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ABSTRACT

Global demand for propene, a major platform chemical with a myriad of uses in the
manufacturing and chemical industry, is anticipated to continue to grow annually. The
expected growth in propene demand cannot be met by existing processes, therefore direct
or on-purpose processes are being developed to fill the so-called ‘propene gap’. Many of
the technologies employed for the commercial dehydrogenation of propane operate using
various Pt-based catalysts. This work addresses the rationale catalyst design of the support
material and the supported metal catalyst with the aim of unlocking new catalyst design

strategies.

Hence, the investigations into catalyst design based on amorphous/disordered materials
with an anticipated higher density of active sites for acid-catalysed catalytic reactions, are
of great importance. This work addresses the systematic design of a new supercritical
antisolvent-mediated (SAS) route to amorphous silica-alumina materials exploring the
effect of solvent composition, process temperature, process pressure, calcination
conditions, and choice of metal precursors. A route to a series of optimized and
systematically varied amorphous silica-alumina was realised and the experimental
approach was backed up by detailed advanced characterization. The synthesis strategy has
not been previously reported in literature and preliminary investigations revealed bulk
(microstructural) and local (nanoscale) structural similarities to analogous state-of-the-art,

flame-spray pyrolysis (FSP) synthesized materials.

Subsequent work focussed on finding and applying a reproducible method to deposit
platinum nanoparticles with small particle size and size distribution onto the support.
Catalytic evaluation was carried out on two acid-catalysed reactions, the propane
dehydrogenation reaction and catalytic dehydration of methanol-to-DME (MTD). A
combination of XRD, TGA, NH3-TPD, Pyridine-DRIFTS, (heteronuclear 1D MAS and 2D ?’Al
MQMAS) Solid-state NMR, XPS, SEM/EDX, FTIR/ATR, HRTEM, and SAED helped establish

structure-performance relations. Through careful catalyst design, Pt/SAS-4 and Pt/FSP-4
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catalysts with moderate surface acidity displayed the highest catalyst activity, productivity,
and stability. The results found the catalyst performance to be comparable to and/or
superior to analogous Pt-based catalysts supported on crystalline supports and reported in
literature. Similar activity correlations were realised in the methanol-to-dimethyl ether
reactions, and the key active component of the catalyst was surface acidity namely the

nature, concentration, density, and balance of acid sites.

A combination of several factors including aluminium speciation, morphology and surface
acidity of the support explained the variations in catalytic activity. In the supported metal
catalyst morphology and surface acidity played an active role in the redox properties of the
support and its interaction with supported metal particles. The high propene yield, propene
productivity and stability of Pt supported on supercritical antisolvent precipitation and
flame spray pyrolysis synthesized SiO»-Al,0; was attributed to a high proportion of
coexistent AlV- and AlV-based Brgnsted acid sites within the support. The former was
responsible for propane activation and the latter for anchoring and stabilising deposited
nanoparticles; a key observation over a 16-hour non-oxidative propane dehydrogenation
reaction. Therefore, the presence of a high proportion of AlV polyhedral, increased
elemental homogeneity and high density of homotopic acid sites was used to rationalise a

lot of the fundamental findings and relationships observed during this work.

From the combined experimental, characterization and catalytic study, moderate
aluminium content (Si/Al) and thus surface acidity was pertinent to enhanced catalyst
activity, selectivity and stability in acid-catalysed reactions. The implications of this work in
improving the understanding of novel, robust catalyst design and subsequent catalytic

applications in the field of acid-catalyzed reactions has been explored.
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1 Introduction

1.1 Catalysis

Catalysis is an integral technology for chemical and materials manufacturing underpinning
equipment and products used in daily life in a variety of applications. It is estimated that
catalysis contributes to greater than 35 % of global GDP and 90 % of chemical processes
currently use catalysis at some point in the production chain.! Catalysis makes valuable
contributions in areas as diverse as energy (petrochemicals), healthcare (pharmaceuticals),
transport (catalytic converters), environment (water, air-quality and purification), food

production (fertilizers) and new-materials (renewable and bio-based materials and fuels).

Historically, the concept of catalysis was pioneered by Swedish scientist, J.J. Berzelius in
1836 in an effort to rationalise experimental observations on the effect of trace noble
metals, platinum and palladium, on the rates of reaction.? The word catalysis originates

from two Greek words, kata- meaning down and lyein meaning loosen.

By definition, catalysis is the acceleration of a chemical reaction by a substance that is not
consumed itself. Therefore, a catalyst is a material which changes the rate of attainment of
chemical equilibrium without itself being changed or consumed in the process. The
International Union of Pure and Applied Chemistry (IUPAC) definition states a catalyst is a
substance that increases the rate of a reaction without modifying the overall Gibbs energy
change in the reaction.® Reaction feasibility is determined by chemical thermodynamics, if
so the extend of the reaction is defined by an equilibrium limitation. The potential energy
profile of a catalysed and uncatalysed reaction is illustrated in Fig 1.1. As such, a catalyst is
a small amount of substance that stimulates an increase in the rate of chemical reaction(s),

usually by facilitating an alternative reaction pathway with lower activation energy.
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Energy

Products

Reactants

Extent of reaction ———
Figure 1.1: Reaction coordinate diagrams for an endothermic reaction in the absence (red)
and presence (blue) of a catalyst. The catalysed pathway involves a two-step mechanism
(note the presence of two transition states) and an intermediate species (represented by

the valley between the two transitions states).*

1.2 Thermodynamic and kinetic considerations

The catalysed reaction mechanism for a reaction does not necessarily need to involve a
different number of steps than the uncatalysed mechanism. However, it must provide a
reaction path whose rate determining step is faster, a direct consequence of the lower
activation energy. Chemical thermodynamics and kinetics have to be considered for any
given reaction. The Gibbs free energy, enthalpy and entropy depend only on the initial finial
states of the systems not the path taken to proceed from one to the other. Thus, they are

known as state functions and are defined below:

AG = AH —TAS

AG = —RTIn(K)

Where AG is the Gibbs free energy, AH is the enthalpy, AS is the entropy, 7T is the
temperature, Ris the Gas constant (8.314 J K mol?) and Kis the equilibrium constant. The

free energy value represents the process spontaneity. When AG < 0, AG > 0,and AG =0

2
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the reaction is spontaneous, non-spontaneous and at equilibrium, respectively. The
spontaneity of the system is determined by the signs of the enthalpy and entropy changes
also depending upon the temperature of the system. Equilibrium is established when the
system’s free energy is minimized. If a system consists of reactants and products in
nonequilibrium amounts, the reaction will proceed spontaneously in the direction

necessary to establish equilibrium.

Consideration of the kinetics are essential in forming a full understanding of catalyst
function. Reactions deemed possible thermodynamically can be catalysed, increasing the
rate of reaction. However, the laws of thermodynamics state that a catalyst is unable to
initiate a reaction already deemed thermodynamically impossible. Rather, the catalyst
changes the reaction kinetics allowing for the equilibrium to be reached at an increased

rate by providing an alternative chemical pathway with a lower activation energy.

The kinetics are expressed through the Arrhenius Equation:

_Ea
k = Ae RT

Where kis the kinetic rate constant. 4 is the pre-exponential factor, a constant dependent
on the statistical probability of the reactants interacting in the proper orientation; kand 7

are the Boltzmann constants and temperature, respectively.

_Ea
The exponential term, e RT, describes the effect of activation energy on reaction rate and

the frequency factor, A4, reveals how well the reaction conditions favour properly oriented
collisions between reactant molecules. An increased probability of effectively oriented
collisions results in larger values for 4 and faster reaction rates. Additionally, a higher
temperature represents a correspondingly greater fraction of molecules possessing
sufficient energy (R7) to overcome the activation barrier (£4). This yields a greater value
for the rate constant and a correspondingly faster reaction rate. In a catalysed system
decreasing the activation energy, Ej4 results in an increased rate constant, k&, and

subsequent increased reaction rate relative to the uncatalyzed pathway.
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1.3 Catalyst performance and deactivation

The activity, selectivity and stability are important quantifiable characteristics used to
assess the effectiveness and applicability of a catalyst. Catalytic activity refers to the degree
at which a reaction is promoted by the catalyst. Alternatively, activity is the rate the
chemical equilibrium is reached. Chemisorption is the main factor governing the activity of
catalysts. The bond formed during adsorption between the catalytic surface and the
reactants must not be too strong or too weak. A catalysed reaction, with a highly active
catalyst, will proceed at a greater rate evident in increased conversion of the starting
reactant. In contrast, a catalyst with low or negligible activity will proceed at a decreased

rate evident in a decrease in conversion of the starting reactant.

Catalyst selectivity refers to the ratio of products obtained from given reactants. This is
dependent on the choice of catalyst. A selective catalyst produces high fractions of
desirable products and low fractions undesirable. An unselective catalyst produces high

fractions of undesirable products and low fractions of desirable fractions

Catalyst stability refers to the durability of the catalyst. Catalysts in real working conditions
are very complex systems. Over time catalyst gradually deactivate due to numerous factors
including mechanical, chemical and thermal processes. This deactivation is the loss over
time of catalytic activity and/or selectivity. The mechanisms of deactivation differ and can
be grouped into six intrinsic mechanisms of catalyst decay.®> Poisoning, vapour compound
formation and/or leaching accompanied by transport from the catalyst surface or particle
and vapour—solid and/or solid—solid reactions are chemical in nature. Mechanical catalyst

deactivation mechanisms are fouling and attrition/crushing, illustrated in Table 1.1.

Table 1.1: Mechanisms of catalyst deactivation.®

Mechanism Type Brief definition/description

Poisoning Chemical Strong chemisorption of

species on catalytic sites
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which block sites for

catalytic reaction

Fouling

Mechanical

Physical deposition of
species from fluid phase
onto the catalytic surface

and in catalyst pores

Thermal degradation and

sintering

Thermal

Thermal/chemical

Thermally induced loss of
catalytic surface area,
support area, and active

phase-support reactions

Vapour formation Chemical Reaction of gas with
catalyst phase to produce

volatile compound

Vapour-solid and solid- Chemical Reaction of vapour,
solid reactions support, or promoter with
catalytic phase to produce

inactive species

Attrition/crushing Mechanical Loss of catalytic material

due to abrasion; loss of
internal surface area due to
mechanical-induced
crushing of the catalyst

particle

1.4 Catalyst classes and mechanisms

With the exception of enzymes which are biological catalysts, catalysts can be divided into

two types, homogeneous or heterogeneous, depending on the reaction phase that they

occupy. A homogeneous catalyst is present in the same phase as the reactants (typically

liquid or gas). The catalyst interacts with a reactant to form an intermediate substance,

which then decomposes or reacts with another reactant in one or more steps regenerating

the original catalyst and forming the product.

5
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Heterogeneous catalysts occupy a different phase to the reaction phase. Generally,
heterogeneous catalysts are solid compounds that are added to liquid or gas reaction
mixtures. Because of this, such catalysts present an active surface upon which a reaction
can occur. This allows gas and liquid phase reactions catalysed by heterogeneous catalysts

to occur on the surface of the catalyst rather than within the gas or liquid phase.

The heterogeneous catalysts can be separated from a reaction mixture in a straightforward
manner, such as by filtration and centrifugation enabling an ease of recovery for catalysts,

which is an important consideration for industrial manufacturing processes.

However, heterogeneous catalysts rely on the available surface area of the catalyst. A large
surface-to-volume ratio increases yield. Saturation of the surface of the catalyst with
reactant molecules can be detrimental. The reaction, further adsorption of reactants,
cannot proceed until products are desorbed from the surface, liberating active sites for a
new reactant molecule to adsorb. It is for this reason that the adsorption step in a

heterogeneously catalysed reaction is oftentimes the rate-limiting step.

Heterogeneous catalysis typically involves the following processes:

= Diffusion of reactant(s) from the reaction mixture to the catalyst surface

= Adsorption of the reactant(s) onto the active site on the surface of the catalyst
= Activation of the adsorbed reactant(s)

= Reaction of the adsorbed reactant(s)

= Desorption of product(s) from the surface of the catalyst

When discussing heterogeneous catalysed reactions, three mechanisms are encountered,

as shown in Fig 1.2.
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C

Figure 1.2: Reaction mechanism schematic for (A) Langmuir-Hinshelwood mechanism, (B)
Eley-Rideal mechanism, (C) Mars-Van Krevelen mechanism. Reproduced from ref. 6 with

permission from Openstax.

The Langmuir-Hinshelwood mechanism requires both reactants are adsorbed onto the
catalyst surface before the reactions is initiated, reaction 1 and 2 Fig 1.2 A. The adsorbed
molecules interact as a result of surface diffusion. This is followed by the desorption of the
reaction product from the surface, reaction 3 Fig 1.2 A. In the Eley-Rideal mechanism, only
one of the reactants adsorbs onto the surface and the second reactant molecule interacts
with the adsorbed species directly from the gas phase, reaction 1-2 Fig 1.2 B. Lastly, in
specific cases, the active phase of the catalyst is formed under reactions conditions due to
exposure to one of the reactants. With the CO oxidation reaction as an example, a noble
metal catalyst can form an oxide surface under oxygen rich conditions, which could be
consumed by the reactant (CO) to form the product (CO3z) and an oxygen vacancy (Oy).
Subsequently, the active surface is restored by filling the oxygen vacancy by 02(g). This

mechanism is referred to as the Mars van Krevelen (MvK) mechanism.

1.5 Green Chemistry

The principle of Green Chemistry is the design of chemical products and processes that
reduce or eliminate the use or generation of hazardous substances. Horvath and Anastas
reported the importance of catalysis in the future development of chemical processes.” The

authors outlined 12 principles proposing ways to minimise waste, reduce energy
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consumption among other targets. The proposed guidelines are applicable to the full life
cycle of a chemical product from design, manufacture, use and ultimately disposal. The 12

principles by which Green Chemistry is based on are as follows:

1. Prevention: It is better to prevent waste than to treat or clean up waste after it has been

created.

2. Atom Economy: Synthetic methods should be designed to maximise the incorporation

of all materials used in the process into the final product.

3. Less Hazardous Chemical Synthesis: Wherever practicable, synthetic methods should be
designed to use and generate substances that possess little or no toxicity to people or the

environment.

4. Designing Safer Chemicals: Chemical products should be designed to affect their desired

function while minimising toxicity.

5. Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g. solvents, separation

agents, etc.) should be made unnecessary whenever possible and innocuous when used.

6. Design for Energy Efficiency: Energy requirements of chemical process should be
recognized for their environmental and economic impacts and should be minimized. If

possible, synthetic methods should be conducted at ambient temperature and pressure.

7. Use of Renewable Feedstocks: A raw material or feedstock should be renewable rather

than depleting whenever technically and economically practicable.

8. Reduce Derivatives: Unnecessary derivatization (use of blocking groups, protection/de-
protection, and temporary modification of physical/chemical processes) should be
minimised or avoided if possible, because such steps require additional reagents and can

generate waste.
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9. Catalysis: Catalytic reagents (as selective as possible) are superior to stoichiometric

reagents.

10. Design for Degradation: Chemical products should be designed so that at the end of
their function they break down into innocuous degradation products and do not persist in

the environment.

11. Real-time Analysis for Pollution Prevention: Analytical methodologies need to be
further developed to allow for real-time, in-process monitoring and control prior to the

formation of hazardous substances.

12. Inherently Safer Chemistry for Accident Prevention: Substances and the form of a
substance used in a chemical process should be chosen to minimise the potential for

chemical accidents, including releases, explosions, and fires.

Since the proposition of the principles of green chemistry three key areas have been
identified: asymmetric hydrogenation reactions, hydrogen peroxide (H.0,) as a green
solvent and the use of supercritical CO; as a solvent.® Notably, avoiding or minimizing the
use of harmful solvents catalyst synthesis such as chlorinated hydrocarbons is encouraged.
The use of supercritical fluids, such as supercritical CO,, has great potential in synthetic
reactions having beneficial effects due to exhibiting physical properties intermediate

between both liquid and gas phases.
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1.6 Literature review of amorphous silica-alumina

This thesis specifically focusses on amorphous silica alumina (ASA) materials as
components in bifunctional Pt-based catalysts. The understanding of amorphous materials
is not very well established and a combination of high-resolution characterization to
elucidate the physical and chemical properties; and experimental observations will be
undertaken. As such, a review of current synthesis methods and characterization on this
class of materials is paramount to allow for a better understanding of this field of research.
The focus will predominantly be on the effect of synthesis strategies and their effect on
various synthetic parameters, structural descriptors such as strength, nature and type of
acid sites, aluminium speciation, specific surface area and elemental homogeneity. This
understanding will allow for an accurate mapping of synthesis-structure-activity

relationships, identifying areas of improvement and optimization.

1.6.1 Establishing synthesis-structure-activity relationships: a review of synthesis methods

Crystalline and amorphous silica-alumina are a class of mixed metal oxides employed as
potential solid acid catalysts for heavy oils hydroprocessing,®>'* methanol to
hydrocarbons,'> Diels-Alder reactions,®!” dehydration of 2-propanol,'®'° cracking of

2021 3nd tetrahydrofuran polymerization.??23 Crystalline synthetic silica-aluminas,

cumene,
known as zeolites, are characterized by high-surface area, acidity, ion-exchange capacity,
and shape-selective character. Amorphous silica-alumina (ASA) are heterogeneous
compounds that contain a silica alumina mixed phase as well as aluminium clusters and
pure silica zones displaying interesting surface chemistry which makes them of particular
interest in heterogeneous catalysis.?*2® Amorphous materials are typically disordered
covering a continuous range of compositions as they are not constrained by a crystalline
structure, making it possible to selectively tune their macroscopic properties.?” The bulk
and surface heterogeneity depends on the synthesis method and the Si/Al ratio. In some
cases studies have shown that their catalytic performance is demonstrably better than that

of their crystalline counterparts.?®-3°
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This is, in part, due to their mechanical and hydrothermal stability compared to silica and
alumina alone.332 However, as solid acids, their catalytic behaviour is usually associated
with their acid properties which arise from the functionalisation of silica by alumina
resulting in aluminium atoms which are tetra- (Al"Y), penta- (AlY) or hexacoordinated (AI').
Accurate control of the acidic properties of ASAs is affected by a lack of understanding of
the origin of Brgnsted acidity as well as the inhomogeneous topological composition

resulting from typical synthesis methods.

A common understanding is that Brgnsted acid sites (BAS) consist of tetra-coordinated
aluminium sites with bridging hydroxyl (OH) groups in zeolites, as initially proposed by
Thomas3? and Tamele3* in the late 1940s. Meanwhile, the presence of hexacoordinated
aluminium species is associated with Lewis acid sites (LAS) and aluminium clusters.3>37
However, ASAs are inherently complex owing to their amorphous character and disordered
surface distribution of silicon and aluminium atoms; both of which are depend on the

synthesis method.

Variations in the synthesis method and other experimental conditions can influence the
level of intimacy between components of the amorphous aluminosilicates. Consequently,
a composite surface consisting of well-defined alumina and silica domains and their
interfacial sites is achievable with extensive development of a number of synthesis
strategies.383° The literature to date reports that ASAs are typically prepared by
hydrothermal processing,*® grafting,*4? co-precipitation,*>** deposition precipitation,3>4°
and sol-gel***8 of metal alkoxides onto surface hydroxyl groups. The different synthetic
approaches yield ASA with systematic differences in porosity, morphology, composition, Al

speciation and elemental distribution which directly influence acidity.

1.6.1.2 Sol-gel

The connectivity between the chemical and physical properties of ASAs with respect to the
synthesis strategies was evaluated in detail by Keller et al.*® In the study, a range of ASAs

prepared by selecting appropriate alumina or silica supports and doping with either Si or Al
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metal precursors through a pH change (deposition-precipitation) or hydrolysis (grafting).
This resulted in a set of ASAs with compositional core-shell structures. Compositionally
more homogeneous ASAs are typically obtained by the coagulation of appropriate silica

and alumina precursors either by a pH alteration (coprecipitation) or hydrolysis (sol-gel).

Solution of metal
(Al, Si) alkoxides
(M(OR),)

Sol
Hydrolysis s : i Evaporation of Thermal
i ) Chain Growth Gelation ooy Treatment
L [ ) —>
olycondensatio 5 7

Wet Gel Xerogel Si0,-AL 0,

Hydrolysis:
=M-0OR+HOH <«>»=M-0H+ ROH
Polycondensation:
=M-OH+=M—-OH=->»=M—0—M= +HOH

~100°C:

Physically [ - ROH

Y| bound | -HOH

o~ >300 °C:
- Residual Organics

Figure 1.3: Schematic representation of the sol-gel process for ASA.

=M-OH+ =M—OR=->»=M—0—M= +ROH

Mizukami et al. reported AI-O-Si bond formation occurred more effectively in sol-gel
synthesized ASAs in comparison to conventional methods, such as kneading.*® As a result,
the sol-gel process has attracted much attention in the preparation of complex inorganic
materials such as mixed metal oxides.*® This is due to its ability to control homogeneity of
constituent elements on the atomic scale through a low temperature synthesis, with full
control of the final product microstructure. Certain parameters can be controlled including
concentration and type of precursor, nature of solvent, pH of the solution, type and
concentration of additives, pre- and post-thermal treatment and aging time. The sol-gel

method applied to the synthesis of ASAs can be summarised, as follows:

a. Preparation of a solution of Si and Al alkoxide precursors.

b. Hydrolysis and partial condensation of alkoxides to generate a “sol”.

c. Polycondensation of hydrolyzed precursors to produce the gel.

d. Drying process whereby the gel forms a dense xerogel via the collapse of the porous
network caused by the evaporation of the solvent. Supercritical drying results in the

formation of an aerogel.

e. Calcination to obtain mechanically stable materials.

12
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The hydrolysis reaction is thought to proceed via a nucleophilic substitution mechanism,
which results in the replacement of an alkoxy group with a hydroxyl (Figure 1.3, reaction
1). The polycondensation reaction proceeds in parallel to the hydrolysis reaction. This is
through the partially hydrolysed alkoxide molecules reacting either with another hydroxyl
bearing species by removing water (Figure 1.3, reaction 2) or with an alkoxy group
producing an alcohol molecule (Figure 1.3, reaction 3). The gel and material properties at
all subsequent steps can be altered by systematic variations in factors affecting the
hydrolysis and condensation reactions. The drying step is essential for producing
monophasic mixed oxides. The thermal treatment results in the decomposition of alkoxy
and other anionic residues followed by cross-condensation between Al and Si moieties.34>!
Additionally, calcination results in two competing processes, the diffusion of aluminium
into the silica network and sintering of aluminium into alumina domains. However, the
different rates of hydrolysis of the precursors can cause gelation to take place at different
times, through homo-condensation rather than hetero-condensation, which leads to phase

segregation phenomena.3® This limitation has implications on the homogeneity and surface

acidity.

1.6.1.3 Flame Spray Pyrolysis (FSP)

Further developments into the preparative strategies for mixed metal oxides have been
aimed to tackle this issue. The flame spray pyrolysis (FSP) method has emerged as the most
effective synthesis strategy offering the production of novel, thermally stable, scalable
metastable or amorphous phases of mixed metal oxides.?™>> Compared to wet-chemical
routes with various post-treatment steps, such as filtration, washing, drying and
calcination, gas-phase processes allow the preparation of the desired material without any

further post-processing.
The synthesis solution is a combustible liquid composed of metal precursors dispersed in

an organic solvent system and introduced either ultrasonically or by gas convection

through a nozzle.*® In the case of ASA, Baiker et al.>® report metal alkoxides and a mixture
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of acetic acid and methanol as appropriate metal precursors and solvent system,

respectively.

Experimentally, the fine spray is introduced and then ignited, evaporating in the spray
flame. The thermal decomposition of a precursor is a classical process used to induce high
supersaturations in a fluid phase which leads to the nucleation of nanoparticles. The
precursor is atomized and carried by a gas into a high temperature zone, the solvent
evaporates from the droplets and the porous dried particles obtained sinter to form dense
particles. These particles coagulate, and agglomerate. The amorphous precipitate is the
result of the very short residence time (a few milliseconds) which does not allow enough
time for crystallization while also promoting the homogeneous composition and formation

of Al-O-Si bonds.

Solution of metal Droplet Precursor Product Smgll Particle §i0,-A1,0,
(Al, Si) alkoxides Vapour Vapour Particles Formation e R
& Solvent/Fuel ! ‘.,! 7

Solvent and Precursor cursor
Solution Spra. Evaporation Conversi
oy, : N

Figure 1.4: Schematic representation of the Flame Spray Pyrolysis (FSP) methodology for
the synthesis of ASA.

The resultant material has a high degree of homogeneity and compositionally, mixed on
the nano- and atomic-scale in a single step with intrinsic features of active catalysts such

as high thermal stability, high surface area, tuneable acidity.>’=°

1.7 Acidity characterization

It is clear that the relationship between the synthesis method, structure and resulting
activity, referred to as the “synthesis-structure-activity” relationship is key to

understanding ASAs. The surface and bulk structure of zeolites and origin of their acidity
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has been studied extensively.3>®%%3 The high concentration of Brgnsted acid sites lies in
the bridging hydroxyls which are located in the walls of the zeolitic cavities, constituting
the strong acid sites of protonic zeolites, shown schematically as the Si-(OH)-AlI"Y model (Fig
1.5 C).%* This is a result of protonation of charge defects which arise from the substitution
of Si** by AI** in the silica-based crystalline framework. Many studies acknowledge that
ASAs are characterized by a lower density of acid sites in comparison to their crystalline

39,65-67 The formation of a mixed phase leads to the creation of acidic hydroxyl

counterparts.
groups of various strength. The literature to date which has specifically studied the surface
structure of amorphous silica alumina is significantly limited, with an adequate surface
model still under debate. This is because ASAs are inherently complex owing to their
amorphous structure thus making the correlation between structure and activity

challenging to establish.

Despite advances in synthesis and post-synthetic modification of solid acids, ASAs typically
possess non-uniformity of acid site strengths and chemical composition on an atomic scale
as shown by NMR spectroscopy and density function theory (DFT) calculations.38%8 This is
in part due to the high degree of heterogeneity of surface acid sites which also feature
other acidic surface sites specific to these materials, which are referred to as pseudo-
bridging silanols (PBSs).1%%° Consequently, characterization by most spectroscopic
techniques is a challenge. However, a number of spectroscopic techniques such as Infrared
(IR) spectroscopy of probe molecules, such as carbon monoxide (CO) and pyridine, as well
as solid state nuclear magnetic resonance (SS NMR) spectroscopy have been employed to
expand the understanding on the heterogeneous nature of amorphous
aluminosilicates.*>>*>7° Such methods have been instrumental in studying structural

features such as bonding and coordination around metal ions.

The presence of bridging hydroxyl groups in ASAs was previously tentatively proposed and
associated with samples with trace amounts of water which is often difficult to exclude
even with dehydration due to the hygroscopicity of ASAs.”%’2 Similarly, Trombetta et al.

reported the formation of bridging hydroxyl groups that exhibit strong Brgnsted acidity in
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the presence of a base.”® This was a result of a geometric effect induced by a basic molecule

interacting with a silanol group in the vicinity of an Al vacancy.

On the basis of IR spectroscopy with pyridine and CO adsorption and SS NMR studies by
Crépeau et al.”* and Hensen et al.* the nature, strength and density of the acid sites
present in sol-gel synthesized ASAs were differentiated. Conceptually, hydroxyl groups of
ASA are able to protonate pyridine allowing for Lewis and Brgnsted acid sites to be
distinguished while CO adsorption allows for the accurate determination of the acid
strength of the OH groups. Magic angle spinning (MAS) SS NMR spectroscopy assesses,
qualitatively, the local environment of nuclei of interest and allows the quantification of
different sites in disordered solids.”>’® Based on initial interpretation of spectral data the
acid sites are dependent on aluminium content, due to the presence of tetra-, penta-, and
hexacoordinate AI®* sites.”” Structural models of ASAs suggest that Brgnsted acidity

originates nearby silanols on ASA surfaces.'>78

Historically, hydrocracking experiments by Haag et al.” suggested the low acidity of ASA
was a result of a very low concentration sites of similar acidity as the bridging hydroxyl
groups in zeolites such as ZSM-5. Various studies report that the assumption is that ASA
contains a low concentration of sites with similar strength to Brgnsted acid sites in
zeolites.®2%81 However, the Brgnsted acid sites in sol-gel ASAs are a result of a number of

hydroxyl groups, illustrated in Fig 1.5.
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Figure 1.5: Schematic of the three types of Brgnsted acid sites in ASAs (a) Non-acidic silanol
and aluminol groups; (b) Silanol groups interacting with strong isolated Lewis acid sites

(AI3*) surface sites; and (c) Bridging, strong Brgnsted acid sites in the silica network.
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The zeolite like Si-(OH)-Al site is postulated to exhibit the strongest Brgnsted acid sites,
with the paired silanol and lewis acid Al3* surface sites exhibiting Brgnsted acid strength
between that of the bridging-type hydroxyls and silanols. Structural and textural
differences between ASAs and zeolites have implications on the localization of the Al
atoms.82 In zeolites, all Si and Al atoms in the zeolite framework are located at the surface
and the small, ordered pores which effectively acts as curved surfaces favouring the
formation of bridged SiOH-AI"Y groups. In contrast, Si and Al atoms in ASAs can be located
either on the surface a consequence of the more open, planar structure. Therefore,
structures proposed in Fig 1.5 cannot exist in zeolites as this requires considerable
framework flexibility which should be much more available in amorphous aluminosilicates
relative to their crystalline counterparts. Additionally, the Al concentration is a key
determinant for the amount of Al atoms in close vicinity to neighbouring silanols. This

explains the presence of silanol groups with various Brgnsted acid sites strength in ASA.

Two types of Lewis acid sites are also evident. The stronger form, a result of
undercoordinated AlI3* sites grafted to the silica surface, the concentration of which
depends weakly on the aluminium concentration. The weaker form associated with
segregated alumina domains and penta-coordinated AI** (AlY) species. The rationalisation
was made as a result of experimental observations whereby its abundance strongly
increased with Al content suggesting that it is due to Lewis acid sites principal of the
aluminium domains. In sol-gel ASAs, the AlY species are considered as interfacial species

between alumina and silica or alumina and the mixed ASA phase.

In contrast to conventional ASAs, the preparation of flame derived ASA results in better
incorporation of Al atoms throughout the silica matrix. Consequently, the formation of the
segregated alumina phase is minimized during the synthesis thus maximising the dispersion
of Al atoms thus generating Al"Y in the framework for optimal acidity. Recent work revealed
Brgnsted acid sites can be formed based on AlY species thus enhancing the Brgnsted acidity
of ASAs.>%°3 The high process temperatures (up to 2,000 K), and fast cooling rates facilitate

the formation and dispersion of a high population of metastable AlY species generating Al-
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rich ASAs. Therefore, AlY species are proposed to be highly dispersed in the silica matrix via

Si-O-AlY on the surface and their formation is independent of the alumina phase.3
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Figure 1.6: Specific surface structure and Al-O-Si bonds of (a) 0 wt% SiO2; (b) 10 wt% SiO2;
and (c) 70 wt% SiO2 in FSP synthesized ASAs. Adapted from “Increasing the Brgnsted

Acidity of Flame-Derived Silica/Alumina up to Zeolitic Strength”.53

The Si/Al ratio also determines the nature and strength of the different acid sites.
Aluminium localised near silanol groups result in an electronic effect whereby a transfer of
electron density from OH groups occurs generating strong acid sites.®® With no aluminium
present (Si/Al value of infinity), weak acid sites are present as the silanol groups have no
neighbouring aluminium centres. As the aluminium concentration is increased (high to
moderate Si/Al value), the tetrahedrally coordinated aluminium in the vicinity of silanol
groups results in moderate Brgnsted acidity. As the aluminium concentration is further
increased (moderate to low Si/Al value), the population of AlY increases and if AlV species
are in close proximity to silanol groups, they can enhance the acidity from the generated
“pseudo-bridging silanol” (PBS).8* This enhances their Brgnsted acidity to strengths that are
similar to or greater than those encountered in zeolites. Quantitative SS NMR spectroscopy
of revealed that the concentration of Brgnsted acid sites increases with increasing
aluminium content, up to 70 at.%.>3°° Therefore, with FSP derived ASAs the molar ratio of
strong and weak sites can be adjusted for desired reactions by varying the aluminium

content.

1.8 Acid Catalyzed Reactions
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1.8.1 Propane Dehydrogenation

The catalytic dehydrogenation of propane is an important reaction used to produce
propene. Propene is an important basic chemical building block for plastics and resins, with
global demand on the rise and expected to reach 130 million tonnes by 2023.8> Commercial
uses include the manufacture of mechanical components, containers, fibres, film
acrylonitrile fibers, ABS polymer propylene oxide propylene glycol, antifreeze,
polyurethane, oxo-alcohol coatings, plasticizer cumene carbonates, phenolic resin acrylic
acid coatings, adhesives, and superabsorbent polymers.86° A “propene gap” exists as
current technologies namely naphtha steam cracking and fluid catalytic cracking (FCC) will
not be able to fulfil this increased global demand. Several on purpose methods are being
employed with the direct dehydrogenation of propane (DDH) to propene emerging as a
viable option. However, in the absence of an oxidant, such as oxygen or carbon dioxide,
the DDH reaction is highly endothermic, equilibrium limited and must be run at very high
temperatures to produce significant yields of propene. Consequently, the process requires
a high energy consumption and catalyst deactivation is common due to the operating
conditions. Currently, the dehydrogenation of lower alkanes is typically carried out using

platinum- and chromia-based catalysts.8687:91

1.8.2 Commercial Processes: Pt-based Catalysts

Currently, several industrial commercial processes utilise Pt-based catalysts illustrated in
Table 1.2. The Oleflex process from UOP employs alkali metal-promoted Pt-Sn/Al,Os
catalysts in a reaction system composed of 3 to 4 moving bed reactors.®>?3 In this process,
the catalyst is continuously regenerated in a separate regeneration circuit. The typical
catalyst in the Oleflex process consists of spherical pellets of y-alumina (surface area ca.
100 m? g'1) containing Pt (< 1 wt %) and promoted with Sn and alkali metals. The reactor is
composed of three or four adiabatic radial flow reactors connected in series with gas flow
preheaters operating at pressures between 1 and 3 bar and a temperature range of 525 °C

to 705 °C.
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The Steam Active Reforming (STAR) process from Phillips Petroleum, developed by Uhde
employs a Sn promoted Pt catalyst, 0.2 to 0.6 wt.%, supported on a zinc-aluminate support,
with a calcium/magnesium aluminate binder.8”-%4 The reactor system is composed of two
fixed bed reactors connected in series with the top of the reactor, where the majority of
the dehydrogenation activity occurs, externally heated by an oven. The operating pressures
and temperatures are between 6 bar and 9 bar, and 500 °C to 600 °C, respectively. Also,
due to its non-acidic nature, the support does not promote undesired side reactions, such
as cracking, isomerization or coke formation and contains Sn as a promoter to reduce coke
formation and increases selectivity. In summary, thermocatalytic alkane dehydrogenation
has been commercialized, but suffers from limited conversions and rapid deactivation a

consequence of coke deposits.

Additionally, through further patent review other novel catalysts and processes for
propane dehydrogenation have been discovered. Most notably, the Dow FCdh and K-PRO
processes. Both processes are characterized by short cycle times, and enhanced
performance. The Dow FCDh technology utilises a bimetallic Pt-Ga/ Al,Os catalyst operating
on a fluidised reactor system coupled with a fluidised regeneration reactor, which enables
continuous operation/regeneration.”> Moreover, compared to the Oleflex process, the
Dow FCdh process has a more facile regeneration cycle which involves high temperature
oxidative treatment to remove retained carbon species. This circumvents safety and
environmental issues encountered in the Oleflex process’s complicated regeneration
protocol involving Cl;, O; and then H,. The catalyst can also be fully recoverable after the

regeneration step.

Kellogg, Brown and Root (KBR), LLC developed and recently commercialised the K-PRO
process with the first contract being awarded in January 2020.%%-%8 This process is the latest
to be commercialised with an agreed licence with JS Energy Ltd and comprises of KBR’s FCC
orthoflow reactor.?® The reactor setup, an up-flowing vertical reactor riser, draws
conceptual similarities to the the Dow FCDh process in that the reactor is a fluidised bed,
but the regeneration section features a heat exchanger and distributed distillation for

improved process efficiency.®® The significance of this process is that the catalyst does not
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contain precious metals or chromium, although the active component(s) remain

proprietary information.

