclohexanone to
cyclohexanol using 2-butanol as a secondary alcohol and glucose to fructose isomerisation,
reactions which are prevalent for the testing of Sn-Beta catalysts.>>3>® Specifically, a set of Sn-
Beta catalysts were prepared halting the standard heat treatment in different stages. Turnover

frequency (TOF) was used to compare to observe the intrinsic activity of the catalysts.

Reducing the air isotherm to one hour, without modifying the initial N2 step, resulted in no changes
to the catalytic performances of Sn-Beta, resulting in a turnover frequency (TOF) of 191 h7,
similar to other previously reported catalysts using Sn-Beta,*®as can be observed in Figure 3.30,
(full kinetic profiles shown in Figure 3.31), indicating that air isotherm steps longer than one hour
are unnecessary. This is in line with the spectroscopic findings reported in the previous section
(**%Sn NMR, XAS and TPD-MS). However, complete removal of the air isotherm step
substantially decreases the performance of the catalyst, obtaining a TOF of only 140 ht (“3 h N2”,
Figure 3.30). Considering that most of the spectroscopic changes were detected throughout the
ramping stage in N, an additional sample was prepared and was halted straight after reaching
550 °C, i.e. completely removing both isotherm stages (“only N2 ramp”). As anticipated by the
minor modifications highlighted by various spectroscopic analysis during the isotherm period in
N2, this catalyst exhibited similar catalytic activity to the “3 h N2” catalyst. Interestingly, a sample
fully calcined in air was synthesised and tested for the model MPV reaction, revealing that
replacing N2 with air throughout the ramp stage leads to the formation of a catalyst with poorer
catalytic performance than those prepared via conventional heat treatment (132 htvs. 191 h'* TOF
for Sn-Beta in only air and conventional, respectively), potentially due to higher amounts of SnOx
formed on the catalyst (XRD and TPD-MS reported in Figures 3.32 and 3.33).
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Figure 3.30. Initial TOF for MPV reaction of cyclohexanone to cyclohexanol using 10Sn-Beta catalysts calcined with
different heating programs.

Combining together the spectroscopic data reported in previous sections with the experimental
data collected on MPV reactions, it is evident that to maximise the rapidity of catalyst preparation
the following hypothesis/conclusion can be made: i) heating the catalyst to 550 °C in an inert gas
flow with a ramp rate of 10 °C/min is essential; ii) the first isotherm in nitrogen is superfluous; iii)
switching to air at 550 °C is important to oxidise the Sn(ll) to Sn(IV), and iv) air isotherm longer
than one hour is unnecessary. Building on these findings, a new Sn-Beta material calcined under

optimised conditions was prepared (ramp in nitrogen followed by one hour isotherm in air).
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Figure 3.31 (Left) Conversion of cyclohexanone and (Right) yield of cyclohexanol over time for MPV reaction using
10Sn-Beta calcined with different heating programs. Reaction conditions: 0.2 M cyclohexanone and 0.01 M Biphenyl
in 2-butanol, 373 K.
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Figure 3.32. In situ XRD of 10Sn-Beta in only air. In situ experiments were conducted on an X’PertPRO diffractometer
equipped with a CuKa radiation source using a ramp rate of 10 °C min, and 10 mL min't of N /air. Spectra were
recorded in the 5-55 20 range using a step size of 0.0167° and a time/step size of 40 s (total time per spectra = ~18
min).
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Figure 3.33. TPD-MS of 10Sn-Beta in only air. Inset. 10Sn-Beta without CO».

To investigate the general effect of the catalyst optimisation, regardless from one specific reaction,
both Sn-Beta (Oh, 1h) and the conventionally prepared Sn-Beta (3h, 3h) were employed for glucose
isomerisation to fructose. Currently, glucose isomerisation has been receiving great attention from
the scientific community due to the increasing demand for fructose as a building block for the
synthesis of biobased chemicals and fuels in addition to its employment as a sweetener, and
therefore, rapid synthesis of an active catalyst for glucose isomerisation to fructose is a challenge
of fundamental societal relevance.®’->° When comparing the optimised catalyst to the conventional
one, similar glucose conversion (X) and fructose yield (YY) were measured throughout the 30
minutes (Figure 3.30), with final conversions of 26 % and 23 % (3h, 3h and Oh, 3h, respectively)
and vyields of 13 % achieved on both catalysts (Figure 3.34). These values observed confirm
identical (within margin of error) catalytic performances between the conventional catalyst and
the new one, therefore, demonstrating successful synthesis of 10Sn-Beta via the optimised (rapid)
synthesis protocol. Other than glucose and fructose, mannose yield was present at small
percentages (ca. 1 %) throughout the reaction. Further loss of carbon balance is due to products

that were not amenable to chromatographic analysis.
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Figure 3.34. Glucose TOF for batch glucose isomerisation at 5 minutes over normal and optimised 10Sn-Beta.
Experiments performed in 1 wt. % glucose in methanol solution using a 1:50 metal:glucose molar ratio at 110 °C.
Reaction commenced after being submerged in the oil bath and left in isotherm for 10 minutes. Thereafter, stirring

was carried out (750 rpm), commencing the reaction. Aliquots were extracted after prior cooling in an ice bath and
centrifuged.

Further elucidation on the optimised catalyst was carried out with tests in glucose isomerisation
under continuous flow (Figure 3.35). As with previous reactions, negligible changes with both
glucose and fructose yields of the optimised catalyst was found to unaffected, presenting a final
conversions and fructose yields of ~ 12 % and 6 %, respectively. This implies that they both share
similar fructose selectivity along with rate of deactivation, as is shown in the Levenspiel plot in
Annex 3.5. Thus, it can be said that by omitting the isotherm step in inert gas flow as well as
reducing the time in air by ca. 67 % resulted in no significant differences to catalytic activity,
maintaining the catalysts typical space-time-yields and intrinsic activity. Same as batch glucose
isomerisation, mannose was present at small percentages throughout the time on stream (ca. 2 %)

and the loss of carbon balance was due to compounds not amenable to chromatographic analysis.
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Figure 3.35. Continuous glucose isomerisation of optimized (Oh, 1h) and normal (3h, 3h) 10Sn-Beta. Levenspiel plots
for rate of deactivation can be found on Annex 3.5. Experiments performed in 1 wt. % glucose in methanol solution
using 100 mg of catalyst at 110 °C at a flow rate of 1.5 mL min™.,

3.3 Conclusions

Using a broad range of in situ and ex situ techniques, the key steps for successful incorporation of
Sn in the lattice of dealuminate beta zeolite was investigated. Spectroscopic analysis of the
standard synthetic protocol allowed us to both i) gain insights into the key mechanistic steps and
i) apply these findings to improve the synthesis protocol of Sn-Beta. In this study, it was identified
that albeit not fully incorporated following the grinding step, heating Sn(OAc)./deAl-Beta mixture
to 550 °C under inert gas flow is the key step to remove the acetates arising from Sn(OAc),
permitting Sn incorporation. However, this step is not sufficient to synthesise a Sn-Beta catalyst
with optimised activity and replacing inert gas flow with air flow at high temperatures is required
to oxidise the Sn species from an oxidation state of +2 to +4, permitting full incorporation of Sn
in the lattice. Formation of the active site, proposed to be a Sn (1V) species resonating at -689 ppm,
typically assigned to hydrated Sn centres, occurs during the first hour from the introduction of air
in the calcination furnace, indicating completion of the synthesis. Building on these findings,
successful preparation of Sn-Beta can be achieved in a total of only two hours was demonstrated
(in addition to cooling time). Catalytic analysis of the optimised Sn-Beta for MPV reaction of

cyclohexanone to cyclohexanol and glucose isomerisation to fructose revealed identical catalytic
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performance between the Sn-Beta prepared via a designed protocol and the standard heat treatment,

confirming the efficiency of the rapid protocol.
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Chapter 4. A greener approach to solid-state
incorporation: Kinetic evaluation of different heteroatom-

derived Sn-beta zeolites

4.1 Introduction

Lewis acidic zeolites have emerged as state-of-the-art catalysts for the conversion of biomass to
commodity chemicals over the past decade, due to their high levels of activity and selectivity.
Zeolites are crystalline microporous materials which can exhibit a wide array of catalytic
properties depending on their precise composition (choice of metal, metal loading) and topology.t
% In the context of biomass conversion, the most notable Lewis acidic zeolite is the stannosilicate
catalyst Sn-Beta. Sn-Beta is a highly siliceous zeolite within which small amounts of Lewis acidic
Sn(IV) atoms are isomorphously substituted into the three-dimensional lattice. The presence of
isolated Sn(IV) atoms has been shown to endow the material with discrete levels of Lewis acidity,
suitable for the conversion of biomass into various bio-based compounds of industrial interest.>”
Methyl lactate (ML)® and methyl vinyl glycolate (MVG)®, for instance, are the main o-hydroxy-
esters that can be gathered by the cleavage of glucose when catalysed by Sn-Beta (Scheme 4.1).
These compounds are highly sought-after due to their application as monomers for synthesis of

bioplastics or as precursor for surfactant production.

alpha-hydroxy esters

S Isomerisation OH O Retro-aldol i i
HoA_/v\A/v\fo — HO/\_/YK/OH — %o/ /\)ko/
OH OH OH OH OH OH

Glucose Fructose Methyl Lactate ~ Methyl Vinyl Glycolate

Scheme 4.1. Sn-Beta catalysed conversion of glucose to ML and MVG in methanol.

The synthesis of Lewis acidic zeolites, and particularly Sn-Beta, can be achieved by two

generalised approaches. The first involves conventional hydrothermal synthesis (bottom-up),
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during which an appropriate metal precursor (such as SnCls) is added to the synthesis gel, resulting
in direct incorporation of the metal into the lattice during crystallisation at elevated temperature
and pressure. Alternatively, Sn-Beta can be synthesised by post-synthetic treatment of an existing
zeolite (top-down). In such cases, a previously-prepared zeolite is pre-treated to create vacant
lattice sites,'®! into which Sn can be incorporated in a subsequent synthetic step.'? The advantages
of such a top-down approach (also known as ‘demetallation-remetallation’) include the avoidance
of long crystallisation times, and high degrees of synthetic flexibility in terms of choice of metal
and ultimate metal loading.*1® Amongst top-down methods, Solid-State Incorporation (SSI) is an
attractive method in which the desired heteroatom is introduced into the vacant tetrahedral
framework sites (vide infra) by a combination of mechanochemistry and thermal treatment,

thereby avoiding the generation of aqueous metal streams.’18

A common step in all demetallation-remetallation strategies is the preparation of a zeolite
containing vacant lattice sites suitable for hosting the desired Lewis acidic heteroatom. This is
typically achieved by pre-treating a parent zeolite material at elevated temperature and at
concentrated acidic conditions, resulting in the removal of an original heteroatom.’1%-22 These
harsh conditions represent an important obstacle from an environmental and economic standpoint
in the zeolite synthesis process. In fact, the presence of strongly acidic solutions results in the need
for acid-resistant reactors and infrastructure, which negatively impacts the economic balance of
the process. Furthermore, the acidic effluents require adequate neutralisation prior to disposal,
increasing the variable costs in downstream processing alongside generating liquid waste that may

be harmful to the environment.

In previous demetallation-remetallation studies, aluminosilicates have almost exclusively been
employed as the parent zeolite, primarily due to their commercial availability and the ease of
incorporating Al into the lattice of several zeolite structures. However, a variety of other metal-
containing zeolites could also act as parent materials for the preparation of post-synthetic Sn-Beta.
These include zeolites containing B, Fe and Ga, amongst others, as these heteroatoms are also
known to be prone to demetallation at appropriate conditions. However, to the best of our
knowledge, no study has investigated the catalytic properties of otherwise-analogous Sn-Beta
samples prepared from hydrothermally synthesized zeolite parents containing different original
heteroatoms, even though such an approach could provide access to final zeolite materials
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exhibiting different levels of performance, and a large discrepancy between the ease of
demetallation exists between these different zeolite parents. In particular, B-derived zeolites have
been shown to possess the ability to be demetallated at very mild conditions, since boron is
primarily trigonally coordinated and is thus susceptible to nucleophilic water attack.?*2

As such, the aim of this study is to investigate the kinetic properties of samples of Sn-Beta samples
prepared by SSI starting from analogous hydrothermally synthesised Al-, B-, Fe-, and Ga-Beta
zeolites, to determine the impact of using different heteroatom-containing zeolites as parent
materials for top-down Sn-Beta synthesis. The performances of the resulting materials are
evaluated by investigating the continuous conversion of glucose to a-hydroxy ester compounds
(ML and MVG), allowing the activity, selectivity, and stability of the post-synthetic catalysts to

be determined.

4.2 Results and discussion

4.2.1 Catalyst synthesis and characterisation

Four analogous Beta zeolites were first prepared by hydrothermal synthesis according to
established procedures.?® Within this series, a different metal was incorporated as the heteroatom
of each material. Specifically, Al-, B-, Ga- and Fe-Beta zeolites were prepared at a target Si/M
molar ratio of 200. Additionally, two metal precursors (Al-, B-) were chosen as candidates to
evaluate the impact of initial heteroatom loading in the parent zeolite, and hence, were also
prepared at a target Si/M molar ratio of 100.

To determine if all parent Beta zeolites were successfully synthesised, X-ray Diffraction (XRD)
patterns were recorded for each sample following removal of the residual Structure Directing
Agent (SDA) by calcination. As can be seen (Figure 4.1), XRD patterns of the hydrothermally
synthesized Beta zeolites were indistinguishable and were identical in terms of crystallinity,
confirming successful synthesis of the Beta framework regardless of the choice of starting

heteroatom and metal loading.
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Figure 4.1. X-Ray Diffraction patterns of the hydrothermally synthesized M-beta zeolites.

To further evaluate the properties of each zeolite, Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) was conducted (Figure 4.2 and Table 4.1). All synthesised zeolites
presented vibrations typical of the Beta framework.?"?® However, both B-Beta zeolites gave rise
to additional vibrations at ca. 910-950 and 3734 cm™ indicative of stretching vibrations of Si-O
belonging to uncoupled SiOs tetrahedra?® and of internal Si-OH groups present at framework
defects, respectively.>® While other zeolites presented either one of the vibrations or the other, as
shown in Figure 4.2, only in the B-Beta zeolites were both of these aforementioned vibrations

present. Al-Beta 100 was interestingly the only zeolite to not present any of these vibrations.

T I T T
Al-Beta 100 == B-Beta 100 == Ga-Beta 200

Fe-Beta 200

T T T T T
- Al-Beta 100 ——— B-Beta 100 Ga-Beta 200
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Figure 4.2 DRIFTS spectra of 100 and 200 Si/M ratio parent betas.
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Table 4.1. Principal modes and assignments of hydrothermal M-Beta zeolites.

Assignment (cm™)

Zeolite  yO-T-Op. v O-T- vSiO4 vO-T- V@ O-T-  vSiOHpt  vSiOHrerm.
T2 Ogex® uc)® Ot Oext® f h
A'l'ggta 736 ~800 - 1042 1208 ] 3748
B-Beta100 737 ~800 gig 1040 1209 3734 3747
G*Z'(?;ta 736 ~800 942 1029 1209 ] 3748
A'z'ggta 737 800 041 1039 1208 i 3747
B-Beta 200 736 ~800 917 1033 1208 3733 3747
Fez-(E)BOe ta 736 ~800 - 1031 1207 3735 3748

2 Intertetrahedral O-T-O.

® Symmetric external O-T-O.

¢ Vibrations of Si-O belonging to uncoupled SiO4 tetrahedra.
4 Symmetric internal O-T-O.

¢ Asymmetric external O-T-O.

fInternal Si-OH groups present at framework defects.

h Terminal Si-OH groups.

To determine the impact of choice of metal on zeolite morphology, Scanning Electron Microscopy
(SEM) was performed for the Si/M=200 zeolites. As can be seen in Figure 4.3, all four samples
were of comparable morphology and size, and possessed the typical trigonal bipyramidal structure

of the Beta zeolite when synthesised in fluoride media.®

NMUD7.1 x60k  10um

NMUD7.1 x60k  10um - NMUD72 x60k  10um

Figure 4.3. SEM images of the hydrothermally synthesised 1Sn-Betamzoo zeolites .
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Nitrogen physisorption measurements and Inductively Coupled Plasma Mass Spectroscopy (ICP-
MS) analyses were also in line with previous studies of Beta zeolites (Table 4.2). All isotherms
were typical of microporous zeolites, exhibiting mainly type | character (Figure 4.4), but did
present some hysteresis in the higher P/Po range. The presence of some mesoporosity was
confirmed both by Non-linear Density Functional Theory (NLDFT) pore size distribution, and the
t-plot method, as shown in Table 1. All samples presented comparable BET surface areas (Sger)
and micropore volumes (Vpore), irrespective of the original choice of metal (Table 2). Elemental
analysis ICP-MS showed that all parent zeolites contained the anticipated loading of heteroatoms,
corresponding to a Si/M molar ratio of 200, with the exception of Ga-Beta, which showed a lower
Si/M ratio (152), indicating a higher-than-anticipated concentration of Ga in the zeolitic
framework. Taken together, XRD, DRIFTS, N2 physisorption, SEM and ICP-MS confirm that all
zeolites were successfully synthesised, and possessed comparable porosity, topology, and

composition, making them suitable parent materials for SSI.

