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Abstract

Sugar upgradingotcommodity chemicals has becoprevalent over the last decades, owimg

part tothe potential of Lewis acid catalysts, in particularEsa zeolites. SBeta has shown to
possess high activity for the conversion of glucose to fructose as well asrsn@#eules such

a s -hytroxy ester§methyl lactate and methyl vinyl glycolate) and trioses (dihydroxyacetone,
glyceraldehyde, pyruvaldehyde). Despite its promising kinetic potential, drawibatksgnder it

from being an industrialijsed catalysnclude the relatively lovamount of Sn capable of being
incorporated and the requirement of fluoride media to successfully synthedstaSithus, top

down methods such as sebthte incorporatior{SSI) has been of great interest for hdwoel
incorporate hefroatoms such as @ higher wt. %With this in mind this thesis begins witin

in-depth mechanistic study inthe SSI of SnBeta observing the aceta#eolite
interactionévolution from the initial mechanochemical step to the ramphbatk in inert gas flow

and airusingin situ spectroscopic techniquéShapter 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 indlaice of using different initigbrecursor(B, Fe, Ga, Al) for the
zeolite® subsequent SSI. Tests were done with glucose isomerisation as well asld@tro
fragmentation in continuous flowrollowing this, Chapteb demonstrates the application of a
different type of Lewis acid catalyst: metabanic frameworks (MOFs)Yhe MOFsi.e., UiO-

66(Zr) were studied in different polar solvents under continuous flow to understand their stability
and were subsequently tested for disaccharide (lactose) isomerisasahstrate 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 reaCtiapter 6 sets out to

carry out the SSI protocol, coentionally done in hydroxidassisted zeolites, in fluoriegssisted
zeolites.Tests were conducted firstly in a commercial, hydroxddsisted zeolite using an alkaline
media along with a pore directing agetitvarious temperature3.hereafter, SSI protml was
conducted for three fluoride zeolites (H6n, Zr-) using the same conditionsastly, 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.l ntroducti on
1.1 The pursuit of chemical sustainability

Over the last century, thexponential 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 andathemic
production. In particulathe 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 padlitand emitters of greenhouse gases (GHC)

such as carbon dioxide, methane ¢ tdnd nitrous oxide (MD). 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 neurologial and cardiovascular diseases. Thus, it is of paramount importance to search

for new energy sources to mitigate the use ofmeoewable resources.
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Figure 1.1. Fossil fuel consumption by fuel type in teralvatir equivalents (TWh), World, 1965 to B ISource:
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 renewabls energy a

1



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 fuelderived resources as the main meansroélypction 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 oplathora 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 intembustmn engines,
producing only water, heat, and electricity
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( N\ N\ )
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Figure 1.3. Sources of renewable energy.

Nevertheless, polymers and other commodity chemicals are still ebased resources. This
makes biomass an intriguing source to produced®dicals due to their flexibility to different
endproductsand relatively low cost, having shown to be more economically feasible for three
agroindustrial processés’ Indeed, biomass has proven to have high potential for the sustainable

processing ofufels and chemicals due to its renewable feedstock and worldwide avaifebility.

The chemical industry encompasses the companies that produpeodndt (or intermediate)
chemicals with the conversion of raw materials (oil, water, metals, air), be-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, aadiyyrmore’ The chemical sector plays a critical

role to the sustainable devel opmegidthbolkanda nat i

fine chemicals, are carbdrased, requiring the use of cardomsed precursors to generate these

3



Chapter 1

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

energyvia 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, s as alg
trees, agricultural crops and organic waste such as mahBtantderived biomass, for instance,
essentially derives from the reaction between @@he air, water and sunlighita photosynthesis,

to create the biomass building blocks. Of all typEbiomasses, approximately 80 % of biomass

is derived from plants, whilst the second most abundant is from bacteria, consttutirtg%.

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

Commodity chemicals are a sabctor of the lsemical industry which comprises to groups of
chemicals that are made at large scale to accommodate the demands of the global market. Some
known commodity chemicals that have been prodwizthiomass consist in 1Bexanediol for
polyester and polyurethanproductior?, caprolactone for nylon manufacturify,alcohols
(methanol, ethanol) and alcoholsk{@tanol, pentandl) and ethylene glycdt

Throughout history, society has taken advantage of the energy stored in the bonds of biomass by
burning the biorass 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 soughfter chemicals which can be used fovast array of

applications.

Biochemical valorisation involves the use of enzymes or fermentative conversion. Enzymes are
proteins that are biological catalysts,, they increase the reaction rate by lowering the activation
energy, allowing reactions tecur several orders of magnitude fastéfThese 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.

Chemcal (or thermochemical) valorisation involves a more straightforward approach. Most
thermochemical valorisations operate at high temperatures. The most used approaches are
pyrolysis, liquefaction, and gasificatiéf.Pyrolysis consists of thermal decomitio® in the
absence of oxygen. Typical products obtaiaedpyrolysis are char, bioil (oxygencontaining

compounds.e. methanol, formaldehyde, phenol, acetic acidyytiroxypropane), and various

4



Chapter 1

gaseous products:'® Temperature plays an importanteavhen undergoing pyrolysis, giving a
distinct product distribution as well as yielding smaller molecules the higher the temperature,

yielding more in the gaseous fractibn®

Gasification is another thermochemical process that converts biomass intsirgas gasifying

agent, such as air, oxygen, steam or.&lthough different, pyrolysis is the first step in
gasification; pyrolysis is performed to separate organic liquids angomtensable gases from

the solid product (char). Overall product distition 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) hydrocdfaresnperatures and
pressures cavary 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 (-2 MPa) for its reaction. This process is primarily suftad
converting high moisture biomass (>80 % moisture); this is to abolish the need of drying, unlike
other thermochemical proces£é$® While it is initially intended to be used for wet biomass
feedstock (microalgae: lipids, proteins/amino acfd<$,it can also be applied for dry biomass,

e.g. lignin, cellulose, hemicellulos€ Product distribution can vary depending on initial feedstock,
although the liquid portion is considered to be the main product obtained,; this typically constitutes
of biocrudeoil (acetaldehyde, ethanol, acetongyrapanone, pyridine, benzoic acid, and other
oxygenated, hydrocarbons, and nitrogenated compounds), a dark, viscous material with high
energetic content (785 % of petroleum fuef® Main gases produced are &®l, and other short

chain carbon compounds£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-@ dehydroaryloxylation usingy catalysts or hydrogenation of aryl

ether bonds with G@n catalyst£®3°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 afellulose3'*? However, the latter can suffer in applicability due to their toxicity,
laborious preparation, and higlost process in use. Therefore, heterogeneous catalysts, such as
noble metals on supports (Pt##8k, Ru/AC, Ni/ZSM5), are considered aare feasible option for

the saccharification of these complex hydrocart¥éns.
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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 nomenewable fossil resources. Ind#tbn to being an abundant natural resource, it

is the most economical type of biomass available as well as being a nonedible Bfdrasissgy

the potential to be converted into an assortment of platform chemicals as well as liquid fuel for
transportatia.>¥ 3" Lignocellulosic biomass is made up of three polymers: ligoin 10i 25 %

mass fraction), hemicellulose (286 %), and cellulose (350 %), which differ in mass fraction

in accordance with the plant species and season (Figuré1°Zhese feedscks have multiple
applications for a plethora of markets; some include: energy (biorefih@ug| pellets?), non

energy (papet>*3composite materidt: mulct*®), industrial polymer (polyolefin& polyesters;)

and basic chemical (ethylene gly€kuccinic acid? propylené® production).

Lignin oM —  Cellulose
OH
\
© HO
Q
HO OH _ 5
O/
—Q
O L
O OH —Nn
HG g Hemicellulose (xylan)

OH
OH

OH

OH o~ o
Hoﬁ OH

o)

O)gOH o)

o

Figure 1.4. Three main lignocellulosic structures.

1.3.1 Lignin

Lignin is a complex thredimensional aromatic polymer that provides rigidity to plants and trees.
It is waterinsoluble anccomposed mainly of three main lignin monolignols: caffeyl, sinapyl, p
coumaryl, coniferyl and -Bydroxyconiferyl alcohol, as shown in Figure 5% These

monolignols are derived fromphenylanine, where enzymes (such gshenylalanineammonia

6



Chapter 1

lyase)and other enzymatic steps convert this to the final monolignols. All these lignols are
incorporated into lignin in the form of phenylpropanoidsy. guaiacyl (G), syringyl (S), p
coumaryl (also known as-fpydroxyphenyl, Hf® These undergo a process cdllegnification,

which links the phenylpropanoid units via radical coupling reacfidns.
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 GO and GC linkages and the tendency for lamolecularweight species to recondense,
unlike cellulose which is composed of puréljl-4) glycosidic bonds (bond betweeH group

of C1 of monosaccharide and #@H of C4 of anothemonosaccharide) and hemicellulose which
has various glycosidic bonds arandom manner, hence, its relatively weak structtitégnin
depolymerization has been extensively studied via different routes, including: i) purely thermal
degradation, yieldingolw molecular weight species in vapour phase which subsequently condense,

creating oligomers’ ii) depolymerisationvia catalytic oxidatioR® % iii) hydrodeoxygenation
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with transition metal catalysf8jv) (electrocatalytic) hydrogenatid®;®® and v) atalytic cracking

(Figure 1.6)°

Electrocatalytic Hydrogenation

Catalytic Cracking
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Figure 1.6. Lignin valorisationia different routes.

While there is considerable diversity towards product distribution depending on the route taken,

valorisation can be troublesome due to the complexity of the polyaeicularly 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 feetlstock

1.3.2 Hemicellulose

Hemicellulsse, the second most abundant component of lignocellulosic biomass, is a
heteropolymer comprised of short chains 0000 units) made of different pentose (xylose,
arabinose) and hexose ( galactose, glucose) monosaccharides. All of the monosacchirides tha
comprise the hemicellulose are of the D configurati@H( of the farthest chiral centre from the

C=0 to the right) with the exception of arabinose, which isQH of the farthest chiral centre

from the C=0 to the left). Of the three polymers, it isrttwest labile as well as being watssluble,

and is able to undergo hydrolysis even without the use of a c&tafyse of the first valorisations

of this heteropolymer was for the production of furfural using a 15 % sulfuric acid solutian at

150 °C ly Quaker Oats in 192£:°°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 formearabe seen in Figure

177078



Chapter 1

Hemicellulosef————

OH OH
D-Xylose L-Arabinose
<
v o
v o =
. wy —
Q 3 N ~§ o
%) “n o S w“y
s . g 8 : g
3 S o S © ) S
@ S b Q 80 < = <
. 2 = = Q o 3 g
S = = N = < &) §
Y § 2 b3 3 < A 2
3 @) v S = ) BS
S S| = 3 - o 3 S
2 = . 3
\j ~ /\OH E = 2 § é)
> '§ Ethanol % § =
< i © &) )
3 .
= %]
q o
Acetone H
HO/\/\ Ho OH
Butanol E
o oH OH OH
)L/QOL - Arabitol
[¢} b OH OH o OH
Citric acid /\/k/\
on HO oH | |7 . . OH
Lactic acid G OH (:)H <§)H
HO Arabinonic acid L-Ribose
OH OH
Xylitol

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
soughtafter commodity chemicals, having many potential indaisapplications. Obtainedia
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 184C hydrocdsons), refining it by removing mercaptans, polar, and aromatic
compoundsvia furfural extraction’8! Additionally, furfural can be further converted to other

compounds, as shown in Figure 1.8, such as furfuryl alcohol, levulinic acid, amond®tfiers.
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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 b(1Y4) l i nked gl ucos
unlike remicellulose, 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 sub#ggtoerihe 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, neutralisatiorthed acid, and corrosion of react8#<onsequently, 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 &&i)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 operafiofigese primarily consist of: i)

11
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metal oxidesij.e., catalysts with Lewis/Bansted acid sitesuch as NV, ZrO, and (activated)
carbon fibers (ACF), endowing the ACF solid acid properiassulfonation and hydrothermal
treatmenf® % i) sulfonated solid acids.g, Amberlyst® and Nafion NR50®?; iii) heteropoly
acids (HPA) like dodecatungsgtooric acidHsPW12040;°" and iv) Hform catalysts, which can be

a variety of zeolites, such asbéta, Hmordenite, HUSY 928

Cellulose

! !

Liquid acids Solid acids

: :

H,S0, Maleic acid Metal oxides H-form zeolites
HCI HF (Nb-W, ZrO,) (BEA, MFL, FAU)
Sulfonated C-based  Heteropoly acids (HPA)

Oxalic acid

Figure 1.9. Summary of hydrolysis methods of celluhisdiquid 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.