Table 1. 2: Industrial propane dehydrogenation technologies for Pt-based catalysts.86%

Technology Name Oleflex Uhde STAR PDH FLOTU/Tsinghua Dow FCdh K-PRO
Process
Licensor/developer UOP LLC Krupp- Linde- Tsinghua University Dow KBR LLC
Uhde BASF-
Statoil
(Sintef)
Reactor Type Adiabatic Adiabatic Isother Bimodal fluidized bed Fluidised Orthoflow
moving bed mal circulating FCC
with fixed reactor and continuous
regeneration bed regenerator +
unit continuous
catalyst

regeneratio

n

Operation Continuous Cyclic Cyclic Continuous Continuous Continuous
Catalyst Alkaline Pt- Pt/Mg( Pt-Sn/SAPO-34 Pt-Ga/ Al,O;  Proprietary
promoted Pt-  Sn/ZnAl,03 Al)O; — precious
Sn/Al,0; /CaAl,0; Pt- metal and
Sn/ZrO, Cr free
Catalyst Life 1-3 years Unknown Unknow Unknown Unknown Unknown
n
Heat Input Interstage Catalyst Reactor From secondary Unknown Unknown
heating tubes heating catalyst
placed in
furnace
Temperature (°C) 550-620 550-590 ~590 570-610 Unknown Unknown
Pressure (bar) 2-3 5-6 ~1 0.5-1.5 1.3-1.7 1.5
Cycle Time 5-10 days 8 hours 9 hours - <2 min <1 min
Conversion (%) 30-40 ~40 ~30 45-63 43-53 45
Selectivity (%) 84 (at 40% ~89 ~90 89-91 92-96 87-90

conversion)
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Development Stage Commercial Commercial Pilot Pilot Plant Commercial Commercial
Plant
Ref 92,93 94 86 86 95,100 98

1.8.3 Chemistry of dehydrogenation

Non-oxidative dehydrogenation of propane is an endothermic and equilibrium-limited
reaction whereby propane is converted into propene and hydrogen.
For this reaction, it is thermodynamically favourable to operate at low pressures and high

temperatures.!01,102

Platinum is a primary component in many bifunctional dehydrogenation catalysts due to
its high activity for activating C-H bonds, coupled with low activity for the breaking of C-C
bonds.

C3Hg = C3Hg + H, AH,osx = 124.9 k] mol™?! 1.1)
C3Hg + H, = C,Hg+ CH, AH,o5x =—63.4k] mol™? (1.2)
C3;Hg = C,H,+ CH, AHyggx = 79.4 k] mol™? (1.3)
C3Hg + 2H, = 3CH, (1.4)

However alkanes, otherwise referred to by an old-fashioned term ‘paraffins’, are relatively
chemically inert.% The molecules have no empty orbitals of low energy or filled orbitals of
high energy. This is a consequence of localised and strong C-C and C-H bonds which do not
readily participate in a chemical reaction. A geometric effect also exists: Although H-H and
C-H bonds have very similar bond strength, hydrogen is more reactive than methane* This
is due to the omnidirectional character of the H(1s) orbital in a hydrogen molecule allowing
attack in any direction.'%> On the contrary, the directed CHs(sp3) with only one bonding

direction renders activation of the C-H bond in methane more difficult.
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The exact mechanism for the dehydrogenation reaction is still a matter under debate. In
describing catalytic dehydrogenation reactions the most common mechanism is the
Horiuti-Polanyi mechanism, proposed in 1934.1% The mechanism proceeds as follows:

a. Dissociative adsorption of the alkane

b. C-H cleavage of a second hydrogen atom

c. Formation of a hydrogen molecule

d. Desorption of both hydrogen and the corresponding olefin

The dissociative adsorption of the alkane and the C-H cleavage steps have been suggested
as rate-limiting.1®” Dehydrogenation virtually occurs on all Pt sites (reaction 1.1) which
catalyses the cleavage of the C-H bonds. Due to the dehydrogenation conditions, illustrated
in Table 1.2, side reactions frequently compete with the dehydrogenation reaction
reducing catalyst activity and selectivity. At the high process temperatures, side reactions
such as hydrogenolysis (reaction 1.2), cracking (reactions 1.3 and 1.4), aromatization and
isomerization are thermodynamically and kinetically favoured.®®108109 Additionally, the
high temperatures employed cause Pt species to sinter. The dehydrogenation reaction is
catalysed by virtually all Pt sites as it is structure insensitive.’'® Small Pt clusters with Pt
(211) dominating on the surface have a lower dehydrogenation energy barrier and thus
higher activity. Atomic steps and kinks are responsible for decomposition via
dehydrogenation and C-C bond cleavage, which can take place at these sites with near zero
activation energy. However, the side reactions are structure sensitive and preferentially
proceed on larger ensembles of Pt with Pt (111) dominating and the second C-H bond
activation being the rate limiting step with increased activation energy. As a consequence
of this geometric effect, sintered, larger Pt ensembles are more susceptible to
hydrogenolysis, cracking and isomerization reactions.''° Previous studies have reported
the influence of Pt particle size on the catalyst activity as well as its crucial role in
determining selectivity and catalyst stability.*%1!2 This catalytic performance is ascribed to
different Pt surface site heterogeneity. Smaller particles on the surface are predominantly
terminated by steps, edges, etc., where Pt atoms are coordinatively-unsaturated.
Conversely, in larger Pt particles the surface is mainly terminated by terraces and planes

where Pt atoms are more coordinatively-saturated. The coordinatively-unsaturated
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surface Pt sites, which are highly active, especially for C-C bond rupture in monometallic Pt
catalysts, cause complete cracking of hydrocarbons which leads to coke deposits and thus

catalyst deactivation. 11113114

1.8.4 Overview of Non-oxidative Dehydrogenation: Support and Promotor Effects

Historically, a plethora of Pt-based catalysts supported on alumina (Al,O3) have been
reported for the industrial dehydrogenation process.%8” The development of new catalysts
with simultaneously enhanced activity, selectivity and stability is the ultimate goal of
researchers. Alumina is characterized by a high number and density of strong acid sites,
which can be detrimental to PDH performance leading to undesired side reactions.
Brgnsted and Lewis acid sites on the support surface promote cracking (reactions 3-4)
meanwhile isomerization proceeds via Brgnsted acid sites, whereby surface acid sites
induce a faster dehydrogenation for propene than propane leading to deep
dehydrogenation. The C-H bonds in olefins are more reactive than C-C bonds, thus catalysts
that favour C-H over C-C bond cleavage are required to increase selectivity. Limited support
acidity is needed to avoid undesirable side reactions, such as catalytic cracking, coke
formation and alkane isomerization.?” However, in order to reach a high dispersion of Pt
on the support, Lewis acid sites and amphoteric OH groups are required.' In this section,
recent advances in the use of numerous supports and catalysis synthesis methods for Pt-

based catalysts and the underlying structure-activity correlations.

Recent studies have reported the importance of Al speciation in improving catalyst
performance and stability. The effect of surface AlY sites on a Pt-Sn/y-Al,O3 nanosheet
catalyst was studied; after 24 hour reaction time a 4.1% decrease in conversion with 45%
propene yield was observed (Table 1.3, entry 2).}'® Comparatively, the conventional the
PtSn/Al,O3 catalyst rapidly deactivated, retaining 65% of the initial activity. The Pt-Sn y-
Al,03 nanosheet catalyst offered enhanced activity, due to the sheet catalyst’s high

proportion of AlY sites and their ability to uniformly disperse and stabilise Pt-Sn clusters.
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Jang et al. explored calcination process parameters, namely temperatures of 600 °C and
750 °C, to modulate the surface properties of Pt-Sn/y-Al,O3 catalysts.'?” They found that
varying the calcination temperature to 600 °C resulted in a 41.2% propene yield over a 20
hour reaction (Table 1.3, entries 13 and 14). The increased sinter resistance was ascribed
to stabilization from the larger fraction of AlY, strong Lewis acid sites, which enhanced the

metal-support interactions and suppressed coke deposition.

Yu and co-workers investigated the influence of sol-gel (Sg), hydrothermally synthesized
(Hd) and commercially (C) obtained Al>O3 in tuning the coordination structure of Al**
species in Pt/Ga/Al,03 catalysts.’'® Remarkably, catalytic tests carried out at 580 °C
revealed initial propene yields of 63.5% and 57.5% for Pt/Ga/Hd- Al,Os, and Pt/Ga/Sg-
Al,03, respectively (Table 1.3, entries 3-5). The proportion of AlV sites, which decreased in
the order: Sg-Al,0O3 > Hd-Al,03> C-Al;0s, contributed to the impressive catalytic
performance. An optimal number of AlV sites is required as an excess of these sites had a
negative impact on the activity of the Pt/Ga/Sg- Al,Os catalyst which contained the largest

number of AlV sites.

Other researchers investigated the modification of the Al,O3 support with other metal
oxides, such as Ce0,'? and TiO,*?°. The most active catalyst, Pt/TiO,-Al,03 catalyst (with a
TiO2 loading of 10 wt.%) displayed high activity, selectivity, and stability with an initial
propene formation rate of 79.2 molcsue kg™2pth™ (Table 1.3, entries 15-17). This was due to
electron transfer and acid site modulation effects resulting in changes to the adsorptive
properties of Pt. Equally, rational design of Pt3Ga/Al,03 and Pt3Ga/Ce0,-Al,03 catalysts
yielded initial propene production rates of 82.9 molcsns kg™'pth™* and 86.9 molcsns kg tpth?,

respectively (Table 1, entries 23 and 24).

Similarly, Chen et al.*?! reported a PtIn/LaAlO3s/y-Al>Os catalyst with an initial propene yield
of 45% (Table 1.3, entry 7). Also, the potential industrial applications are promising as the
reaction reached steady state conditions after 5 hours offering propene yields of 25%

during prolonged catalytic testing. The excellent performance was ascribed to synergistic
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effects between Pt and In species as well as the altered surface acidity and enhanced

coking-resistance.

Alternative supports such as calcined hydrotalcite (Mg(Al)O) belonging to the layered
double hydroxide (LDH) family, and their counterparts have garnered increased interest.
Pt/Mg(Al)O modified with In was prepared using the co-precipitation method by Tolek and
co-workers achieving 24.2% initial propane conversion and 98.2% selectivity.'?> The
Pt/Mg(In)(Al)O catalyst’s attained performance was attributed to a high fraction of metallic
state In (In°) together with Pt dispersion and average Pt particle sizes of 43.9% and 0.91

nm, respectively.

Shen et al. reported work on Pt/Mg(In)(Al)O catalysts, wherein excellent results were
obtained by manipulated calcination temperature and Mg/Al ratio.??® For instance, a
calcination temperature of 600 °C and Mg/Al ratio of 4 delivered catalysts with initial
propene production rates of 44.7 molcsns kg™2pth™ and 29.5 molcsns kg ™tpe h72, respectively.
These Pt/Mg(Al)O catalysts were characterised by the lowest fraction of strong acid sites

and highest specific surface areas.

Improved results were obtained on zinc modified PtSn/Mg(Al)O catalysts. For instance, the
PtSn/Mg(Zn)AIO catalyst displayed an initial propene production rate of 136
molcsns kg tpeh™t (Table 1.3, entry 18).1%* Doping the support with an optimal amount of Zn
resulted in smaller, and more uniformly dispersed metal particles distributed on the

Mg(AI)O support.

Zeolites have been studied as potential supports for Pt-based catalysts due to their high
surface areas, well-defined pores and tuneable surface acidities.'?>'26 Wannapakdee et al.
explored silicate-1 (Si-MFI-NS) and Al,Os based monometallic catalysts for lower
temperature (550 °C) reactions.'?’” Long term (10 hour) activity differed between Pt/Si-
MFI-NS and Pt/Al,Os evident in >99% and 60% propene selectivity, respectively. The
modified hierarchical structure, high specific surface area and presence of weak acid sites

on Pt/Si-MFI-NS proved beneficial.
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Another study elucidated the positive effect of ultrasmall bimetallic PtZn nanoclusters
encapsulated in silicate-1, with an initial specific activity of 84.3 molcsns kg™*pth™, and
exceptional cyclic stability during four PDH cycles at 600 °C.128 Xu et al. evaluated a series
of PtSn/Si-Beta catalysts, with different Pt/Sn ratios, with catalytic tests at 570 °C reporting
high initial propane conversions, ca. 50%, irrespective of Pt/Sn ratio.'?® The PtSn,.00/Si-Beta
demonstrated an initial propene yields of 47.5%, decreasing by 3.4% in a 48-hour reaction
period in contrast to the unmodified Pt/Si-Beta catalyst which displayed a 47% reduction
in the propene vyield under identical reaction conditions. Through extensive
characterisation the enhanced performance and stability was attributed to ultra-small,
uniformly dispersed particles, ranging from 1.0 to 1.4 nm. This favoured the structure
sensitive, size dependent dehydrogenation pathway. It was found that embedding Sn in
the zeolite framework was an effective geometric diluter for Pt ensembles resulting in

smaller, isolated Pt atoms which are beneficial in increasing the propylene selectivity.

Other metal oxides are also applied as supports for Pt-based catalysts. Wu and co-workers
demonstrated work on controlled intermetallic formation of a PtsMn/SiO; catalyst with an
initial specific activity of 41.3 molcsne kg™pth™ (Table 1.3, entry 9).13° Operando
characterization attributed this to PtsMn’s intermetallic subsurface which significantly
improved the C-H bond activation, lowering the heats of hydrocarbon and hydrogen
adsorption of the surface sites. Continuous testing for a week revealed the long-term
stability, and size distributions of spent catalysts similar to those of the fresh catalysts.
Interestingly, Deng et al. reported a highly selective Pt/SiO, and PtSn/SiO, catalysts
prepared under oxidative, reductive and inert atmospheres.t The PtSn/SiO, prepared in
inert and reductive atmosphere displayed initial propene yields of 17.8% and 25.7%,
respectively. This was attributed to the reductive treatment and presence of Sn inducing
electron and surface modifications of Pt nanoparticles following direct reduction in H»

atmosphere in excess of 500 °C.133

Pt-based catalysts supported on a Boron (B) modified ZrO; with a pH modification, PtSn/B-
ZrOy-x (x = pH 9, 10, 11), were compared.'3* The most active and stable, PtSn/B-Zr0,-10,

27



Chapter 1

catalyst achieved a specific activity of 13.0 molcsus kg™lpth™?, attributed to B-ZrO,-10’s
moderate surface acidity (Table 1.3, entry 10). Impressive dehydrogenation results have
been disclosed by Wang et al. who disclosed hexagonal boron nitride (h-BN) nanosheets as
the support for Pt/Cu (0.01 wt% Pt and 1.0 wt% Cu loadings) clusters.t This afforded
propene formation rates of 12.3 molcsus kg™tpth™ and 19.6 molcsue kg™ 2pth™ at 520 °C and
600 °C, respectively (Table 1.3, entries 20 and 21). Under identical conditions this catalyst
showed enhanced specific activity, and stability than analogous catalysts supported on
MgAl,04, H-ZSM5, SBA-15, SiC and Al;0s. The h-BN-sheets provided abundant stacking fault
edges terminating with the B—O defects characterised by unpaired electrons, which
strongly interact with metal active species; helping to strengthen the interaction between

the metal and support.!36137

Similar to support modifications, numerous researchers have investigated the role of
promoting elements in enhancing catalyst performance and stability. Rimaz et al.**®
explored modification of Pt/Al,0s3 catalysts with different Ge loadings, followed by
reduction at different temperatures. An initial propene yield of 53.8% was achieved on a
PtGe/Al O3 catalyst constituting of 0.5 wt.% Pt and 1.5 wt.% Ge reduced at 600 °C. The
catalytic ability was credited to alloy formation coupled with positive implications on
geometric and electronic properties of Pt ascribed to the reduction temperature and the
degree of Ge reduction. Similarly, isolated single atom Pt atoms in a Cu matrix (10 wt.% Cu
and 0.1 wt.% Pt) supported on Al,03 simultaneously enhanced catalyst activity, selectivity
and stability over a 120 hour period.'® In producing a single-atom alloys, structure
sensitive, undesired side reactions were suppressed. Thus, isolated Pt atoms dispersed on
Cu nanoparticles were identified as active centres with high propene selectivity;
dramatically enhancing the desorption of surface bound propene, prohibiting its further

dehydrogenation.

In summary, key structure-activity relationships were related to aspects of particle size,
bimetallic formulation and metal support interactions. Control of these variables
influenced the catalytic properties, the mechanism: either Horiuti-Polanyi for

monometallic Pt catalyst or heterolytic dissociation for bimetallic formulations, such as Ga
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promoted catalysts. This directly influences the nature of adsorbed intermediates

effectively modulating specific activity and selectivity.

To quantitatively evaluate the platinum utilization efficiency in the dehydrogenation of
propane, we normalized the catalytic activity of propylene formation per gram of catalyst
i.e., moles of propylene formed per kilogram of catalyst per hour; the results are listed in

Table 1.3.

Table 1.3: Summary for catalytic performances of propane dehydrogenation over the

typical platinum catalysts reported in literature.
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Reaction
Feed WHSV X S Specific activity
Entry Catalyst Temp Ref
Composition [h1] [%] [%] [molcsns kg lpeh™]
[°c]
1 C3Hs/N2=
PtZN@S-1 600 6.5 31 99.8 84.3 128
1:1.73
CsHs/H2/N2=
2 PtSn/Al;O3sheet 590 9.4 48.7 98.3 314 116
1:1.25:4
3 Pt/ C-Al,03 C3Hg/N,=1:9 580 - 36.7 96 17.5 118
4 Pt/ Sg-Al,03 C3Hg/N,=1:9 580 - 59 98 28.6 118
5 Pt/ Hd-Al,O3 C3Hg/N,=1:9 580 - 65.5 97 31.5 118
CsHs/Hz/Ar=
6 Pt/In/Mg(Al)O 620 3.3 69 98 44.7 123
8:7:35
Ptin/LaAlOs/y-  C3Hs/Hy/No=
7 600 3.0 47 96 25.6 121
A|203 8:7:35
CsHs/Ha/Ar=
8 Ptin/Mg(Al)O-4 620 3.3 47 95 29.5 140
8:7:35
C3Hs/N2=
9 Pt:Mn/SiO; 550 - 6.8 98 41.3 130
1.25:98.75
CsHs/H2/Ny=
10 PtSn/B-Zr0,-10 550 3 36 97 13.0 134
1:1:8
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11 Pt/Mg(In)(Al)O CsHg=100 550 - 24,2 98.2 7.8 122
C3Hs/H2/He=
12 Pt/Al,03.600 590 5.2 48.5 36.9 23.3 17
1:1.25:4
C3Hg/H2/He=
13 Pt/Al,03.750 590 5.2 48.3 37.1 23.2 117
1:1.25:4
14 PtGa/SiO; C3Hg/Ar=1:4 550 98 319 99.6 7871.2 141
C3Hs/H2/N2=
15 Pt/TiO,-Al,03-0 600 10 50.5 59 64.0 120
1:1:1.85
CsHs/H2/N2=
16 Pt/TiO,-Al,03-10 600 10 47.3 78 79.2 120
1:1:1.85
C3Hs/H2/No=
17 Pt/TiO,-Al,03-20 600 10 45,5 88 86.0 120
1:1:1.85
18 PtSn/Mg(3Zn)AIO0  CsHg/N,=1:4 600 18.9 55.2 994 136.0 124
19 Pt/Si-MFI-NS C3Hg/N,=1:4 550 2.8 35 95 29.7 127
C3Hs/H2/N2=
20 Pt/Cu/h-BN 520 4 14.7 99.8 12.3 135
1:1:3.9
CsHs/H2/N2=
21 Pt/Cu/h-BN 600 4 24 97.3 19.6 135
1:1:3.9
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CsHs/H2/Ny=
22 Pt3:Ga/Al,03 600 10 394 98 82.9 119
1:1:1.85
Pt;Ga/CeO;- CsHs/Ha2/N2=
23 600 10 41.1 98.5 86.9 119
Al,O3 1:1:1.85

Note: WHSV, space velocity, grams of propane per gram of catalyst per hour; X(CsHs), initial
propane conversion; S(CsHg), initial propene selectivity; Specific activity, moles of propylene
formed per kilogram of catalyst per hour. C= Commercial, Sg= Sol-gel synthesized, Hd=

Hydrothermal synthesized.

1.8.5 Methanol to DME

In recent years, alternative eco-friendly fuels have attracted attention due to
environmental, economic and sustainability measures. Such fuels include synthetic natural
gas (syngas), alcohols, ethers, esters, hydrogen, biofuels and Fischer-Tropsch fuels.
Dimethyl ether (DME) is a non-toxic, colourless, non-corrosive, non-carcinogenic liquified
gas, which is considered a promising eco-friendly fuel and a potentially fundamental
chemical feedstock of the future. Industrial research efforts demonstrated the possible
large-scale manufacture of DME from methanol with a simple dehydration technology#?
through which DME is produced from syngas (CO/H>/CO;). The syngas-to-DME process
developed by Topsoe is an indirect, two-step process using a hybrid catalyst comprising a
methanol synthesis and a methanol dehydration component. The catalyst consists of two
types of active sites: one for the synthesis of methanol by hydrogenation of CO/CO; over a

copper based catalyst'43~4> and another for dehydration of methanol to DME over an acidic

catalyst?46:147,

Co + 2H2 = CH30H A H298K = -9047 k] mol_l; A G298K
= —25.17kJ mol™* (1.5)
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CO, +3H, = CH;0H + H,0 AH,oqy = —49.43 k] mol™%; AGyeq
= 3.46 kJ mol~1(1.6)

Co + H20 = COZ + HZ A H298K =—-41.17 k] mol_l;A G298K
= —28.63 kJ mol™! (1.7)

2CH,0H = CH30CH; + Hy0 AH,ogx = —23.79 kJ mol™1; AG,oax
= —16.75 kJ mol~1(1.8)

Fig 1.7 shows the variation in the Gibbs Energy for the reactions 1.5-1.8, for the
temperature range of 0 to 400 °C. CO; hydrogenation (reaction 1.6), is thermodynamically
unfavourable for the selected temperature range. Also, CO hydrogenation (reaction 1.5) is
thermodynamically favourable at temperatures below 150 °C. It is clear from Fig 1.8 that
both the water gas shift (WGS) and methanol dehydration reactions; reactions 1.7 and 1.8,

respectively, are thermodynamically feasible for the selected temperature range.

100 T v T
@ CO + 2 Mg = CH4OM
80 + O 20”30" . Cﬁ306H3 . Hzo N
_—— P —— CO'H;)o;COz'H? A
— vl | — C02 + 3H2 = CH}OH + Hzo
60

40 |

AG (kJ)

o--Q 00

. Q-0
O 00O —y————

_v—-v—-—v'*"‘"—"_—"—

5 i

100 200 300 400

Temperature ( °C)
Figure 1.7 Gibbs energy of CO; hydrogenation (A\); (®) CO hydrogenation; (O)Methanol

dehydration, and (W) WGS reactions at different temperatures.'#®
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Methanol via hydrogenation of CO or CO; are exothermic, thermodynamically limited
reactions, favoured at low temperatures and high pressures. Water formed by methanol
dehydration can be removed by the WGS reaction. Water is believed to block the active
sites for methanol consumption through competitive adsorption with methanol on the
catalyst surface. The methanol dehydration reaction is an exothermic reaction which is not
thermodynamically favoured at high temperature. This takes place over solid-acid catalysts
including alumina*1>, zeolites®¥'>?, and mixed metal oxides®31>> with different
physicochemical characteristics. In particular, DME selectivity and vyield are strongly
dependent on the nature of acid sites (both Lewis and Brgnsted) and the textural
(meso/macro porosity) and topological properties in the methanol dehydration

component.

The stronger the surface acid sites of the catalyst (Lewis and Brgnsted), the greater the
tendency of the material to form olefins and aromatic or paraffinic hydrocarbons. This
eluded to the conclusion that DME formation is related to acid sites with weak and
moderate acidity. The reaction conditions, especially operating temperature, are important
in determining the DME selectivity and yield. Consecutive reactions can be accelerated at

temperatures greater that about 300 °C.

Alumina is a widely studied as a dehydration component in the methanol to DME reaction,
with the added advantage of not catalysing the consecutive reactions to hydrocarbons. This
is a result of the absence of strong acid sites. However, during the reaction methanol and
water compete for the same adsorption sites on alumina such that the catalytic activity of
alumina is reduced due to poisoning by water. Yaripour et al.**® investigated the
modification on alumina with silica, and phosphorus which enhanced the catalytic activity.
An increase in silica loading in the silica modified y-alumina catalysts resulted in higher
surface areas, higher surface acidity. Similarly, Ji et al.> reported the modification of
alumina with a range of metal oxides (B20s3, ZrO; and SiO,. Among the modified catalysts,
only SiO,-Al,03; exhibited an improvement in catalytic performance. Sabour et al.'>®
evaluated the effect of Si/Al (Si/Al ratio of 5-35) in a series of AI-HMS catalysts. It emerged

that the rate of the methanol dehydration reaction was strongly dependent on the acidity
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of catalyst employed and the order of reaction rates was: Al-HMS- 5 > Al-HMS-10 > Al-HMS-
20 > AI-HMS-35 which is in the same order as the increase in acidic sites density. The most
active catalyst, AI-HMS-10, exhibited an optimum yield and selectivity of 89 % and 100 %,
respectively, showing excellent stability. The authors found that by decreasing Si/Al, the
temperature required to reach equilibrium conversion of methanol decrease due to an

increase in the number of acid sites.

A number of mechanisms have been proposed for the methanol dehydration reaction,
which indicate two possible routes to DME.#6:158-161 |t js thought that both Lewis acid-base
pair, formed during surface dehydration, and Brgnsted acid-Lewis base pair sites are active
sites for the dehydration of methanol.'®? The reaction pathway, selectivity and yield are
correlated to the nature and strength of the acid sites and the subsequent interaction of
methanol with these sites.’®® The Langmuir-Hinshelwood mechanism, described
previously, whereby two molecules of methanol adsorb onto two neighbouring acidic or
basic sites which interact to produce one molecule of DME and one molecule of water.%4
This is common for alumina type catalyst where the catalytic activity for methanol
dehydration is associated with the Lewis acid-Lewis base pair formed during surface

dehydration. Consequently, the electron-rich oxygen anions show basic character and the

electron-deficient aluminium cations show acid character.

In contrary, for acidic aluminosilicates the catalytic activity is related to the Brgnsted acid-
Lewis base pair. In this case, the Eley-Rideal mechanism where an interaction of methanol
molecules with acidic sites only through which the acid site on the catalyst attacks the
nucleophilic oxygen of the methanol molecule, is proposed.'®> Brgnsted acidic sites are
involved in reactions of hydrogen transfer, while their adjacent Lewis basic sites are able
to stabilize carbonium or carbenium ions formed on the surface or receive protons back,

regenerating the acidic site.

To elude to the acid sites responsible for the dehydration of methanol Takeguchi et al.1%®
studied adsorption experiments with silica-alumina catalysts together with H-ZSM5 zeolite.

It was found that water and NHsare competitively adsorbed on Lewis acid sites, whereas
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adsorption of NHsz on Brgnsted acid sites was not affected by the presence of water. The
authors concluded that Lewis acid—base pairs are the major active sites for methanol
dehydration at atmospheric pressure, where the partial pressure of water formed is low
and thus water adsorbed on acid sites is negligible. In such a case, the methanol
dehydration rate on Brgnsted acid sites seems to be much slower than that on Lewis acid
sites. However, when considering the synthesis gas to DME reaction conditions, the partial
pressure of the water formed by the dehydration of methanol is high and as such, the
activity of Lewis acid sites was found to be suppressed by adsorbed water at lower
temperatures. Under these conditions the Brgnsted acid—Lewis base pair sites are the
major active sites for the methanol dehydration reaction. Consequently, the rate limiting
step in DME synthesis is determined by the acid properties, such as acid site strength and

number of acid sites.

This is particularly important in context of the direct dehydrogenation of propane whereby
bifunctional dehydrogenation catalysts, constituted by a coordinatively unsaturated active
metal (Mcus*) and an acidic support, are used. A support effect exists as Brgnsted and Lewis
acid sites on the support surface promote cracking while isomerization proceeds via
Brgnsted acid sites. The C-H bonds in olefins are more reactive than C-C bonds, thus
catalysts that favour C-H over C-C bond cleavage are required to increase selectivity.
Limited support acidity, with acid sites characterized by weak and moderate strength, is
needed to avoid undesirable side reactions, such as catalytic cracking, coke formation and
alkane isomerization.8” However, in order to reach a high dispersion of the active metal on

the support, Lewis acid sites and amphoteric OH groups are required.!>

It is well known that dehydrogenation performance of catalysts is closely related to the
acidic properties of the catalyst surface. Consequently, the methanol to DME reaction as
an acid-catalysed reaction serves as an ideal prospective test reaction, allowing for the
evaluation of the activity induced by acid sites present in pristine silica-alumina materials.
Correlations and relevant deductions regarding the nature, strength and concentration of

acidic sites and catalyst performance will be investigated. With this knowledge, the aim is
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to construct relevant structure-activity relationships which will be applied to Pt/SiO,-Al>03

catalysts for the direct dehydrogenation of propane.

1.9 Supercritical Fluids

A supercritical fluid (SF) is defined as any substance at a temperature and pressure above
its critical point, whereby the distinction between the liquid and gas phases ceases to exist,
as shown in Figure 1.8. The critical point represents the highest temperature and pressure
the substance can reach as both a liquid and gas in equilibrium. The boiling curve
represents the gas-liquid coexistence curve whereby increasing both temperature and
pressure results in the liquid becoming less dense due to thermal expansion. However, an
increase in the pressure results in an increased density of the gas. Eventually, the densities
of the two phases converge, becoming identical and in this state the phase boundary
between liquid and gas is indistinguishable resulting in the formation of a single
homogeneous phase. This is signified by the point at the end of the boiling curve, the critical

point.
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Figure 1.8: Single component Pressure-Temperature dependent phase diagram

highlighting the supercritical fluid (SCF) region and the critical point.®’
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1.9.1 Properties of supercritical fluids

Supercritical fluids are considered to have physical properties commonly described as
being intermediate between those of liquids and gases. As shown in Table 1.4, the viscosity
of SCFs closely resembles that of gases which is substantially lower than those of
conventional solvents with densities typically considerably higher than most gases, but
closer to those of liquids. This allows for easier contact between phases and contributes to
enhanced interphase mass transfer rates compared to conventional solvents.
Consequently, SCFs have a good solubility of solutes similar to liquids with gas-like

movement and diffusion properties.

Table 1.4: Comparison of physical properties of gases, liquids and SCFs.*¢”

Parameter Gas SCF Liquid
Density (g cm3) 103 0.1-0.9 1.0
Viscosity (g cms?) 10% 104 102
Diffusivity (cm? s?) 101 104 10°

Supercritical fluids, with their unusual physicochemical properties, make for interesting
solvents. Another difference between SCFs and conventional solvents is their
compressibility. Due to the high compressibility of fluids near the critical point, their density
and dissolving power can be tuned sensitively through small changes in pressure and
temperature. The solubility of a given solute is largely dependent on density of the solvent
and the vapour pressure of the solute. As such, the solubility of a given solute increases
with increased density of the solvent and vapour pressure of the solute. A number of
studies have also reported solubility enhancement from the addition of a small amount of
a volatile co-solvent which can increase the solubilisation of other solutes in the
supercritical fluid.1¢® Similarly, the use of multiple solutes can enhance solubilities.'’®"

172 These phenomena are known as the cosolvent and entrainer effects.
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Table 1.5 contains commonly utilised SCFs for chemical reactions and syntheses, detailing

their critical parameters and physical properties. Historically, the development of industrial

scale reactions under supercritical conditions has been studied extensively. Common

examples of such industrially relevant reactions include ammonia synthesis (BASF, 1913),

methanol synthesis (BASF, 1923) and ethylene polymerisation (ICl, 1937). SCFs are applied

to a number of applications, including extractions and chemical waste disposal with the

most widely used substances being carbon dioxide and water.

Table 1.5: Critical properties of various SCFs.167:173-175

SCF Name Critical Critical Pressure Critical Density
Temperature (°C) (bar) (kg m3)
CO; Carbon 31.1 73.9 466
Dioxide
H.0 Water 374.0 220.6 322
N0 Nitrous Oxide 36.4 72,5 453
NH; Ammonia 1324 113.2 235
CH;OH Methanol 239.5 80.8 273
CzHs Ethane 32.2 48.7 207
CsHs Propane 96.7 42,5 220
CsH1o n-butane 152.0 38.0 228
CsHi n-pentane 196.6 33.7 232
CeHs Benzene 289.5 49.2 300
SFe Sulfur 45.5 37.6 737
hexafluoride

Xe Xenon 16.6 58.3 1099

1.9.1.2 Supercritical CO;

Supercritical carbon dioxide (scCO3) is the most commonly used supercritical fluid for

catalysis’®177,

chemical

synthesis!’8179,
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chromatography!8%18?

processes. This is due to the poor solubility for ionic and high
molecular-weight organic compounds offered by scCO; coupled with the ability to dissolve
and expand or extract organic solvents, thus lowering their solvation power and enabling
the precipitation of solids from organic solutions. In recent years, green chemistry
principles have driven the design of chemically efficient and more environmentally benign
processes. This has encouraged the use of alternative solvents to traditional volatile
organic compounds (VOCs).'8 Supercritical carbon dioxide in chemical processing and as a
solvent is desirable as it is cheap, readily available, recyclable, chemically stable, non-polar,
non-toxic and non-flammable.'®® The critical point of CO,, indicated by the subscript ‘¢’
denoting the critical points of T.= 31.1 °C and P. = 73.9 bar, where T and P are the

temperature and pressure, respectively. Above this critical pressure and temperature, CO,

reaches a supercritical state where CO, is similar to a gas with a density reminiscent of a

percrltlcy

liquid.

Pressure [MPa]

5 critical point
(304.25 K, 7.39 MPa) gas
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Figure 1.9: CO; density and phase diagram.®

1.9.2 scCO,-Based synthesis technologies
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1.9.2.2 Rapid Expansion of Supercritical Solutions (RESS)

The rapid expansion of supercritical solutions (RESS) is a method where a pressurized
solution is rapidly expanded through a nozzle resulting in an extremely fast nucleation and
micronization of the solute.’®-18 Mechanistically, after the dissolution of the solutes in
scCO; the rapid depressurization of the solutions that follows lead to a noticeable drop in
density. Subsequently leading to solute precipitation as the reduced solubility of the
solutes in scCO; causes a high degree of supersaturation (typically in the order of 10° to
108). The high degree of supersaturation characterized by this method results in a high
nucleation rate, and very high number of nucleation sites. This limits crystal growth,
producing small particles with uniform size distributions. The adjustment of the process
parameters, pressure and temperature, yields various morphologies and particle sizes in
the resultant materials.’®’” A requirement of this process is that the target compound has

to be soluble in the SCF.

1.9.2.3 Gas Antisolvent (GAS) and Supercritical Antisolvent (SAS) Precipitation

The SCF can be utilised as an anti-solvent or as a co-antisolvent in the Gas or Supercritical
anti-solvent (GAS or SAS) synthesis routes.'8-1% |n both processes, a solution containing
the solute is dissolved in an SCF miscible solvent. Common solvents which meet the
criterion are ketones (acetone), dimethyl sulfoxide, and alcohols (methanol, ethanoal,
propanol). This solution, containing the requisite cations, is then introduced into the scCO,,
which acts as an antisolvent where the solvent is rapidly extracted by the scCO..
Supersaturation is the term used to show the distance of the solute from its nucleation
point. The scCO; is able to generate very high levels supersaturation, leading to high
nucleation rates and smaller particles. This is due to the diffusivity of scCO; being multiple
orders of magnitude greater than conventional solvents. The washing step with pure scCO»
at the end of the precipitation process is also required in order to avoid the condensation
of the liquid phase that would otherwise modify the precipitate and its characteristics.

Given the solvent is extracted by the scCO, the product is dry from the point of
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precipitation, which prevents dissolution. This is made possible by scCO;’s large affinity

with many organic solvents.

