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Summary

Abundantly available through natural gas, methane is largely underutilised as a resource.
Furthermore, providing a potential alternative to the production of valuable
petrochemicals, direct valorisation of methane would prolong reserves of feedstock
petrochemicals derived from dwindling crude oil.

Instead, due to lack of on-site valorisation processes, methane is largely flared during the
production of crude oil. Even so, industrial application of used methane involves an
indirect and energy intensive route transforming methane to synthesis gas (CO; and H,).
Further processing is then applied to effectively valorise to the desired liquid
petrochemicals. Alternatively, a direct on-site route to methanol under mild conditions
would limit the environmental impact of an energy intense indirect process. In addition,
methanol provides a valuable non-crude oil source as an intermediate to a vast number
of applications across several industries.

One avenue investigated, effectively utilised AuPd/TiO, catalyst for the oxidation of
methane using H,0, at low temperature (50 °C). Inspiring the first section of this thesis,
the synthesis of AuPd/TiO, by impregnation provides poor control yielding a broad range
of nanoparticle sizes with poor control of nanoparticle composition. Therefore, the first
chapter investigates the influence of AuPd particle size, selecting sol immobilisation for
controlled preparation of starting material with narrow size distribution. The application
of heat treatment to promote particle size increases was investigated to confirm an
influence for methane oxidation. During this work, further influences were observed
during initial testing and were evaluated to improve understanding and increase catalyst
productivity. These influences included variation in AuPd nanoparticle size, TiO; support
phase and surface area changes. Producing variables which directly allowed controlled
utilisation of H,0, then provided avenues to produce a significantly improved catalyst,
requiring lower metal loading (0.13 wt.%) with higher productivity and H,0, efficiency.

The second section of this thesis investigates the application of perfluorinated solvent for
the selective oxidation of methane. Although proposed to be environmentally benign, the
application of pre-formed H,0, requires its production via the anthraquinone process.
Instead, the direct incorporation of molecular oxygen is considered the goal for catalytic
oxidation processes. Offering higher gas solubilities for both methane and oxygen, a
perfluorinated solvent was applied for investigations into use of molecular oxygen for
methane oxidation. The development of biphasic system trialled the application of radical
initiators but found activity independent of catalyst. Instead, the in-situ generation of
H,0, from H, and O, was investigated.
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Chapter 1:
Introduction

1.1 Introduction to Natural Gas

Currently, global population is estimated at ca. 7.6 billion people and projected growth
continuing to reach ca. 9.8 billion by 2050.! In addition to an increase in need for
necessities such as food and water, an important consideration must be given to the
increased demand for dwindling non-renewable resources such as fossil fuels.
Responsible for 81% of US and 80% of UK primary energy production in 2016, the
dependency on fossil fuels is an issue of concern.?® Furthermore, crude oil remains a
critical raw ingredient in the generation of commodity petrochemicals considered
essential for everyday life. Crude oil is needed to produce petrochemicals used as
transportation fuels and lubricants, solvents and pharmaceuticals. *°

At present, current proven reserves of crude oil are estimated at 1.7 billion barrels (240.7
million tonnes), and importantly highlight the finite reserves of crude oil available.?
Therefore, research and investment into renewable energy sources remains a key solution
for the implementation of an alternative and sustainable future. Even so, the
improvement in current oil technologies is still a logical approach to prolonging petroleum
reserves, producing greener technologies with improved efficiencies.

Beyond crude oil, research has instead sought alternative modes to supplement the
production of petrochemicals. Both affordable and readily available, natural gas has the
potential to be an alternative feedstock for chemicals and high value fuels, also reducing
the global dependence upon crude oil and prolonging current reserves.

Specifically, methane (CH4), the principal component of natural gas provides a cleaner
source of fossil fuel and an abundant platform resource. Comprising approximately 70-
90% by volume, in addition to propane and butane, natural gas is a cheap and abundant
non-renewable hydrocarbon with reserves of ca. 190 trillion cubic metres as published by
BP Statistical Review of World Energy.>® This represents only currently recoverable
sources of CH,. Further reserves may be located in remote locations, producing expensive
costs associated with its exploitation. One such source includes methane found in
crystalline form, or clathrates, at locations such as continental shelves.”®

Furthermore, reserves of CH4 can also be derived from the conversion of biomass to
produce biogas using a broad range of micro-organisms. Considered an efficient
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alternative technology, anaerobic digestion is also proposed as a solution to biofuel
production and sustainable waste management. >1° With the increasing generation of
waste material by agriculture, municipal or food, anaerobic digestion would transform
waste into a valuable resource. Advantageously, the used digestate remains a high value
fertiliser for crop cultivation, providing a substitution for conventional mineral fertilisers
produced using energy intensive processes.!! Although an attractive avenue, the use of
biogas suffers major controversy due to the large amounts of biomass needed to produce
sufficient quantities of chemical feedstocks. Importantly, the growth of biomass materials
subverts agricultural lands required for production of food crops and increases food
costs.X®

In recent years, the extraction of natural gas from shale rock has provided particular
improvements in the reserves of natural gas for countries such as the US, UK and China.*?
Despite the controversies associated with this intrusive method, the introduction of shale
gas has reduced natural gas cost from $12.7 per million British thermal units (omBTU) in
2008 to $3 pmBTU in 2017.13%4

Although in large reserve, with current technologies ca. 90% of the ca. 3.5 trillion cubic
meters of CH4 produced globally is combusted for the generation of heat or electrical
energy.”® For 2016, natural gas combustion produced 24% of global primary energy,
supplying 36.7% and 31.5% of UK and US energy demand, respectively.?®

Additionally a greenhouse gas, the influence of CH; upon global warming is 25 times
stronger than CO,.'7*8 Its transportation in large volumes from remote locations of crude
oil reserves produces high costs associated with manufacturing and maintenance of
pipelines, making it impractical.'® Alternatively, the liquefaction of natural gas provides a
more desirable route to its use. Significantly reducing from its original volume,
liquefaction increases the energy density per volume of natural gas. Even so, liquefaction
remains unsustainable. Possessing a boiling point of 90.6 K (-182.5 °C) at 1 atm, sustained
cooling of natural gas to liquid form over prolonged periods is not viable.? Further still,
the loss of high pressures or low temperatures consequently produces hazards with
considerable implications, such as local fire or explosion.?! Therefore, with no current
methods of direct on-site valorisation, destruction via flaring remains the only option
during the production of crude oil.
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Direct Coupling

High temperature

Indirect route
Syngas Fischer-Tropsch
Methane > CO+H, Gas-to-Liquid

Direct Partial Oxidation
Methanol

Figure 1.1: Potential routes for the valorisation of methane. Adapted from Olivos-Suarez et al.??

Despite having promising potential, natural gas remains under -utilised as a chemical
feedstock. At present, only two large scale modes of CH; valorisation to liquid
hydrocarbons exist; Methanol-to-gasoline or Fischer -Tropsch synthesis.?? Both industrial
methodologies, however, require steam reforming of CH, to produce syngas, (an
intermediate composing of CO and H,), before upgrading further to desired chemicals.?
Although steam reforming is commonly used, alternative reforming methods such as dry-
or auto thermal -reforming can be utilised to produce varying ratios of H,and CO,.%

CH, + H,0 - CO + 3H, (equ.3.1)
CO+ H,0 - CO, + H, (equ.3.2)

Operating at high temperatures (>1073 K), a nickel-alumina based catalyst is used to
achieve the desired natural gas conversion, creating an energy intense process.?*
Consequently, higher conversion is achieved by feeding unreacted CH, into a secondary
unit to be reformed with O, and steam at an elevated temperature. ?° Syngas additionally
plays a crucial role in the production process of additional alternative feedstocks. These
include the Haber-Bosch process for ammonia production and the production of higher
chain aldehydes and alcohols via hydro-formulation or the “oxo-process”.*2®

Despite its importance, the production of synthetic gas remains an energy intensive
process. Importantly, syngas technology remains restricted to large-scale basis for
economic viability. Subsequently, high capital investment is required to implement and
maintain these technologies and consequently means isolated or remote reserves of
natural gas remaining inaccessible.
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1.2 Direct routes of Methane to Petrochemicals

The direct conversion of CH4 to derivatives remains the ultimate challenge for industry
and academia. With increasing pressures on current reserves of crude petrochemicals and
variations in prices, a direct on -site alternative for the valorisation of natural gas is greatly
needed. Although a simple molecule, the chemistry of CH4 is complicated by its intrinsic
properties. Direct chemical reaction of nucleophilic or electrophilic species with CH, is
made difficult by the symmetry of its tetrahedral structure, removing any dipolar moment
or functionality. Subsequently, activation typically requires harsh reaction conditions to
overcome the stable C-H bonds, possessing high dissociation energy (439.3 kJ mol?).2"?8
Once activated, the proceeding products demonstrate higher reactivity compared to the
inert parent CH, molecule. Subsequently, control of selectivity remains a key issue when
addressing the valorisation of CH,4 to higher valued chemicals.?®

1.2.1 Methane to Olefins

1.2.1.1 Oxidative Coupling of methane

Ethylene, the simplest alkene is an important raw material for the production of
commonly used plastics such as the synthesis of low- and high- density poly-ethylene.
Ethylene (CoH.) is also an important feedstock petrochemical for solvent, cosmetic and
paint production.®® Its production is currently heavily reliant upon the refining of crude oil
to provide its raw material, with naphtha steam cracking producing between 140-160
million tonnes of C,H4 per year, contributing for 73% of the total production capacity .31
33 Requiring high temperatures for processing (>1073 K), this energy intense process also
results in large emissions of CO,. Alternatively, the direct conversion of CHs to C;H, via
oxidative coupling (OCM) provides a more beneficial technology utilising a cheaper
resource with lower CO, emissions.™

Reporting the formation of C;Hs from CHs, Keller and Bhasin first showed the oxidative
coupling of CHs in 1982, and additional work followed by Hinsen and Baerns.3*3°
Employing a range of temperatures between 773-1273 K, oxidative coupling was shown
to occur using a variety of a-alumina supported metal oxides under atmospheric
pressures of O,. Achieving similar conversion, Baerns and co-workers demonstrated 58%
C; selectivity at 5% CH4 conversion for PbO/Al,Os catalysts.®
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Figure 1.2: Generalised reaction pathway for the oxidative coupling reaction of CH4 to C2Hs and

C2H4, proceeding by heterogeneously catalysed (solid lines) and homogenous stages (dashed lines).

Adapted from Hammond et al.*®

Despite this interest, the works by Ito and Lunsford remain the standard for CH4
conversion and selectivity.®® Testing Li-doped MgO, oxidative coupling was achieved at
973 K with 50% selectivity to C, products whilst achieving ca. 38% CH4 conversion at
atmospheric pressure of O, (C; yield: 19%).3¢

Subsequent experiments by Lunsford and co-workers were able to discern a mechanistic
description for the observed reaction. Using EPR spectroscopy, downstream trapping in
solid argon identified the presence of gas phase methyl radicals.?’-3° Correlation between
Li concentration in Li/MgO catalysts and both methyl and C, productivity lead to the
conclusion that methyl radicals were generated by the Li/MgO, and that coupling of
methyl radicals lead to the formation of ethane (C;Hs). Although thought to be formed at
Li*O centres, with H -abstraction initiated by the active O species, no direct evidence has
resolved this.*® Despite this, the mechanism for oxidative coupling of CH, is considered a
heterogeneous-homogenous mechanism. That is, C-H bond cleavage is achieved by
surface oxygen species, generating methyl radicals which undergo coupling to produce
ethane as a primary C; product in the gas phase (equations 3.3 and 3.4).9

2CH,4 + 0, - CHg + 2H,0 (equ.3.3)
CyHe + %02 - C,Hy + H,0 (equ.3.4)

Recent development of a direct OCM demonstration plant by Siluria Technologies in 2015
highlights the importance of producing alternative technologies to current petrochemical
routes.**? Even so, to become industrially relevant, considerable improvements are
required to increase C; yields. To produce economically viable quantities, C; yields of 30%
with undiluted feedstock are required, achieving greater than 80% selectivity to C;
products.®

Although a promising alternative, several challenges remain for OCM. Requiring high
reaction temperature for C-H bond activation (>973 K) and typically employing high
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pressures (30-60 bar), C, selectivity remains affected by several factors. Resulting in the
formation of CO and CO,, over-oxidation of CH4 occurs from more reactive C; products.
Additionally, loss of selectivity is catalysed by the unselective activation of C; products at
the catalyst surface.* Consequently, attempts to increase CH4 conversion produces the
detrimental decrease in C; selectivity. Considering the kinetics associated with the
predicted mechanism, an inherent limit was predicted by Labinger, suggesting a maximum
barrier to C; yields at 30%.* Achieving, 18% C; yield, Jaso and co-workers reported 55%
selectivity at 30% CH,; conversion.*® Here, the importance of reactor and experiment
design were highlighted, utilising a fluidised bed reactor to improve yield over traditional
methods. Furthermore, as predicted by Labinger and Ott*#, the limit of achievable yields
in OCM systems remains higher at atmospheric pressures than typical industrial
conditions. Subsequently, with catalyst performing close to current limits, the
consideration of reaction engineering and mechanistic understanding is required to
obtain new breakthroughs.*®

1.2.1.2 Non-Oxidative Approaches
Non-Oxidative coupling to Ethane and Ethylene

Under oxygen free conditions, the conversion of CH, allows two potential avenues for the
formation of higher hydrocarbons. The non-oxidative coupling of CH; to produce,
primarily, C;Hs and CyH4 was first demonstrated by Belgued and co-workers in 1991.%
Using Pt/SiO, catalysts at 523 K, the formation of C, products was followed by higher Ce
hydrocarbons with the introduction of H,. Despite observing the formation of higher
hydrocarbons, selectivity to C, species remained close to 63%.

2CH, —» C,Hg + H, (equ.3.5)
2CH, - C,H, + 2H, (equ.3.6)

The mechanism of the two-step process was explained by Belgued, Amariglio and co-
workers after further examination of Co, Pt and Ru catalysts.**=>! This work was closely
followed by van Santen et al. using group VIII metal catalysts, reporting a similar two-step
process for temperatures between 500-800 K. >2

Under isothermal conditions, conversion begins by cleavage of the C-H bond of
chemisorbed CH4, producing a H -deficient CHy species with the accompanied desorption
of H,. The coupling of CHy is facilitated by the increasing concentration of CHy upon the
catalysts surface, resulting in the formation of C-C bonds. Sequential introduction of H,
then removed chemisorbed C,. species and regenerated the catalyst surface. Introduction
of H, at identical temperatures to methane activation was observed to increase higher
alkanes yields (C7-Cs). The use of a dual-temperature approach by van Santen and co-



Chapter 1: Introduction

workers utilised a lower hydrogenation temperature (373 K) after dissociative adsorption
at 700 K.°** This decrease in temperature yielded higher selectivity to Cs-Cs length
hydrocarbons.

Despite producing higher rates of C, formation in comparison to the oxidative
methodology the direct conversion of CHs to C; remains thermodynamically
unfavourable.>® Consequently, the limitations to conversion results in low activity with
high temperatures (>1073 K) required for practical yields.

Dehydroaromatisation to Aromatics

A more thermodynamically favourable route for conversion of CHs to aromatics was
reported by Wang and co-workers in 1993.°* Termed methane dehydroaromatisation
(MDA), Wang and co-workers yielded aromatics (mainly benzene) and H, utilising Mo/H-
ZSM-5 as a catalyst within a continuous flow reactor at 973 K. Detailed investigation by
Ma et al.>>*® revealed a bi-functionality to the catalysts, with aromatic formation
dependent upon zeolite acidity and channel structure. Impregnation of Mo into H-ZSM-5
was found to modify the zeolite structure by exchanging with Bronsted acidic protons,
forming framework Mo-0-Al species.>’ Subsequent reduction of the metal oxide by CH,4
during induction produces the required metal carbide species (referred as Mo,C) capable
of activating CH4 to CHy (Fig. 1.3).%® The aromatisation of surface CHy is then facilitated by
Bronsted acid sites of the zeolite structure. Crucially, the Si/Al ratio produces an important
influence on catalyst activity and Mo incorporation, in addition to giving rise to Bronsted
acid sites.>® At lower Si/Al ratios, facilitation of monomeric dihapto-[Mo(=0),]** species is
observed due to stabilisation by framework [AlO4].%° At higher Si/Al ratios, variation in
the optimal distances of Bronsted sites promotes the formation of monomeric
monohapto-[Mo(=0),(OH)]* or dimeric [Mo0,0s]*species. Subsequently, the variation
from monomeric dihapto-[Mo(=0),]%, resulting from changes to Si/Al or Mo metal
loadings, affects the catalytic activity. Similarly, the selectivity of zeolite support towards
benzene formation was found to be dependent upon the zeolite cage dimensions. Cage
sizes similar to the diameter of benzene demonstrated highest selectivity towards
benzene formation.®
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Figure 1.3: Proposed mechanism for activation of CHs to C2Hs by formation of Mo2(CH2)s active

sites within Mo/H-ZSM-5. Images adapted from Karakay et al.5%%3

1.5 have provided promising improvements to previously

Recent advances by Guo et a
reported experiments using single iron sites confined within a silica support (Fe@SiO.).
The non-oxidative conversion of CHs was demonstrated at 1363 K selectively to C;H4 and
aromatics, with a maximum CH4 conversion of 48% achieved. The isolation of active Fe-
sites allowed generation of methyl radicals with no further C-C bond formation,
oligomerisation or deactivation due to coke formation from nearby Fe sites. Instead,
catalytically formed methyl radicals undergo a series of gas-phase reactions producing
only C;Ha4, benzene and naphthalene. Impressively, CHs4 conversion at 48% produced an
C,H. yield of 23% at 1363 K, achieving a selectivity of ca. 48% for 0.5wt.% Fe@SiO..
Additional products of benzene and naphthalene were produced at 28% and 24%

selectivity.

Although promising technologies, several challenges remain for the non-oxidative
conversion of CH, to more valuable chemicals. Commercialisation is primarily impeded by
the current temperatures required for practical yields. Subsequently, improvements to
catalyst performance is critical, with deactivation being a major issue. Thermodynamically
more favourable, the deposition of carbon as coke inhibits catalyst activity, leading to
catalyst deactivation. The generation of H; is another attractive aspect of MDA, with
application of H, permeable membranes utilised to separate produced H, from the
reaction stream.®®> However, the reduction of H, partial pressure facilitates unwanted
deposition of carbon leading to catalyst deactivation despite promoting CH4 conversion.®®
Consequently, novel approaches to enhance performance are not only required in

catalysts design but in reactor and process design.’
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1.2.2 Methane to Methanol

In contrast to routes converting CH, to higher hydrocarbons, the selective oxidation of
CHsto C; oxygenates is considerably more challenging. With uncertainty for current non-
renewables and insufficient renewable alternatives, Nobel laureate George Olah is a
proponent for methanol (CHsOH) as potential basis for a future economy.®”:% A potential
solution for H, storage, the reduction of environmental CO; by H, is projected to produce
40-70 million tonnes of CH3OH by 2050.%° Subsequently, CHsOH provides an important
technological and economic challenge for both industry and academia.”® With a large
demand, CH3OH is crucial as an industrial feedstock for transformation into valuable bulk
chemicals (Fig. 1.4).%°

ExxonMobil
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ExxonMobil
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\ : d
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> | Kerosene & Gas-Qil

Lurgi

Figure 1.4: Overview of investigated liquid fuel products derived from methanol by various
petrochemical companies. KIT: Karlsruhe Institute of Technology, UOP: Honeywell Universal Qil
Products. Adapted from Laquaniello et al.?°

Providing a valuable non-crude oil source for the production of olefin based
petrochemicals, CH3OH is transformed industrially by the methanol-to-olefin (MTO) or
methanol-to-propylene (MTP) processes.”*’2 Alternatively bulk chemicals, such as acetic
acid from CHsOH are produced by BP based upon earlier Monsanto technologies.”’*
Additionally, formaldehyde (CH,0)’®, dimethyl ether’® or methyl tert-butyl ether®’,
important chemicals for production of plastics and pharmaceutical solvents, require
CH3O0H as precursor. Furthermore, CH3OH remains a clean and renewable energy-dense
liquid fuel, capable of direct application as a fuel, or blended with gasoline for
automobiles.”” Methanol may also provide an intermediate source of green energy by
application of direct methanol fuel cell technology.”” Offering high power and energy
generated at ambient conditions with low emissions whilst requiring only renewable
CH;0H.”’