4 1 N T T I ’ 1
B Fe-Beta 200
2509 @ B-Beta 200
—&— Al-Beta 200
1 |9 Ga-Beta 200 |
—&— Al-Beta 100
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Figure 4.4. Nitrogen sorption isotherm and pore size distribution using DFT model (inset) of parent M-Beta zeolites.
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Table 4.2. Elemental and textural characteristics of the hydrothermally synthesised metal Betas and subsequent
demetallation. All textural data was performed on the parent metal Betas whereas elemental analysis was performed

for both parent and post-demetallation.

. d
DeM SBETb Smeso/extc Vpo:rgec_ Vm|c3ro -
(cmg (CT g

H a
Catalyst Si/M SM®  (migl)  (mg?)

1
)
Fe-Beta 200 207 — 501 59 0.32 0.23
Ga-Beta 200 152 — 504 83 0.34 0.22
Al-Beta 200 220 — 463 87 0.34 0.20
B-Beta 200 204 — 468 13 0.32 0.22
Al-Beta 100 116 — 453 46 0.34 0.21
B-Beta 100 107 — 499 65 0.33 0.22

& Measured by ICP-MS analysis

b Calculated using BET method.

¢ Calculated using t-plot method.

d Calculated from total pore volume.

Following successful synthesis, all parental zeolites were demetallated in order to generate the
vacant framework sites required for incorporation of Sn.*? Although some of the materials can be
readily demetallated at mild conditions (particularly B-Beta, which is known to be hydrolytically
unstable)?>%233 for comparative purposes all parent zeolites described in Table 4.1 were
demetallated by treatment in HNOj3 according to previous studies (13M HNOsz, 100 °C, 20 h).1°
ICP-MS confirmed the successful extraction of all the original heteroatom content in each sample

(Table 4.2) without major changes to the overall crystallinity of the material.

Following successful demetallation, SSI of Sn was undertaken. The synthesis involved
mechanochemical treatment of the demetallated zeolites with the appropriate quantity of tin (1)
acetate to yield a catalyst with a final metal loading of 1 wt. % Sn, prior to heat treatment at 550 °C
for a total of 1 h (ramp in N2, 1 h air). Final post-synthetic catalysts were labelled as 1Sn-Betamx,
where M is the metal incorporated and the X value represents the original Si/M molar ratio of the
material. An XRD pattern of the final post-synthetic zeolite showed no changes to the overall

crystallinity of the material, as is shown in Figure 4.5.
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Figure 4.5. Examples of X-Ray Diffraction patterns changes of calcined parent, demetallated, and SSI Sn-Beta of B-
Beta zeolite (left) and Al-Beta (Right) .

To provide further insight as to their respective Sn speciation, 1*Sn Magic Angle Spinning Nuclear
Magnetic Resonance using the Carr-Purcell-Meiboom-Gill echo train acquisition method (*°Sn
MAS CPMG NMR) was performed. Spectra were measured in Direct Excitation (DE) mode with
a relaxation time sufficient to fully relax all the Sn species in a quantitative manner (t;= 135 s).
Samples were compared to a sample of 1Sn-Beta prepared from a commercially available
aluminosilicate (Zeolyst™, Si/M = 19), labelled as 1Sn-Betacomis, Which we have extensively

characterised over recent years.'3343

1195n DE CPMG MAS NMR samples exhibited resonances at -600 ppm, characteristic of extra-
framework SnOx species, as shown in Figure 4.6. It is notable that all samples possessed higher
quantities of extra-framework Sn than 1Sn-Betacomzg, indicating SSI to be less successful for the
parental materials made by the fluoride-route synthesis. This could be due to i) the lower Si/M
ratio of the commercial material resulting in a greater number of vacant framework sites, ii) to the
much larger crystallites generated by fluoride media preparation aiding clustering of Sn on the
external regions of the material, and/or iii) differences in the chemical properties of the crystallites
(hydrophobicity), impacting the incorporation mechanism. Interestingly, out of the hydrothermally
synthesised Beta zeolites, the degallinated analogue exhibited a lower quantity of SnOx species.

This could result from the initial material having a higher amount of Ga in the zeolite (Table 4.2),
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and, as a result, to the material having more vacant framework sites available following

demetallation for Sn to incorporate itself more readily.
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Figure 4.6. 1°Sn De CPMG MAS NMR spectra of all post-synthetic 1Sn-Betay zeolites and 1Sn-Betacomis. Further

characterisation details reported in experimental section.

Besides extra-framework SnOx species, a variety of Sn species that resonate in the range of -650

to -737 ppm were also detected in the analysed samples. These resonances can be attributed to

isomorphously substituted Sn-atoms in the zeolitic framework in a hydrated state.®*3® Although

the materials were synthesized with the same amount of tin precursor, a wide array of species were
detected by °Sn DE CPMG MAS NMR. All samples exhibited resonances attributable to
isomorphously-substituted Sn species.®” However, the chemical shift of these varied widely (-730,

-700, -680 and -650 ppm) based on the choice of metal and the original Si/M ratio of the material
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(Al- and B-derived betas) (Figure 4.7). Unfortunately, the consequences of the Sn chemical shift
from a chemical prospective is still not fully understood and the scientific community is still
divided on this matter.*®-*3 However, it is commonly accepted that the different chemical shifts in
this region are attributed to different Sn(IV) sites which could indicate: i) Sn incorporated in
different T-sites of the zeolitic framework; ii) presence of open or closed sites, and; iii) innate
zeolitic structure derived from using OH" or F ions. The plethora of Sn-speciation gathered from
these analyses showed how different heteroatom precursors can allow different Sn-site formations,

which may be of consequence to kinetic performance.
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Figure 4.7. 1%Sn De CPMG MAS NMR spectra of 1Sn-Beta 100 and 200 for boron (left) and aluminium (right).

4.2.2 Kinetic evaluation of synthesised catalyst materials

4.2.2.1 Retro-aldol fragmentation

To evaluate the performance of the post-synthetic catalysts, the post-synthetic 1Sn-Betam series
were first screened for activity for the conversion of glucose to a-hydroxy esters (MVG and ML)
via retro-aldol fragmentation. The samples generated from the hydrothermally synthesised parents
were also compared to 1Sn-Betacomio (preparation steps are detailed in Chapter 2 — Demetallation
and SSI), which has been used in our previous studies, to provide context to the experimental
trends. Initial experiments were performed at established literature conditions, using a feed of 1
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wt. % glucose in methanol and a reaction temperature of 160 °C, and initially undertaken for a

period of two hours of operation to gain preliminary insight into the performance of each sample.

The overall carbon balance for the continuous conversion of glucose to a-hydroxy esters gathered
at the second hour of time on stream was calculated, as shown in Figure 4.8. All the samples were
active for the conversion of glucose, resulting in the production of ML, MVG, fructose and
mannose. In line with previous studies, all samples resulted in the formation of by-products not
amenable to chromatographic detection, as evidenced by the decrease in carbon balance observed

in each reaction.

All the Sn-Beta zeolites synthesised by means of fluoride-obtained precursors presented an
improvement in carbon balance, surpassing 1Sn-Betacomis When it came to its overall carbon
balance, which was approximately 70-80 % for the Sn-Betam series, and 48 % for the latter. All
1Sn-Betam samples were shown to be active and had similar trends in product distribution, with
retro-aldol products (ML and MVG) dominating the carbon balance. However, some differences
in overall yield and selectivity were detected within the 1Sn-Betawm series. 1Sn-Betag2oo exhibited
slightly higher carbon balance due to its enhanced yields of a-hydroxy esters (above 70%),
whereas the remaining catalysts exhibited a-hydroxy ester yields between 35-60 %. Interestingly,
the overall carbon balance was higher for the samples with an original Si/M of 200 than 100, for
both the boron and aluminium parent zeolites. This may indicate a role in product distribution not
only in terms of the choice of metal precursors, but also the amount of metal initially incorporated

and its number of defect sites.
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Figure 4.8. Carbon balance and product distribution in post-synthetic zeolites for methyl lactate reaction. Percentages
obtained in the second hour or time of maximum methyl lactate obtained. Reaction conditions: 1 wt. % glucose in
methanol, 1 mL min-*flow rate, 100 mg, 160 °C, aliquot obtained in the second hour. Further details reported in kinetic

studies.

To acquire a more comprehensive evaluation of the overall catalytic performance and stability of
the catalysts, glucose upgrading at 160 °C was performed in continuous flow for approximately
72 h on stream (Figure 4.9). We note that the operational conditions were tuned so that the quantity
of substrate converted was sub-maximal at the initial hours of the reaction, thereby allowing

intrinsic stability to be evaluated.*44°

Figure 4.9 presents the time on stream data for each catalyst at identical conditions. As can be seen,
all catalysts broadly exhibited similar trends during continuous operation, showing a steep
deactivation in conversion in the first 20 hours of reaction (from ca. 95 % to 50 % conversion),
which slightly stabilised thereafter. The loss of activity over the initial reaction period was
accompanied by corresponding decreases to the yields of the desired retro-aldol products. Fructose
yields increased in this timeframe due to the monosaccharide being an intermediate product in the
reaction, and after the first 20 hours of time on stream, fructose became the main reaction product
in all cases. However, although all the catalysts showed relatively similar trends kinetically,
indicating that the choice of starting heteroatom for the Beta zeolite did not overly affect the

performance of the catalyst, more detailed analysis of the time on stream data revealed that the
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choice of preparation methodology and starting heteroatom did result in some differences to the

activity, selectivity, and stability of the catalyst.
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Figure 4.9. Methyl lactate production reaction in continuous flow 1Sn-Betamx and 1Sn-Betacomis. Reaction

conditions: 1 wt. % glucose in methanol, 1 mL min flow rate, 100 mg, 160 °C. Further details reported in

experimental section.
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The choice of preparation and starting heteroatom also impacted the selectivity performance of the
catalyst. In Figure 4.10, conversion vs. a-hydroxy ester (ML and MVG) selectivity plot is shown.
This figure provided a comparison in selectivity at the same rate of conversion for the analysed
materials, showing which catalyst possessed higher selectivity towards the desired a-hydroxy
esters. Of the catalysts investigated, the ones obtained by means of fluoride-synthesis with Al- and
B- as starting heteroatoms showed the best selectivity in terms of a-hydroxy esters, with a
selectivity value of approximately 50 % obtained at 80 % substrate conversion. Interestingly, 1Sn-
Betacomi1e showed much lower selectivity, displaying only 17 % selectivity to the desired esters at
80% conversion, similar selectivity to previously reported reactions 3’ Other reports have shown
stable activity, with yields within the range of 30-40 % over 400 h using a trickle bed with a flow
of 0.85 mL min.%6 1Sn-Betaaiioo, however, showed an unusually low selectivity in contrast to its
other 1Sn-Betaaizoo analogue. This suggests how the catalyst synthesised by the commercial
precursor is prone to catalyse different reactions pathways which are not easily detectable by
common chromatographic analysis. Low selectivity can be attributed to various 4+2 carbons
(erythrose and glycoaldehyde) or other trioses obtained during the retro-adol fragmentation (e.g.,

dihydroxyacetone, pyruvaldehyde) as well as furanics (5-HMF)
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Figure 4.10. Glucose conversion vs. ML+MVG selectivity plot of 1Sn-Betaux and 1Sn-Betacomis. Reaction
conditions: 1 wt. % glucose in methanol, 1 mL min* flow rate, 100 mg, 160 °C. Further details reported in

experimental section.
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Firstly, analysis of the time on stream data for 1Sn-Betacomig revealed that the commercially-
derived catalyst showed slightly steeper deactivation in the first 20 hours of the reaction (Figure
4.11), meaning that a slight advantage is retained from a stability perspective using a fluoride
media-synthesized precursor. To further probe the effect of deactivation, kinetic data was
converted to the Levenspiel function to calculate the rate of deactivation in each experiment (kq),
as shown in Figure 4.12 (left). Overall, 1Sn-Betacomie Was shown to have the highest kq (0.048 h-

1y compared to the fluoride mediated synthesised catalysts, indicative of a faster rate of

deactivation, showing a ca. 60 % higher rate of deactivation.
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Figure 4.11. Methyl lactate (left) and methyl vinyl glycolate (right) yields for catalysts tested.

Comparable analysis of the fluoride-media catalysts also demonstrated some small differences in
stability between the catalyst. For example, 1Sn-Betagioo and 1Sn-Betaaioo presented kq’s of
0.0284 and 0.0299 h%, respectively. Furthermore, the remaining Si/M = 200 analogues presented
a relatively similar kq within the range of 0.037-0.041 h.,

To supplement and elucidate the kinetics of deactivation, relative performance versus time on
stream of the catalysts is shown in Figure 4.12 (right). Relative performance demonstrated an
evident advantage in terms of catalytic activity for the 1Sn-Betagx catalysts throughout the time

on stream.
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Figure 4.12. Conversion Kkq (left) and relative catalytic activity (right) of 1Sn-BetaMX catalysts over time on stream.
Reaction conditions: 1 wt. % glucose in methanol, 1 mL min-1 flow rate, 100 mg, 160 °C.

Additionally, a comparison in productivity (gmL+mve/Qeatalyst - ™) in a-hydroxy-esters amongst the
catalysts obtained by the fluoride-synthesised precursors was calculated. The higher a-hydroxy
ester selectivity of 1Sn-Betag2oo coupled with its slightly lower rate of deactivation resulted in this
catalyst presenting a higher productivity per gram of catalyst towards a-hydroxy-esters (ML and
MVG, Figure 4.13). Therefore, this material not only offers the possibility of employing a simpler

demetallation procedure, but it delivers slightly better performance in this process.
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Figure 4.13. Maximum productivity comparison of ML and MVG per gram of catalyst and glucose conversion K.
Calculations based on the highest yield of respective products (ca. 2 h). Dashed line reference to the maximum
productivity of 1Sn-Betacomis. Reaction conditions: 1 wt. % glucose in methanol, 1 mL min flow rate, 100 mg,
160 °C.
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4.2.2.2 Effect of water and alkali on kinetic performance

The previous section demonstrated how improvement to the activity (productivity), selectivity and
stability of post-synthetic Sn-Beta could be achieved by varying the choice of heteroatom and
heteroatom loading in the parent M-Beta zeolite. On a balance of these activity indicators,* the
best performance was achieved for Sn-Beta materials prepared from parental borosilicate Beta
zeolite (1Sn-Betag200). However, at the conditions described above, the overall performance yield
of retro-aldol products (ML and MVG) obtained from 1Sn-Betags2oo in terms of yield of desired
retro-aldol products was limited to appxoimately 50 % at maximal conversion. Although these
initial yields are comparable to previous reports addressing the catalytic conversion of glucose to
a-hydroxy ester compounds (although in batch),*~*° the selectivity and the lifetime of 1Sn-

Betag2oo towards the production of the retro-aldol products (ML and MVG) should be improved.

Towards this, previous studies in the literature have shown how a slight change to the reaction
conditions can improve the performance of Sn-Beta for the retro-aldol fragmentation of glucose to
a-hydroxy ester compounds. In particular, alkali metal chlorides and carbonates have been shown
to increase methyl lactate selectivity during the retro-aldol fragmentation of glucose by a
pronounced level.>! Of the alkali salts, potassium salts, such as potassium chloride (KCI), has been
shown to be an activity promoter for retro-aldol cleavage reactions, primarily effective in the
increase of substrate conversion.>?° In addition, it has been shown that an increase in the stability
of the process can be achieved by adding small amounts (1-10 % w/w) of water to the sugar/MeOH

feed, by mitigating deactivation under continuous flow reactions.*’

Hence, to gauge the potential of these materials with these activity promoters, the retro-aldol
fragmentation of glucose over was carried out with the addition of KCI (0.335 mol) directly to the
feed solution, rather than being incorporated in the zeolite, along with minuscule amount of water
(1:99 H20:MeOH v/v). Concentrations used were based on recent studies where addition of water
content from 0 % to 1 wt. % was shown to increase the TOF by more than double in contrast to
methanol,>* whereas high concentrations of alkali have the susceptibility of deactivating all Sn-
Beta pathways.>? For these final studies, 1Sn-Betas2oo Was used as catalyst, and its performance

was compared to 1Sn-Betacomie following similar perturbation with water and alkali.

As shown in Figure 4.14, a considerable increase in yield, selectivity, and stability for both

catalysts was achieved following addition of applying alkali and water, increasing initial ML
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production to ca. 60 and 66 % for 1Sn-Betacom19 and 1Sn-Betaszoo, respectively (Figure 4.14, C).
The stabilising effect of water instead aided in drastically improving the stability of these materials
towards retro-aldol products; in fact, in these kinetic conditions ML and MVG were the main
products of reactions for up to 70 hours of time on stream maintaining a yield of 30% towards a-

hydroxy-esters.>
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Figure 4.14. Retro-aldol fragmentation of glucose in the presence of water and alkali for 1Sn-Betagzo (A) and 1Sn-
Betacom19 (C). Conversion vs. ML+MVG selectivity (B) and initial carbon balance comparison of original ML

fragmentation and ML fragmentation using alkali and water (D). Reaction conditions: 160 °C, 20 bar, 1% glucose,
solvent: 99% methanol/water (99:1 v/v %) with 50 mg KCI (0.335 mmol) per 2 L of solution, 1 mL/min flow rate per
100 mg of catalyst.