12
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Figure 1.10. Schematic of different protkiobtainable from glucose.

One of the more prominent uses not mentioned in the previous figure involves the use of glucose
to produce bieethanolvia fermentatior?® An additional process done at industrial scale is the
production of fructose; this prodtion entails the usage of enzymes suchJasnylase 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 (H&@®getener and
an alternative to sucrose produced from corn st&2fdbifferent ratios of HFCS can be classified
according to their fructose content, the most common ones being-#EGHCS55, and HFCS
90, which indicates 42, 55, and 90 % fructose eointvith the remainder being glucose and

water1o!

Advantages compared to sucrose is that it is relatively cheaper to produce than su@iiséo(32

HFCS vs 52 ¢/lIb for sucrose), due to HFCS main moieties being monosaccharides, they are easier

13



Chapter 1

solubilised compared to sucrose, which is a disaccharide, thus, not crystallising under certain

conditions!®! 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 enzymesiysts. 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 whichireg immobilisation, adding to the labour requit&d.

Other limitations include enzyme stability at high temperatures or in turbulent flows, and their
stability in the organic solvent8?1% Thus, the use of heterogeneous catalysts provides an
alternae route for the valorisation of virtually any sort of biomésesived feedstock such as algae
(transesterification to biodieséf® municipal solid wastes (cardboard, paper, organic watEf

chitin (production of Nacetylglucosamine andiBMF), 1°°*19¢corn stover (furfural productior}?

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 chenaicatto-aldol fragmentation.

This reaction consists oftehydroxy 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 glge 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}?>!!® Other compounds generated can be glycolaldehyde, or
dihydroxyacetongeas can be seen in Figure 1.11.

5-Hydromethylfurfural (3SHMF) which is obtained/ia dehydration of fructose, for instance, is
considered as a valuable intermediate to produce biofuels such as dimethylfuran (DMF), levulinic
acid, a precursor for pharmateals and additives, and dihydroxymethylfuran, a potential

substitute in the production of polymét4 116
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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 indfude:

Lewis acids as catalysts (Diefdder reactions)
General acid and base catalysistée hydrolysis)
Enzymatic processes

Co-ordination complexes (polyester condensations)

Porphyrin complexes (epoxidations, hydroxylations)

= =/ 4 A4 A -2

Ozone decomposition via chlorine atoms
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Heterogeneous catalysts on the other hand, involve ussobélstate 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 raearth 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 mtemtundergo
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£5). Liguid phases are mostly used in comparison
alloys, Solid/Liquid, (S/L) and Solid/Gas (S/G) gas phase reactions
High industrial application (over 85% tife Less preferred industrially; more complex
processes) reactions possible

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

solution possible.

Specialized set of analytic methods required
(X-Raymethods, 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 magnihetes 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 obiathed

use of catalysts, testament to theiportance in the chemical indust’f.Some common examples
include: i) production of ammoniaié HaberBosch process) using nitrogen and hydrotféii)
Brensted acid catalysts used for fluid catalytic cracking (FEE)¥3iii) olefin polymerisation

(e.g., propylene, polypropyleneja ZieglerNatta polymerisation?* and iv) production of nylon

using noble metal catalysts (Pd, B91?°Of the wide array of heterogeneous catalysts, ones in
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particular that stand out are theaBsted and Lewis acid aysts,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 zeoliteminerals 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 heat i z@,otd bhokand e, t h

l ithos', 6stoned.

Zeolites are natural or synthetic microporous crystalline aluminosilicates comprised Of FO

SiO4 or AlOg) structural units. These T@nits assemble into secondary building units (SBU)
which can form differentthreedimensional shapes (polyhedral, cubic, hexagonal) which
subsequently join to create a thudimensional 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 chambér8.Zeolites can have more than one type of SBU, thus, they are typically

classified according to this characteristic.

While zeolites are tyipally found in three dimensional structures,, three dimensional channels,
other types of structures have been synthesised (Figure 1.12). For instandanemsonal
zeolites which consist of unconnected, micropore netwdPkand twoedimensional golites,
where these typically derive from 3D zeolites and have a lamellar strd¢ttt€This variety of
structures provides zeolites with a variety of diffusional properties, which can impact selectivity

towards products in different systems.

AFI(1D)

Figure1.12 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 datthe following manner (Figure 1.133

1 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 arfnogeneous zeotyped. same PBU and SBU).

1 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 pseusieadystate intermediate (secondary amorphous phase)

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

Crystalline zeolite can be detected after the induction period.
Replacement of all amorphous material with highlystalline zeolite after washing and
drying.

1 Removal of the organic template (SDa 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 phasggegation 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 $een in Figure 1.1%*
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Figure 1.14. Aggregation model for the formation of zeolite crystals.

Anot her factor for the synthesis of a zeolite
agent. This mineraliser has to carry out different fumsticuch as: i) 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; iiilde-complex from the mobile units during or after (ii) so it can exist as a stable

solid phasé3®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 ion'$> This new mineraliser opened up nevsgibilities 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
mineraliers provide substantially different sizes in regard to its crystaififéuoride ions form
larger, more welbefined crystals (> fm), as is shown in Figure 1.15 with fewer defects in

comparison to the hydroxidé’ 38
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NMUDS5.4 x6.0k 10 um NMMD7.2 x15k
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Figure 1.15. Zeolite images mijesised in fluoride media (left, 6x magnification) and hydroxide media (right, 15x

magnification).

In aluminosilicates, upon condensation of these; T@its, the zeolite lattices are typically

negatively charged due to the presence of trivaletitidthe structureife., 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)1%° The cation that isised to electronegatively compensates can also provide additional

properties; for instance, Na s used t o s ad, waenwith high caitiom iena, by r |,

ion exchangé?®14lWhen protons are present as charge compensating ions, zeolitesianed

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

R=Na", Ca", K", H'
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Figure 1.16. Aluminosilicate zeolite with chargeal anci ng cati on ORD
[AIO 4]t structural unit.
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Similarly, encapsulated mads €.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 trifluorigle BBfhas 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 instaneés BGtronger Lewis acid

due to having a lower LUMO in comparison to 382 One of the first zeolites discovered with
Lewis acidic properties was titanium silicalitg 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, digroportion and isomerisatidfi® 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 Lewakcid strengths as well as product distribution.

M = Zr, Hf, Sn, Zn, Ti

)
O—sSi—oO o)
O\\s \S—O O——Sio
i jrornl
O/é \M/
o /'a, 0o
z
o) 6]
Figure 1.17. Schematic representation of a zeolite wit!|

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, mounogrédeal system towards its optimum,

or altering the balance between nucleation and grétv®ome ways that this has been achieved

is by the addition of preynthesised crystal seeds tefmss normal nucleation and to aid systems
which would have trdoie in the nucleation step, as well as to control their crystat%iZ€& Other

benefits that seeds could provide is the synthesis in the absence of an organic structure directing

agent (OSDA), providing Y“%6greenerodo synthesis
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1.4.22. 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 symh&bse main advantage of microwave synthesis

is the drastic shortening of reaction time required for the material to cryst&llBerthermore,
microwave synthesis can also modify the structural properties of a zeolite, i.e., producing smaller

nanopartiles®°

1.4.2.3. Hydrothermal synthesiwvia 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,
particdarly nanosheets and other morphological variations of known zealgegr(ultilamellar
MF1).1°11%4 This could be due to agitation preventing excessive aggregation, hence, the smaller

final crystal size.
1.5 Catalyst deactivation

One of the pertaininghallenges that comes with using zeolites for biomass conversion is catalyst
deactivatonCat al yst deactivation consists of the | o
time. Preventing this from occurring is a great challenge for researdn that large scale
operations suffer greatly due to the cost of this problEmere 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 deactivatidfrs.

Mechanism Type Description
o _ Chemisorption of species/compounds on the acti
Poisoning Chemical _
sites of the catalysts
_ _ Physical deposition of species from fluid phase or
Fouling Mechanical _ _
the catalytic surface and in catalyst pores
_ Thermally induces loss of catalytic surface area
Thermal degradation Thermal _ _
support area and active phasgport reactions
_ _ Reaction of gas with catalyst phase to produce vol:
Vapor formation Chemical
compound
Vaporsolid and solie Chemical Reaction of fluid, support, or promoter with catalyt
emica
solid reactions phase to produce inactive phase
Loss of catalytic material due to abrasion, loss o
Attrition/crushing Mechanical internal surface area dte mechanicalnduced

crushing of the catalyst particle

1.5.1 Fouling/Coking deactivation

Foul ing, more generally known as fAcokingo,
particularly for porous catalyst such as zeolisactivation 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 chssical 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 compoun#$.This fouling can arise from:

1 Heavy componats that are present in the feed
1 Reactants that are not soluble in the solvent

1 Unstable byproducts that have been produced with the catalyst
OOO L—/\J
OOO FJ/#

Figure 1.18. Visual representation of catalyst deactivation by fouling in the pore mouth.
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This deactivationigr i mar i |l y caused due to the zeolites:¢
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 Guasaet’

Deadivation 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 sités; 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
depositst>>1%8

Mode 1 Mode 2

Figure 1.19. Possible methods of deactivation by coke deposition in2Z@Wlapted from Guisnet al.).

1.5.2 Poisoning

Poisoning consists in the strong chemisorption of reactants, products, or impurities on the active
site. This accumulation on ttearface 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)oaiectr
modification of the nearest neighbour atoms, or iii) hindering surface diffusion of adsorbed

reactantg®®
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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 weknown poisons are sulphur, which is especially problematic when
cataltically upgrading bitumerlerived heavy oils. A high content of sulphur leads to the rapid
deactivation of the catalyst in downstream refining but can also produce harmful SO
emissions>®1% For instance, poisoning by sulphur, lead, or arsenic cartiviacthe catalyst
irreversibly due to the strong interaction they have with the active'&it¥8Thus, it is more
convenient to purify the reactants originally, if possible, rather than removing the poison from the

active site.

1.5.3 Thermal degradd&on 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 phasg 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
(gererally >500 °C), and pressure, whilst the last one can eizarsolidsolid reaction®® This
temperature is called Tamman temperature for lattice (bulk) recrystallisation for metal oxides, and
Huttig temperature, which is the temperature for surfaceystallisation for metal oxidé&?

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

25



Chapter 1

Pore

Figure 1.21. Modification of crystal and pore structugesintering.

1.5.4 Gas/vapour with solid interaction restucturing

Restructuring gas/vapowolid interactions are similar to the restructuring of surface caused by
sintering, although below the Tamman and Hittig temperatures. Some examples include the
sintering of Ni/AbOs in methanation due to the formation bii(CO)s and its subsequent
downstream decomposition to large Ni crystallites. This can lead to weakeningsupgiatt

interactions, resulting in sinterirt§>16®

1.5.5 Leaching
Leaching results from a solvolysis of species of the catalyst into soldflmere exist three

different scenarios for heterogeneous catalysts in the liquid ptase:

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 coitered 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.
Furthermoreit can have significant consequences for the process. Due to the solubilisation of the
catalytic material with the feed, the final product can potentiallydzardousadditionally, it can

decrease the economic potentfél.

Two forms to verify that lezhing has not occurred involve analysing the of the liquid phase of the
reaction or the heterogeneous catalysts. Inductively Coupled Plasma Mass SpectrosemM8)(ICP
or Atomic Emission Spectroscopy (AES) can be used for the liquid phase, wheregts X

Fluorescence (XRF) or Energy DispersiveRdy (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-rei@tion, 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 re&tor.

A . . .
<+— Original reaction

<«— Hot filtration (leaching)

Yield / %

<«— Hot filtration (no leaching)

v

Time on Stream / t

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

and nonrleaching.

1.5.6 Hydrothermal dissolution

Lastly, deactivation by hydrothermal dissolution entails the loss of zeolite crystallinity upon
processing in hot water, as can $®en in Figure 1.28° 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
amorplization of the catalyst. For instance, when applying water to zeolite Beta in continuous
flow, a high amount of amorphization can be observed by powsay Xiffraction (XRD) and
porosimetryt’* According to Ravenellet al, the hydrothermadissolution of zeolites consists in

the hydrolysis of the siloxane bonds; particularlyO8Al hydrolysis is proton catalysed, whereas
hydroxyl ions catalyse siloxane bond cleav&g&Vhen undergoing siloxane hydrolysis, aGsi

Si bond is broken, formingvo SiOH groups’® 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 typs ofdeactivationsttacking 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 (EFAN41"™ These form a different alima 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 didnugter< 2

nm). Nevertheless, the creation of synthetic zeolites has allowed the creation of a plethora of
zeolites with different porosity. Mesoporous, @ 2-50 nm) and macroporousp(et >50 nm)
zeolites have been synthesised to combat steric hindrances cauialifiof selectivity or products,

or to provide a higher lifetime for zeolite catalysts in certain procé&€$§.Furthermore, these

pore channels can be combined to create nm@Eso or micremacro porosity. These zeolites are
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known as hierarchicallyprganized 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, modificatiotiteedramework 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 zedit; t hese counpsG sa Addd wan t@obpo t t

approaches.