Initially demonstrated in the works of Bone and coworkers’®’%, interest in direct oxidation
of CH,; to oxygenates only returned upon implementation of industrial processes for
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CH3OH production from natural gas several decades later.2%8! Even so, CHsOH production
is still carried out by industrial steam reforming of natural gas. This indirect route using
syngas was responsible for producing 85 million tonnes of CH3OH in 2016.% Utilising a
Cu/ZnO/Al,05 catalyst, industrial CH3OH synthesis is maximised at temperatures ranging
between 250-300 °C, pressures of 50-101 bar and CHsOH selectivity of >99%.8% Despite
high selectivity, the energy and capital requirements for CH3OH synthesis from natural gas
is high. Subsequently, the direct conversion provides an attractive alternative to current
complex processes, subsidising current production from limited crude oil sources.
Furthermore, presenting the most attractive target, extensive research has invested in
the development of a direct route to C; oxygenates.

1.2.2.1 Biological routes
Methane Mono-Oxygenates

In nature, the conversion of CH, is efficiently achieved at ambient conditions by
methanotrophic bacteria utilising molecular oxygen (0,).84 Illustrated in Figurel.5, CHa is
utilised as a primary source of carbon or energy by assimilation of formaldehyde or
formation of C0,.8* Occupying the interface of aerobic and anaerobic boundaries in wet
soils, lakes or near ocean vents methane is supplied by the anaerobic metabolism of
methanogens %

Type Il
Methanotrophs
F
+H*
NADH NAD
0, ﬁ i, Vo X XH, NAD* NADH +H*
SMMQ L J 1 \-| FADH P P \4 FDH |/
CH | CH,OH $» HCHO » HCOOH » CO
o, H,0
CytC oy CytCoy
v
Typelll
Methanotrophs

Figure. 1.5: Metabolic assimilation of CH4 by methanotrophs utilising methane mono-oxygenase
(MMO). Where NADH: nicotinamide adenine dinucleotide, CytC: cytochrome C, FADH:
formaldehyde dehydrogenase, FDH: formate dehydrogenase. Adapted from Hanson et al.®

The initial activation of CH, is facilitated by the mono-oxygenase enzyme (MMO),
selectively oxidising CH4 to CH3OH. Two distinct MMO forms have evolved to be capable
of CH, oxidation, reflecting the extreme environments typically occupied by
methanotrophs.®® Expressing different amino acid sequences for their proteins, other

10
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additional differences include the metal co-factors required for their chemistry and the

location in which MMO is typically found.8”88

Typical of most methanotrophs, particulate MMO (pMMO) is a plasma membrane bound
metalloenzyme.?*® Detailed description of the mechanism and structure of pMMO
remain uncertain but recent progress proposes a complex active sites possessing di-
nuclear copper and tri-copper clusters (Figure 1.6).°>°! Further detailing of catalytic
mechanism require the elucidation of metal cofactors involved.”® Proving difficult to
isolate, attempts to purify pMMO for characterisation is hampered by instabilities in
detergents used.%%3

CuI
electron from / \
e-clusters | |
c I c M Cu Cu
u u
2H* regeneration of
2e tri-copper cluster 0s
Oz + HO activation of
' tri-copper cluster
cu cd \
H202
Oz
| Cu"
J Cu |
U TN CI) - Il/o\ i
Cu o] N 0 Cu Cu
O/ Cu Cu \O/
CH3OH CHa
Reaction of di-copper O - transfer to substrate
site with O2 C-H bond of CHa

Figure 1.6: Proposed catalytic cycle involving O2/H20: redox with di-copper and tri-copper clusters
at pMMO active site. Adapted from Wang et al.*?

Even so, the X-ray crystal structure of pMMO was reported by Lieberman and Rosenzweig,
with 3 copper atoms identified within the crystal structure.’® Initial assumptions,
therefore, predicted a ferromagnetically coupled tri-copper cluster, with later works
supporting this assumption with high turn-over frequency (TOF) demonstrated for the
H,0; assisted room temperature oxidation of cyclohexane.®*°” Recent works, however,
have demonstrated the presence of between 13-15 copper ions, which may be divided by
their function.?®% Consistent with previous works, catalytic clusters comprising six copper
ions were identified. The catalytic cluster contained a mononuclear copper centre, a di-
nuclear copper site, and a tri-copper cluster responsible for substrate oxidation upon O3

activation.%0:100-103
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Expressed more commonly in methanotrophs under Copper-limited conditions, the water
soluble MMO (sMMO) is found within the cytoplasm of methanotrophic cells, consisting
of a non-heme diiron cluster.’® More successfully characterised, sMMO is a
multicomponent enzyme comprised of three sub-units: hydroxylase, reductase and a
regulatory protein.®? The unique dinuclear Fe!) intermediate involved during CHs
oxidation (Figure 1.7), identified by time resolved Raman spectroscopy, is located within
the hydroxylase sub-unit of SMMO.1% The homolytic dissociation of O, upon the diiron
centre is catalysed by reduction via electron donation by nicotinamide adenine
dinucleotide (NADH).%
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Fig. 1.7: Proposed active di-iron centre present in sMMO. Modified from Ravi et al.?®

Although demonstrating high efficiency for the oxidation of methane to methanol,
crucially, activity for CH3OH production is low. Comparison of TOF’s for sMMO and pMMO
present in Metholoccocus capsulatus (Bath) for the oxidation of methane by O, are 0.19
st and 1 s, respectively.’®® Subsequently, the economic viability is hampered by the
requirement of costly reductants (NADH) only to achieve low productivities.’” In addition,
the extraction and isolation of MMO enzymes from methanotrophs is still too costly an
alternative compared to the application of methanotrophic bacteria themselves.'%’

Even so, mechanistic understanding from MMO studies provides opportunities for the
design of novel catalysts. The seminal studies of Dalton et al. highlighted this importance,
with sMMO shown to be non-specific and capable of oxidising a range of n-alkanes ranging
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C1-Cs.1%8 Additionally, sSMMO selectively epoxidizes alkenes, and hydroxylated cyclic
alkanes and aromatics.’®® Importantly, the oxidation of methane by O, achieved a
productivity of 5.05 MOl(methano) Kg(proteiny® h™, becoming an academic target for low

temperature methane oxidation %108

pMMO and Cu-based biomimetics

The tricopper complex [Cu"Cul(p-oxo)Cu™(7-N-Etppz)]** (where 7-N-Etppz = 3,3'-(1,4-
diazepane-1,4-diyl)bis[1-(4-ethylpiperazine-1-yl)propan-2-ol] developed by Chan and co-
workers, utilised a similar active Cu sites present in pMMO (Figure 1.8).1%°

Productive Cycling
[CulCuUCul(7-N-Etppz)I*
regeneration of

spent catalyst HO*O%/ o, 0, activation

Abortive Cycling
[CulCuCU/(7-N-Etppz)[*
regeneration of

spent catalyst |y o+>/ o, Opactvation

[CulCuku-0)Cul(7-N-Etppz)]* [Cu”Cu"(u—O)QCu"‘(T—N—Elppz)]* [CulCul(p-0)C LI"(T-NJEIDPZ)]* [CulCul(u-0),Cul(7-N-Etppz)l*
CH OH - cH, H 0+0, HO,
productive Uxidation reductive abortion of
of substrate activated complex

Figure 1.8: The productive and abortive cycling of the tri-copper complex, Cu'Cu'Cu'(7-N-Etppz)**,
in the oxidation of CHa by O2 and sacrificial H.02. Adapted from Chan et a/.1%?

Achieving a turn-over number(TON) of 0.92, the activation of [Cu!"Cu(u-oxo0)Cu!(7-N-
Etppz)]** by O, successfully oxidised CH4 to CH3OH at room temperature.'® Introduction
of H,0,, improved upon the single turnover by providing two electron reduction of the
spent [Cu’Cul(pu-oxo)Cu™(7-N-Etppz)]** complex, and producing a catalytic process.
Further work formulated a heterogenous analogue by immobilisation onto mesoporous
SiO; support, producing dramatically higher TON (107) with increased CH,4 conversion (ca.
17%).1%9

In the homogenous form, a ratio of 30 equivalents of H,0, was required to achieve TON
of 6. This equivalent increased to 200 for the heterogenous form. The requirement of
excess H,0, to regenerate the active complex suffers competing H,0; loss at steady state
of H,0, concentration at equivalents exceeding 10.1%%1% The onset of reductive abortion
of the activated [CulCu(u-oxo0),Cu(7-N-Etppz)]** is detrimental to successful O-
transfer to CH4 to produce CH3OH. Although producing an economical catalytic cycle when
utilising H,0; in place of O,, however, the use of H,0; is industrially unattractive. 1%

13
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sMMO and Fe-based biomimetic

For sMMO, the active site of hydroxylase sub unit responsible for CH, oxidation features
the di-Fe" centre contained by four glutamine and two histidine residues(Figure 1.7).1*
Possessing macrocyclic structures comparable with the porphyrin complexes found within
sMMO enzymes, metal phthalocyanine (MPc) complexes are centred around a similar di-
metal centred structure. Utilised in the selective oxidation of a broad range of
hydrocarbons, investigations into structural and oxidant variations have provided
opportunity to tune catalytic properties of the systems examined.!

N\F I\/)
N:/ Z :
e
e

Figure 1.9: Structure of p-Nitrido-bridged Fe-phthalocyanine ((FePc):N) reported by Sorokin et
gl 111112

The detailed studies by Sorokin and co-workers is demonstrated for [-nitrido diiron
metallo-phthalocyanines (FePc):N, illustrated in (Fig 1.9).1'! The stable FePc showed
significant activity for the low temperature activation of CHa, utilising H,O, at
temperatures between 298 - 333 K.1'* Achieving a total TON of 437, the formation of a
strongly oxidising Fe!V-N-FeV'=O was proposed to oxidise CHi, evidenced by the
enhanced activity upon 0.1M H,S0; addition.}'+11311 Importantly, the substitution to the
p-oxo (Fe-O-Fe) or carbide p-carbido (Fe=C=Fe) complexes saw inactivity for the oxidation
of CH4.1>1%8 Similarly, the formation of mononuclear tetra-tert-butyl-FePc, showed no
activity for the oxidation of CH,.}'>!® Exchanging meta-chloroperoxybenzoic acid
(mCPBA) as oxidant produced a significant loss in activity, reducing calculated TON to 12.5
from 26.1%°

Industrially, MPcs present attractive catalysts. Currently utilised for the removal of alkyl
and aromatic mercaptans, the “sweetening” of petroleum fractions via the Merox process
is efficiently catalysed by sulfonated cobalt phthalocyanines.'*>!!” Subsequently, research
has provided means to reduce MPc costs with straightforward preparative methodologies
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for large scale production.'*® Furthermore, immobilisation or encapsulation of MPC’s onto
solid supports provide industrially attractive, retrievable catalysts with increased
reactivity.'® Operating under similar conditions to Sorokin, the heterogenization of FePc
catalyst via grafting to SiO, support was demonstrated by Hutchings and co-workers.1*®
Although observing desirable CH4 oxidation using H.0,, the -nitrido FePc was discovered
to be unstable, suffering hydroxyl-radical degradation of the FePc complex and
subsequent leaching of Fe ions.'® Even so, the wet impregnation of Fe onto the active
SiO; support (Fe/SiO,) produced a material, demonstrating similar activity but with higher

oxygenate selectivity (>80%) under identical reaction conditions.!®

1.2.2.2 Homogenous Approaches

Electrophilic activation of Methane

The electrophilic activation of methane’s C-H bonds was first described by Shilov et al.
using a Pt!"V) based system.!'® The selective oxidation of methane to methanol and
methyl chloride were achieved in acidic media at temperatures of 393 K.

Q
N N\ E
Pt
N e
N‘ N
L

a) Periana (bpym)Pt(® catalyst

Figure 1.10: (a) (2,2’ bipyrimidinyl) dichloroplatinum complex developed by Periana et al. 0 (b)
covalent triazine-based polymer framework (CTF) with coordinated Pt developed by Palkovits as
heterogenous analogue. Adapted from Palkovits et al.*?!

Inspired by this work, Periana et al. demonstrated the selective conversion of CH,4 to
methyl bisulphate (CH;0SO,H) using ionic Hg(S04), catalyst with concentrated sulfuric
acid. 1?2 CH, conversion at 50% resulted in a yield of 43% to CH30SO,H. Operating at 180
°C, selectivity to the CH;OH-derivative was 80% with CO, being the only by-product.
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Similarly, the application of a bipyrimidinyl (bpym) Pt" complex by Periana et al.
enhanced selectivity to 81%, with CH4 conversion increased to 90% (Figure 1.9(a)).}?° The
achieved CH;0SO:H vyield of 70% at 220 °C (1993) maintained as highest reported value
until surpassed by Schiith and co-workers (2016). 12> Applying detailed studies for the
dependency of Pt(Il) complex activity on the SO; concentration, discovered the extremely
active K;PtCls. Showing 90% selectivity to CH3;0SOzH in 20% H,S04/S0s, TOF of greater
than 25,000 for K,PtCls complex was observed. Subsequent comparisons with industrial
and large scale commercial processes, demonstrate simple Pt salts to be stable, selective
and superior to Periana’s catalyst.’? Volumetric productivities of 0.48 kg L™ h! were
demonstrated for K,PtCls, significantly increased from Periana’s 0.115 kg L* h? for
(bpym)PtCls.
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Figure 1.11: Mechanism for C-H bond activation mediated by Periana (bpym)Pt" complex using
124-126

H2S04 system proposed by Goddard and Musgraves.

Represented in Figure 1.11, electrophilic attack of CH, is initiated by formation of metal-
CHs intermediate. Successive oxidative addition and reductive elimination reactions
produce the oxidised alkane species.'?” Variation of nucleophilic species during oxidative
addition provides control of product moieties, allowing for the formation of several

120

CH3OH-derivatives such as methane sulfonic acid'®, methyl bisulfate!®® and methyl

trifluoroacetate!®3, The requirement of strong concentrations of acid is crucial to the
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high selectivity and activity observed. Acting as solvent and oxidising agent, H,SO4
regenerates the active Pt species, allowing a Pt®/Pt!" catalyst cycle to proceed rather than
deactivation by formation of Pt%. The requirement of a strong oxidant is critical to the
regeneration of active metal species, as demonstrated by Periana et al. for the oxidation
using Au"/Au" 13! The application of H,SO4 was found to be insufficient, with metallic Au
found not to dissolve and consequently no activity observed. Instead, addition of H,SeO,
was required to dissolve and produce the active cationic Au into an H,S04/SOs solution.
Corresponding oxidation of CH, achieved 8% CH. conversion with 77% selectivity towards
CH30SO0;H for the 9 h reaction period. Furthermore, the stability offered by the formation
of CHsOH-derivatives, such as CHsOSO,H, prevent over oxidation of CH3OH.'?? Despite
producing attractive selectivities, unfortunately, the extraction of CH3OH requires further
processing via hydrolysis, with unknown efficiency.

Developing a polymer-based covalent triazine framework comprising a coordinated Pt
centre (Pt-CTF), Palkovits and co-workers successfully demonstrated the heterogenous
equivalent to Periana’s Pt catalyst for CH,4 oxidation (Fig.1.7(b)).*%! Achieving a TON of ca.
245, methanol selectivity of greater than 75% was reached under similar H,S04/SO3
conditions to Periana.'?*'?! However, pre-activation under reaction conditions were
required to improve initial TON from 26 to ca. 245 in successive cycles. Proving to be
reusable, the initial advantage of heterogenous Pt-CTF is lost due to catalyst instability
leading to Pt leaching. Furthermore, in comparison to Pt(bpym), methane conversion
inferior for Pt-CTF at 220 °C, converting 18% and 7% respectively.®’

Using a different approach for oxidative regeneration of active metal, Bao and co-

workers!3?

reported the application of an electron transfer chain cycle, allowing the
oxidation of CH, by O,. The complex mixture comprising three redox cycles, combines CH,4
functionalisation by Pd"/Pd®, catalyst regeneration by p-benzoquinone/
hydrobenzoquinone (termed the redox mediator) which is regenerated by a gaseous
oxidants (N20/0,).*? Depicted below in Figure 1.12, the indirect incorporation of O,
occurs via electron transfer from Pd" species. Transfer of oxidant therefore occurs by

benzoquinone, an aerobic co-oxidant also used in many biological oxidising systems.*?
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Fig. 1.12: Catalytic cycle for redox mediated oxidation of CHa4 for Pd!" catalyst.'24132

Similar approaches have been reported by Bar-Nahum and coworkers*** for the phospho-
vanadium polyoxometalate (HsPV,Mo010040) complex coupled with (bpym)Pt"). The
presence of polyoxometalate allowed regeneration of Pt!") from Pt with gaseous O, for
the oxidation of CH4 to CH30H.1* HsPV,Mo010040 polyoxometalate, in conjunction with
Pd(OAc), were later applied with benzoquinone by Yuan et al.®®> The catalytic redox
system carried out in trifluoroacetic acid (CFsCOOH) converted CH; to CH3OO0CF;, a
CH;OH-derivative, achieving the highest yields (9.1 umol) at temperatures of 353-373 K.***

In these systems, the gradual irreversible loss of catalytic activity due to reduction of the
active metal species requires strong oxidising agents. Regeneration of the active metal,
allows further functionalisation of CHs and a TON >1..1%7 Alternative approaches using
redox mediators provide a desirable progression from environmentally undesirable
oxidants, but possess substantially lower productivities to those achieved by Periana et
al.'” Additional attempts to utilised alternative oxidants, such as H,0,'%¢, H,0,/H,S0,'%,
S0,/0,**® or SOs° similarly show low productivities. Finally, although producing
commercially attractive yields and selectivities for CH;OH-derivatives, the homogeneity
of the active species produces complications when considering the recycling of metal
species and CH3OH extraction for industrial application.
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1.2.2.3 Heterogenous Approaches
Zeolite application
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Figure 1.13: Structural representation of zeolite materials with Bronsted and Lewis acid sites.