Interestingly, a slightly different response to alkali and water was detected by 1Sn-Betag2oo and
1Sn-Betacomie. Both the catalysts showed an increase in selectivity in the presence of water and
alkali, which led to yields in a-hydroxy-esters above 85% for both the materials, in contrast to

yields in the region of 50-60 % in the absence of water and alkali. Although both catalysts resulted
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in higher yields following addition of water and alkali, Figure 4.14B shows that the selectivity in
a-hydroxy-esters at the same rate of conversion was higher for 1Sn-Betag2oo throughout the entire
reaction. This indicated that a greater quantity of substrate was converted into undesired products
throughout the whole reaction with 1Sn-Betacom1o, leading to a loss of valuable substrate that
could otherwise have been recycled post reaction. In contrast, the stability of the material over 72
hours of time on stream followed a different trend. In fact, 1Sn-Betag200 experienced a loss of 40%
activity over 72 hours of time on stream, whereas the 1Sn-Betacom19 €xperienced only a loss of
20% of the starting activity. This indicates that the beneficial role played by small quantities of
water in this catalytic system is less pronounced for 1Sn-BetaB200 than 1Sn-Betacomis, Which
likely arises from differences in their hydrophilic properties impacting the uptake of water by the
catalyst. Based on this observation, water sorption analysis was conducted on the aforementioned
catalysts tested to determine their hydrophobicity.>>¢>7 As shown in Figure 4.15, water uptake
was notably higher in the commercial hydroxide synthesised Beta zeolite compared to the fluoride
synthesised zeolites. The decrease in water sorption for the synthesised catalysts is likely a by-
product of the fluoride anions present during synthesis, which normally result in the formation of
larger, more hydrophobic crystals of micrometre size, which can create diffusional constraints on
diffusing molecules and hinder uptake of polar sorbates. F-mineralisers serve as a compensator for
the organic structure-directing agent (OSDA) (e.g. tetraethylammonium TEA*) and remain
occluded within the zeolite, mitigating defect sites to maintain charge neutrality. OH mineralisers,
on the other hand, form framework SiO" defects to compensate TEA™ cations which become Si-
OH after removing the OSDA.>>°8%°, The higher hydrophilicity of 1Sn-Betacomio is likely why the
addition of water is more beneficial to this catalyst than to 1Sn-Betag20o. We note that 1Sn-Betag2oo
showed a higher-than-usual water uptake compared to the as synthesised (defect-free) zeolite
synthesised in fluoride media, which is almost certainly due to the initial demetallation procedure
creating defect sites, thereby increasing the overall hydrophilicity of the material. This likely
account for the slight increase in stability*
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Figure 4.15. Water sorption of catalysts1Sn-Betacomig and 1Sn-Betag2oo, as well as a hydrothermally synthesised 1Sn-

Betanpr.

4.2.2.3 Low temperature glucose isomerisation

Furthermore, to elucidate more on the differences in catalytic activity of these zeolites, glucose

isomerisation was conducted using the six demetallated Sn-Betas where reactions were conducted

at the same time length (72 h). All reactions seemingly had relatively similar initial conversion

and fructose yield (Figure 4.16), however, there were slight differences in terms of stability, where

1Sn-Betag200 appeared to be the superior for both glucose and fructose, as shown in their respective

deactivation constants (Kd) in Figure 4.17 (left).
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Figure 4.16. Glucose isomerization in continuous flow for 1Sn-Betacazoo (A), 1Sn-Betarezoo (B), 1Sn-Betaaizo (C), and

1Sn-Betacazo0 (D). Reaction conditions: 110 °C, 10 bar, 1% glucose, solvent: 99% methanol, 0.65 mL/min flow rate
per 100 mg of catalyst.

Regarding the selectivity towards fructose (Figure 4.17, right), 1Sn-Betaca20 showed higher
selectivity than its three other counterparts. It, however, showed a faster rate of deactivate (0.0091
h). 1Sn-Betagz00 and 1Sn-Betarezo0 had comparable selectivity percentages whereas DeAl Sn-
Beta was the lowest of the four. Interestingly, most k¢ comparisons showed that glucose was
deactivating faster than the drop in glucose. This can imply that while fructose yield is relatively
stable, there are other short-lived side reactions that glucose is undergoing in the initial stages.
These reactions finish in the first hours, lowering the glucose conversion, hence, simulating a
decrease in deactivation when these side reactions have ended, when in fact it is stabilising its
conversion and selectivity in the later stages, producing only fructose. Taking into consideration

all the parameters (TOFciurru, Kd, selectivity), 1Sn-Betag200 had the better performance overall.
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Figure 4.17. Initial TOF (ca. 2 h) vs. kg Glu/Fru of the 200 Si/M beta zeolites (left) and their conversion v. selectivity
(right) for glucose isomerization. Reaction conditions: 110 °C, 10 bar, 1% glucose, solvent: 99% methanol, 0.65

mL/min flow rate per 100 mg of catalyst.

As for the preceding reaction, 100 Si/M treated Sn-betas were tested and compared with their 200
Si/M counterparts. When it came to kinetic performance, the catalysts appear to have benefitted in
different ways from utilizing more of their initial metal to strip, as can be seen in Figure 18. With
an excessive number of sites available for tin to migrate to, seeing as how the wt. % in use for
these experiments is 1 wt. %, the metal is able to find a more thermodynamically stable T-site in
which to incorporate itself, which can potentially enhance performance or its stability. In the case
of 1Sn-Betagi00, however, while not showing any improvement in terms of its conversion, it

showed clearly a higher activity as well as stability.
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Figure 4.18. Glucose isomerization reaction in continuous flow for 100 Si/M ratio 1Sn-Betagioo (left) and 1Sn-Betaaiioo.
Reaction conditions: 110 °C, 10 bar, 1% glucose, solvent: 99% methanol, 0.65 mL/min flow rate per 100 mg of
catalyst.

1Sn-Betaaiioo On the other hand, started relatively equal to its 200 analogue. However, in the first
hours it had a sudden decrease on both conversion and yield, having a toll on its overall
deactivation rate for both the substrate and product (Figure 4.19, Left). For both B ratios, similar
initial TOF for glucose conversion and fructose yield can be seen (Figure 4.19, Left). Despite this,
1Sn-Betas10o had a higher stabilizing point in its fructose yield, ca. 20% for 1Sn-Betag100 and ca.
15% for 1Sn-Betag200, improving the catalysts overall selectivity towards this product (Figure 4.19,
Right).

Looking towards the catalysts kg, 1Sn-Betaaioo Strangely did not result benefitted from having
more vacant sites. While the initial TOF of both 1Sn-Betaai were similar, the 100 analogue suffered
deactivation-wise. This is mainly due to the behaviour of the initial hours, where its trend was
precipitous compared tolSn-Betagioo. 1Sn-Betagioo additionally showed a considerable
improvement in both glucose and fructose kg, (0.005 and 0.0025 h%, respectively) compared to
1Sn-Betagzoo (0.0079 and 0.0044 h', respectively).
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Figure 4.19. Initial TOF v. kqGlu/Fru of the 100 and 200 Si/M analogues of 1Sn-Betag and 1Sn-Betaa catalysts (left)
and their conversion v. selectivity (right) for glucose isomerization.

A proposed theory as to why the deboronated has a slightly more enhanced performance than its
counterparts can be due to the T-site placement of boron in the zeolitic framework. The boron
species seemingly take place always in “diagonal” sites. Koranyi et al® have shown that boron
incorporates typically in pairs in the membered rings (MR). While boron is in pairs in the
frameworks, metals such as aluminium are not necessarily shown to have this characteristic,
showing that there are typically more lone Al atoms than paired ones within a MR.%%%! Given the
importance of the crystallographic T-sites, this mono- or double isomorphous substitution can
greatly determine the kinetic potential of a material; with a double substitution. It has been shown
that it has a greater Lewis acidity than having the same two species isolated from one another.®?
This is one of the main reasons as to why Sn has a higher activity in sugar conversion than other

metals such as zirconia and titanium, which are not necessarily stable for double lattice substitution.

In Figure 4.20 we can see the BEA framework where we observe the T2 site, which is considered
the most overall T-site in this zeolite. This T-site, along with T1, conform part of the 4-MR in the

beta zeolite, secondary building unit in which the boron atom a has preferential substitution.
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Figure 4.20 Visual representation of T1 and T2 sites of beta zeolite showing a double lattice substitution. Blue coloured
bonds show the 6-MR.

4.3 Conclusions

This study focuses on how the choice of starting zeolite material impacts the preparation and
performance of post-synthetic Sn-Beta catalysts prepared by Solid State Incorporation. In
particular, four different metal-incorporated Beta zeolites (M-Betas, M= Ga-, Fe-, B-, Al-) were
explored as parent materials for the top-down synthesis of Sn-Beta via demetallation-remetallation,
and their ultimate performances were explored for the retro-aldol fragmentation of glucose to a-
hydroxy ester compounds methy! lactate and methyl vinyl glycolate. 1°Sn MAS DE CPMG NMR,
alongside XRD, IR and porosimetry analysis, demonstrated the successful synthesis of Sn-Beta in
all cases, albeit with a wide array of different isomorphously-substituted Sn species being present

in each sample.

The kinetic performance of each catalyst was evaluated in continuous flow, and revealed that all
the synthesised materials were active for this reaction, and hence, that different metal precursors
can be employed as starting materials for the synthesis of Sn-Beta by SSI. The catalyst synthesised
from the B-Beta starting material shows the best performance in term of productivity in o-

hydroxy-esters, in particular following the addition of alkali additives to the reaction feed.
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Based on these findings, we can conclude that B-derived zeolites are a feasible alternative to Al-

containing zeolites for Solid State Incorporation. This finding may be advantageous in the long

term, since the hydrolytically unstable nature of borosilicate zeolites may prove to be easier to

demetallated than their aluminosilicate analogues.
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Chapter 5. Tailoring of beta zeolites with post-synthetic
modifications using pore-directing agents for sugar

valorisation

5.1 Introduction

Conventional zeolites are microporous heterogeneous materials, which comprise of 8 to 12
membered rings (MR) pore channels. Due to their capability of incorporating a variety of metal
heteroatoms, these inorganic solids have been used in a plethora of catalytic processes, such as
Baeyer-Villiger oxidation (BVO),! dehydrogenation,? catalytic reduction of NOx,® and many
more.*® Despite the wide applications that these materials have, they can also suffer from diffusion
limitations due to their previously mentioned microporous nature.” This limitation can also
negatively affect the catalysts’ lifetime, due to the material being more prone to pore fouling, or

may result in the catalyst exhibiting no activity whatsoever substrate due to steric hindrances.®

Hierarchical zeolites consist in the creation of mesopores or macropores in an already microporous
zeolite, giving the material a bimodal distribution of pore sizes. Hence, they theoretically maintain
the benefits of the microporous active site environment (e.g., high activity and shape selectivity),
whilst offering improved mass transfer properties. Such hierarchical zeolites can be prepared in
several ways. Some procedures involve in creating these mesopores during the synthesis (bottom-
up) of the zeolite, such as carbon-,° cellulose-,'° or CaCOs-templating.** Post-synthetic treatments
(top-down) such as demetallation (dealumination, desilication) involve leaching with highly acidic
or basic solutions. Desilication, for instance, is created by partial dissolution of the zeolite
framework using an alkaline solution, whereas to remove aluminium from the framework (Figure
5.1) requires use of an acidic medium.'?>!?® Advantages of the top-down approach are the relative
ease of performing it, the high reproducibility and the fact it is more cost-effective than any of the

bottom-up approaches.’
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Figure 5.1. Dealumination of zeolite framework.

Desilication procedures can also be accompanied by the insertion of a mesoporogens as a pore-
directing agent (PDA).*>** This can aid in the procedure by mitigating a high degree of silicon
dissolution, preventing the zeolitic structure from collapsing, as well as creating a more uniform
distribution of mesopores. Typical PDAs consist of cationic surfactants (tetraalkylammoniums —
typically 10 to 20 carbon atoms), anionic surfactants (e.g., hexadecanesulfonic acid)*® and non-
ionic surfactants (amines). One of the most used and studied consist of cetyltrimethylammonium
(CTA"), which is also applied in the formation of various other zeolite materials.!®” These PDA
form micelles which are adhered to the framework while undergoing base leaching, protecting

vicinal silicon groups, as shown in Figure 5.2.

Surfactant

Hydrophobic tail Hydrophillic head

Micellization

Surfactant
Removal

—F———

Figure 5.2. Use of PDA for base leaching.
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Desilication has been typically carried out for hydroxide-assisted (OH™ as mineralising agent)
zeolites.*®2! Nevertheless, unlike OH -assisted zeolites, zeolites made in fluoride (F) media may
afford the incorporation of different heteroatoms other than silicon and aluminium into the
framework.?? The use of F~ as a mineralising agent, however, comes with setbacks. F~ anions
typically work at low pH (ca. 5) which favours slow growth.? This suppression of the nucleation
step increases the crystal size of the zeolite to micron-sized levels.?*?® This increase in crystal size
can create diffusional limitations, making smaller crystal size catalysts more favourable to reduce
mass transfer resistance.?’*° The incorporation of heteroatoms along with the introduction of
mesoporous in the zeolite can potentially lead to catalytically more active zeolites along with
eliminating said mass transfer limitations.3*3> Herein, post-synthetic treatment of fluoride-

mediated zeolites will be carried out to test the effectiveness on these particular zeolites.

The creation of hierarchical zeolites has been shown to offer improved rates of deactivation,
having shown improvements in hydrodesulfurization reactions,®” and has been gaining attention
for their application in catalytic cracking systems, where coking is known to be a prevalent form
of deactivation.®®*° Incorporation of a wide array of heteroatoms have further given these
hierarchical zeolites a broader substrate applicability, such as glucose isomerisation,*! propane
dehydrogenation,*? olefin hydroisomerisation,** or Meerwein-Ponndorf-Verley (MPV) reduction
reactions.® Moreover, this incorporation has as well as shown improved yields over a plethora of
reactions when compared to their conventional microporous analogues.*** Indeed, the creation of
additional porosity has been demonstrated to provide outstanding benefits in terms of Kinetic
activity and has opened the possibilities of carrying out inconceivable reactions if one were to

apply conventional microporous zeolites.

Of particular interest is the hierarchical Sn-Beta zeolite, which has gained a lot of attention. Out
of the plethora of reactions that have been carried out with this catalyst, glucose retro-aldol
fragmentation to methyl lactate, has gained a lot of attention (Scheme 5.2). Xu et al reported higher
yields of methyl lactate with hierarchical Sn-Beta (58 % ML yield) made via hydrothermal post-
synthesis method than with the conventional fluoride media synthesised Sn-Beta (42 % ML
yield).* Li et al showed that an improvement of mass transfer, hydrophobicity, and Lewis acidity
are advantageous for high yielding of methyl lactate with glucose as a substrate.*” Other methods
that have been done to improve rate of deactivation and/or activity/selectivity for these a-hydroxy
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esters (methyl lactate, methyl vinyl glycolate) is the addition of small quantities of water (up to
10 % v/v), presenting higher degrees of stability and reactivity.*® Given the versatility of Sn-Beta
as a Lewis acid catalyst, it can potentially provide good performance for a plethora of mono- and

disaccharides for methyl lactate production.

OH  OH Isomerisation OH O
0 — OH
o - — . . HO /\M/
B Lewis Acid =
OH OH Beta zeolite OH  OH
Glucose Fructose
Retro aldol
\ \
:’ OH + Keto-enol tautomerization o
! , —
; glyceraldehyde E 1,3-dihydroxyacetone
-H,0 : o
fo) +MeOH
h O/
o) B ———
X : OH
pyruvaldehyde ) methyl lactate

Scheme 5.1. Pathway for glucose to methyl lactate via retro-aldol fragmentation using Lewis acid catalysts.

Authors have reported the susceptibility of fouling for this particular reaction using catalysts such
as Sn-Beta, in both water and methanol.*®*® Therefore, glucose retro-aldol fragmentation was
chosen was as the reaction study to assess the stability and reactivity potential when implementing
hierarchically ordered mesopores in F-assisted zeolites. Furthermore, two other heteroatoms — Hf
and Zr, (along with Sn) will be used as precursors to synthesise fluoride-assisted Hf-Beta and Zr-
Beta, respectively (named M-Beta-F). Hf-Beta has been recently reported to be a highly active and
selective zeolite for glucose conversion at high temperatures (140 °C) in continuous flow.>! Zr-
Beta has been shown to have potential for glucose isomerisation, presenting the lowest activation
barrier alongside Sn.52%3 Furthermore, the preparation of mesoporous Zr-Betas has been reported
using different methods such as: DeSi-DeAl-dry impregnation using Cp2ZrCl;
(Bis(cyclopentadienyl) Zr(1V) chloride),>* and DeSi+PDA (C10-C16)-DeAl + Zr(1V) oxychloride
octahydrate.>® To date, no information for mesoporous Hf-Beta or any other framework has been
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reported. Prior to this, initial tests were also carried out using a commercial Beta zeolite by
incorporating Sn into the framework using various temperatures for the desilication step to assess

the degree of mesopore formation.

5.2. Results and discussion

5.2.1. Zeolite characterisation

Firstly, the three commercial hierarchical Sn-Betas prepared from commercial Al-Beta were
characterised. As can be seen in Figure 5.3, Sn-beta zeolites derived from commercial zeolites did
not show any detrimental effect in regard to their crystallinity after hierarchical modification,
according to the X-ray diffraction patterns (XRD). No beta zeolites showed any major degradation
with a small exception to 85CTA-NaOH which presented a slightly lower intensity in intensity in

comparison with the other two treatments in the 7.2° peak.

—— 85CTA-NaOH

2.0 i —— 65CTA-NaOH
| —— 45CTA-NaOH|,
i
1.5 [[\ jl
/| ‘
1.0 ‘\ \ }\
J "\’, Jﬂ/k il 1\)‘\,",”,\/\‘_ e I -
0.5

0.0

Figure 5.3. X-ray diffraction patterns of post-treated commercial zeolites.