The GAS and SAS processes are similar, the main difference being that SAS is both a steady
state and semi-continuous process. Similar to the SAS process, the GAS process involves
the gradual addition of a supercritical fluid to expand a static solution until supersaturation
is achieved and the solute precipitates. Once the solute is precipitated, additional
supercritical fluid is added to remove residual solvent resulting in a dry precipitate upon
depressurization. The atomization offers improved control of particle size distribution
(PSD) in particular, the atomization of the feed solution containing the solute and solvent
system with a co-axial nozzle similar to the RESS process.'®! The recovery of dry precipitates
from the SAS process is achieved easily with a single depressurization, eliminating the need
for complex treatments for the complete removal of contamination from liquid residues.
Similar to the RESS technique, parameters important for particle design include flow rates,
temperature and pressure. The process is inherently highly flexible by the alteration of
preparation parameters such as temperature, pressure, flow rates and solvent injection
geometries. Constituents of precursor solutions; metal salt identity and solvent type, the
manipulation of which control resultant morphology, material composition, morphology

and crystallinity.

1.9.3 Materials synthesis with scCO;

Supercritical fluids are green and tuneable solvents which have emerged as possible
alternatives to traditional organic solvents. Over recent years they have emerged as a new
area of interest in materials science research, particularly in the field of micro- and
nanoparticles.'®>71°* |n particular, as the research on the production of micro- and
nanoparticles in scCO; has intensified the number of precipitation processes studied has
increased. This is in part due to other SCFs’ unsuitability for chemical synthesis due to their
flammability (i.e., ethane, propane), high cost (i.e., CHF3) or poor solvating power (i.e., SFs).
With synthetic chemistry in mind, the temperature-dependent miscibility with classical
organic solvents as well as low polarity that results in preferential dissolution of

hydrophobic compounds are advantageous.
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A variety of synthesis processes using scCO2 have been proposed, studied and applied to
micro- and nanoparticle synthesis. Their conceptual basis relying on adjustment of the
pressure and temperature or allowing rapid expansion and loss of solvent inducing the

precipitation of fine, mono-dispersed particles.??41%

The work herein focuses on the utilisation of the use of supercritical anti-solvent (SAS)
precipitation, using scCOz as an antisolvent, for the production of ASA precursors.
Experimental parameters impact the resultant morphology, material composition,
morphology and crystallinity. However, within the SAS system, each of the following
requirements have to be fulfilled:

a. The solute needs to be soluble in the chosen solvent

b. The solvent needs to be fully miscible in the anti-solvent at the process conditions

c. The solute needs to be insoluble in the solvent-antisolvent medium

Due to the nature of the solvent-mediated method, the resultant material’s
physicochemical properties dependent on the thermodynamics of the SAS system.
Numerous experimental studies have investigated solution-antisolvent interactions and
the role of phase behaviour in controlling the morphology and dimension of
precipitates.’®#197.19% The precipitation of nanoparticles occurs in a number of concurrent
steps. Mixing of the solution and antisolvent is followed by the generation of
supersaturation, nucleation, and growth by coagulation and condensation. Agglomeration
occurs resulting in uncontrolled growth and inhomogeneous aggregated networks of
particles as shown in Fig 1.10. The coagulation and condensation of the obtained particles
occur simultaneously while competing for supersaturation. The high supersaturation levels
inherent of the SAS methodology facilitates nanoparticle precipitation. Under such
conditions, supersaturation is consumed more by nucleation relative to growth of particles
and complete miscibility between the solvent system and anti-solvent is required for
nanoparticle formation. Consequently, this results in the formation of amorphous

precipitate.
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Figure 1.10: Schematic of antisolvent mediated particle precipitation process.

Moreover, the morphology of the precipitate is a function of the position of the operating
point with respect to the mixture critical point (MCP) of the system. By definition, at
pressures greater than the MCP, the MCP represents the pressure at which only a single
supercritical phase can exist in a pressure-composition plane at a fixed temperature. The
systems containing solute-solvent-antisolvent behave differently when considering key SAS
operating parameters such as pressure, temperature and the solute concentration in the
liquid solvent(s). Reverchon and co-workers explored the effect of the addition of a solute
(Z) on the vapour-liquid equilibria (VLE) and its subsequent shift on the MCP illustrated in
the phase diagram, Fig 1.11. Thus, the solute—solvent-antisolvent systems behave
differently in the case of binary and ternary systems. Therefore, in order to increase the
efficacy of the precipitation of nanoparticles and phase homogeneity with the SAS
methodology operating at pressures higher than the critical pressure of CO,, 72.8 bar, is

paramount.
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MCP (ternary system); Z = const.

MCP (binary system); Z = 0. \.

P, bar

Figure 1.11: A proposed qualitative modification of the VLEs of a binary (solid line) system,

when a third component (Z) is added (dotted line) at a given concentration. >

At this juncture, it is important to consider the effect of process conditions on the
precipitation of nanoparticles. Several authors report a jet break-up and drying
precipitation mechanism when microparticles are formed whereas no droplet formation,
gas mixing and particle nucleation and growth, as discussed above, in the case of
nanoparticle formation.’?”-2%1 Qperating at pressures above the MCP results in
nanoparticle formation the surface tension vanishes at a very rapid rate such that the gas
mixing prevails on the breakage of the liquid jet. In effect, no droplets are formed, and a
sort of physical mixture at the nanometric level is obtained through which the precipitation
of nanoparticles occurs by gas-to-particles nucleation and growth. This hypothesis is
supported by experimental evidence, using light scattering analysis.?%? It was found that
the transition between the multi-phase and the single-phase mixing depends on the

operating pressure, as well as the viscosity and the surface tension of the solvent.
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Therefore, it is fair to assume that the differences in microparticle and nanoparticle
formation mechanisms by SAS are due to a complex correlation between the operating

pressure and surface tension in determining droplet formation or lack thereof.

For nanoparticle formation the surface tension of the liquid injected in the precipitator
approaches zero, hence no droplets are formed. The rate of this process increases with
pressure. As the two mechanisms for microparticle and nanoparticle formation operate at
two contiguous pressure levels, a competition occurs between jet break-up and gas mixing
during the injection process which governs the observed morphology. It is therefore
apparent that the observed particle morphologies are governed by the pressure of the

system in relation to the ternary (solute-solvent-antisolvent) system’s MCP.

1.9.4 Catalyst Preparation Using Supercritical Antisolvent (SAS) Precipitation

Considerable efforts have been made in utilising scCO3 as an antisolvent for the synthesis
of catalysts and catalyst components. Early stages of development were carried out at the
pilot scale SAS apparatus at the University of Salerno by Reverchon and co-workers who
reviewed supercritical based techniques applied to the production of polymers,
superconductors, nanomaterials, and other inorganic compounds to name a few.'%
197,203,204 The reviews demonstrated the widespread applicability of supercritical based

techniques.

These advancements were important steppingstones in the utilisation of scCO;in catalyst
preparation. Commonly used methods of synthesis of heterogeneous catalysts often fail to
meet the principles of green chemistry. For instance, the use of metal nitrates as precursors
of heterogeneous catalysts which results in pollution of effluents and the formation of
nitrogen oxides, which can be formed during the heat treatment and reduction of the
catalysts. Similarly, the catalyst precursors of conventional mixed metal oxide or oxide-
supported catalysts are initially formed either by hydrothermal synthesis, precipitation or

grinding and heating. Further thermal treatment in varying atmospheres is required to
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produce the final material; an energy intensive process which uses considerable amounts

of solvents and generates excessive amounts of waste.

In particular, it was found that the SAS methodology showed great potential in producing
precursors of high temperature superconductors; yttrium, samarium and neodymium
acetates as well as nanoparticles of zinc acetate, a catalyst precursor.?% In the case of zinc
acetate, it was found that particle sizes down to 30 nm with a mean diameter of 50 nm
were obtained at the optimal operating conditions. The SAS precipitated zinc acetate
displayed a specific surface area of ca. 175 m? g1 however upon calcination at 300 °C the

surface area decreased to 55 m2 g%

Amorphous or poorly crystalline high surface area metal oxides have been synthesised
previously using supercritical CO; anti-solvent (SAS) precipitation. This approach was
adopted in the synthesis of precursors to mixed metal oxides resulting in the preparation
of samarium acetate.?%® It was found that an increase in solute concentration correlated
with broader particle size distribution. Thermal decomposition, through calcination,
produced samarium oxide particles of ca. 100 nm diameter. This translated into ethane
conversion and ethene selectivity of 22 % and 58%, respectively, when tested for ethane
oxidative dehydrogenation at 680 °C. Additionally, in comparison to conventionally

prepared samarium oxide, the SAS prepared catalyst showed a higher ethene yield.

Similarly, Hutchings et al. reported a new preparative route for vanadium phosphate
catalysts utilising using supercritical CO2 as an antisolvent.?°®2%7 |n contrast to vanadium
phosphates prepared using conventional methods, the SAS prepared VPO material (scVPO)
was found to be wholly amorphous both before and after use as a catalyst. The specific
activity appeared insensitive to the preparation method but a correlation between catalytic
activity and surface area was evident. It emerged that the scVPO catalyst exhibited the
highest activity, Fig 1.12. The study proved that such a material could not readily be
prepared using standard methodologies and this observation prompted the study into the
possible roles played amorphous phases in active catalysts. Succeeding investigations

focussed on the addition of cobalt, a common promoting element for crystalline vanadium

47



Chapter 1

phosphate.?° This proved to have a poisoning effect on the amorphous vanadium
phosphate prepared via the SAS methodology evident in reported decreased activity and
selectivity for maleic anhydride. The negative effect on the catalyst performance was a
consequence of the modification affecting the morphology of the material and oxidation

state of vanadium.
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Figure 1.12: The intrinsic activity for maleic anhydride with time on stream for supercritical
antisolvent prepared vanadium phosphate via the choice VOHP04.0.5H,0 precursor phase,
(VPO) route (@), conventionally prepared vanadium phosphate catalyst via the choice
VOHPO04.0.5H,0 precursor phase, (VPO) route (X) and higher surface area vanadium
phosphate catalyst prepared via the VOP04.2H,0 and subsequent VOHPO4.0.5H,0 active
phase through heating under organic (alcohol) reflux conditions (). (Feed composition:

1.5% butane in air, Temperature: 400 °C).1%?

Alonso et al. explored the synthesis of titanium oxide via the SAS process, with operational

temperatures in the 200 — 300 °C range.?®® The degree of crystallinity increased with
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temperature such that at 200 °C the TiO; particles were amorphous with a specific surface
area of 350 m? g1, Interestingly, operation temperatures higher than 250 °C were needed
to obtain a good degree of crystallinity such that at 300 °C the specific surface area
decreased to 150 m? gl. The study demonstrated the catalytic potential amorphous

particles characterized with high surface areas.

Tang and co-workers explored the effect of systematic variations of operational
temperature and pressure in CeO; preparation prior to functionalization with Au for the
CO oxidation reaction.?® After calcination, the amorphous precipitates were transformed
into nanocrystalline aggregated hollow spheres with primary particles with diameter of 3-
8 nm. The observed morphology was not witnessed in CeO; prepared via direct calcination
(400 °C, 2 hours) of cerium acetylacetonate, referred to as unCeO,. Catalyst tests revealed
that the Au/scCeO, were more active than the Au/unCeO; and a standard

Au/Fe;0s3 catalyst provided by the World Gold Council, Fig 1.14.
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Figure 1.13: Catalytic activities for ambient CO oxidation, CO (0.5 % in synthetic air) was fed
at 22.5mL min?! and passed over the catalyst (15 mg) at 25 °C: (@) Au/unCeO,, (A)
Au/scCe03-1, (0) Au/scCe02-2, (A) Au/scCe0,-3, (m) 5 wt% Au/Fe;03 (supplied by World
Gold Council), and (o) the deactivation of Au/scCe0,-2 using high GHSV (448,000 h-1).210
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The supercritically prepared CeO; was thought to be able to stabilize an atomic dispersion
or sub-1-nm clusters of Au aided by the high density of defects present as a result of the
rapid precipitation caused by the high supersaturation in the SAS method. The authors
recognized the need to improve the catalyst further because the supercritically prepared
catalyst was prone to deactivation as the Au nanoparticles were not stabilized under

reaction conditions.

In parallel, Miedziak et al. reported SAS prepared CeO; as a support for an Au—Pd/scCeO;
catalyst which proved to be very active for benzyl alcoholoxidation displaying ca. 91%
selectivity to the desired product, benzaldehyde.?'! The Au—Pd/scCeO, catalyst was

approximately 4 times more active than Au—Pd/unCeO..

It became apparent that deposited metal (Au® and Pd?*) species were uniformly and highly
dispersed over scCe0,, whilst discrete homogeneous Au—Pd alloy particles in the size range
50-120 nm existed on unCeO.. Thus, differences in the reproducibility of the deposition

method on the supercritically and conventionally prepared supports were observed.

The very highly dispersed Au and Pd species on the scCeO; support were proposed to be
important for the high catalytic activity, and it is the novel surface properties of scCeO; that
are important in controlling the high dispersion. When used for successive catalytic tests,
Au—Pd/scCeQ;’s activity increased considerably when compared to the fresh catalyst.
However, on the second re-use it was still more active than the fresh catalyst, with a
decrease in activity seen after second and third uses. In contrary, under the same
treatment the Au—Pd/unCeO;catalyst was subject to a successive loss of activity as the
number of re-uses increased. Interestingly, the high activity of the scCeO; based catalyst
was related to the morphology, Fig 1.15. The authors reported that after use the spherical
morphology of nanocrystalline scCeO; started to increasingly break down, until the
morphology started to resemble the unCeO; material. Simultaneously there was an
increase of the metal particle size on the scCeO; support, as discrete Au-rich and Pd-rich

bimetallic particles were formed along with a reduction of the metal content. This
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investigation further proved the significance of preparing supports, utilising the
supercritical antisolvent precipitation methodology, as components of highly active

bifunctional catalysts.

Figure 1.14: Representative ADF images showing (a) the spherical morphology of the
scCeO; support, (b) the nanocrystalline nature of scCeO,, and (c) the more irregular

nanocrystalline morphology of the unCeO, material.?!!

Analogously, Tang et al. reported the use of scCO, as an antisolvent to prepare

nanostructured homogeneous mixtures of Cu?* and Mn3* with crystallites of 10-20 nm in
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diameter.?!2 Following calcination, the resultant nanocrystalline Cu/MnOx with a
crystalline tetragonal spinel, CuMn;04, was formed which was more than twice as active
per unit surface area as the conventional hopcalite catalysts prepared by coprecipitation
for the oxidation of carbon monoxide, Fig 1.16. Most of all the supercritical antisolvent
successfully produced a hopcalite phase without any mixture of other polymorphs with

very high activity per unit area.
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Figure 1.15: Specific catalytic activities: the CuMnOx precursor prepared by the
supercritical process (4); the CuMnOx catalyst prepared by calcination of the
supercritically prepared precursor (=); conventional hopcalite prepared by calcination of

the coprecipitated precursor (* ); commercial hopcalite (o0).2%?

With this knowledge, Marin and co-workers investigated the addition of water to the SAS
procedure in the preparation of cobalt zinc oxide catalysts for the Fischer-Tropsch
reaction.?!? The textural properties of the resultant precipitate favoured the formation of
carbonates with enhanced phase separation and cobalt surface area, which was found to

favour the formation of Cs: products. In the absence of water, the resulting catalyst
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precursor was a mixture of metal acetates which upon calcination decomposed forming

wurtzite type Zn;.,Co,0 and spinel type Zn,Cos-,0, phases.

Another related study focussed on the preparation of Fe304, NiO, CuO and Co304 via the
SAS methodology. The authors investigated the promotional effect induced by the addition
of water as a co-solvent for the formation of a carbonate precursor. It emerged in catalytic
tests, for the total oxidation of propane, Co304 was found to be the most active catalyst. In
particular, optimal conditions for catalyst preparation were established as a precursor
solution containing 10 vol% water co-solvent followed by a 2-hour calcination at 250 °C.
The resultant Co3z04, with BET surface area >100 m?g, "achieved 50 % propane conversion
at 150 °C. It was found that the SAS prepared catalyst had considerably higher activity than
a commercial 5 wt.% Pt/Al,O; catalyst, Fig 1.17. This further demonstrated that a novel,
nitrate free and green supercritical anti-solvent precipitation process can successfully

produce highly active short chain alkane total oxidation catalysts.
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Figure 1.16: Propane conversion as a function of temperature over catalysts derived from

5 and 10% water co-solvent SAS materials calcined at 250 °C, and 5 wt% Pt/AI203. (m) SAS

5vol% water derived catalyst, (2) SAS 10vol% water derived catalyst, (0) 5wt%

Pt/AI203.2%4
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Using similar principles, Kondrat et al. reported the preparation of the amorphous
hydroxycarbonate, georgeite, via the SAS process.?® Utilising metal acetate salts a series
of Cu, Zn and Al containing georgeite precursor materials were prepared. It became
apparent that the addition of water caused a phase transformation of the resulting
precipitate from a disordered mixed metal acetate to the georgeite phase. Due to
miscibility issues between water and scCO; the water content was carefully controlled such
that enhancing the content of georgeite in the precipitate and maintaining an optimum
homogeneous system. Catalytic testing for the low temperature water gas shift (LTS)
reactions alluded to the SAS prepared catalyst’s superior performance in comparison to the
industrial standard, both in terms of catalyst activity and stability. The authors suggested
that the SAS method produces very pure zincian georgeite with a low content of sodium
ions. It was postulated that this high purity may have contributed to both the high activity

and the stability of the SAS prepared, zincian-georgeite-derived LTS catalyst.

In summary, extensive studies have been implemented in investigating the optimisation of
numerous catalysts and catalyst components using the antisolvent mediated SAS
methodology. It can be concluded that a number of experimental parameters effect the
resultant material properties attributed to catalytic performance. The implications on
physical properties, such as specific surface area, are known to enhance activity and
improve aspects of functionalisation for various catalytic reactions. It appears that
amorphous mixed metal oxides are thought to be able to stabilize an atomic dispersion or
sub-1-nm clusters of metals aided by the high density of defects present as a result of the
rapid precipitation caused by the high supersaturation in the SAS method. In view of SAS
preparation of amorphous silica-alumina materials as catalysts and supports optimal
conditions for catalyst preparation have not been established. Therefore, an extensive
study of experimental and process parameters will be conducted building on knowledge
gained within the research group and in literature allowing for the development of

experimental methods aimed towards enhanced heterogeneous catalysts.
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1.10 Aims

Thus far, the literature review has highlighted the importance of tailored design of catalyst
component including using appropriate support synthesis strategies and (noble) metal
deposition methods. The typical preparation methods used to achieve this have been
highlighted showing the use of supported (Pt) metal catalysts in current dehydrogenation
applications. In view of the fact that a number of Pt containing catalysts exhibit promising
activity for the propane dehydrogenation reaction, this thesis will focus upon: (1) the
design of a synthesis protocol for amorphous aluminosilicates using supercritical
antisolvent precipitation, (2) advanced characterization to understand the material
properties and how they differ to analagous flame spray pyrolysis and sol-gel derived
materials, (3) understanding the synthesis-structure-activity relations that occur for
catalytic applications, namely propane dehydrogenation and methanol to dimethyl ether
reactions. Optimisation procedures for support synthesis will include varying process
pressure, process temperature, solvent composition and calcination condition variations
for the supercritical antisolvent method. Additionally, investigating the appropriate noble
metal deposition method will be paramount in reproducibly depositing active metal species

resulting in a catalyst with enhanced stability, activity and selectivity.
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2  Experimental

2.1 Materials

All reagents, solvents and gases used during this project are presented in Table 2.1. In each

case they were used as received without further purification, unless otherwise stated.

Deionised water was generated in-house.

Table 2.1: List of reagents, solvents and gases used for catalyst material preparations,

characterization, and catalyst testing procedures.

Material Supplier Purity Grade

Aluminium acetylacetonate Sigma Aldrich >99 %, ReagentPlus

Aluminium nitrate Sigma Aldrich >98 %

Tetraethylorthosilicate Sigma Aldrich >98 %

Silicon tetraacetate Sigma Aldrich >98 %

Zeolite ZSM-5 Zeolyst International Ammonium form,
(Si/Al=11.5)

Platinum acetylacetonate Sigma Aldrich >99.98 %,

Tetraammineplatinum Sigma Aldrich >50 % Pt basis

nitrate

Chloroplatinic acid Sigma Aldrich >37.5, Pt basis

hexahydrate

Tetraammineplatinum Sigma-Aldrich >59 % Pt basis

hydroxide hydrate

Yttrium aluminium oxide Sigma Aldrich 99 %

Tetramethylsilane Sigma Aldrich >99 %, NMR Grade

Water Sigma Aldrich HPLC Grade

Ethanol Sigma Aldrich >99.8 %, Absolute

Methanol Sigma Aldrich >99.8 %, Absolute

Poly vinyl alcohol Sigma Aldrich 80 % hydrolyzed

(Mw: 9,000-10,000)
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Ammonia solution Fisher Scientific 35 % NH40H, certified AR
Sodium Borohydride Sigma Aldrich >98 %,

Carbon dioxide (CO>) BOC Gases CP Grade

Argon (Ar) BOC Gases 99.9995 %

Nitrogen (N3) BOC Gases 99.999 %

Propane BOC Gases 99.2 %

Pyridine Sigma Aldrich 99.8 %, anhydrous

2.2 Aluminosilicate Preparation:
A number of aluminosilicates and catalytic materials were synthesised during the course of
this project. Synthesis strategies, characterization techniques and testing methods will be

discussed in this chapter. Examples of each procedure are provided.

2.3 Supercritical anti-solvent (SAS) precipitation

2.3.1 SAS aluminosilicate preparation

A series of amorphous aluminosilicates were prepared using a bespoke apparatus,
consisting of a CO, pump, back pressure regulator (BPR) and heat exchanger manufactured
by Waters, assembled by Sci-Med. Appropriate amounts of various silicon metal salts and
aluminium acetylacetonate, shown in Table 1.1, were dissolved in a mixed aqueous-organic
(ethanol and varying amounts of HPLC grade water) solvent. SAS experiments were

performed using the apparatus illustrated in Figure 2.1a.

Contact between the scCO; and prepared solutions was achieved through a co-axial nozzle
which was characterized by an inner and outer tube. This configuration supplied the
prepared solution in the inner tube (diameter = 1 mm) and the scCO; through the
surrounding outer tube (diameter = 4.95 mm), Figure 2.1b. Liquid CO; was cooled to -2 °C
and then pumped through the system via a temperature-programmed heat exchanger,

through the outer part of a coaxial nozzle into a precipitation vessel at a set point pressure
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(100-140 bar) and mass flow rates (35 g mint). The liquid mixture was delivered to the
precipitator through the inner segment of stainless-steel nozzle by a HPLC pump at a

standard flow rate of 6.5 ml min’.

a b
co, Metal salt
Vent HPLC Pump solution
.‘_, E
HH
}{Vﬂlve i g
*Co-axial I
Heat exchanger Nozzle l ;
- ith T indi I
X Metal salts in with T indicator Back {
aqueous-organic Precipitati Pressure Heated cyclonic | ;
solvent re‘c’plta:: on Regulator, separator 1 |
esse Heating jacket with T indicator l [
N—co with T&P L
2 P = =8
Pump indicators CO 2
Particulate 4:'_ =
Filter -
| Recovered .
| Effluent
o, Chiller
Cylinder

Figure 2.1: (a) Schematic of Sci-med SAS apparatus with flow indications for CO; (green),
coolant (blue), prepared solution (grey) and ventilation (orange). Cross sectional
illustration of co-axial nozzle (b) is included with interactions between the antisolvent

(green) and prepared solution (grey).

The resulting precipitate was collected on a stainless-steel frit (pore diameter of 7 um). A
particulate filter (pore diameter of 0.5 um) located downstream to the precipitation vessel
was used to collect any material with dimensions less than 7 um in diameter. The CO;-
solvent mixture passed down stream through a BPR and cyclonic separator which rapidly
cooled, condensed and separated the two components recovered as an effluent. Following
precipitation, sequential 30 min purges of the system with the CO;-solvent mixture and
CO; were carried out under the reaction conditions. The system was then de-pressurized
down to atmospheric pressure and the precipitate recovered and calcined in flowing air at

600 °C (1 °C mintramp rate) for 6 h.

2.3.2 Sol-gel aluminosilicate preparation
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Sol-gel is an established technique utilised widely used for the preparation of ASAs due to
its ability to control homogeneity and final product microstructure from cheap starting
reagents as described in Figure 2. 2. The synthesis of systematically varied ASAs was
conducted based on the procedure from Agluillin and co-workers.? In a typical synthesis,
tetraethylorthosilicate (14 g), and an appropriate amount of aluminium nitrate were added
to a solution of deionised water (12 ml) and ethanol (28 ml) at 60 °C. The solution was
maintained at 60 °C for 20—-30 h, with vigorous stirring until the gel point was reached.
Following this, agueous ammonia solution (6.3 g) was added to the gel with vigorous
stirring. The resultant gel was maintained at 25 °C for 24 h. Then, all prepared gels were
subjected to stepwise thermal treatment at various temperatures and isothermal periods:
50°C (12 h), 150 °C (24 h) and 650 °C (4 h), in a static air atmosphere with a heating rate of

5°C minl.

2.3.3 Flame Spray Pyrolysis aluminosilicate preparation

As previously described in Chapter 1.6.1.3 the FSP technique is the current state-of-the-art
ASA preparation strategy. This strategy offers the production of novel, thermally stable,
scalable amorphous phases in a single step without the need for various post-treatment
filtration, washing, drying and calcination processes. Due to the short residence and
experimental time this methodology has the capacity for scale up due to its energetically
sustainable conditions. Systematically varied FSP ASA materials, with varying Si/Al (Si/Al =
1, 4 and 10), were obtained from Department of Chemistry, Universita degli Studi di
Milano. Through this collaboration we were able to use the strategy previously reported in
literature by the Baiker et al.? In this strategy, a solution containing appropriate amounts
of methanol, acetic acid, tetraethylorthosilicate and aluminium acetylacetonate were
introduced through a nozzle and nebulized by O,. The resulting spray was ignited by a

methane/oxygen flame and the resulting material was recovered.

2.3.4 Zeolite Activation
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Zeolite ZSM-5 with acidity (SiO2/Al,03 = 22), included in the materials list, was used as a
support. Commercial zeolites were purchased from Zeolyst International. Prior to
exchange, ammonium (NH*") was transformed to the acidic (H*) form by calcination for 5 h

at 550 °C (10 °C/min) in flowing air.

2.4 Supported metal catalyst preparation

2.4.1 Incipient wetness impregnation (IWI)

A series of monometallic Pt-based catalysts with 1 wt. % Pt were prepared by IWI. Prior to
impregnation, the pore volume of the support was determined by adding the solvent
dropwise until no loose material was observed. The desired mass of Pt(NH3)4(NOs3)2(0.1241
g) was dissolved in an amount of deionized H,O corresponding to the support’s pore
volume. To ensure homogeneous impregnation, the Pt precursor solution was added
dropwise to the support maintaining mixing, with a glass rod, until a paste was formed. The
exchange procedure was followed by a drying step at 110 °C for 16 hours and calcination

for 3 hours at 550 °C (10 °C/min) in static air.

2.4.2 Chemical vapour impregnation (CVI)

1 wt. % Pt monometallic catalysts were prepared by CVI. Prior to exchange, a known mass
of the ASA (typically 1 g) was heat treated at 150 °C for 30 min under continuous vacuum.
Subsequently, the dried support ( 1 g) was added to the desired mass (0.0203 g) of
Pt(acac),. Following physical mixing of the metal precursor and support, the dry mixture
was transferred to a Schlenk flask and heated to sublimation- deposition temperature (150
°C) under continuous vacuum (ca. 10-5 mbar) for 2 hours. The sample was then allowed to

cool to ambient temperature.

2.4.3 Sol-immobilization

Desired quantities of H,PtCle.6H,0 (0.0184 mol) were added to deionised water (800 mL

g~! of catalyst prepared) and stirred. To this solution, polyvinyl alcohol (metal/ PVA = 0.65
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weight ratio, weight average molecular weight Mw = 900010 000 g mol~2, 80% hydrolysed)
was added. Subsequently, NaBH4 (NaBHas/metal (mol/mol) = 5) was then introduced. After
30 minutes of sol generation, the colloid was immobilised by adding the support (0.99 g)
and the solution was acidified to pH 2 (0.1 M, H,S04) under vigorous stirring. After 1 hour,
the slurry was filtered, and the catalyst was washed thoroughly with distilled water and

dried at 110 °C for 16 h.

2.4.4 Charge enhanced dry impregnation (CEDI)

The CEDI approach is a method used to synthesize supported metal nanoparticles which
combines the simplicity of incipient wetness impregnation with the small particle size
obtained from electrostatic adsorption of metal precursors onto an oxide support. With
considerations into the surface chemistry of the support the charge-enhanced dry
impregnation method (CEDI), first introduced by Cao et al. and Zhu et al., has undergone
significant development leading to high dispersion and surface loading.3* For context,
incipient wetness impregnation or pore filling, often suffers from sub-optimum metal
precursor-support interaction during metal deposition, which usually leads to extensive
sintering and poor distribution of the metal phase after pre-treatment. To utilise the CEDI
strategy, the support’s point zero charge (PZC), which is easily found with pH shift
measurements, the BET surface area, and the water-accessible pore volume are required.
The latter two properties determine the surface loading at dry impregnation, where the
surface loading is defined as follows:

BET surface area (m? g—1)

SL (m? 1) = (1)

Pore volume (L1 g—1)
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Table 2.2: Textural properties of the series of SAS-, FSP-, SG-synthesized ASAs and

commercial ZSM5

Support Surface Pore volume normalised per Surface loading
area gram (ml g?) (x10® m2LY)
SAS-1 90 4.0 22.5
SAS-4 44 4.0 11.0
SAS-10 58 3.5 16.6
FSP-1 167 6.0 27.8
FSP-4 267 6.5 41.1
FSP-10 231 6.5 35.5
SG-1 395 2.0 197.5
SG-4 402 2.0 201.0
SG-10 411 25 164.4
H-ZSM5 323 1.5 215.3

2.4.4.1 Point of Zero Charge (PZC) calculations:

The point of zero charge for a given particle surface is the pH at which that surface has a
net neutral charge. This is important in the context of amorphous aluminosilicate materials
where varying degrees of homogeneity in Si-Al mixing can result in silica and alumina
domains. In addition, acid sites are generated at the interface between silica and alumina
whereby the density of the hydroxyl groups provide surface for electrostatic adsorption.
However, due to the differing nature of the individual oxides, the level of atomic (Si and Al)
dispersion, and composition (Si/Al) the surface charge varies. Therefore, a range of pH
values where metal precursor ions with certain charge types would preferentially adsorb
onto one oxide relative to the other exist. On the oxide surface the surface hydroxyl groups
protonate or deprotonate as a function of the solution pH. At low pH, the surface is
positively charged; on the other hand, at high pH, the surface is negatively charged. Using
a pH shift model, (Fig 2.2), the difference in the nature and selectivity of metal adsorption

with respect to the pH and type of precursor ions can be deduced.
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K

pH>PZC O =28 [(NH;),Pt]*

(pH shift)

pH=PZC OH [H]*

K .
pH<PZC OH,* =22 [ptCl ]

Figure 2.2: Components of surface charging, metal adsorption, proton transfer and the

electrostatic adsorption mechanism.

At higher pH, away from their respective PZCs, negative surface potentials over silica and

alumina enable them to adsorb cationic [Pt(NH3)4]?".

In order to determine the PZC for a given ASA, the following procedure was followed: A
series of 10 ml solutions with different initial (pre-adsorption) pH values, pH 1 - 14, were
prepared from serial dilutions of 0.1M NaOH or HCl stock solutions, as required. A standard
pH electrode (Orion 3-star benchtop) was used with three-point calibration (pH 4, 7, and
10) through appropriate buffer solutions, to record the pH of the solution. The support (0.1
g) was then added in powder form to each solution, and the resulting slurry was thoroughly
mixed for 15 min in a glass vial equipped with a magnetic stirrer. After 15 min, the final pH
(adsorption pH) was recorded. This was followed by filtration and drying the of the

resultant slurry in a vacuum oven at room temperature, for 16 h.

78



Chapter 2

x grams of 1 wt.% Pt loading
support (ASA) (theoretical)
x mL acidified
H,;=13.0) PTA-OH fon.
(PH; ) - Vacuum dry @ RT Reduction: 10 %

added sequemiallvl

Figure 2.3: Schematic of the charge enhanced dry impregnation procedure for catalyst
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synthesis.

For CEDI method, an impregnating solution containing metal precursor complex with the
desired concentration that would yield the desired, 1 wt.%, metal loading was prepared. In
each case freshly prepared solutions of tetraammineplatinum(ll) hydroxide hydrate, (0.84
umol m?) were used. Based on PZC studies, the pH of this impregnating solution was
adjusted to target the pH of maximum adsorption. All pH adjustments were done using
either dilute HCI or NaOH solutions. Following pH adjustment, the impregnating solution
was added dropwise to support placed in a 10 ml vial. After adding each drop of
impregnating solution, the vial was vigorously mixed with a glass rod for homogeneous
distribution and pH equilibration. Once the impregnating solution was completely added
the resulting sample was dried for 16h at 30 °C in a vacuum oven. Prior to use the catalyst

was reduced in situ at 350 °C for 1 h with 10 vol.% H,/Ar (total flow rate = 50 ml min‘t).

2.5 Characterisation Techniques

2.5.1 Brunner Emmett Teller (BET) isotherm

BET theory uses the adsorption of non-reactive gases to probe the surface area and pore
volume of a solid sample. Several inert adsorbate gases such as N2, Ar and He are used to
determine surface area using BET methods depending on the solid sample. Typically, a
known mass of solid sample is outgassed, exposed to a quantity of probe gas at 77K (in the
case of Ar and N;) leading to adsorption onto the solid surface forming an equilibrium
between surface bound and free probe gas. The correlation between the gaseous pressure
and the quantity of gas adsorbed by the solid sample is termed an adsorption isotherm.

The BET isotherm method can be used to determine the surface area of a sample by
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determining the amount of adsorbate gas corresponding to a monolayer coverage at the
surface. This is achieved using a modification to the Langmuir adsorption model, detailed
in equation 2:

_ 1 _t Ve p (2)

Where:

p = Equilibrium pressure

po = Saturation pressure

v = Adsorbed gas volume

vm = Monolayer adsorbed gas volume

¢ = the BET constant, otherwise defined as

c=ex () 3)

Where:

E; = Heat of adsorption for one monolayer

E; = The heat of liquification

T =Temperature

R = Gas constant

An adsorption/desorption isotherm, yielded from plotting v vs p/po, conveys the change in
volume expressed as a change in pressure. The BET approximation is a linear expression of
the form y = mx + ¢, thus it is only applicable for surface area determination in the linear

range measured in from adsorption isotherm as the p/po = 0.05 — 0.35 range.