1.6.1. Bottomup zeolite synthesis

The bottomup approach methods use the concepts of moleculaassdinbly and/or molecular
recognition, which was described in Section 1.4.2. This consisteirsytnthesis of zeolites

primarily from a solgel precursor or a homogeneous mixture, and subsequently crystallising the
zeolite from this gel hydrothermally under autogenous pres&urdl zeolites are typically
synthesised by this method, using a sjpe€lrganic Structure Directing Agent (OSDA) to modify

structure. However, within the realm of bottam approaches, modifications or more specifically,
additions to the zeolite sol c an -trrecordistsire. A ¢
creating mesoporosity. Some examples including the use dual tempiairggdition of a second

OSDA to the original OSDA to create the specific framework to create mesopores in the zeolitic
framework!®:182 or using a multifunctional template, which hie function of two OSDA,
forming a micro/meso zeolite or 2D zeolt€s®T hese can further be divic

secondary templates.

1.6.1.1 O0Softé secondary templ ate.

These templates are denominated soft due to their flexibility and Versdatiy compar ed t o
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 pfiéSeme of these include the use

of polymers and silylated dactants such as trimethoxsilylpropyldimethyloctadecyl ammonium
chloride!®®8 Some examples of polymers are the use of cationic polymers
poly(diallyldimethylammonium) (PDDA) chloride and polyethyleneimine (PEIl) for the
functionalisatiion agents to creas zeolite membrart&’ Moreover, PDDA can also be used in
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addition to an OSDA to synthesis hierarchici¢.( micromeso zeolite), showing the high

versatility that can be obtained using the same polyti&rs.

Crystal structure can also be controlledhathe implementation of polymet& Polyacrylamide
(PAM), for instance, has been shown to form hollow ZSMrystals via dissolution
recrystallisation methotf° Polystyrene has a similar effect, as shown by Valtchev, creating
Silicalite-1 hollow spherefFigure 1.24)-%

Template surface Zeolite growth Template-Polymer removal

Figure 1.24. Application of polystyrene for Silicalitehollow spheres.

1.6.2 AHardo secondary templ ate

Hard templates have been used for synthesis in a wide array of zeolites and metallophosphates;
they generally consist in plantaterials, aerogels, and more typically carbon compotifid$ie

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 undesgoldlion along with the conventional
OSDA, creating additional cavities within the zeolitic framewdfddowever, there may exist

some drawbacks when it comes to destroying the hard template; this can be due to the conditions
required to destroy which oahave a detrimental effect on the zeolitic framework.

1.6.2.1 Carbonbased 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 nanopantiatesvires 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 thredimensionallyordered mesoporous structure (3DOm) (Figure
1.25)19As demonstrated by Chenal, 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

Abdulridhaet al. successfullysynthesised Y zeolites (FAU) with cellulose nanocrystals, creating

a highly mesoporougeolite 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 typicalharobsoft

templating®®*

1.6.2.3 Other hard templates

Nanosized calcium carbonate can also be applied to create mesopores in the rarigi afrb0
These crystals follow the relatively same procedure in which they are trapped in the zeolitic
framework, vihenthe nanoparticles are remowead acid dissolutiorthey give similar results to
Figure 1.25%

Another interesting hard template that has been used for the preparation of nanoporous carbons,
consists in MgO precursor (MgO, magnesium acetate, citlatgmate) 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 appledo zeolites, where Linares synthesised a Silicalite
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with intracrystalline mesoporosity using MgO, showing an effective synthesis and preserved

crystallinity 19

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

I n contrast-upd® &ipper dadmlatgrial W, earbon, potyraers,nsilylated
surfactants) is added to the hydrothermatgmdlfrom the start and assembled step by step to
modify the zeolite, toglown synthesis consists of treating the finished zeolite to introduce the
intracrystalline megporosity. Generally called pesynthetic 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 thdbwseit with

different catalytic activity depending on the metal incorporated.

1.7.1 Desilication

Desilication, is an example of a tojown method used to leach out silicon atoms to create
hierarchical zeolites. One of the first instances of desilicatesreported by Cizmek al, where

he showed the dissolution of higllica zeolites under 5 M NaOH solution. Desilication according

to this mechanism has been attributed to two reactfdns:

1) Breakage of SD-Si and/or SiO-Al bonds through the Otbf the solutiont®®
2) Formation of solid phases caused by reactions of the soluble species and/or from the

dissolved solid$?®

Oguraet al. thereafter carried out desilication under mild conditions (0.2 M NaOH) to create
uniform mesoporesé.4 nm in diameterdn ZSM5.2%° 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-fveated zeolite, in which

it was determined that aluminium has a crucial role for silicon extrattidhwas 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 (.e., more aluminium in thérameworR, silicon extraction is

hindered due to the ®&-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 1.26Desilication effect on different Si/Al ratios. Adapted from reference 187.

1.7.2 Surfactants and amines for poraize tuning

The use of different pordirecting agents (PDAS) for pore size tuning can not only improve rates

of deactivation but also allowtleer materials to catalyse bulkier substrates where it could not be
possible if used in its innate forra.g, MFI with glucose isomerisation). Pesgnthetic leaching

can further be tuned with the use of quaternary ammonium cations along with the aliatiioa.

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 bi@madidoride)
(CTA"). 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 y N/\/\/\/NH2 - B-U 204,205

Hexamethyleneimine i B-U T.D 206207
(Azepane) ’

H
N

_ T-D 207

-
H

Hexadecyl |/ Br, CI, BU. T.D 209210
trimethylammonium NY OH

Octadecyl
| . | _ Brcr  TD 211
trimethylammonium N+\

*T-D = Top-down approach
*B-U = Bottonmtup approach

Piperazine

Tetrabutylammonium

PDAs can be cationic tetraalkylammonium (TAA) surfactants or iniaoic organic amines.

These are effective in protecting the parent zeolitic frameworkapable of directing mesopore
formation when undergoing base leaching. Amines have also been shown to create larger
mesopores (d=-8 nm) compared to those treated with TAA (d6 8m)2%* This could be due to

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

favourable interaction, irrespective of their length (carbon atora20},0n contrast to the amines.
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Since TAA are composed of an attractive segment long hydrophobic carbon chain (cetyl,
octadecyl) and aepulsive segment which would be the cationic quaternary ammonium, these
surfactants selissemble to create micelles. A micelle consists of an aggregate of surfactants
which arrange themselves in an aqueous solution; these act as templates and cordeteethem
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 suclC@8*, and subsequent infiltration and removal of the

micelle to form the mesopore.

1.8 Snincorporated zeolites

Of the previously mentioned Leweid 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,
sud as SETUD and SeMFI.212213Fjrst synthesised in 1997 by Mal and Ramaswathgn-Beta
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was shown to be highly active and selective in the acetylation of trimestylene- (1,3,5

trimethylbenzene) to 2,48imethylacetophenone.

Beta zeolites are one of thew 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 intersectgd alo
the 12ring channelg!>216

Beta Polymorph A Beta Polymorph B Beta Polymorph C
<5, WY 5 4

Figure 1.28. Polymorphs of beta framework. Lines indicating the location of theetrtbered rings.

For SnBeta synthesis, it is typical to use fluoride ions due to the relative difficulty of Sn
incorporation caused ke increased atomic raditid. The use of this mineraliser along with a
stoichiometric amount of SDA (tetraethylammonium hydroxideTEAOH) ensures the
crystallisation of the zeolite. This also is particularly important to guarantee no other zeotypes are

produced’!®

1.8.1 Sn incorporationvia demetallation

Another method that does not require the use of fluoride as a mineraliser consists in demetallation.
Demetallation, as the name says, is adown approach which consists of stripping framework
heterodom (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-gpplication that can be achieved

with the postireated zeolite. One of the most common framework atoms, aluminium, typically
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uses a highly concentrated acid (e.g., BN& mild temperature (100 °C). This creates silanol
Onestsod wher e amsvcaa be raenserteddy different neeans, such assatiel
incorporation (Figure 1.28219 and incipient wetness impregnati&f. This creates the
possibility to incorporate different heteroatoms other tha®?Si?such as HF?3 Zr,21® Np?24225

and many more. A higher degree of incorporation is possible in contrast to the -bpttom
hydrothermally synthesized approach, which can only achieve relatively low percemtades (

wt %), whereas postynthetic incorporation can achieve up to 5 wt %hef heteroatorf?® In
addition, the use of demetallation also has

T A

HNO;

\

100 °C

Figure 1.29. Schematic representation of demetallation of Beta zeolite.

Other than HN@) other acids have been implemented and have shown gadtsrwhen it comes

to demetallating. Oxalic acid, for instance, can easily remove framework aluminium from the
zeolite, reaching up to a Si/Aolar ratio of more than 100 at room temperature without any severe
effect on the crystallinity and or texturatoperties. Silicon tetrachloride (SiLhas also been
shown to demetallated as well as occupy the silanol nests left by the aluminium atoms. This can
potentially heal prexisting defects the original material may have had. When used for
demetallationSiClscan result in the formation of hydrochloric acid, which can subsequently cause
further demetallatiod?’ The combined use of mild acids and calcination has also been tested by
Muiller et al, using a mild concentration of oxalic acid along with cation treatment?® This
resulted in a framework with higher flexibility which enabled interaction between Brgnsted

protons and oxygen atoms in the framework.

37



Chapter 1

1.8.2. Synthesis of heteroatorsubstituted zeolites

A major advantage with the use of demetadlais 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 sttt iorexchange or incorporation (SSI) of
azeolite whose aluminium atoms have been stripped by a highly concentrated@ditNOs).15°

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 beeroratedpin different
frameworks, for instance: Ca?Mn,23°Ti, Sn, and Zr!*?310ther than mechanochemical grinding,
postsynthetic impregnation has been carried out by liguindse grafting, reflux, or by passing a
vapourised metal precursor througk gample32:233

SSI, unlike traditional bottorap synthesis, have the ease of incorporating a -thareusual
guantity of heteroatoms. In particular Lewis acid zeolites such as Sn, Ti, Zr, Nb, and Hf in the
zeolite (1 wt. % bottorup vs. up to 5 wt. % tedown) if provided with the adequate number of
vacant site$?®Incorporation of these heteroatoms at higher than 1 wt. % (in a bafi@pproach)
would lead to a drastic retardation of zeolite nucleatoc@n 40 days) needed for the amorphous

sokgel tocrystallise and create the zeolite crystéls.

1.9 SnBeta for hiomass valorisation

1.9.1 BaeyetVilliger oxidation

Over time, a variety of reactions have been shown to be effectively catalysed by use of Sn
incorporated (Beta) zeolites. The Baey#t iger oxidation (BVO) is used to convert ketones and
aldehydes into more valuable esters and lactones. Traditionally performed with use of peracids,
the implementation of SBeta zeolites and hydrogen peroxide (Figure 1.30), discovered by Corma
et al.,in 2001, results in a less polluting and cheaper oxidation taking pta€&Furthermore,
Hammond et al. have reported the upgrading ofsdbstituted cycloketones -{dopropyl
cyclohexanone) using SBeta (normal and hierarchical) under continuous flowwshg the

potential for these catalysts to achieve a sustainable production of renewable lactone nidhomers.
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o—

Cyclohexanone Caprolactone

Figure 1.30. BaeyeYilliger oxidation using S¥Beta and hydrogen peroxide as catalyst and oxidant, respectively.

Due to the bifunctional natu the Sn sites, the Lewis acidic tin atom can activate the carbonyl
group whilst the adjacent basic oxygen atom of th€®Sircan form a hydrogen bond with®b.23’

This discovery allowed more studies to come foiB®ta in oxidation reactiorf$® 24° Although
Ti-containing zeolites have a wastablished application in this area, it has been shown that Sn
Beta to be an alternative to-Gontaining zeolites, particularly as they both exhibit different types
of performance. For instance, with the reacthnydrocarvone, SiBeta is capable of being fully

selective for the lactone whereasBéta showed selectivity towards the epoxide and dféls.

1.9.2 MeerweinrPonndorf-Verley-Oppenauer reduction.

The MeerweirPonndorfVerley (MPV) reduction of ketonesnd aldehydes along with the
complementary Oppenauer oxidation (MPVO) have been shown to be particularly useful reactions
due to their highly chemoselective natueeg( C=C bonds are not attacked) and mild conditions

it requires to undergo reactié#:>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 codmated with the metal centre, and undergo a intermolecular hydride transfer
from the alcohol to the carbonyl, as shown in Figure 143%*#
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Figure 1.31. General mechanism of MPVO reaction using a Lewis acid metal centre.