Unlike XRD, N2 physisorption provided further data and the influence of both the temperature as
well as the effect of using PDA as a mesoporogen. As is shown in Figure 5.4, all zeolites present
similar isotherms, albeit a difference in their respective specific surface areas (SSA) as well as
having hysteresis, indicative of mesopore formation. Seemingly, the application of higher

temperature when under alkaline leaching increases the SSA. This increase, however, does not
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affect the pore size distribution (PSD) of the resulting leaching, which can be attributed to the use
of PDA.
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Figure 5.4. Nitrogen physisorption isotherms (Left) and Non-local Density Function Theory (NLDFT) PSD (Right)
of the desilicated post-synthetic Sn-Beta.

Table 5.1 provides further information into the influence of the varying temperature had on zeolites.
Interestingly, the zeolites presented an increase in virtually all parameters as the temperature was
increased. This applies to also the micropore volume, having a value of 0.186 cm® g%, 0.223 cm?®
g?, and 0.27 cm?® g, for 45CTA-NaOH, 65CTA-NaOH, and 85CTA-NaOH, respectively. BET
surface area also increased with a higher temperature, having an area of 661 cm? g for 85CTA-
NaOH in contrast to 556 cm® g* for 45CTA-NaOH. DFT calculations were also compared and the
discrepancy between them appeared to be larger. In particular, clearer differences in micropore (>
2 nm) mesopore (2 — 50 nm) volumes could be observed, which showed a higher amount of
mesopores in the zeolites following desilication: 0.2562 cm® g, 0.2973 cm? g, and 0.32394 cm?®
g for 45-, 65-, and 85CTA-NaOH zeolites, respectively.
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Table 5.1. Textural data on desilicated Sn-Beta zeolites.

t-plot BET NLDFT
Micropore  Micropore External .
Surface Pore Surface  Micropore  Mesopore
Catalyst volume area Surface area
Area Volume Area volume Volume
m*g?)  (m*g?) (m*g)
Fresh 0.219 416 92 509. 0.35 890 0.18525 0.21226
45CTA-
0.186 393 162 556 0.402 763 0.1309 0.2562
NaOH
65CTA-
0.223 395 167 562 0.454 826 0.1447 0.2973
NaOH
85CTA-
0.27 487 174 661 0.508 953 0.1725 0.3239
NaOH
65CTA-
0.245 421 205 627 0.526 883 0.14886 0.3654
0.3NaOH

Additionally, another treatment was done using a 0.3 M NaOH solution at 65 °C (65CTA-
0.3NaOH) to evaluate the effect of using a higher concentration of alkaline media. While
comparing 65CTA-0.3NaOH to 65CTA-NaOH, the former continued to have an incremental effect
in all its textural properties. However, when comparing it to 85CTA-NaOH, it proved to have only
higher mesopore volume (0.3654 cm® g and 0.3239 cm® g* for 65CTA-0.3NaOH and 85CTA-
NaOH, respectively) to and external surface area. By applying a higher concentration of NaOH,
the leaching provided more amounts of mesoporosity at the expense of losing microporosity,
whereas temperature seems to have a relatively proportional increase to all of the zeolite’s textural
properties. While there may be a limit to the application of temperature or concentration due to the
catalyst degradation, this could aid with the tuning of higher mesopore zeolites while maintaining

a sufficient amount of microporosity in the framework.

To visualise the physical changes to the catalysts, transmission electron microscopy was performed
on the 45CTA-NaOH catalyst. As can be seen in Figure 5.5, 45CTA-NaOH Sn-Beta is shown to
have clear degradation, particularly in the surface of the zeolite crystallite.

170



Chapter 5

Figure 5.5. TEM of 45CTA-NaOH Sn-Beta at 8,000x (left), 30,000x (middle), and 150,000x (right) magnification.

To further assess the degradation, TEM of 85CTA-NaOH was carried out (Figure 6.6) Whilst
external surface areas seem relatively similar (162 and 174 m® g for 45CTA-NaOH and 85CTA-
NaOH, respectively), 85CTA-NaOH was shown to have a more severe degradation in the external
area of the crystals. Although the premise for the implementation of desilication is to generate
mesopore channels to hinder any mass transfer constraints, degradation with higher temperatures
could possibly aid in the increase of micropore area and volume.

Figure 5.6. TEM of 85CTA-NaOH Sn-Beta at 25,000x (left), 80,000x (middle), 120,000x (right) magnification.

5.2.2. Catalytic tests of the hierarchical Sn-Beta samples.

Methy! lactate production from glucose (Scheme 5.1, vide supra) under continuous flow was used
as the system for these zeolites to evaluate the stability of these zeolites. A normal post-synthetic
(SSI via only dealumination) Sn-Beta named PS Sn-Beta (created using procedure in Section

2.3.2.1) was also tested as a benchmark to gauge the effect of the alkaline-treated zeolites. 65CTA-
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NaOH and 85CTA-NaOH were chosen as the catalysts for this reaction study, to observe if there
existed any beneficial effects with higher degree of degradation as evidenced by TEM from
85CTA-NaOH. As can be seen in Figure 5.7 (left), a great improvement with respect to the
conversion over time on stream can be observed, showing a glucose conversion of 53 % and 63 %
for 65CTA-NaOH and 85CTA-NaOH, respectively, in contrast to 17 % conversion obtained from
PS Sn-Beta. To further assess the stability of the catalysts, rates of deactivation (kq) were plotted
using the Levenspiel function.>®>” kq presented in Figure 5.7 (right) show a significantly lower for
both of the hierarchical zeolites, having values of 0.0365 and 0.0374 h™! for 65CTA-NaOh and
85CTA-NaOH, respectively. PS Sn-Beta, on the other hand, presented a kq with almost double the
value, having 0.0685 h1. Whilst there was an improvement from the alkaline-treated to the normal

post-synthetic Sn-Beta, the variances of kq between both temperatures were minimal.
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Figure 5.7. Catalytic conversion of glucose to methy| lactate via retro-aldol fragmentation using various post-synthetic
catalysts: (left) glucose conversion and (right) glucose kq plotted by the Levenspiel method. Reaction conditions: 1

wt. % glucose in methanol, 1 mL min flow rate, 100 mg, 160 °C.

As can be seen in Figure 5.8, fructose (left) and methyl lactate (right) yields are shown. As with
the improvement in stability shown for glucose conversion, ML vyield appeared to benefit
substantially. Methyl lactate yield showed a higher activity for both hierarchical catalysts, yielding
ca. 35 % higher initial ML yield (32.5 %) than the conventional PS Sn-Beta (25 %). Whilst PS Sn-
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Beta would not show any yield after 26 h, both hierarchical catalysts continued to produce after
40 h, with an average of 2.5 % methyl lactate yield. Unlike the ML production, fructose yields
appeared to have minor changes (10.8 % fructose yield for 65CTA-NaOH) or relatively similar
yields (in the case of 85CTA-NaOH vs. PS Sn-Beta fructose yield — 9.6 %). This minor change in
fructose accompanied by the increase in ML vyield is beneficial due to fructose being an
intermediate to ML, implies that the increase in activity/stability is not necessarily improving
secondary or intermediate reactions but rather ML production overall. This could indicate even if
the main factor of deactivation can be mitigated by creating mesopores, this does not necessarily

implicate a better reactivity towards materials which were previously able to catalyse.
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Figure 5.8. Fructose (left) and methyl lactate (right) yield of glucose retro-aldol fragmentation. Reaction conditions:
1 wt. % glucose in methanol, 1 mL min-1 flow rate, 100 mg catalyst, 160 °C.

Glucose conversion vs. selectivity presented at Figure 5.9 showed similar trends for fructose
selectivity (Figure 6.9 — left). However, methyl lactate was shown to have higher selectivity on
similar conversion rates when compared to both hierarchical catalysts. This is to be expected given

the abrupt drop in glucose conversion that PS Sn-Beta exhibits throughout the time on stream.
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Figure 5.9 Glucose conversion vs. fructose (left) and methyl lactate (right) selectivities.

Despite the lower methyl selectivity obtained from the hierarchical Sn-Beta catalysts, overall

carbon balance with respect to glucose conversion presented similar trends and percentages

(Figure 5.10). This could indicate that the creation of bimodal catalysts did not create any

additional reaction pathways, and hence, was simply an overall improvement stability-wise.
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Figure 5.10. Glucose conversion vs. Carbon balance of the three catalysts. Glucose, fructose, and methyl lactate were

considered for the overall carbon balance.
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The creation of mesopores for Sn-Beta was shown to improve drastically the initial ML vyield.
Accompanied with this newfound increase in stability could be pivotal for future studies in gauging
their potential for the production of a-hydroxy esters. As has been discussed previously, the
addition of water can potentially further increase the stability in this system.*® Furthermore, the
addition of alkali salts (i.e., KCI, K2COgz) at small concentrations to increase methyl lactate
selectivity has been reported to work for both fluoride-assisted as well as post-synthetic
catalysts.>®>® Moreover, this has the advantage of suppressing alkyl glycoside formation, for the
case of KoCO3.% Thus, the creation of mesopores resulted to be beneficial in regards to the
catalysts’ stability while not hindering or decreasing activity in any way. Furthermore, addition of
activity promoters such as alkali salts and/or water could further increase the activity and

selectivity to a higher degree given its newfound bimodal pore size.

5.2.3. Catalytic tests of the desilicated, fluoride-synthesised Hf-, Zr-, and Sn-Beta
zeolites

To further assess the desilication procedure, desilication studies were focused on three different
metal betas synthesised using fluoride as a mineraliser, in contrast to the commercial zeolites
previously tested which are synthesised using hydroxide as a mineraliser. Due to the higher activity
obtainable by fluoride-synthesised zeolites, application of slight desilication can potentially

decrease their rate of deactivation on processes whose main form of deactivation consists of coking.

While temperature did indeed change the textural properties when catalysts underwent desilication,
no drastic change in terms of activity, selectivity and overall carbon balance was observed from
65CTA-NaOH and 85CTA-NaOH. Therefore, the same desilication procedure was carried out
using only 65 °C to the fluoride-assisted zeolites and were subsequently tested. Another
desilication treatment involving solely 0.2 M NaOH was also performed to observe the effect of

degradation.

As can be seen in Figure 5.11, desilication on all zeolites were unsuccessful. All zeolites resulted
in complete degradation of the crystal structure after undergoing desilication, showing complete
amorphisation in all catalysts done with pure NaOH as is shown by the absence of the peaks that

represent a Beta zeolite (i.e., 20 of ca. 7.9° and 22.6°).6%52 Despite the degradation of the
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zeolites,Sn-Beta-F presented traces of the Beta zeolite, albeit still mainly amorphous, showing
diffractions at 7.9 and 22.6 20. Pérez-Ramirez et al reported the interaction of various
tetraalkylammonium cations (TAA) under alkaline conditions, working as a pore-growth

moderator as well as providing protection from complete zeolite dissolution.%?

Possible reasons for the complete dissolution of the M-Beta-F zeolites are: 1) while Al helps by
hindering Si leaching, this does not necessarily apply for other types of heteroatoms (Hf, Zr, Sn)
as is evidenced by the difference in degradation while having similar Si/M ratios; 2) due to the
defect-free nature, silicon leaching, even under mild conditions, can cause a total collapse of the

structural framework.12
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Figure 5.11. XRD patterns of fresh and desilicated (with and without PDA) of Zr-, Hf-, and Sn-Beta zeolites.
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In lieu of kinetic information from desilicated Sn-Beta from fluoride media, fresh Sn-Beta-F was
compared with the 85CTA-NaOH Sn-Beta (Figure 5.12). Interestingly, the desilicated zeolite,
despite being synthesised in hydroxide media, presented a higher stability conversion-wise than
Sn-Beta synthesised with fluoride as a mineraliser. It did, nevertheless, lack in kinetic activity, as

is demonstrated by a lower fructose yield.
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Figure 5.12. Catalytic conversion of glucose at high temperature, showing fructose yields using Sn-Beta-F (Left) and
with 85CTA-NaOH Sn-Beta (Right). Reaction conditions: 1 wt. % glucose in methanol, 1 mL min flow rate, 100 mg
of catalyst at 160 °C.

Desilication tests conducted with a milder treatment were also carried out (0.1 M NaOH + 0.2 M
CTABr, 30 °C, 30 min); despite decreasing the concentration of the alkali, no activity was shown

when testing the catalyst, indicating a complete dissolution even with the modified desilication.

One of the probable reasons for the hydrothermal dissolution caused by desilication is due to the
low amount of M which could help in the mitigation of silicon leaching.®* Nevertheless, Pérez-
Ramirez et al have reported the desilication of Beta zeolites synthesised in fluoride media using
Al as the metal a low Si/Al ratio of 35.12 Despite having an elevated Al content in the zeolite,
uncontrolled dissolution occurred due to the low stability of framework Al in Beta zeolites. In

conventional (hydroxide-assisted) aluminosilicate zeolites, for instance (Figure 5.13), having a
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lower Si/Al ratio mitigates the OH™ attack. High Si/Al ratios, on the other hand, typically undergo
uncontrolled silicon extraction, resulting in amorphisation of the framework due the ease of Si-O-
Si leaching using OH".1%% Thus, it can be concluded that while a high metal content can provide
some protection to the catalyst when undergoing alkaline leaching, the innate defect-free fluoride

zeolite will inevitably suffer substantial framework degradation.
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Figure 5.13. Schematic of desilication degree according to Si/Al ratio.

5.3 Conclusion

Commercial aluminosilicate beta zeolite was used as a testing material to tailor the effect of
temperature when undergoing desilication. When applied to high temperature glucose valorisation,
catalyst stability improved significantly, presenting an initial 35 % higher ML yield than the
conventional PS catalyst. Desilication was also implemented into fluoride synthesised zeolites (Hf-,
Zr-, and Sn-Beta). However, all zeolites synthesised with fluoride anions underwent complete
degradation, with and without the use of a PDA. This could be due to the type of metal incorporated,

which does not have the same hindering effect that Al has, the low quantity of said metal (Si/M =
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200) or due to the zeolite’s defect-free structure, which makes it prone to full dissolution even if

partial leaching was performed. Overall, the use of desilication for the creation of mesopores is

not applicable in fluoride synthesised zeolites in the typical conditions that are used for the

hydroxide synthesised zeolites and further studies would need to be done to ascertain the

applicability of alkaline leaching. However, when carried out on materials suitable for desilication,

there is a substantial increase in stability, activity, and selectivity in contrast to the conventional

untreated material.
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Chapter 6. Polar solvent stability of UiO-66 metal organic
framework and its application for lactose valorisation

under continuous flow

6.1 Introduction

The depletion of non-renewable resources such as fossil feedstock as well as the transition towards
greener, more sustainable processes has been a focal point over the last decades. In this respect,
the valorisation of renewable feedstock (e.g., cellulose, starch, algae) to important commodity
chemicals at scalable and continuous processing conditions has become increasingly important.
Amongst potential heterogeneous catalysts, Sn-Beta has proven to be effective for the valorisation
of various carbohydrates in continuous flow and is known to catalyse different reactions such as
isomerisation,? and dehydration,® due to its tuneable acidic properties. While offering a more
flexible applicability on account of the capability to endow the solid with different metal clusters,
they are more environmentally friendly than homogeneous analogues.*® Heterogeneous catalysts
also offer higher potential than homogeneous catalysts for process intensification due to their
ability to be re-used,”® or continuously used,® for substantial periods of time. Nevertheless,
applicability of these catalysts in larger-scale operations can be hampered, whether it is due to the
laborious procedure to obtain these catalysts or due to the chemicals required to undergo the
synthesis. Hazardous reactants such as, hydrofluoric acid make fluoride-mediated catalysts
unattractive to scale-up. As such, the search for new heterogeneous catalysts with interesting

activities and good stability remains an important challenge.

Amongst heterogeneous catalysts, metal organic frameworks (MOFs) are of interest due to their
high surface areas,'*'? tuneable activities,***° and the ability to insert a variety of metal centres.®-
8 These heterogeneous catalysts are organic-inorganic hybrid crystalline materials which are
formed by reticular synthesis.® These porous materials are constructed with a secondary building
metal unit (SBU) as an organic linker and a metal ion cluster. Although thousands of MOFs have
been synthesised, a relatively few amount of these have been investigated as catalysts.?>2® Of the
MOFs, one of particular interest is the UiO-66 (Figure 6.1).2* This MOF has been reported to
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possess high degrees of water stability, along with Lewis acidity. UiO-66 is typically made up of
[ZreO4(OH)4] clusters with terephthalic acid (H.BDC) as linker, resulting in the formation of UiO-
66(Zr)-H. Its structure is characteristic for having a pore size of 6 A along with tetrahedral and
octahedral cavities of 7.4 and 8.4 A, respectively.?®>? Among its uses, UiO-66(Zr)-H and its
modified analogues have been applied for gas?’ and energy storage,?®? gas separations*® and for
catalytic processes.®*32 Along with being thermally stable up until 300 °C, the most intriguing

property is its reported water stability among other commonly used solvents.343°

°Zr
°O
Q¢

Figure 6.1. A visual representation of the UiO-66(Zr)-H MOF.

Due to the possibility of incorporating various metals (i.e. Zr, Hf, Ce) and linkers (i.e. H2BDC,
NH2BDC, BDC-COOH etc.) into the MOF framework, these solids have been used on a wide
array of kinetic reactions, such as in the glycerol acetlization,® glucose isomerization® and
dehydration of glucose to 5-hydroxymethylfurfural (HMF).3! Due to the bigger channels available
in this MOF, its potential to valorise bulkier substrates such as disaccharides with more ease, and

can become an attractive application for these types of sugars.