The microporous, crystalline structure of zeolites are comprised of an alumino -silicate
framework.'™ The three dimensional network of SiO; and AlO4 units linked via bridging O
atoms produce pores and cavities with dimensions ranging 3 - 14 angstroms 4142
Producing a uniform array of well-defined micropores, the resulting larger surface area
environments act as reaction channels.'®% Furthermore, the presence of negative
charge occurring from framework AlOs results in interchangeable extra-framework
cations (such as Na*, H*) to maintain neutrality (Figure 1.13).1* The resulting ion-exchange

of cations produces a diverse chemistry, allowing for tuneable activity and selectivity.}*

Importantly, the ability to stabilise Cu-oxo and Fe-oxo species within the extra-framework
of zeolites allows successful mimicking of MMOs.?° For Fe-ZSM-5, the formation of bis(p-
oxo) diiron clusters at extra-framework sites resembles the diiron species found in
sMMO.% Initial reports by Panov et al., demonstrated the generation of an activated
oxygen species (a-0) from N,O at diiron clusters comparable in reactivity to sMMQO.4414>
The resulting oxidation of Fe!" to Fe("” at diiron clusters was found to produce the active
a-0 species, with both Fe atoms capable of a-O generation as evidenced by Moéssbauer
spectroscopy.*® Consequently, room temperature oxidation of CH4 proceeds via the
formation of mononuclear Fe'=0 species.!*’ At temperatures below 473 K, the
formation of strongly bound CH3OH species requires extraction via aqueous acetonitrile,
producing a quasi-catalytic system.'*® At temperatures above 473 K, a conventional
catalytic system was achieved with CHsOH products desorbing into gas phase. Notable
selectivity was not attained until introduction of H,O vapour (30% feed), stabilising CH;0OH
yields and increasing selectivity from 2.7% to 62% at 548 K.1*® Reported by Hutching et al.,
the influence of Brgnsted and Lewis acid sites of Fe-ZSM-5 were investigated for oxidation
of CH4 using N,0.1%° The presence of Brgnsted acid sites were required for the formation
of active Fe sites, at which active a-O species were generated allowing initial H-abstraction
from CHs. Further elucidate determined that Brgnsted acid sites were more efficient for
the formation of C;Hs and subsequent aromatics from dimethyl ether in a mechanism
similar to the methane-to-olefin process.'#
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Alternatively, Tomkins et al.**° utilising Cu-mordenite (MOR), successfully activated O, for
CH, oxidation to CHsOH in a quasi-catalytic system. Operating under isothermal
conditions, pre-activation of Cu-MOR is achieved by prolonged O; (16 h) exposure at 473
K. This report contrasts with previous Cu-zeolite works, typically requiring pre-activation
at elevated temperatures to generate active the bis(1-oxo) di-copper species, prior to CHs
oxidation at lower temperatures.’®>!%2 |nstead, under isothermal temperatures and
higher CH, pressures, the absence of bis(l-oxo) di-copper discerned the formation of
alternative Cu species, contrasting pMMO.>° Introduction of CHy4 (ca. 35 bar), following
pre-activation, obtained CHsOH yields of ca. 55 pmol g

Using both Fe- and Cu-ZSM-5, Hammond et al. demonstrated the liquid phase oxidation
of CHa using H,0,.%*3 Building upon previous works for HZSM-5 by Ishihara et al., pre-
activated by high temperature calcination (823 K), H,0, was utilised for CH, oxidation to
formic acid (HCOOH) with ca. 68% selectivity at 373 K.»>* Identifying trace impurities of
Fe, Hammond investigated ion-exchanged Fe-ZSM5 at 323 K, achieving oxygenate
selectivity of 83 %, producing predominantly HCOOH (ca. 72%).*3 Similarly, Cu-ZSM-5
produced 88% oxygenate selectivity but drastically improved CH3;OH selectivity, increasing
to 83% of total oxygenates. Producing higher selectivity, Fe-ZSM-5 demonstrated greater
activity with 0.7% CH4 conversion in comparison to 0.3% of initial 30.3 mmol CHa.
Formation of bimetallic CuFe-ZSM5, produced remarkably improved activity and
selectivity. Further investigation revealed the presence of Cu!” minimised hydroxyl-
radical (HO’) formation, reducing the consecutive oxidation of CH3;OH to HCOOH (Figure
1.14).%% Subsequently, methanol selectivity reached 93% whilst maintaining comparable
CH, conversion to Fe-ZSM-5.1%°

H,0,

9 co,

Fig. 1.14: Proposed reaction scheme for H-ZSM-5 (30) catalysed oxidation of CHa using H20,.1>3

Similarly, Ayodele et al. investigated CH; conversion to CHsOH over ferro-oxalate
supported ZSM-5 (FeO,/ZSM-5).%% Identifying Fe(" as the active phase generating highly
reactive HO" from H,0, during a Fenton-like process which resulted in CH,4 activation.
Methanol formation was reported to proceed via methoxy radical formation, as suggested

by Hammond et al.*>®

Recently, Flytzani-Stephanopoulous et al.**’ reported the oxidation of CHs to CH3OH and
acetic acid (CH3CO;H) using mononuclear Rhodium (Rh) -species anchored upon ZSM-5.
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Utilising O, and CO (5 bar) at 423 K, two independent pathways were discerned for the
formation of acetic acid (CHsCO;H) or CHsOH. Optimisation of conditions for CH;CO;H
production by varying partial pressures of O, under constant CH, allowed yields of ca.
22,000 pumol giay)* to be reached in 3 h, with 60% selectivity. Alternatively, zeolite acidity
was modified, having previously been demonstrated to promote CH3CO;H selectivity for
Cu-ZSM-5.%%8 |nstead, application of Na-ZSM-5 was used to suppress CH3O,H formation,
tuning selectivity towards CH;OH. Resulting in CH;OH yields of 430 pmol gy at ca. 55%
selectivity, introduction of homogenous Cu'" species enhanced yields to 550 pmol gcat™
with ca. 70% CH3;OH selectivity.*’

Noble metal application

Application of cheaper and cleaner oxidants are recurring themes for CH, oxidation and
despite aims to utilise O,, preformed H,0; is often used. A strong oxidant, H,0, represents
a reactive oxygen species.’® The synthesis of H,0, is currently produced by the
anthraquinone oxidation (AQ) process, involving the sequential catalysed hydrogenation
and oxidation of alkyl-anthraquinone precursor (Figure 1.15).1° However, requiring
extraction of H,O, from a mixture of organic solvent, the AO remains a multistage process
with significant energy and capital cost.'®® More importantly, the use of organic solvents
produces an environmental impact which reduces its sustainability.'®® Providing an
alternative to current environmentally unfriendly methods of H,0; formation, the in-situ
generation of environmentally benign oxidant is industrially attractive.®!

02 H202

OH 0
O O | O‘O |
" \/ ’
Hz
Figure 1.15: Simplified schematic for the anthraquinone oxidation process, demonstrating the

sequential hydrogenation and oxidation of alkyl-anthraquinone for the indirect synthesis of

H202.160’162

Addressing this, Lin and co-workers demonstrated the oxidation of alkanes by H,0;
generated in situ.’®® Using a Pd/C catalyst, initial investigations were carried out by
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successful oxidation of C,He to predominantly CH3CH,OH at 30 °C.}%® Investigating
temperatures ranging 100 °C to 30 °C revealed lower temperatures in addition to small
guantities of acidic media were required to minimise Pd catalysed H,0, decomposition.
Illustrated in Figure 1.165, direct synthesis of H,O, was produced from O, and H, over Pd
catalyst, with H; sourced from the water gas shift reaction of CO and H,0. Attempts to
oxidise CHs; succeeded and produced HCOOH, with a TON ranging from 80-160.
Experiments carried out using H, and O3 only rapidly produced H,0,, however, high rates
of Pd- catalysed decomposition were observed. Similarly, the formation of unstable
HCOOH from CH. was observed and resulted in over-oxidation to COand H,0.

[Pd] [Pd]
co C02 CZHG

H,0 H, H,0, CH,CO,H + H,0

Figure 1.16: Proposed reaction scheme for C;Hg oxidation using in-situ generated H,0;
from CO and H,0 by Pd/Carbon. Recreated from Lin et al.*®3

Similarly, Ab Rahim and co-workers applying bimetallic 2.5wt.%Au-2.5wt.%Pd/TiO>
(AuPd) catalysts demonstrated the efficient oxidation of CHs using preformed H,0; to
produce methyl hydroperoxide (CHsOOH) and CHsOH.%416> Qbserving high oxygenate
selectivity (>80%) at 50 °C reaction temperature, large quantities of H,0, were consumed,
with 10% of the initial 5000 pmol H,O, remaining.

Building upon the extensive work of Hutchings et al.’%¢%”, Ab Rahim demonstrated in-situ
generation of H,0, from gas phase H, and O, for CH4 oxidation at 50 °C.1%*1%> Improved
CH3OH selectivity was observed compared to experiments using preformed H,0, (68% vs.
49%) whilst maintaining similar productivity. Importantly, the theoretical maximum
quantity of H,0, produced was calculated at ca. 250 pmol. Subsequently, in-situ
generation produced a three-fold increase in H,O, reactivity compared to similar
quantities of preformed H,0,.1%* Despite this, low productivities for H,0, synthesis from
H, and O; resulted in a low oxidation rate of CH,4. Similarly, the use of preformed H,0;
yields low productivities, requiring excess H,0, despite high selectivities to oxygenates.

The addition of Cu to produce a trimetallic AuPdCu/TiO; catalyst, enhanced CH;OH
selectivity to ca. 83% whilst operating under similar condition with preformed H,0, for
2.5Wt%Au-2.5wWt%Pd-1.0wt.%Cu (AuPdCu).’® The advantage of trimetallic catalyst,
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however, did not continue for the in-situ generation of H,0, from H; and O,. Oxygenate
productivity decreased from 0.11 mol(oxygenates)kg(caty th™* for bimetallic AuPd to 0.04

MOl (oxygenates)kg(cayy *h ™ for AuPdCu catalysts.2®®

Recent work by Agarwal et al.'®® investigating unsupported AuPd nanoparticles
significantly improved upon the oxygenate productivity demonstrated by Ab Rahim.
Utilising 1000 pumol H,0,, oxygenate productivity of 29.4 mol(oxygenates)kg(catyth™ Was
achieved, consuming 28% of initial H.O, concentration with 6.6 pumol AuPd metal.
Importantly, productivity was enhanced to 39.4 mol(oxygenates)kg(caty *h ™2 further by reduction
of H,0, concentration to 50 Umol in conjunction with O, (5 bar) addition. Subsequent
investigation using '¥0, evidenced the incorporation of O, into ca. 70% of primary
products.!®

The incorporation of O, into primary CHs; oxidation products represents important
progress towards direct CHsOH formation from 0,.1%° At present, ability to utilise O, as a
direct, cheap and readily available oxidant is not possible. Instead, activation of O, by
reduction with NADH or H, is required first.!® Additionally, homogeneous catalysts
performance is greatly superior to their heterogeneous counterparts in terms of CH,4
conversion and selectivity.'%” The challenge for a commercial low temperature process is
the requirement of a highly active catalytic system, remaining stable whilst producing

CH3OH in high concentration. ¥9%°

1.2.2.4 Gas phase Approaches

The non-catalytic activation of methane, utilising high temperature and high pressure
approaches predominantly occurs via the gas-phase homolytic cleavage of C-H bonds.
Typically operating at temperatures between 773-1073 K and pressures of 30-60 bar,
product formation is dictated by radical reaction pathways.'’® Subsequently, the
formation of CH3OH achieving moderate selectivities can be controlled by considering
reactor set up, residence time and product capture by quenching of unstable
oxygenates.'’%'72 Despite the difficulties associated with controlling this radical process,
only low yields have been reported for CH:OH and CH,O formation.?”® Zhang and co-
workers report yields of CH3OH ca.8%, converting 13% of CH4 with 60% selectivity.!’*
Operating at high temperatures (723-773 K) and pressures (30-60 bar), several studies

also reported similar CH4 conversion (5-10%) with CH;OH selectivities of 30-40%.%%17>-177

Alternatively, Hargreaves et al. demonstrated an improvement to C; oxygenate selectivity
by using low partial pressures of CHs; over MgO catalysts.)”® Operating at high
temperatures and pressures, MgO was demonstrated as an effective catalyst for the
oxidative coupling of CH4, generating Ca. species.®® Careful control of reaction conditions
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by reduction of partial pressure allowed Hargreaves control of competing coupling and
oxidation reactions occurring in the gas-phase and upon the catalyst surface.
Subsequently, reduction of CH4 partial pressure reduced the concentration of methyl
radicals produced, improving selectivity and vyielded CH,O as the major product.
Furthermore, the ratio of O, and CH4 played a crucial role. Importantly, the reduction in
pressure afforded the ability to tune product yield and selectivity using solid catalysts.

Silica -supported MoOy and VO have also been reported with yields of 3-4% for CH,0
synthesis whilst operating at temperatures between 623 to 773 K.1” Initially reported by
Dowden and Walker, the importance of the presence of oxide was described, with
Fe,03(Mo0s)s being most active for CH3OH production.*®® Further work by Spencer and
co-workers, examined the application of SiO; -supported MoQs, forming primarily CH,0,
CO and CO.. Selectivity to CH,O was dependent upon CH, conversion, with low CH,4
conversion producing 71% CH,0 selectivity. High specific activity was determined to
originate from isolated penta-coordinated Mo'O,, demonstrating high selectivity
towards CH,0 and CH3OH.*8%182 Meanwhile, Taylor et al. investigating MoOs catalysed CH,4
partial oxidation using a range of metal oxide supports. 18 Experiments at 723 K, indicated
Ga,03/MoOs catalysts were able to form CHs3OH from O, with 22% selectivity, with

cooperative interaction between Ga,03; and MoOs attributed.!8

Alternatively, Parmaliana and co -workers demonstrated the partial oxidation of CH, using
SiO, -supported V,0s catalyst.'® Operating at 923 K, the application of a continuous flow
recycle reactor allowed 10-18% vyields of CH,O to be obtained.'® Addition of NO to
reaction feed was also investigated by Barberos et al. using low surface area V,0s/Si0,.18
The introduction of low amounts of NO (0-2.92 %vol.) promoted the activation of CH, at
moderate temperatures, with C; oxygenate selectivity reaching 40% at ca. 40%

conversion.8®

Recent work by Narimhan et al. reported the low temperature oxidation of CH, to CHsOH
using molecular oxygen over Cu -exchanged zeolites at low temperatures (483 -498 K).18’
Employing atmospheric pressures, zeolite topology was shown to affect reaction rates,
with Cu-SSZ-13 possessing the highest activity (3.12 umolcy oy gt ht). Similarly,
Sushkevich et al. utilised an anaerobic approach to enhance CH3OH selectivity.!® Pre -
activation of Cu -MOR was achieved in helium (He) at 673 K, followed by consecutive
exposure of CH, (7 bar) at 473 K for 30 minutes. Water vapour in He was utilised as a
cheap, abundant source of oxygen capable of regenerating the Cu active sites by
facilitating the stabilised desorption of CHsOH into gaseous phase. The desorption was
achieved with steady increase of reaction temperature, returning to 673 K before
repetition of reaction cycle, consistently achieving 0.204 moles CH3OH per mole of Cu with
ca. 97% selectivity.®

Despite considerable effort to develop highly active catalysts which demonstrate high
selectivity to C; oxygenates, current yields are not sufficient for practical application. The
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low CHsOH yields reported correlate with poor O -insertion after initial H -abstraction by
redox oxides such as MoOsz and V,0s.18 Attempts to improve this, however, lack
mechanistic understanding, which remains difficult to describe.?? Similarly, operating at
the high reaction temperatures required for activation of stable C-H bonds is
disadvantageous for oxygenate selectivity. Instead, high temperatures are conducive to
continued oxidation, towards CO,, in addition to facilitating the competing gas phase
methyl radical pathways. This is made evident by the works of Otsuka et al.,
demonstrating the complete conversion of CH;OH feeds were observed at temperatures
employed for CH4 conversion over Fe;(Mo0Q4)3.1®® Reactions occurring in gas phase were
concluded to be negligible overall, with significant reactivity occurring on the Fe;(MoO.);
catalyst surface by formation of dissociatively adsorbed oxygen.'*® Similar reactivity were
shown for SiO; -supported V,0s and MoOs catalyst under the same reaction
conditions. 18191

Consequently, consecutive reactions result in loss of selectivity towards HCOOH and CO
products. Subsequently, catalyst capable of activating CH, at low temperature and
pressures is required.

1.3 Thesis Aims

The aims of the following investigations are described:

Chapter 3: Selective Oxidation of Methane to Methanol using Supported Au-
Pd Catalysts Prepared by Stabiliser -free Sol-immobilisation

Previously reported by Ab Rahim et al.’®#1%%, the selective oxidation of CH4 to CH3OH
was achieved using bimetallic AuPd/TiO, catalyst with H,O; as the terminal oxidant.
Possessing a broad range of AuPd nanoparticles (5-20 nm) and displaying high
amounts of H,O, decomposition, only moderate activity was achieved. In this
section, AuPd nanoparticles produced by stabiliser free sol immobilisation are used
to investigate the role of AuPd particle size upon the productivity for selective
oxidation of methane using preformed H,0,. Further consideration is given to the
efficient utilisation of H,0, and demonstrates the influence of support as a vital
parameter for efficient use of H,O: for primary oxygenate production
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Chapter 4: Methane Oxidation Using Hexafluorobenzene Solvent

Demonstrating higher gas solubility for CHs, O, and H,, the application of
perfluorinated solvent was investigated for methane oxidation.'%>1% Representing a
highly desired route for green oxidation chemistry, the use of O, was investigated as
oxidant for the oxidation of methane to methanol.’® This route considered the
activation of C-H bonds via radical initiator induced H-abstraction, or by activation of
02 during in-situ generated H,0,.
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Chapter 2:
Experimental Procedures

2.1 Introduction

The following chapter will cover the preparative, experimental and characterisation

procedures used to complete the work described.

2.2 Materials

The materials used during this project are listed and categorised:
Materials used in the preparation of catalysts;

e Chloroauric acid, HAuCls.xH,0 (99.999%, Sigma Aldrich)
e Palladium Chloride, PdCl, (Sigma Aldrich)

e Sodium borohydride, NaBH, (Sigma Aldrich)

e Trisodium citrate, NasCsHsO7 (Sigma Aldrich)

e L-Ascorbic acid, C¢HsOs (99%, Sigma Aldrich)

e Tannic Acid, C76Hs2046 (>99.995%, Sigma Aldrich)

e Potassium Carbonate, K,CO3 (>99.995%, Sigma Aldrich)
e Titanium dioxide, TiO, (P25, Degussa)

e Hydrochloric acid, HCI (37% , Fischer Scientific)

e Sulfuric acid, H,SO4 (90% , Fischer Scientific)

e Zeolite, NH4-ZSM5-5 (SiO2/Al,0s: 30, Zeolyst)

e Polyvinyl alcohol, (C;H40)x (Mw= 10,000 Da, Sigma Aldrich)
e Carbon (Darco G60, Sigma Aldrich)
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Materials used in the catalyst testing of catalysts

e Methane, CH4(99.999%, Air Products)

e Nitrogen, N3 (99.999%, BOC gases)

e Oxygen, 0, (99.999%, BOC gases

e Hydrogen peroxide, H,0, (50 wt. % in H,0, Sigma Aldrich)

e Deuterium oxide, D0 (99.9 atom%, Sigma Aldrich)

e Hexafluorobenzene, CsFs (99.9%, Fluorochem)

e 2,2-Azobis(2-methylpropriontrile), CsH12N4 (98%. Sigma Aldrich)
e Benzoyl peroxide, C14H1004 (97%, Alfa Aesar)

e 1,1’-Azobis(cyclohexanecarbonitrile), C14H20N4 (98%, Sigma Aldrich)
e Methanol, CH30H (HPLC grade, Fisher Scientific)

e Cerium Sulfate, Ce(S04),(99%, Sigma Aldrich)

e Toluene, C7Hs (>99.9%, Sigma Aldrich)

e Benzyl alcohol, C;HsO (99.8%, Sigma Aldrich)

e Benzaldehyde, C;HsO (>99.9%, Sigma Aldrich)

e Benzyl benzoate, C1,H130,(>99.0%, Sigma Aldrich)

e Benzoic acid, C;Hg0; (>99.5%, Sigma Aldrich)

e 1,35, trimethyl benzene, CoH12 (98%, Sigma Aldrich)

e Ferroin Indicator, [CssH24aFeNg]SO4 (0.025M, Sigma Aldrich)
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2.3 Definitions

The definitions of common terms used in this work are/is described below:

Selective oxygenates include: Methyl hydroperoxide (MeOOH), Methanol (MeOH),
Formaldehyde (H,CO) and Formic acid (HCOOH),
Unselective oxygenates include: Carbon dioxide (CO,)

Selective Oxygenate Selectivity (%)

Moles (MeOOH + MeOH + HCOOH) formed
Moles (MeOH + MeOOH + HCOOH + COz)formedx

100

Catalyst Productivity

MOleS(oxygenated products)
kgcatalyst X time(h)

Turnover Frequency

-1 -1
MOleS(oxygenated products) X MOleS(metals in catalyst) xh

MOleS(oxygenated products)
MOleS(metal in catalyst) x time (h)

Turnover Number

MOleS(oxygenated products)

MOleS(metals in catalyst)

Gain Factor

MOleS(oxygenated products)

MOleSHZ 0, consumed
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Magic Cluster Theory

The magic cluster calculations determined for Au nanoparticles (NP).