While the MPVreaction may differ from BVO, they share a lot of similarities as to how they are
catalysed. Both reportedly use the same patrtially hydrolys€atSgroups that were found active

for BVO reactions which can form a hydrogen bond wittOHThe steps using SBeta are
essentially the same as with using other metal centres, suckhBataZor aluminium alkoxides.
Firstly, adsorption of ketone and alcohol on the Lewis acid centre is required. Subsequently,
deprotonation of the alcohol occurs, followed WCQydide transfer, proton transfer from the

catalyst, and lastly product desoprtfgnh.

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 monomeseilulose, 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 Metliakdemonstrated

the potential of SiBeta to isomerisglucose to fructose, showing as well the ability to catalyse
this reaction in wate#*® Prior to this, Holmet al.also showed the ability for sucrose, glucose and
fructose dissolved in methanol to be converted into racemic methyl lactate in yieldsSuh £6°6

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, regnst 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 388. BQ % wt/wt glucose and

42 % wt/wtfructose)?*’

While glucose and fructose are normally present in cyclier@rbered (aldopyranose and
ketopyranose) and fivemembered (aldofuranose and ketofuranose) fffishas been shown by
RomanLeshkovet al.that the sugar is adsorbed onBeta in their operchained form, without
exhibiting any apparent reaction barriers when -opgning and ringlosing occurs (Figure
1.32)24° Their proposed mechanism consists of: i) coordination of glucose to active site; ii)
intramolecular hydride transfeand; 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 H

Ho _H_ H. _H \O/HSi
=0. o R N H——0-©o/ H——OH
Zsmo HL. 8o . /Sn:O |

A 'o—Si o *o—Si — o—Si
HO——H ~——=Ho H > HO H HO——H

ES

H——OH H——OH H——OH H——OH
H—1—OH H—1—OH H—1—OH H—r—OH
CH20H CH,OH CH,OH CH,OH
D-Glucose o - D-Fructose

Figure 1.32. Glucose to fructose isomerisation mechanism propgsedmanleshkovet al?+°

As mentioned previously, reactions for BVO require the use éd8rio form a hydrogen bond

with H2O2. These two types of tin sites (Figure 1.33) were studied by Boevahtwhich showed

via ONIOM and Density Functional They (DFT) that the partially hydrolysed framework Sn,
i.e, SnrOH was much more active than the fully closed Sn spéd&sirthermore, Hammonet

al. showed the importance of hydration in-Bata 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 soughfter reaction o§lucose to fructose isomerisation,-Bata has been
shown to isomerise and epimerise @Gshift) different monosaccharides (Figure 1.34) with the
addition of borate salts, or with ion exchanging theB&ta with N4 cations to shift the reaction

pathwayZISZI' 256

OH ©
C)= Isomerisation H
A OH
= Epimerisation B
GH  OH OH  OH
Galactose Tagatose
OH OH OH o
O
HO. OH
HO/\:M/ \A-)J\/
5 o E
OH OH H oH
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o” OH
OH
OH OH
Ribose o Z . oH
OH  OH OH OH
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O
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H OH O
OH  OH
Mannose HO\/H)‘\/OH
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OH
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oZ OH
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o” Y OH
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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 Metalorganic-frameworks.

Another interesting class of material that has been gaining attention for the usenatsio
valorisation is metabrganicframeworks (MOFs). MOFs are an orgaimorganic hybrid
crystalline material which consists of a (organic) polymer and metal centres which are formed by
reticular synthesis. This synthesis is based on the understandthg sfructure coordination
compounds which was established by Werner, which essentially consist of the linking between
organic and inorganic units by strong bonds, as shown in Figuré®1 Bee first known MOFs

were published by Tomic in 1965, wheree thelation 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 incorporZfion.

Metal ion  Organic linker MOF building unit Aggregation of MOF BU

- fg-f

Figure 1.36. Remsentation of metadrganicframework 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 igkKkEehis endows them with
potential for a plethora of applications, in particular for fuel ¢céfisupercapacitor€? and gas
storage/separatiofit
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Figure 1.37. Number of structures reported in the CSD. Structures include zewlitelkent, and metabrganic

structures.

While thousands of MOFs have been created, only a small fraction are used as é&tafJtse

most prominent examples that have been used widely as catalysts a66/6fFQMOF808 and
NU-1000. Furthermore, #8se MOFs, along with their active metal centre, can also have functional
groups such asNOs, -NH;, -OH, and SGH, providing additional functionalit§?>2¢° Although

the application is still relatively new, these have the potential to be used undemucostin

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 Ill, a study involving the mechanism of salidte incorporation (SSI) of Sn (Il) acetate
and dealuminated beta zeolite using various spectroscopic techniques is investigated. Furthermore,
an optimisatia 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 IV presents the influence of differentcursoM-Beta(M = Fe, B, Ga, Al) zeolites for

their subsequent SSl.Zeolites are demetallated and Sn is incorporated to be tested for both glucose
isomerisation (low temperature) and retldol fragmentation (high temperature) to observe any
differences in their kineti acti vi ty. SSI 6s major di sadvant
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 genditio

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 improvemeritsavhes
to its performance or rate of deactivation for glucose isomerisation and/oraledfo
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 satbly alkaline solution.

For Chapter VI, the MOFs Ui2r-66-H and its amindunctionalized analogue Ui@r-66-NH:
are tested under continuous fleanditionsto determine theiactivity as catalystfor the bulkier
lactose isomerisation in continuousviloThese 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. Experi mental

2.1 List of acronyms

Solid state incorporation:
Glucose Isomerisation:
MeerweirPonndorfVerley:

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-PurceltMeiboomGill:

High Performance Liquid Chromatography:
Evaporative LighiScattering Detector

Gas Chromatography:

Flame lonization Detector:

Inductively Coupled Plasma Mass Spectroscopy:
X-Ray Absorption Spectroscopy

Extended Xray absorption fine structure

X-ray Absorption Near Edg8tructure

Plug Flow Reactor:

BrunauerEmmettTeller surface area:

Non-Local Density Functional Theory:
Poredirecting agent

Cetyltrimethylammonium

Chemical Shift Anisotropy
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MPV
SnBeta
XRD
SEM
TEM
DRIFTS
MAS NMR
CPMG
HPLC
ELSD
GC

FID
ICP-MS
XAS
EXAFS
XANES
PFR
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NLDFT
PDA
CTA"
CSA
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2.2 Famulae and expressions

Substrate conversion
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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 TEOShyaiolysed

(i.e., homogenization of both liquids was achieved), a metal precursor(PéClk, GaCk, SnCk,

HfCl4, ZrCls, HBO3) was added and left stirring until the adequate water ratio (Z88btO)

was reached. Water ratio was calculated by wemlthe 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 0.0080IM:1Si0G:0.54TEAOH:0.54HF:8.5k0, where M
corresponds the indicated metal. Tgeds were transferred into a stainksssel 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 d@méur2 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 Postsynthetic modification

2.3.2.1 Demetallation

All metal Betas and commerciakBa(PS SkBeta, 1SrBetacom19) underwent demetallation using

20 mL g (zeolite) of a 13 M HN@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 msti@bped 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 foa. 10 minutes. For instance, to create 1 g of 1 wt. ¥8&t@&, 0.02 g

of Sn(ll) acetate was mixed with 0.99 g of dealuminated Bamdhte. Other StBeta SSI materials
containing different Sn loading were prepared by the same method, but with the magetd Sn
adjusted appropriately. Thereafter, the demetallated/Sn acetate mixtures were heated in a
combustion furnace (Carbolite MTHB3/400) to 550 °C (10 °C miframp 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 mih) for 3 more hours.

& 2YE 520

a
0
a a a z7Yep
Where:

1 & = Mass of Sn(ll) acetate required
1 a = Mass of dealuminated Beta required
1 & = Desired mass of the final catalyst
1 Y& p = Desired wt. % of Sn of the final catalyst
7T 0O = Molar mass of Sn(ll) acetate
T 0 = 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 tar fr@tonic form by calcining in static air

at 550 °C at 5 °C mihfor 5 h. The Hform zeolite was thereafter suspended in a 0.2 M NaOH
solution and was heated at the indicated temperature (0.5 h, 30 ofizeplite). The solid product

was guenched innaice bath, filtered with deionised water until reaching neutral pH, and dried at
110 °C overnight. Zeolites were converted back todftfim by ion exchange using an aqueous
solution of NHNOsz (1 M, 2 h, 85 °C).

When a PDA was employed, 1:1 mixture of ®I2NaOH (or otherwise stated) and 0.2 CTwWas

first stirred and heated at temperatures ranging frof@545C°C before the zeolite is added. As

was undertaken for the initial desilication, the samples were left for 0.5 h and were subsequently
guenched, fikred, and dried. Calcination for the removal of the PDA was carried out at 550 °C at
a heating rate of 2 °C mirfor 6 h.

2.3.3 Ui0-66-Zr -H and UiO-66-Zr -NH2 MOF synthesis
Synthesis of UiGs6(Zr)-H was adapted from a published paper byatial. In a typical synthesis,
444 mg of ZrC] and 316.5 mg of terephthalic acid .8DC) were dissolved in 50 mL of
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di met hyl formamide (DMF) and stirred. 5.55 mL
added to the solution and was left stirring for arotBO minutes. Afterwards, the solution was
transferred to a stainlesseel 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 &fr 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 (Gl)

D-glucose © 9 $sesmerisation batch experiments were performed in a pressurized 15 mlL thick
walled Ace tubular glass reactor, which was heated in a tempecaiutrelled 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 moiarofat: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 consisteaf 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 wateFIG@ad a
starting temperature of 50 °C and was heated to 180 °C at 15 *C Thiis was maintaed for 3
minutes and was thereafter heated to 230 °C at the same heating flai@ fét the flame was 30

mL mint and 300 ml mirt for air which was used as the carrier.

Samples were subsequently analysed by HPLC (Agilent 1260 infinity Il). Compauerds
separated witha CaHil ex column (6.5 x 300 mm, 8 em par
Ultrapure HPLC water was used as the mobile phase using a flow rate of 0.75 rhlAmin
Evaporative Light Scattering Detector (ELSD Agilent 1200) was useéeétect the sugars. ELSD

was used with an evaporative and nebulizing temperature at 30 °C arftba Bt 1 mL min for

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

Batch reactions for the MPV reduction usiogclohexanone as reactant andanol 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 1@nL solution of cyclohexanone infutanol (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 obtaitheaaysed to
obtain the initial point () by immersing and letting the vessel reach internal temperature. The
reaction started when SBeta catalyst (1 mol% of Sn relative to cyclohexanone) was added to the
flask, being stirred at 750 rpm. Aliquots weréaken periodically from the flask, centrifuged and
subsequently analyzed in a &D (Agilent 7820, 25m CRVax 52 CB).

2.43 Continuous Gl reaction

D-glucose (SigmaA|l dr i c h O 99 %) i someri sati-aldol ( GI)
fragmentation of fructee to methyl lactate (ML) production experiments were performed under
continuous flow in a plug f-$temlweactot. The teactorway 1 0,
connected to an HPLC pump to regulate the reactant flow and be able to operate @iskiglegr
Catalysts (100 mg) were placed between two plugs of quartz wool and packed in the reactor with

a 0.5 Om frit in the reactordéds outlet. The re
the desired temperature (110 °C for Gl and 160 t@/o) at a flow of 0.65 mL mir for GI and

1 mL mintfor 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 wa8s: {evgv

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 valvetaator placed at the outlet and analyzed by an
Agilent 1260 Infinity HPLC coupled with a Hrlex Ca column and an ELS detector where sorbitol

was used as an external standard.

2.44 Continuous lactose isomerisation
Lactose (Sigm& | dr i ch O 9 #on éperimerssowere perfarmed under continuous
flow in a plug fl ow, t-steeludacor. The reactor was cannecied td D)

an HPLC pump to regulate the reactant flow and be able to operate in high pressures. A 1 wt. %
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solution of hctose using various ratios of EtOHM(e.g, 50:50, 75:25, 99:1 v/v) or purely.6.

The chosen MOF or zeolite catalyst (100 mg) was placed between two plugs of quartz wool and
packed in the reactor with a OwaStheDimmérsedima i n t
thermostatted oil bath at the desired temperature (160 °C) in a flow of 0.4 L Pnassure in

the system was controlled using a backpressure regulator, set at 20 bar. Periodic aliquots were
taken with a Vici Valco 10 position migelectric valve actuator placed at the outlet and analyzed

by an Agilent 1260 Infinity HPLC coupled with a4Rlex Ca column and an ELS detector where

sorbitol was used as an external standard.