The classification of adsorption isotherms, as proposed by the IUPAC, categorises the six
types of adsorption isotherms as illustrated in Fig 2.3. Type | isotherms are obtained for
microporous adsorbents with a high proportion of exposed surface present within the
micropores and a significantly smaller fraction of external surfaces for additional
adsorption. Non-porous adsorbents with strong fluid wall attractive forces have
characteristic Type Il isotherms whereby the low p/po region indicates monolayer coverage.
Subsequent increase of the pressure denotes multilayer adsorption. Type Il isotherms are
associated with weak substrates where the heats of adsorption are lower than the

adsorption heat of liquefaction. Type IV isotherms display similarities with Type Il
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isotherms, but the monolayer-multilayer adsorption isotherms in this case are represent
mesoporous adsorbents and similarly the low p/po region indicates complete coverage of
the first monolayer. Additional pressure increases result in filling of the pores through a
capillary (pore) condensation process (at p/po>ca. 0.2). Type V isotherms signify weak
adsorbate-adsorbent interactions observed with specific porous adsorbents, similar to
Type Il isotherms, with a hysteresis loop similar to Type IV isotherms. Non-porous materials

characterised by stepwise multilayer adsorption are represented by Type VI isotherms.
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Figure 2.4: IUPAC classification of adsorption isotherms.>

The aforementioned capillary condensation is usually accompanied by adsorption-
desorption hysteresis which occur when there is a difference between adsorption and
desorption curves of the isotherms. This allows for additional analysis of pore size and
structure. Based on IUPAC classification four types of adsorption desorption hysteresis

loops exist and are denoted as H1, H2, H3, H4 and H5 (Fig 2.4). Porous materials possessing
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cylindrical pores open at both ends are characterized by a type H1 hysteresis loop.
Materials with complex pore structures consisting of pores with ill-defined shape and broad
pore size distribution are characterized by a type H2 hysteresis loop. The type H3 hysteresis
loop is observed for aggregates of plate-like particles which give rise to slit-shaped pores.
Complex bimodal structures, consisting of both micropores (<2 nm) and mesopores (2-50
nm) often associated with narrow slit-like pores, are defined by a type H4 hysteresis loop.
H4 loops have more pronounced uptake at low p/powhich is usually often associated with
the filling of micropores. The type H5 hysteresis loop’s distinctive form is associated with

materials with pore structures characterized by both open and partially blocked pores.
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Figure 2.5: IUPAC classification of hysteresis loops.®

In the context of this work, in order to model materials that contain a combination of micro
and mesopores, it is necessary to maximize v values in this p/po range. Information on the

physical properties is possible through examining pore volume and pore size distribution.
BET analysis was performed on a Micromeritics 3Flex surface characterization analyser

using a multipoint Ar adsorption method. Prior to use, the solid samples were degassed

(200 °C, 6 h) under vacuum. Adsorption isotherms were obtained at 77 K and analysed using
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BET methods. Additional analysis of the adsorption isotherms by the DFT method allowed

the pore sizes and volumes of various aluminosilicates to be measured.

2.5.2 Powder X-Ray Diffraction (XRD)

X-ray diffraction is a bulk analysis technique based on the elastic scattering of X-ray photons
by atoms in crystalline, ordered structures. For a powdered sample, the XRD pattern is
acquired using stationary X-ray source and a moveable detector, which records the
intensity of the diffracted X-rays as a function of the angle, 26 between the incident and
diffracted X-rays. The interaction between the incident monochromatic X-rays, a Cu Ka
source, with the crystal lattice leads to the production of X-ray diffraction patterns as the
X-rays are scattered by neighbouring atoms which results in either constructive or
destructive interference. The scattered, in-phase, monochromatic X-rays give rise to
constructive interference and satisfy the Bragg relation (Fig 2.5 and Equation 4).

nA = 2d sin(©) (4)
Whereby:
n = Order of reflection (an integer)
A = Wavelength of incident X-ray radiation
d = the distance between two lattice planes

© = Angle of diffraction between incident and scattered radiation
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Figure 2.6: Reflection of X-rays in a crystalline material as defined by Bragg’s Law.

The ability to record a diffraction pattern of a powder relies the condition that at any given
time a number of individual crystallites will be orientated at the correct angle to allow
constructive interference to occur, and thus produce a diffraction pattern. Rotation of the
sample during analysis can be used to enhance the number of particles that contribute to
the diffraction pattern. The random orientation of the crystallites in a powdered sample
results in a diffraction cone otherwise referred to as the Debye-Scherrer diffraction ring.
Consequently, the crystallite size of a particular phase can be calculated using the Debye-
Scherrer equation (equation 5).

Bk=K\/(dnkicosB) (5)
Where:
dnii = Crystallite size
Bk = Peak width
K = Shape factor
A = Wavelength of radiation used

© = Peak position

Though XRD analysis is a powerful tool for crystallite size and phase analysis it encounters

limitations when there is a lack of sufficient long-range order rendering it unsuitable for
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the detailed study of amorphous materials. Moreover, sufficiently small particles (>5 nm)
are problematic as they fall below the XRD detection limit. In such cases, measured peaks

become ill-defined resulting in broad peaks that merge into the background signal.

XRD Analysis was performed on a (6-8) PANalytical X’pert Pro powder diffractometer
equipped with a Ni filtered CuKq radiation source operating with an applied accelerator
voltage of 40 keV and a current of 40 mA. Patterns were recorded over the range 10-80 °
20 using a step size of 0.016 °. Analysis was performed using a back filled sample holder or
with the sample dispersed on a silicon wafer when limited sample was available. The
produced patterns were compared against reference patterns from the international

centre for diffraction data (ICDD).

2.5.3 X-ray Photoelectron Spectroscopy

XPS is a surface-specific technique based on the photoelectric effect which provides
information on the elemental composition and oxidation states of atoms present in a given
material. The photoionization of the sample occurs as the constituent atoms absorb
photons with sufficient energy and wavelength, hv, where h is Planck’s constant, from a
monochromatic X-ray source. This is followed by the displacement of a core or valence
electrons with a specific binding energy (Es) from the atom characterized by a specific
kinetic energy (Ex).
Ex = hv-(Es-¢) (6)

The work function (¢) is an important consideration given that for the process to take place
the ionisation energy must be greater than or equal to the work function. The binding
energy characteristic to the specific emitted element can be determined by measuring the
kinetic energy of an emitted photoelectron. The intensity of each peak recorded is
proportional to the amount of emitted electrons while the binding energy of each peak
relies on the oxidation state and local environment of the sample. An XPS spectrum is
therefore a plot of the intensity of emitted photoelectrons as a function of their binding

energy. This allows for the determination of the elemental composition of a given sample.
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X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo
Scientific K-o* spectrometer. The samples were analysed using a monochromatic Al X-ray
source operating at 72 W (6 mA at 12 kV), with the signal averaged over an oval-shaped
area of approximately 600x400 um in dimension. Data were recorded at pass energies of
150 eV for survey scans and 40 eV for high resolution scans with a 1.0 eV and 0.1 eV step
size, respectively. Charge neutralisation of the sample was achieved using a combination
of both low energy electrons and argon ions (less than 1 eV energy) which gave a Cls
binding energy of 284.8 eV. All data were analysed using CasaXPS (v2.3.20) using Scofield

sensitivity factors and an energy exponent of -0.6.

2.5.4 Thermogravimetric Analysis (TGA)

TGA is an analytical technique which measures changes in mass as a function of
temperature or time under a variable gas atmosphere (i.e. Air, N2). The technique can be
combined with Differential scanning calorimetry (DSC) with the obtained TGA profile
revealing the nature of the decomposition and phase changes with either absorption
(endothermic) or evolution (exothermic) of heat measured. The TGA profile provides
valuable qualitative and quantitative information as volatile products result in mass loss
while oxidation or adsorption results in mass gain. When compared to reference materials,
deduced observed mass changes at precise temperatures are associated with characteristic
mass changes for specific adsorbents and known phases. This leads to the identification
and quantification of adsorbents or species existent in a given sample. Therefore, the TGA
profile provides information on decomposition, transformations and other reactions that

occur as the temperature ramp is applied.

TGA analysis was carried out to study the material’s thermal stability and the fraction of
volatile components which decompose upon thermal treatment by monitoring the weight
change that occur due to heating at a constant rate. In the context of the amorphous silica-
alumina and their precursors, this information aided the determination of the temperature

required for calcination of the precursor to the final mixed metal oxide material.
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TGA was performed using a Labsys TG-DTA/DSC analyser. 10-60 mg of the sample was
loaded into alumina crucibles, heated from ambient temperature to 700 °C (at 10 °C min™t)
in a flow of synthetic air or N2 (50 ml mint) and held for 10 min before cooling. For each
specified run, a blank run was first carried out and the results were subtracted from the
relevant data to remove buoyancy effects. Mass losses were recorded as a percentage of

the total mass of the sample.

2.5.5 Ammonia Temperature Programmed Desorption (NHs-TPD)

TPD determines the amount and strength of adsorbed species on a given solid sample
based on its desorption temperature and is an extremely powerful tool for screening total
acid site strength, concentration, and density in solid acid catalysts. In a TPD experiment,
residual moisture is removed from solid samples through a purge at an elevated
temperature then adsorbate gas is adsorbed on the solid sample at low temperature and
flushed with an inert gas to remove excess adsorbate gas. The thermal pre-treatment
ensures the removal of any residual water or solvent. Following adsorption only the
adsorbed species remain on the solid sample and throughout this thesis, 10 % NHs/He
adsorbate gas was used. Then the sample is sequentially heated firstly at constant
temperature to remove physisorbed adsorbate species, and secondly linearly in an inert
gas flow to remove chemisorbed adsorbate species. The outlet gas is monitored on-line
with a thermoconductivity detector (TCD). Finally, TPD profiles are obtained by plotting the
signals from the TCD as a function of temperature whereby the intensity of the TPD peak is
dependent on the number of adsorbed adsorbates on the material surface. The total

number of acid sites were calculated according to equation 7:

( Integrated area )
NH3 Response Factor

Acidity (NH; pmol g71) = (7)

Ydcatalyst

Ammonia temperature programmed desorption (NH3-TPD) was carried out on a ChemBET
TPD Quantachrome equipped with a TCD. Each sample (50 mg) was place in a quartz U-
tube and underwent a pre-treatment under He flow (50 ml min) for 1 h, at 400 °C with a
heating ramp of 10°C min. After cooling, to 30 °C, the sample was saturated with 10%

NHz/He (50 ml min) for 15 min. After purging with He for 1 h at 100 °C the sample was
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cooled to 30 °C, the temperature was ramped from 30-900 °C, with a heating ramp of 10°C
min, under a He atmosphere (50 ml min'). The TCD signal of the desorbed ammonia was

used to evaluate the ammonia uptake.

2.5.6 Scanning Electron Microscopy (SEM)

SEM is a powerful analytical technique which allows for the observation of elemental
compositions, structure and morphology of materials. The improved resolution is due to a
short wavelength, highly focussed beam of accelerated electrons which scans the surface
of the sample generating 2D images of small areas. In SEM, when the electron beam is
focussed on an area of a sample known as the interaction volume and the interaction
produces a ‘teardrop’-shaped interaction volume. A number of interactions occur between

the incident electrons and the material surface.

Backscattered electrons (BSEs), produced from the elastic scattering of electrons from the
surface of the sample, are high energy electrons whose intensity are dependent on the
atomic number and the electron beam acceleration voltage. The inelastic scattering of
electrons causes the emission of low energy, secondary electrons (SEs) from the sample
surface which are characterized by low depth penetration. The SEs detected in a serial
manner to provide topological and morphological imaging information meanwhile BSEs

provide compositional contrast between elements.

2.5.6.1 Energy Dispersive X-Ray Spectroscopy (EDX)

EDX is an analytical technique used to identify the elemental compositional of materials
and catalysts from spatially resolved x-rays emitted from the interaction of the primary
electron beam with the sample. The scattering of electrons results in the formation of
electron holes and the concurrent emission of X-rays as the electron holes are filled. The
formed x-rays’ energies correspond to the energy difference between the two shells and
the intensity and energy of the x-rays are compared to the emission spectra of known

elements.
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2.5.7 Transmission Electron Microscopy (TEM)

TEM uses electron accelerating voltage for the microstructural characterisation of
materials including and not limited to lattice spacings, crystallinity and morphologies. This
is made possible by several operating modes with brightfield and darkfield microscopy
being the most useful forms of diffraction contrast imaging. Similar to SEM, this type of
microscopic technique uses high energy, primary beam of electrons that pass through the

condenser to produce parallel rays that impinge on the sample.

A bright field image is generated based on diffraction contrast in brightfield imaging mode
which detects electrons not diffracted by the sample producing a two-dimensional
projection of the sample depending on differences in crystallinity. On the contrary, the dark
field imaging mode generates images obtained from the diffracted electron beam. Using
the De Broglie wavelength (equation 8) from the wavelike characteristic of the incident
filament and accelerated electrons, elucidates the comparability of the wavelength to

atomic dimensions:

A=h/p=h/(mv) (8)
Where:
A = de Broglie wavelength of an electron
p = momentum of an electron
h = Planck’s constant (6.6 x 1034 Kg m? s%)
m = the mass of an electron (9.1 x 103! Kg)

v = velocity of an electron (typically in the 1 x 106 m s range)

Intensifying the operating voltage increases the spatial resolution, with point-to-point
resolutions in the sub nanometre range achievable with voltages approaching 400 keV. The
intensity of diffracted electrons across a thin specimen, namely the diffraction contrast, is
measured and shown as a two-dimensional representation of the material’s
microstructure.

This method provides exceptionally high magnification and allows of both images and

diffraction patterns from individual samples by variations in the intermediate lens’
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excitation. This operation allows for the detector to view a selected area electron
diffraction (SAED) pattern which can be interpreted both qualitatively and quantitatively

to specific crystal phases and orientations.

2.5.8 Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) Spectroscopy:

MAS-NMR is a solid-state spectroscopic technique that provides information on the
chemical environment of atoms and allows for structural determination of a given material.
The technique can be applied to multiple atomic nuclei in heterogeneous materials,
provided the nuclei possess an uneven number of protons and/or neutrons. The atomic
nuclei spin about an axis resulting in an induced magnetic moment. Nuclear spin is
guantized by the quantum number |, with characteristic integer or half-integer values
dependent on the number of unpaired protons and neutrons in the nuclei of interest. In
the absence of an applied external magnetic field the nuclei are oriented randomly in equal
population in two possible degenerate spin states referred to as a and B spin states (ms =
+1/,, ms=-1/,). There are 2| + 1 levels associated with the nuclear spin and when placed in
an external magnetic field of strength Ho, the nuclei adopt one of two orientations either
aligning with (lower energy, a spin state) or aligning against (higher energy, B spin state)
with the external magnetic field. These different energy states afford the necessary
conditions for spectroscopy as irradiation of solid samples with a radiofrequency pulse
excites a lower energy state nucleus to the higher energy state. The magnetic field is held
constant, and a radiofrequency (RF) pulse of short duration excites all nuclei
simultaneously. This pulse covers a range of frequencies, and each individual nucleus
absorbs the required frequency to spin flip such that a nuclei spin flip to the B spin state in
resonance with the applied radiation, hence the terminology nuclear magnetic resonance.
The relaxation phenomenon transpires whereby the nuclei return to their original lower
energy state and a pulse of radiofrequency electromagnetic radiation is emitted from the
sample and measured. As the nuclei relax, they produce a complex Free Induction Delay
(FID) signal. This signal is mathematically processed by a Fourier Transformation operation
decomposing the time-domain signal (intensity-vs-time) into its constituent frequencies

(intensity-vs-frequency).
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In heterogeneous solid samples, the electronic distribution is different around each
nucleus, depending on the presence of electron-donating or electron-withdrawing groups
around it, polarity of bonds or hybridization of attached atoms. Therefore, each nucleus
experiences a slightly different magnetic field according to its chemical environment which
results in a small variation in the resonant frequency of each nucleus. This explains the
presence of multiple peaks for each type of nucleus, through which unique electronic
environments give each nucleus a characteristic resonance frequency. In particular, by
focusing on a small frequency window specific to individual nuclei provides structural
information on the chemical surroundings of a nucleus. In doing so, identification of the
local environment and dynamics (coordination number and geometry) is possible as each
type has a characteristic chemical shift. However, in solid samples line broadening effects
influence the NMR spectra and are eliminated by rapid spinning (10 kHz) about the magic
spinning angle (6 = 54.7). This action mimics the rapid molecular motions in liquid samples

permitting higher resolution spectra to be obtained.

Conventional 1D spectra are plots of intensity vs frequency however for certain nuclei, such
as 2’Al, 1D spectra are too difficult to analyse because of signal overlap. Two dimensional
(2D) homonuclear correlation spectroscopy identifies correlations between nuclei of the
same type. Homonuclear 2D NMR experiments are de facto better resolved. In 2D NMR,
intensity is plotted as a function of two frequency coordinates F1 (x-axis) and F2 (y-axis).
This allows additional resolution of the spectrum in the second dimension. Moreover,
peaks are displayed as contour plots in which the intensity is represented by contour plots,
each of which are correlation signals representing coupling interactions between two

different nuclei.
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Figure 2.7: Schematic of the NMR instrument used for multinuclear MAS NMR experiments.

One dimensional (1D) ?’Al and 2°Si MAS-NMR measurements were performed during this
study to assess the local structure of a number of amorphous silica-alumina materials with
structure-performance relationships relating to the non-oxidative dehydrogenation of
propane in mind. Samples were run on a Bruker Avance lll NMR spectrometer (9T)
operating at frequencies of 400 MHz controlled by the Bruker Topspin™ software.
Tetramethylsilane (TMS) was used as an external Si reference and an aqueous solution of

0.5 M aluminium nitrate [AI(NOs)s3] as an external Al standard reference.

Additional analysis of the connectivity within the solid samples through tracing of the J-
coupling between various aluminium environments was investigated further with two-
dimensional multi-quantum MAS NMR (2D MQMAS NMR). 2’Al 2D MQMAS NMR spectra
of the samples were measured with a Bruker Avance Ill NMR spectrometer (9T) operating
at frequencies of 400 MHz with an Yttrium aluminium oxide (YAG) external standard
reference. Experiments were conducted under MAS conditions, using a Bruker 7-mm H-X
double-resonance probe head and zirconia rotors with Kel-F® caps spun in air at 10 kHz at
298 K, using a previous method.® NMR line shape analyses were conducted using the Bruker

Topspin™ software.

2.5.9 Fourier Transform Infrared (FTIR) spectroscopy
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2.5.9.1 Pyridine adsorption based Diffuse Reflectance Infrared Fourier-Transform

Spectroscopy (Pyridine-DRIFTS)

Diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) is a surface localised
spectroscopic method capable of providing chemical and structural information for
numerous materials. When incident radiation interacts with the molecules in a given
sample, they selectively absorb radiation of specific wavelengths causing a change of dipole
moment. This results in the transfer of the vibrational energy levels of the molecules from
the ground state to the excited state, a transition which has a characteristic vibrational
energy and thus frequency. The number and intensity of the resultant absorption peaks are
related to the number of vibrational freedoms and change of dipole moments, respectively.
The incident radiation can be absorbed, penetrate the sample or is reflected in which case
the random orientation of crystallites and particles within a powdered solid sample
generates diffuse reflectance causing reflection in all directions. The reflected infrared
radiation is measured and transition energies corresponding to changes in vibrational
energy states for many functional groups located in the mid-IR range (4000-40 cm) allow
for identification of specific functional groups based on absorption bands in this region. In
the context of this project, employing this technique serves as a viable route to
distinguishing between Lewis and Brgnsted acidities using suitable probe molecules.
Pyridine, a basic probe molecule, is commonly used for qualitative and quantitative
assessment of the strength, nature and concentration of surface acidity. Electron donation
capabilities on the nitrogen atom give rise to a number of electron pair acceptor sites due
to the dual Lewis and Brgnsted base character of pyridine, Fig 2.7. Table 2.2 summarizes
the IR characteristics namely the range of vibrational modes, vsa, vsb, Vigs, Viop, and
positions associated with the interaction of adsorbed pyridine on different adsorption sites
on acidic materials. The qualitative assessment of the nature and strength of acid sites is
evaluated by inspection of the frequency of the ring vibrations which increase with respect

to strengthening of the bonds as well as the temperature(s) pyridine desorption occurs.
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Figure 2.8: Configuration of pyridine adsorbed species on metal oxide surfaces.

In a Pyridine-DRIFTS experiment powdered solid samples are initially activated, under
vacuum and elevated temperature, to dehydrate the surface of the material. This is
particularly important considering the hygroscopic nature of aluminosilicates at
atmospheric conditions. The solid sample is then cooled, a background spectrum is taken
before exposing the solid sample to pyridine vapour until saturation, monitored in situ by
a mercury cadmium telluride (MCT) detector on the DRIFT spectrometer. Preceding
recording the IR spectra, the solid sample is outgassed at the same temperature in order
to eliminate physisorbed pyridine molecules. This avoids undesirable spectral contributions
on the vCCN frequency region of interest for acid site identification and distinguishment,
1400-1700 cm, of chemisorbed species. Indications of available Brgnsted acid sites,
typically surface-OH groups as well as coordinated H,O molecules, are the result of the
protonation of pyridine molecules into pyridinium ions (BPy). Lewis acid sites, surface
exposed coordinatively unsaturated metal sites, are formed through coordination of
pyridine molecules to the surface (LPy). Hydrogen-bonded pyridine molecules (HPy) are
formed through coordination with available surface O-H groups which are H-bond donor
sites. The acid strength distribution can be determined through monitoring the desorption
of pyridine as a function of temperature. Spectral interpretation assigns the vibrational
frequencies of the infrared (v8a, v8b and v19a, v19b absorptions for the Bpy, LPy and HPy

species, Table 2.2.
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Table 2. 3: Assignment of infrared modes of pyridine as determined from model metal

oxide systems.’

Wavenumber (cm™)
Protonated Py | Coordinated Hydrogen
Mode Symmetry
(BPy) Lewis Adduct Py | bonded Py
(LPy) (HPy)
Vga Ay 1640 1633-1600 1600-1590
Vsb B2 1620 1580 1590-1580
V19a Az 1500-1485 1503-14388 1490-1485
V1igb B> 1540 1460-1447 1447-1440

DRIFTS measurements were recorded from 4000-1000 cm™ at a spectral resolution of 4
cm™(64 scans) on a Bruker Tensor 27 spectrometer fitted with a mercury cadmium telluride
(MCT) detector cooled by liquid N,. A sample was loaded into the Praying Mantis high-
temperature (HVC-DRP-4) in situ cell before exposure prior to evacuation under vacuum
(pressure lower than 10™® mbar) at 400 °C for 1 h. A background spectrum was recorded at
150 °C under Nz flow (30 mL mint). The sample was then exposed to pyridine (8 mL) by the
isothermal saturator (14.0 .°C) under Nz flow (30 mL min) at 150 °C for 30 min. Excess

adsorbate was removed by outgassing at 150 °C for 1 h prior to recording spectra.

2.5.9.2 Attenuated Total Reflectance (ATR)

The ATR technique is highly surface sensitive and is based on internal reflection where the
infrared beam is totally reflected inside an ATR crystal which is well suited for evaluating
strongly absorbing samples. At each point of reflection in the ATR crystal, an evanescent
wave is created perpendicular to the surface of the ATR crystal. In order to achieve total

reflection, the angle of incidence must be greater than the critical angle (equation 9):

Ocritical = sin™? (Z_j) (9)

Where:

6 = Critical angle
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ni = ATR crystal refractive index

ny = Sample refractive index

An additional requirement for total reflection is that the ATR crystal must have a higher
refractive index than the solid sample. Under these conditions, the infrared beam
undergoes total internal reflection at the interface between the optically dense ATR crystal
and optically rare solid sample. At the ATR crystal-solid sample interface, the evanescent
field decays with distance from the crystal surface and has components in all spatial
directions. The evanescent field is present at each interaction of the infrared beam with
the interface and the solid material is sampled at each reflection. The intensity of the
reflection is attenuated in any case where an infrared absorbing medium is in contact with
the ATR crystal. According to equation 10 the amplitude of the evanescent wave’s electric

field declines exponentially with distance from the surface of the ATR crystal:
E = Ee /% (10)

Where:

E = Electric field after exponential decline

Eo= Electric field prior to exponential decline

z = Distance from ATR crystal surface

dp = Penetration depth

Distance from element surface, z
'y

_Evanescent wave

Solid sample

ATR crystal — ‘

Figure 2. 9: Schematic of the ATR technique.
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The penetration depth is indicative of the reach of the electric field from the surface of the
ATR crystal and is typically in the micrometre to nanometre range which is ideal for surface

analysis. It is approximated according to equation 12:

~ 4 (12)

P " 2m(sin2 6—n2,)05

Where:
A, = Wavelength of the infrared radiation inside the ATR crystal
6 = Angle of incidence

nz: = Ratio of the refractive indices

2.5.10 Microwave Plasma Atomic Emission Spectroscopy (MP-AES)

MP-AES is an atomic emission technique widely used to quantitatively determine the
elemental composition of liquid samples. The technique currently offers simultaneous
multi-analyte determination of elements, with detection limits at the ppm (parts per
million) level. Typically, a sample is irradiated by an excitation source and the valence
electrons of the constituent elements in the sample are excited to higher energy levels. As
the valence electrons return to their ground states, they emit light in a characteristic
pattern of wavelengths — an emission spectrum, which are directed into a scanning
monochromator and recorded by a charge coupled device (CCD) detector. Microwave
plasma (MP) is a high temperature source for atomic emission generated from nitrogen
extracted from compressed air by a nitrogen generator through the microwave energy
from an industrial magnetron. Plasmas composed of diatomic molecules have lower
electron densities, which results in a greater interaction between the plasma and the

sample aerosol.

In a MP-AES experiment, the nitrogen-based plasma is formed through a nitrogen-
containing water trap and gas filter to the torch. An axial magnetic field and radial electric
field focus at the torch and the result is a plasma which is able to reach temperature nearing
ca. 5000 °C. Under these conditions, the liquid sample is injected with a high degree of
control and accuracy via a peristaltic pump, nebulized to an aerosol in the spray chamber

before being transported to the plasma where it dries, decomposes and is subsequently
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atomised. In a standard procedure, commercially available calibration standards (typically

1000 ppm), are diluted to the required concentration and the response recorded.

In the context of this project MP-AES is an important tool for the determination of
elemental composition, elemental ratios, leaching, and metal loadings in numerous
heterogeneous catalysts and their constituents. Microwave Plasma Atomic Emission
Spectroscopy (MP-AES) was used to determine the metal loading of the as-prepared
catalysts and to evaluate metal concentration in solution in effluents recovered from mixed

metal oxide synthesis.

Analysis was performed on an Agilent 4100 MP-AES equipped with a standard glass
concentric nebulizer and cyclonic spay chamber. Elemental analysis was conducted by
digesting the material (100 mg) in aqua regia (1 ml) to ensure total metal dissolution
followed by dilution with distilled water (9 ml) prior to analysis. Depending on the analysis
the signal response was recorded at two characteristic emission wavelengths for Si (251.6
nm, 288.2 nm) and Al (394.4 nm, 396.2 nm) and the resultant concentrations averaged. For
the prepared catalysts, Pt weight loadings were measured by digesting the catalyst (100
mg) in aqua regia (1 mL) for 24 h to ensure total metal dissolution followed by dilution with
distilled water (9 mL) prior to analysis. The signal response was recorded at two
characteristic emission wavelengths for Pt (265.9 nm, 306.5 nm) and the resultant
concentrations averaged. The concentration response of Si, Al and Pt were calibrated using

commercially obtained stock reference standards, in all cases r? > 0.999.

2.6 Catalyst Testing
2.6.1 Propane Dehydrogenation

The gas phase non-oxidative dehydrogenation of propane was carried out fixed-bed flow
quartz reactor. Propane, nitrogen, hydrogen and argon were connected to the reactor and
controlled by individual mass flow controllers (MFC) (MKS). The reactor was loaded with
100 mg of catalyst (sieve fraction 212-300 um), firmly packed between two plugs of quartz

wool. Prior to the experiments the catalysts were reduced in-situ at 350 °C for 1 h in flow
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of 10% H>/Ar (50 ml mint). Then, Hywas replaced by the PDH reaction mixture of CsHg: Na:
Ar, with a volumetric ratio of 5:5:90 at a total flow of 50 ml mint. The weight hourly space
velocity (WHSV) was calculated as 12 h’. The product gases were analysed by an on-line
GC (Agilent) equipped with a thermal conductivity (TCD) and flame ionization (FID)
detectors, and HayesepQ column (2.44 m length and 2 mm internal diameter, allowing the
separation of hydrocarbons up to Cs). Propane conversion (X) and product selectivity (S)

were calculated according to Egs. (1) and (2), respectively.

in __t

Xeang (%) = [%] x 100% (13)
348

04) = Bi ”f 0

5i(%) = |5 —|x — [ x 100% (14)

in
C3Hg Nc3Hg ™M C3Hg

Where:

n is the molar flow of gas phase components initially (mol min)

ntis the molar flow of gas phase components at specific sampling times (mol min?)

8 is the number of carbon atoms in product molecules (i.e. 1 for C; products, 2 for C,
products, 3 for C3 products). The coke selectivity was calculated, as the unaccounted

carbon, after the sum of all the observed products was considered.

2.6.2 Methanol-to-DME

Catalytic performance tests for the methanol-to-DME reaction were carried out in a fixed-
bed flow quartz microreactor system under atmospheric pressure and under isothermal
conditions of 275 °C. For each test 100 mg of catalyst (sieve fraction 200 um), was
outgassed in a flow of pure nitrogen at 200 °C for 1 h. Methanol was introduced into the
reactor via a N2 bubbler placed in an isothermal saturator (11 °C), maintaining an total
vapour pressure of 58.6 mmHg. The total flow rate was varied in efforts to obtain
isoconversion of ca. 20 %. All inlet and outlet lines to the reactor (after the saturator) were
heated at 150 °C, to prevent condensation in the lines. The reaction products were
analysed using a gas chromatograph (Agilent) equipped with a methanizer and FID

detector. The activity was calculated according to the following equation:

MeOH molesinitiqi—MeOH molesfinqi

MeOH Conversion = [ ] x100% (15)

MeOH moleSinitial
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The DME selectivity was calculated as a ratio (expressed in mole %) between the content
of carbon in the product, DME, and the sum of carbon content corresponding to all

observed organic products in the reaction:

2DME moles
(nCO, moles+nCO moles+FA moles+2DME moles)

DME Selectivity = | | x 100% (16)
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3 Understanding the synthesis of amorphous silica-alumina (ASA)
via supercritical anti-solvent precipitation (SAS)

3.1 Introduction
The objective of this investigation was to develop and optimize a method for the
preparation of homogeneous amorphous silica-alumina (ASA) materials, at low Si/Al ratios,
via tailored supercritical anti-solvent (SAS) precipitation using supercritical CO,.
Amorphous silica-alumina (ASA) are heterogeneous compounds that contain a silica-
alumina mixed phase as well as aluminium clusters and pure silica zones. They exhibit
interesting surface chemistry which makes them of particular interest in heterogeneous
catalysis.™® Amorphous materials are disordered and cover a continuous range of
compositions, as they are not constrained by a crystalline structure. This makes it possible
to selectively tune their macroscopic properties.* In order to achieve this, a strategy to
control nucleation and precipitation, which is affected by numerous parameters and
conditions, had to be established. During this process the following experimental
parameters were evaluated:

e Solvent composition

e Process temperature

e Process pressure

e Post-synthesis thermal treatment conditions

e Silicon and aluminium metal precursors
These parameters are known to have an effect on the precipitation process and resultant
material properties.”™” In view of the application of these materials as components in
bifunctional catalysts for the direct dehydrogenation of propane, a number of
systematically different materials were prepared. As solid acid catalysts, their catalytic
behaviour is wusually attributed to their acid properties which arise from the
functionalisation of silica by alumina resulting in aluminium atoms which are tetra- (Al"Y),

penta- (AlY) or hexacoordinated (AIV').810

It is commonly understood that ASAs are characterized by Brgnsted acid sites of a lower

density and strength in comparison to their crystalline counterparts.**™* This is accounted
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for by differences in the silanol O to Al bond distance, which is much shorter (1.8-2.0 A) in
the case of zeolites compared to ASAs (2.94-4.43 A).2® The bulk and surface heterogeneity
depend on the synthesis method and the Si/Al ratio. Variations in the synthesis method
and other experimental conditions can influence the mixing between components of the

amorphous silica alumina (ASA).

To achieve materials with different structural properties the elemental distribution, the
Si/Al was altered and the following structural descriptors were identified using advanced
characterisation techniques:

e Homogeneity: Homogeneous dispersion of silicon and aluminium

e Surface acidity: Type, strength, concentration, and density

e Atomic scale structure: Aluminium and silicon coordination environments

e Textural and morphological properties: BET surface area, porosity, crystallinity

The aim was to gain a fundamental understanding of the synthesized materials with the
intention of contextualizing the influence of different structural descriptors on the
observed catalytic performance. Different synthetic approaches yield ASA with systematic
differences in porosity, morphology, composition, Al speciation and elemental distribution
which directly influences acidity.'® Thus, other analogous materials were synthesized as
benchmarks to the SAS methodology, including traditional wet-chemistry (sol-gel) and
state-of-the-art (FSP) methodologies, previously discussed in Chapter 1.3. In particular,
overcoming the limitations of the sol-gel technique and potential synergies with the FSP
technique were targeted throughout the optimization studies. To achieve this, a
methodical experimental design was applied to determine the optimum synthesis
conditions. The choice of the aforementioned experimental parameters was based upon
information available in literature, and the experience acquired within the research group

on mixed metal-oxide synthesis, detailed in Chapter 1.5.
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3.2 Solution Precursor Selection: Effect of (Silicon and Aluminium) Metal Precursors
Supercritical Antisolvent Precipitation (SAS) process continues to show strong potential for
forming nanoparticles with the current challenge of enhancing homogeneity and
controlling crystallinity. These are considered important metrics in bypassing limitations
observed with sol-gel processing allowing for improved surface acidity and density of
defect sites. In this process, the simultaneous mass transfer between supercritical CO; and
the organic solvent supersaturates the solutes resulting in precipitation out of solution. In
view of mixed metal oxide synthesis, the solution containing the constituent metal
precursors dissolved in an organic solvent requires homogenization and stabilization prior
to injection into the supercritical fluid. Consequently, different chemical compounds were
considered as metal precursors including silicon and aluminium alkoxides, acetylacetonates

and acetates.

Visual indications of gel formation in the solution containing both Al-(acac)s, and TEOS were
seen. Solution stability, indicated by gel or precipitate formation upon aging, was much
improved with the combination of aluminium acetylacetonate, Al-(acac)s, and silicon
tetraacetate. This was evident in complete dissolution of both metal precursors in solution.
It is well understood that both silicon metal precursors are reported as equally utilisable
precursors which react in ethanol in the absence of water to form silica gel and ethyl

acetate.l’~20

Metal alkoxides, the building blocks for materials obtained by sol-gel processing, are
understood to have issues relating to chemical reactivity of the molecular precursors.?!
Additionally, the choice of molecular precursors influences the final microstructure of the
resultant material. As such, the order of addition of the metal precursors was important.
With this knowledge, the solubility tests revealed considerably better solution stability
when the aluminium precursor was added to the solvent system, containing 5 vol%

H20/C2HsOH, followed by the silicon precursor.

Initially, the SAS process follows a similar approach to the sol-gel method approach due to

the requirement for complete dissolution of appropriate Si and Al metal precursors in an
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appropriate mixed aqueous-organic solvent. To examine the Al and Si metal content lost
during SAS precipitation, the SAS effluents from the metal solutions, with 1:1 atomic ratios
of Si and Al (nominal Si/Al = 1), were recovered and analysed for Al and Si ppm levels using
MP-AES analysis (Table 3.1). This is a useful metric indicative of metal precursor miscibility
in scCO;z under supercritical conditions. Of these, effluents collected and analysed from
solutions containing the combination of aluminium acetylacetonate, Al-(acac)s, and silicon

tetraacetate were the most promising.

The MP-AES analysis shows a noticeable decrease in metal present in the recovered
effluent when Al-(acac)s, and silicon tetraacetate were used. The entrainer effect and lower
reactivity towards hydrolysis are characteristic of multidentate ligands which are
hydrolytically more stable than alkoxo ligands.?> Analysis of the effluent after the
precipitation of Al-(acac)s, and TEOS precursors results in the presence of 50% of the Si
content. This is attributed to alkoxide instability in their corresponding alcoholic derivatives
which is known to lead to a high tendency of oligomerization of metal alkoxides in their
solutions prior to the hydrolysis step. The result being complex oligomeric and polymeric
structures of metal alkoxides-hydrolysis products, applicable under supercritical

conditions.?3

Experimentally, the addition of water in the solvent system was paramount as no
precipitate was produced in the pure organic solvent. Since the two combinations of metal
precursors yield different findings, it demonstrates that the choice of metal precursors
drastically influences the precipitation dynamics. After careful consideration of the
solubility and resultant yield (Table 3.1) all future experimental studies were based on

solutions containing Al-(acac)s, and silicon tetraacetate.