Total number of Au Calculated Au

Shell number  Number of atoms in shell ) Nanoparticle
atoms in NP .
diameter

[n] [n(atom]™ [nitoran]™ [nm]

1 1 0.27
1 12 13 0.81
2 42 55 1.35
3 92 147 1.89
4 162 309 2.43
5 252 561 2.97
6 362 923 3.51
7 492 1415 4.05
8 642 2057 4.59
9 812 2869 5.13
10 1002 3871 5.67

[a] N(atom) = 10n%+2. [b] n(total) = (10n3+15n>+11n+3)/3.

Intrinsic activity for the Decomposition of H,0,

MOleS(Hz 0, decomposed)

MOles(total metal nanoparticle surface atoms) x time (h)

where Moles yetai nanoparticie surface atoms) 1S calculated as for 10 mg of catalyst.

Intrinsic Activity for the Oxidation of Methane

MOleS(total oxygenate products)

MOles(total metal nanoparticle surface atoms) x time (h)

where Moles yetal nanoparticie surface atoms) 1 calculated as for 10 mg of catalyst.
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2.4 Catalyst preparation

2.4.1 Preparation of Metal Precursor Solutions

The preparation of PdCl; solution is as follows:

Solid PdCl; (0.9998 g, 99.9%) was added to a 100 mL volumetric flask and deionised H,0
(95 mL) added. To assist with Pd dissolution, several drops of concentrated HCl (ca. 37%)
was added and the resulting solution stirred vigorously until complete dissolution of solid
precursor (typically 48 hrs at room temperature). Once dissolved, an additional aliquot of
H,0 was added to produce a final volume of 100 mL and Pd concentration of 6mg mL™.

For the preparation of acidified PdCl, solution, 0.58M HCl concentration was selected and
the above preparation followed with the addition of HCl (ca. 37%, 4.84 mL).!

The preparation of HAuCls. xH,0 solution is as follows:

Solid HAuCI4.xH20 (4.90 g, 99.9%) was added to a 500 mL amber volumetric flask and
deionised water added. The solution was stirred vigorously until complete dissolution of
the solid precursor to produce a Au Concentration of 12.25 mg mL?,

2.4.2 Preparation of supported nanoparticles by Wet impregnation

The preparation of 0.5 wt. % Au-0.5 wt. % Pd/ TiO; is carried out as follows:

A solution of PdCl, (0.4167 mL, 6mg mL?) was added to a 35mL glass vial containing a
solution of HAuCls.xH,0 (0.2041 mL, 12.25 mg mL™). Additional H,O (0.5 mL) was also
added to the solution and the resulting mixture heated to 60°C under moderate stirring.
The required quantity of support, TiO, (0.495 g, Degussa P25) was then added and stirred
until a homogeneous slurry was formed. Heating was raised to 90 °C and stirring
continued until the water evaporated to form paste. The paste was then dried at 110 °C

in an oven for 16 h.

The preparation of AuPd was similarly described by Edwards et al.?
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2.4.3 Preparation of supported nanoparticles by Sol Immobilisation

(Stabiliser free)

The preparation of 0.5 wt.% Au-0.5 wt.% Pd/ TiO; is carried as follows:

Aqueous solutions of HAuCl4.xH,0 (1.667 mL, 12.25mg mL?) and PdCl, (0.816 mL, 6 mg
mL?) were added to 800 mL deionised water under vigorous stirring at room temperature.
The resulting solution was stirred for 2 min before the addition of freshly prepared NaBH,
(7.23 mL, 0.1M) such that the molar ratio of NaBH,4 to metal was 5:13. Upon the addition
of NaBH,4, the mixture turned dark brown-black and was then vigorously stirred for 30
min. The required quantity of support material was then added (P25 Degussa TiO,, 1.98
g) allowing a minute for the solution to form a homogeneous mixture, the solution was
acidified to pH 1 by the drop-wise addition of sulfuric acid (>95%). The mixture was then
stirred for 1 h during which the reduced nanoparticles were adsorbed to the support. The
suspension was then filtered under vacuum and washed thoroughly with distilled water.

The filtered catalyst was then dried in an oven for 16 h at 110°C.

For catalyst prepared at elevated temperature (70 °C), the initial solution of de-ionised
water (800 mL) was heated under stirring using a PTFE thermocouple to regulate heating.

At the set temperature, the above procedure was carried out.

A similar method was followed for the preparation of 0.065 wt.% Au-0.065 wt.% Pd/ rutile
TiO; alternatively using aqueous solutions of HAuCls.xH,0 (0.1061 mL, 12.25mg mL?) and
PdCl; (0.2167 mL, 6 mg mL?), with TiO, (P25 Degussa, 1.997 g) support.

This stabiliser free method was similarly described by Abis and co-workers.*

2.4.4 Preparation of Au (20nm) Colloids by Sol Immobilisation

The preparation of ca.20 nm Au nanoparticles is described. This method was a

modification of the Citrate reduction method described by Wong and co-workers.>
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Using a 500 mL beaker, 200 mL of deionised water was heated to 90 °C under stirring
using a PTFE thermocouple to regulate heating rate. At the set temperature, HAuCl,,
solution (804 puL, 62.2 mM) was added under vigorous stirring. A solution of trisodium
citrate solution (12 mL, 0.0345 M) was then added and the solution further heated for 30
minutes. During this period, the clear-pale coloured solution darkens to a deep wine
colour. Following this, the solution was removed from heating and cooled to 25 °C under
moderate stirring. At 25 °C, the solution volume was returned to 200 mL by addition of
H,0. Following H,0, the required quantity of support (P25 Degussa TiO3, 0.985 g) under
vigorous stirring and allowed to form a homogeneous mixture. The solution was then
acidified to pH 1 by the drop-wise addition of sulfuric acid (>95%). The mixture was then
stirred for 1 h during which the reduced nanoparticles were adsorbed to the support. The
suspension was then filtered under vacuum and washed thoroughly with distilled water.

The filtered catalyst was then dried in an oven for 16 h at 110°C.

2.4.5 Deposition of Pd in Pd-on-Au Colloids by Sol Immobilisation

Table 2.1: Examples of Pd-on-Au catalyst preparation amounts.

Pd-on-Au Volume Pd Mass of
Weight Pd layer Solution Support
Loading mL g

5.0 1 0.0818 1.034
10.3 2 0.1685 1.086
15.9 3 0.2602 1.141
21.8 4 0.3570 1.199
28.0 5 0.4592 1.260

The preparation of bimetallic Pd-on-Au nanoparticles are described for the 5 wt.% Pd-on-

Au/TiO,.

Using a 1L beaker, the previously prepared colloidal Au solution was diluted by addition
to 450 mL H,0 under vigorous stirring. A freshly prepared solution of ascorbic acid (0.8806
g, 50 mL, 0.1 M) was then added to create a total volume of 700 mL. An aqueous solution

of acidified PdCl, (0.58M HCI, 0.0818 mL, 6 mg mL™) was then added and the solution

43



Chapter 2

stirred for 30 minutes. Following this period, the required amount of support material was
added (P25 Degussa TiO;, 1.034 g) to create a final metal loading of 1 wt.%. The
suspension was then acidified to pH 1 by drop-wise addition of H,SO, and vigorously
stirred for 1 h before the suspension was then filtered under vacuum and washed
thoroughly with distilled water. The filtered catalyst was then dried in an oven for 16 h at

110°C.

2.4.6 Heat treatment procedures

The dried sample was collected and ground using a mortar and pestle to a produce a
uniform and fine powder. The powdered sample (~300mg) was then added to a porcelain
combustion boat and loaded into a furnace. The sample was calcined in static air and the
temperature raised from 25 °C to 400 °C at 20 °C min™. The temperature was maintained
at 400°C for 3 h, and on completion was allowed to return to 25°C before removal of the
catalyst.? Alternatively, the samples were heat treated under a reducing atmosphere of

5%H,/Ar ( 35ml min) at 400 °C for 4 hours with a heating rate of 10 °C min™?

Investigations requiring higher heat treatment followed a similar procedure however,

modifying the set temperature.
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2.5 Catalyst Testing

2.5.1 Oxidation of methane using preformed H20:2

The oxidation of methane was carried out using a 50 mL Parr stainless steel autoclave
reactor. The autoclave was fitted with a removable Teflon liner (35 mL volume). Reactor
heating and stirring was controlled by a pre-set programme run using purpose-fitted

software associated with the reactor.

Overhead
stirrer

Entry Vent
Feed Line

Thermocouple
and Pressure

gauge

Electronic
heating
jacket

Figure 2.1: Schematic of Parr stainless steel autoclave reactor

Catalytic testing was carried out using a 10 mL reaction mixture comprising an aqueous
solution of H,0; (10 mL, 0.5 M, 5000 umol) and the solid catalyst (10 mg). Prior to use,
the reactor was purged with methane to remove residual air from the reactor before
being pressurised with methane to 30.5 bar. The autoclave was then heated to the desired
reaction temperature (50 °C) using the pre-set programme. At reaction temperature (t=0
min), the solution was vigorously stirred at 1500 RPM and both heating and stirring were
maintained for the required length (typically 30 min, 2.5 °C min!). Following the reaction,
the stirring was stopped and the temperature was reduced to 10 °C using an ice bath to
minimise the loss of volatile products. Gaseous samples were removed by extraction into
a gas bag for analysis via gas chromatography. The Varian GC was fitted with a methaniser
and analysed by flame ionisation detector. The reaction mixture was filtered to remove
catalyst particulates and analysed by *H NMR using a Bruker 500 MHz Ultra-shield NMR

spectrometer. All *H NMR samples were analysed against a calibrated co-axially sealed
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insert containing tetramethylsilane (TMS) in deuterated chloroform (99.9 % D). The
remaining H,0, was determined by titration of aliquots (0.1 mL) with acidified Ce(SOa) of

known concentration using one drop of ferroin indicator (0.025 M).

2.5.2 Decomposition of H202

H,0, + 2Ce(S0,), = Ce,(50,); + H,S0, + 0, (equ.2.1)
[Fe(o — phen);]** - [Fe(o — phen);]** (equ.2.2)

The decomposition of H,0, was carried out in a 35 mL glass vial. A typical reaction was
carried out using 10 mL reaction mixture comprising an aqueous solution of H,0, (10 mL,
0.5 M, 5000 pmol) and a measured amount of solid catalyst (10 mg). At intervals, H,0,
concentration was determined by titration of 0.1 mL sample of reaction solution against
an acidified Ce(S0,); solution of known concentration (equ. 2.1) using one drop of ferroin
indicator (0.025 M, equ. 2.2). The reactions were carried out at room temperature, with

stirring maintained at 1000 RPM.

2.5.3 Toluene Oxidation using hexafluorobenzene (HFB)

The oxidation of toluene was carried out using a 50 mL Parr stainless steel autoclave
reactor. The autoclave was fitted with a removable glass vessel (35 mL volume). Reactor
heating and stirring are controlled by a pre-set programme run using purpose fitted

software associated with the reactor.

A typical reaction is carried out using 10 mL reaction mixture comprising
hexafluorobenzene (5 mL) and toluene (5mL). A measured quantity of solid catalyst
(200mg). Once added into the glass vessel, the reactor is sealed, and the reactor purged
with nitrogen to remove residual air from the reactor (40 bar), followed by additional
purges using oxygen (10 bar). Finally, the reactor is pressurised with oxygen (10 bar). The

autoclave is then heated to the desired reaction temperature (typically 160 °C, 10 °C min’
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1) using the pre-set programme. At reaction temperature, the solution is vigorously stirred
at 1500 rpm and both heating and stirring are maintained for the required length (typically
48 h). Afterwards, stirring is stopped and the reaction temperature reduced to below 10°C
using an ice bath to minimise the loss of volatile products. Gaseous samples were
removed by extraction into a gas bag for analysis via gas chromatography. Quantification
of liquid products were carried out using a Varian GC equipped with methaniser FID and
TCD. Products were quantified using an external calibration method utilising 1, 3, 5-

trimethyl benzene as the standard.

2.5.4 Oxidation of methane using a hexafluorobenzene-water biphasic

system

The oxidation of methane was carried out using a 50mL Parr stainless steel autoclave
reactor. The autoclave was fitted with a removable glass vessel (35 mL volume). Reactor
heating and stirring are controlled by a pre-set programme run using purpose fitted

software associated with the reactor.

A typical reaction is carried out using 15mL reaction mixture comprising an organic
solution containing hexafluorobenzene (10mL), a measured quantity of radical initiator
(benzoyl peroxide, 250pmol), water (10mL) and a measured quantity of solid catalyst
(10mg). Once added into the glass vessel, the reactor is sealed, and the reactor purged
with methane to remove residual air from the reactor (40 bar) before being pressurised
with methane (30 bar), and oxygen (3.05 bar). The autoclave is then heated to the desired
reaction temperature (typically 80 °C, 2.5 °C min™) using the pre-set programme. At
reaction temperature, the solution is vigorously stirred at 1500rpm and both heating and
stirring are maintained for the required length (typically 3 hours). Afterwards, stirring is
stopped and the reaction temperature reduced to below 10°C using an ice bath to
minimise the loss of volatile products. Gaseous samples were removed by extraction into
a gas bag for analysis via gas chromatography. The Varian GC was fitted with a methaniser
and analysed by flame ionisation detector. The reaction mixture is filtered, then analysed
by 'H NMR (oxygenate products) and the remaining benzoyl peroxide determined by HPLC

analysis.
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All *H NMR samples are analysed against a calibrated insert containing tetramethylsilane

(TMS) in deuterated chloroform (99.9%D).

2.5.6 Methane Oxidation by In Situ generated H202 from Hz and Oz using

hexafluorobenzene-water biphasic system

The oxidation of methane was carried out using a 50mL Parr stainless steel autoclave
reactor. The autoclave was fitted with a removable glass vessel (35 mL volume). Reactor
heating and stirring are controlled by a pre-set programme run using purpose fitted

software associated with the reactor.

A typical reaction was carried out using 15mL reaction mixture comprised of
hexafluorobenzene (10mL, 16.1 g, density: 1.61 g mL?), H,O (5 mL) and a measured
quantity of solid catalyst (28 mg). Once added, the reactor was sealed, and purged with
nitrogen (40 bar). A gaseous mixture comprising of hydrogen (0.5 bar, 0.86%), nitrogen
(12.9 bar, 21.55%), methane (45.5 bar, 75.86%) and oxygen (1.1 bar, 1.72%) was prepared.
Preparation of gaseous mixtures was facilitated by gas burettes connected to each
reactor, using a total pressure of 60 bar. The reactor was then purged three times using

the prepared mixture and then pressurised to 30.5 bar.

Vent

=
5

et}

CH,

o
N

Gas mixing burette

Reactor
entry
feed

Forward pressure
regulator

Figure 2.2: Schematic of burette for gas mixing.
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The autoclave is then heated to the desired reaction temperature (typically 50°C) using
the pre-set programme. At reaction temperature, the solution is vigorously stirred at
1500rpm and both heating and stirring are maintained for the required length (typically
30 mins, 2.5 °C min?). Afterwards, stirring is stopped and the reaction temperature
reduced to below 10°C using an ice bath to minimise the loss of volatile products. Gaseous
samples were removed by extraction into a gas bag for analysis via gas chromatography.
The Varian GC was fitted with a methaniser and analysed by flame ionisation detector.
The reaction mixture was filtered to remove catalyst particulates and analysed by *H NMR
using a Bruker 500 MHz Ultra-shield NMR spectrometer. All *H NMR samples were
analysed against a calibrated co-axially sealed insert containing tetramethylsilane (TMS)
in deuterated chloroform (99.9 % D). The remaining H,0, was determined by titration of
aliquots (0.1 mL) with acidified Ce(S04)> of known concentration using one drop of ferroin

indicator (0.025 M).

2.6 Product analysis

2.6.1 TH NMR Spectroscopy.

Nuclear magnetic resonance spectroscopy is an important analytical tool which exploits
the magnetic properties of certain nuclei. Molecules possess a magnetic moment arising
from an uneven number of protons and/or neutrons in the nucleus (e.g. *H, 3C, *N). The
application of an external magnetic field to these nuclei results in the splitting of the
degenerate energy levels due to the alignment of the magnetic moments parallel to (low
energy state) or antiparallel to (high energy state) the external field (Bo).® The application
of electromagnetic frequency, typically radiofrequency, allows the identification of these

nuclei by resonating between the two energy states.

The corresponding frequency is the principle of NMR, since, the chemical environment
surrounding the nuclei will distinguish it from other nuclei. Consequently, this information
can be used to identify molecules in a sample. Furthermore, the intensity of a signal

produced via *H NMR is proportional to the number of protons responsible for the signal
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observed. This allows the quantitative analysis of products such as methanol by their

corresponding protons.

'H-NMR analysis of the post reaction liquid was achieved using a Bruker 500 MHz Ultra-
shield NMR spectrometer. A solvent suppression program was performed during
sample analysis to minimise solvent (H;0) signal intensity. The analyte signals are
reported in parts per million relative to the Me,Si standard (s, 6=0Oppm). The oxygenate
species typically identified are presented in Table 2.2. An example of a H-ZSM-5 catalysed

oxidation of methane using H,0; is provided in Figure 2.1.

Table 2.2: *H NMR signal assignments for typically observed analytes.”®

Chemical Compound Chemical Shift / Multiplicity
Tetramethylsilane, Me,Si 60 ppm,s
Methane, CH, 60.1 ppm, s
H,0 in CDCl; 6 1.55 ppm, s
Acetone, CH;C(O)CH; 6 2.05 ppm, s
Acetic Acid, CH;COOH 62.2 ppm, s
Methanol, CH;OH 63.38 ppm, s
Methyl hydroperoxide, CH;00H 63.85 ppm, s
Water, H,0 6 4.8 ppm, s
Formaldehyde, CH,O 65.2 ppm, s
CHCl; in CDCl3 67.24 ppm, s
Formic Acid, HCOOH 6 8.4 ppm, s
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Figure 2.3: 'H NMR spectrum of the post reaction solution of methane oxidation catalysed by

commercial H-ZSM-5.