However, although UiO-66(Zr)-H has been reported to possess good tolerance to water, its stability
under true operational conditions (temperature, pressure, continuous), particularly as a function of
catalytic reaction and choice of solvent, has not yet been explored. Moreover, their use as catalysts

for biomass conversion processes is also relatively unexplored. This chapter presents a study
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focused on the catalytic conversion of lactose to lactulose over UiO-66(Zr) MOFs. The solvents
chosen for lactose isomerisation were based on solvothermal stability tests conducted by Justyna
Minkiewicz®" at continuous processing conditions, and preliminary kinetic details describing the

activity and performance of these materials for this reaction are presented.

6.2 Results and discussion

6.2.1 MOF synthesis and characterisation

Ui0-66(Zr)-H, as well as an amino-functionalised MOF (UiO-66(Zr)-NH>) were synthesised by
Justyna Minkiewicz. To verify the successful synthesis of the MOFs, powder X-ray diffraction
(XRD) tests were carried out. Diffraction patterns of both untreated MOFs presented high
crystallinity (Figure 6.2) and were consistent with previously reported XRD of this framework.
No impurity or secondary phases were detected, and the most intense peaks were observed at 260
values of 7.5° and 8.6°, which correspond to the (111) and (200) crystal planes, respectively.?4%
These findings, along with Scanning Electron Microscopy (SEM) images (Appendix 6.1, images
obtained by Justyna Minkiewicz) indicate that the synthesis of UiO-66(Zr)-H and UiO-66(Zr)-

NH: resulted in highly crystalline and uniform MOF structures.

5 5l —— Ui0-66(Zr)-NH,
—— UiO-66(2Zr)-H
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(“' -
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Figure 6.2. XRD spectra of untreated UiO-66(Zr)-H and UiO-66(Zr)-NH.
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Nitrogen physisorption showed a significant change between both MOFs specific surface areas
(SSA); while both presented a type | isotherm, their specific surface areas varied quite significantly,
with UiO-66(Zr)-H having the higher SSA. Pore structure parameters can be seen in Appendix 6.2
and Table 6.1. As can be seen from Table 6.1, an inferior SSA was observed for the UiO-66(Zr)-
NH, MOF (939 m? g!) compared to UiO-66(Zr)-H (1242 m? g), which are in line with previously
reported literature® Furthermore, the micropore volume showed a slightly higher amount for UiO-
66(Zr)-NH. (0.504 cm?® g1) in comparison to UiO-66(Zr)-H (0.615 cm?® g1). These differences in
area can be attributed due to the different number of linker defects as well as the available free
space and increased overall weight of the UiO-66(Zr)-NH, MOF.38%

Table 6.1. Textural and pore size data of UiO-66(Zr)-H and -NH, MOFs.

Sample Surface area (m? g™*)® Pore size (nmM)®  Vmicro (cm® g1)°
UiO-66(Zr)-H 1242 1.98 0.615
UiO-66(Zr)-NH: 939 2.14 0.504

2 Specific surface area obtained from BET.
b Single point adsorption total pore volume of pores at P/Po= 0.98.

UV-Vis analysis was performed to elucidate more on the speciation of Zr on both samples, as
shown in Figure 6.3. In both UiO-66(Zr) structures, UV-Vis spectra presented peaks at 232 nm
and 259 nm which are attributed to absorption of Zr-O oxo-clusters.*’ For UiO-66(Zr)-H, the
terephthalate linker is attributed by the band shown at 285 nm and a shoulder at 300 nm, as reported
by Roeffaers et al.** It was observed that the H.BDC linker showed no absorption in the visible
region. However, unlike UiO-66(Zr)-H, UiO-66(Zr)-NH. sample presented two broad peaks
which spanned between 350-450 nm; this is due to the nitrogen lone pairs ability to resonate

through the benzene raising the energy required for the ligand-to-metal charge transfer (LMCT).*?
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Figure 6.3. UV-Vis spectra of UiO-66(Zr)-H and UiO-66(Zr)-NH.

DRIFT spectra of UiO-66(Zr)-H and UiO-66(Zr)-NH. were also recorded, as illustrated in Figure
6.4. Whilst both spectra possessed similarities in the fingerprint region, clear distinctive feature
were observed, specifically at 3349 and 3465 cm™, which can be attributed to N-H stretches. Other
peaks observed are 3676 cm™ and 1504 cm, which are attributed to the bonding hydroxyl group
v(Zr-O-H) and C=C stretching vibration of the phenyl ring, respectively; symmetric and
asymmetric v(-COQ) groups can be observed at 1451 cm™ and 1605 cmL, respectively. Symmetric
and asymmetric vibrations of the aliphatic and aromatic modes can be accredited to the peaks at
ca. 2800-3100 cm™. Other than the typical peaks observed from the MOFs, residual DMF from
the synthesis could also be identified by the sharp peak at 1660-1675 cm™.
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Figure 6.4. DRIFT spectra of UiO-66(Zr)-H and UiO-66(Zr)-NH..
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The acidic properties of MOFs are known to be influenced by the choice of metal and linker, and
can strongly impact ultimate catalytic performance. These properties can be elucidated by means
of NHz-Temperature Programmed Desorption studies, as demonstrated in the recent work by
Minkiewicz.3” As demonstrated in this recent study®” (reproduced for ease of reviewing in
Appendix 6.10 and Appendix 6.11), NH3-TPD of UiO-66(Zr)-H displayed a peak at 270 °C,
attributed to medium acid sites. UiO-66(Zr)-NHz, on the other hand, showed three peaks: one weak
(216 °C) and medium acid site 310 °C. For these MOFs, it has been reported that temperatures
within the range of 250-300 °C, the frameworks inorganic [ZrsOs(OH)4]*?* cluster undergo
dehydroxylation,?* modifying the metal unit to a ZrsOs inner cluster, signalling that these peaks
are mainly attributed to Lewis acids.** Peaks at elevated temperatures (+350 °C) have also been
attributed to the degradation of both frameworks, albeit at a lower temperature for UiO-66(Zr)-
NH> (387 °C) than for UiO-66(Zr)-H (ca. 500 °C).* This is in line with the signal observed for
both MOFs without the sorption of NH3. Whilst at elevated temperatures UiO-66 MOFs typically
undergo degradation, NHz desorption was still present at 405 and 417 °C for UiO-66(Zr)-H and
UiO-66(Zr)-NHo>, respectively. This can be possibly due to the available Zr metal sites which could
form Zr-NHs complexes, despite the MOF structure degrading, leaving only the Zr oxo-clusters.8

6.2.2 Solvothermal stability studies of UiO-66(Zr)-H

Having characterised the textural properties of the untreated MOFs, solvothermal stability (STS)
tests were subsequently conducted to ascertain the suitability of UiO-66(Zr)-H and UiO-66(Zr)-
NH: for biomass conversion processes in the condensed phase. Solvothermal stability tests consist
in the use of solvents under designated pressure and temperature to subsequently evaluate
crystallinity, textural characteristics, and overall stability under that solvent. Due to the prevalence
of methanol as a solvent during various biomass processing reactions,*®° STS tests were
performed with methanol as well as water. Given that methanol is considered unfavourable due to
its toxicity, ethanol was also evaluated. STS measurements, along with their subsequent
characterizations were carried out by Justyna Minkiewicz.3’ For ease of reviewing, this data has
been provided by the previous author in the appendix, and the main conclusions of this previous

study have been summarised in the following paragraph. STS tests were undertaken on 200 + 10
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mg of each material for a total of 120 h at 110 °C (10 bar) in a flow of the appropriate solvent at

0.3 mL min™.

Solvothermal-treated MOFs with water and ethanol studies showed negligible changes in their
crystallinity and maintained their original crystalline phase even under high temperature and
pressure for UiO-66(Zr)-H (120 h, 110 °C) (Appendix 6.7, inset). The methanol-treated MOFs, on
the other hand, showed severe detrimental effect in terms of the framework crystallinity. Other
than having a great loss of its crystallinity, additional peaks were observed, creating new, unknown
phases. For UiO-66(Zr)-H, only one additional peak at 7.8 20 arose whereas for UiO-66(Zr)-NH:
gave rise to three new peaks (7.8, 8.9, 9.5 260). In conclusion, using methanol under these conditions
was shown to have a severe detrimental effect on the overall structure, damaging the structure, as
can be clearly seen in Appendices 6.7 and 6.8. It is important to note that while reactions using
methanol have been carried out, they consisted in batch reactions, which can drastically change

the behaviour of the catalyst such as its stability from continuous flow reactions.

Nitrogen physisorption studies presented in Appendix 6.8 showed a significant change in the SSA
of both MOFs following STS testing. Whilst both untreated MOFs originally presented different
SSA, both MOFs interestingly exhibited the same trends in how their areas became modified upon
STS treatment. In both cases, SSA was found to increase upon treatment in ethanol, with an
increase to 2270 m? g* for UiO-66(Zr)-H, and to 1841 m? g™ for UiO-66(Zr)-NHa, a 42.5 % and
49 % increase in SSA, respectively. Water interestingly showed a 25% increase for both MOFs,
with UiO-66(Zr)-H increasing from 1593 to 1991 m? g%, and UiO-66(Zr)-NH; from 1235 to 1647
m? g1 . Methanol post-treated samples, however, not only showed the lowest SSA, but were the
only samples to show hysteresis, which can be attributed to the presence of mesoporosity. This
presence was corroborated by NLDFT PSD of the samples (Appendix 6.9), giving rise to pore
diameters of 5.3 and 5.1 nm for UiO-66(Zr)-H and UiO-66(Zr)-NHa, respectively. This formation
of mesopores from the methanol treated sample can also be appreciated in Appendix 6.10, showing
a decrease in the microporous volume from UiO-66(Zr)-H and UiO-66(Zr)-NH2 with a Vmicro of
0.229 cm?® g%, and 0.096 cm?® g%, respectively, which can indicate the partial collapsing of the
MOF.

The UV-Vis spectra for the post-treated samples are shown in Appendix 6.11. It was observed that

the 285 nm band, attributed to the terephthalate linker, lost some absorbance after treating UiO-
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66(Zr)-H sample in methanol and water.** Treatment in ethanol resulted in no change to the
spectrum of the untreated catalyst sample. Some broadening of the 233 and 262 nm bands was
observed following treatment in methanol and ethanol, which could indicate a modification in the
Zr-O oxo clusters. This could be due to a change in the O-NH> complexation caused by the polar
solvents. With the polar solvents occluding within the MOF, changes in their stretching vibration

can be limited, hence, creating these distinct bathochromic shifts.*

Ui0O-66(Zr)-NH2 also showed physical changes in the colour of the MOF after STS. This is caused
due to the shifts of the amino functionalization group responsible for providing the colour of the
MOF. These variations could also indicate modifications in the electronic band structure around
the band gap after applying different polar solvents.®! As can be seen in Appendix 6.12, every STS
treatment had a distinct colour after drying the sample at 110 °C, where the methanol-treated MOF
had a brighter yellow colour; the ethanol-treated sample showed a yellow-brown colour; and lastly,
the water-treated sample had the most drastic change out of the three, with a light brown colour.
UiO-66(Zr)-H, due to the absence of any peaks close to the visible range, did not present any
physical changes in its hue.

Solid-State Magic Angle Spinning Nuclear Magnetic Resonance (SS MAS-NMR) analysis was
studies provided information of the solvent’s effect on the carbon speciation (Appendix 6.13).
Prior to MAS NMR analysis, samples were placed in an oven at 110 °C to remove any excess
solvent. Solid state *C Cross-polarization (CP) MAS-NMR for UiO-66(Zr)-H showed three
distinct peaks: at 172 ppm, attributed to the carboxylic group carbon atoms, 138 ppm to the
quaternary carbon atoms, and 130 ppm which consists of -CH groups. In both frameworks, but
primarily in UiO-66(Zr)-NHa, residual dimethylformamide (DMF) from the synthesis preparation
could be detected in the untreated samples (28, 34, and 161 ppm). In addition to possessing the
three previously mentioned peaks from the UiO-66(Zr)-H, three additional peaks were detected
for UiO-66(Zr)-NH.. 149 ppm is attributed to the C atom attached to the functionalized amino
whilst the 116 and 122 ppm signals arise from the surrounding carbon atoms of the amino-attached
carbon.®® In the methanol-treated STS UiO-66(Zr)-NH,, there was a significant decrease of
intensity on the carboxylic resonance (~170 ppm); additional peaks could also be seen within the
range of 45-60 ppm, which can be attributed to the methanol used for STS treatment.>? Nandy et
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al reported that methanol absorption at higher frequencies (Appendix 6.12, Right) can be attributed
mainly to in-pore methanol whereas ex-pore methanol corresponds to lower frequency. Given the
higher intensity shown mainly for in-pore methanol, this could indicate that after subsequent
removal of the solvents at elevated temperatures, methanol remained occluded within the
framework.

Moreover, in all STS treatments for UiO-66(Zr)-NH>, the 122 ppm peak disappears. This signal
can be attributed to the surrounding carbon atoms of the amino-attached carbon, indicating they
could have been damaged during the STS. Small resonances at 30 and 39 ppm can be observed for
all post-treated samples with the exception of the MeOH-treated MOFs, due to the higher degree
of degradation. These peaks could possibly indicate dangling -RsCH3 or R,.CH2NH: groups caused
by the solvents, for UiO-66(Zr)-H and UiO-66(Zr)-NHa, respectively. This could possibly indicate
a reasoning as to the increase of SSA in the MOFs after STS (Appendix 6.8), undergoing a similar

procedure as to dealumination/desilication of zeolites.

Marreiros et al. have shown its post-synthetic linker exchange (PSE), step to exchange the MOF
with a differently functionalized analogue without losing its crystallinity, using solvents such as
methanol for both the terephthalate and 2-aminoterephthalate linkers.> This has shown to provide
stability of dangling linkers as well as their creation.®* For this experiment, however, strong
resonances were detected in NMR for their STS, regardless of them being washed prior to their

study,

From the data gathered in this recent study, it has been concluded that out of the three solvents
tested for STS testing, methanol was the only solvent to have shown any negative effects towards
the crystalline structure of the MOF, reducing its crystallinity and its total surface area whilst
creating mesopores, as a result of damage to the building units by affecting the terephthalate linker.
In contrast, excellent stability was observed when STS treatments were performed in water or

ethanol, indicating these to be more suitable solvents for catalytic studies.

6.2.3. Kinetic studies of MOF for lactose isomerisation

Having known the implications and the influence of the solvothermal stability studies as performed
by Minkiewicz®’, to probe and understand the kinetic performance of UiO-66(Zr), instead of
conventional glucose isomerisation, liquid phase isomerisation of lactose to lactulose was

investigated. Lactose was chosen based on its kinetically analogous similarities to glucose,
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additionally to allow the probing of the channels for potential bulky substrate upgrading. For these
studies, water and ethanol were chosen as reaction solvents, due to the better compatibility of the
MOFs in these solvents as evidenced by the STS studies. Furthermore, reactions were performed
in continuous flow, which in addition to providing several advantages with regards to process

intensification, also provide more rigorous evaluation of catalyst stability.

Lactulose is a non-absorbable disaccharide made up of galactose and fructose monomers linked
through f-1,4-glycosidic bond, which can be obtained from lactose, a disaccharide commonly
found in milk and whey. This synthetic sugar is mainly used for pharmaceutical and nutraceutical
purposes, as well as in the food industry. It is mainly used to reduce blood ammonia concentrations
in the treatment of hepatic encephalopathy, and as a laxative for constipation. Due to its prebiotic
properties, it can also promote healthy gastrointestinal tract bacteria like bifidobacterial and
lactobacilli,>® which help digestion and stave off harmful bacteria like salmonella.’” Lactulose has
also gained more interest as a precursor along with lactose to make galactooligosaccharides (GOS)
via transgalactosylation, which also have prebiotic effects,®®®° and have been shown to have
benefits with colorectal cancer (CRC).%%2 The global lactulose market was valued between $180-
190 million USD in 2010,5 with an estimated global production of 42,000 tons per year. With an
abundance of uses that promote health benefits, the lactulose market is expected to increase growth

within the forthcoming years.

Lactulose can also be used as a precursor to produce equimolar amounts of galactose and fructose
via hydrolysis using B-galactosidase, as shown in Scheme 6.1.5 This pathway can offer a
distinctive alternative to obtain fructose and fructose-derived compounds to the typical glucose
isomerisation route (glyceraldehyde, 1,3 dihydroxyacetone, pyruvaldehyde, methyl lactate, and
methyl vinyl glycolate)®® which may allow both lactose and whey waste to also be employed more
usefully, further promoting sustainable waste management and a circular economy. From the
galactose moiety, it is also possible to produce tagatose, a reducing sugar that is generally
recognized as a safe product (GRAS) and is used a nutritional sweetener with low caloric value,

via isomerisation with a Lewis acid catalyst.
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Scheme 6.1. Schematic representation of the reaction pathways of lactose.

Industrially, lactulose is achieved by isomerization via the Lobry de Bruyn-Alberda van Ekenstein
(LA) rearrangement,®® isomerising the glucose moiety of lactose to fructose mainly using
homogeneous alkaline media. Typical catalysts used for this process include hydroxides®” 8, boric
acid,®® carbonates’ and aluminates.”* Other present works involving lactose upgrading are lactose
electroisomerisation carried out by Aider and Karim, > which involved using a cation exchange
(RuO2-IrO2-TiOz electrode) and anion exchange (stainless steel electrode) membrane with K2SO4
as the electrolyte at various currents. Although effective, there are several downsides when
employing the former catalysts. These include the requirement of expensive and challenging
separation procedures when employing alkali salts, which are usually achieved by electrolysis or
ion-exchange resins. Another key disadvantage is the catalytic degradation of lactose that can

occur at elevated temperatures in the presence of alkali compounds, which makes the use of higher
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temperatures impossible, negatively impacting reactor productivity and limiting the
thermodynamic equilibrium yields that are achievable. The utilisation of homogeneous additives,
along with the purification of lactulose from the by-products produced in these cases, can make

downstream processing operationally expensive and unattractive.