Table 3.1: MP-AES analysis of SAS effluents obtained from using various combinations of

aluminium and silicon metal precursors to determine yields.
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Solvent Metal in
Metal Solubility
Iteration Composition effluent (%)
Precursors Limit (ppm)®
(x vol%)A
Aluminium
416 8.3
acetylacetonate
1 5
Silicon
433 10.6
Tetraacetate
Aluminium
416 8.3
Acetylacetonate
2 5
Tetraethyl
2022 49.6
Orthosilicate

A: x vol.% H,0/C,HsOH solvent composition

B: Based on solubility tests conducted in 500 ml total solution volume, representing the

concentration of Si and Al in the recovered effluent

C: Calculated from the comparison of metal concentration in initial solution relative to

metal concentration present in the recovered effluent

The SAS precipitate was investigated further with thermogravimetric (TGA/DTA) analyses

to probe the influence of temperature on thermal evolution in the precipitate. The results

are presented in, Fig 3.1.

100

95 4

90 4

85

Mass (%)

80

754

0.8

Heat Flow (pV)

064 4
0.4
02

0.04

70

T T T T
300 400 500 600 700

Temperature (°C)

T T T T T
300 400 500 600 700 0 200

Temperature (°C)

T T
0 100 200

Figure 3.1: (a) TGA and (b) DTA profiles of as-precipitated SAS prepared ASA precursor (---

) and resultant ASA (---).
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Thermal profiles recorded from the precipitate show a three-stage decomposition pattern.
The first stage is characterized with a 14.8 % mass loss, occurring up to 154 °C, which
corresponds with the desorption of physisorbed water and ethanol accounting for the
greatest rate of mass loss. The corresponding DTA profile displays an endothermic peak at
96 °C. The second stage, occurring up to 361 °C, is associated with the removal of volatile
organics and chemisorbed water with an associated mass loss of 7.0 %. The DTA curve
corroborates this process with a broad exothermic peak centred at 414 °C. The final stage,
levelling out at 631 °C, is assigned to dehydroxylation reactions which corresponds with a
3.4 % mass loss and a corresponding endothermic peak in the DTA profile at 688 °C. It is
expected that the formation of heterometallic (M-O-M’) complexes occurs and central
metal atoms are coordinated by hydroxo-, oxo-, and aqua-groups. Subsequent thermal
treatment causes the dehydration of such metal oxide precursors leading to irregular

amorphous oxide structures.

Following calcination, the resultant ASA’s thermal profile exhibits a continuous
decomposition with the total mass loss amounting to 7%. The DTA profile displays a broad
endothermic peak centred at 85 °C attributed to the desorption of physisorbed water. The
weight loss above ca. 200 °Cis ascribed to dehydration and dehydroxylation reactions. This

is supported by the exothermic peak centred at 322 °C.

A comparison of the TGA/DTA profile and total mass loss of the SAS precipitate with
commercially obtained aluminium silicate hydroxide, aluminium hydroxide hydrate
showed no similarities in the thermal profiles, Fig 3.2. Given the associated mass loss (ca.
25%) this can be assumed to be the direct result of the elimination of water molecules thus
rendering hydroxyaluminosilicate as a viable precursor to the final mixed metal oxide.
Therefore, using the TGA/DTA analysis, 600 °C was chosen as an appropriate calcination

temperature.
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Figure 3.2: TGA profiles of (a) aluminium hydroxide hydrate, (b) SAS prepared ASA

precursor and (c) aluminium silicate hydroxide.

The amorphous nature of the ASAs was confirmed by XRD patterns, Fig 3.3. The broad XRD
peak detected at 26 = 20-30° indicates amorphous silica. Absence of peaks corresponding
to crystalline polymorphs of SiO, and Al,Os further indicates that aluminium species are
well dispersed in the amorphous silicon oxide network. This is an indication of effective

thermal decomposition processes required for mixed metal oxide synthesis.
To induce crystallinity and probe thermal stability in the materials further, the calcination

temperature was increased to 900 °C. The two calcined samples were labelled ‘SAS-a’, with

a representing the respective calcination temperatures.
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Figure 3.3: X-ray diffraction patterns of (a) ASA-PC; (b) SAS-600; (c) SAS-900

The higher calcination temperature had no effect on the resultant XRD profiles. XRD
analyses performed on the untreated precipitate and on the calcined SAS particles revealed
both were amorphous. This indicates that the material did not crystallize irrespective of
post thermal treatment, Fig 3. This is significant in the context of industrial applications as
high thermal stability is a prerequisite for catalyst components for the non-oxidative
propane dehydrogenation reaction. Therefore, it is concluded that silica-alumina materials
prepared using the SAS methodology are amorphous in nature, constituted by a random

array of coordinated silica and alumina structures.

Surface areas of the precursor and calcined material were measured using BET analysis to
analyse the effect of thermal treatment (Table 3.2). For the SAS-600 precursor, a BET
surface area of 134 m? g! was observed. Comparison of the BET surface areas after

calcination showed that the ASA resulted in a lower surface area (26 m? g!). The SAS
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material has a lower BET surface area after calcination, which is consistent with the

assumption that complete decomposition of the precursor to the metal oxide occurs.

Table 3.2: BET surface area of SAS-600 before and after calcination treatment. BET
constant, C, values are calculated from the intercept and gradient values and indicate the

strength of adsorbate-adsorbent interactions.

Precursor surface area Calcined surface area
m2g? Cvalue m2g? Cvalue
134 35 26 17

In order to elucidate structural information, FTIR spectroscopy was used. The FTIR/ATR
spectra of the samples calcined at 600 °C and 900 °C are presented in Fig 3.4. The 400-1200
cm region, which contains all the important va.o and vsi.o related absorptions due to
surficial groups, is presented. Both SAS-600 and SAS-900 display a sharp absorption peak
centred at 1058 cm'?, corresponds to the asymmetric stretching of Si-O-Si or Si-O which is
typical for four coordinate silica (SiO4).2* The absorption peak at 430 cm™ is known to be
the consequence of the deformation mode of Si-O-Si, usually ascribed to the formation of
amorphous silica. Meanwhile, the red-shifted shoulder appearing at the higher
wavenumber of this absorption indicates the presence of AI-O-Si through cross

condensation of Al and Si moieties.?®

The stretching and bending modes of AlOs and AlO4 moieties are expected in the 500-750
cm and 750-850 cm? regions, respectively. Therefore, for both materials calcined at 600
°C and 900 °C, the absorption peaks centred at 678 cm™ and 806 cm™ are attributed to vai
o of AlOs and va.o of AlO4, respectively. The shoulder at 865 cm™, from the bending
vibration of Si-OH groups, indicates the presence of Si-OH groups in both materials.?® The
presence of von of Si-OH at 3375 cm™ in the spectra also confirms this argument. The
aforementioned peaks corresponding to AlOg and AlO4 sites are broad indicating general
structural disorder.?” This is in agreement with XRD analysis, and further suggests the

disordered distribution of both AlOg and AlQ4 sites.
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FTIR/ATR analysis of the ASA precursor reveals a few clear differences. Firstly, a number of
surface hydroxyls were observed. The presence of the more prominent vou, broad
adsorption centred at 3300 cm™ and shoulder peak observed at 890 cm™ confirm this
proposition. Moreover, the bands observed in the 1590-1290 cm™ spectral region, ascribed
to a mixture of vcc, ve-o, Vc-o and vee vibrations become less pronounced with thermal
treatment. The nature of this decreased intensity in the above-mentioned bands upon
calcination further supports the formation of the mixed oxide as suggested by TGA/DTA
and BET analysis. Additionally, the absorption at 1630 cm-! represents the scissoring mode

of physisorbed water and decreases in intensity following calcination.
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Figure 3. 4: FTIR spectrum of the as prepared (a) ASA precursor, (b) 600 °C and (c) 900 °C

calcination treatment.

The SAS methodology produces precursors to ASA oxides through careful selection of Si

and Al molecular precursors. It was concluded that to maximise material yield, the reactant
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stoichiometries had to be carefully considered. Other considerations included the order of
addition of the molecular precursors in a solvent system consisting of ethanol and water at
5:95 by volume, respectively, based on the lack of stability in pure organic solvents.
Obtained precursor solutions were subject to careful control in the order of addition,
drawing similar principles to those applied in sol-gel processing. The precipitate, consisting
of a hydroxy-aluminosilicate precursor, were converted to thermally stable, amorphous
mixed metal oxide upon post-thermal treatment, irrespective of temperature. Thus, the
SAS method is highly advantageous and offers success in forming homogeneous

amorphous aluminosilicates, at the micro and atomic scale.

The disordered, highly defective nature of the mixed metal oxide is confirmed by combined
XRD and FTIR/ATR analysis. Additionally, the material prepared with a nominal Si/Al of 1
display structural disorder which is reflected in a number of pseudo-bridging Si-OH groups,
present in FSP synthesized ASAs and high proportion of AlOs not present in crystalline
counterparts.?®2?° This has implications on the surface acidity, which will be discussed in
detail in proceeding sections an important characteristic for possible applications to acid-

catalysed reactions.

3.3 Therole of supercritical experimental parameters
To investigate the influence of different experimental parameters on the solvating power
of the antisolvent and the precipitation mechanism, different experimental parameters

were investigated.

3.3.1 Effect of process pressure

The process pressure of the solvent-CO, system determines the efficiency of the
precipitation process due to its potential impact on the solvating properties of scCO,. The
chosen process pressures, 100-140 bar, ensured CO; was supercritical, which is required
for faster mass transfer and droplet supersaturation in the presence of the antisolvent.
With the absence of sufficient information relating to the mixture critical point (MCP) it
was assumed this pressure range would sufficiently accelerate several associative

processes resulting in faster Al and Si precipitation with more uniform dispersion. The
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unusual physical properties and tuneability of scCO2 while in the supercritical state, at
constant temperature, is such that the solvating power of the fluid increases with

increasing pressure.

In order to investigate the effect of the process pressure on the morphological,
compositional and crystallinity characteristics of the ASA material a study was carried out
with solutions precipitated at several pressures. The exact process pressures with the
results of the specific surface area, total pore volume and Si/Al of the synthesized and

calcined materials are presented in Table 3.3.

Table 3.3: Physical properties of the different samples with the variation of process

pressure.
Experimental Factor Material Property
P/bar T/°C Solvent Composition | Calcination T/ °C | Calcination BET Pore Si/Al
/xvol% H,0 ramp rate/ surface volume
°C min! area /cm3g?
/mZ g-l
SAS-
100 40 5 600 5 28 0.09 1.0
P100
SAS-
120 40 5 600 5 26 0.09 1.0
P120
SAS-
140 40 5 600 5 19 0.07 1.1
P140

Inspection of the specific surface area revealed a general trend in that the surface area
decreased with increasing process pressure. The same trend was evident for the porosity,
as anticipated. Interestingly, the EDX analysis (Table 3.3) also revealed a slight decrease in
the Si/Al ratio with an increase in process pressure indicating negligible preferential
precipitation of Si at 140 bar. This phenomenon can likely be related to the previously
mentioned pressure induced supersaturation, mass transfer effect. It is possible that non-
ideal mixing under supercritical conditions, suggested by Werling and Debenedetti, may be

occurring.3® The sensitivity of the antisolvent-solvent (scCO2-5 vol.% H,0/C,HsOH) as the
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MCP is approached, from either the subcritical or the supercritical regime, is one of many
determining factors contributing to differences in mass transfer. Additionally, Reverchon
and co-workers reported the need for higher pressures as additional solute is introduced

into the SAS system since the MCP shifts to higher pressures.3!

Previous experimental studies showed the disappearance of the liquid surface tension of
fluid jets injected in high pressure carbon dioxide concluding that at completely miscible
conditions, where the solution and CO, mixture are above the MCP, the surface tension
vanishes resulting in a “gas like” jet.3133 As a result, at pressures slightly above the MCP
one phase mixing is favoured. Additionally, product morphologies and their relation to the
phase behaviour of the system, especially the high pressure vapour liquid equilibrium (VLE)
have been studied concluding that at completely developed supercritical conditions, much

higher than the MCP, nanoparticles are methodically produced.3:33:35

In this work, the MCP was not explored but knowledge obtained from literature suggests
that the choice of solvent and process pressure is also key due to its effect on the MCP.
Finally, the mass transfer effects between the solute, solvent and antisolvent at
supercritical conditions govern the precipitation mechanism with a: (i) diffusion-limited
regime that produces a precipitation front and; (ii) nucleation-limited regime inside a whole

homogenously-mixed droplet.30:36

No apparent morphological differences were observed with SEM analysis, Fig 3.5. This
suggests control of both morphology and composition at the micrometre and sub-
micrometre scale irrespective of process pressure. At 100-140 bar, the maximum droplet
size is fairly consistent under isothermal supercritical conditions and is less sensitive to
temperature. The solvent-antisolvent mixture is supercritical for all the pressure conditions
studied. Therefore, the extent of swelling, and thus particle diameter is limited due to the

small difference in density between scCO; and the cosolvent-solute solution.

The FTIR/ATR findings (Fig 3.6) confirmed the presence of SiO4, AlO4 and AlOg species

evident in the va.oand vsi.o absorptions centred at 1040-1060 cm™, 790-810 cm™ and 660-
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680 cm™ spectral regions, respectively. The presence of Si-O-Al through cross-condensation
is confirmed by the shoulder 1060 cm™ to the peak appearing at higher wavenumber. In
the mixed metal oxide precursors of both SAS-P100 and SAS-P120 materials, surface
hydroxyls are observed. Broad adsorption centred in the 3500-3300 cm™ region and
shoulder peak observed at 890 cm™ attributed to vou of Si-OH absorptions confirmed the

presence of surface hydroxyls.

Figure 3.5: SEM images of a) SAS-P100; b) SAS-P120 and c) SAS-P140 materials after
calcination revealing similarities in aggregated spherical morphology irrespective of

process pressure.

In the IR spectrum, the bands observed at frequencies of 1589 cm™ and at frequencies of
1500-1290 cm™ are assigned vc.c coupled with a mixture of vc-o, vc.o and vec vibrations,
respectively. Thermal treatment also induces the release of volatile organics which is
manifested in the decreased intensity of the associated bands in the FTIR spectra of ASA-
100 and ASA-120. These peaks become less prominent upon calcination which suggests
that the mixed oxide precursors of ASA-100 and ASAS-120 when heated to 600 °C undergo

a greater degree of dehydroxylation.

It is widely understood that the absorption at 1630 cm represents the scissoring mode of
physisorbed water and decreases in intensity following calcination. However, for the SAS-
140 ASA and its precursor there are no drastic peak shifts, appearances, or disappearances
observed in the “material fingerprint” region (400-1500 cm-Y). It is unclear whether this is
an indication of no thermally induced structural changes. The thermal treatment does
result in a shift and greater intensity of the 660-680 cm™ band, which is due to AlOs

polyhedra, to a higher wavenumber. Interestingly, no absorption peak attributed to AlO4
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polyhedra is present in the SAS-140 ASA. This implies thermal treatment initiates

crosslinking of SiO4 and AlOs species.
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Figure 3.6: FTIR spectrum of the ASA precursors (---) and corresponding calcined ASAs (---)

prepared at a) 100 bar; b) 120 bar and; c) 140 bar antisolvent process pressure.

3.3.2 Effect of Operating Temperatures

The solvation properties of scCO; are affected by temperature. In the antisolvent method,
the formation of a single supercritical phase is the key step for the successful production
of nanoparticles. Previous studies have shown the influence of several process parameters
on particle diameter and particle size distribution.3”-38 Early work on the development of
this process for the production metal oxide nanoparticles by Reverchon, Caputo and De

Marco using a yttrium acetate and dimethyl sulfoxide model system reported sub-micron

115



Chapter 3

yttrium acetate with mean diameters of 0.28 to 50 um.?° Variations in the operating
pressure and temperature altered the MCP. Therefore, much like process pressure, the
temperature is a key determinant required to vary dimensions and morphologies in the

final product.

In this section, the effect of varying the process temperature was presented in order to
evaluate the optimum temperature required to further enhance the solvating power of the
antisolvent as well as any further insights relevant to material design. The results of the
specific surface area, total pore volume and Si/Al of the calcined materials are presented
in Table 3.4. The specific surface area and corresponding total pore volume data revealed
variations otherwise not seen to the same degree with systematic variations in the process
pressure. Under constant pressure, increasing the temperature decreases the density of
the antisolvent. The results presented here also suggest the importance of the MCP for SAS
operation. In particular, the possible connection between solvent—antisolvent phase
behaviour and resultant particle characteristics. This is due to the surface area trend which

is as follows: SAS-T35>SAS-T50>SAS-T40 (Table 3.4).

Due to the complexity of the trend, this experimental relationship and dependence is
difficult to rationalise. Previous studies have ascribed faster mass transfer and a higher
degree of droplet supersaturation as causations for higher nucleation rates and smaller
particles.332 The observed surface area and total pore volume’s dependence on process
temperature somewhat explains the experimental trend. However, the solvent-antisolvent
mass transfer alone does not determine textural and morphological properties of the final

product.

The results of the EDX analysis, presented in Table 3.4, show an inverse relationship
between the process temperature and the Si/Al. Consequently, it was assumed that in
order to achieve the theoretical composition, nominal Si/Al of 1, an appropriate process
temperature of 40 °C was required. This is based on experimental data which suggests that
the lower process temperature, 35 °C, results in slight Si enrichment in the final material.

On the contrary, the higher process temperature, 50 °C, results in a measured Si/Al value
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than is 25% below the nominal Si/Al. The temperature dependent inhomogeneity in the

metal distribution the solvating power of the antisolvent, causing preferential precipitation

of Si at higher temperature.

Table 3.4: Effect of process temperature on resultant material properties.

Experimental Factor Material Property
BET
Sample Solvent Calcination Calcination Pore
Pressure Temperature Injection surface
Composition Temperature | Ramp rate volume Si/Al
(bar) (°C) Velocity area
(vol%) (°C) (°C min) (cm3g?)
(m?g7)
SAS-T35 | 120 35 5 6.5 600 > 67 0.04 1.1
SAS-T40 | 120 40 5 6.5 600 > 26 0.09 1.0
SAS-T50 | 120 50 5 6.5 600 > 35 0.02 0.7

SEM analysis portrays the dense networks of submicron diameter spherical aggregates and
ruptured spheres present for SAS-T35 and SAS-T40 (Fig 3.7a-b). It is fair to assume that the
differences in the particle diameters and the presence of ruptured spheres, inherent to the
SAS methodology, are possible causes of the observed low specific surface areas.
Noticeable differences in bulk morphology are observed when the process temperature is
increased to 50 °C, in Fig 3.7-c. Therefore, the resultant materials’ morphology display
sensitivity to the process temperature. This is a consequence of changes in the
precipitation mechanism whereby droplets near the MCP are more sensitive to operating

conditions than systems at temperatures, and pressures, far from criticality.
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Figure 3.7: SEM micrographs of ASA materials produced at (a) 35 °C; b) 40 °C and (c) 50 °C
process temperatures after calcination revealing similarities in aggregated spherical
morphology irrespective of process temperature in the 35-40 °C region and mix of

morphology when process temperature is varied to 50 °C.

FTIR/ATR analysis was carried out on the SAS prepared materials to prior to and after
calcination to evaluate the structural changes. All materials were calcined using the
standard set of conditions: 600 °C using a ramp rate of 5 °C min™ and held for 6 h in a
synthetic flowing air environment. For the precursors, the findings confirmed the presence
of organic content, most likely originating from the residual acetate and acetylacetonate
ligands, in the 1590-1290 cm* spectral region. These bands are assigned to vc.c coupled
with a mixture of vc-o0, vco and ve.c vibrations, respectively. The presence of the vou of Si-
OH absorptions characterized by the broad adsorption centred at 3300 cm~tand shoulder
peak observed at 890 cm™ suggested the existence of several hydroxyl groups. Upon
calcination, spectra of the SAS-T35, SAS-T40 and SAS-T50 ASAs were moderately different
particularly in terms of the relative intensities of the aforementioned bands. This indicates

thermally induced dehydroxylation as well as combustion of residual organic compounds.

Moreover, whilst FTIR/ATR analysis of the calcined materials shows the presence SiO4, AlO4
and AlQg species evident in the associated va.o and vsi.p absorptions, the relative proportion
of these absorptions differed (Fig 3.8). The relative intensity of the AlO¢ and AlO4 bands
expected in the 500-750 cm™ and 750-850 cm™ regions, respectively, is greater and is
shifted to higher wavenumber by ca. 80 cm™ in the case of SAS-T50. This is possibly a result

of the higher Al content which in turn would result in stronger Si-Al-O linkages, evident in
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the 1160 cm™ shoulder peak. This structural change is a possible rationale for the observed

variations in the SEM and EDX analysis.
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Figure 3.8: FTIR spectrum of the ASA precursors, denoted PC, (---) and corresponding
calcined (---) ASAs prepared at a) 35 °C; b) 40 °C and; c) 50 °C antisolvent process pressure.
Moreover, MP-AES analysis was conducted in order to verify the conclusions drawn from
the EDX and FTIR/ATR findings. Similar to the process pressure studies, the effluents
generated from the synthesis procedure were collected and analysed for Si and Al

concentrations, Table 6.
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Table 3.5: MP-AES analysis of SAS effluents obtained from using various process

temperatures to determine yields.

Metal in solution
Material (ppm)A Yield (mol %)®
Al Si
SAS-T35 3.0 7.4 91.1
SAS-T40 1.2 3.0 91.0
SAS-T50 1.3 3.2 95.3

A: Effluent collected and diluted in distilled water, based on a 1:10 (Effluent:H.0) ratio
prior to MP-AES analysis, after a supercritical antisolvent precipitation experiment with
experimental parameters of; Pressure: 100-140 bar, Temperature: 40 °C, Solution
Injection Velocity: 6.5 ml min-!

B: Yields were calculated on a molar basis and corrected for the observed Si and Al from

the recovered effluents.

For the SAS-T35, SAS-T40 and SAS-T50 materials, it is clear that a negligible amount of
silicon and aluminium metal present in the effluent confirms the near complete
precipitation of the metals. This result implies the increased preferential miscibility of the
silicon metal in the antisolvent with increasing temperature. It therefore suggests that in
order to achieve the required metal molar ratio, temperatures not exceeding 40 °C may be

required.

3.3.3 Impact of calcination conditions

Literature comparisons show that SAS prepared amorphous silica alumina materials are
characterized by lower surface areas in comparison to commercial counterparts and other
synthetic methods. Calcination results in a redistribution of the surface aluminium species,
an important process in determining the surface acidity. The diffusion of aluminium into
the silica network generates the necessary Si** - AI3* substitutions to induce Brgnsted

acidity.
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Thus far, changing the operating conditions has had a small effect on the morphology of
the calcined nanostructures such that their surface area and porosity are not yet
satisfactory. Both properties can be tuned via calcination. At the same time, calcination
process parameters such as temperature, ramp rate and atmospheric gas composition can
be modified in order to reduce the micro- and nanosphere growth rate as well. The
calcination temperature was varied and discussed with no change in the crystallinity

observed.

In evaluating methods to further optimise material properties the calcination conditions
were explored. An ideal candidate was the material synthesized using the following
conditions: 120 bar, 40 °C, Solution Injection Velocity: 6.5 ml minl. The calcination
conditions (600 °C held for 6 h in a synthetic flowing air environment) were maintained
changing only the ramp rate from 5 °C min* to 1 °C min™t. BET analysis revealed an increase
in the surface area from 26 to 90 m?g™!, Table 3.7. The modification in the calcination ramp
rate had a positive effect on the material’s porosity, evident in the increased total pore

volume of the resultant ASA.

Table 3.6: Physical properties of the different samples prepared via the variation of

calcination conditions and the effect on the resultant material properties.

Experimental Factor Material Property
BET
Sample Solvent Calcination Calcination Pore
Pressure Temperature Injection surface
Composition Temperature | Ramp rate volume Si/Al
(bar) (°C) Velocity area
(vol%) (°C) (°C min) (cm3g?)
(m?g™)
SAS-R-1 | 120 40 5 6.5 600 1 90 0.12 1.0
SAS-R-5 | 120 40 5 6.5 600 > 26 0.09 1.0

The materials calcined with the ramp rate of 5 °C min! presented the lowest surface area

most likely due to the unsuccessful removal of residual volatile organics. On the contrary,
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the material calcined with the modulate ramp rate, 1 °C min’, presented the higher surface
area due to complete removal of residual volatile organic compounds. SEM analysis, used
to further investigate morphological differences, reported similarities in the bulk

morphological features of the resultant ASAs, Fig 3.9.

Figure 3.9: SEM micrographs of ASA materials calcined with calcination ramp rates of (a-b)

5°Cmin?; and (c-d) 1 °C minat 600 °C.

The thermal treatment is suggested to enhance the isomorphous substitution of aluminium
and is a facile approach easily applicable in the preparation of the resultant ASAs.*° The
results indicate that the calcination process parameters, especially ramp rate, directly
affects the structure of the resultant material. Therefore, the calcination ramp rate is one
strategy in increasing the surface area which in the context of catalytic applications is a
desirable structural parameter in a support of a bifunctional catalyst. Particularly, when

functionalized, higher surface area supports are required to achieve high dispersion.
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3.3.4 Conclusions of material optimization studies

At this point it is important to appreciate the fundamental chemical processes occurring
under supercritical conditions in particular expanding on the previously discussed
precipitation mechanisms (Chapter 1.5.1). This in turn could contribute towards the
rational design of amorphous aluminosilicate preparation. Droplet behaviour under
supercritical conditions is sensitive to, variations in the pressure and temperature.
Therefore, the effect of temperature and pressure on mass transfer, and its importance in

SAS operation, is clearly seen.

Reverchon and De Marco ascribed liquid jet break-up and surface tension vanishing at
supercritical conditions as the processes in competition to produce spherical microparticles
or nanoparticles.*! Similarly, supersaturation is mainly consumed by nucleation and growth
of particles. These processes occur simultaneously. It is therefore important to discuss

these effects in context to the findings reported herein.

The observed morphological features, typically aggregated networks of sub-micron
diameter particles with non-uniform dimensions, are largely consistent irrespective of
experimental conditions. In order to produce sub-micron particles with narrow size
distribution it is paramount to create uniform spatial concentration distribution in solution
and a high degree of supersaturation. Thus, it is possible the observed non-uniformity in
particle dimensions in the resultant ASAs stems from possible negligible insolubility or
solute stability during the SAS preparation. Visual indications of the solute-solvent solution
have not alluded to this. However, in the case of high process temperatures, for instance
50 °C, observed morphological differences originate from droplet behaviour under
supercritical conditions. Droplets near the MCP are more sensitive to operating conditions
than systems at temperatures, and pressures, far from the MCP. Reverchon and co-workers
attributed morphological modifications to the superimposition of fast crystallization
kinetics that can produce rough surfaces, nanocrystalline surfaces and spherical geometry

collapse.®®
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Interestingly, as eluded by elemental analysis (see the Appendix), the resultant ASAs are
largely homogeneous achieving the nominal Si/Al in most cases, with the exception of high
process temperatures (50 °C). This suggests that the high super-saturation levels achieved
in the SAS preparation of ASAs enables access to more intimately mixed metal oxides.
Therefore, it is clear that preparation of ASA precursors by SAS precipitation is complex
particularly given the limited knowledge on the MCP. Overall, this work has paved the way

forward for further optimisation studies of the procedure.

3.4 Effect of water content

Hutchings and co-workers reported the addition of water co-solvent into the metal acetate
solution in the preparation of hopcalite catalyst precursors using the SAS process.*? The
authors discovered that water addition changed the precipitation mechanism resulting in
a change in particle morphology and the nature of the material produced. Similarly,
Kondrat et al. conducted a similar study for the synthesis of zincian georgeite.*® It emerged
that systematic variations in the volumetric ratio between water and ethanol in the mixed
(agueous-organic) solvent, a component of the precursor solution, had a significant effect.
The authors reported differences in the type and mixture of phases, crystallinity, chemical
composition as well other physical and structural properties. In both studies, the inclusion
of water in the precursor solution resulted in the formation of metal hydroxycarbonate
species with the absence of water producing metal hydroxy-acetates. In each case highly
disordered precipitates were produced following thermal treatment. These findings imply
that optimum precipitation and facilitation of atomically mixed metal precipitates can be

achieved in the presence of water in the SAS process.

Supersaturation is the driving force in precipitation in the SAS process. Thus far,
experimental studies have revealed the requirement of water in the precipitation
mechanism which may involve another process such as hydrolysis. Further studies within
the same group resulted in a proposed anionic ligand exchange reaction generating
carbonate anions which displace the acetate ligand, in the presence of water.** The authors

reported the formation of the thermodynamically favoured hydroxycarbonate. In view of
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further optimizing the synthesis strategy, and using the information gained on the synthesis

procedure to this point, it was important to optimize the water content in the co-solvent.

A series of SAS materials were prepared with different concentrations of water present in
the organic solvent. To elucidate the influence on water on subsequent precipitation the
water content (by volume) in the organic solvent were systematically varied to 1%, 5 %, 7.5
% and 10 %. For brevity, these materials are denoted ‘SAS-x%’. The corresponding surface
area, pore volume and The BET surface areas, pore volumes and Si/Al are presented in

Table 3.7

Table 3.7: Textural properties determined from Ar physisorption, Si/Al ratio determined
from EDX analysis and surface acidity for a series of SAS ASAs synthesized with varying

water concentration in the initial solvents.

Sample | Si/Al BET surface area/ Pore volume/ Acid site concentration/ Acid site density/
m2g? cm3g? x10* mmol g x10* mmol m
SAS-1% 1.0 11 0.09 3.3 0.3
SAS-5% 1.0 90 0.10 183 2.0
SAS-7.5% 1.0 98 0.12 600 6.1
SAS-10% 13 128 0.07 120 0.9
H-ZSM5 11.5 323 0.16 510 1.6

Incremental increases in the water content from 1 vol.% to 5 vol.% resulted in a near nine-
fold increase in specific surface area from 11 m?g! to 90 m?g?. A further 2.5 % increase in
water content, totalling 7.5 vol.%, marginally increased the specific surface area to 98 m?

gl with the largest surface area, 128 m2g!, observed with the addition of 10 vol.% of water.

SEM analysis conducted to investigate bulk morphologies of the SAS-x% materials revealed
a highly aggregated network of non-uniform spherical agglomerates. Interestingly, the
diameters of the spheres increased with water content. The SAS-1%, SAS-5% and SAS-7.5%

ASAs displayed sub-micron diameter spheres, Fig 3.10.
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Figure 3.10: SEM micrographs of ASA materials produced with (a) 1 vol%; (b) 5 vol% and;(c)
7.5 vol% in water content in the aqueous-organic solvent system revealing spherical

network of aggregates of varying diameter and ruptured microspheres.

However, the SAS-10% (Fig 3.11) ASA displayed a complex network of larger micrometre
diameter spheres populated with an aggregated network of non-uniform spherical
agglomerates. This phenomenon has been previously ascribed to differences in the mass
density between the solute-solvent and the antisolvent.*! Droplet behaviour has
implications on the particle size. Droplets swell when the solute-solvent’s mass density is
greater than that of the antisolvent. Based on the SEM analysis this is suggested in the case
of SAS-10%. On the contrary, sub-micron spheres are observed in materials with starting

solutions constituted by water contents in the solvent up to 7.5 vol.%.

Figure 3.11: SEM micrographs of ASA materials produced with 10 vol% water content in the
aqueous-organic solvent system revealing (a) microspheres of varying diameter with (b)

the presence of a number of nano-diameter spherical aggregates.
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Compositional analysis was conducted using EDX analysis. EDX analysis, reported
composition similarities between the SAS-1%, SAS-5% and SAS-7.5% ASAs. The nominal and
measured Si/Al in these ASAs were identical indicating bulk homogeneity on a micrometre
scale, Table 3.8. However, the Si/Al of SAS-10% ASA suggested compositional differences
to the above-mentioned materials displaying a Si/Al; indicative of a negligibly Si-enriched

material.

Due to the resolution limitations of SEM analysis, TEM analysis was conducted to further
investigate morphological properties of the resultant ASAs. Representative TEM
micrographs of SAS-5% are shown in Figure 3.12 a-b. A network of aggregated nanospheres

with non-uniform diameter as well as another “cloud” like, non-spherical morphology.

Figure 3.12: TEM micrographs of (a-b) SAS-5% displaying amorphous characteristics and (c)

a SAED pattern also suggesting an amorphous material due to its diffuse rings.

The two different morphologies point to differences in the precipitation mechanisms. The
morphological changes are attributed to supersaturation as well as the superimposition of
fast crystallization kinetics that can produce spherical geometry collapse. Moreover, SAED
analysis revealed that ASAs retained their amorphous character due to the absence of
lattice fringes, Figure 3.12-c. Additionally, no nanocrystallinity was evident. In summary,
the wholly amorphous and heterogeneity of the phase composition of ASA synthesis with
SAS precipitation was confirmed by TEM. The TEM results are in good agreement with the

observations of SEM and XRD results.

127



Chapter 3

Through extensive characterization and knowledge gained from the above investigations
the effect of these parameters on the resultant materials, the most impactful parameter,

water content in the solvent system, was chosen.

At the present stage of this work, the major challenges requiring attention concern the
enhancement of the low surface areas that characterize SAS materials. To date surface
areas typically in the range 11-128 m? g'1. The surface acidity is an important factor that
influences the materials’ catalytic applications. NH3-TPD and pyridine-DRIFTS are two key
characterisation methods that have been used to quantify the concentration and
distinguish the types of acid sites present. After observing and quantifying the physical
effects of changing a number of process parameters, the resulting surface acidity was

explored with basic probe molecules.

For a quantitative determination of the total acid site concentration (Brgnsted and Lewis
acidity), NHs-TPD has been used and the TPD curves are presented. The acid site strength
is based on the peak position, Fig 3.13. The overall acidity, based on the integrated area of
the desorption peak together with the total density of acid sites, normalised by the

respective surface areas, are reported in Table 8.
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Figure 3.13: NH3-TPD curves of SAS 1-10% materials and H-ZSM-5.

The TPD curves are asymmetric, it can be concluded that different solid-acid catalysts
exhibited three types of acid sites: weak acid sites (130-290 °C), acid sites with moderate

strength (290-540 °C) and strong acid sites (540-900 °C).

The weak acid sites are ascribed to weak Lewis acid sites, Al(OH),*, Al(OH)?*, weakly acidic
hydroxyls, terminal Si-OH and adsorbed ammonia on non-acidic sites.** The high
temperature peak is attributed to strong (Brgnsted and Lewis) acid sites. Brgnsted acid
sites in ASAs are hydroxyl groups coordinated with trigonal aluminium atoms and can be
converted to Lewis acid sites by dehydration at high temperatures. Due to the complex
surface structure and overlapping features in the TPD curves the moderate strength acid
sites are anticipated to have hybrid characteristics of both weak and strong sites. It is likely
that the acid sites formed are hydroxyl groups and Lewis acid sites of various structures
with numerous configurations. Perras et al., suggested that ASAs constitute predominantly
of a mixture of numerous pseudo-bridging silanols as well as a small fraction of bridging

silanols.%®
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The overall acidity varies for the SAS-x% materials and so too do the temperatures at which
NHs desorbs, evident in the different peak maxima. This implies varying distribution as well
as strength in the acid sites, a product of the heterogeneous nature of the surface. SAS-
7.5% displayed significantly greater acidity than the other SAS-x% materials. These findings
suggest that the physical properties of these ASAs, such as specific surface area, pore
volume as well as overall acidity, can be easily modified through systematic variation of
water content. In particular, the lack of NHs adsorption in the SAS-1% is due to its low
surface area and thus lower concentration of acid sites in comparison to the other SAS-x%
materials. This approach provides a highly flexible route to a range of novel catalytic

materials.

Pyridine-DRIFTS further probed the surface acidic properties of the SAS-x% materials by
evaluating the vcen frequency region, 1400-1700 cm, due to the range of vibrational
modes (Vsa, Vab, V19a, V19b, and positions associated with the interaction of adsorbed pyridine
on different adsorption sites on acidic materials. Characteristic bands in the resultant
Pyridine-DRIFTS spectra (Fig 3.14) feature bands at ca. 1450 and 1545 cm™* which indicate
pyridine coordinated to LASs and the chemisorption of pyridine on strong BASs,
respectively.*’ Meanwhile, the IR bands at around 1620 cm™ and 1640 cm™ are
characteristic of pyridine coordinated to LAS and BAS, respectively. It is generally accepted
that the bands at higher frequency represent LASs and BASs of a higher relative acid
strength.® Also, a band located around 1490 cm™ is common to both adsorbed species (LAS
and BAS) and an additional band centred around 1600 cm™ is generally assigned to

hydrogen-bonded pyridine.