Typical NMR analysis was carried out by adding 0.7mL of filtered solution and 0.1mL D,0
(required for locking) to an NMR tube. An internal standard, consisting of 1%TMS in CDCl;
sealed within a capillary tube, was added to the NMR tube. An example of post reaction
'H NMR analysis is provided in Figure 2.3. The internal standard was calibrated against

solutions containing known quantities methanol and formic acid (Figure 2.4).
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Figure 2.4: An example of calibration factors obtained for methanol standards against the MeaSi

inserts C1 and C2.

2.6.2 Gas Chromatography

Gas chromatography is a separation technique used to analyse complex samples of
volatile organic compounds. These volatile samples should remain thermally stable under
the temperatures employed for analysis. A sample is introduced by injection into a heated
injection port, where liquid samples can be vaporised. The vaporised sample is then
carried through the column by an inert carrier gas (typically Helium), also referred to as
the mobile phase. The column, acting as the stationary phase, consists of a microlayer of

viscous liquid immobilised onto the inert capillary wall.

The interaction of analyte within the mobile phase and the stationary phase creates an
exchange-equilibrium (such as dipole-dipole) resulting in the retention of analyte within
the column for different lengths of time.® Subsequently, constituents of a sample may be
separated into individual components and elute with varying retention times. The careful
design of heating within the thermo-stated oven, or flow rate allows control of separation

and retention to be optimally tuned.
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Figure 2.5: Schematic of Varian 450-GC used for analysis of volatile gaseous samples.

The detector used was a flame ionisation detector (FID), where analytes are detected by
combustion of the eluting solutes. The analyte passing through the FID flame is
subsequently oxidised to yield ions of the parent species, which are detected when
passing through two oppositely charged plates. The conductivity of the FID flame is
increased during combustion and the resulting ions are collected at the negative
electrode. The resulting current is proportional to the concentration of ions detected
allowing the quantitative analysis of species. Qualitative identification of the species
identity can be achieved by comparison of the products retention time with a

commercially available standard.®

High oxidation state carbons (such as CO, or CO) show minimal or zero detectability by
FID analysis. The addition of a methaniser unit, consisting a Ni-Co catalyst, positioned after
the separation of analyte by the column resolves this issue. The methaniser, in the
presence of H,, reduces the effluent to lower oxidation state hydrocarbons (such as CH4)

which show increased detectability.
CO, +2H, & CH, + 0, (equ.2.3)

Gas phase products for methane oxidation and liquid phase products for the oxidation of
toluene were analysed by GC chromatography using a Varian 450-GC. The Varian 450-GC
was fitted with FID and TCD detector. The Varian-GC was equipped with a CP-SiL5CB
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column (50nm, 0.33mm Internal diameter) and a methaniser. CO, was quantified against
a calibration curve produced using commercial standards (Figure 2.6). Liquid phase
products for toluene oxidation were dissolved using 5 mL methanol to dissolve solid
products, typically obtained after long reaction periods. Products were quantified against

an external calibration standard using 1, 3, 5 -trimethyl benzene.

600

500 1

Peak area / pV min’!
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Figure 2.6: Calibration obtained for CO; standards (10-1000 ppm) using Varian 450-GC.

2.6.3 High Performance Liquid Chromatography(HPLC)

Mobile Phase
(solvent)

l‘ Data Processing
Software

} Thermo-stated Oven
Sample Detector
Inject l
Waste

Figure 2.7: Schematic of Agilent 1260 Infinity series HPLC used for analysis of liquid phase

samples.
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High performance liquid chromatography is a separation technique similar to gas
chromatography.For HPLC, the solvent is supplied under higher pressures (ca. 50-400
atm) via a pump, regulating a specified flow rate of the mobile phase. Application of high
pressure allows for more densely packed columns (stationary phase) to be used, resulting
in enhanced separation and greater resolution of analytes within a sample. Analysis was
performed on an Agilent 1260 Infinity series HPLC comprising a quaternary pump,
automated sample injector, column oven, diode array detector (DAD) and refractive index

detector (RID). Detection via DAD is suitable for compounds capable of UV absorbance.

The HPLC was fitted with a MetaCarb 67h column and phosphoric acid (0.1% H3PQO,) used
as the mobile phase. The following conditions were employed for the analysis: flow rate
(mobile phase) = 0.8 ml / min, column temperature = 50 °C, Injection volume = 1 pl.
Quantification of benzoyl peroxide was carried out using a calibration curve, produced

from known standards.

2.6.4 Titration of H202

H,0, + 2Ce(50,), = Ce,(S0,4)3 + H,S0, + 0, (equ.2.1)
[Fe(o — phen);]** — [Fe(o — phen);]3* (equ.2.2)
Post reaction H,0, was quantified by titrating aliquots of filtered reaction mixture against

a standardised acidified solution of Ce(SO4),. Ferroin (0.025 M) was used as an indicator

for reaction described in equation 2.1.

The preparation of Ce(SO4), solution (ca. 8x102 M) is as follows:

Solid Ce(S0.), (6g) was added to a solution of concentrated sulfuric acid (32%, 80mL)
whilst stirring. The mixture was then added to a 2L volumetric flask and the remaining
volume filled with de-ionised water. The resulting solution was stirred until the solid
Ce(S04); was fully dissolved. The Ce(SQ4); concentration determined by titration against

a known mass of (NHa4)2Fe(S04),.6H>0 dissolved completely in 2% H2504 (v/v).
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2.7 Catalyst Characterisation

2.7.1 Brunauer-Emmett-Teller (BET) Isotherm Theory

BET analysis is a method used to determine surface area and pore volume by the
adsorption of a gas onto a materials surface. More specifically, BET is a multilayer

adsorption theory of an inert gaseous adsorbate onto a surface, typically nitrogen.!

BET surface area analysis was performed at -196 °C on a Quantachrome Quadrasorb SI
instrument after each sample was evacuated. Surface areas were calculated using
Brunauer—-Emmet-Teller (BET) theory over the range P/P0 = 0.05-0.2. Gaseous adsorbates
are removed from dry solid sample by gentle heating (120 °C) under a vacuum for 1 hour.
The sample is then cooled to 77K (196.15 °C), by liquid nitrogen. The gaseous adsorbate
(typically N3) is introduced and the relationship between quantity of adsorbed gas and
adsorbate pressure, termed adsorption isotherm, is used to determine the sample surface
area.?

P 1 +C—1P
v(Py—P) v,.C v,.CP,

(equ.2.4)

BET adsorption isotherm where; P: equilibrium pressure of adsorbate, Po: saturation pressure of adsorbate,

V: volume of adsorbed gas, Vm: volume required to form monolayer coverage, C: BET constant

P
v(Po—P)

Subsequently, a plot of against P/Po produces a linear relationship with intercept

1 . . . .
——. The volume of gas, given as v,,, is the volume required to form a complete uni-
c

Vm
molecular layer of adsorbate. When multiplied by the cross-sectional surface area of the

adsorbate gas allows the calculation of surface area(equ. 2.5 and 2.6).

v,,.N.s
Stotal = mV (equ.2.5)
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Stotal
Sper = (equ.2.6)
BET Mc

Stotal: total surface area, Sger: specific surface area, N: Avogadro’s constant (6.022x1023), S: adsorption cross

section of adsorbate gas, V: molar volume, M.: Mass of solid sample

2.7.3 Microwave Plasma Atomic Emission Spectroscopy (MP-AES)

Atomic emission spectroscopy (AES) is a chemical analysis technique utilising the intensity
of emitted light from a plasma, flame, arc or spark.!®> Microwave plasma -AES utilises
microwave radiation to produce a nitrogen-based plasma (5000 K) within a quartz torch.
Atomised samples, via a nebuliser, are passed through the plasma resulting in the
promotion of electrons to the excited state. The relaxation of an excited electron to its
ground state results in an emission of light characteristic of the parent atom.
Subsequently, this signature wavelength produced during emission is used to determine

the species identity and the intensity utilised for quantification.

MP-AES analysis was carried out using an Agilent MP-AES 4100 spectrometer. The
digested samples were analysed for Au and Pd using multiple wavelength calibrations.

Sample preparation was as follows:
Standard Acid Digestion

Solid catalyst sample (50mg) was acid digested for 72 h using freshly prepared aqua regia
(7mL, ImL HCI (70%): 6mL HNO3 (35%)) in a 50 mL volumetric flask. Following digestion,
the samples were diluted by addition of deionised H,O to a total volume of 50 mL. Prior

to analysis, the sample solution was filtered using PTFE syringe filters (0.45 um).
Microwave Assisted Acid Digestion

Solid catalyst sample (50mg) was acid digested for 72 h using freshly prepared aqua regia
(7mL, ImL HCI (70%): 6mL HNO3 (35%)) in a 50 mL volumetric flask.
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2.7.4 Transmission Electron Microscopy (TEM)

Electron Microscopy utilises the wavelength of electrons to image samples. Wavelengths
of electrons are sufficiently small (<1A) that the resolution obtained allows the imaging of
nanoparticles. This resolution is markedly improved over conventional optical microscopy

due to the shorter wavelength used. **

Consequently, electron microscopy can be used to determine particle size, orientation
and morphology. In addition, consideration of the resulting interaction of an incident
electron with the sample can also be used to discern compositional and structural
information, such as via emitted X-rays. Figure 2.7.1 illustrates the interaction of the
incident electron beam with sample, leading to the formation of several detectable

signals. Therefore, the electron microscopy used is dependent upon the signal being

analysed.?
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Figure 2.7: Interaction of incident electron beam with sample during transmission
electron microscopy.

Transmission electron microscopy (TEM), most commonly used for the characterisation
of supported metal particles utilises transmitted electrons to produce a two-dimensional

projection of the sample. The projection is magnified by an objective lens to produce a
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bright field image. The use of diffracted electron to collect images are referred to as dark

field images.**

Alternatively, scanning electron microscopy (SEM) is performed by rastering a narrow
electron beam over a sample surface. The resulting secondary and backscattered electron
are detected and the intensity as a function of incident beam position used to map images
of a sample surface.'® Changes in contrast result from the variation of the sample surface
orientation, with surfaces facing the detector appearing brighter. Secondary electrons,
consist of low energy electrons which originate from the surface and describe the surface
region. High energy backscattered electrons originate from deeper within the sample and
carry more detailed information on the sample, such as sample composition. As such
more efficient scatterers, such as heavy elements, appear brighter than their lighter

counterparts.

Transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM) were performed on a JEOL JEM-2100 operating at 200 kV. Energy dispersive X-ray
analysis (EDX) was done using an Oxford Instruments X-Maxn 80 detector and the data
analysed using the Aztec software. samples were prepared by dispersion in ethanol by

sonication and deposited on 300 mesh copper grids coated with holey carbon film.

2.7.5 Energy Dispersive X-ray Analysis (EDX)

Energy dispersive X-ray analysis is quantitative analytical tool utilising the X-ray emission
of a sample during analysis by an incident beam (Figure 2.7). During analysis, the
excitation of inner electron by the incident beam creates an electron hole after ejection.
Relaxation of a higher energy valence electron to this lower energy orbital is followed by
the emission of energy corresponding to the difference. The resulting energy of the X-ray
emission are measured by an EDX spectrophotometer and are characteristic of the

emitting element. As such, EDX provides information upon the sample composition.*®

Energy dispersive X-ray analysis (EDX) was performed on a Tescan Maia3 field emission

gun scanning electron microscope (FEG-SEM) fitted with an Oxford Instruments XMAXN
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80 Images were acquired using the secondary electron and backscattered electron
detectors. Samples were dispersed as a powder onto adhesive carbon Leit discs mounted

onto aluminium stubs.

2.7.6 X-ray Powder diffraction (pXRD)

X-ray diffraction is atechnique primarily used to obtain information on the bulk
crystallographic phase of a sample. However, in X-ray powder diffraction the pattern is
achieved by using a powder sample rather than an individual crystal. Subsequently, the
incident beam is moved around the sample to produce the diffraction pattern of the

variously orientated crystals.!

| E—
Sample holder

Figure 2.8: Schematic representation of an X-ray diffraction system.

X-ray electromagnetic radiation is a high energy radiation (wavelengths of order 10°m)
with sufficient energy to penetrate and probe solid structures. The X-ray radiation is
generated by directing high energy electrons from a heated filament towards a metal
target (contained) within a cathode ray tube/xray tube. The resulting x-ray photons

produced are a continuous range of wavelengths called Bremsstrahlung.
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For x-ray diffraction studies to be achieved, two requirements must be met: (i) the
wavelength of the incident radiation must be of the same order of magnitude as the
periodic spacing’s in the lattice and (ii) that the incident radiation is monochromatic. The
implementation of a copper metal target to produce the bremsstrahlung continuum is

filtered by a nickel filter resulting in the monochromatic Cu Kot at A=1.51 A"

Incident radiation Reflected radiation
L A 8"’ . E , i 15t La\/er
Q@ < O i+ O @
d-spacing ""'es" . g

O L O O O 2™ Layer

Figure 2.9: Schematic representation of X-ray diffraction.

Irradiation of a crystalline sample with monochromatic x-ray radiation produces
scattering of the incident radiation. A diffraction pattern is produced when the radiation
reflected interacts constructively, resulting in a single wavelength.!! During this
constructive interaction of diffracted radiation the path length difference is an integer

value of the wavelength, as described by Bragg’s equation (equ. 2.6).
nA = 2d sin@ (equ.2.6)

n: integer value, A: wavelength of incident radiation, d; d spacing of crystal lattice, 8: angle of incident

radiation.

During pXRD, the angle of incident radiation is monitored as the detector is rotated
around the sample in a plane containing the incident ray. Additionally, rotation of sample
during analysis increases the contribution of the various orientations towards the

constructive interference.

Finally, comparison of the diffraction pattern on a large data-bank allows the
identification of crystalline phases present. Figure provides an illustrative pXRD for TiO;

(P25).
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Figure 2.10: Powder X-ray diffraction pattern of commercially available TiO2 (P25) obtained from

Degussa.

Powder X-ray Diffraction (XRD) patterns were collected using a PANalytical X'PertPRO X-
ray diffractometer, with Cu K, radiation source (A=0.154 nm) with Ni filter at ambient
conditions. Samples were recorded between 15-20° at 40 kV and 40 mA with step sizes of

0.0167°.

2.7.7 X-ray Photoelectron Spectroscopy (XPS)

This surface sensitive (1-10nm) spectroscopic method is based upon the photoelectric
effect. XPS provides characterisation of the elemental composition of a samples surface
along with the oxidation states of the elements present. Analysis is achieved by irradiating
the sample with monochromatic radiation sufficient in energy (X-ray) to expel electrons
(Valence or core) from the atom of an element.’! The emission of a photoelectron is
discrete and characteristic to the parent element via its binding energy. Subsequently, the
specific binding energy (E;) of the photoelectron may be determined by measuring the

kinetic energy of the emitted electron (equ. 2.7).°
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E,=hv—E,—¢ (equ.2.7)

Where; Ex: kinetic energy, h: Planck’s constant (6.626 x10-3*m?2 kg s1), v: frequency of incident radiation, Ep:

binding energy of electron, ¢: XPS constant describing spectrometer’s work function.

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra DLD
spectrometer, using monochromatic Al Ka X-ray source operating at 120 W. Data was
collected with pass energies of 160 eV for survey spectra, and 40 eV for higher resolution
scans. The system was operated in the Hybrid mode, using a combination of magnetic
immersion and electrostatic lenses and acquired over an area approximately 300 x 700
um2. A magnetically confined charge compensation system was used to minimize charging
of the sample surface, and all spectra were taken with a 90 ° take of angle. A base pressure

of ~ 1x107° Torr was maintained during collection of the spectra.
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Chapter 3:

Selective oxidation of methane
to methanol using supported Au-Pd
catalysts prepared by stabiliser-free
sol-immobilisation

3.1 Introduction

The activation of C-H bonds has been a subject extensively studied in recent decades, with
huge scientific interest in their application for methane (CH.) upgrading. Initiated by
Fenton?, recent developments were made after the application of chloroplatinic acid salts
some time later by Shilov et al.?

Similarly, the catalytic application of gold as a selective oxidation catalyst has increased
drastically after the seminal studies by Haruta et al.* in 1987. Here, the importance of
preparative method was highlighted for generating highly active catalysts. The formation
of predominantly nanoparticle gold (<5 nm) produced significant activity for CO oxidation,
operating at very low temperatures (0 °C). Since this discovery, gold (Au) has found
application in a wide array of important reactions; the epoxidation of alkenes®®, the
oxidation of alcohols”® and olefins® and the direct synthesis of hydrogen peroxide
(H,0,).1°

Despite the high activity demonstrated by monometallic Au catalysts, several methods to
improve their activity have been used. One method often used is the addition of a
secondary metal, such as palladium (Pd). In the case of AuPd, the addition of a second
metal sees important improvements in catalyst activity. During the direct synthesis of
hydrogen peroxide (H.0,), the productivity and selectivity is enhanced for both TiO, and
carbon supported AuPd compared with the monometallic counterparts.!* For TiO,-
supported AuPd, the two fold increase in productivity to 64 molesyzo, kgeat™ h't also sees
a three-fold improvement in H,O, selectivity (70%). The oxidation of benzyl alcohol
reported by Corma and co-workers® for Au-only catalyst demonstrated highly effective
under solvent-free conditions. Additionally, utilising O, as the oxidant, the activity
observed was produced after careful preparation of the gold- nanoparticles supported on
ceria (CeQ,). Alternatively, the preparation of AuPd alloyed particles by impregnation
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produced a catalyst with an improved activity by a factor ca. 27, with high selectivity
towards benzaldehyde (>95%).%2

The oxidation of toluene was previously reported by Kesavan et al.** Here, C-H bonds
present in the methyl group of toluene were selectively oxidised to benzyl benzoate in
the absence of solvent over TiO,- and carbon- supported AuPd catalysts using O..
Demonstrating high selectivity towards benzyl benzoate in both cases (ca. 80%), carbon —
supported AuPd showed higher conversion of toluene at 120 °C (10.6%) compared to TiO>
(4.0%). Increasing reaction temperature to 160 °C raised toluene conversion. Achieving
50% and 24% conversion for carbon- and TiO,- supported AuPd respectively, benzyl
benzoate selectivity was simultaneously increased to >94%. The disparity observed in
catalytic activity between TiO, and carbon supports resulted from the differences in AuPd
morphologies due to support-metal interactions.

The direct oxidation of CH4 using O,, however, has proven a significant challenge for
bimetallic AuPd catalysts. The use of H,0, has found an important alternative to industrial
oxidants such as sodium hypochlorite (NaClO), permanganate ([MnQO4]) or chromates
([CrO.]).%* Considered attractive as a green oxidant because of the production of H,0 only
as a by-product of its use. Its application for green oxidation was notably made by
Tarassamo and co-workers® when combined with a titanium silicate (TS-1) catalyst.
Importantly, TS-1 demonstrated the direct ammoxidation of cyclohexanone to its oxime,
a route for caprolactam synthesis and a method of producing an important industrial
feedstock for Nylon 6 production.