2.5 Analytical methods

2.5.1 Chromatography

Chromatography nvolves 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 pbakerdas

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 timgir@ily employed by Mikhail Tsvet in 1900,

it was used to separate plant pigments (chlorophyll, carotened, S#paration was done in a
chromatographic setup similar to Figure 2.1. Over the years, this technique has advanced into more

complex and autoated 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 GagChromatography i Flame lonization Detector

Gas chromatography, also known as-b@sid chromatography, is one dfie 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 inest gas (N
or He). Due to GC being gdmsed separain, 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 mediwsized molecules that are thermally stable. Operational temperatures
arenormally 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 tinelegree 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 die 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

Hy——
MFC/Regulatog Alr

e ﬁ

Injector

GC column Data capture

Carrier gas

Figure 2.3. Schematic of GEID 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 ¢tbgoapdnic
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 HPLCare modularij.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

Ty e s e

Waste

-

i
OOPump
el

Waste !
.

Autosample

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, isp@idwoposition valve where the where
in the load position, the sample loop or calibrated loop is filled with the sample thhikystem
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 alitimgarious 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 colum#fiieitis Ca

exchanged to Hions to provile a good separation of the sugarg ( 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
carbohydrges such as sugars is the Evaporative L#gdttering Detector (ELSD) (Figure 2.5)

This detector is suitable for nevolatile samples in a volatile eluent. The eluent is mixed with an
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inert gas, typically nitrogen, passing through a nebulizer to crefitee apray. 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 anghotodiode.

Nitrogen

Column effluent

Figure 2.5. Schematic of Evaporative Ligbtattering 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 aPtix Ca column and an

ELSD was used. flow rate of 0.75 mL mirt 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,
0.1 g, and 0.4 g of solution, external standard, and deionised watectresly. 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 anysorbitol, 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 5.5896E06 9771 2.77608E06
0.75 % 16600 4.12377E06 9627 2.73757E06
0.5% 8638 2.72654E06 9703 2.74307E06
0.25 % 2972 1.40337E06 9538 2.72381E06
0.1% 655 5.47301E07 9743 2.73481E06

Products were monitored by a &UD Agilent 7820, using a 25 m * 0.53 mm * 2 um-Q@Rax 52
CB. A power equation (y = 8xwas 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 raticoficentration of analyte and sorbitol was plotted

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

R B B OX )
Ywo Q¢ —
Ol Qw
O € & OQEQE &
Ywo Q¢

6EEQQEOT OO QEE

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. HPLEELSD-obtained calibration aue 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:

01 Q
0 WO WO

(%) , w o

01 Q

*MW: Molar mass

0 wi i

This was done with the other analytes of interest, which are shown in Table 2.2.

74



Table 2.2. Calibration factors for the compounds analys¢iei HPLC.

Chapter 2

Analyte R.T. Cka Ch
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 21.5 - -

*R.T. Retention time.

2.5.2.2 GCquantification

GC guantification was carried out with an Agilent 7820A (G4350A) GC with FID using-a CP

Wax 52 CB column. Given that the work (using cyclohexarioddPV) would be conducted

within a range of 0.2 M, the range opted for calibration was wiki@mange of 0.060.3 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 in4#REGC

Cyclohexanone Biphenyl
Molarity Mass Area Moles Mass Area Moles
0.3 0.3172 1629 0.003231788 | 109.9 109.9 1.0180922ED4
0.2 0.1999 1017.4  0.002036679 | 101.2 101.2  9.4676091ED5
0.1 0.1007  482.2 0.001025981 | 93.6 93.6 1.0375462E04
0.05 0.0539  488.7 0.000549159 | 0.0162 181.1  1.0505155ED4

For the GCGFID, 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. GEFID-obtained calibration curve to obtain the response factoyabhexanone using biphenyl as an

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

Table 2.4. Calibration facts for the compounds analysed using the [BD.

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 -
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2.6 Catalyst characterisation

2.6.1 Powder XRay 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 ondegrain size, and if the material presents crystal defects. The
diffraction pattern is obtained when an incident beam of monochromatgsxis collimated to

target the sample of interest. Due to the crystal being an array of atomgswaves are difacted.

As the sample and detector are rotated by a goniometer, the diffractgd dre being recorded

This interaction of the rays with the sample creates a constructive interference, as well as a

di ffracted ray, when éonditions satisfy Bragg

E_  ¢Qi Q&

where:

n = Positive integer

& = Wavelength of incident wave

d = Interplanar distance

d = Angle of incidence

Braggds Law i ndi -caglbeanss are scatteredvirbnetine planesin the crystal, it
will travel distances diffenig by exactly one wavelength, given that n = 1. A schematic which

shows the diffraction of Xays from the sample can be seen in Figure 2.8.

Figure 2.8. Schematic of diffraction of the incident
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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, thes\aeeut of phase, resulting in

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

q In phase: Diffraction pattert d Out of phase: No diffraction patter

Constructive interference

ol e
U [ Nal=w

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

Deconstructive interference

For this work, XRD patterns were recorded on
CuKU radiation source (40 kV 80d 20 mAY epndi we
time/step 150 s, total timé& 1.5 h). XRD was used to verify crystallipiafter synthesis and

following various possynthetic treatments.€., desilication/dealumination), as well as to identify

potential presence of extfattice phases such as SnO

2.6.2 Physisorption for surface and porosimetry analysis
Physisorption cosists 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 surfae of the solid and how the adsorbate interacts with the adsorptive can be divided into

three levels (Figure 2.10):

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

1 Connolly surface, also known #se solverdexcluded surface, which is imagined as a
cavity in bulk solvent, which encompasses the van der Waals surface.

1 Lastly is the poreaccessible surface, which is the surfacedistance from the Connolly

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

Figure 2.10Schematic 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 microporediiong
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 dgm&nlayer which is not in contact

with the solid. Lastly, capillary (pore) condensation takes place, where this consists in
condensation to a liquitke phase in a pore at a pressure, P, less than the saturation pressure, P
of the bulk liquid, which isised to maintain condensation.

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

P w p P
< G G
U W U W

z

C“l cA

.0
U-l'r)—p

Where P and fare the equilibrium and saturation pressure of the adsorbates at the temperature of
adsorption, oO0vd is £ me)aaddsdsdhe hdsalbedygasson theusarfadei t y
or monolayer. The parameter C is related to theggnafrthe 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 Neocal density functional theory (NLDFT) based methods,
particularly for pore size distribution (PSD), whereas with the other methods such as Barrett
JoynerHalenda (BJH), which assumed capillary condensation of the adsorpliid=TNuses 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 appropipdgsical representation (model) of the pore
structure, such as slits (typically for carbonaceous species) or cylindrical pores alongside the
adsorbate used ¢Nr Ar). The main benefit of NLDFT is the wide applicability it has, extending

from micropores tanacropores, and from a plethora of materials.

Other useful methods to use for micropore analysis is-phat imethod, which determines both

the micro and/or mesopore volumes along with the surface area and external surface area. To
correctly ascertain\aalue, the relative saturation pressure for thimt method should be assigned
between 0.20.5 (P/R).
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For this study, itrogen adsorption isotherms were determined on a Quantachrome autosorb iQ at

-196 °C. Prior to analysis, samples wdegassed 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 N silica equilibrium transition kernel at96 °C based on a cylindrical

pore nodel. Water sorption analysis was also conducted in the same porosimeter, using water as
the solvent, within P/Franges of @.7. External surface area was obtained with-filettmethod

using a P/Prange from 0.20.5.Total pore volume was obtainedfa £/Bof 0.99.

2.6.3 Infrared Spectroscopyi 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 lightardacting 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 14,0@0000 cmt, and is mainly used to observe overtones
(harmonics) and combination barffay infrared (FIR), within the range of 4aM cm?, primarily

used to study lattice vibrations of crystals and rotational spectra, and lastly, trengednfrared

(MIR) which is used for the identification of chemig&lased 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 mol&bidecan 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 activened dipole moment should result of the
vibration when IR radiation occurs. This can be obtained through the equation:

‘D B 0ip

Where

1 ‘pis the dipole moment vector

f 0 isthe charge at th& position
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{ ipis the distance (vector) which represents the charge &t gusition.

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 tadelocidat

dipole moment consists in (E) and (Z) configurations of a haloalkene (Figure 2.12), where (E)
configuration of a compoune.g, (E}1,2d i b r o mo e-Brhvibratiers svoul@ cancel each
other out, showing no symmetric vibration, whereasl(Z)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 dugdchhigue relying

upon scattering of radiation within the saniplgnlike 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 wk were recorded on a Bruker Tensor Il spectrometer, using a Harrick
praying mantis cell over a range of 46880 cm' at a resolution of 2 cth Silicon carbide was

used as an IR source with ZnSe as beamsplittesstu DRIFT spectroscopy was also parhed

with the same conditions under flow (Figure 2.13); calcination of the-gyoshetic zeolite
mixtures (demetallatedsection 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 flewitched to air (20 mL miH after

reaching set temperature and maintained under isotherm for 1h.
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IR Spectrometer

b1

Nitrogen Temperature controller
Oxygen/Air

Figure 2.13. Schematic of-situ DRIFTS for analysis of the calcination step of pgghthetically modified zeolites.

2.6.4 Temperature Programmed Desoron (TPD) i 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 sitegs well as their strength. The application of this technique involves the use of
probe molecules, such as BJHCO, or CQ, and saturating a solid catalyst after an earlier
pretreatment to remove any physisorbed molecules on the swefgeel{O). Using adesignated

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 moleculesyidally recorded using a thermal conductivity detector
(TCD) due to its lower sensitivity for the detection of organic compounds in comparison with other
detectors (FID¥.

In this thesis, the use of TPD was implemented for the analysis of gas evolbt@ngd through
postsynthetic calcination of demetallated beta and Sn(ll) acetate; a schematic illustrating the setup
can be seen in Figure 2.14. TS measurements were performed on a homemade system
formed by mass flow controllers (MFC) equipped witioaizontal 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 aforentemed 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 mirf). Nitrogen or helium flow was switched to air after reaching set
temperature andoaitinued for 1h.

S
<
=
©
=3
X
O

Mass spectrometer

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

2.6.5 Diffuse Reflectance Ultraviolewvisible (UV-vis) spectroscopy

DRUV-Vis technique consists in how much a chemical substance absorbs light; it works within
the ranges of the ultraviolet (D0 nm) and visible region (460 nm). Within these regions,
molecules undergo electronic transitions and can be useful for the iawiestigf the electronic
structure of materials. The radiation source is typically a tungster2E@Dnm), a deuterium arc
lamp (190400 nm) or lightemitting diodes for use in the visible region (400 nm) In the thesis,
UV-Vis analysis was performeding a Cary 4000 UWis spectrophotometer. A scanning range
between 20B00 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 asradfincti
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 otteracterisation techniques, for

instance a TGAMS or TGAIR, to further compliment analysis of the thermal decomposition.
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For the analysis of pastynthetic zeolites, TGA tests were done to observe thermal decomposition
changes when applying Sn(ll) aatt on a demetallated zeolite, a defeeé 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 nitrogerf30 mL mint). 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 t@aeina

constant flow of nitrogen (30 mL mii.

2.6.7 Electron Microscopy (EM)

Eledron 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 morphologyet#talysts 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/unijoofrzeolites 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 electdo@am, 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 elémon 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 tcedtergcrossectional

area. Thus, with a higher Z, the more intense (brighter) the image will show.
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Electron source (tungsten filament)

. ‘ ‘ Anode

L[]

Condenser lenses

Objective lens

Scanning coils

Sample chamber

Figure 2.15. Schematic of a standard SEM system with BSE and SE detectors.

Secondary electron detectors (SE): these electrons originate from the segiaas 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 nanopaescfor 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. Tiansmission Electron Microscopy (TEM)

TEM is a technique that uses a particle beam of electrons to observe biological -dnnalowinal

samples. Whilst similar to SEM, the main difference comprises in how the images are produced.
SEM images are created bye detection of reflected (Backscattering) or knoet#delectrons,
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. Normallyinto obta
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 30 mesh Cu grid and were recorded at various magnitudes {81IN000X).

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 isdestructive. Furthermore, it is the only
one that is able to provide a complete analysis and intatioretregarding the structure.