Analysis of the 1650-1425 cm™ region allowed for the evaluation of the broad adsorption
bands at ca. 1545 cm™, and 1450 cm™ corresponding to BAS and LAS, respectively. Due to
the experimental setup, direct comparison of the species present was only possible on a
qualitative level. It is apparent that the SAS-1% material contains a lower distribution of
acid sites (Fig 3.14-a) in comparison to the other SAS-x% materials. As the water content is
increased an inverse relationship is observed between the concentration of Lewis and

Brgnsted acid sites.
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Figure 3.14: DRIFTS spectra of pyridine adsorption of (a) 1-10% H,0/C;HsOH SAS ASA
materials and; (b) (i) 5-10% H20/C2HsOH SAS ASA materials spanning 1650-1425 cm™ and

3800-3600 cm™ spectral regions.

Analysis of the OH stretching region of the SAS-x% materials are in close agreement with
previous literature reports, and show the expected major bands at 3690 cm™ and 3745
cm attributed to silanols, hydrogen bonded with other silanols (Si-OHyn) and isolated
hydroxyls, respectively.8°%° The latter is a key component of strong BAS sites. However,
the presence of a number of absorptions attributed to BAS and LASs with a number of
characteristic frequencies which directly correlate to varying acid site strengths. This
synergy is consistent between TPD and DRIFTS analysis. This is in agreement with literature
reports which state the heterogeneous nature of the surface acid sites of ASAs.%>! The
authors report a large concentration of Brgnsted acid sites, a small fraction of which were

of zeolitic strength, and Lewis acid sites of varying acidity.

Likewise other studies report synergy between the Brgnsted and Lewis acidic sites not
observed in crystalline zeolites, known as a pseudo-bridging silanols (PBS).>? In fact, two
pseudo-bridging silanol groups exist (PBS-Al and PBS-Si).>® Thus, the BAS strength in ASAs
does not compare to that of crystalline zeolites which makes them particularly useful in
selective hydrocracking reactions.>*>> These properties of SAS synthesized ASAs make

them potentially ideal supports for acid-catalysed reactions.
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3.4.1 MAS NMR assisted structural studies

Multinuclear MAS NMR studies were conducted to further investigate the local
coordination environments present in the SAS ASAs. The motivation was to investigate the
homogeneity with insights targeted towards gaining a further understanding of the atomic

scale coordination environment and synergies with the surface acidity.

One-Dimensional 2°Si Magic Angle Spinning Nuclear Magnetic Resonance (*°Si 1D MAS
NMR) spectra of several SAS prepared silica-aluminas, varying only in the water
concentration in the solvent system are presented in Fig 3.15. The assighments of the 2°Si
NMR spectra are listed in Table 3.8. The 2°Si 1D MAS NMR spectra’s line width and isotropic
chemical shift (diso) features have been used to identify the local silicon coordination
environment present. A large degree of heterogeneity has been found in both cases. The
resonance at -108 ppm in the 2°Si NMR spectra of the reference material, SiO>, is attributed

to the Q% site present in accordance with previous studies.>®>’

The resultant resonances suggest the presence of aluminosilicates with a three-
dimensional framework, consisting of Q* [(Si0)4Si] units with partial substitution of some
silicon atoms by aluminium. This is supported by the fact that the 2°Si NMR isotropic
chemical shift is governed by the number of the nearest neighbour Al atoms, and
subsequent number of adjacent aluminate tetrahedra, around Si or by the number of Si-O-
(Si, Al) bridges occurring in the structure.®® The 2°Si MAS NMR spectra displayed
heterogeneity in silicon environments attributed to Q* groups with similar degrees of
aluminium substitution in the SAS materials. A regular paramagnetic shift accompanies
increasing substitution of silicon by aluminium in the Q* units, causing line broadening. This
phenomenon has been previously attributed to the homogeneous distribution of Si and Al
and the more aluminium that is located around silanol groups, the stronger the induced

electron density from the OH groups.>”>° This generates the strong acid sites.
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Figure 3.15: 2°Si CP/MAS NMR spectra of SAS-1%, -5%, -7.5%, 10% and silica

This is in agreement with previous studies whereby systematic variations in peak positions
and widths with composition are closely related to the extent of ordering of Si and Al
cations.?% After incorporation with aluminium, the resonances slightly deviated to higher

frequencies for the SAS materials. This is in agreement with numerous studies.®%-62

Table 3.8: Isotropic 2°Si chemical shift ranges (relative to TMS) for Q* units in SAS ASAs and
SiOy.

Sample 6 (ppm) Assignment
-90.4

SAS 1% SA Q*(4Al)/ Q*(3Al)
-94.2
-93.1

SAS 5% SA -96.4 Q*(3Al)/ Q*(2Al)
-101.7
-93.3

SAS 7.5% SA Q*(3Al)/ Q*(2Al)
-97.0

SAS 10% SA -94 Q*(3Al)/ Q*(2Al)
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This is not evident in the zeolitic sample (Fig 3.16) is characterized by more orderly Si/Al

distribution with two more resolved peaks present at -109 ppm and -104 ppm representing

the Q* and a shoulder Q*(1Al) silicate species, respectively. The origin of the latter is caused

by replacement of silicon by aluminium in the second coordination sphere. This is

manifested in the ASAs, which contain several inequivalent Q* units due to different

degrees of aluminium substitution a causation of the aluminium molar fraction.

However, it is understood that the formation of Brgnsted acid sites differs in amorphous

and crystalline aluminosilicates.?3 In zeolites, high aluminium content in the framework

can reduce the strength of bridging hydroxyls because of the change in electronegativity.

Thus, all the SAS-x% materials have a suggested disordered distribution of Si and Al atoms

in the framework which corroborates the aforementioned FTIR/ATR and XRD analyses.

- 104
=108

\

HZSM-5

=40

-80

100 -120 -140 -160

fizmg /ppm

Figure 3.16: 2°Si CP/MAS NMR spectra of H-ZSM5 (Si/Al = 11)

3.4.2 Structural studies of ASAs by 2’Al MAS NMR
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For greater molecular insights One-Dimensional 2’Al Magic Angle Spinning Nuclear
Magnetic Resonance (1D MAS NMR) was utilised. 2’Al 1D MAS NMR a powerful tool for
elucidating local geometries at Al sites in molecular and solid-state systems because they
are typically associated with specific NMR signatures. Commonly, the overall symmetry of
the polyhedra and the Al-0 distance is indicated by the resonance position and line width,

as well as the nature of the second coordination sphere.

Three characteristic asymmetric peaks with isotropic chemical shifts (diso) of 4, 30 and 55
ppm which can be attributed to octahedral (AIY'/AlOg), pentahedral (AIY/AlOs) and
tetrahedral (AlI'Y/AIO4) species, respectively.®* All the signals show a large distribution in
isotropic chemical shifts and therefore they are not well resolved. This reflects the
topological distribution of aluminium atoms in the disordered amorphous, SAS synthesized,
silica—alumina material. This further validates the suggested disorder and from FT-IR and
XRD analysis. In crystalline materials, like zeolites, the bond angles are well defined, leading
to a smaller distribution in NMR parameters and relatively sharper and more symmetric
resonances. As anticipated by previous studies, the AlOs seems to be present exclusively in
amorphous silica-alumina with the highest proportion of this site correlating
compositionally with the highest Al content.!165

Each signal is also associated with signal broadening associated with site inhomogeneity
and the quadrupolar nature of the nuclei (I = 5/2) which results in an additional interaction

with the electric field gradient.

Fig 3.17 shows the Al MAS NMR spectra of the SAS prepared ASAs and alumina. All spectra
exhibit three main signals with isotropic chemical shifts in the range of 0-10 ppm, 20-30
ppm and 50-60 ppm. The signals at 50-60 ppm and 0-10 ppm are unambiguously assigned
to AIV and AlV' species, respectively.?® The third signal (20-30 ppm) is ascribed to a AlY
centre which is commonly observed in oxides obtained by sol-gel routes and more recently
FSP routes.?>285967 |n silica-aluminas, AlY species have previously been considered to be
primarily related to the interface between the segregated aluminium oxide domains and

the amorphous silica alumina phase.%%6°
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Figure 3.17:2’Al MAS NMR spectra of SAS-1%, -5%, -7.5%, 10% and alumina

However, further analysis using two-dimensional 2’Al multiple-quantum magic angle

spinning (MQ MAS) is required to obtain a definitive picture of the local structure of the

Al3*.1> The unsaturated Al3* cations with pentahedral coordination have been attributed to

a new type of BAS-AIY which show comparable acidity and structural similarities to BAS-

AlV. 1t is also generally accepted that surface AI** centres with unsaturated coordination

are the important anchoring sites for maintain high dispersion and thermally stability of

the catalytically active phase.”®”! This unique structure could account for the formation of
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highly dispersed and stabilised oxide-supported metal catalysts. With this consideration

the SAS 7.5 and 10% show greater promise than the FSP material.

3.5 Conclusions

This work has demonstrated a systematic approach to the antisolvent method for ASA
synthesis by investigating a number of experimental variables. The implementation of this
in material design is promising in our targets to match or surpass current state-of-the-art
amorphous silica-alumina, as several properties are largely tuneable via the antisolvent

method.

The SAS methodology was able to control the bulk morphology and composition when
compositional parameters were systematically evaluated, showing morphological
similarities to sol-gel and FSP ASAs. On an atomic level the SAS ASAs have similarities to FSP
synthesized ASAs, albeit distinguished only by the distribution of environments present.
Such minute differences occur in the observed acid sites. The performance of acid-
catalysed reactions is largely dictated by the acidic features such as the type, amount,
strength, ratio and local environment of acid sites. However, the SAS process remains more
effective in controlling compositional features resulting in synergies to ASAs produced via
FSP processing. However, current lack of understanding would hinder the ability to fully

exploit the potential of the synthesis protocol at an industrial scale currently.

It is important to appreciate the importance of the choice metal precursors and solvent
composition both of which may require further investigation. In view of optimizing the
technique, other process parameter and their effect on the efficacy of the process are to
be evaluated further in more detail. Based on the knowledge gained, a more systematic
approach to future work can be adopted with the view of further optimizing the
undesirably low surface areas and slight inhomogeneity currently observed. Therefore,
subsequent studies are required to maximise the full potential of the technique and the

resultant mixed metal oxides.
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A systematic study investigating the effect water content in the solvent system as an
experimental parameter was undertaken. This has led to non-porous materials,
characterized by homogeneity in Si and Al on a micrometer scale, with a high proportion of
Al(IV) and Al(V) sites resulting in high acid site concentration; a direct result of pseudo-

bridging silanols.

Varying the water content in the solvent system, proved to be effective in tuning a number
of physical properties of the resultant ASAs. The tuneable nature of the antisolvent method
was evident in the variations in the reported specific surface areas and acid site
concentrations. Additionally, TEM analysis showed the amorphous nature of the SAS

materials, with no observed nanocrystallinity.

The 2°Si MAS NMR spectra displayed heterogeneity in silicon environments attributed to
Q* groups with similar degrees of aluminium substitution in the SAS materials, in
agreement with previous FTIR/ATR findings. This is indicative of several inequivalent silicate
species which are formed in SAS prepared ASAs. A regular paramagnetic shift accompanies
increasing substitution of silicon by aluminium in the Q* units, causing line broadening. This

phenomenon has been previously attributed to an irregular Si/Al distribution.>’

Though three signals appear attributed to tetra-, penta- and octahedrally coordinated Al
species, the AlY species can be distinguished as the main difference between amorphous
and crystalline aluminosilicates. However, the 2’Al MAS NMR spectra shows a high
proportion of coordinatively unsaturated AlY in the SAS materials. This AlV species is
significant catalytically as it is proposed to enhance Brgnsted acidity possessing
coordinatively unsaturated surface centres on the support for anchoring noble metal
atoms for efficient catalyst design.?® Additional importance on these sites includes their
role as anchoring sites for metal species, maintaining high dispersion and sinter resistance

of the catalytically active phase.
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4 Comparison of SAS, FSP and Sol-gel prepared ASAs

As previously discussed, a series of ASAs materials have been synthesized using the SAS
methodology with scCO; as the antisolvent. Through the knowledge gained from the
experimental study and extensive characterization, the solvent composition (x vol.%
H20/CHs0OH) and calcination ramp rate had the greatest influence on the desired
physicochemical properties. These factors circumvented the low surface areas that

typically characterize SAS synthesised materials.

With the non-oxidative propane dehydrogenation reaction in mind the surface acidity has
also been identified as a key structural parameter determining catalytic performance.
Compositional differences, such as varying the Si/Al, modulate and systematically vary the

acid site concentration, type and strength.

Other than the SAS methodology, other considerations are the synthesis strategy with the
equally novel flame spray pyrolysis (FSP) and traditional sol-gel (SG) methodologies
governing the ability to tune the structural, textural, and morphological properties in their
own right. In efforts to contextualise the current findings these synthesis methods have
been employed evaluating the degree of homogeneity mixed on the micro- and atomic
scale. The aim is to provide a detailed account of similarities and variations in the structural,
textural, and morphological features of the resultant mixed metal oxides considering

homogeneity, based on Si and Al atomic dispersion, and surface acidity.

Several ASAs solid acids with different Al/(Al+Si) molar ratios simplified for brevity to Si/Al
ratios, ranging from 1, 4, 10 to 20, were synthesized using the SAS methodology. Analogous
materials were synthesized via the FSP technique in collaboration with the University of
Milan as well as the sol-gel (SG) technique. For the purpose of this discussion these

materials will be denoted as SAS-x, FSP-x and SG-x, where x refers to the nominal Si/Al ratio.

To understand the effects of the preparation strategy on the texture of the different ASAs,

the Ar adsorption-desorption isotherms were compared, Fig 4. 1.
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Figure 4.1: Ar adsorption-desorption isotherms of (a) SAS; (b) FSP and; (c) SG ASA oxides
with Si/Al of 1 (---), 4 (---) and 10 (---).
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The SAS-x and FSP-x materials exhibit a type Il isotherm with a type H4 hysteresis loop,
which is characteristic of non-porous materials that are common for flame aerosol
synthesized nanoparticles.? On the contrary, the SG ASAs with Si/Al of 1 and 10 exhibit a
type IV isotherm with a type H1 hysteresis loop, which is characteristic of mesoporous
materials with cylindrical pore channels with relatively narrow pore size distribution. The

SG-4 (Si/Al=4) ASA has a different pore structure as signified by the type H4 hysteresis loop.

As shown in Fig 4. 1, irrespective of the samples, the Ar uptake in the low-pressure region
(P/Po<0.1) is quite low, indicating a low proportion of micropores. However, further
comparing the SAS-x and FSP-x ASAs it is clear that the higher Ar uptake with increasing
P/Po, in the 0.65-0.99 region indicates the presence of mesopores with the H4-type
hysteresis loop suggesting the presence of slit-like pores. In the case of the SAS materials,
the decreased Ar uptake is reflective of the lessened total pore volume and BET surface
areas as displayed in Table 4. 1. This trend is consistent for the FSP and SG materials such
that the total pore volume and BET surface areas trend generally increases as follows: SAS-
Xx<FSP-x<SG-x. In the SG-x materials, a high Si content appears beneficial in attaining a high
specific surface area. However, this finding is not consistently applicable for both SAS-x and

FSP-x materials.
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Table 4.1: Physical properties of the different samples with the variations in synthesis

strategy and composition.

Sample Si/Al BET surface area Pore volume
(m?*g?) (em®g)
SAS-1 1.8 98 0.10
SAS-4 6.2 44 0.04
SAS-10 13.5 58 0.06
FSP-1 1.2 140 0.10
FSP-4 4.0 146 0.11
FSP-10 10.5 172 0.11
SG-1 0.7 390 0.47
SG-4 4.6 309 0.22
SG-10 11.9 391 0.57

4.1 Nanometre Scale Morphology
Analogous SAS, FSP and SG calcined materials with nominal Si/Al ratio of 1 were further
analysed using HRTEM and SAED to determine the nanometre scale morphology. It is clear
that, in the case of the SAS-1 material the presence of a network of spherical agglomerates,
with mean diameters of ca. 70 nm £ 27 nm is evident (Fig 4. 2 a-b). This corroborates the

spherical agglomerates found at the micrometre scale by SEM analysis.

Further, on a 20 nm scale there is no presence of nanocrystallinity denoted by the lack of
lattice fringes. The SAED analysis further supports the XRD and HRTEM findings suggesting
the formation of a wholly amorphous mixed metal oxide. SAED observations suggested that
no nanocrystallinity exists on a nano and sub-nanometre scale. The lattice spacings further
illustrate the lack of ordered, crystalline planes evident in the overall broad peak,

characteristic of largely amorphous materials.
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In view of investigating the effect of different preparation methods on the crystal structure
and morphology of silica-alumina support materials further HRTEM and SAEDP analysis of
analogous FSP and sol-gel synthesized materials was conducted, Fig 4. 2 d-f. Both FSP-1 and
SG-1 materials displayed marked morphological and textural similarities. HRTEM images
showed a network of spherical agglomerates with a ‘cloud’-like morphology accompanied

by the compact arrangement of small primary particles.

Further analysis revealed mean diameters of ca. 8 nm + 4 nm, for FSP-1 and significantly
smaller, indiscernible primary particles in the SG-1 material. This interpretation is
consistent with numerous studies relating to FSP synthesized amorphous silica-alumina.
Meanwhile, the coherent packing assortment permits the low total pore volume in the
complex pore architecture determined by argon sorption studies, Fig 4. 1. This is a
consequence of the principles of nucleation and crystal growth is the FSP methodology’s
precipitation mechanism which are characteristically governed by short residence times

and high process temperatures.
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Figure 4. 2: HRTEM micrographs of (a-b) SAS1; (d-e) FSP 1 and; (g-h) SG 1 ASA materials
displaying amorphous characteristics and SAED patterns of (c) SAS1; (f) FSP 1 and; (i) SG 1

ASA materials also suggesting an amorphous material due to the diffuse rings.

Contrary to SAS and FSP supported materials, the HRTEM of the SG-1 material displays
indiscernible primary particles on a nanometre scale. The platelet-like morphology

accompanied by the compact arrangement of the small primary particles result in the
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observed high surface areas. In agreement with literature, the formation of aerogels with
high BET surface areas and well-defined pore diameters can be obtained using sol-gel
processing.? Consequently, the observed differences in specific surface areas for analogous

ASA materials directly correlate with crystallite size, as anticipated.

In all cases, the SAED patterns exhibit extended broad and diffuse rings. Qualitative
interpretation of the SAED patterns provide an informative insight into coordination
environments. The previous FTIR/ATR findings report both a disordered network of AlOg
and AlO4 polyhedra linked to SiO4 polyhedra in the SAS synthesized ASAs. This deduction is
true for previously analysed materials with equimolar Al and Si, and a nominal Si/Al ratio

of 1.

4.2 Structural analysis

4.2.1 Bulk structural analysis
The FT-IR spectra of systematically different SAS, FSP and sol-gel materials with nominal
Si/Al ratios ranging from 1-10 are presented in Fig 4. 3. With a specific focus on the 400-
1200 cm™ region, which contains all the important va.oand vsi.o related absorptions, all the
samples give comparatively broad spectra. This indicates the general disorderliness and
disordered distribution of AlOs and AlO4 sites irrespective of the synthesis method. In
particular, the intensities of the sharp absorption peaks centred in the 1040-1060 cm
spectral region correspond to the asymmetric stretching of Si-O-Si or Si-O which is typical

of four coordinate silica (SiO4).
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Figure 4.3: FTIR spectra of (a) SAS 1-10; (b) FSP 1-10 and; (c) SG 1-10 ASA materials.
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As the Al concentration decreases, the intensity of this absorption peak progressively
increases compared absorption peaks related to Al sites. This is supported by the
concurrent increase in intensity of the absorption peaks in the 430-450 cm™ spectral region
which are known to be the consequence of the deformation mode of Si-O-Si. This
absorption is usually ascribed to the formation of amorphous silica. This is characteristic of
Si-O-Si and, its higher intensity in materials with higher nominal Si/Al ratios, can be
attributed to the higher content of silica in the material. Additionally, irrespective of
synthesis method and composition the absorption peaks centred at 1040-1060 cm™ have

shoulder peaks which appear at higher wavenumber to this absorption.

This feature indicates the presence of Al-O-Si formed through cross condensation of Al and
Si moieties with the intensity of these absorption peaks increasing in the order of Si/Al:
1<4<10. The peaks in the 790-805 cm™ and 670-686 cm™ spectral regions are ascribed
to vai-o of AlO4 and AlQe, respectively. The increased intensity of the absorption peak
associated with the AlOs site is an indication of the presence of a higher proportion of this
tetrahedral unit. As expected, the intensity of this absorption peak corresponds with the

Si/Al.

Generally, the relative proportion of AlO4 is independent of silicon content such that the
incorporation of silica increases the tetrahedral condensation in the materials increasing
the tetrahedral condensation and thus favouring tetrahedrally coordinated Al. An opposing
trend is seen for the proportion of AlOs which decreases progressively with an increase in
silica content. The shoulder seen in the 875-895 cm™ spectral region, for all the samples

irrespective of composition, arises from the bending vibration of Si-OH groups.

For both SAS-x and FSP-x materials the intensity of the shoulder peak is greatest. This could
be due to the higher distribution of types of silanols present which give rise to more Si-OH
functions. This is an inherent property of homogeneous, FSP synthesized ASAs, which
display a complex surface structure characterized by a range of silanols with varying
configurations.*® The presence of broad, asymmetric, overlapping von absorption bands of

Si-OH in the 3200-3220 cm™ and 3510-3550 cm™ regions also confirms this argument.
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Additionally, a less intense absorption peak at higher wavenumber in the 3740-3770 cm™

region is attributed to the stretching mode of isolated silanols.’

Importantly, the presence of absorption peaks in the 1620-1640 cm™ spectral region
attributed to the bending mode of water molecules, are expected due to the hygroscopic
nature of the ASAs. This upholds the TGA analysis’ attribution of the majority of the mass

loss to the removal physisorbed water in all the studied ASAs.

4.2.2 Surface structure analysis
The analysis of the surface composition reveals interesting differences between SAS, FSP
and sol-gel support materials. EDX analysis (see Figs 7. 1-3) evidences the FSP-x materials’
increased bulk homogeneity, at low Si/Al ratios; a consequence of the greater degree of
intimate mixing of heterometallic species via the process’ high temperatures and short
residence times. On the contrary, greater dissimilarity between the nominal and measured
Si/Al ratios is observed in both SAS-x and SG-x materials. This is attributed to the increased
number of experimental variables and reaction steps, requiring meticulous monitoring
throughout typical ASA preparations, which are incorporated within both the SAS and sol-

gel techniques.

Additionally, the difference in the nominal and measured Si/Al in the SG-x ASAs is
accounted for by phase separation phenomena reported at low Si/Al values in sol-gel
processing of mixed metal oxides.® As previously mentioned, the variability in the final
microstructure is governed by a number of factors. Prior to the gel point (in acidic medium)
the hydrolysis and condensation of both Si and Al molecular precursors occurs at different
rates. This is heightened by differences in hydrolysis and condensation rates between Si
and Al precursors. This reactivity originates from differences in electronegativity, steric and
inductive effects. Resultantly, the condensation reaction proceeds at an increased rated

compared to the hydrolysis reaction for the Si precursor.®

The result is a complex mixture consisting of silica gel with colloidally dispersed aluminium

nitrate. An amorphous aluminium hydroxide precipitate is formed from aluminium
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containing acidic solutions by a base, in parallel.1®!! However, following calcination this is
undetectable by XRD analysis due to the lack of long-range order and concentration
gradients consisting of extended SiO; and Al,O3 domains, respectively. This is suggestive of

the fact that any segregated phases must be highly localized.

The subsequent basic aqueous environment facilitates the formation of stable
heterometallic bonds in the secondary particles. This limitation in the sol-gel technique is
not relevant to the FSP method as elemental analysis with EDX reveals compositionally
more homogeneous materials. It is important to also note the similarity of the SAS method
to the sol-gel method under continuous conditions (Table 4. 2), a process carried out to
increase the yield per pass. However, XPS analysis of analogous ASAs demonstrates the
surface-level homogeneity of both SAS-x and FSP-x which display equivalent Si/Al ratios to

the nominal values.

Differences in the theoretical and measured Si/Al of the analogous SG ASA is accounted for
by the previously discussed phase separation phenomena at low Si/Al.% In addition, the
FSP-x and SAS-x materials are characterized by high amounts of surface carbon. This is not
attributed to adventitious carbon but rather possible carbon surface impurities

characteristic of the synthesis methods.

Table 4. 2: Compositional analysis of analogous SAS, FSP and SG ASAs based on XPS and

EDX analysis
Concentration (At. %) Si/Al
Sample Si/Alnominal
(0] Si Al C XPS EDX
FSP-1 1 50.4 9.5 9.7 26.1 1.0 1.2
SAS-1 1 55.0 12.8 13.1 19.1 1.0 1.8
SG-1 1 66.9 10.8 13.7 8.6 0.7 0.7

4.2.3 Local structure analysis
However, due to limitations in FTIR/ATR and EDX analysis, 1D 2’Al MAS NMR and 2D ?’Al

MQMAS were used to determine the Al speciation, distribution and the second
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coordination sphere (Fig 3.21). The spectra for SAS-1 and FSP-1 are characterized by line
broadening in the three characteristic asymmetric peaks with isotropic chemical shifts
(Giso) of 4, 30 and 55 ppm attributed to octahedral (AlY//AlOg), pentahedral (AlY/AlOs) and

tetrahedral (AlI'Y/AlO4) species, respectively.

Irrespective of the preparation method the largest fraction of aluminium is incorporated in
the pentahedral environment which is believed to be responsible for the occurrence of
surficial Brgnsted acid sites (BAS-AIY). This type of Brgnsted acid site is known to co-exist
with strong Brgnsted acid sites originating from AlY, formed independent of an alumina
phase, with high population at low Si/Al. Subsequent decrease in the Al content leads to
the incorporation of Al in a tetrahedral environment and subsequent decrease in both

penta- and octahedrally coordinated aluminium.

Deconvolution of the 2D 2’Al MQMAS spectra, verified the aforementioned trend observed
in the 1D ?’Al MAS NMR. According to the isotropic chemical shifts in the F1 and F; axis
three strong signals at (70,61), (44,37) and (15,17) were assigned to AlY, AlV and AlY
species, respectively, an indication of the three distinct Al environments in analogous FSP
and SAS materials with the highest Al content. It is important to note that, due to the
hygroscopic nature of the materials and the sample packing in air, the relative proportions
of the different Al sites are influenced by the level of hydration. From the MQMAS NMR
spectra it can be concluded that the line broadening observed in the 2’Al MAS NMR spectra
is due to both a distribution in isotropic chemical shifts and a distribution in quadrupole

coupling constants. However, the latter is beyond the scope of this study at this time.
This reflects the topological distribution of aluminium atoms in the disordered ASA

materials. In crystalline materials, like zeolites, the bond angles are well defined, leading to

a smaller distribution in NMR parameters.

154



Chapter 4

a AlV b AV
2 LA f.,’ '!V\‘ N\rl
| Al
AllV/ \ / T
." A il -
!
’P" ﬂ‘f
100 80 60 40 20 0 -20 -40 100 80 60 40 20 0 20 -40
Barp/pPPM 8zia/PPM
E T
Al & &
[ T

LU B B B B B

40
T
40

80
LN S B B S
60

80
T
80

* 8

LN BN B I B S B NN S B B NN S B B B B B

T—TT

B S B B B S T o A T B A e SR
80 60 40 20 F2 [ppm] 80 60 40 20 F2 [ppm]

Figure 4.4: 1D Al MAS NMR (top) and 2D 2’Al MQMAS NMR (bottom) spectra of (a) SAS-1
and (b) FSP-1 ASAs.

Irrespective of the preparation method the largest fraction of aluminium is incorporated in
the tetrahedral and pentahedral environments which are believed to be responsible for the
occurrence of Brgnsted acid sites. The AlY based Brgnsted acid site (BAS-AlY) is known to
co-exist with strong Brgnsted acid sites originating from Al'Y (BAS-AI"Y) formed independent
of an alumina phase, with high population at low Si/Al. Subsequent decrease in the Al
content leads to the incorporation of Al in a tetrahedral environment and subsequent
decrease in both penta- and octahedrally coordinated aluminium. It is important to note
that, due to the hygroscopic nature of the materials and the sample packing in air, the
relative proportions of the different Al sites are influenced by the level of hydration. This is
in agreement with reports by Wang et al. on FSP-synthesised aluminosilicates who report
the partial hydrolysis of highly dispersed AIV-O-Si sites, preferentially located on the surface

and thus accessible to guest molecules.*? With increasing aluminium content, a fraction of
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the AlY species were formed inside the bulk of the particles resulting in greater stabilization
and unavailability for hydrolysis. With this knowledge, it is assumed that Al'Y are available
on the surface of the support materials but not in high concentration. Equally, partial
hydrolysis of Al'Y occurs to a lesser extent due to the low concentration of surface Al'Y

species (shown by the monotonic decrease in the corresponding resonance).

This corroborates the 1D Al MAS NMR. As shown in Fig 4. 4, further compositional
modification results in the disappearance of both signals corresponding to both AlY and AV
species. This effect is easily seen by superficial inspection in the F1 and F; projections of the
AlV and AIY' resonances. Comparing the Al MAS NMR spectra, it can be seen that the
fraction of octahedrally coordinated species is higher when the aluminium concentration
is higher. This observation is congruent with the previous report that AlV species are
surface-enriched species existing in high concentrations at high Al content, with partial
hydrolysis of AlY, resulting in AIY' in the hydrated state. This corroborates the
aforementioned FT-IR analysis. Similarly, partial hydrolysis of Al'Y occurs to a lesser extent
due to the low concentration of surface Al species (shown by the monotonic decrease in

the corresponding resonance).

Accordingly, as there are no cross peaks between all three types of Al coordination, it is
reasonable to assume the AlY and Al" sites are primarily coordinated to silicon sites. This in
agreement with Loewenstein’s rule and previous studies on similar FSP derived materials.3
With catalyst design in mind, minimizing the formation of an extended alumina phase or
A species during synthesis can maximise the dispersion of Al atoms and the generation
of framework Al", and surface AlV species for optimal surface acidity is highly desirable.
Due to the highly defective structure of silica—alumina, the formation of reversible
aluminium species is expected and has been reported to occur more readily than in

zeolites.1*

A comparison between spectra of SAS-x (Fig 4. 5a) and FSP-x (Fig 4. 5b) indicate that the
amount of reversible aluminium species is an inverse function of the aluminium

concentration. Both ATR-IR and MAS NMR analyses suggest the possibility that even if the
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total acidity is due to Brgnsted type acid sites, different types of hydroxyl groups, other
than the hydroxyl group of a Brgnsted acid are also present on the surface of the SAS and

FSP synthesized amorphous silica-aluminas.
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Figure 4.5: 2D 2’Al MQMAS NMR spectra of (a) SAS-x and (b) FSP-x ASAs.

4.2.4 Surface acidity analysis
NHs-TPD has been used to quantify total acidity (Brgnsted and Lewis acidity) and the acid
strength based on the peak position. Figure 4. 6 displays the TPD curves with the total acid
site concentrations and densities summarized in Table 3.12. Regardless of synthesis
method the TPD curve intensities, associated with the amount of NH3; adsorbed, increase
in the order of Si/Al: 10 < 4 < 1. The SAS materials contain a high density of acid sites, a
consequence of their characteristically lower surface areas, Table 4. 3. As previously
discussed, the TPD curves are asymmetric and can be decomposed into three contributions
corresponding to weak acid sites (Low Temperature peak), medium acid sites (Moderate

Temperature peak) and strong acid sites (High temperature peak).
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Figure 4.6: NH3-TPD profile of (a) SAS 1-10; (b) FSP 1-10 and (c) SG 1-10 ASA materials.

For both SAS and FSP materials, medium surface acidity forms the highest portion of the
total acidity. As anticipated, increasing the aluminium content increases the acid site
concentration and the amount of strong acid sites. This is indicated by the increase in
intensity of the high temperature component of the NH3-TPD profile. Weak, medium and
strong acidity peaks in FSP-1 TPD profile appear at marginally lower temperatures than

those of analogous SAS material, implying weaker strength of these sites in the former.

In all cases, the total acidity clearly decreases as the nominal aluminium concentration
decreases. The acidity decrease seems to originate mostly from the low temperature peak
which is assigned to weak Lewis and Brgnsted acid sites whereas the high temperature
peak decreases only slightly. Interestingly, the acid site distribution does not change
largely, with the highest proportion of sites ascribed to medium strength acid sites.
Moreover, the NH3-TPD profiles show that the sol-gel materials displayed a greater total

number of acid sites with respect to their analogous SAS and FSP materials.
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Table 4. 3: Acid properties of SAS-x, FSP-x and SG-x samples determined by NHs-TPD.

Sample Acid site concentration (x10* mmol g) Acid site density (x10* mmol m?)
SAS-1 600 6.1
SAS-4 121 2.8
SAS-10 27 0.5
FSP-1 1380 9.9
FSP-4 478 3.3
FSP-10 238 1.4
SG-1 463 1.2
SG-4 188 0.6
SG-10 73 0.2

A method often used to determine the acidity of supports and catalysts is Diffuse
Reflectance Fourier Transform Infrared Spectroscopy with adsorbed pyridine e(Pyridine-
DRIFTS). The lone-pair electrons of nitrogen are involved in different types of interactions
with the surface acid sites. This technique is used to further differentiate the various acid
sites present allowing for a clearer assessment of the nature and evolution of the acidity

with thermal treatment.

As previously discussed, three modes of adsorption have been observed: (i) protons
transfer at BASs (pyridinium ions); (ii) electrons transfer at LASs (molecularly coordinated
pyridine); and (iii) hydrogen bonding to surface hydroxy groups. Each mode of adsorption
displays IR spectra peaks at different wavelengths allowing for their identification and
distinguishment. Pyridine, coordinated with the surface LAS, yields a peak at 1450 cm™,
protonated pyridine on the surface BAS a peak at 1540 cm™. A combination of both LAS
and BAS also yields a peak at 1490 cm™ and an additional band centred around 1600 cm™

is generally assigned to hydrogen-bonded pyridine.

159



Chapter 4

Fig 4.7 shows the DRIFTS spectra of SAS, FSP and sol-gel materials after pyridine adsorption
at 150 °C, followed by thermal treatment at 400 °C. Lewis (1450 cm™) and Brgnsted
(1545 cm™) bands are clearly observed. The evolution of the intensities of these peaks with
desorption temperature (150 °C, 400 °C) was used to qualitatively evaluate the amount of

total and strong acid sites.
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Figure 4. 7: DRIFTS spectra of total (full line) and strong (dashed lines) acid sites in the Lewis
and Brgnsted acid site stretching region (1650-1400 cm™) for (b) SAS-x; (d) FSP-x; and (f)
SG-x and the corresponding hydroxyl (OH) stretching region (3800-3600 cm™) for (a) SAS-
X; (c) FSP-x; and (e) SG-x ASA materials.
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The DRIFTS spectra display characteristic bands of Brgnsted acid sites at 1540 cm™ with
the intensity of these absorption peaks increasing in the order of Si/Al: 10<4<1. Both bands
at ca. 1540 cm™ and 1640 cm™, characteristic of the visp and viea ring vibrations of
pyridinium ions, indicating the chemisorption of pyridine on strong Brgnsted acid sites
(BAS) increase in intensity. This is in part due to dehydration of physisorbed and
chemisorbed water forming additional Brgnsted acid sites. With regards to the Lewis acid
sites, the opposite trend exists. This is evidenced in the decreased intensity of the bands at
ca. 1450 cm™ and 1620 cm™ corresponding to the vs, and vis, modes, respectively, of
pyridine coordinated to Lewis acid sites (LAS). The negative peak centred in the 3750-3740
cm ™ region of the vou stretching region represents the removal of OH groups. This is a direct
consequence of the formation of pyridinium ions. On close inspection, the SAS materials
displayed bands at 3650 cm™, 3670 cm™ and 3710 cm™ assigned to extra-framework AIOH
(EFAL) possessing intermediate acidic character and OH stretching vibrations of silanols,
hydrogen bonded with other silanols (Si-OHy), respectively.817° The absence of the band
corresponding to extra-framework AIOH in the FSP materials suggests the greater level of

homogeneous mixing of Si and Al inherent to this method.