Alternatively, the use of hydroperoxy- species for CH, oxidation has been reported by
several groups.1®8 Ab Rahim and co-workers'®?° have reported the investigation of TiO»-
supported AuPd catalysts using H,0,. The aqueous application of H,0, produces an
attractive environmentally benign alternative to traditional routes, employing harsh
reaction conditions such as acidic media.?*?22 The AuPd catalysts, prepared by wet
impregnation, showed moderate activity for the one step oxidation of CH4 to methanol
(CH30H) under mild reaction temperatures (50 °C). Prepared by impregnation of the
chloride precursors onto the support, this method produces a broad range of AuPd
particle sizes with poor control of speciation. The catalysts produced comprised of alloyed
AuPd nanoparticles ranging from 5-20 nm in size with larger Au rich nanoparticles (100-
200 nm) also observed.'**® Evidence of poor metal dispersion was reflected in the
identification of sub-nm AuPd particles and Pd clusters. Even so, Table 3.1 illustrates the
moderate activity observed for selective oxidation of CH4 to CH3OH by the AuPd/TiO,
catalysts presented by Ab Rahim and co-workers®,
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Table 3.1: Catalytic activity of bimetallic AuPd catalysts prepared by incipient wetness. Data
previously published by Ab Rahim.%%°

Products [umol] Oxy. H20:2

TOF
Catalyst Sel. (h1] Rem.
CHsOH HCOOH CH3OO0H CO2 (%] [%]
0.5wt.%Au-0.5wt.%Pd/TiO2 0.30 0 1.82 0.36 854 685 579
2.5wWt.%Au-2.5wt.%Pd/TiO2 1.89 0 1.57 0.37 90.3 0.77 7.7
2.5wt.%Au-2.5wt.%Pd/C 0.63 0 0 1.55 28.9 0.44 1.7

Standard reaction conditions: time: 30 minutes, temperature: 50 °C, P¢y,: 30.5 bar, stirring rate: 1500 rpm, volume: 10 mL
of H20.[H202]: 0.5 M, all 1 wt. % catalyst: 7.24x107 moles metal equal to 10 mg of solid catalyst, all 5 wt. % catalyst: 1.0x10°
> moles of metal equal to 28 mg solid catalyst, Oxy. Sel.: Oxygenate selectivity, Rem.: Remaining, TOF: Turn-over frequency.

Initial investigations using 1 wt.% AuPd/TiO, demonstrated high selectivity towards
methyl hydroperoxide (73%, CH;O0H), an intermediate in the formation of CH;OH (Table
3.1, entry 1). Low selectivity to CH30H (12%), argued to be due to low metal loading, was
increased to 49% when total metal loading was raised to 5 wt.% AuPd/TiO,, with similar
oxygenate selectivity achieved. Yet, the increase in metal loading yielded a significant
increase in the decomposition of H,0,, with ca. 8% remaining post reaction (Entry 2).
Subsequently, this augmentation in H,O, decomposition resulted in a decrease in overall
productivity, proving deleterious for the oxidation of CH,. Despite this, the systematic
studies by Ab Rahim et al.*® showed TiO,-supported AuPd (5 wt.%) to produce the highest
CH3OH and oxygenate selectivity of supports investigated, including carbon.

Recently, significant improvements in productivity and selectivity were achieved by
Agarwal et al.2 using unsupported AuPd nanoparticles. Preparation of colloidal AuPd
using poly-(vinyl pyrrolidine) produced catalysts which exhibited high oxygenate
productivity (29.4 mol kgt ht) and TOF (5.09 ht) with preformed H,0,. The introduction
of gaseous O3 increased catalyst activity further with TOF of 8.58 h™ (productivity: 53.6
mol kger! h), achieving up to 70% 20, incorporation into CHsOH produced during
labelled experiments. Critically, the significant reduction in the rate of H,0;
decomposition was achieved by eliminating the metal-support interaction. The resulting
excellent productivity was therefore attributed to the controlled H,0, breakdown,
affording lower H,0, concentrations to be used during testing.

Contrasting this work, considerable activity was reported by Hammond and co-workers?*
utilising Fe-ZSM5 under identically mild, aqueous conditions with H,O, as terminal
oxidant. Inspired by methane mono-oxygenase, the enzyme commonly found in
methanotrophs is capable of one step oxidation of methane to methanol under mild
conditions.?® The Fe- and Cu- promoted Fe-ZSM-5 catalysts demonstrated significant
activity, reporting high turnover frequencies (TOFs) of >2200 h™ for CH, oxidation with
CH3OH selectivity above 80%.8
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However, although exhibiting lower overall activity for oxygenate formation, CH;OH
selectivity and TOF to the ZSM-5 catalysts, AuPd catalysts remain an attractive approach.
Capable of the direct synthesis of H,0, from H; and O; using AuPd, the application of Fe
or Cu doped zeolite materials instead produce efficient Fenton-type catalysts with poor
activity H,0, synthesis.?s? Industrially, therefore, the potential in-situ generation H,0,
removes the cost and environmental impact associated with the indirect synthesis of H,0,
via the anthraquinone oxidation process.*®

The generation of H,0, from H, and O, in situ by AuPd/TiO,catalysts was applied by Ab
Rahim? et al. to oxidise CH4 to CH3OH. Industrially, in situ generation of H,0, provides a
more desirable approach to the required preformed H,0, when using MFI-zeolite
catalysts such as ZSM-5. Comparison against reactions utilising preformed H,0,, the in-
situ approach by 5wt.% AuPd/TiO, catalysts showed lower productivity (0.50 mol kgear* h”
1). However, CHsOH selectivity was improved (68% vs 49%) and H,0; reactivity yielded a
3-fold improvement compared with similar quantities of preformed H,0..

In this chapter, the role of particle size is investigated for AuPd/TiO, materials adopting
sol immobilisation as the preferred methodology for catalyst preparation. In contrast to
the wet impregnation technique used by Ab Rahim, sol immobilisation (S;) provides a
method to control particle size, distribution, composition and morphology.3%*? Control of
these variables has allowed catalyst activity or product selectivity to be more easily tuned
for several reactions, including hydrogenation of furfural®® or benzyl alcohol
oxidation3*.The formation of AuPd catalysts with a narrow size distribution, by S;, then
allows further manipulation of particle size to evaluate their influence for the selective
oxidation of methane. Notably, the relationship between efficient H,0, utilisation and
methanol productivity is considered through manipulation of particle size.

3.2 The Role of AuPd Particle Size

The effect of supported AuPd particle size was evaluated for the selective oxidation of
methane to methanol by preparation of a series of 1 wt.% AuPd/TiO, (P25). The series was
produced using sol immobilisation (Si), a method which uses polymer stabilisers to
produce nanoparticles with a narrow distribution of particle sizes.3>3% It was shown by
Abis and co-workers®® that using a stabiliser-free sol-immobilisation (SF-S;) methodology
produced nanoparticles with no significant variation in particle morphology, but the
absence of polymer additive did result in a marginal increase in mean particle size when
compared against conventionally used polymer additives.

Additionally, the absence of polymer additives then allowed further manipulation of
particle size via post synthesis heat treatment. Heat treatments at 400, 600 and 800 °C
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were used to induce sintering and thereby increase the particle size. Typical testing
conditions for CH,4 oxidation reactions were carried out at 50 °C in an aqueous solution of
H,0, (0.5M, 10mL) using an autoclave reactor. The mass of catalyst used remained fixed
at 10 mg, and the reactor pressurised to 30.5 bar CH4. During testing, stirring speed was
maintained at 1500 rpm from the initiation of heating to the end of reaction period (30
mins). Unless specified, these conditions were used for all reactions.

Liquid phase products such as methyl hydroperoxide (CH;00H), methanol (CH3OH) or
formic acid (HCOOH) were analysed via 'H NMR and quantified against an internal
standard consisting 1% trimethylsilane in CDCls. Remaining H,0, was determined by
titration against standardised acidified solution of Ce(SQ.),, using a Ferroin indicator
(0.025M). Gaseous products, such as CO,, were analysed by gas chromatography fitted
with FID detector. Products were quantified using a CO, calibration curve.

Preliminary Testing

Prior to catalyst testing, control reactions were carried out in the absence of catalyst or
using TiO2 (P25) support only (Table 3.2). lllustrating background contributions, the
absence of catalysts shows activity resulting from the Parr Autoclave under standard
reaction conditions.

Table 3.2: Determination of background reaction contributions during testing for methane
oxidation without catalyst./?!

Products [umol] TOt?I. HZ_O,Z
Entry  Catalyst Productivity!® Remaining!®
CH3OH HCOOH CHsOO0H CO [mol kg(ca* h'] [%]
1 Blank 0 0 0 0.24 0 97.6
20 Blank 0 0 0 0.27 0 95.7
3 TiO2 0 0 0 0.14 0.028 94

[a] Total productivity calculated as moles¢orqr products/Weighteqararyse /time). [b] Calculated as (umolesgipng /nmolesin;tiq)x100.
[c] CHa substituted for N2, P(N2): 30.5 bar.

Initial inspection of background reactivity shows no formation of selective oxygenates,
however, detection of CO; is observed (0.24 umol). Importantly, the low decomposition
of H,0,, determined post reaction via titration, suggests that the detected CO; is
adventitious in origin. The substitution of CH4 for N, was evaluated to confirm the
adventitious source of CO,, with entry 2 showing a similar quantity of CO, detected.
Likewise, the observed H,0, decomposition (ca. 4.3%) originates from thermal
decomposition during the initial heating stages. Similarly, introduction of bare TiO, P25
support also sees no further contribution beyond the background decomposition of H,0,
(ca. 6%) or detected CO, (0.14 umoles).
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3.2.1 The Effect of Catalyst Heat Treatment on Methane Oxidation

Testing and comparison of as-prepared catalyst

Table 3.3: Comparison of the catalytic activity of 1 wt.% AuPd/TiO2 prepared by sol
immobilisation.

Stabi- - Products [umoles] Oxy. pr:,o;:[bl H,0,
Entry IS8 o, CHiOH  HCOOH  CHsOOH  COr  Soh  [molkgect oM
agent [%] h1] [%]
10 SF 5000 0 0 0 0.3 0 0.05 <1%
219Le] PVA 5000 0.6 0 0 0.4 59.4 0.10 <1%
32tfl PVP 1000 0.4 0 0 1.2 26 0.32 23

[a] Oxy.Sel.: Oxygenate selectivity. Calculated as (umolesoxygenates/ WMOLeStorar proaucts)x100. [b] Total productivity
calculated as molesStorar proaucts/ Weightcararyse /time.[c] Calculated as (Lmolesg,q;/WMoles;p;tiq;)x100. [d] This work,
1wt.% AuPd/TiO; prepared by stabiliser-free sol immobilisation. [e] Reported by Ab Rahim et al.*®, 1wt.%AuPd/TiO>
prepared by sol-immobilisation using poly-(vinyl alcohol). [f] reported by Agarwal et al.2?, 1wt.%AuPd/TiO, prepared by
sol-immobilisation using poly-vinyl pyrrolidone.

Screening of the 1 wt.% AuPd/TiO, (P25, SF-S;) for CH, oxidation began by comparing the
parent dried only catalyst with previously published data by Ab Rahim.!® Showing almost
complete decomposition of H,0,, the dried-only 1 wt.% AuPd/TiO, catalyst produced no
selective oxygenates. In contrast, Hasbi et al'® (Table 3.3, entry 2) using poly-(vinyl alcohol)
(PVA) stabilised AuPd catalyst showed the formation of CH;OH, but, with poor oxygenate
productivity (0.10 mol kgt h'l). Despite this poor activity, CH4 oxidation to CHsOH was
achieved with 60% selectivity. This result was similarly reported by Agarwal et al.%, but, a
lower productivity and CH;OH selectivity was observed (0.03 mol kgcar* h%, 26%). In both
examples near complete consumption of H,0, was reported. The high decomposition of
H,0, exhibited were proposed to originate from small AuPd nanoparticle size produced
by the sol immobilisation method.?”:38

To evidence this, the mean particle size of AuPd nanoparticles produced using stabiliser
free sol-immobilisation (SF-Si)) method was determined by transmission electron
microscopy (TEM) analysis. Representative images are illustrated in Figure 3.1, and mean
particle size determined from approximately 250 nanoparticles. Inspection of the dried
only catalyst (Figure 3.1a) shows a particle size distribution ranging 2-10 nm, sharing a

similar profile with previously published stabiliser free AuPd/TiO; catalyst.3®
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Figure 3.1: Transmission electron microscopy of 1 wt. % AuPd/ TiO2 (Si) prepared at room
temperature; (a) Dried, (b) calcined at 400 °C, (c) 600 °C and (d) 800 °C.

71



Chapter 3

Testing of heat-treated catalyst

Producing nanoparticles of small size (ca. 4.0 nm £1.4), the preparation of stabiliser free
1wt.% AuPd/TiO; resulted in poor activity for the oxidation of CH4 to CH30OH. Additionally,
the post reaction analysis by gas chromatography shows the detection of CO, in
comparable quantities to preliminary testing of supports only. In contrast, the preparation
of a broad range of nanoparticle sizes (ca. 5-20nm) by impregnation, as reported by Ab
Rahim®®, demonstrated considerably better activity. Therefore, to investigate the
relationship between AuPd particle size and selective oxygenate formation, heat
treatment of 400 °C, 600 °C and 800 °C were used to promote nanoparticle growth. The
resulting effect of post synthesis heat treatment to 1wt.% AuPd/TiO> (S;) for CH, oxidation
is presented in Figure 3.2.

Methanol Formic Acid Methyl Hydroperoxide CO, —x—H,0,

18 100
16 1 [
g 1.4 : _ %0
Q | (=}
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Figure 3.2: Comparison of the effect of post synthesis heat treatment on 1 wt. % AuPd/TiO>
prepared at room temperature on the catalytic activity for methane oxidation.

Standard reaction conditions: time: 30 minutes, temperature: 50 °C, P¢y,: 30.5 bar, stirring rate: 1500 rpm, all catalysts (1
wt. % total): 7.24x10”7 mol of metals equal to 10 mg of solid catalysts, volume: 10 mL of H20.[H20]: 0.5 M

Heat treatment at 400 °C yielded a marginal increase in mean particle size in comparison
to the dried only, increasing from 4.0 nm to 6.5 nm (Figures 3.1(a) and 3.1(b)). Despite
this growth in particle size, the activity observed mirrors the dried only catalyst with
almost complete decomposition of H,0, and no selective oxygenate formation. This high
activity towards H,0, decomposition by the dried-only and catalysts heat treated at 400
°C is typical of materials possessing small particle sizes.3® Consequently, the high activity
towards H,0, decomposition results in the low productivity for CH,4 oxidation observed
(0.054 mol kgeat* h2).
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Raising the heat treatment temperature to 600 °C, 1%AuPd/RT-600 °C produces an
increase in catalytic activity that coincides with an increase in mean particle size to ca. 10
nm. Although an improvement in activity is observed, productivity remains low (0.063 mol
kgeat* h?) with overall oxygenate selectivity of 46.6%. Notwithstanding, the improvement
in catalyst activity towards selective oxygenates continues to proceed with almost
complete decomposition of H,0, during the reaction period, with 1.7% remaining.

At 800 °C, a notable improvement is observed in selective oxygenate formation, with an
improvement in the H,0, remaining post reaction (ca. 42%). Significant growth is
measured in mean particle size, increasing to ca. 19 nm (Figure 3.1(d)), and catalyst
selective oxygenate productivity improves to 0.172 mol kgt X h'! from 0.063 mol kgeat™* b
. After 30 minutes, total products equal 0.90 micromoles (Umol) with 80% selectivity
towards CH3OH (25.5%) and CHsOO0H (55.6%).

Importantly, an initial relationship is seen between quantities of selective oxygenates
produced and temperature of catalyst heat treatment. Specifically, catalysts possessing
the largest mean particle size, facilitated by increased treatment temperature, also
observed the highest oxygenate formation. Furthermore, these catalysts showed higher
amounts of H,O, remaining post reaction, a relationship which is proposed to originate
from increases in AuPd particle size. Despite this, however, additional parameters such as
metal oxidation state and support influence may be altered during heat treatments to
produce the enhanced activity.*

3.2.2 The Effect of Catalyst Preparation Temperature

1.*! reported a temperature influence upon poly- (vinyl alcohol)

Previously, Rogers et a
stabilised Au nanoparticles prepared by sol immobilisation. The 1 wt.% Au/TiO, prepared
at room temperature (RT) were observed to possess a mean particle size of 2.3 nm.
Increasing the preparation temperature during synthesis and deposition of colloidal Au

nanoparticles, from RT to 70 °C, resulted in mean particle size increasing to 3.3 nm.

The effect of small changes in particle size were investigated for CH, oxidation by
preparation of 1 wt.% AuPd/TiO, (P25) at 70 °C. Identical heat treatments of 400, 600 and
800 °C were applied to produce a series for comparison with the previously prepared
room temperature series. To differentiate between catalyst series and treatments, the
following nomenclature is adopted; Metal loading% AuPd/ Phase of TiO,-preparation
temperature-heat treatment. Subsequently, a 1 wt.% AuPd/TiO, (P25) catalyst prepared
at room temperature followed by heat treatment at 800 °C is given the following
nomenclature; 1%AuPd/P25-RT-800 °C.
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Figure 3.3: Transmission electron microscopy of 1 wt. % AuPd/ TiO2 (Si) prepared at 70 °C; (a) Dried,
(b) calcined at 400 °C, (c) 600 °C and (d) 800 °C.
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TEM analysis was carried out to determine the effect of increasing preparation
temperature on particle size. Representative images and mean particle sizes determined
from approximately 250 nanoparticles are presented in Figure 3.3.

The mean particle size possessed by the parent dried only catalyst was determined to be
5.2 nm. Therefore, raising the preparation temperature yields an increase of 1.2 nm in
mean particles size from previously determined 1%AuPd/P25-RT-Dried (Figure 3.1(a), 4.0
nm). This difference is consistent with previous work by Rogers et al.** Even so, the
marginal increase in particle size yields no activity for selective oxygenate formation and
productivity remains low at 0.018 mol kgt h™?. Catalyst activity for the decomposition of
H202 remains high with almost complete decomposition observed.
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Figure 3.4: Comparison of the effect of post synthesis heat treatment on 1wt. % AuPd/TiO2 (P25)

prepared at 70 °C on the catalytic activity for methane oxidation.

Standard reaction conditions: time: 30 minutes, temperature: 50 °C, Py, : 30.5 bar, stirring rate: 1500 rpm, all catalysts (1
wt. % total): 7.24 x107 mol of metals equal to 10 mg of solid catalysts, volume: 10 mL of H,0.[H.0]: 0.5 M

The onset of selective oxygenate formation is observed after heat treatment at 600 °C,
achieving a productivity of 0.057 mol kger h™* when mean particle size increases to ca.
11 nm. The activity demonstrated by 1%AuPd/P25-70-600 °C is comparable with the RT
counterpart, despite possessing larger particle size (RT: 8.3 nm vs. 70 °C: 11.1 nm).
Although no difference in activity is observed, disparity in mean particle size between RT
and 70 °C materials does yield a small improvement in H,O, decomposition. For
1%AuPd/P25-RT-600 °C near-complete decomposition of H,O; is observed increasing
from 1.7% remaining to 13.3% for 1%AuPd/P25-70-600 °C (Figure 3.2 and Figure 3.4).

Treatment at 800 °C yields the greatest improvement in both 1%AuPd/P25-RT and -70 °C
series. Increasing productivity for CHs oxidation to 0.317 mol kget® h, oxygenate
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selectivity to CH3OH (18.5%) and CHsOO0H (71.3%) is greatly improved. Analogously to the
RT counterparts, 1%AuPd/P25-70-800 °C particle size growth is considerable, increasing
mean particle size to ca. 19.7 nm (Figure 3.3(d)). Although possessing similar profiles for
mean particle size and distribution, (Figure 3.2(d) and Figure 3.4(d)), total oxygenate
formation for 1%AuPd/P25-70-800 °C is considerably higher at 1.57 umol (Figure 3.3).
Consequently, 1%AuPd/P25-70-800 °C demonstrates an approximate two-fold
improvement in productivity, seemingly originating from the two-fold increase in CH;OOH
formation (RT: 0.53 umol, 70 °C: 1.12 pmol). This large variation in activity, despite similar
AuPd particle profiles, could suggest an additional influence of preparation temperature
on AuPd nanoparticle structure. Reported by Rogers et al.*!, a similar variation in catalyst
activity for glycerol oxidation was observed. Examining the influence of solvent used
during Au nanoparticle preparation, Rogers reported a decrease in TOF from 915 h?! to
202 h?, despite producing Au nanoparticles of similar average size. For Rogers et al. the
preparation temperature and solvent system was determined to influence the density of
highly active Au clusters, but, provides an insight into the structure-activity relationship.
Further work was proposed by Rogers et al. to elucidate the relationship further.