The basic principle of NMR spectroscopy involves in the application of an EM radiation
(radiofrequencyi RF pulse) to a certain nucleus to subsequently measure the amount of energy
required to put various nuclei in resonanS8eme nuclei such asi, 13C, 2’Al, and 2°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, e 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) anded@du) charge quarks, resulting in

a charge of +1 while the latter has tved3 (u, d) and one +2¢e/3 (d)arge 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 (I= 3/2), or'’0O (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,?sljamd&'N

(I'=1). However, when both protons and neutrons are of even number and result in an even nuclei
massthey have zero spin (I = 0), making the nuclei NMR inactivg,(*°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 araéitdd) these are randomly

oriented.

Quantum mechanics tells us that with a nucleus of Ispirwill 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, hese orientations are of equal energy. Each of these orientations and/or different

energy levels is a magnetic quantum number, defined as

A
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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, thegsyd is al

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 nedemle 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 gban orientation (or precession) of the magnetic

moment when an external magnetic field is applied. This external magnetic field exerts a torque
(U), which is influenced by the heymageetic of s

moment/angular monmet um r at i o, 2) of the nucl ei
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Tt z0
Where' 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 nenquilibrium nuclear spimmagnetization precessing, and is created
when the RF pulse is close to the Larmor frequency of the nuclei,

] rz0
wherg is the Larmor frequency or angular frequency.
This FID signal is digitised and subsequently Fourier Transformed to obtaigueefrcy 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.

Transverse plane Transverse plane Transverse plane Transverse plane

FID

Figure 2.17. Schematic representation of nuclei precession using a RF pulse to obsagm&llDsed 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 sensitediyiring 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
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anisotropyi CSA, quadrupolar, dipolaip the magnetic field. These broad lines, referred to as
Opowder patternsé, can be highly informative

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

An approach used to elimitgaor mitigate the effects of chemical shift anisotropy but not of the
chemical shift dispersion is the implementation of Magic Angle Spinning (MAB)MAS, the
rotor is rotated around an axis of 54.74° with respect to the direction of the magnét{&d)el
(Figure 2.18). These interactions in solids are orientategendent and can be averaged by MAS

either partially or totally, depending on the MAS frequency.

____________________________________________________________________________________________________

Dipole interaction

30A 60A 90A 1204 1504

___________________________________________________________________________________________________

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

applying the angle to the rotor.

Other implementations that have been shown to improve overall signal generation is the Carr
PurcellMeiboomGill (CPMG) echo train acquisition. CPMG allows one to measure the
transverse (x,y) or spispin T> relaxation times of the nucleus. The pulse sequence is similar to

the Hahn echo, whichusés ( 180A) pul ses to refocus inhomog
spins; the only difference is that iipulseéises an
delay). The application of CPMG acquisition along with MAS for NMR analysis on catalysts with

low sensitivity such as SBeta has proven to increase drastically the sitrabise ratiot!
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Nuclear Magnetic Resonance (NMR) was carried out in a Bruker Avance Ill HD 400 MHz NMR
spectrometert!®sSn, 1H, 13C and?°Si NMR were carried out at operating frequencies of 149.23,
400.20, 188.41 and 79.508 MHz, respectively. All analysis were run WlkEz spin rate packed

in ZrO, rotors.%Sn MAS DE CPMG NMR experiments were performed with the CPMG-echo
train acquisitioras described in references 12 and1¥Spectra were measured by applying 100
echoes, usi-pupe vath 21808 ptansiec@uplidg. Two relaxation delays) (vere
used: twith 5 s and 20480480 scans, depending on the wt. % of tin, and a longer35 s with

512 scans. Tin chemical shifts were calibrated using tin (IV) oxide as refeféicelAS NMR

were obtainethyonep ul se e x per i mepulse withiathsecand fecyelesdelay an
128 scans. Chemical shifts were calibrated using a pure siliceous beta sHiddS NMR were
obtainedbyaonpul se experi ment with a edeldyBGECPMAI s e
were acquired with a relaxation delay 3 s, using 2048 scans NMR. Adamantane was used for

calibration of thé'H chemical shifts.

2.6.9. Inductively Coupled Plasmd Mass Spectroscopy (ICPMS)
ICP-MS is an analytical technique uséat elemental analysis, which can detect and measure
elements at trace leve{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 thesismetal concentrations of the 2ges were determined by IGMS using an Agilent
7900 ICRMS using a mixture of ultrapure HN@.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 isbased 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
samplej.e, the kineticenergy 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 moksmids ab

energy (emitted radiation is of lower frequency than incident radiation); and iilsfakes 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 grifigrence provides information about
the vibrational energy and frequencies. As they are also molspetfic, 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
Virtual Energy State

Energy

OH

Incident light E, \[)J\O /\ Rayleigh scattering E =E,
—_——— D
Mt
<z
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i

E:EO E>E0 E<E0

Figure 2.19. Different types of scattering that can undergo a sample in Raman spectroscopy, depicting the differences

in energy tansitions (E).

2.6.11 Xray 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
distan@s of neighbouring atoms. Normally, XAS is carried out in a synchrotron due to it requiring

a highintensity, coherent Xay 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 charaatealtorption edges which

correspond to different binding energiés.
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Photoelectrone

Incident Xray
Figure 2.20. Graphical representation of an incidemayXcreating a photoelectron on the innermost shebdge).

XAS can be divided into Xay Absorption Near Edge Structure (XANE&nd Extended Xay
Absorption Fine Structure (EXAFS). XANES consists in the scattering of mu$igaitering
resonance of the low kinetic energy photoelectrons (around 10 below and 20 above the absorption

edge). It can provide information of the oxidat states of the specimén.

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

elementt®

For this work, & 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,

usng a Si(111) double crystal monochromator and were measured in transmission mode.
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Chapter 3. Trsatcaktien g ntchoer psoorlait
Il nto the framework of deal un

consequences for catalyst de

3.1. Introduction

Isomorphouslysubstituted zeolites such as-ISSnBeta and F&ZSM-5, have emerged in recent
decades as state of the art catalysts for a variety of sustainable chemical transfofr&iar.

these caOtalysts, of particular interest amongst theseslamidic metallosilicates is Siontaining

zeolite Beta (SiBeta). 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 thé \Bhigger
oxidation of (enewable) ketones with-B>, glucose isomerisation along with the conversion of
hexoses ta-hydroxyester compounds including methyl lactate and methyl vinyl glycolate at high
temperatures, various-C bond forming reactions, and the catalytic transfeirbigenation of

carbonyl compound¥®

SnBeta is classically prepared by hydrothermal synthesis using fluoride as a mineraliser, where
an aqueous s@el containing the metal precursors and an appropriate Structure Directing Agent
(SDA) is crystallised aglevated temperature (140 °C) and pressures (autogehbui)ilst 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 ‘intfes 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 nucleaftdi* and hence, possessing less than ideal mass transfer
properties:215Thus, large scale utilisation of these catalysts which hold promising activity are not

favourable.

With these disadvantages being the main obstacle for industrial scale utijidaticlevelopment
of alternative preparation methodologies for-Beta has received substantial attenfidh?2°

Top-down approaches have been garnering much attention, which consists in preparing the
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stannosilicate zeolite from a prior, readily prepleaiminosilicate zeolite. Tegown synthesis is
classically achireevreedt ablyl dtdieored .al Deamatoanl | at i on
a commercially available aluminosilicate using typically a concentratedeagitiNOz), resulting

in the brmation of silanol nests¢.v acant ATO sites). Remetall ati o
the desired metal (in this case, Sn) to the structure through various appréaehe€Amongst

top-down approaches, sofstate methods of incorporationeaparticularly suitable for the
preparation of SiBeta, as has been demonstr&f&®. Here, a mechanochemically mixture of

metal precursor (Sn(OAg)and dealuminated Beta zeolite are heat treated in -atepoprocess

which includes initially an inert atosphere and subsequent change to air, leading to incorporation

of Srf* into the framework of the zeolite. This approach, which has been termedSSatid
Incorporation (SSI), provides several advantages over othetotwp methods, including fast
synthess 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. % 3#}° Notably, tre procedure can also be tuned to

allow inclusion of other metal centres, such a& FE*" and Zf*, when desired’?2

SStprepared catalysts have been shown to exhibit comparable performance to clasBetal Sn

at lower loadings. Nevertheless, exframework Sn@ species are shown to form at higher
loadings, particularly when the loading is increased above 5 f&.D¥éspite being inactive for

the catalytic reactions of interast. SnQ, species are spectator species, theresence 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 ptirposes.
As such, elucidating the mechanism of heteroatom incorporation during SSI, and hence being able
to scientifically improve the synthesis protocol either frapracticality (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 knoa/lexigts regarding which
parameters influence the incorporation mechanism(s). Furthermore, whilst some spectroscopic
studies have recently focused on identifying the mechanism of heteroatom incorp§ritiosse

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

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

By employing stat@f-the-art spectroscopic methods, includiiésn CartPurcellMeiboomGill
(CPMG) Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR)itu X-ray
Absorption Spectrospy (XAS), in situ Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTSin situ Temperature Programmed DesorptMass Spectrometry (TRD

MS), Raman, and Diffuse Reflectance W& (DRUV-Vis) Spectroscopy, alongside
complimentary kinetic sidies, 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 syritieesaalyst,

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
MeerweirPondorfVerley transfer hydrogenation resmmn and glucose isomerisatioboth in

batch and continuous flow, demonstrating that similar catalytic activity can be achieved even with

aca. 90 % faster calcination rate

3.2. Results and discussion

3.2.1 Effect of physical grinding

SSl is awo-step procedure (Scheme 3.1), where dealuminated Beta zEelilggf™ , Si/M ratio

= 19) and Sn(ll) acetate (denoted as dBAta and Sn(OAeg) respectively) are first treated
mechanochemically (grinding) for 10 minutes prior to heat treatment o$dle mixture at
elevated temperature (550 °C, 3 b ahd 3 h air, ramp rate 10 °C rix?® Elucidation of the
changes that occurred to Sn(OAajter being grinded with the deMeta was first studied. For

all these studies, a 10 wt. %-8eta zeolite denoted 10SiBeta postcalcination), 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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Catalyst preparation Heat treatment
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Scheme 3.1. Schematic afnventional soliestate incorporation process.

FTIR analysis of a physically mixed sample of Sn(QABAI-Beta revealed the formation of a
new vibration at 1297 crhupon grinding, and that the-salledD value of Sn(OAQ) [NCOasym-
NCOsyn]3° shiftedfrom 137 cm' in pure Sn(OAg) alone (1404 cmand 1541 cm), to 310 crt

(1404 cm'and 1714 cm) subsequent to grinding with the dealuminated zeolite (Figure 3.1, Left).
Alongside this shift in the vibrational spectra wasdisappearance of the 245 nm band observed
by DRUV-Vis, indicative of the Ligando-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 grindd Sn(OAc) without deAlBeta was carried out and the same tests
were conducted, showing no changes tolivalue 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 deBéta,Sn(OAc) (grinded), and physical mixture Sn(OAfcleAl-Beta.
(Right) DRUV-vis spectra of deABeta, Sn(OAg) (grinded), and physical mixture Sn(OAftleAl-Beta.
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Figure 3.2. FTIR on grinded and pure Sn(OAc)
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Figure 3.3. DRUWVis comparison of grided and pure Sn(OAc)

The loss of one charge transfer band, coupled to the increasebinahee to + 310 cm, strongly
indicates that upon grinding, the acetate ligands become more monodentate in nature, resulting in
the formation of morénequivalent acetate oxygen atoms than those found in the original metal
acetate compleX-32A shift towards monodentate coordination is supported by the new vibrational
feature at 1297 cth which has been attributed to monodentate acetate gtotipsadditional test

using SiBeta (.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 increasetire D value and tB emergence of the feature at 1297 amas observed
(Figure 3.4). Nevertheless, the final product (Sn(Q/&3)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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Intensity / a.u.
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Figure 3.4. DRIFT sgctra of i) SiBeta, ii) Sn(OAcySi-Beta, and iii) Sn(OAcgjdeAl-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 asymmetribrai»ns 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(&dehl-Beta mixture and
deAl-Beta alone (blue line) and (Right) Sn(OAE)-Beta mixture and SBeta alone (red line).

Further evidence of a shift towards a monodentate coordinatmmgnnding was also obtained

by 13C MAS NMR. As can be seen (Figure 3.6), fi€ MAS NMR spectrum oSn(OAcY
exhibited two symmetric doublets &5.6 and-26.7 ppm,and-181.3 and-184.1 ppm. These
doubletscorrespond to [CE] and to [C=0], respectiVg, likely found intwo separate crystal
environments$? Similar to previous data obtained, no changes were observed following grinding
of the acetate alone. However, when Sn(QA@s physically mixed witdeAl-Betg the doublets
disappeared and only omgense peak for the methyl group, as well as a single broad carbonyl
resonance were observéadis change indicates that after mixi8g(OAc) with the zeolite, the
initial polymeric structure of Sn(OAg)hanges/collapses, having similar environmentgter

[CHs-] groups, indicated by the single peak observed.
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Figure 3.6C MAS NMR of normal and grinded Sn(OAcand Sn(OAg)deAl-Beta.