At this time, no literature exists regarding the isomerisation of lactose to lactulose with any MOF
under the continuous regime. However, given the promising stability of UiO-66(Zr) at high
temperature and pressure in continuous flow, the MOFs were tested for lactose isomerisation at
continuous processing conditions. The use of a higher reaction temperature (160 °C) was
deliberately chosen, as elevated temperature permits the stability of the catalysts to be probed in a
more intense manner, and such elevated temperature operation cannot be achieved by the state of

the art approaches due to the degrading effects in alkaline solution.

Lactose is typically composed from two anomers (a- and B-lactose), each of which has different
levels of solubility in various solvents, with a-lactose tending to be the less soluble of the two."3™
These solubilities are an important factor when it comes to working with alcoholic solvents given
that at even low relative wt.% of the substrate, lactose does not solubilize effectively with polar
solvents other than water. As such, the poor solubility of lactose in the alcohol (0.07 g L™ at 22 °C)
prohibited the use of pure ethanol as the solvent for lactose isomerisation.”

Due to limited previous work, initial experiments on lactose isomerization were carried out in pure
water. Additionally, given the prevalent application of methanol as a medium for sugar
isomerization — albeit to the detriment of catalyst stability during glucose isomerisation - ethanol
was used as a potential substitute, given its promising results, stability-wise.”>"® Ethanol is
hypothesized to act similar to methanol, increasing sugar conversion due to the higher solvation
(higher solvent uptake) of the zeolite’s hydrophobic pores.”® However, due to the low solubility of

lactose in pure alcohol, reactions using binary mixtures of ethanol and water were carried out.

Prior to lactose isomerization tests using the aforementioned MOFs, a hydrothermally synthesised
Sn-Beta (1 wt. % Sn) in fluoride media was tested in continuous flow at 160 °C at 0.4 mL min™,
However, no lactulose nor any other side-products were observed throughout the reaction. While
there have been reports on Sn-Beta®® and other zeolites such as a hierarchical®! and self-pillared
MFI nanosheets®?, these mentioned reactions were carried out in batch. This lack of contact time

with the substrate in continuous flow for bulkier sugars can possibly diminish any Sn-substrate
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interaction due to steric hindrances whereas with batch reactions it is much easier for the sugars to

react with surface Sn atoms available.

As can be seen in Figure 6.5, reactions took place using pure water as solvent, and three binary
mixtures of EtOH:H.O. Firstly, in pure water as solvent, both MOFs presented slight differences
in lactulose yield, with UiO-66(Zr)-H being the higher-active MOF, averaging ca 9 % lactulose
yield throughout the 72 h period. For UiO-66(Zr)-NH, although lactulose yield was shown to be
higher than the UiO-66(Zr)-H (10 %), it steadily decreased within the first hours, showing discreet

signs of deactivation throughout the run, averaging a 5.6 % lactulose yield within the final hours.

Reactions done in a 50:50 EtOH:H.O binary mixture with UiO-66(Zr)-H showed no signs of
deactivation and presented a higher lactulose yield (15 %) than its preceding reaction that was
done solely in water. UiO-66(Zr)-NH. showed a high initial lactulose yield similar to UiO-66(Zr)-
H, seemingly benefiting from having ethanol in the feed. However, lactulose yield showed an
abrupt drop within the first hours, having an average yield of ca. 10 % throughout the time on

stream, showing overall a lower activity than UiO-66(Zr)-H just as the reaction with solely water.
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Figure 6.5. Lactulose yield for UiO-66(Zr)-H (left) and UiO-66(Zr)-NH: (right) in water and different EtOH:H,0

ratios. Reaction conditions: 160 °C, 18 bar, 1 wt.% lactose in water, flow rate of 0.4 mL min-, 100 mg of catalyst.

To further probe the effects of ethanol and its influence on the kinetic activity, two additional
EtOH:H2O ratios were carried out: 25:75 and 1:99 EtOH:H-0; these were compared with the
previous two reactions. As its preceding reactions, for UiO-66(Zr)-H, 25:75 and 1:99 EtOH:H.0
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ratio reactions were stable throughout the 72 h period and showed no signs of deactivation. Both
reactions also presented relatively identical yields (~11 %). Reactions for UiO-66(Zr)-NH>, on the
other hand, revealed similar tendencies when it came to performance and deactivation. Unlike the
UiO-66(Zr)-H, reactions using 1:99 and 25:75 EtOH:H»O did not exhibit similar activity, as is
shown in Figure 6.6 (right). The 25:75 EtOH:H20 mixture presented a high initial lactulose yield
followed by a steep decline, similar to the 50:50 EtOH:H>O mixture. Looking further into the yield,
we can see that unlike UiO-66(Zr)-H, there is no clear difference after 72 h in the reaction,
obtaining similar yields (5.6 %) in all mixtures excluding the 50:50 EtOH:H>O mixture, which can

clearly indicate that a higher ethanol content is beneficial for Kinetic activity in this system.

To elucidate further, a lactose conversion vs. lactulose selectivity graph was plotted to determine
if there existed any trend to selectivity with the change in alcohol content. As can be seen in Figure
6.6 (Left), UiO-66(Zr)-H presented two distinguishable regimes of selectivity in accordance with
the EtOH:H-0 ratio; the 50:50 EtOH:H>O mixture was found to be not only the most active, but
most selective as well, showing higher selectivity at overlapping conversions with higher ethanol.
This was followed by the remaining two EtOH:H>0O ratios (25:75 and 1:99), which presented
similar selectivity along with Kkinetic activity. Lastly was water, being the least selectivity as well
as active.
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Figure 6.6. Lactose conversion vs. lactulose selectivity of UiO-66(Zr)-H (left) UiO-66(Zr)-NH; (right) in water and
different EtOH:H,O ratios. Reaction conditions: 160 °C, 18 bar, 1 wt.% lactose in water, flow rate of 0.4 mL min™,
100 mg of catalyst.
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UiO-66(Zr)-NHz2, on the other hand, presented contrasting trends regarding its lactulose selectivity
when compared to UiO-66(Zr)-H. Along with having overall lower selectivity for all ratios at
overlapping conversion, UiO-66(Zr)-NH2 did not seem to have distinctive separation in selectivity
performance as observed for UiO-66(Zr)-H (Figure 6.6, Right) when using different binary
mixtures and water. However, the 50:50 mixture was still overall the most selective with the
remaining mixtures and water falling in line with one another. This could indicate the positive
influence ethanol can have at higher concentration for activity as well as selectivity, showing a
positive effect in both MOFs.

Whilst there was clearly distinct activity amongst the reactions with different binary mixtures, the
overall carbon balance with respect to lactose conversion had similar trends for both MOFs
regardless of the mixture (Figure 6.7). This sudden drop in selectivity can indicate that other
reaction pathways are more favourable with UiO-66(Zr)-NH.. A possible product which can be
created is epilactose (galactose-mannose moieties), achieved by epimerisation of the glucose
moiety, or simply complete degradation of the substrate.®® Owing to the absence of
monosaccharides (glucose, fructose, galactose, tagatose), hydrolysis of the disaccharides (lactose
and lactulose) is not considered to be responsible for the drop in carbon balance nor any retro-aldol

fragmentation products such as methyl lactate of methyl vinyl glycolate.
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Figure 6.7 Lactose conversion vs. carbon balance of UiO-66(Zr)-H and UiO-66(Zr)-NH, in binary mixtures and water.
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However, when it came to their productivity, there was an increase shown for UiO-66(Zr)-H when
it came to higher ethanol content (Figure 6.8), unlike with UiO-66(Zr)-NH., which did not show
a clear trend in producitivity. This increase in productivity with higher ethanol content can also
mutually benefit lactulose purification/separation from lactose due to the differences in solubility
of both disaccharides. The use of supercritical fluid,®* solid-phase,® and pressurized liquid
extraction® for lactulose separation have been reported using binary mixtures of ethanol and water,

obtaining lactulose purities of up to 95 %.
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Figure 6.8. Carbon balance vs. lactulose productivity of UiO-66(Zr)-H (left) and UiO-66(Zr)-NH; (right) in binary

mixtures and water.

This high initial conversion that is presented only in the UiO-66(Zr)-NH; could indicate that the
amino functional group serves a role when it comes to converting lactose. Other than the 1,2-
hydride shift that could be expected from the Zr metal, the -NH2 group could aid in the production
of lactulose via the Maillard reaction,®*®’ as is shown in Scheme 6.2. The chemical reaction
between the -NHz group in the aminoterephthalic acid and the glucose moiety forms a Schiff base
(secondary imine) to form the lactosylamine.® The lactosylamine undergoes an Amadori
rearrangement, forming a 1-amino-deoxy-ketose (lactulosylamine), which can be hydrated to
remove the amino group, forming lactulose. This, along with the isomerisation reactions from the
Zr metal cluster, could be working in tandem, thus the reason as to its high conversion.

Nevertheless, due to the conditions of the reaction system that was used, this high conversion is
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short-lived. Furthermore, the colour of UiO-66(Zr)-NH. post-reaction can also be seen in Figure

6.10. This dark brown colour can also be attributed to the Maillard reaction, which provides the

browning of foods.
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Figure 6.9. UiO-66(Zr)-NH, after lactose isomerisation reaction with 50:50 EtOH:H»0O solution.
6.3 Conclusions

STS tests using three different polar solvents (MeOH, EtOH, H20) were performed for UiO-
66(Zr)-H and UiO-66(Zr)-NH: to determine their overall effectiveness as catalysts under true
operational conditions in continuous flow. While EtOH- and H.O-treated MOFs seemed to provide
a beneficial effect in the MOFs, increasing their SSA while not affecting its crystallinity, MeOH-
treated MOFs showed severe degradation in their crystallinity as well as the creation of new phases
and pore sizes. Based on the findings of STS testing, preliminary Kinetic studies were performed
focusing on lactose isomerisation as a model reaction for biomass upgrading using water, and
different mixtures of EtOH:H20O. During these studies it was found that the application of these
MOFs in continuous flow proved to be a stable catalyst under long periods in all the solutions used.
Whilst reactions in water were successful, isomerisation benefitted both kinetically and selectivity-
wise with the presence of ethanol in the mixture, even when adding a small quantity (1:99
EtOH:H20) in the solution. This (1:99 EtOH:H20) interestingly showed the same result at 25:75
EtOH:H>O mixture and only improved at the higher 50:50 ratio, which can indicate that ethanol
concentration requires a certain threshold to improve the catalytic activity or that water can have
a slight negative impact in the activity at high (>50 %) concentrations. This, however, did not
present itself when tested on UiO-66(Zr)-NHz, and only showed a higher production of lactulose
at 50:50 EtOH:H2O0 ratio. This novel usage of this MOF can open a variety of reactions regarding
different disaccharides or other bulkier substrates in continuous flow and more importantly,

straying away from the use of methanol and facilitate the scale-up of the reaction, a commonly

201



Chapter 6

used solvent for sugar valorisation. Additionally, the conditions that were implemented give
optimistic results towards the use of these materials in a practical, industrial setting for these

substrates.

202



Chapter 6

6.4 References

10.

11.

12.

13.

14.

Graca, l., Bacariza, M. C., Fernandes, A. & Chadwick, D. Desilicated NaY zeolites
impregnated with magnesium as catalysts for glucose isomerisation into fructose. Appl.
Catal. B Environ. 224, 660-670 (2018).

Lari, G. M., Dapsens, P. Y., Scholz, D., Mitchell, S., Mondelli, C. & Pérez-Ramirez, J.
Deactivation mechanisms of tin-zeolites in biomass conversions. Green Chem. 18, 1249—
1260 (2016).

Takahara, 1., Saito, M., Inaba, M. & Murata, K. Dehydration of ethanol into ethylene over
solid acid catalysts. Catal. Letters 105, 249-252 (2005).

Kim, J., Park, W. & Ryoo, R. Surfactant-directed zeolite nanosheets: A high-performance
catalyst for gas-phase beckmann rearrangement. ACS Catal. 1, 337-341 (2011).
Peréz-Ramirez, J., Verboekend, D., Bonilla, A. & Abello, S. Zeolite catalysts with tunable
hierarchy factor by pore-growth moderators. Adv. Funct. Mater. 19, 3972-3979 (2009).
Koller, H., Senapati, S., Ren, J., Uesbeck, T., Siozios, V., Hunger, M. & Lobo, R. F. Post-
Synthesis Conversion of Borosilicate Zeolite Beta to an Aluminosilicate with Isolated Acid
Sites: A Quantitative Distance Analysis by Solid-State NMR. J. Phys. Chem. C 120, 9811—
9820 (2016).

Padovan, D., Parsons, C., Simplicio Grasina, M. & Hammond, C. Intensification and
deactivation of Sn-beta investigated in the continuous regime. Green Chem. 18, 5041-5049
(2016).

Oozeerally, R., Burnett, D. L., Chamberlain, T. W., Walton, R. I. & Degirmenci, V.
Exceptionally Efficient and Recyclable Heterogeneous Metal-Organic Framework
Catalyst for Glucose Isomerization in Water. ChemCatChem 10, 706-709 (2018).
Yutthalekha, T., Wattanakit, C., Warakulwit, C., Wannapakdee, W., Rodponthukwaji, K.,
Witoon, T. & Limtrakul, J. Hierarchical FAU-type zeolite nanosheets as green and
sustainable catalysts for benzylation of toluene. J. Clean. Prod. 142, 1244-1251 (2017).
Botti, L., Navar, R., Tolborg, S., Martinez-Espin, J. S., Padovan, D., Taarning, E. &
Hammond, C. Influence of Composition and Preparation Method on the Continuous
Performance of Sn-Beta for Glucose-Fructose Isomerisation. Top. Catal. 0, 0 (2018).
Farha, O. K., Eryazici, I., Jeong, N. C., Hauser, B. G., Wilmer, C. E., Sarjeant, A. A., Snurr,
R. Q., Nguyen, S. T., Yazaydin, A. O. & Hupp, J. T. Metal-organic framework materials
with ultrahigh surface areas: Is the sky the limit? J. Am. Chem. Soc. 134, 15016-15021
(2012).

Martin, R. L. & Haranczyk, M. Exploring frontiers of high surface area metal—-organic
frameworks. Chem. Sci. 4, 1781-1785 (2013).

Qin, L. & Zheng, H. G. Structures and applications of metal-organic frameworks featuring
metal clusters. CrystEngComm 19, 745-757 (2017).

Dhakshinamoorthy, A., Asiri, A. M. & Garcia, H. Tuneable nature of metal organic
frameworks as heterogeneous solid catalysts for alcohol oxidation. Chem. Commun. 53,
10851-10869 (2017).

203



Chapter 6

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Moreno, J. M., Velty, A., Diaz, U. & Corma, A. Synthesis of 2D and 3D MOFs with
tuneable Lewis acidity from preformed 1D hybrid sub-domains. Chem. Sci. 10, 2053-2066
(2019).

Jacobsen, J., Ienco, A., D’Amato, R., Costantino, F. & Stock, N. The chemistry of Ce-
based metal-organic frameworks. Dalt. Trans. 49, 16551-16586 (2020).

He, T., Xu, X., Ni, B., Wang, H., Long, Y., Hu, W. & Wang, X. Fast and scalable synthesis
of uniform zirconium-, hafnium-based metal-organic framework nanocrystals 1. 9, (2017).
Decoste, J. B., Peterson, G. W., Schindler, B. J., Killops, K. L., Browe, M. A. & Mahle, J.
J. The effect of water adsorption on the structure of the carboxylate containing metal-
organic frameworks Cu-BTC, Mg-MOF-74, and UiO-66. J. Mater. Chem. A 1, 11922—
11932 (2013).

Furukawa, H., Cordova, K. E., O’Keeffe, M. & Yaghi, O. M. The chemistry and
applications of metal-organic frameworks. Science (80-. ). 341, (2013).

Kuo, C. H.,, Tang, Y., Chou, L. Y., Sneed, B. T., Brodsky, C. N., Zhao, Z. & Tsung, C. K.
Yolk-shell nanocrystal@ZIF-8 nanostructures for gas-phase heterogeneous catalysis with
selectivity control. J. Am. Chem. Soc. 134, 14345-14348 (2012).

Brozek, C. K. & Dincéd, M. Ti3+-, V2+/3+-, Cr2+/3+-, Mn 2+-, and Fe2+-substituted MOF-
5 and redox reactivity in Cr- and Fe-MOF-5. J. Am. Chem. Soc. 135, 12886-12891 (2013).
Fan, S., Dong, W., Huang, X., Gao, H., Wang, J., Jin, Z., Tang, J. & Wang, G. In Situ-
Induced Synthesis of Magnetic Cu-CuFe204@HKUST-1 Heterostructures with Enhanced
Catalytic Performance for Selective Aerobic Benzylic C-H Oxidation. ACS Catal. 7, 243—
249 (2017).

Smolders, S., Lomachenko, K. A., Bueken, B., Struyf, A., Bugaev, A. L., Atzori, C., Stock,
N., Lamberti, C., Roeffaers, M. B. J. & De Vos, D. E. Unravelling the Redox-catalytic
Behavior of Ce4+ Metal-Organic Frameworks by X-ray Absorption Spectroscopy.
ChemPhysChem 19, 373-378 (2018).