With this insight, semi-quantitative evaluation of the ratio of BAS and LAS sites for the SAS,
FSP and sol-gel materials is presented, Fig 4. 8. This method is based on the integrated band
intensities of the two bands of the vs, modes and vigp ring vibrations of pyridinium ions at

1450 cm™t and 1540 cm™L.
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Figure 4. 8: Ratio of total and strong Brgnsted and Lewis acid sites as a function of Si/Al in

(a) SAS 1-10; (b) FSP 1-10 and; (c) SG 1-10 ASA materials.
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Figure 4. 8 illustrates the compositional dependency of the B:L, total and strong acid sites
whereby the SAS-1 material displays the highest measured B:L (B:L=6). The B:L ratio is
governed by surface acid site properties of the catalysts whereby the SAS-1 displays
enhanced strong Brgnsted acidity and the highest overall B:L ratio after thermal treatment.
This consideration is important given the high temperatures employed in the non-oxidative
propane dehydrogenation reaction. Among the different roles of supports, the most
relevant are (i) dispersing the active phase of the catalyst, (ii) increasing metal surface area
and (iii) improving the catalytic performance through interactions between the metal and
support. In addition, a balance of BASs and LASs is key for propane activation and
enhancement of propene selectivity. This is valid in the case of a high proportion of
Brgnsted acid sites which can induce further propene deep dehydrogenation as well as side

reactions such as hydrogenolysis, cracking, aromatization and isomerization.8-20

It is important to note that the B:L is dependent on the Si/Al and a B:L>0 represents a
greater relative proportion of strong BASs with respect to strong LASs. In comparison, the
analogous SG and FSP materials display an opposing trend with the highest B:L
corresponding with the highest Si/Al. Noticeable differences in B:L values of strong acid
sites exist. The presence of mixed BASs and LASs of varying strength in the SAS-x, FSP-x and

SG-x materials are a direct consequence of dehydration and dehydroxylation reactions.

4.3 Methanol-to-Dimethylether (DME): Catalytic Performance of FSP-ASAs
Contrary to the propane dehydrogenation reaction, the methanol-to-DME (MTD) reaction
is exothermic and is thus not thermodynamically favoured at high temperatures. To further
evaluate and understand the effect of the surface acidity on acid-catalysed reactions on a
series of ASA materials, the MTD reaction was chosen as a model reaction. With this in
mind, a synergy between the MTD reaction and Pt-based catalysts applied for the PDH

reaction, would provide useful insights.

The FSP-synthesized ASAs were examined using the methanol-to-DME reaction as a test
reaction. The catalytic performances of FSP synthesized ASAs tested for methanol

dehydration to DME under isothermal (275 °C) and iso-conversion (ca. 20%) conditions
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were investigated (see Appendix Figs 7. 4-5). Similar to the dehydrogenation of propane,
reactant conversion, product distribution and yield are strongly dependent on the surface
acidity (nature, strength, distribution and concentration) and textural properties (BET total

surface area).

Under isothermal conditions the methanol conversion coincides directly with the catalysts’
surface acidity. This illustrates the influence of compositional differences whereby low Si/Al

ratios and higher acid site concentrations correspond to enhanced methanol conversion.
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Figure 4.9: Correlations between (a) converted methanol per unit area and acid site
concentration; and (b) DME production per unit area and ratio of surficial acid site, for FSP-

synthesized ASAs with systematically varied Si/Al ratios.

It is evident that the methanol conversion increases with decreasing Si/Al ratio which is
consistent with findings by Jiang and co-workers.?! This result implies the role of the acid
sites in the catalytic dehydration of methanol to DME given the FSP catalysts exhibit similar
surface areas. Thus, the observed differences can be ascribed to the surface acidity. Upon
evaluation of the surface area normalized production of DME (Fig 4. 9b) the trend is more
ambiguous decreasing in the following order: FSP 4 > FSP 1 > FSP 10. The variable nature
of the produced DME insinuates the concerted action of Brgnsted and Lewis acid sites
which at an optimal composition (moderate Si/Al) leads to a bifunctional acid catalyst. This

further corroborates surface acidity requirements pertinent for optimal PDH activity.
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Additionally, Takeguchi et al. reported that the rate of methanol dehydration rates was
slower on Brgnsted acid sites relative to Lewis acid sites.?? With this knowledge, the
experimental findings demonstrate that acid-base pair sites that bind mildly to the reactant
are needed to exhibit enhanced dehydration activity while not poisoning the catalyst

surface.

Comparison of the ratio of surface Brgnsted and Lewis (B:L) acid sites was conducted to
further examine the influence and synergism of the nature of the acid sites on the surface
area normalized produced DME. Figure 4. 9b illustrates that B:L is pertinent to DME
formation and yield. The dependence of the produced DME at iso-conversion of methanol
on the BAS/LAS (B:L) ratio indicates that at a low B:L ratio, the DME formation is enhanced.
The lowest B:L ratio (0.98), attributed to FSP 4, displays the largest production of DME. This
corresponds to a balance in the relative proportion of surficial Brgnsted and Lewis acid

sites.

In the case of FSP 1 and FSP 10 which have B:L ratios of 1.13 and 1.33, respectively, an
incremental rise in the B:L results in decreases in normalized DME selectivity. It is fair to
assume that the influence of the balance in the acid sites has a profound effect on product
distribution. This further demonstrates that FSP-synthesized ASAs with moderate
proportion and strength BASs along with lower B:L ratios are highly selective for generating

DME.

Further evaluation of the effect of the surface area normalized acid site density and yield
of DME, is highly informative. DME yield is favoured by moderate acid site density and not
favoured by the high acid site density, Fig 4. 10. After a two-hour reaction time the resulting
DME vyield decreases in the order: FSP 4 > FSP 10 > FSP 1. Thus, it fair to imply that the rate
limiting step in DME synthesis is determined by acid properties such as the acid site

strength and number of acid sites.
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Figure 4.10: Correlations between initial DME vyield and acid site density, for FSP-

synthesized ASAs with systematically varied Si/Al ratios under iso-conversion conditions.

The results indicated the possibility of synergy between the Brgnsted and Lewis acid sites
in methanol dehydration to DME. It is clear that compositional and microstructural
differences, modulated through systematic variations in Si/Al ratios, directly impact

catalytic performance.

However, coking and other secondary reactions occur on sites with strong acidity a direct
consequence of the complex distribution of surface acid site strength resulting in the
decrease of DME yield and catalyst deactivation. The low DME yield over FSP 1 was due to
a higher amount of surficial strong acid sites which induced the deactivation of the catalyst
and the decrease in DME yield. Additionally, water is another reaction product known to

deactivate the catalyst through competitive adsorption on the active sites.
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This is particularly important in context of the direct dehydrogenation of propane whereby
bifunctional dehydrogenation catalysts, constituted by a coordinatively unsaturated active
metal (Mcs*) and an acidic support, are utilised. A support effect exists as Brgnsted and
Lewis acid sites on the support surface promote cracking while isomerization proceeds via
Brgnsted acid sites. The C-H bonds in alkenes are more reactive than C-C bonds, thus
catalysts that favour C-H over C-C bond cleavage are required to increase olefin selectivity.
Limited support acidity, with moderate strength acid sites, is needed to avoid undesirable
side reactions. However, in order to reach a high dispersion of the active metal on the

support, Lewis acid sites and amphoteric OH groups are often required.?3

4.4 Conclusions
This work has demonstrated that ASA mixed metal oxides can be readily made by the SAS
method and similar acid site concentrations to the state-of-the-art FSP ASAs can be
obtained. Through extensive characterization microstructural, textural and morphological

similarities of the SAS- and FSP-synthesized ASAs have been realised.

The SAS methodology was able to control the bulk morphology and composition when
compositional parameters were systematically evaluated, showing morphological
similarities to sol-gel and FSP synthesized ASAs. On an atomic level the SAS ASAs have
similarities to FSP synthesized ASAs, albeit distinguished only by the distribution of
environments present. Such minute differences occur in the observed acid sites. The
performance of acid-catalysed reactions is largely dictated by the acidic features such as
type, amount strength and local environments acid sites. However, the SAS process
remains more effective in controlling compositional features resulting in synergies to ASAs
produced via FSP processing but current lack of understanding would hinder the ability to

fully exploit the potential of the synthesis protocol at an industrial scale currently.

With respect to the MTD reaction the structural descriptors described above jointly
contribute to the high catalytic activity, DME selectivity, and DME yield of the catalyst with
moderate surface acidity. These insights can be applied to the direct dehydrogenation of

propane whereby an intermediate acid-base strength of the active site is also required. The
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balance in acid sites (B:L) appears to be pertinent to desired product (DME) yield and
catalyst productivity, which is maximised an intermediate Si/Al (Si/Al = 4). Increasing the
Si/Al in bifunctional catalysts results in improvements in dehydrogenation activity by

decreasing the C-H activation barriers of the kinetically favoured concerted mechanism.
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5 Supported Pt-based catalysts for the non-oxidative propane
dehydrogenation (PDH) reaction

5.1 Introduction

The catalytic dehydrogenation of propane typically requires bifunctional catalysts
comprising of an acidic support and active component such as noble metals (Chapter 1.3).
Several commercialised processes utilise Pt-based catalysts where the support and Pt

nanoparticles provide the necessary acidity and dehydrogenation functions.

Propane dehydrogenation, displays site (acid site) and size (platinum nanoparticle size)
dependency both of which significantly influence the activity, selectivity, and stability with
added implications on the reaction pathway.! Under the reaction temperatures commonly
applied (See Chapter 1, Table 1.2), instantaneous and continuous catalyst deactivation is a
persistent and insurmountable issue. For instance, under typical reaction conditions side
reactions such as hydrogenolysis, cracking, aromatization and isomerization are
thermodynamically and kinetically favoured.?™3 it is understood that large Pt ensembles, a

result of sintering, and Brgnsted acid sites favour the numerous side reactions.* 56 '~

Therefore, it is necessary to study and correlate the particle size effects induced by the
catalytic design and preparation techniques with the aim of enhancing the understanding
of the relevant structure—performance relationships. Additionally, the preparation of Pt-
based catalysts with the smallest possible nanoparticle size and distribution, maximizes
metal utilization. Moreover, a comprehensive review of Pt-based catalysts (Chapter 1.B)
has proved that unique catalytic properties are attributed to smaller, isolated, and

uniformly dispersed Pt nanoparticles.

The efficacy of the catalyst preparation method was measured based on the resultant
particle size, particle size distribution, dispersion and thermal stabilization. At this juncture,
an accompanying systematic study was carried out to determine the best possible method

for the immobilization of Pt onto the acidic (ASA) support.
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5.2 Platinum deposition method development

In heterogeneous catalysis, the synthesis of supported metal nanoparticles is usually aimed
at producing smaller particles. This is to efficiently utilize the metal, exposing more atoms,
optimizing the number of active sites for a desired reaction. Conventional such as, incipient
wetness impregnation (IWI) methods of catalyst synthesis often use simple impregnation
of the support with a solution of the metal precursor.'® This usually fails to produce well
dispersed particles and results in a wide particle size distribution. Other methods such as
chemical vapour impregnation (CVI) offer metal deposition through the application of
volatile precursors, which react and decompose on the support surface to produce the

desired supported metal catalyst.

This study was initiated to reproducibly design highly dispersed metal catalysts and
ultimately allow for a better understanding of the role of various parameters on reaction
activity and selectivity. To do so Charge Enhanced Dry Impregnation, or CEDI, a pore filling
analog to IWI, which involves adjusting the pH of the precursor solution and the colloidal,

sol-immobilisation (sol), techniques were systematically evaluated.

After synthesis a microscopy (HRTEM) study was undertaken to assess the efficacy of each
method. As control samples, a set of catalysts were prepared via the IWI and CVI whereby
appropriate platinum salts were supported on FSP synthesized ASA (Si/Al=1) to form 1 wt.%
Pt/SiO2-Al>03, denoted, Pt/FSP-1.

5.2.1 Control Catalysts: IWI and CVI Pt-based Catalysts

Initially, a set of control Pt-based catalysts were prepared via IWI and CVI techniques.
HRTEM micrographs of both reduced IWI and CVI prepared catalysts display non-uniform
Pt dispersion with large agglomerates dominating, Fig 5. 1. Average Pt particle sizes of the
IWI and CVI catalysts were measured with characteristic values in the ranges of ca. 10-40
nm and ca. 30-60 nm, respectively. Possible considerations of the non-uniform and broad

particle size distribution can be attributed to weaker metal-support interactions between
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the Pt salts and support resulting in adverse changes in Pt dispersion after drying,

calcination, and reduction processes.

Figure 5.1: HRTEM micrographs of Pt (1 wt.%) deposited onto FSP-1 via (a) IWI and; (b) CVI

deposition methods.

In theory by optimizing the conditions to obtain the strongest interaction between support
and precursor the migration of metal is lessened during thermal treatment, resulting in

smaller catalysts.

5.3  Sol-immobilisation for Pt-based Catalyst Synthesis

It was anticipated that the sol immobilisation method, involving the deposition of pre-
formed ligand stabilized nanoparticles onto an oxidic support, would offer the greatest
control of the resulting nanoparticle morphology, size, and size distribution. Inherent to
the sol immobilisation is the reduced effect of support surface chemistry and morphology
on particle size of nanoparticles, relative to other catalyst preparation methods.
Experimental parameters within the sol immobilisation can be tuned to control particle size
and shape. Such factors include the nature and choice of the reducing agents, solvents and

stabilizing polymers.1¥12 A systematic study was conducted with a solution containing
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hexachloroplatinic acid, PtCle®, stabilized with polyvinyl alcohol (PVA) and supported on
FSP synthesized ASA (Si/Al=1) to form 1 wt.% Pt/SiO>-Al,0s.

5.3.1 Effect of Experimental Parameters

5.3.1.1 Drying Procedure and Support Slurry

In comparison to the IWI and CVI catalysts the sol-derived catalysts display smaller, Pt
nanoparticles with a narrow size distribution (2.7 £ 0.9 nm), Fig 5. 2. However, a degree of
preferential agglomeration emerged with the resultant clustering appearing on certain
areas of the support surface. The influence of the reducing agent, changes to the

preparation strategy, support synthesis strategy and nature of the support were

investigated.

Figure 5.2: HRTEM micrographs of Pt/FSP-1 prepared via sol immobilisation and dried at

room temperature.

The support being suspended in solution as a slurry prior to Pt deposition, increasing the

platinum to reducing agent ratio or a room temperature post-synthesis drying approach

appeared to not resolve the preferential deposition.
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Figure 5 3:HRTEM images of Pt deposited onto FSP-1 via sol immobilisation in which the

support was suspended in solution prior to adding the H,PtClg solution.

The room temperature dried catalyst initially appears to circumvent the observed
clustering phenomena to an extent, Fig 5. 2. However, on closer inspection multiple HRTEM
images show there to be less Pt on the support and the clustering seems to still be present.
5.3.1.2 Reductant Concentration and ASA Support

The expectation was that increasing the NaBHa:Pt ratio would induce faster reduction of
the Pt complex ions and nuclei formation pertinent to formation of small homogeneous
nanoparticles.'? Thus, the influence of the reduction and thermally induced particle growth
would be lessened. Contrary to reports in literature the clustering persisted in an identical

preferential manner to the drying procedure and support suspension as a slurry.

Figure 5.4: HRTEM image of Pt deposited onto FSP-1 via sol immobilisation in which the
NaBH4:Pt ratio was 16.
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For a more robust analysis of the effect of the support synthesis strategy, an analogous
catalyst was prepared with Pt deposited on sol-gel synthesized ASA (Si/Al=1), denoted
Pt/SG-1 for brevity. Similarly, no observable differences in clustering were seen on Pt/SG-
1 relative to Pt/FSP-1 under an analogous sol-immobilisation preparation. The extent of the
clustering made it difficult to accurately determine the particle size and size distribution.
HRTEM images displayed clear preferential deposition of Pt nanoparticles onto specific
support areas, Fig 5.5. This suggested that the preferential clustering was not due to a
contaminant introduced in the support preparation, or that the contaminant was present

in both samples, which seems unlikely given the difference in precursors/conditions used.

Figure 5.5: HRTEM image of Pt deposited on SG-1 via sol-immobilisation.

XPS analyses were performed to evaluate the effect of preparation method on the surface
elemental composition and Pt clustering. As illustrated in Table 5.1 Pt/SG-1 was
characterized by a slightly lower Si/Al ratio, relative to the nominal value, and less surface
carbon than Pt/FSP-1. This is expected as the combustion of the atomised precursor spray
in the FSP process can result in the formation and deposition of carbon on the metal oxide

surface. With the sol-gel process in mind, it is important to recognize the effect of the aging,
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drying and subsequent heat treatment steps on the lower carbon content. Thus, both the
more homogeneous elemental distribution and higher surface carbon content are likely
due to the greater control inherent to the FSP method and incomplete combustion of

organics due to the short residence time.

Table 5.1: Atomic concentration (at. %) of elements on the support surface and Si/Al

determined by XPS.

Catalyst Nominal Concentration / at. % Si/Al
Si/Al ratio
0 Si Al C
Pt/FSP-1 1 50.4 9.5 9.7 26.1 1.0
Pt/SG-1 1 66.9 10.8 13.7 8.6 0.7

5.3.1.3  Nature of Support

At this juncture the issue of preferential deposition of Pt on the sol-derived supported
catalyst was probed further, exploring the influence of the nature of the support. Initially,
Pt was deposited onto commercially obtained SiO, and TiO,. This was also to try and rule
out the possibility of the Pt particles agglomerating in the solution before being deposited
on the support. HRTEM images displayed well dispersed Pt particles on SiO; and TiO, with
more easily distinguishable, and uniform Pt particles present relative to analogous Pt/ASA

catalysts, Fig 5. 6.
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Figure 5.6: HRTEM images of (a) Pt/TiO2; and (b) Pt/SiO, prepared via sol immobilisation.

A possible rationale is the effect of surface acidity and surface structure as Brgnsted acid
sites are the main distinguishing factor between the SiO,-Al,03, SiO, and TiO, supports
utilised. Further, direct comparison of Pt deposited on SiO; and TiO; reveal less clustering
in the latter thus suggesting an additional effect from the reducibility of the oxide support
which permits strong metal support interactions after metal deposition and upon
reduction. The images display no evidence of clustering of the Pt particles, which means
that the clustering problem is a result of the ASA support itself, rather than the preparation

method.

5.3.1.4 Thermal and Reflux Removal Methods

Further, the effect of the approach to remove the protective ligand, Polyvinyl Alcohol (PVA)
was also investigated. Several PVA removal methods were explored including calcinations
at various temperatures (200 °C, 300 °C, 400 °C). However, the removal of the stabilizing
polymer is challenging with thermal, oxidative approaches known to lead to an increase in
the size of the nanoparticles.’® Lopez-Sanchez et al. evaluated a facile, solvent extraction
approach for the removal of stabilizer-ligands from supported gold and gold-palladium
nanoparticles without significantly affecting nanoparticle size and structure.'* It is also well
known that the partial or complete removal of the ligand can enhance metal-support

interactions thus improving activity, selectivity to desired products and catalyst durability.
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Consequently, a comparable facile approach involving a heated (90 °C) reflux in water

under various time intervals (30, 60, and 120 minutes) was utilised.

The average particle size increased as the calcination temperature increased, likely due to
sintering. The particle size also increased with longer reflux times and reflux solution
temperatures. Particle size distribution analysis shows little statistical difference in 200 °C
and 300 °C post-synthesis calcinations as the particle size and size distribution display no
statistical difference. However, further increase in the calcination temperature, 400 °C,

result in a larger particle size and less uniformity in particle size.

Table 5.2: Pt particle size and particle size distribution as measured from HRTEM images of
post-synthesis thermal and reflux-based stabilizer removal techniques after using the sol-

immobilisation method for metal deposition.

Treatment Method Average Particle Diameter Standard Deviation
(nm)

Calcined at 200 °C 24 0.8
Calcined at 300 °C 2.2 0.9
Calcined at 400 °C 4.1 34

30 min reflux 24 1.4

60 min reflux 2.2 0.8

120 min reflux 3.3 1.2

This data suggests a trend, however, is not as reliable as typical particle counting. This is
due to the Pt on the support depositing preferentially, resulting in heavy clustering and
making it difficult to differentiate between separate, clustered and sintered particles. More
importantly, the data suggests that to retain the structure of the Pt particles there is no
need for subsequent thermal treatment in excess of 300 °C. Though no direct evidence of
the complete removal of PVA, the particle size and size distribution of the 200 °C, 300 °C
removal methods and 30-60-minute reflux conditions show similarity to the

aforementioned data (2.7 £ 0.9 nm) illustrated in Fig 5. 2. Additionally, the treatment of

177



Chapter 5

supported sol-derived nanoparticles with hot water under reflux for relatively short time

periods is an equally effective approach.

5.4  Charge Enhanced Dry Impregnation (CEDI) for Pt-based Catalyst Synthesis

The charge-enhanced dry impregnation (CEDI) method, first introduced by Cao et al. and
Zhu et al., has undergone significant development leading to high dispersion and surface
loading.*>' As previously discussed, (Chapter 2.4.4) this approach combines the simplicity
of incipient wetness impregnation with the small particle size obtained from electrostatic
adsorption of metal precursors onto oxidic supports. A plethora of studies have
investigated the optimization of the method with reports of ultrasmall, isolated metal
nanoparticles with particle sizes lower than 2 nm typical of the CEDI method.'’~° The main
aim of the current work was to deposit Pt in a reproducible way across different ASA
supports, ensuring small particle size, particle size distribution and high dispersion
throughout. To circumvent limitations previously encountered by the sol-immobilization
technique, a series of Pt-based catalysts were prepared using the CEDI method and

characterized thoroughly.

5.5 CEDI Method Development: Point of Zero Charge (PZC) Determination

With the CEDI approach effective metal deposition requires an interaction between the
electrostatically charged surface, and oppositely charged metal precursor ions.*>2%2 This
electrostatic interaction is controlled by the pH of the solution.?? This enables the ability to
buffer aqueous solutions to their oxides’ respective Point of Zero Charge (PZC), and in the
case of mixed metal oxides this represents charge neutrality of the oxide surface. The
concept of charging of metal oxide surfaces stems from the fact that these oxides have a
high proportion of hydroxyl groups of differing speciation and location. The resulting strong
electrostatic interaction establishes strong metal-support interactions which improves
metal dispersion in the final catalyst. Therefore, knowledge of the Point of Zero Charge
(PZC) of the support is crucial in carrying out this catalyst preparation technique. Figure 5.7

displays representative values for analogous SAS, FSP and sol-gel synthesized ASAs.
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Figure 5.7: Determined PZC of (black) SAS-1, (blue) FSP-1 and (red) SG-1 supports.

5.5.1 CEDI Prepared Pt-based Catalysts: 0.5 wt.% Pt Loading

Initially, a series of Pt-based catalysts were prepared via the CEDI approach with
tetraammineplatinum (Il) hydroxide hydrate (PTA), under iso-metal loading (0.5 wt.%). The
appropriate pH for maximal Pt(NHs)s?* adsorption and metal uptake as well as PTA
concentration on silica-alumina has previously been reported as pH 11 and 0.84 pmol m"
2,23 Thus for the purpose of this study the aqueous solution was adjusted to pH 11 to
enhance the electrostatic adsorption of metal precursor ions on the support. Comparisons
of the nominal and measured metal loading were conducted with MP-AES and ICP-OES
analysis. The results from both techniques indicated negligible variation in Pt loading

irrespective of the support preparation method.
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Table 5. 3: Determination of elemental analysis of Pt-based catalysts, with nominal metal

loading of 0.5 wt.%, by multiple techniques (MP-AES and ICP-OES).

Catalyst® Pt loading (%)
MP-AES ICP-OES
0.5Pt/SAS-1 0.54 0.49
0.5Pt/FSP-1 0.51 0.45
0.5Pt/SG-1 0.50 0.47
0.5Pt/SG-4 0.46 0.41
0.5Pt/SG-10 0.43 0.45

a: For simplicity, catalyst labelling is in the format (Weight loading, %) Pt/(Support synthesis

technique)-(Support nominal Si/Al value)

Further, representative SEM analysis using secondary electron and backscattered electron
imaging modes of the reduced catalyst, Pt/SG-4, are included in Fig 5. 8. A combination of
the CEDI catalyst preparation technique and subsequent reduction procedure yielded small
particle size, with high dispersion. This has been previously attributed to strong
electrostatic adsorption which establishes a stronger interaction between the support and

metal precursor, and decreased mobility of Pt species in the final catalyst.'®
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Figure 5.8: SEM images of reduced Pt/SG-4 under (a), (d) Secondary electron; and (b), (d)

backscattered electron image modes.

The average diameter of 300 Pt particles was determined as 22.9 nm, with a standard
deviation of 14.2 nm. Though the particles were larger than previous sol-immobilisation
catalysts which were characterized by particle sizes of below 10 nm in diameter, the
dispersion was improved. It is important to note that a discrepancy in particle size counting
would likely occur with Pt particles with diameters below 10 nm due to the resolution of
the FEG-SEM. With this in mind, TEM analysis of subsequent catalysts would solve this

discrepancy.
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5.6  CEDI Prepared Pt-based Catalysts: 1 wt.% Pt Loading

At this stage and to circumvent limitations, in Pt clustering, previously encountered by the
sol-immobilization technique analogous Pt-based catalysts were prepared via the CEDI
approach with the PTA, precursor under iso-metal loading (1 wt.%). Upon metal deposition,
well dispersed Pt particles were observed on analogous SAS, FSP, and SG prepared support
materials (Fig 5.9). Quantitative analysis revealed negligible statistical differences in the
resultant catalysts, a consequence of the control offered by the CEDI preparation method.
It is important to note that negligible experimental and human error in the particle
counting on Imagel exists which has been considered. The clustering behaviour in IWI, CVI
and sol-derived catalyst was avoided by using the CEDI method. A possible rationale being
stronger bonding between the Pt metal species and support such that it is difficult to induce

the migration of metal species over the support during the reduction process.
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Figure 5.9: HRTEM image and particle distribution analysis of CEDI prepared and reduced

(a) Pt/SAS-1, (b) Pt/FSP-1, and (c) Pt/SG-1 catalysts.
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However, the applicability of the CEDI method was applied to a crystalline aluminosilicate
support, H-ZSM5. The CEDI derived and reduced Pt/H-ZSM5 catalyst ensured small particle

size, particle size distribution and high dispersion, Fig 5. 10.
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Figure 5.10: HRTEM image and particle distribution analysis of CEDI prepared, and reduced
Pt/H-ZSMS5 catalyst.

The main aim of the work was to deposit Pt in a reproducible way across different ASA
supports. This was confirmed in the HRTEM images (see Appendix Figs 7. 16-21) and the
accompanying particle size and size distribution data on the systematically varied supports

illustrated in Table 5. 4.
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Table 5.4: Particle sizes and size distributions of Pt-based, CEDI prepared and reduced

catalysts with systematically varied supports.

Catalyst drem (nm)
Pt/FSP-1 1.3+0.4
Pt/FSP-4 1.7+0.6
Pt/FSP-10 24+0.7
Pt/SAS-1 1.2+0.3
Pt/SAS-4 13+04
Pt/SAS-10 *Not available
Pt/SG-1 14+04
Pt/SG-4 1.3+0.4
Pt/SG-10 1.1+0.3
Pt/H-ZSM 5 1.8+0.7
Pt/FSP-SiO; *Not available

*Note: Due to a lack of catalyst material available for characterization after testing due to

restrictions with the supercritical equipment and material availability from the external

partner (See Chapter 2.2).

5.6 CEDI Prepared Catalysts Thermal Stabilization Studies:

Thermal stabilisation studies were also carried out, testing the stability of CEDI deposited

Pt particles on CEDI prepared Pt/FSP-4 after various thermal treatments presented in Table

5.5.
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Table 5.5: Particle sizes and size distributions of CEDI deposited Pt on ASA after various
heat treatments with the intention of removing the stabilizer while maintaining narrow and

uniform particle size and size distribution.

Treatment Method drem (nm)
300 °C Calcination 49+1.3
300 °C Calcination and Reduction 41+1.3
600 °C Calcination 7.6+25
600 °C Calcination and Reduction 59+3.3

Table 5. 5 shows the effect of heat treatments on the CEDI deposited Pt-based catalysts. In
all cases the average Pt particle sizes and size distributions are larger than those of the
above mentioned reduced, and uncalcined catalysts. The reduction process appears to help
in minimising the sintering of the Pt particles. The 600 °C calcined samples also show
significantly larger Pt particles than even the 300 °C example. Simonsen et al. confirmed
that Otswald ripening is responsible for the sintering of Pt under oxidative atmospheres.?
Since Pt is known to form a volatile oxide, the authors suggested that this Pt oxide
constitutes the mobile phase responsible for Pt sintering. The increase in calcination
temperature results in the weakening of metal-support interactions and aggregation of Pt
particles; this situation also favours the broader size distribution evidenced in Table 3. This
effect is not present in the reduced catalysts as H; treatment, at high temperature, induces
stronger metal support interactions particularly in the case of non-reducible oxides as
supports.?® As illustrated in Table 4.4, these Pt nanoparticles are stable to treatment in the

reduction conditions.

X-ray diffraction patterns for the (SiO,-Al,03) support and all prepared catalysts are shown
in Fig 7. 28 (see Appendix). The diffraction peaks of Pt species are not detected for all the
reduced catalysts as their small particle size and low concentration fall below the XRD
detection limit. The exception in this regard is the Pt/FSP-1 catalyst which displays
reflections attributed to both Pt(200) and Pt (220) with 2 values of 46.4° and 67.5°,

respectively. The additional diffraction peak, with 28 value of 39.6°, was attributed to XRD
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sample holder. Moreover, no diffraction peaks characteristic of Pt nanocrystallites exist for
all the catalysts thus it is fair assume that well dispersed, small nanoparticles are formed.

This assumption is in accordance with the TEM observations.

In summary, the CEDI process has improved the dispersion of the Pt particles greatly, and
now produces reliable, well dispersed, and stable Pt particles, which correlates with an
increase in activity. The thermal stability studies have suggested an instability under
calcination conditions, however, under the reductive conditions of the propane

dehydrogenation reaction the Pt particles appear very stable.

5.7 CEDI prepared ASA catalyst for Propane Dehydrogenation (PDH)

5.7.1 Systematically varied CEDI catalysts: On the role of support synthesis method
In this section, the catalytic activity of supported monometallic (1 wt.% Pt) catalysts,
prepared via the CEDI approach, were evaluated for the PDH reaction and the results are
shown in Fig 5.11. The influence of the surface acidity on activity was investigated by
varying Al/(Al+Si) molar ratios in the supports of the Pt-based catalysts otherwise simplified
to Si/Al ratios of 1, 4 and 10. This gave a set of systematically different catalysts which, for
brevity, were denoted Pt/A-x, where A is the support synthesis strategy and x is the nominal

Si/Al.

Initially catalytic activity was examined over 200 minutes time-on-stream (TOS). A
comparison of initial activity, measured at 25 minutes TOS, displayed propane conversions
of 34.8 %, 43.3 % and 92.3 % for Pt/SAS-1, Pt/SAS-4 and Pt/SAS-10, respectively. The loss
in activity with time correlates with Si/Al (Figure 5.11). This is exemplified in percentage
reduction of propane conversions of 67.8 %, 84.5 % and 86.8 % over 200 min TOS for
Pt/SAS-1, Pt/SAS-4, and Pt/SAS-10, respectively. As indicated in Fig 5. 11-a, the initial
activity of the Pt/SAS-10 catalyst exceeds the calculated thermodynamic equilibrium
conversion of 54.6 %. This is attributed to initial propane adsorption on the catalyst surface
as well as consecutive reactions which appear to be more prevalent in the initial stages of

the reaction.
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Despite the influence Si/Al can have on activity, it is curious to see the less drastic effect of
the support preparation method has on altering the activity in the case of the Pt/FSP-x and
Pt/SG-x catalysts. Both sets of catalysts displayed lower initial propane conversions,
appearing to reach steady state conditions at a faster rate than analogous Pt/SAS-x
catalysts in the initial stages of the reaction. Over the 200 TOS, the Pt/FSP-x and Pt/SG-x
catalysts displayed moderate, stable activity throughout the 200-minute reaction, with

negligible observable deactivation.

However, no linear trend between activity and Si/Al was observed for the Pt/SAS-x and
Pt/FSP-x catalysts such that the catalytic performance of the Pt/FSP-x catalysts decreased
inexplicably with Si/Al in the following order: Pt/FSP-4 > Pt/FSP-10 > Pt/FSP-1. Similarly, the
Pt/SAS-X catalysts exhibited similar behaviour with reported propane conversions at 200
min TOS of 11.2 %, 6.7 % and 12.2 % for the Pt/SAS-1, Pt/SAS-4 and Pt/SAS-10 catalysts,
respectively. This translated to the following activity trend in the Pt/SAS-x catalysts: Pt/SAS-
10 > Pt/SAS-1 > Pt/SAS-4. As illustrated in Fig 5. 11 e-f, the Pt/SG-x catalysts followed a
similar activity trend to the FSP-based Pt catalysts such that the activity trend decreased in

the following order: Pt/SG-1 > Pt/SG-4 > Pt/SG-10.

However, once the reaction reached steady state conditions, the Pt/SAS-x catalysts
displayed similar propane conversion values to analogous FSP and SG-based catalysts.
Therefore, it is fair to assume that moderate aluminium content, and thus surface acidity
in the catalysts is pertinent to increased catalyst activity in the case of the Pt/SAS-x and
Pt/FSP-x catalysts. The variability in these observations is unexpected but can be
rationalised to morphological and microstructural differences induced by the support

preparation methods.
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Figure 5.11: (a) Conversion of CsHs; and (b) selectivity to CsHs (full symbols) and Coke
(hollow symbols) for Pt/SAS-1 (M), Pt/SAS-4 (4.), Pt/SAS-10 (®); (c) Conversion of C3Hs;
and (d) selectivity to CsHe (full symbols) and Coke (hollow symbols) for Pt/FSP-1 (M), Pt/FSP-
4 (@), Pt/FSP-10 (A); (e) Conversion of C3Hg; and (f) selectivity to CsHe (full symbols) and
Coke (hollow symbols) for Pt/SG-1 (M), Pt/SG-4 (/) and Pt/SG-10 () catalysts.

The observed product distribution indicates that as the reaction progresses the degree of

coking decreases irrespective of microstructural and surface acidity characteristics. In
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addition to propene being the most prominent product, negligible amounts of ethene,
ethane, methane and toluene side products are present, Table 5. 6. Though desired
product (propene) selectivities were important to consider, catalyst performance was
measured against two key metrics: propene vyield and propene productivity. When
considered, initial performance for all tested catalysts demonstrated linear correlations

between Si/Al, propene yield and propene productivity, Fig 5. 12.
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Figure 5. 12: Initial propene yield and propene productivity for all tested catalysts.

It is clear that the use of SAS-prepared ASAs as supports are highly beneficial to the activity
displayed by the Pt/SAS-x catalysts, given the order-of-magnitude increase in the initial
propane yield and propene productivity compared to analogous Pt/FSP-x and Pt/SG-x
catalysts. Much like the Pt/SAS-x catalysts, the Pt/FSP-x catalysts display increased propene
yield and propene productivity with increasing Si/Al, owing to the high level of control
offered by the support synthesis method and subsequent microstructural consistencies. An

opposing trend was observed for the Pt/SG-x catalysts.

Interestingly, after 200 minutes TOS, Pt/SAS-1 exhibited the highest propene yield and
production rates of 6.5%, and 10.4 molcsue kget h2, respectively. It was noted at this stage

the relative stability in the Pt/FSP-x catalysts and contrastingly the large susceptibility to
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deactivation of the Pt/SAS-x catalysts (Table 5.6). Sequential improvements in catalytic
performance correlating with Si/Al were observed on the Pt/FSP-1, Pt/FSP-4, Pt/FSP-10
catalysts. It is stressed at this point that although this is the first report of Pt-based catalysts
on SAS-synthesized supports with considerable performance, the observed deactivation

requires attention.