To elucidate the impact of the grinding step on the Sn cedtP8s, CarrPurceltMeiboomGill

(CPMG) MAS NMR measurements in Direct Excitation (DE) mode, in addition to preliminary
XAS measurements, were performed on $m¢OAc)/deAl-Beta grinded mixtwe (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 gnigpdpartial 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 3.711°Sn DE CPMG MAS NMR of pre Sn(OAc), Sn(OAc)/deAl-Beta, Sn(OAc)/SBeta, and SnO.
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Complimentary data of the metzg¢olite interaction was provided Raman analysis, gathered by
Dr. Giulia Tarantino, a collaborator in the project. Upon grinding, new bands in the region 550
650 an were formed (Figure 3.8). Although absent in pure Sn(@Al intensity of these bands
strongly depended on the relative amount ofi.8n the intensity of the new bands increased going
from 2 wt. % of Sn to 10 wt. %. Notably, other works hasgorted S¥O vibrational bands in
such spectral region (58850 cm?).®® Therefore, the broad peak around 585'caspecially broad

for the sample containing 10 wt. % Sn, may be reasonably assignedDid@mds in a range of

different configurationasa result of interactions between Sn(OAa)d the zeolité>

T T T T T T T

deAI-Iéeta
—— Sn(OAc), / deAl-Beta (2% Sn) ||
—— Sn(OAc), / deAl-Beta (10% Sn) |1
—— Sn(OAc), .
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Figure 3.8. Ramaapectra obtained using a 266 nm excitation wavelength of i)-Betd (black line), ii) pure
Sn(OAc) (red line), and Sn(OAg)deAl-Beta mixture with iii) 2 wt. % of Sn (blu&e), 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 déMeta, several changes occurred to the acetate ligands, which moved
from abridged coordination to a more monodentate one. This did not occur when trying to grind
Sn(OAc) alone, which showed no changes to its denticity or vibrational spectBet&iwas

shown to have some changes as well, showing shifts in the vibrationabspéntertheless, 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(@#a)ndergo changes in its coordination,
regardless of vacancies. Hewver, these changes were not accompanied by changes to the Sn

centres, which remained in the +2 oxidation state andtetrahedral geometry, due to partial
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coordination to the zeolite. These findings contrast to those recently reported by &chlith
which indicated formation of Sn(IVWia mechanochemical grinding using a ball mill in the
absence of heat treatméhtSels et al demonstratada Mossbauer spectroscopy the oxidation
ratio of Sn(11)/Sn(IV) under both inert atmosphere and air. Underwaastshown to present a full
oxidation to Sn(lV) whereas under inert atmosphere, the oxidation was shown to be much less
(18 % Sn(IV))?® Comparison with control samples also showed different Sn(Qzslite
interaction occur in the presence of silanolteege. substituting SiBeta with deAlBeta).
Nevertheless, none of these samples (including Sne) SnQ) exhibited catalytic activity
prior to heat treatment, and only Sn(O#dgAl-Beta gained substantial activity following heat
treatment. Thus,tiis 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(OAgjdeAl-Beta

Despite the changes that occur to Sn(QAkring the grinding stage, no catalytic activity was
observed for the Sn(OAg§leAl-Beta grinded mixture. Thus, to obtain catalytic activity by SSI,
heattreatment of Sn(OAgjdeAl-Beta wasrequired. During previous research, this has been
achieved by heating the sample to 550 °C (10 °CHYnifirst in a flow of N (ramp and 3 h
isotherm), and subsequently in a flow of air (3 h), at gas flow rates of 60 mittmaughout for

1.5 g of catalst (WHSV= ~2400 H) of catalyst® Accordingly, to understand how the physically
grindedta@apryest 6 gains catalytic activity, the
during heat treatment was followed at real conditions with a varieiy eftu spectroscopic
techniques, including TRMS, DRIFTS and XAS. Control experiments were also performed on
grinded samples of Sn(OA@lone, deAlBeta alone, and a physical mixture of Sn(QAfi}Beta,

where required.

First, to better understand thatare of the interactions between Sn(OGAand the zeolite, the
gaseous effluent generated during calcination was monitored by Mass SpectrometM$)J.PD

To maximise rigour, the MS system was connected directly to the calcination furnace employed
for conwentional catalyst synthesis and identical conditions (mass of catalyst, gas flow rates) were

used to the standard protocol. Notably, Ca@&composition was conducted in the FRIS to
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determine the delay between the evolution of the compound and theaetédhe MS (Figure
3.9) to subsequently offset all MS spectra.
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Figure 3.9. TPEMS of CaCQ decomposition.

TPD-MS experiments of Sn(OAgileAl-Beta calcination detected a number of compounds, such

as hydrogen, carbon monoxide, carbon dioxide, acetan@ acetic acid. The overwhelming
majority of these compounds were detected during the ramping stage of the heat treatment, in
particular at a temperature range HHBD °C, and only a small percentage of such compounds
were detected throughout the isathestages. 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(QAxddne, and a Sn(OAgpi-Beta mixture, which did not

reailt in the production of an active catalyst. To better observe the changes in compound evolution
in the N/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 througbatherms, . As can be seen (Figure
3.10, Left), Sn(OAg) alone decomposes at much lower temperature when compared to
Sn(OAc)/deAl-Beta. In particular, all the volatile decomposition products were detected within
the first 30 minutes of the ramp stag@e 5n(OAc) and Sn(OAcYSi-Beta at temperatures of <

280 °C and 350 °C, respectivelypically, Sn(OAcghy dr ol yses at temperatur
acetic acid and SnO, as can be seen for both SngABeta and Sn(OAgy°®At temperatures

0295 °C, acetone was shown to be one of the main evolution gases, which is in line with the
former two TPD testd’ However, Sn(OAc)deAl-Beta presented all acetic acid and acetone

evolutions at much elevated temperatures. Interestiaggtone was shown to first evolvea(
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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 theal\l-Beta zeolite.
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Figure 3.10. TPEMS during calcination of (from top to bottom) i) Sn(OAldeAl-Beta, ii) Sn(OAc)Si-Beta, and
i) pure Sn(OAc). Left plots consist of the first 2 hours which include the ramp and part of tisetNerm. Right

plots consist of the Mair switch stepFull TPD-MS profiles are presented in Annex 3B.

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

carbon dioxide (Cg) was released from Sn(OA@JeAl-Beta. This may suggest that despite most

of the acetate being released during the first stage of the calcination, alaaaticount 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 TPBMS analysis of deABeta (Figure 3.112).
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Figure 3.11. TPEMS of deAlBeta.
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Figure 3.12. Comparison amount of gfetected via TPIMS for deAlBeta and Sn(OAg)deAl-Beta after switching
from nitrogen to air flow.

These confirmed that, although some ;C@as released from deMeta alone, most of the
observed C®@in Figure 3.10 (Right) arose mainly from residual carbon of the Sn{QAc)
Therefore, additional C£{evolution may be related to established interactions between silanols
and Sn(OAQ. Interestigly, the TPDMS profile of a deAlBetasample previously impregnated
with acetic acid revealed similar product evolution $0(OAc)/deAl-Beta (Figure 3.13),

suggesting that primary interconversion of the acetates into acetic acid, prior to further
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decompaition into CQ as main product, malge a key step towards the synthesis of an active

catalyst.
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Figure 3.13. TPEMS of 1wt. % Sn(OAg)deAl-Beta impregnated with 9 wt. % acetic acid.

Complementing the TPIMS data, the mass loss profiles of theamples 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(OAg)and Sn(OAc)Si-Beta are in excellent agreement to the T?B data,
exhibiting one major mass loss betwedl-BO0O °C. Interestingly, the total mass lost during
treatment of pure Sn(OAglloes not fully account for all the acetate present in the sample which
accounts to 50 % of mass of the acetate in Sn(©#cgontrast 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 thé\fB?IIn contrast, the mass

loss profile of Sn(OAc)deAl-Beta is more complex than its accompanying I profile. Most

notably, whereas no volatile compounds were observed in the effluent at low temperature, mass
losses at low temperatures (< 200) were observed. These can be attributed to (partial)
dehydration of deABeta, the product of which (water) could not reliably be monitored by MS,

and hence, was omitted from the TRLS patterns for clarityMide supra.

Data obtained from TPIMS and TGA clearlyndicated 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 thegence of water present in the hydrated zeolite, since the pathway of
acetate decomposition is different f8n(OAc)/Si-Beta and Sn(OAgjdeAl-Beta. Hence, the
mechanism is particularly modified when the zeolite also possesses silanol nests. Thege findin
are in good agreement with the FTIR spectra reported in Figures 3.4 and 3.5, which revealed
different interactions occurring between Sn@pdeAl-Beta and Sn(OAg)Si-Beta.

Sn(OAc),
19— =T 00
80 - 102
60 7704
50 T T T T T T T T T T T 06
X 0 100 200 300 400 500 600
> Temperature / °C )
o Sn(OAc), / Si-Beta
g 100 4T T T--T-T-- Jooo
95 ] o
qg’, 90 ] 1-0.05 E
g {-0.10
9 I T I T T I T T T -0.15
o
o 0 100 200 300 400 500 600
o Temperature / °C
Sn(OAc), / deAl-Beta
100 ; i — J 000
gg g 1-0.05
a5 J-0.10
1 " I i 1 " I i 1 ' -0.15

o
-
o
o

200 300 400 500 600
Temperature / °C

Figure 3.14. TGA profiles and derivatives of (from top to bottom) i) pui®2&an),, ii) Sn(OAc)/Si-Beta, and iii)
Sn(OAc)/deAl-Beta.

To investigate the evolution of the silanol sites during heat treatd¥8ntyIAS NMR analysis

was performed on samples of Sn(OAdgAl-Beta removed from the furnace after different

periods of time during the ramping stage. As shown in Figure £385MAS NMR analysis

revealed that the signal @ 8 ppm, assi gned ;QHYgraups(@d)éstromgly ( Si (1
decreased in the tempdure range 30650 °C, similar temperature where the major mass loss

was observed in the TGA profile of Sn(OAldeAl-Beta, and the evolution of most of the acetate

in its decomposed forms from the sample was observed byM®DTrhe simultaneous loss of

both silanol sites and the organic molecules from the Sn(#sAl-Betamixture further suggests

that interactions between them are essential to achieve synthesis of aGa&etacatalyst.
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Figure 3.152°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) revealedirious changes to the 17501200 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(OAa)one revealed that tee 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 C{started tobe 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 §mespectively), which is in line with tha situ TPD-MS

analysis ad TGA. Alongside the loss of features related to the removal of the acetate, DRIFT
spectra recorded at the end of the ramp revealed the 95®amd gradually fading which has

been attributed to framework defects such as surface silanol sites, typres&npin zeolites
synthesised in OHnedia®® 4
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Figure 3.16. In situ DRIFTS for calcination of Sn(O&dgAl-Beta during the ramping stage.

In situDRIFT analysis of the following stages of the heat treatment was also performed, indicating
only minor changes occurring throughout the three hours isothermy iand the three hours
isotherm in air, whilst rdwydration of the material with restoral of the 950%cbhand was clearly
observed at the end of the calcination (Figure 3.18). Given the defeative of the zeolite used,
reappearance of the 950 ¢érband at atmospheric is possible, where the zeolites undergo
hydroxylation at relatively low temperatuf€The appearance of the 950¢does, however, have

a relation with metal centreljgher metal content such as Sn is shown to create more defects

attributed to this wavenumber, which can be result of the high intensity of 950kserved for

Sn(OAc)/deAl-Beta catalyst.
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Figure 3.17In situDRIFTS of the calcination d8n(OAc): range 200000 cm®.

112



Chapter 3

10 % Sn(OAc), + deAl-Beta deAl-Beta

time T T

550 °C 550 °C
air

Cooling 7 Cooling ]
t0 25 °C 1] to 25 °C’] ]
T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber / cm! Wavenumber / cm™

Figure 3.18. DRIFT comparison between Sn(QAAI-Beta and deABeta alone during isotherms stages and

cooled to room temperature following heat treatment.

To complement the DRIFTS studieBRUV-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 isothetm in N
However, a drast decrease in intensity and an evident blue shift of the major absorption band was
observed Sn(OAg)deAl-Beta after the switch to air and the resulting 3 h isotherm. These
observations strongly indicate major variations in Sn speciation occur durintydsatent, but

only in the second part of the heat treatmieat,upon moving from MNto air flow.
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Figure 3.19. Stepwise DRUVis analysis of Sn(OAgjdeAl-Beta mixture at different stages of the heat treatment

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

Sn (.e.10SnBeta).
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Figure 3.201n situ XAS analysis of 18nBeta synthesis. (Left) Oxidation state of Sn as a function of time. (Right)

Position of the ® derivative maxima (Normalised intensity) of Sn K edge XANES spectra.