For 1%AuPd/P25-70-800 °C, H,0, decomposition is reduced with 56% remaining post
reaction, a reduction in consumed H,0; from 42% with 1%AuPd/P25-RT-800 °C. This
variation, however, may originate from the presence of sub-10 nm nanoparticles
identified in 1%AuPd/P25-RT-800 °C catalyst, in contrast to 1%AuPd/P25-70-800 °C. This
is similarly observed in catalysts heat treated at 600 °C. Possessing a higher population of
sub-10 nm nanoparticles (ca. 85%, vs ca. 28%), 1%AuPd/P25-RT-600 °C observes an
increased amount of initial H,O, decomposition post reaction (1.7% remaining) compared
to 70-600 C (13.3%). Potentially more active, the sub -10 nm particles consequently
deleteriously catalyse the decomposition of H,0,, lowering activity for the formation of
selectivity oxygenates.

Although present, consideration of the standard deviation of identified nanoparticle sizes
also suggest that particle size disparity for RT and 70 °C catalysts may be greater than
represented in Figure 3.4. In contrast, the identification of sub-10nm nanoparticles
represent a small fraction (ca. 1.8% total) of the supported nanoparticles present.
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Analysis by X-ray Diffraction
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Figure 3.5: Powder X-ray diffraction of 1 wt. % AuPd/ TiO, S; catalysts prepared at (a) room temperature and

(b) elevated temperature (70 °C). (i) Dried only, (ii) heat treated at 400 °C, (iii) 600 °C, and (iv) 800 °C. a =
Rutile; O = Anatase.

To elucidate any further changes in catalyst structure induced by heat treatment at 400,
600 and 800 °C, catalyst sampled were analysed by powder X-ray diffraction (XRD). Using
a Cu Ka radiation source (A= 0.154 nm) samples were recorded between 15 and 80 °

utilising 0.0167° steps sizes under ambient temperature and pressure.
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Comprising a physical mixture of anatase (80%) and rutile (20%) phase TiO,, the
preparation of parent dried only catalyst produces no influence upon the phase
composition of P25 TiO, (Figure 3.5). Furthermore, remaining comprised of
predominantly anatase (80%), P25 TiO, support remains thermally stable at 400 and 600
°C. Importantly, however, heat treatment at 800 C facilitates the phase transition of P25
TiO; to rutile phase, coinciding with significant improvements observed in catalytic
activity (Figure 3.5 (a-iv) and (b-iv)). As such, the improvement produce through heat
treatment may result from the combination of particle size and catalyst support.

Even so, a relationship linking average nanoparticle size and selective oxygenate
formation is clearly observed and shown in Figure 3.6. Here, mean particle size increase
correlates with an increase in the formation of selective oxygenates. Extrapolation
suggests meaningful selective oxygenate productivity is not observed in particles below
ca. 8 nm, although further evidence suggest an influence of support phase and activity for
H,0, decomposition.
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Figure 3.6: Structure-activity relationship of 1 wt.% AuPd/TiO2 (P25) showing larger mean
nanoparticle size resulting in higher selective oxygenate productivity during oxidation of methane
at 50 °C, using preformed H20.. @ =RT and ¢ =70 °C.
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3.2.3 The Effect on H202 decomposition

To further elucidate the effect of heat treatment upon the properties for H,0;
decomposition, the relative rates of H,0, decomposition were determined. Using a series
of room temperature reactions, the catalyst series were tested whilst stirred using dilute
solutions of H,0, (0.5M, 10 mL) under atmospheric conditions. At regular intervals, H,0,
decomposition was determined through analysis of the aqueous reaction solution as a
function of time and presented in appendix Figure A7.1. The decomposition rates,
expressed as umoles min™, for 1%AuPd/P25- RT and 70 °C catalyst series are collated in
Table 3.3. As shown in Figure A7.1(a) and (b), the dried only catalysts demonstrate the
highest rates of H,0, decomposition with less than 10% H,0, remaining after room
temperature testing for 30 minutes. The rate of H,0, decomposition of 1%AuPd/P25-RT-
dried was found to be 557 pmol min* and 278 pmol min* for the 1%AuPd/P25-70 °C-
dried (Table 3.3, Entries 1 and 5). The high rates of H,0, decomposition are characteristic
of the high activity of smaller AuPd nanoparticles.®

Table 3.3: Relative rates of H202 decomposition and elemental surface composition data
determined for 1wt.% AuPd/TiOz (P25). Entries 1-4: prepared at room temperature, Entries 5-8:
prepared at 70 °C

H,0> Surface Elemental
Oxy. Me?n Decomp. Composition I
Sel. Oxy. Particle bl )
Entry Catalyst Sel. gl Rate Pd Species
[umoles] Size® AuPd
[%] (hm [Mmoles i
min-l] sz+ PdO
1 RT, dried 0 0.0 40114 557 0.009 0 100
2 RT, 400 °C 0 0.0 6.5+2.1 198 0.006 100 0
3 RT, 600 °C 0.15 46.6 8.312.0 105 0.004 100 0
4 RT, 800 °C 0.72 80.8 19.0%5.1 99 0.022 100 0
5 70 °C, dried 0 0.0 52+1.4 278 0.005 0 100
6 70°C, 400 °C 0 0.0 7.5+2.0 251 0.004 100 0
7 70 °C, 600 °C 0.12 42.5 11124 145 0.004 100 0
8 70°C, 800 °C 1.41 90.0 19.7 6.2 31 0.011 100 0

[a] Determined by transmission electron spectroscopy. [b] H.0. decomposition reaction conditions: time: 30mins,
temperature: 24 °C, atmospheric pressure, stirring rate: 1000rpm, all catalysts (1 wt. % total): 7.24x107 mol of metals equal
to 10 mg of solid catalysts, volume: 10 mL of H,0.[H20:]: 0.5 M. [c] Determined by x-ray photoelectron spectroscopy and
calibrated to Carbon 1s region (284.4 eV). [d] Calculated as (Pd species/total Pd species)x100. Sel. Oxy.: Selective
oxygenates, Oxy. Sel.: Oxygenate selectivity, Decomp.: Decomposition

In addition to particle size, the oxidation state of Pd present has been demonstrated to
determine the rate of H,0, decomposition, with metallic Pd® resulting in an increased rate
of H,0, decomposition.*> Therefore, XPS analysis was used to investigate any effect of Pd
oxidation state and potential relationships to the rate of H,0, decomposition and
consequently selective oxygenate formation. The corresponding XPS spectra for Au (4f)
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and Pd (3d) region are illustrated in Figures 3.8 and 3.9, with surface elemental analysis
displayed in Table 3.3.

The presence of reduced, metallic Pd-only in the dried catalyst is evidently a consequence
of the preparative method, utilising the reducing agent NaBH,4 (Entry 1 and 5, Table 3.3).
The presence of Pd®only, in combination with small AuPd nanoparticle size leads to the
high rate of H,0, decomposition exhibited by 1%AuPd/P25-RT- and 1%AuPd/P25-70-
dried only catalysts. Additionally, the application of heat treatment expectedly results in
the oxidation of metallic Pd® to Pd?*(Figure 3.7 and 3.8)(Entries 2-4 and 6-8, Table 3.3).
This effect is consistent with that observed by Edwards and coworkers*, who saw near
complete oxidation of metallic Pd®° to Pd?*. In addition, the observed increase in
nanoparticle is also suggested by changes in the ratio of AuPd and Ti ratio determined by
XPS (Table 3.4). For RT-series, initial AuPd-to-Ti ratio is determined to be 0.009 and
decreases at heat treatments of 400 °C (0.006) and 600 °C (0.004). A surface sensitive
technique, the reduction in observed AuPd surface area due to increasing particle size
would be observed by a decreasing ratio in relation to Ti during XPS analysis.
Contrastingly, the phase transition of high surface area anatase TiO; to low surface area
rutile TiO2, would result in the large increase in ratio of AuPd-to-Ti (Table 3.3, entries 4 &
8).

Table 3.4: Surface elemental composition of 1 wt. % AuPd/ TiO2 (P25) catalysts and calculated
intrinsic activity for the oxidation of methane. Entries 1-4: prepared at room temperature, Entries
5-8: prepared at 70 °C.

Surface Elemental SEM-EDX MPAES

Composition® Metal Loading Metal Loading Intrinsic
Ent Catalyst Binding E v Activity!®!

ntry atalys inding Energy [eV] Total Au Total Au C[Lv_ll]y

Pd* PP (ﬁ‘f‘) Wwt.%] [wt%] [wt.%] [wt.%]
1 RT, dried - 334.7 829 5.46x102
2 RT, 400 °C 336.3 - 83.1 2.55x103
0.92 0.4 0.97 0.49
3 RT, 600 °C 336.5 - 83.1 5.66x103
4 RT, 800 °C 336.6 - 83.3 1.91x10°
5 70 °C, dried - 3343 82.8 7.15x10?
6 70°C,400°C | 336.4 - 83.1 2.18x103
. 0.85 0.4 0.89 0.44

7 70 °C, 600 °C 337 - 83.8 1.27x10%
8 70 °C, 800 °C 337 - 83.3 3.94x10°

[a] Determined by x-ray photoelectron spectroscopy and calibrated to Carbon 1s region (284.4 eV). [b] Intrinsic Activity:
calculated as moles(oxygenated Products)/ MOIES total nanoparticle surface atoms)/time ()

Importantly, further inspection of the Pd(3d) spectra reveals a shift in binding energy for
the Pd" band, with binding energy increasing from 336.3 eV (400 °C) to 336.6 eV (800 °C)
(Table 3.4, entries 2-4). A similar increase in binding energy is observed for 70 °C
counterparts, increasing from 336.4 eV to 337 eV (Table 3.4, entries 6-7). This effect may
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result from (i) an increasing AuPd nanoparticle size or (ii) strong metal-support
interactions. Similarly observed by Guadix-Montero et al., a shift to higher energy was
proposed to originate from an increase in nanoparticle size.** Alternatively, the influence
of heat treatment may be to strengthen support-metal interactions.

Initially believed to stabilise the active metal nanoparticles dispersed on the support,
additional physiochemical interactions resulting in changes in catalytic performances
have been observed.* Subsequently the interactions of metals and supports have been
of fundamental interest for the design of heterogenous catalysts.*® Strong metal-support
interactions therefore have been studied to enhance understanding and develop
improved catalytic systems.*® Typically, the SMSI phenomenon is observed in reducible
oxide supports (e.g. TiO,,Ce0,, V,0s) after high temperature reducing treatments. 4-%°
However, work by Tang et al.>® has shown the first example of oxidative- SMSI (OMSI)

between platinum group metals and hydroxyapatite, additionally extending to ZnO.

The influences of SMSI upon catalytic performance originate from three major effects
(electronic, geometric and bifunctional). The induction of electronic effect is the result of
electron transfer between interfaces of the metal and support material, resulting in a
redistribution of local charge. The extent of which may induce strong or weak influences,
influencing different interactions between metal and support or within respective
systems such as the metal nanoparticles only. Therefore, the shift to higher binding
energy observed in Pd (3d) bands are attributed to a strong electronic interaction
between support and metal.

Secondly, the partial or complete encapsulation of AuPd nanoparticle by the TiO2 support
is described as the geometric effect.* Encapsulation by TiOy is driven by the high surface
energy of the metal nanoparticle and the low surface energy of the oxide support. Despite
this, inspection via TEM showed no signs of nanoparticle encapsulation, although this
maybe a limitation of instrument resolution.

To confirm the metal loadings of Au and Pd, elemental analysis of parent dried only
catalyst was carried out by MP-AES after acid digestion using aqua regia (Table 3.4). For
RT prepared 1%AuPd catalyst, a metal loading of 0.97 wt.% AuPd was determined,
achieving the nominal ratio for Au:Pd of 1. The weight loading of 0.97 wt.% is close to
nominal loading of 1 wt.%. This contrast with 1 wt.% AuPd prepared at 70 °C, which shows
0.89% total loading of Au and Pd metal. Attributed to inefficient digestion of TiO, support
when using aqua regia, additional SEM-EDX analysis was used to compliment analysis of
metal loadings. Shown in Table 3.4, SEM-EDX analysis of both RT and 70 °C catalysts are
consistent with determined MP-AES data. Using the confirmed metal loadings, the
corrected TOF values demonstrate a clear enhancement of catalyst activity by preparation
at elevated temperatures (70 °C). Prepared at 70 °C, 1%AuPd/P25-800 °C oxygenate
formation occurs at TOF of 4.87 h', an almost two-fold increase from RT counterpart.
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Figure 3.7: X-ray photoelectron spectra of Pd 3d region for 1 wt. % AuPd/ TiO2 (P25) prepared by
SF-Si at room temperature. Pd® = purple line; Pd?* = green line; Au 4d = red line. The dashed lines
indicate the peaks due to Pd® and Pd?*. All peaks calibrated against Carbon 1s (284.8 eV).
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Figure 3.8: X-ray photoelectron spectra of Pd 3d region of 1 wt. % AuPd/ TiO2 prepared by SF-S; at
elevated temperature (70 °C). Pd® = purple line; Pd?* = green line; Au 4d = red line. The dashed
lines indicate the peaks due to Pd® and Pd?*. All peaks calibrated against Carbon 1s (284.8 eV).
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Table 3.5: Effect of reduction on 1wt.% AuPd/TiO» (P25) prepared by S; at 70 °C.

Reduction Products [pumol] Oxyg.  Product. H20>
Temp. Sel.[®] [mol Rem.[
°c] CHsOH HCOOH CH3OO0H CO2 (%] kg(car*h] (%]
400 0 0 0 0.41 0 0.077 13
800 0.13 0 0.13 0.38 40.6 0.127 2.9

[a] Oxygenate selectivity calculated as (moles oxygenates/total moles of products) x 100. [b] Total productivity calculated
as (moles(products) /weight(catalyst))/time). [c] Calculated as (moles(initial)/moles(final)) x100. Temp.: Temperature,
Oxyg. Sel.: Oxygenate selectivity, Product.: Productivity, H.02 Rem.: H20 remaining.

To further elucidate the effect of oxidised Pd?* against metallic Pd®, 1%AuPd/P25-70-dried
was heat treated under reducing atmosphere (5% H,/Ar) prior to testing for CH, oxidation.
Reported by Sankar et al., prepared AuPd/TiO; catalysts possessing Pd** were reduced to
Pd° by treatment under flowing H,/Ar at temperatures of 400 °C.5! Presented in Table 3.5,
the effect of reduction is clearly detrimental towards activity for CH, oxidation.
Analogously, reduction of 1%AuPd/P25-70-dried at 400 °C seemingly produces no
selective oxygenates, with almost complete decomposition of preformed H,0, (1.3% H,0,
remaining). In contrast to 1%AuPd/P25-70-800 °C, reduction at 800 °C yields no major
improvement to catalyst activity for CH4 oxidation. Producing minimal activity for the
formation of selective oxygenates with 40% selectivity, the reduced catalyst again exhibits
almost complete decomposition of H,0,, comparable with the dried only catalyst. In both
entries, however, detected CO; is found to be higher than previously reported during
catalysed and background experiments. This may indicate the formation of selective
oxygenates which are rapidly oxidised further under high rates of H,0, decomposition
catalysed by reduced Pd® species.

The careful consideration of relationships between H,0, decomposition rate and selective
oxygenate formation sees an important link to producing effective catalysts for CHa
oxidation. These relationships are illustrated in Figure 3.9. Clearly, the reduction in the
rate of H,O, decomposition leads to the favourable production of selective oxygenates
(Figure 3.10(a)). Possessing the lowest rate of H,0, decomposition (30 pmoles min?),
1%AuPd/P25-70-800 °C exhibits the highest productivity (0.312 mol kgt h?) of
oxygenates (Figure 3.9(a)). Additionally, the reduction in H,0, decomposition rate
produces a similar enhancement in oxygenate selectivity, improving to achieve a final
selectivity of 90%.

Illustrated in Figure 3.9(b), the intrinsic activity of AuPd nanoparticles was determined
using the magic cluster theory for the approximation of metal atoms in nanoparticle
surface. More representative values were produced by utilising determined MP-AES
values for metal loadings. Therefore, the intrinsic activity approximates the activity of
catalysts using the total surface area of metal nanoparticles as potential active sites for
the decomposition of H,0,.
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Figure 3.9: (a) Structure-activity relationship of 1 wt.% AuPd/TiO2 (P25) prepared by SF-S;i for
methane oxidation illustrating the overall decrease in H202 decomposition rates are consistent
with the production of larger quantities of selective oxygenates. (b) The intrinsic activity of AuPd
for the decomposition of H202, showing that larger mean particles size possess higher activity for
H20, decomposition. @ =RT and ¢ = 70 °C.

Standard reaction conditions: time: 30 minutes, temperature: 24 °C, stirring rate: 1000 rpm, all catalysts (1 wt. % total):
7.24x107 mol of metals equal to 10 mg of solid catalysts, volume: 10 mL of H»0.[H.02]: 0.5 M [a] calculated as

MOles(HZOZ decomposed)/M"les(metal surface atoms)/time (h)

Initial inspection of H,0, decomposition suggests that the rate of H202 decomposition is
influenced by nanoparticle size, with increasing particle size resulting in the suppression
of detrimental H,0, decomposition (Figure A7.1). Possessing the largest mean particle size
(19.7 nm %6.2), 1%AuPd/P25-70-800 °C shows the lowest rate of H,0, decomposition. In
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contrast, the intrinsic activity for H,O, decomposition of catalyst is shown to increase,
with catalyst heat treated at 800 °C showing the highest activity for the decomposition of
H,0, (Figure 3.9(b)). Consequently, the effect of heat treatment may be to increase
intrinsic selectivity of the AuPd nanoparticles.

3.3 The Effect of Support Phase

Previously, the greatest increase in oxygenate productivity was notably made when heat
treatment of 1wt.% AuPd catalyst was carried out at 800 °C. The resulting increase in
particle size observed was attributed as the source of improved activity, reducing overall
disadvantageous H,0, decomposition and resulting in the selective oxidation of CHa.
Additional characterisation by XRD reveals the phase transition of predominantly anatase
phase (80%) P25 TiO, to rutile TiO,. This transition is evidenced by characteristic
reflections in its XRD pattern, shown in Figure 3.5, and is consistent with previous
studies.>>>* Furthermore, additional nitrogen adsorption measurements revealed a
decrease of TiO; surface area during the transition of P25 (45 m? g1) to rutile TiO, (6 m? g
1). The resulting decrease in surface area during particle growth phase, may also explain
the broad distribution of AuPd nanoparticle sizes observed.