5.7.2 On the role of support surface acidity and crystallinity

Further, under the reaction conditions used here (600 °C, 100 mg, 5 % C3Hg in 5 % N, and
Ar, balance, WHSV: 12 h1), Pt/FSP-SiO, converted 26.4 % of the propane to propene (77.0
%), ethene (1.5%), methane (1.0 %), trace of amounts of ethane (0.1 %), and benzene
(0.4%). On the other hand, though identical propane conversion (26.1 %) was observed
over Pt/H-ZSM5 after 200 min TOS marked differences in selectivity to propene (17.7 %),
ethene (32.7 %), methane (8.0 %) and ethane (0.8 %) as by-products. Sattler and co-workers
outline that the observed activity and product distributions can originate from thermal
cracking, isomerization, and polymerization of adsorbed propene.?® The differences in coke
selectivity between Pt/FSP-SiO; (19.9 %) and Pt/H-ZSM5 (40.8 %) suggest the existence of
two active centres, metal nanoparticles and surface acid sites. Based on the Horiuti-Polanyi
mechanism, it is fair to assume that strong, Brgnsted acid sites interact with adsorbed,
migrated propene and soft coke (propylidene) generated on Pt undergoing polymerization,

condensation, and cyclisation.

Pt/ZSM-5 displayed the lowest observed catalytic performance as expected due to the
higher density and strength of acid sites characteristic of crystalline aluminosilicates which
are a detriment to catalyst performance. This verified the previous running hypothesis
relating moderate surface acidity with increased catalyst performance, evident in the ASA

supported Pt-based catalysts.
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Table 5. 6: Conversion of propane and product distribution after 200 min on-stream for the

various catalysts.

Catalyst CsHs Selectivity (%) Propene Productivity
Conversion CsHe CHs CGHs  CHs  Toluene Coke  Yield (%)  (molcane kgeat™
(%) h-1)
Pt/SAS-1 11.2 93.5 0 0 0.5 0.5 5.6 10.4 6.5
Pt/SAS-4 6.7 73.5 2.0 1.2 1.2 0.9 22.4 4.9 3.0
Pt/SAS-10 12.2 68.6 3.8 0.3 1.8 0.8 24.7 8.4 5.2
Pt/FSP-1 7.5 85.3 2.2 0 0 0.5 12.1 7.6 4.7
Pt/FSP-4 16.6 76.0 1.9 0 0.7 0.4 21.1 8.5 5.3
Pt/FSP-10 16.6 89.7 2.0 0 0.7 0.5 7.0 14.9 9.2
Pt/SG-1 15.7 73.4 0.4 1.2 0 0.6 24.4 11.8 7.4
Pt/SG-4 12.3 84.5 11 0 0.4 0.5 13.5 10.4 6.5
Pt/SG-10 11.0 71.9 1.8 0 1.4 0.6 243 7.9 4.9
Pt/FSP- 26.4 77 15 0.1 1.0 0.4 19.9 20.3 12.6
SiO;

Pt/ZSM-5 26.4 17.7 32.7 0.8 8.0 0 40.8 4.1 2.6

Additionally, a few important aspects of the reaction pathway can be concluded from the
data presented in Table 4.6. The fact that the selectivity to the Csproduct is typically greater
than that of C1 and C; products implies that the activation of C-H bond and a weaker binding
strength of propene predominates, with low activity for C-C bond rupture. This implies the
lower prevalence of hydrogenolysis and cracking pathways. However, the noticeable
selectivity to coked products suggests complete cracking of propane can occur leading to
sequential aromatization and isomerization reactions. This can be attributed to different Pt
surface site heterogeneity and catalyst surface acidity, which will be discussed in more

detail in the subsequent sections.
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5.7.3 Long term iso-conversion PDH testing:

A more conclusive comparison of the catalysts was conducted over a period of 16 hours.
Propene yield and propene productivity were used as indicators of the catalyst
performance under iso-conversion. These conditions were selected to operate the system
at a conversion level, of around 10 %, far from equilibrium thus representing differential

conditions.

Over a 16-hour reaction time, the Pt/SAS-x catalysts deactivated in accordance with the
catalyst’s Si/Al ratio evident in the monotonical decrease in propane conversion in the first
2 hours (Fig 5. 12a). The highest initial activity is observed for Pt/SAS-10 (92.3%), followed
by Pt/SAS-4 (42.2%) and Pt/SAS-1 (34.8%). Additionally, the rate of deactivation is as
follows: Pt/SAS-1 > Pt/SAS-4 > Pt/SAS-10 which is due to the higher concentration of
Brgnsted acid sites, with decreasing Si/Al, which promote cracking and coke formation.
From the relationship between catalytic activity and Si/Al ratio, it can be concluded that
the rate of deactivation is dependent on the surface acidity. It is clear from this difference
the ability of the active Brgnsted acid sites to protonate propane. Conversely, no
correlation was found between support surface area (see Table 4. 10) and catalyst activity.
This is demonstrated by the Pt/SAS-x catalysts which display comparable catalytic
performance to analogous Pt/FSP-X and Pt/SG-X catalysts after steady state conditions are

reached, despite the latter having higher surface areas.

The lower activity and rate of deactivation achieved by increasing Si/Al can be attributed
to differences in the strength, nature and concentration of active sites inducing lower
uptake of propane. This is in line with the kinetic perspective of the dehydrogenation
reaction whereby higher initial reaction rates can be ascribed to different heat of propane
adsorption, and energetic barriers between propene dehydrogenation and desorption.?”28
With this knowledge, it is fair to assume that the lower heat of adsorption with increasing
Si/Al can lead to differences in surficial propane coverage and subsequent activity per
active site. However, an appropriate temperature programmed desorption experiment to
elucidate the coverage dependant desorption kinetics between the tested catalysts is

beyond the scope of this study.
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Contrary to previously demonstrated data (Fig 5. 11a-d), the long-term propene
selectivities showed a large amount of variability particularly after steady state conditions
were achieved. The exact cause is unclear but possible rationales can be attributed to the
resultant morphology, elemental, microstructural properties characteristic of the support
synthesis and Pt surface site heterogeneity. Further analysis revealed that although at
points propene selectivity did fluctuate slightly, this did not lead to variability in the
propene productivity. Similar trends in catalyst performance were observed in both
Pt/SAS-x and Pt/FSP-x catalysts over the 16-hour reaction time with the catalysts

characterised by moderate acidity displaying the highest performance (Fig 5.13 and Fig
5.14).
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Figure 5.13: (a) Conversion of CsHg; and (b) selectivity to CsHe (full symbols) and CsHs
productivity (hollow symbols) for Pt/SAS-1 (W), Pt/SAS-4 (A.), Pt/SAS-10 (®).

As illustrated in Fig 5.13b, after 16 hours TOS Pt/SAS-4 exhibited the highest propene yield
and productivity of 11.5 %, and 7.1 molcsns kg'let hl, respectively. Similarly, among the
Pt/FSP-x catalysts Pt/FSP-4 exhibited the highest propene yield and productivity of 10.8 %,
and 6.7 molcns kglpt h, respectively. Notable also is that this anticipated weaker
adsorption of propene obtained on the Pt-based catalysts characterized by higher Si/Al
ratios, resulted in the prevention of the deep dehydrogenation of propene to propylidene,

a model precursor for coked products.
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Figure 5.14: (a) Conversion of CsHg; and (b) selectivity to CsHe (full symbols) and CsHs
productivity (hollow symbols) for Pt/FSP-1 (M), Pt/FSP-4 (®), Pt/FSP-10 (A).

Moreover, the ASA-supported Pt catalysts significantly reduced the amount of coke
formation, particularly on the active sites which diminished the catalytic deactivation
otherwise observed in the zeolitic analogue (See Appendix, Fig 7. 35). This is a highly
significant result as it shows a fourfold improvement in the rate of formation of propene in

both Pt/SAS-10 and Pt/FSP-10 catalysts relative to Pt/H-ZSM5.

Based on these observations it was noteworthy that the SAS synthesized ASAs could
provide similarities in key structural features to the FSP synthesized counterparts that may
be beneficial to catalysis. In view of this a large amount of work was undertaken to

determine the key structural features pertinent to the observed catalyst performance.

5.8 Understanding the role of the support in non-oxidative propane

dehydrogenation

5.8.1 On the role of surface site heterogeneity

The catalytic performance also depends on the geometric and electronic properties of the
active sites. The electronic properties of the various Pt/SiO,-Al,03 catalysts, before and
after long-term PDH testing, were characterized by XPS. The most intense photoemission
lines of Pt are attributed to Pt 4f. The Pt 4f XPS spectra of all the catalysts exhibited doublet
peaks corresponding to a spin-orbit splitting of Pt 4f;, and Pt 4fs;; states, in accordance

with the NIST X-Ray Photoelectron Spectroscopy database.?®
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Table 5.7: Particle size, size distribution and ratio of Pt active sites provided by HRTEM and

XPS analysis of all tested catalysts.

REDUCED POST REACTION
Catalyst drem (nm) Pt2*/Pt° drem (nm) Pt2*/PtO
Pt/SAS-1 1.2+0.3 1.7 4.8+3.8 0.8
Pt/SAS-4 1304 1.4 2.1+0.38 0.8
Pt/SAS-10 *Not *Not available 1.4+04 0.8
available
Pt/FSP-1 24+0.7 1.5 22+0.8 0.8
Pt/FSP-4 1.2+0.3 2.0 1604 0.8
Pt/FSP-10 13+04 11 19+0.7 0.8
Pt/SG-1 14+04 14 45+1.7 0.8
Pt/SG-4 13+04 1.2 30+14 0.8
Pt/SG-10 1.1+03 0.6 3614 0.8
Pt/H-ZSM5 1.8+0.7 *Not available 24+1.0 *Not available

*Note: Due to a lack of catalyst material available for characterization after testing due

to restrictions with the supercritical equipment and material availability from the

external partner (See Chapter 2.2).

However, an intense Al 2p photoemission peak overlapped with the Pt 4fs;; peak with

binding energy (BE) in the 73-77 eV range. As to Pt, only metallic platinum (Pt°) is observed

when considering the Pt 4f;; peaks with BE values in the 70.2-70.9 eV and 71.3-71.9 eV

ranges. Additionally, the Pt 4fs;; peaks of the reduced catalysts, prior to testing, could be

resolved into two components with binding energies of 74.7-75.2 eV and 73.6-74.2 eV,

assigned to the presence of Pt>* and Pt° species, respectively.
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Figure 5. 15: XPS spectra of the Al2p (---) and Pt 4f (---Pt 4f;/, 0, -—-Pt 4f7/2 2%, ---Pt 4f5,©,
Pt 4fs/>%*) regions of reduced (a) Pt/SAS-4 and (b) Pt/FSP-4 catalysts.

The Pt2*/Pt° ratios calculated based on the combined spectral contribution of both Pt 4f7,
and Pt 4fs/; peaks, are presented in Table 5. 7. For the Pt/SAS-x catalysts, no clear trend
exists between catalyst activity and Pt**/Pt° ratio. Contrastingly, the Pt?*/Pt° ratio
correlates with both initial propene yield and propene productivity following the trend:

Pt/FSP-4 > Pt/FSP-1 > Pt/FSP-10.

Asillustrated by Fig 7. 31 (see Appendix), which presents the Pt 4f XPS spectra of the Pt/FSP-

4 post-reaction catalyst, only two Pt 4f;/; peaks are observed after the 16-hour PDH
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reaction. Due to BE values of 71.3 and 74.7 eV these species are identified as Pt 4f7/, 9, Pt
4f;/,%*, respectively. Interestingly, the Pt?*/Pt ratios are consistent for all tested catalysts
post reaction. This observation provides further insights into the possible thermally and
chemically induced change in Pt speciation produced by operating under reaction

conditions.

In-situ characterization is required, under reaction conditions, to fully understand how the
Pt species evolve with reaction temperatures and conditions which is beyond the scope of
this project. However, these results indicate the reproducibility afforded by the Pt
deposition technique on the ASA supports. Consistent particle sizes, size distribution and
Pt>*/Pt® ratios in spent catalysts also suggest stabilization achieved under reaction

conditions, potentially once steady state conditions are achieved.

5.8.2 Particle Size Effect on PDH Activity:

To clarify these observations, TEM and NMR studies were carried out. Increasing catalyst
activity by enhancing dispersion is only effective to a certain extent. Size dependence of
the PDH reaction are encountered with smaller, isolated Pt species favoured for high
catalyst activity as reported in literature.>® To shed light on the reasons for different
activity during the reaction, the catalysts after reaction were analysed by HRTEM. The
HRTEM images (See Appendix Figs 7. 22-25) portray highly dispersed Pt particles and
accompanying particle size and distribution histograms of the spent catalysts. Negligible
changes in the Pt particle size were found after the 16-hour PDH reaction for the Pt/FSP-X
catalysts (Table 5. 7). The Pt nanoparticles appear to be relatively stable under reaction
conditions maintaining atomic-level dispersion. The assignment of the promoted catalytic
performance to different morphologies of the supported FSP catalysts is strengthened by
the observation that the Pt/FSP-X catalysts maintain their size and size distribution under
reaction conditions. This indicates the enhanced metal-support interactions between the
Pt particles and FSP-synthesized ASA supports which resulted in greater stabilization of Pt

nanoparticles on this set of Pt-based catalysts.
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On the contrary, the HRTEM images of the Pt/SAS-X catalysts present larger Pt aggregates
for the Pt/SAS-1 catalyst (4.6 + 3.8 nm) with slightly less uniformity in Pt species over the
support surface. As the Si/Al is increased another combinational effect between surface
acidity and nanoparticle size is evident in the Pt/SAS-4 (2.2 + 0.8 nm) and Pt/SAS-10 (1.4 +
0.4 nm) catalysts. This suggests that there are commonalities in catalyst design between
Pt/FSP and Pt/SAS catalysts exist which likely relate to the interaction of the active metal
and the support. This is in view of atomic-level structural similarities between FSP, and SAS
synthesized supports (Chapter 4). In the case of the Pt/SG-X catalysts larger Pt particles
exist characterized by isometric or irregular shape and distribution over the support

surface.

5.8.3 Surface acidity effect on PDH

Irrespective of ASA synthesis technique the 2’Al 1D MAS NMR (Chapter 3, Fig 3. 21) alluded
to the Al speciation in ASAs which exhibit 3 broad, characteristic asymmetric peaks with
chemical shifts of 4, 30 and 55 ppm which can be attributed to octahedral (AlY'),
pentahedral (AlY) and tetrahedral (Al'Y) aluminium species, respectively. Due to the
complex surface structure the spectra show heterogeneity in Al environments, with the
relative proportion of signals associated with both AIY and AIV' species decreasing

monotonically with Si/Al.

The surface structure is complex however it is understood that co-existent Brgnsted type
acid sites are observed (BAS-Al'Y and BAS-AIY) which enhance the Brgnsted acidity of ASAs.
AlV are known to be surface enriched species, providing anchoring sites for nanoparticles,
and enhanced thermal stabilization. All the signals show a large distribution in isotropic
chemical shifts and therefore they are not well resolved. This reflects the topological
distribution of aluminium atoms in the disordered ASA materials. In crystalline materials,
like zeolites, the bond angles are well defined, leading to a smaller distribution in NMR
parameters. The 2’Al 2D MQMAS NMR spectra features three main off-diagonal
correlations for Pt/FSP-1, Pt/SAS-1 and Pt/SG-1 catalysts (See Appendix, Fig 7.31). The

results indicated that for the Pt catalyst supported on supports containing the highest
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aluminium content (Si/Al=1), there are at least three different Al species in differing (Si-O-
Al) bond angles. The two most intense (labelled I and Ill in Appendix, Fig 7.31) are
associated with to Al'Y and AIY' species, respectively. The remaining feature (labelled Il in
Appendix, Fig 7.31) results from AlY species. The AlV species are known to be surface
enriched species existing in high concentrations at high Al content, with partial hydrolysis
of AlY, resulting in AIV" in the hydrated state. The relative proportion of AlY species, and

consequently AlV' species is known to decrease with Si/Al in the order: 1> 4> 10.

Irrespective of ASA synthesis procedure the spectra show heterogeneity in Al
environments, with the relative proportion of signals associated with both AlY and AV
species decreasing monotonically with Si/Al. The opposite trend is observed however for
the signal associated with Al"Y polyhedral (centred at ca. 55 ppm). In the MQMAS spectra,
the relative population of AIY' and AlV features are less prominent than anticipated.
Consequently, it is fair to assume that AlY and AIV' in ASAs are largely NMR invisible under
our measuring conditions. Second order quadrupolar interactions of Al nuclei with local
electric field gradients are known to broaden the 2’Al MAS NMR signals of Al with distorted
coordination symmetries, characteristic of ASAs, beyond detection. However, both that AlY
and AlV' sites in ASAs are surface enriched and provide the amphoteric hydroxyls necessary
to anchor the Pt nanoparticles. The nature of the line broadening in the 2D MQMAS allows
further structural deductions whereby two types of line broadening can be differentiated.
Horizontal broadening of lineshapes in the 2D spectrum is caused by quadrupolar coupling
to local electric field gradients, the result of nearby cationic species or coordination-
symmetry distortion. This is illustrated by the AIY' lineshapes (labelled 1) of all SAS
(Appendix, Fig 7.31 1-3) and FSP-prepared ASAs (Appendix, Fig 7.31, 4-6). On the other
hand, chemical heterogeneity was reflected by elongation of lineshapes along the diagonal

of the MQMAS spectrum.

The latter was evident for all observed lineshapes in the SAS and FSP-prepared ASAs.
Interestingly, the MQMAS spectra yielded a characteristic fingerprint of the type of
synthesis strategy used for the ASA based on the line-broadening and Al speciation

features. In ZSM-5, all Al atoms are within the zeolite framework and appear NMR visible.

200



Chapter 5

With catalyst design in mind, minimizing the formation of the alumina phase or AlV' species
during synthesis can maximise the dispersion of Al atoms and the generation of framework,
AlY, and surface, AlY, species for optimal surface acidity is highly desirable. Due to the highly
defective structure of silica—alumina, the formation of reversible aluminium species is
expected and has been reported to occur more readily than in zeolites.3® Multidimensional
MAS NMR analysis suggests the possibility of different types of hydroxyl groups are present
on the surface of the SAS and FSP synthesized amorphous silica-aluminas. Although
MQMAS is a highly informative NMR approach, it is not quantitative. NHs-TPD has been
used to quantify total acidity (Brgnsted and Lewis acidity) and the acid site strength. The
relation between the propene productivity, total acid site concentrations and densities are

summarized in Figure 5. 17.
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Figure 5.16: Propene productivity correlations with (a) acid site concentration; and (b) acid

site density for the tested catalysts.

When considering the acid site concentration from ammonia TPD experiments, moderate
acid site concentrations favour the highest propene productivities in both Pt/SAS-X and
Pt/FSP-X catalysts. These correlations are consistent when the acid site density is
considered, Fig 5. 17b. Deductions from the 2D MQMAS spectra show the presence of
exclusively Al"Y in Pt/FSP-4 (Fig 5. 16, 5) and Pt/SAS-4 (Fig 5. 16, 2) result in the higher
observed specific activities, respectively, their relative their counterparts with the lowest
Si/Al. Thus, it is fair to assume the need for sufficient Al'V-BAS, with the co-existent AIV-BAS

limited through modulation of Si/Al as well as in anchoring nanoparticles.
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5.9 Conclusions

From this chapter, the reproducible preparation of Pt-based catalysts on SAS, FSP and SG-
synthesised ASAs via the CEDI approach has been successfully carried out with
characterisation revealing key microstructural parameters pertinent to catalytic
performance. Of these parameters, the surface acidity has been shown to have a direct
influence on catalytic performance when applied to the non-oxidative propane

dehydrogenation reaction.

Itis well understood that the synthesis method governs the extent to which such properties
can be tuned. It has been demonstrated that the ASA materials display similar Al speciation,
with a higher concentration of AlY and AV existing at low Si/Al ratios while 2D MQMAS
provided additional ‘fingerprint’ information linking greater chemical heterogeneity, from
line broadening analysis, in SAS and FSP based catalyst relative to the SG and zeolitic
catalysts. 2D MQMAS NMR also suggest differences in the distribution of distorted Al sites,
inherent to each support synthesis strategy. Tuning of synthetic parameters, such as Al
content enabled changes to the surface composition and surface acidity. Consequently,
direct impacts on the catalytic performance are observed with Pt/SAS-4 and Pt/FSP-4

catalysts showing the highest observed production rates of the required product.

On the contrary, the Pt/SG-x catalysts displayed a reciprocal correlation between surface
acidity and catalytic performance, attributed to differences in the surface structure and
thus surface acidity. The FSP based catalyst appear to be the most promising displaying
enhanced activity, selectivity, and stability relative to the SAS and SG counterparts. It is
assumed this is due to a possible higher concentration of surface enriched AlY sites, able to
sufficiently stabilize and disperse the active phase in the Pt-based catalysts. Other
advantages of this include increasing metal surface area and improving catalytic
performance through enhanced metal-support interactions otherwise verified by stabilised
Pt nanoparticle sizes under reaction conditions. This appears to be enhanced at moderate
Si/Al, Si/Al=4, insinuating the need for moderate surface acidity to improve catalytic

performance. These attributes are essential in understanding the relation between the
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synthesis method, physicochemical properties and catalyst performance otherwise

referred to as synthesis-structure-activity relationships.

The results suggest that Pt particle size and size distribution largely depend on the support
composition with the lowest observed particle sizes observed on catalyst with supports
constituted by moderate Si/Al. Characterization has alluded to the difference in
performance being down to a number of factors including and not limited to the type and
strength of the acid sites, the platinum dispersion and morphologies in the different

catalysts.

In the case of the Pt/SAS-X catalysts a correlation between increasing Si/Al and initial
propane conversion was evident. Increasing Si/Al in the Pt/SAS-X catalysts resulted in a
decrease in the activity with more pronounced deactivation observed with increasing Si/Al.
This directly correlated with different rates of deactivation induced by the nature, strength,
and concentration of surface acid sites such that more rapid deactivation occurred at low
Si/Al. An illustrative example of this is in the comparison of the drop in propane conversion
in the Pt/SAS-x catalysts whereby more pronounced deactivation exists in the Pt/SAS-10

catalyst relative to its counterparts with lower Si/Al.
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6 Conclusions and future work

6.1 Conclusions

The title and objective of this thesis places emphasis on novel preparation methods
targeted towards increasingly homogeneous amorphous silica-alumina (ASA) materials,
with high concentrations of homotopic active sites ideal for establishing structure-

performance relations.

With the antisolvent precipitation in mind, substantial efforts have been devoted to
designing a systematic approach in the preparation detail capable of meeting the stringent
microstructural property specification of the required product. In contrast, Baiker et al.
demonstrated use of the flame spray pyrolysis (FSP) method offering scalable production
of novel, thermally stable ASAs with the ability to address the demands imposed by
numerous catalytic processes.’™ The novelty of this study is that it addresses a new
synthetic route to ASAs, analogous to FSP-synthesized ASAs, via a systematic study of
experimental and post-synthesis variables and their effect on the resultant catalytic
materials. This work addresses the effect of solvent composition, process temperature,
process pressure, calcination conditions, silicon and aluminium metal precursors but also
advanced characterization and an investigation of the catalytic dehydration of methanol to
dimethyl ether. The synthesis strategy has not been previously reported in literature and
despite promising initial results, a further factorial design of experiments (DOE) study and

guantifiable characterization are required for subsequent optimization.

Supported platinum-based propane dehydrogenation catalysts are among the most
utilized in commercial process. Of these, supports with weak and moderate surface acidity
(alkaline doped Al,Os, Mg(Al)O, ZrO,, SAPO-34) coupled with promoting elements (Sn and
Ga) result in improved Pt utilisation, which is desirable for industrial application. In a

comprehensive review Carter, Bere and co-workers outline current efforts on the design of
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future of catalysts, with research centred around similar concepts to the above-mentioned

industrial catalysts.

One of the aims of this thesis is to correlation structure-activity relationships for the
propane dehydrogenation reaction on a series of (ASA) supported monometallic (Pt)
catalysts. In order to determine the effect of surface acidity on activity, a parallel study with
pristine ASAs was applied to the catalytic dehydration of methanol to dimethyl ether. An
interesting finding is that catalyst activity decreased with increasing Si/Al while catalyst
productivity was maximized, in FSP-4, with moderate acidity and a balance of surficial acid
sites (B:L). This insight directly translated to observed trends in desired product
productivity and yield for the propane dehydrogenation reaction whereby under iso-
conversion Pt/FSP-4 and Pt/SAS-4 displayed superior performance. Thus, it is imperative to
investigate the effect of the support on catalyst performance employing further evaluation
using the methanol-to-DME reaction as well as MQMAS, C3Hg-TPD, C3He-TPD, NH3-TPD and

Pyridine-DRIFTS characterization.

While investigations of the reproducible deposition of platinum nanoparticles on ASAs have
been reported in a number of publications, the effect of a number of exchange methods
(sol-immobilization, IWI, CVI, CEDI) have been addressed in this thesis. In addition, the
application of dehydrogenation catalysts prepared by the CEDI method, has not been
reported before. This study adopts an electron microscopy study to enhance understanding
of the effect on metal size, size distribution, and dispersion of various calcination, and
consecutive reduction, processes for systematically varied (Si/Al) supports prepared via
different methods (SAS, FSP, and Sol-gel). Application of the CEDI exchange method allows
the deposition of nano- and sub-nanometre platinum particles with high dispersion and

low size distribution.

Additional characterization was performed to determine the effect of the support on the
structural and electronic properties of the Pt catalyst on dehydrogenation performance.
Interestingly, after a 16-hour reaction, the degree of platinum particle size and size

distribution stabilization decreased in accordance with support preparation strategy in the
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order of: FSP > SAS > SG. In the case of Pt/FSP-x catalysts where the CEDI method was
utilized to deposit platinum HRTEM revealed no statistical significance in particle size and
size distribution. Both FSP- and SAS-based supports possess a predominantly aggregated
nanospheres morphology as well as another “cloud” like, non-spherical morphology with
similar aluminium sites, acid site nature and concentration. Morphology and aluminium
sites play a key role in localizing and anchoring platinum particles while surface acidity
influence catalyst activity and selectivity. This study shows the superior propene yields and
productivities of the Pt/SAS-x catalysts. In order to draw more definitive conclusions, it
would be advantageous to normalize Pt loading to support surface area such that the moles
of platinum per m? remain constant. An additional study into the reduction conditions is
also necessary to further investigate the effect on metal support-interactions, and

structural and electronic properties.

Catalyst deactivation is a ubiquitous problem which causes loss of catalyst activity and/or
selectivity and is a current concern for the series of monometallic catalyst employed in this
study. Among the tested catalysts results suggest the superior performance of the Pt/SAS-
4 and Pt/FSP-4 catalysts, but potential application for industrial catalysts under real
working conditions require the reduction of deep dehydrogenation reactions that lead to
coking. Product distribution analysis suggests that the contribution of coke deposits is
minimal. The results suggest the decreased tendency of the side reactions induced by
specific sites, such as Brgnsted acid site for cracking reactions and metal size; commonly
large Pt ensembles display activity for hydrogenolysis, cracking and isomerization

reactions.

At this stage it is increasingly difficult to compare catalyst performance obtained for the
catalysts studied in this thesis due to differences in the experimental reaction conditions
used and the lack of literature focusing on monometallic Pt catalysts supported on ASAs.
However, similar catalyst with different support nature, morphology, and surface acid site
properties are presented in literature. As a basis for comparison, propene productivity
values for the most active catalysts seem to be comparable and, in some cases, superior to

the closest analogues in literature. [our review] Therefore, to assess the novelty and impact
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of this work additional reactions under identical conditions to literature benchmarked

studies are essential accompanied by a regeneration-cycling study.

6.2 Final Conclusions

In summary, this work has addressed the challenge of novel approach to amorphous silica-
alumina materials via the supercritical antisolvent precipitation method using a systematic
approach of experimental and process variables. For comparison, results have shown
microstructural similarities to the benchmark FSP-synthesized analogues. A systematic
characterization approach has eluded to the achieved low Si/Al, homogeneity of Si and Al
on a nanometer scale, high concentration of homotopic acid sites. The rationale design of
a bifunctional catalyst has been achieved and a combined characterization and catalytic
approach has enhanced understanding of the relevant structure-activity correlations
pertinent to acid-catalyzed reactions. Though improved understanding of the catalyst
design and activity have been realized, a significant amount of further work remains before
scaled and commercial applications can be realized. These additional investigations include
a relevant factorial DOE study for material optimization, quantifiable characterization
(CsHs-/C3He-TPD, MQMAS NMR, CO-DRIFTS) and catalyst performance (MTD and PDH)

studies.
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7 Appendix

7.1 Additional characterization for chapter 4

7.1.1 SEM/EDX analysis

Figure 7. 1: SEM image showing aggregated nanosphere morphology and EDX elemental
mapping of SAS-1, indicating homogeneous distribution of Al, Si and O on the material

surface on a micrometre scale.
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Figure 7. 2: SEM image showing aggregated nanosphere morphology and EDX elemental
mapping of SAS-1, indicating homogeneous distribution of Al, Si and O on the material

surface on a micrometre scale.
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Figure 7. 3: SEM image showing aggregated nanosphere morphology and EDX elemental
mapping of SG-1, indicating homogeneous distribution of Al, Si and O on the material

surface on a micrometre scale.
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7.2 Additional catalytic data for chapter 4
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Figure 7. 10: DME productivity correlations with ratio of Brgnsted to Lewis acid sites (B:L)

for the tested FSP-based ASA catalysts.

7.3 Additional characterization for Chapter 5

7.3.1 HRTEM analysis: Sol-immobilisation catalysts
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Figure 7. 11: HRTEM image and size distribution analysis of Pt deposited onto FSP-1 via sol
immobilisation, dried at 110 °C for 16 h and reduced in situ at 350 °C for 1 h with 10 vol.%

H,/Ar (total flow rate = 50 ml min?).
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Figure 7. 12: HRTEM image and size distribution analysis of Pt deposited onto FSP-1 via sol

immobilisation, with PVA removed utilising a 200 °C calcination and reduced in situ at 350

°C for 1 h with 10 vol.% Hy/Ar (total flow rate = 50 ml min?).
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Figure 7. 13: HRTEM image and size distribution analysis of Pt deposited onto FSP-1 via sol
immobilisation, with PVA removed utilising a 300 °C calcination and reduced in situ at 350

°C for 1 h with 10 vol.% Hy/Ar (total flow rate = 50 ml min?).
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Figure 7. 14: HRTEM image and size distribution analysis of Pt deposited onto FSP-1 via sol
immobilisation, with PVA removed utilising a 400 °C calcination and reduced in situ at 350

°C for 1 h with 10 vol.% H,/Ar (total flow rate = 50 ml min-).
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Figure 7. 15: HRTEM image and size distribution analysis of Pt deposited onto FSP-1 via sol
immobilisation, with PVA removed utilising a 120 min reflux and reduced in situ at 350 °C

for 1 h with 10 vol.% Ha/Ar (total flow rate = 50 ml min2).
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7.3.2 HRTEM analysis: CEDI catalysts
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Figure 7. 16: HRTEM image and particle distribution analysis of CEDI prepared, Pt/SAS-4
catalyst after in-situ reduction at 350 °C for 1 h with 10 vol.% H./Ar (total flow rate = 50 ml

min).
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Figure 7. 17: HRTEM image and particle distribution analysis of CEDI prepared, Pt/FSP-4
catalyst after in-situ reduction at 350 °C for 1 h with 10 vol.% H,/Ar (total flow rate = 50 ml

mint).
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Figure 7. 18: HRTEM image and particle distribution analysis of CEDI prepared, Pt/FSP-10
catalyst after in-situ reduction at 350 °C for 1 h with 10 vol.% H,/Ar (total flow rate = 50 ml
mint).
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Figure 7. 19: HRTEM image and particle distribution analysis of CEDI prepared, Pt/SG-1
catalyst after in-situ reduction at 350 °C for 1 h with 10 vol.% H>/Ar (total flow rate = 50 ml

mint).
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Figure 7. 20: HRTEM image and particle distribution analysis of CEDI prepared, Pt/SG-4
catalyst after in-situ reduction at 350 °C for 1 h with 10 vol.% H>/Ar (total flow rate = 50 ml

mint).
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Figure 7. 21: HRTEM image and particle distribution analysis of CEDI prepared, Pt/SG-10

catalyst after in-situ reduction at 350 °C for 1 h with 10 vol.% H./Ar (total flow rate = 50 ml

min).
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Figure 7. 22: HRTEM images and particle distribution analysis of recovered CEDI prepared,

Pt/SAS-x catalysts after a 16 hour PDH reaction.
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Figure 7. 23: HRTEM image and particle distribution analysis of recovered CEDI prepared,

Pt/FSP-x catalysts after a 16 hour PDH reaction.

Figure 7. 24: HRTEM images and particle distribution analysis of recovered CEDI prepared,

Pt/SG-x catalysts after a 16 hour PDH reaction.
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Figure 7. 25: HRTEM image and particle distribution analysis of recovered CEDI prepared,
Pt/H-ZSMS5 catalysts after a 16 hour PDH reaction.
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Figure 7. 26: Particle sizes and size distributions of reduced Pt-based, CEDI prepared and

reduced catalysts with systematically varied supports.
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Figure 7. 27: Particle sizes and size distributions of post-reaction Pt-based, CEDI prepared

and reduced catalysts with systematically varied supports.
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7.3.3 XRD analysis
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Figure 7. 28: XRD pattern for reduced CEDI-prepared Pt/SAS-x,

and pristine ASA material.

7.3.4 NMR analysis
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Figure 7. 29: 1D MAS ?’Al MAS NMR spectra of (a) SAS-1, (b) reduced CEDI prepared Pt/SAS-

1, and (c) Post-reaction Pt/SAS-1 catalysts.
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Figure 7. 30: 1D MAS ?’Al MAS NMR spectra of (a) FSP-1, (b) reduced CEDI prepared Pt/FSP-

1, and (c) Post-reaction Pt/FSP-1 catalysts.
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reaction Pt/SAS-1 (blue) catalysts.
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Figure 7. 31: 2D MQMAS ?’Al MAS NMR spectra of 10 Pt-based catalysts: (1) Pt/SAS-1, (2)
Pt/SAS-4, (3) Pt/SAS-10, (4) Pt/FSP-1, (5) Pt/FSP-4, (6) Pt/FSP-10, (7) Pt/SG-1, (8) Pt/SG-4,
(9) Pt/SG-10 and (10) Pt/ZSMS5; and the corresponding supports. Projections on the vertical

and horizontal frequency axes, F1 and F,, are indicated above and left of each spectrum.

227



Chapter 7

7.3.5 XPS analysis
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Figure 7. 32: XPS spectra of the Al2p (---) and Pt 4f (---Pt 4f;/,°, ---Pt 4f7/22*) regions of post-
reaction Pt/FSP-4 catalyst.

7.4 Additional catalytic data for chapter 5
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Figure 7. 33: Conversion of CsHgfor Pt/SAS-SiO, (®), Pt/FSP-SiO, (®), and Pt/H-ZSM5 (@)

catalysts.
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Figure 7. 34: Selectivity to C3Hg (full symbols) and C3He productivity (hollow symbols) for
Pt/SAS-SiO; (®), Pt/FSP-SiO; (®), and Pt/H-ZSM5 (@) catalysts.
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Figure 7.35: Selectivity to CsHe (full symbols) and CsHe productivity (hollow symbols) Pt/SAS-
10 (®); Pt/FSP-10 (A); Pt/SG-10 (®) and Pt/H-ZSM5 (@) catalysts.
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Figure 7. 36: Yield of CsHg for Pt/SAS-SiO, (®), Pt/FSP-SiO; (®), and Pt/H-ZSM5 (#)

catalysts.
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Figure 7. 37: Yield of CsHgfor Pt/SG-1 (M), Pt/SG-4 (V) and Pt/SG-10 (®) catalysts.
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Figure 7. 38: Yield of C3Hgfor Pt/SAS-1 (M), Pt/SAS-4 (V), Pt/SAS-10 (®) catalysts.
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Figure 7. 39: Yield of CsHe for Pt/FSP-1 (M), Pt/FSP-4 (®), Pt/FSP-10 (A) catalysts.
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