Cavka, J. H., Jakobsen, S., Olsbye, U., Guillou, N., Lamberti, C., Bordiga, S. & Lillerud,
K. P. A new zirconium inorganic building brick forming metal organic frameworks with
exceptional stability. J. Am. Chem. Soc. 130, 13850-13851 (2008).

Furukawa, H., Géndara, F., Zhang, Y. B., Jiang, J., Queen, W. L., Hudson, M. R. & Yaghi,
O. M. Water adsorption in porous metal-organic frameworks and related materials. J. Am.
Chem. Soc. 136, 4369-4381 (2014).

Peterson, G. W., Moon, S. Y., Wagner, G. W., Hall, M. G., Decoste, J. B., Hupp, J. T. &
Farha, O. K. Tailoring the Pore Size and Functionality of UiO-Type Metal-Organic
Frameworks for Optimal Nerve Agent Destruction. Inorg. Chem. 54, 9684-9686 (2015).
Connolly, B. M., Aragones-Anglada, M., Gandara-Loe, J., Danaf, N. A., Lamb, D. C.,
Mehta, J. P., Vulpe, D., Wuttke, S., Silvestre-Albero, J., Moghadam, P. Z., Wheatley, A.
E. H. & Fairen-Jimenez, D. Tuning porosity in macroscopic monolithic metal-organic
frameworks for exceptional natural gas storage. Nat. Commun. 10, 1-11 (2019).

Wang, Q. & Tang, S. Energy storage analysis of CO2 in MOF-74 and UIO-66
nanoparticles: A molecular simulation study. Int. J. Mod. Phys. B 229-234 (2019)
d0i:10.1142/S0217979219501960.

204



Chapter 6

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Zhou, Y., Li, Q. & Wang, Q. Energy storage analysis of UlO-66 and water mixed
nanofluids: An experimental and theoretical study. Energies 12, 1-9 (2019).

Castarlenas, S., Téllez, C. & Coronas, J. Gas separation with mixed matrix membranes
obtained from MOF UiO-66-graphite oxide hybrids. J. Memb. Sci. 526, 205-211 (2017).
Gong, J., Katz, M. J. & Kerton, F. M. Catalytic conversion of glucose to 5-
hydroxymethylfurfural using zirconium-containing metal-organic frameworks using
microwave heating. RSC Adv. 8, 31618-31627 (2018).

Fang, Y., Ma, Y., Zheng, M., Yang, P., Asiri, A. M. & Wang, X. Metal-organic
frameworks for solar energy conversion by photoredox catalysis. Coord. Chem. Rev. 373,
83-115 (2018).

Bakuru, V. R., Churipard, S. R., Maradur, S. P. & Kalidindi, S. B. Exploring the Brgnsted
acidity of UiO-66 (Zr, Ce, Hf) metal-organic frameworks for efficient solketal synthesis
from glycerol acetalization. Dalt. Trans. 48, 843-847 (2019).

Ma, D., Han, G., Peh, S. B. & Chen, S. B. Water-Stable Metal-Organic Framework UiO-
66 for Performance Enhancement of Forward Osmosis Membranes. Ind. Eng. Chem. Res.
56, 12773-12782 (2017).

Liu, X., Demir, N. K., Wu, Z. & Li, K. Highly Water-Stable Zirconium Metal-Organic
Framework UiO-66 Membranes Supported on Alumina Hollow Fibers for Desalination. J.
Am. Chem. Soc. 137, 6999-7002 (2015).

de Mello, M. D. & Tsapatsis, M. Selective Glucose-to-Fructose Isomerization over
Modified Zirconium UiO-66 in Alcohol Media. ChemCatChem 10, 2417-2423 (2018).
Minkiewicz, J. Published Thesis. (Cardiff University, 2021).

Kandiah, M., Nilsen, M. H., Usseglio, S., Jakobsen, S., Olsbye, U., Tilset, M., Larabi, C.,
Quadrelli, E. A., Bonino, F. & Lillerud, K. P. Synthesis and stability of tagged UiO-66 Zr-
MOFs. Chem. Mater. 22, 6632-6640 (2010).

Waitschat, S., Frohlich, D., Reinsch, H., Terraschke, H., Lomachenko, K. A., Lamberti, C.,
Kummer, H., Helling, T., Baumgartner, M., Henninger, S. & Stock, N. Synthesis of M-
UiO-66 (M = Zr, Ce or Hf) employing 2,5-pyridinedicarboxylic acid as a linker: Defect
chemistry, framework hydrophilisation and sorption properties. Dalt. Trans. 47, 1062—
1070 (2018).

Sun, D., Liu, W., Qiu, M., Zhang, Y. & Li, Z. Introduction of a mediator for enhancing
photocatalytic performance via post-synthetic metal exchange in metal-organic
frameworks (MOFs). Chem. Commun. 51, 2056-2059 (2015).

Laurier, K. G. M., Fron, E., Atienzar, P., Kennes, K., Garcia, H., Van Der Auweraer, M.,
De Vos, D. E., Hofkens, J. & Roeffaers, M. B. J. Delayed electron-hole pair recombination
in iron(iii)-oxo metal-organic frameworks. Phys. Chem. Chem. Phys. 16, 5044-5047
(2014).

Nasalevich, M. A., Van Der Veen, M., Kapteijn, F. & Gascon, J. Metal-organic
frameworks as heterogeneous photocatalysts: Advantages and challenges. CrystEngComm
16, 4919-4926 (2014).

Zhang, K. D., Tsai, F. C., Ma, N., Xia, Y., Liu, H. L., Zhan, X. Q., Yu, X. Y., Zeng, X. Z.,
Jiang, T., Shi, D. & Chang, C. J. Adsorption behavior of high stable Zr-Based MOFs for
the removal of acid organic dye fromwater. Materials (Basel). 10, 1-4 (2017).

205



Chapter 6

44,

45.

46.

47.

48.

49,

50.

o1,

52.

53.

54,

55.

56.

S57.

Zhou, F., Lu, N., Fan, B., Wang, H. & Li, R. Zirconium-containing UiO-66 as an efficient
and reusable catalyst for transesterification of triglyceride with methanol. J. Energy Chem.
25, 874-879 (2016).

Mounfield, W. P., Taborga Claure, M., Agrawal, P. K., Jones, C. W. & Walton, K. S.
Synergistic Effect of Mixed Oxide on the Adsorption of Ammonia with Metal-Organic
Frameworks. Ind. Eng. Chem. Res. 55, 6492-6500 (2016).

Bermejo-Deval, R., Gounder, R. & Davis, M. E. Framework and extraframework tin sites
in zeolite beta react glucose differently. ACS Catal. 2, 2705-2713 (2012).

Hwang, S. J., Gounder, R., Bhawe, Y., Orazov, M., Bermejo-Deval, R. & Davis, M. E.
Solid State NMR Characterization of Sn-Beta Zeolites that Catalyze Glucose Isomerization
and Epimerization. Top. Catal. 58, 435-440 (2015).

Parker, J. & Novakovic, K. The effect of using a methanol-water solvent mixture on pH
oscillations in the palladium-catalyzed phenylacetylene oxidative carbonylation reaction.
React. Kinet. Mech. Catal. 123, 113-124 (2018).

Paquin, F., Rivnay, J., Salleo, A., Stingelin, N. & Silva, C. Multi-phase semicrystalline
microstructures drive exciton dissociation in neat plastic semiconductors. J. Mater. Chem.
C 3,10715-10722 (2015).

Hendrickx, K., Vanpoucke, D. E. P., Leus, K., Lejaeghere, K., Van Yperen-De Deyne, A.,
Van Speybroeck, V., Van Der Voort, P. & Hemelsoet, K. Understanding Intrinsic Light
Absorption Properties of UiO-66 Frameworks: A Combined Theoretical and Experimental
Study. Inorg. Chem. 54, 10701-10710 (2015).

Devautour-Vinot, S., Maurin, G., Serre, C., Horcajada, P., Paula Da Cunha, D., Guillerm,
V., De Souza Costa, E., Taulelle, F. & Martineau, C. Structure and dynamics of the
functionalized MOF type UiO-66(Zr): NMR and dielectric relaxation spectroscopies
coupled with DFT calculations. Chem. Mater. 24, 2168-2177 (2012).

Nandy, A., Forse, A. C., Witherspoon, V. J. & Reimer, J. A. NMR Spectroscopy Reveals
Adsorbate Binding Sites in the Metal-Organic Framework UiO-66(Zr). J. Phys. Chem. C
122, 8295-8305 (2018).

Marreiros, J., Caratelli, C., Hajek, J., Krajnc, A., Fleury, G., Bueken, B., De Vos, D. E.,
Mali, G., Roeffaers, M. B. J., Van Speybroeck, V. & Ameloot, R. Active Role of Methanol
in Post-Synthetic Linker Exchange in the Metal-Organic Framework UiO-66. Chem. Mater.
31, 1359-1369 (2019).

Kim, M., Cahill, J. F., Su, Y., Prather, K. A. & Cohen, S. M. Postsynthetic ligand exchange
as a route to functionalization of ‘inert’ metal-organic frameworks. Chem. Sci. 3, 126-130
(2012).

Weber, F. L. Lactulose and combination therapy of hepatic encephalopathy: The role of
the intestinal microflora. Dig. Dis. 14, 53-63 (1996).

Aider, M. & Halleux, D. de. Isomerization of lactose and lactulose production: review.
Trends Food Sci. Technol. 18, 356-364 (2007).

Ankenbauer-Perkins, K. Small Animal Clinical Pharmacology. Australian Veterinary
Journal vol. 80 (Elsevier Ltd, 2002).

206



Chapter 6

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Sabater, C., Fara, A., Palacios, J., Corzo, N., Requena, T., Montilla, A. & Zarate, G.
Synthesis of prebiotic galactooligosaccharides from lactose and lactulose by dairy
propionibacteria. Food Microbiol. 77, 93-105 (2019).

Adamczak, M., Charubin, D. & Bednarski, W. Influence of reaction medium composition
on enzymatic synthesis of galactooligosaccharides and lactulose from lactose concentrates
prepared from whey permeate. Chem. Pap. 63, 111-116 (2009).

Marin-Manzano, M. C., Abecia, L., Hernandez-Hernandez, O., Sanz, M. L., Montilla, A.,
Olano, A., Rubio, L. A., Moreno, F. J. & Clemente, A. Galacto-oligosaccharides derived
from lactulose exert a selective stimulation on the growth of bifidobacterium animalis in
the large intestine of growing rats. J. Agric. Food Chem. 61, 7560—7567 (2013).
Fernandez, J., Moreno, F. J., Olano, A., Clemente, A., Villar, C. J. & Lombd, F. A galacto-
oligosaccharides preparation derived from lactulose protects against colorectal cancer
development in an animal model. Front. Microbiol. 9, 1-14 (2018).

Bruno-Barcena, J. M. & Azcarate-Peril, M. A. Galacto-oligosaccharides and colorectal
cancer: Feeding our intestinal probiome. J. Funct. Foods 12, 92-108 (2015).

Paterson, A. H. J. & Kellam, S. J. Transformation of lactose for value-added ingredients.
Dairy-Derived Ingredients: Food and Nutraceutical Uses (Woodhead Publishing Limited,
2009). doi:10.1533/9781845697198.3.625.

Marconi, E., Messia, M. C., Amine, A., Moscone, D., Vernazza, F., Stocchi, F. & Palleschi,
G. Heat-treated milk differentiation by a sensitive lactulose assay. Food Chem. 84, 447—
450 (2004).

Diez-Municio, M., Herrero, M., Olano, A. & Moreno, F. J. Synthesis of novel bioactive
lactose-derived oligosaccharides by microbial glycoside hydrolases. Microb. Biotechnol.
7, 315-331 (2014).

Silvério, S. C., Macedo, E. A., Teixeira, J. A. & Rodrigues, L. R. Biocatalytic Approaches
Using Lactulose: End Product Compared with Substrate. Compr. Rev. Food Sci. Food Saf.
15, 878-896 (2016).

Montgomery, E. M. Relations between rotatory power and structure in the sugar group.
XXVII. Synthesis of a new disaccharide ketose (lactulose) from lactose. J. Am. Chem. Soc.
52, 2101-2106 (1930).

Tarig, N. The Chemical Isomerization of Lactose to Lactulose by Using Sodium Hydroxide
as Batch Reaction The Chemical Isomerization of Lactose to Lactulose by Using Sodium
Hydroxide as Batch Reaction. (2018).

Kozempel, M. & Kurantz, M. The isomerization kinetics of lactose to lactulose in the
presence of borate. J. Chem. Technol. Biotechnol. 59, 25-29 (1994).

Seo, Y. H., Park, G. W. & Han, J. |. Efficient lactulose production from cheese whey using
sodium carbonate. Food Chem. 173, 1167-1171 (2015).

Wang, M., Gasmalla, M. A. A., Admassu Tessema, H., Hua, X. & Yang, R. Lactulose
production from efficient isomerization of lactose catalyzed by recyclable sodium
aluminate. Food Chem. 233, 151-158 (2017).

Karim, A. & Aider, M. Sustainable Electroisomerization of Lactose into Lactulose and
Comparison with the Chemical Isomerization at Equivalent Solution Alkalinity. ACS
Omega 5, 2318-2333 (2020).

207



Chapter 6

73.

74.

75.

76.

77,

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

Majd, F. & Nickerson, T. A. Effect of Alcohols on Lactose Solubility. J. Dairy Sci. 59,
1025-1032 (1976).

Altamimi, M. J., Wolff, K., Nokhodchi, A., Martin, G. P. & Royall, P. G. Variability in the
a and B anomer content of commercially available lactose. Int. J. Pharm. 555, 237-249
(2019).

Montafiés, F., Olano, A., Ibafiez, E. & Fornari, T. Modeling solubilities of sugars in
alcohols based on original experimental data. AIChE J. 53, 2411-2418 (2007).

Gounder, R. & Davis, M. E. Titanium-beta zeolites catalyze the stereospecific
isomerization of d -glucose to | -sorbose via intramolecular C5-C1 hydride shift. ACS Catal.
3, 1469-1476 (2013).

Bermejo-Deval, R., Orazov, M., Gounder, R., Hwang, S. J. & Davis, M. E. Active sites in
Sn-beta for glucose isomerization to fructose and epimerization to mannose. ACS Catal. 4,
2288-2297 (2014).

Botti, L., Padovan, D., Navar, R., Tolborg, S., Martinez-Espin, J. S. & Hammond, C.
Thermal Regeneration of Sn-Containing Silicates and Consequences for Biomass
Upgrading: From Regeneration to Preactivation. ACS Catal. 10, 11545-11555 (2020).
Christianson, J. R., Caratzoulas, S. & Vlachos, D. G. Computational Insight into the Effect
of Sn-Beta Na Exchange and Solvent on Glucose Isomerization and Epimerization. ACS
Catal. 5, 52565263 (2015).

Gounder, R. & Davis, M. E. Monosaccharide and disaccharide isomerization over Lewis
acid sites in hydrophobic and hydrophilic molecular sieves. J. Catal. 308, 176-188 (2013).
Dapsens, P. Y., Mondelli, C., Jagielski, J., Hauert, R. & Pérez-Ramirez, J. Hierarchical Sn-
MFI zeolites prepared by facile top-down methods for sugar isomerisation. Catal. Sci.
Technol. 4, 2302-2311 (2014).

Ren, L., Guo, Q., Kumar, P., Orazov, M., Xu, D., Alhassan, S. M., Mkhoyan, K. A., Davis,
M. E. & Tsapatsis, M. Self-Pillared, Single-Unit-Cell Sn-MFI Zeolite Nanosheets and
Their Use for Glucose and Lactose Isomerization. Angew. Chemie - Int. Ed. 54, 10848—
10851 (2015).

Seki, N. & Saito, H. Lactose as a source for lactulose and other functional lactose
derivatives. Int. Dairy J. 22, 110-115 (2012).

Montafiés, F., Fornari, T., Martin-Alvarez, P. J., Montilla, A., Corzo, N., Olano, A. &
Ibafez, E. Selective fractionation of disaccharide mixtures by supercritical CO2 with
ethanol as co-solvent. J. Supercrit. Fluids 41, 61-67 (2007).

Brereton, K. R. & Green, D. B. Isolation of saccharides in dairy and soy products by solid-
phase extraction coupled with analysis by ligand-exchange chromatography. Talanta 100,
384-390 (2012).

Ruiz-Matute, A. 1., Sanz, M. L., Corzo, N., Martin-Alvarez, P. J., Ibafiez, E., Martinez-
Castro, I. & Olano, A. Purification of lactulose from mixtures with lactose using
pressurized liquid extraction with ethanol-water at different temperatures. J. Agric. Food
Chem. 55, 3346-3350 (2007).

Smit, G. Dairy processing - Improving Quality. (Woodhead Publishing Limited, 316AD).
Adachi, S. & Patton, S. Presence and Significance of Lactulose in Milk Products: A Review.
J. Dairy Sci. 44, 1375-1393 (1961).