However, the beamline only provided He as the inert gas. To ascertain that the olthegeart

gas in the heat treat ment did not overall a
properties, and/or activity, reference experiments (spectroscopic and catalytic) were performed on
10SnBeta and underwent the same screening as caadrein Figure8.21-3.23 and Table 3.1.

Same catalytic activity was observed for samples prepared in He/ain@wddt the Meerwein
PonndorfVerley (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 MeeiviRanndorfVerley readbn of cyclohexanone to
cyclohexanol over 10SBeta calcined using nitrogen flow and helium flow as inert gas. Reaction conditions: 0.2 M
cyclohexanone and 0.01 M Biphenyl irb@tanol, 373 K.
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Figure 3.22. TPEMS of 10SnBeta using helium as inert gas.
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Table 3.1. Textural properties of Air and He 16ata catalysts.

Catalyst t-plot BET DFT Method
_ _ External
Micropore Micropore Surface  Pore  Surface
Surface area
volume (cmig?y)  area (Mg?) Area  Volume Area
(m’g)

Air Sn-Beta 0.219 416 92 509 0.35 890
He SnBeta 0.207 396 94 490 0.34 874
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Figure 3.23. Nitrogen physisorption of He/air 16Beta catalysts.

Firstly, eventual changes within the near edge structure-tayXbsorption Near Edge Structure
(XANES) were investigated and theaximum of the first derivative of the XANES data was used
to determine the position of the absorption edge. In accordance with previous finging$sp

MAS DE CPMG NMR), grinding Sn(OAg)with deAl-Beta led to a slight shift in edge position,
and a ery small decrease in intensity. However, the edge position was still consistent ftith Sn
being the dominant species (Figure 3.7). Heat treatment of the sample undeathbeam was
subsequently performed. To aid the understanding of the changes XANteS spectra, the
intensity and position of the''tlerivative 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). Notablthe edge position was transformed to an oxidation state
value by comparison to authentic standards of SnO (+2) and ($4}) which were observed at
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29185 and 29190 eV, respectivél{/° During the first stages of the heat treatment (ramp to 550 °C
and 3h isotherm in N), little change was observed to the Sn species despite the loss of the acetate
ligands, which is in excellent accordance with DRMI¢ and '°%Sn MAS DE CPMG NMR
analysis. Although there was a minor decrease in order during this perieddeasced by the

slight decrease in normalized intensity of the maxima of the first derivative (Figure 3.20, Right),
Sr* was clearly still present throughout this process. However, dramatic changes to the XANES
spectrum occurred upon switching the gasastr 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, Extendeday Absorption Fine Structure
(EXAFS) measurements were also performed. To simplify intefimatand 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°&ndVAS NMR
spectroscopy. Figure 3.24 presents the niadaiof the Rweighted Fourier transform of the
EXAFS spectrum of the mixture in-8pace. The first features present in the specttaX1peak
maxima at 1.4 A) can be assigned teGscattering interactions (Figure 3.24, Left), whilstSn
scatteringndicative of clustered/extrittice Sn species can be identified by features between 3.0
and 4 A (peak maxima at 2.8 A) (Figure 3.24, Righfiere it has been reported that bulk SnO
and SnQ@scattering are found at 2.21 and 2.0%2espectively*®* Prior to the introduction of

air, only one major feature is observed at approximately 1.8 A, indicative-Of @mding. The

SnO signal observed at this particular time is almost identical to that observed following the
physical grindiig stage, confirming the lack of major changes to the Sn sites during the ramp and
first isotherm period in Bl However, upon introduction of air into the system, a dramatic increase
in the intensity of the first peak in the FT spectrum occurred, indicatiihgr i) an increase in the
number of SFO bonds, ii) an increase in the order/uniformity of the existin@3onds, or iii) a
combination of both. Notably, this increase in intensity occurred over the same period of time as
the oxidation state of Snareases to +4. Over the course of 60 minutes, theshit oxygen
distance (S+D) 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 wtidstit

117



Chapter 3

occurs at the same time as the Sn atoms are oxidised from +2%At#his 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 thévkeighted FT ofLOSnBeta calcination in Rspace. (Right) EXAFS

3D spectrum of thekweighted FT of 10S#Beta calcination in Rspace with zoom on S8n cluster.

After the first 60 minutes of the isotherm in air, only minor additional changes were observed in
thefirst-shell SRO feature, indicating that after the initial oxidation and incorporation of Sn, no
major modifications to the S@® bonds were observed. However, changes in the second shell (Sn
Sn) features can be observed throughout the isotherm. As saeté 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
SnSn formation occursegardless of how long the heat treatment protocol is carried out for at
these Sn loadings. However, the 3.7 A feature characteristic fiSnat observed until extended

parts of the air isotherm, suggesting that additional clustering to formfeatnavork SnOx

species is a secondary process during the synthesis.

Further elucidation of Sn incorporation into the zeolite lattice was achieVédSnyCPMG MAS

NMR spectroscopy, performed in direct excitation (DE) mdeechnical 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 measurenensibyneans. Catalysts were

let to rest in the furnace after reaching the designatagdrature 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 hydratétPtdtsn

MAS NMR spectra of Sn(OAgldeAl-Betaobtained at different stages of the ramp only revealed
minimal changes between 3880 °C, showing-600 ppm species to still be the dominant
resonance (Figure 3.25, Left). Switching to air showed an evident increasnsitinat689 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, Rigttiowever, upon having the catalyst

in isotherm in air, no further changestearms 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 3.251%Sn MAS DE CPMG NMR spér of 10SrBeta (Left) at different stages of the ramp rate (i &hd
(Right) different step of the isotherms.

Taken together, the UVis, XANES, EXAFS and''®sn MAS DE CPMG NMR analyses all
indicate that full isomorphous substitution of Sn into theamiework of zeolite Beta, and its
resulting oxidation to Lewis acidic $ronly occurs upon introduction of air into the system. This
oxidation is in line with what Selst alhave reported, demonstrating the oxidation df&nSri*

in the same twastep leat treatment protocol via Méssbauer Spectrosébigwever, 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/hir step (18 % S®/ 82 % Sri* which could
partially represent thés00 ppm resonance in th&Sn NMR spectra. Another factor for which a

119



Chapter 3

high amount 0600 ppm species is shown can be caused by the elevated wt. % of Sn{{DAs)

a 1 wt. % Sn sample was subsequently studiedutodealte further on the SSI mechanism.

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

Beta

As has been previously demonstratet, Sn-Beta catalysts possessing initial Sn loadings > 5

wt. % typically contain higheguantities of extrdramework SnQ@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 signalgepsnehach

may complicate mechanistic understanding of this system. Thus, key experiments described above
were repeated for samples of using only 1 wt. % Sn, denote®éi@nusing deABeta as the

zeolite parent. While lower metal loading catalysts aoeenthallenging 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 recenttsidies have suggested that the turnover frequency of Sn iB@atans approximately

7-fold higher than that determined for 10Bata for continuous glucose to fructose isomerisation,

and twato-three fold for batch MPV transfer hydrogenation of cyclohexarto cyclohexanol (2

wt. %Vvs.10 wt. % Sny>26=

In situ TPD-MS analysis performed throughout the synthesis ofB&a correlates well with the
10SnBeta, showing that most of the original acetate was released in the temperature range 300
550°C asCOy, carbon monoxide, acetone, hydrogen, and small amounts of acetic acid (Figure
3.26), with an additional amount of G@leased when switching from b air flow. Analogously,
DRIFT measurements performed on iBsta prior to heat treatment revealemitar changes in

the acetate coordination to the ones observed for the high loading sample (Figures 3.27).
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Figure 3.26. TPEMS during calcination of Sn(OAgpeAl-Beta mixture with 1 wt. % Sn loading.
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Figure 3.27. Differential FTIR spectobtained through subtraction of i) Sn(OAdeAl-Beta mixture with 10 wt. %
of Sn and deABeta alone (blue line), ii) Sn(OAg€pi-Beta mixture and SBeta alone (red line), and iii)
Sn(OAc)/deAl-Beta mixture with 1 wt. % of Sn and deBkta alone (Blackne).

In situDRIFT 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 tB& $n mixture, fast decrease of the vibrational
band at 1709 crh assigned to C&ym stretching, was observed. This was accompanied by the
formation of a band at 1751 chat 125°C, which disappeared at 375 °C. These findings clearly
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indicate changes of € 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 aga
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(@de?\l-Beta mixture with 1 wt% of Sn (Left) at different
stages of the ramp rate in [foom on CQymbandshnd (Right) different steps of the isotherms and cooling to room

temperature.

To investigate the evolution of the silanol sit€§i 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-300 °C, the majoty of the silanol sites diminished

in the range 30650 °C in accordance with those findings reported in Figure 3.15, with a further
reduction observed in the post synthetic samiptdlowing investigation of the acetate evolutions,
focus was placed ondimain changes in Sn speciation. Comparison betweét’8reMAS DE

CPMG NMR spectra of 1SBeta and 10SiBeta at the end of the ramp revealed clear similarities,
confirming that only some Sn centres may be incorporated in the zeolite at this stageekjoreo
large formation of signal(s) in the regie®501 -750 ppm was observed on 1Brta sample,

further suggesting hydrated speciesc@®9£703 ppm as active Sn sites (Figure 3.29, Right).
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Figure 3.29. (Left) 29Si DE MAS NMR spectra of 1Bata at diferent temperatures of the heat treatment protocol.
(Right) 119Sn MAS DE CPMG NMR spectra of 1Beta at different stages of the ramp rate and at following

calcination {.e. post calcined).

Key experiments repeated on 1Beta revealed that the main changes in both acetate evolution
and Sn speciation previously observed for 288ia are all essential to the synthesis of active Sn
species?®Si- and***sSnMAS NMR, along with TPBMS, were show to be consistent with the
results obtained from 10eta. DRIFT of 1S#Beta presented minor differences due to the better
resolution of 1SfBeta, showing clear formation of acetic acid, confirming the key role it has for

the synthesis of an active castl

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 proceduBeta. Sn
Despite possessing higher distribution of spectator sites compared-Befc5r0SrBeta was

used as the study material for optimisation for two reasons. Firstly, its higher loading results in
improved productivity, making it more favourable from adustrial 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 fn active catalyst: i) the use of arimp, and ii) subsequent change
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to air flow. However, given with previous data gathefé¥h MAS NMR and XAS), it was shown

that it was not necessary for the air treatment isotherm to be that extees®édurs), 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
10SnBeta samples were carried out aedtéd for batch MPV reaction of cyclohexanone to
cyclohexanol using -butanol as a secondary alcohol and glucose to fructose isomerisation,
reactions which are prevalent for the testing of8®ia catalyst8> > Specifically, a set of Sn

Beta catalystsvere 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 initiak&p, resultechino changes

to the catalytic performances of -Beta, resulting in a turnover frequency (TOF) of 194 h

similar to other previously reported catalysts usingB8ta>®as can be observed in Figure 3.30,

(full kinetic profiles shown in Figure 3.31), indittng 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 TPEMS). However, complete removal of the air isotherm step
substantially decreases therformance of the catalyst, obtaining a TOF of only T40 lii 3 .0h N

Figure 3.30). Considering that most of the spectroscopic changes were detected throughout the
ramping stage in i an additional sample was prepared and was halted straight afteingeac

550 °C,i.e. completely removing 2b@atmp oi) sotAlseramtsgtca ¢
minor modifications highlighted by various spectroscopic analysis during the isotherm period in

N2, this catalyst exhibited similar catalytic activitytothé - 8lat al yst . | nt er est
fully calcined in air was synthesised and tested for the model MPV reaction, revealing that
replacing N with air throughout the ramp stage leads to the formation of a catalyst with poorer
catalytic performancéntin those preparetia conventional heat treatment (132vs 191 h! TOF

for SnBeta in only air and conventional, respectively), potentially due to higher amounts,of SnO
formed on the catalyst (XRD and THBS reported in Figures 3.32 and 3.33).
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Chapter 3

Figure 3.30. Initial TOF for MPV reaction of cyclohexanone to cyclohexanol using-Be@gncatalysts calcined with

different heating programs.

Combining together the spectroscopic data reported in previous sections with the experimental
data collected on MPYEactions, 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 nogén 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 ndet&material calcined under

optimised conditions was prepdr&amp in nitrogen followed by one hour isotherm in air).
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