208



Chapter 7

Chapter 7. Conclusions and pertaining challenges
7.1 Final conclusions

Over the last two decades, Lewis acid catalysts, in particular Sn-Beta, have been meticulously
studied given their promising potential for biomass valorisation. Whilst possessing high catalytic
activity, Sn-Beta has still not reached industrial feasibility. This is due to the difficult synthesis
procedure, requiring vast amounts of time even for low wt. % (<2 wt. %) of Sn. Furthermore,
hydrothermal synthesis of Sn-Beta also requires the use of fluoride anions as a mineraliser rather
than hydroxide. This route is not only is environmentally unfriendly but creates micron-sized
crystals, leading to intracrystalline diffusion limitations.! Hence, various methods of zeolite
synthesis, both bottom-up and top-down, have been carried out to tailor the synthesis of Sn-Beta,
whether it be to reduce the crystal sizes,? avoid the use of fluoride as a mineraliser,® or to increase

the overall Sn content in the zeolite.*

Top-down synthesis of Sn-Beta via mechanochemical grinding has been thoroughly studied to
assess the evolution of the Sn precursor (Sn(ll) acetate) and how it interacts with a dealuminated
beta zeolite and Si-Beta (i.e., no silanol nests). The importance of silanol nests was necessary to
obtain a highly active catalyst along with a two-step heat treatment protocol of inert atmosphere
(N2 or He) and air afterwards. The most interesting aspect that was observed via the spectroscopic
data was the superfluous isotherm step in the inert gas flow as well as the extended air isotherm.
This data provided a substantial optimization of the heat treatment, with no negative impact
whatsoever in regard to the intrinsic activity nor the stability of the final catalyst. This optimization
can make the application of SSI an even more attractive alternative for this particular catalyst,
cutting unnecessary energy costs. However, there exist limitations when taking the SSI approach.
As has been shown previously, the formation of Sn spectator sites occurs when incorporating at

Sn content of 5 wt. % and higher, which consequently exhibit lower TOF values.*®
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Scheme 7.1. SSI using two-step (inert and air flow) heat treatment.

Seeing the potential of SSI when applying it to the conventional (and commercial) Al-Beta, another
point of interest lied in the application of using hydrothermally-synthesised parent zeolites with
different heteroatoms (B, Ga, Fe, Al) to subsequently remove and incorporate Sn. Here, fluoride
as the mineraliser was used to assure the incorporation of the heteroatoms. It was found that the
different heteroatoms were shown to have some differences when it came to kinetic activity, but
the difference was more apparent in their rate of deactivation as evidenced by their stability during
the retro-aldol fragmentation of glucose. B-Beta as initial parent zeolite for SSI was shown to have
promising results for retro-aldol fragmentation, presenting the highest yields for a-hydroxy esters.
To check how effective this change in heteroatoms really was, these catalysts were further tested
with low temperature glucose isomerisation, during which it demonstrated a more evident
improvement in activity to the other catalysts, presenting higher yields as well as a better rate of
deactivation. This increase in stability and/or activity can be due to how the order of the silanol
nests are after demetallation. Using Al and B siting with SS-NMR,® it has been reported that when
B is incorporated, they are incorporated in diagonal pairs, while Al is typically incorporated as a
lone atom. Sn has been reported to increase in Lewis acidity when there exists a double
isomorphous substitution (i.e. two Sn in the 4-MR instead of one), which can possibly indicate the
increase in activity for glucose isomerisation.”® Although this increase in activity (i.e. yield) is not
as evident for the high temperature retro-aldol fragmentation, this might suggest that this increase
in activity does not necessarily apply to all systems, where reaction temperature can potentially
influence the performance of these diagonal Sn pairs. The use of B may also present a greener
solution as an alternative to the heteroatom of choice for SSI due to the ease of removing this
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heteroatom from the zeolitic framework, seeing as how it has been shown that B can be removed
under mild conditions using water instead of the highly concentrated HNO3 that is typically

required for the demetallation of conventional Al-Beta zeolites.

In chapter 5, an alternative class of porous heterogeneous catalysts was explored. Specifically,
metal-organic frameworks containing Zr ions were explored as catalysts. UiO-66(Zr)-H and its
amino-functionalised analogue UiO-66(Zr)-NH. were tested on the same reactor systems for sugar
valorisation. Given the high stability that these MOFs reportedly possess, they seemed to have
potential to carry out similar reactions as zeolites, given that they have isolated Lewis acid metal
centres. Given that the MOFs possess larger channels than conventional zeolites, lactose, a
disaccharide, was used as the precursor to gauge the activity and stability of the MOFs. Initially,
to investigate whether there were issues concerning the stability of the materials in solvent media,
the MOFs were tested under three different polar solvents, i.e. water, methanol, and ethanol. These
were carried out at reaction conditions similar to the glucose isomerisation reaction. These solvents
were chosen given their extensive use as solvents for sugar isomerisation. Methanol was shown to
have a detrimental effect on the crystallinity and overall structure of the MOF whereas ethanol and
water showed no negative outcome. One property that was modified, however, was their surface
area, as determined by BET and NLDFT. In particular, a flow of the polar solvents (water and
ethanol) was found to increase the surface area by a substantial amount after solvothermal
treatment. With this, ethanol and water were chosen for the subsequent reactions of lactose. In
view of the stability obtained from prior data, a higher degree to the reaction conditions was opted
for the conversion of lactose to lactulose. One problem that was encountered was the solubility of
lactose in pure alcohol, especially ethanol. Thus, binary mixtures of ethanol and water were used
to carry out the reaction. All reactions performed in binary mixtures as well as water were shown
to be active for lactose isomerisation and presented high stability, maintaining similar lactulose
yields for 72 h. Ethanol seemingly played an important role when it came to increasing the activity,
even when only small amounts were added (1 % EtOH v/v in water), for both MOFs, increasing
lactulose productivity up by ca. 55 % (0.18 h' and 0.28* for H,O and 1:99 EtOH:H0,
respectively). UiO-66(Zr)-NH. presented kinetic differences in comparison to UiO-66(Zr)-H,
particularly at the initial stages, showing an elevated conversion of lactose of up to 58 %. This was
attributed to the amino group, which has been demonstrated to aid lactose in undergoing an
Amadori rearrangement forming firstly a lactosylamine, and subsequently lactulosylamine. This
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lactulosylamine is rehydrated to create the fructose moiety from the lactulose. Although this MOF
was shown to have initially elevated conversion rates, it is relatively brief. This was attributed to
possible usage of the amino groups, hence, no possibility of undergoing this secondary reaction.
Nevertheless, the use of UiO-66(Zr) was found to be successful at reaction conditions similar to

that of zeolites that we have previously reported.

Lastly, in chapter 6, a study was carried out for hierarchical zeolites using a pore-directing agent
(PDA). Zeolites, whilst predominantly microporous in nature, have the ability to be treated to
create a bimodal porosity (i.e., micro-mesopores, micro-macro). The creation of these additional
pores of different sizes can provide the zeolite to have enhanced properties such as an improvement
in rate of deactivation, diffusion of bulkier substrates, and overall changes in selectivity.
Desilication studies for the creation of hierarchical zeolites were initially studied using commercial
zeolites (Zeolyst — Si/Al = 19) applying mixture of CTABr (0.2 M) as the PDA and NaOH (0.2
M) at different temperatures to assess their respective textural modifications. Both micropore and
mesopore volume and areas were shown to increase with respect to the increase in temperature, as
confirmed by NLDFT and the t-plot method. Application of a higher concentration of alkali (0.3
M) resulted in an overall increase in the micro-meso structural properties (area/volume), indicating
that improvement of the zeolites textural properties were possible even at higher OH™ concentration,
provided that a PDA was also present. The use of PDA did show the uniformity of the secondary
pores, with a slight rise in the peak when using 0.3 M, which could be due to the elevated
degradation, and hence, more susceptibility of pore creation. Activity and stability were shown to
drastically improve over glucose retro-aldol fragmentation when using the hierarchical catalysts,
showing a 40 % initial increase in methyl lactate (ML) yield than the post-synthetic Sn-Beta. ML
over time was improved as well, as it still produced product after 40 h of time on stream whereas
the conventional post-synthetic catalysts ceased to produce ML after ca. 25 h. Nevertheless, the
creation of hierarchical zeolites over fluoride-assisted zeolites did not show any fruitful results.
When applying desilication on the catalysts, even with the use of a PDA, it was found that their
crystallinity was severely affected. Various reasons for this observation were considered, including
the possibilities that; the different heteroatoms (i.e. Sn, Hf, Zr) may not protect the lattice as well
as Al when undergoing desilication, ii) if the use of heteroatom does not play a key role for

protection, the high Si/M molar ratio can be a key factor in the catalysts amorphization; or iii) due
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to the defect-free nature of the catalysts, a total collapse can give rise when performing any sort of

silicon leaching, even if mild.

7.2 Pertaining challenges

Whilst a thorough study was carried out for the SSI of Sn-Beta was carried out and provides a

fundamental reasoning to the incorporation mechanism, additional studies can further complement

the holistic view of this mechanistic study:

1)

2)

3)

Implementing the same mechanism for another framework (i.e. MFI, TUD-1). Would the
difference in zeolite channels influence the ease of incorporation and/or would SSI be more
easily applicable in a zeolite with mesopores?

Mechanistic study utilising different Sn precursors such as Sn(IV) acetate, Sn(ll) chloride,
Sn(IV) chloride, Sn(ll) oxalate, Sn(ll) sulphate, etc. Studies involving these different
precursors could lead to helpful answers involving the requirements to what is needed for
an active catalyst: would the use Sn(IV) acetate require only the nitrogen step, seeing as
how it is already in a +4 oxidation state, or would be it more inefficient, further emphasising
the importance of the two-step protocol of nitrogen/air. Is there a specific reason as to why
acetate has been universally used for SSI? What kinetic differences would there exist if
one would use a different Sn precursor? Does the evolution of the acetate group (in the
case of Sn(ll) acetate) influence the adequate incorporation to create an active catalyst, or
would any derivative (i.e. sulphate, oxalate, chloride) suffice? This can be in combination
with the first bullet point, particularly for zeolites with mesoporosity, which can effectively
null any steric hindrances from the Sn precursor.

Applying the SSI for different target metals, such as Hf-, Zr-, or possibly trivalent metals
such (Ga, Fe). This could show provide vital information of the transferability of the
mechanism or a newfound mechanistic study which would imply that the study is mainly

Sn (or even Sn(ll) acetate) specific.

Given the results obtained from SSI, a crucial role which could provide a greener synthesis to the

overall scheme of this route, is the substitution of Al for another more easily extractable heteroatom

while inhibiting similar (or better) catalytic activity, which Chapter 4 provides. One thing to note

is that while better, all the zeolites were synthesised under fluoride medium. This can be enough
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to reconsider the use of the zeolite for any commercial use. Thus, tests using a hydroxide-assisted
synthesis for B-Beta should be an imperative step for the catalyst to be more feasible in an
industrial scope. Similar to the previous points (1), one challenge can consist in the exploration of
different frameworks for the substitution of the initial heteroatom with Sn. This could possibly be
more easily achievable due to the absence of requiring fluoride as a mineraliser, hence, a greener

alternative to create B-derived zeolites for subsequent demetallation-remetallation.

Valorisation of disaccharides (or other bulky substrates) using metal-organic frameworks under
continuous flow reactors is a relatively new area of catalysis. Although it was shown that they have
potential for biomass upgrading in the continuous regime, more studies are still necessary to
adequately assess theses heterogeneous catalysts which can compete with conventionally-
used/studied catalysts (i.e, zeolites). Furthermore, more reactions can be explored in which
hierarchical zeolites have been used, such as MPV reduction of cyclododecanone, a sterically-
challenging substrate for conventional microporous zeolites.® This reaction could be possible due
to the good stability observed in ethanol in contrast with methanol, which can indicate that with a
higher carbon chain, the more stable the solvent with the MOF. Other points of interest are long,
time on stream stability of the MOFs. The MOFs were shown to be highly stable over 72 h, which
can be considered apposite for reactions such as these. Nevertheless, to assess the potential of

activity as well as stability, longer time on stream reaction is needed.

Although desilication on fluoride-assisted zeolites was found unsuccessful, this provided
important insight regarding the degree of degradation. Sn-Beta-F was found to be the least affected
catalyst, crystallinity-wise, albeit not by much. This can indicate influence of initial heteroatom
and their degrees of protecting the adjacent or nearby silicon atoms from being leached. Possible
methods of improving, or better yet, successfully creating a hierarchical catalyst from a fluoride-
assisted zeolite, consist in synthesising a lower Si/M catalyst. This, however, can be considered a
difficult task for heteroatoms that have been previously used (Sn, Hf, Zr) for the Beta framework.
Therefore, to conclusively ascertain the desilication effect on defect-free zeolites, a Sn-MFI with
a Si/Sn ratio of 33 can be used as a catalyst for this subsequent procedure, in this case, with fluoride

anions.t0

To conclude, this thesis work provides research on mechanistic studies of the conventional Sn-

Beta zeolite and an optimisation of the heat treatment protocol, which has never been thoroughly
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explored. Studies that show potential heteroatoms other than Al atoms for the SSI protocol to

provide a greener catalyst synthesis. A prospective substitute for bulky substrate upgrading, MOFs,

and their surprising stability in similar reaction conditions as the ones carried out for zeolites. And

finally, an attempt into creating hierarchical catalysts with fluoride-assisted zeolites. Together,

these findings contribute to the body of work surrounding the use of Lewis acidic for continuous

flow liquid-phase reactions.
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Figure 3.1. TPD-MS during calcination of Sn(OAc)2/deAl-Beta mixture with 10 wt. % Sn loading.
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Appendix 3.2. Full TPD-MS of pure Sn(OACc)..
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Appendix 3.4 TPD-MS during calcination of Sn(OAc)./deAl-Beta mixture with 1 wt. % Sn loading.
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Appendix 3.5 Levenspiel plots to obtain glucose rate of deactivation (kd) for optimised (Oh N2, 1h air isotherm) and

normal (3h N2, 3h air isotherm 10Sn-Beta. Experiments performed in 1 wt. % glucose in methanol solution using 100

mg of catalyst at 110 °C at a flow rate of 1.5 mL min-1.
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Chapter 6 Appendix

N D70 x80k 10um N D70 x80k 10um

Appendix 6.1. SEM of UiO-66(Zr)-H (Left) UiO-66(Zr)-NH; (Right).

Appendix 6.2. Textural and pore size data of UiO-66(Zr)-H and -NH; MOFs.

Sample Surface area (M? g)? Vi (cm® g™1)®  Vimicro (cm?® g1)°
UiO-66(Zr)-H 1503 0.544 0.459
UiO-66(Zr)-NH:2 1235 0.562 0.325

2 Specific surface area obtained from NLDFT.
b Total pore volume.
¢ Micropore volume from NLDFT.
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Appendix 6.4. NH3-TPD of fresh UiO-66(Zr)-H (Left) and UiO-66(Zr)-NH; (Right). Dashed lines indicate blank
experiments where no NHgz is adsorbed, and TCD signal is caused by degradation of the MOFs.
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Appendix 6.5. Acidity of the untreated MOFs. Acidity values were obtained and calculated via NHs (10 % in Ar)
calibration acquired in different flows (volume) to obtain their respective TCD signals and subsequently applied the
ideal gas law equation to acquire the NH3; concentration (moles) for each respective flow. Calibration curve and

formula applied can be found in appendix 6.6.

Sample and temperature  Peak area  Acidity umol g

UiO-66(Zr)-H
270 °C 3779 73.73
389 °C 4815 93.94
Ui0-66(Zr)-NH:
216 °C 996 12.72
310 °C 8708 111.24
435 °C 6012 76.80
AL y = 931.87x -
R? = 0.999 1
5 14000 -
©
= i
S 12000 - :
@ i
o ]
O i
E‘; 10000 -
8000 4 .
P
6000 ——————
8 10 12 14 16 18

NH, concentration / umol

Appendix 6.6. NH;z calibration curve.
Flow rates used: 0.2, 0.3, 0.4 mL

With ideal gas law formula (using 0.2 mL as example):

PV 1 atm * 0.0002 L 6
n= RT I aom = 8.17x107° mol = 8.17 umol
0.0821 * 298 K
mol K
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Appendix 6.7. XRD spectra of UiO-66(Zr)-H (left) and UiO-66(Zr)-NH; (right) prior to and following STS treatment.
Inset: XRD spectra range between 5-10 26 showing the rise of a new peak. Zoomed-in spectra in the range of 5-10°
260 show the drastic decrease in intensity of peaks as well as the appearance of a new peak for the methanol-treated

MOFs.
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Appendix 6.8. Nitrogen adsorption isotherms of UiO-66(Zr)-H (left) and UiO-66(Zr)-NH (right) for untreated and

post-treated samples.
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Appendix 6.9. DFT differential pore size distribution of UiO-66(Zr)-H (left) and UiO-66(Zr)-NH: (right) for untreated

and post-treated samples.

Appendix 6.10. Textural properties of UiO-66(Zr)-H and UiO-66(Zr)-NH..

Sample Surface area (Mm? g1)? Vi (cm®g™1)®  Vimicro (cm® g1)°
UiO-66(Zr)-H 1503 0.544 0.459
Water 1991 0.728 0.512
Ethanol 2270 0.719 0.623
Methanol 1179 0.587 0.229
UiO-66(Zr)-NH: 1235 0.562 0.325
Water 1647 0.615 0.394
Ethanol 1841 0.651 0.472
Methanol 592 0.393 0.096

2 Specific surface area obtained from NLDFT.
b Total pore volume.
¢ Micropore volume obtained from NLDFT.
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Appendix 6.11. UV-Vis spectra of UiO-66(Zr)-H (left) and UiO-66(Zr)-NH; (right).

Appendix 6.12. UiO-66(Zr)-NH2 MOFs before (fresh, A) and after undergoing STS with methanol (B), ethanol (C),

and water (D) solvents. Images obtained from post-STS reactions carried out by Justyna Minkiewicz.
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Appendix 6.13. 13C CP-MAS NMR of UiO-66-H (left) and UiO-66-NH; (right). Red asterisks indicate residual DMF.
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