The role of TiO, support phase has been extensively studied for several applications
including the photocatalytic activity of TiO,.>>°¢ Possessing higher surface area, anatase-
TiO; is considered superior to rutile-TiO; due to a larger number of photoactive sites per
unit surface area. Consequently, the higher density of surface sites results in the
generation of a higher density of adsorbed reactive species leading to the superior
activity.>® Notably for heterogenous catalysis, the significantly low surface area is typically
undesirable for application of rutile -TiO, as support material. Even so, several studies
have reported an improvement in performance for rutile- versus anatase- TiO, supported
catalysts. The Pd-M/TiO, (M=Sb, Bi or Cu) catalysed gas phase acetoxylation of toluene to
benzyl acetate is achieved typically with yields of ca. 80%.%” Although high conversion and
benzyl acetate selectivity (>95%) are achieved, the required time for catalyst conditioning
and deactivation of catalysts are continuing issues for anatase-TiO, supported Pd-M.
Alternatively, the application of rutile-TiO; for Pd-Sb improves benzyl acetate selectivity
to almost 100%, and importantly sees no catalyst deactiviation.*® The change of TiO,
phase resulted in the formation of regular, well facetted Pd-Sb of ca. 80 nm contrasting
the irregular Pd-Sb shape and size observed with anatase-TiO,. Resultantly, deposition of
carbon during acetoxylation was not observed for Pd-Sb/rutile TiO, and therefore did not
suffer from deactivation.

Similarly, the influence of rutile TiO, benefits the direct oxidation of H, to H,0; using O,
by AuPd/TiO; catalyst, as reported by Ishihara et al.>® For H,0, synthesis the conversion
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of H, and H,0; selectivity was clearly influenced by TiO; crystal phase. At low H, pressure
(0.1 MPa), brookite TiO, was most effective for H,0, synthesis, demonstrating high H,
conversion (40%) and H,0; selectivity (67%).° Meanwhile, rutile TiO, exhibited high
conversion of H, (60%) but poor selectivity (43%) was achieved at similar pressures. The
poor selectivity towards H,0, for rutile TiO, was, however, resolved by increasing Ha
pressure, with rutile TiO; exhibiting higher selectivity and conversion than brookite or
anatase at pressures abovel MPa.
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Figure 3.10: Powder X-ray diffraction of 1 wt. % AuPd/ rutile TiO, S; catalysts prepared at (a) room temperature
and (b) elevated temperature (70 °C). (i) Dried only, (ii) heat treated at 400 °C, (iii) 600 °C, and (iv) 800 °C. a =
Rutile; O = Anatase.
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To understand the role of support phase for CH4 oxidation, a series of analogous 1 wt. %
AuPd/TiO, were prepared by pre-calcination of TiO, (P25) support at 800 °C before
deposition of 1wt.% AuPd. Similar to earlier investigations, a series of RT and 70 °C
catalysts were produced for consistency and tested for CH4 oxidation using preformed
H,0,. Subsequent XRD patterns of rutile supported catalysts are presented above in
Figure 3.10. Importantly, no further phase changes are observed in TiO; support upon
increasing treatment temperature. Additionally, no further reduction to rutile TiO;
surface area were detected by N, adsorption experiments with surface area remaining at
ca. 6 m?gl

3.3.1 The Effect of TiO2 Phase on Methane Oxidation Activity

Initial investigation into the effect of rutile supported AuPd began by considering the
effect of support only. Illustrated in Figure 3.11(a), the bare rutile support shows no
catalytic activity towards selective oxygenates. Similarly, the presence of CO, (0.33
pmoles) is marked as adventitious due to low decomposition of H,0, (ca.3%), as with P25
TiO,.

Catalytic testing of 1%AuPd/rutile-RT- and 1%AuPd/rutile-70- dried catalyst show
consistency with previously tested dried-only catalysts. Showing high activity for the
decomposition of H,0,, the activity again was considered to originate from Pd metallic
oxidation state and the formation of small AuPd nanoparticle size. In sharp contrast,
however, an interesting phenomenon was discovered during TEM analysis. As shown in
Figures 3.12(a) and 3.13(a), the stabiliser-free deposition of AuPd onto the low surface
area rutile TiO; leads to the agglomeration of AuPd, which remain after drying (110 °C, 16
hrs). This effect may originate from surface defects upon the rutile support.®! Heat
treatment of the parent dried only catalysts then yields the formation of distinct,
hemispherical AuPd nanoparticles. Similarly, the increase of treatment temperature
results in the similar promotional effect for particle size observed with previous P25
supported catalysts. Treatment at 800 °C, the highest temperature applied, yields mean
particle sizes of 19.6 nm and 22.6 nm for the RT and 70 °C catalysts, respectively. Further
inspection of decorating nanoparticles sees no indication of complete or partial
encapsulation by TiO2, removing geometric influences of SMSI for changes in catalysts
activity.

For rutile supported AuPd, the onset of catalytic activity and the selective formation of
oxygenates begins at 400 °C, contrasting the P25 counterpart. Achieving 47% oxygenate
selectivity, almost complete decomposition of H,0, decomposition is still observed for
1%AuPd/rutile-RT-dried catalyst. Similarly, improvement to the 0.26 pmoles selective
oxygenate formation is achieved when catalysts are prepared at elevated temperature

88



Chapter 3

(70 °C), achieving 0.92 umoles with 86.2% oxygenate selectivity. Treatment at higher
temperature continues to marginally improve both selective oxygenate formation and
selectivity for 1%AuPd/rutile-RT series with a maximum achieved at 800 °C. The
1%AuPd/rutile-RT-800 °C possesses a lower productivity than 1%AuPd/rutile-RT-600 °C
0.163 mol kget* h't and 0.176 mol kgt ht respectively. However, this difference may
originate from the decreased quantity of CO, detected, consequently increasing
oxygenate selectivity artificially. Alternatively, the variation in CO,, may result from
improvement in the intrinsic selectivity of the catalysts with increasing heat treatment
temperature. Interestingly, 1%AuPd/rutile-RT- 600 °C displays selectivity to CH3;00H
(40.4%), but treatment at 800 °C results in selectivity towards CH3;OH (53.6%).
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Figure 3.11: Comparison of the effect of post synthesis heat treatment on 1wt. % AuPd/ rutile TiO2
rutile prepared by S; at a) room temperature and b) elevated temperature (70 °C) on the catalytic

activity for methane oxidation.

Standard reaction conditions: time: 30 minutes, temperature: 50 °C, P¢y,: 30.5 bar, stirring rate: 1500 rpm, all catalysts (1
wt. % total): 7.24x107 mol of metals equal to 10 mg of solid catalysts, volume: 10 mL of H,0.[H20,]: 0.5 M
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Figure 3.12: Transmission electron microscopy of 1 wt. % AuPd/ rutile TiO2 (Si) prepared at room
temperature: (a) Dried, (b) calcined at 400 °C, (c) 600 °C and (d) 800 °C.
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Figure 3.13: Transmission electron microscopy of 1 wt. % AuPd/ rutile TiO: (Si) prepared at 70 °C:
(a) Dried, (b) calcined at 400 °C, (c) 600 °C and (d) 800 °C.
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Figure 3.14: Structure-activity relationship of 1 wt.% AuPd/rutile TiO2 for methane oxidation,
illustrating the absence of relationship of mean particle size and selective formation of oxygenates.
e =RTand 0 =70 °C.

The preparation of 1 wt.% AuPd/rutile TiO; at 70 °C produces a clear enhancement in
catalyst activity over to the RT series (Figure 3.12). The onset of selective oxygenate
formation begins with heat treatment at 400 °C, achieving a near 2-fold improvement in
oxygenate selectivity (86.2%) compared to 1%AuPd/rutile-RT-400 °C (47.9%). However,
further increases to treatment temperature resulted in only marginal enhancement in the
production of primary oxygenates beyond 400 °°C. Catalyst productivity remains ca. 0.210
mol kget? h™ and oxygenate selectivity does not improve above ca. 86%. In addition,
increases in mean particle size are observed with increasing treatment temperature. After
treatment at 400 °C, comparable particle sizes are produced for rutile supported AuPd to
P25 TiO,, albeit marginally larger. Heat treatment at 800 °C sees a similar enhancement
to particle size, growing to 19.6 nm and 22.6 nm for RT and 70 °C series, respectively. In
contrast to P25 series, the correlation between mean particle size and selective oxygenate
formation is not present (Figure 3.14). For RT series, an initial improvement is observed
after heat treatment at 600 °C, producing mean particle sizes of ca. 11 nm which yield ca.
0.6 umoles of selective oxygenates during methane oxidation. An improvement of ca. 0.3
Hmoles at 400 °C heat treatment (ca. 8.1 nm) The increase of treatment temperature to
800 °C, whilst producing particles of ca. 19.0 nm, only produces a marginal increase in
oxygenates. This increase is within experimental error of yields achieved by 600 °C heat
treatment, contrasting the significant improvements observed in P25 series (Figure 3.14).
A similar effect is observed for catalysts prepared at 70 °C, with activity being moderately
higher for oxygenate formation compared to RT series.

Importantly, investigations upon the effect of rutile support have shown the strong
influence of rutile support on the catalyst activity of 1wt.%AuPd. This is evidenced by the
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onset of selective oxygenate activity at reduced treatment temperature of 400 °C, despite
possessing particle of <10 nm conflicting with previous observations for TiO2 P25
supported catalysts. Furthermore, although producing incremental increases in particle
size, systematic temperature increases does not extend to significant improvements in
oxygenate formation or H,0, decomposition rates. Similarly, the previous improvements
to remaining H,0; are not observed post reaction. Instead, selective oxygenate formation
is observed with near- complete decomposition of H,0, for all 1%AuPd/rutile catalysts.
The resulting changes are therefore proposed to be changes in support effects due to heat
treatment.

3.3.2 The Effect on H202 Decomposition

Although exhibiting high catalytic activity towards the selective oxidation of CHa, the rate
of H,0, decomposition remains high, irrespective of treatment temperature. The absence
of relationship with increasing particle size therefore suggests an effect of support upon
the activity observed. Inconsistent with previous P25 materials, the higher rate of H,0,
decomposition for AuPd/rutile TiO; is consistent with work reported by Marin et al.>? for
direct synthesis of H,0,. Prepared by supercritical antisolvent precipitation, rutile -TiO;
was produced by heat treatment of anatase TiO,. Subsequent testing for direct H,0,
synthesis found anatase-TiO; to be superior to rutile, with rutile TiO, demonstrating
higher activity for H,0, degradation.>?

Previously for P25 TiO,, the rate of H,0, decomposition was found to decrease after heat
treatment (Figure 3.6 and Table 3.3). Continued reduction in consumed H,0, was
observed with increasing treatment temperature. Furthermore, this relationship has been
linked to the selective production of oxygenates, allowing catalyst activity to be tuned by
control of H,0, decomposition rate. For consistency, the difference in activity for CH,4
oxidation was investigated by consideration of the effect of H,0, decomposition rate for
rutile supported AuPd.

Using an aqueous solution of H,0, (0.5M, 10 mL), determination of H202 decomposition
was carried out under ambient temperature (24 °C) and pressure (1 atm, air). The mass
of catalysts used during testing was fixed at 10 mg and added to the stirred aqueous
solution (1000 rpm). Stirring rate was maintained throughout testing. At regular intervals,
H,0, decomposition was determined through analysis of the aqueous reaction solution
as a function of time. Time-on-line analysis is illustrated in appendix Figure A7.2and rate
of decomposition presented in Table 3.6.

Characteristic of prepared parent catalyst, both RT and 70 °C rutile -series exhibit high
rates of H,0, decomposition. Forming extended agglomerates of AuPd, the origin of high
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activity for H,0, decomposition originates from the reduced oxidation state produced
during catalysts preparation, in contrast to previous P25 supported catalyst. This again
highlights the crucial influence of Pd oxidation state upon catalyst activity for H,0;
decomposition and CH,4 oxidation. Even so, H,0, concentration is reduced to <10% after
ca. 15 minutes for 1%AuPd/rutile-70-dried, and ca. 10 minutes for RT catalyst. Producing
an onset in activity for selective oxidation of CH4, heat treatment at 400 °C notably
reduces H,0, decomposition rates of both RT and 70 °C series. This is consistent with
previous P25 catalyst series, however, unlike previous catalysts further increasing
treatment temperature to 600 °C and 800 °C does not yield any continuing improvements.

Table 3.6: Relative rates of H202 decomposition and elemental surface composition data
determined forl wt.%AuPd/ rutile TiOz/rutile. Entries 1-4: prepared at room temperature, entries
5-8: prepared at 70 °C

Surface Elemental
Sel. Oxy. Pl\a:lri?cTe Del-z)or’;p. Composition

Entry Catalyst Oxy. Sel. Sizeld) Ratelt] AUPd .Pd[d] )
[umol] [%] [nm] [umol min'] /Ti Species (%]
Pd2* Pd°
1 RT, dried 0 0 n/a 830 0.065 0 100
2 RT, 400 °C 0.26 47.9 8.7 139 251 0.059 52.0 48.0
3 RT, 600 °C 0.59 65.4 10.4 2.3 147 0.038 58.4 41.6
4 RT, 800 °C 0.66 83.4 19.6 5.9 317 0.027 52.7 47.3
5 70 °C, dried 0 0 n/a 529 0.040 0 100
6 70°C, 400 °C 0.92 86.2 8.012.4 236 0.037 37.1 62.9
7 70 °C, 600 °C 1.03 87.1 10.8 £7.9 243 0.029 39.6 60.4
8 70°C, 800 °C 1.11 86.5 22.6+10.7 157 0.019 40.5 59.5

[a] Determined by transmission electron spectroscopy. [c] Determined by x-ray photoelectron spectroscopy and calibrated
to Carbon 1s region (284.4 eV). [d] Calculated as (Pd species/total Pd species)x100. Sel. Oxy.: Selective oxygenates, Oxy.
Sel.: Oxygenate selectivity, Decomp.: Decomposition.

Decreasing to 251 umoles min™ with treatment at 400 °C, treatment of 1%AuPd/rutile-RT
at 600 °C reduces the decomposition rate to 147 pumoles min™. This decrease is not
observed when the parent catalyst is treated at 800 °C, instead exhibiting a higher rate of
317 pmoles min? for 1%AuPd/rutile-RT-800 °C. Heat treatment of the parent
1%AuPd/rutile-70-dried catalyst at 400 "C and 600 °C sees similar activities of 236 umoles
min? and 248 pmoles min? respectively. However, treatment at 800 °‘C does see
improvement to 157 pmoles min™,

Although exhibiting inconsistent activities for the decomposition of H,0,, a relationship
between H,0, decomposition rate and oxygenate formation is still present for rutile
supported AuPd (Figure 3.17(a)). Even so, the intrinsic activity of AuPd nanoparticles
continues to increase, similarly to P25 supported catalysts. For catalysts heat treated at
400 °C and 600 °C, similar activities are observed for the decomposition of H,0, but not
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for the oxidation of CHa. Calcination at 800 °C sees a marked difference for both RT and
70 °C rutile supported catalysts when compared with P25 counterparts, seeing a 4 -fold
and 2 -fold increase, respectively (Figure 3.17(b)). The reduction of decomposition rate to
below 300 pmoles min? results in the onset of selective oxygenates observed after
treatment at 400 °C.
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Figure 3.17: Structure-activity relationship for 1 wt.% AuPd/TiO: (rutile) catalyst series for methane
oxidation: (a) correlating H202 decomposition rate with total oxygenates produced after 0.5 h b)
The intrinsic activity of AuPd for the decomposition of H202, showing that larger mean particles
size possess higher activity for H.02 decomposition. @ = RT and ¢ = 70 °C.

Standard reaction conditions: time: 30 minutes, temperature: 24 °C, stirring rate: 1000 rpm, all catalysts (1 wt. % total):

7.24x107 mol of metals equal to 10 mg of solid catalysts, volume: 10 mL of H,0.[H.0:]: 0.5 M [a] calculated as

MUZES(HZOZ decampused)/MOIes(metal surface atams)/time (h)
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Varying from the P25 TiO; analogues, however, the relationship between H,0;
decomposition activity and mean particles size is not as apparent. Inspection of catalyst
series prepared at 70 °C shows marginal decrease in deleterious activity with increasing
nanoparticle size, although within experimental error. This contrasts with RT rutile
catalyst series which sees no clear correlation. Possessing AuPd nanoparticles with mean
size ca. 10.4 nm, 1%AuPd/rutile-RT-600 °C decomposes H,0, with a rate of 147 umoles
mint. Meanwhile, treatment at 800 °C produces significantly larger nanoparticles sizes at
ca. 19.6 nm but exhibit a higher H,0, decomposition rate of 316 pumoles min™. This is

This effect may originate from the relative composition of Pd species present in 600 °C
and 800 °C treated catalysts. Surface elemental composition, shown in Table 3.7 (Entries
2-4), suggests that deleterious Pd° is less prevalent in 1%AuPd/rutile-RT-600 °C (ca. 41%,
Entry 3) compared with 1%AuPd/rutile-RT-800 °C (48%, Entry 4). This ca. 6% increase in
surface Pd® species, is in addition to the increase in nanoparticle size. Therefore, an
increase in deleterious Pd® results in the increase in decomposition rate. Contrasting
catalyst produced using P25 TiO,, the increase in AuPd nanoparticle size is observed in
AuPd:Ti ratio determined by XPS analysis (Table 3.6). For 1wt.%_rutile_RT, the increase
in particle size results in a decrease in AuPd ratio from 0.065 for parent catalysts to
0.027 in 800 c heat treated catalysts.

Table 3.7: Surface elemental composition of 1 wt. % AuPd/rutile TiO: catalysts and calculated
intrinsic activity for the oxidation of methane. Entries 1-4: prepared at room temperature, Entries
5-8: prepared at 70 °C.

Surface Elemental SEM-EDX MP-AES
Composition® Metal loading Metal Loading o
Binding Energy Intrinsic
Ent Catalyst Activity™
nry atalys [eV] Total Au Total Au C[Ihv_ll]y
- 0 Au [wt.%] [wt.%] [wt.%] [wt.%]
Pd Pd
(3d)
1 RT, dried - 334.6 334.5 n/a
2 RT, 400 °C 336.4 3344 3343 1.13x10*
. 1.03 0.52 1 0.49
3 RT, 600 °C 336.5 3344 3343 3.03x10*
4 RT, 800°C 336.5 3344 3343 1.86x10°
5 70 °C, dried - 334.6 3345 n/a
6 70°C,400°C | 336.4 3344 3346 1.98x10*
. . 074 041 094 048
7 70°C, 600 °C | 336.4 3343 3346 5.05x10*
8 70°C,800°C | 336.4 334.3 3345 4.84x10°

[a] Determined by x-ray photoelectron spectroscopy and calibrated to Carbon 1s region (284.4 eV). [b] Intrinsic Activity:
calculated as moles(oxygenated products)/MOIES(total nanoparticle surface atoms)/time (h)

Previously, evidence for the formation of SMSI in P25 TiO; supported AuPd catalysts were
detected by XPS, observed as a shift to higher binding energy for Pd" species. The resulting
electronic effect, producing an increase in binding energy, was suggested to produce the
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increase in AuPd catalyst selectivity for oxygenate formation and H,0, decomposition.
Further contributions were thought to come from increasing nanoparticle size. In contrast
to P25 analogues, the preparation and heat treatment of rutile supported catalysts sees
no increase in binding energy for Pd" species, as illustrated in Pd(3d) bands shown in
Figure 3.18 and Figure 3.19. Consequently, the absence of SMSI electronic contribution
for rutile supported catalysts may explain the observed similarity in Pd"-to-Pd° ratio and
determined H,0, decomposition rates.

For consistency with previous P25 catalysts, elemental analysis of parent catalysts by MP-
AES was employed to determine actual AuPd metal loading by digestion using aqua regia.
Variation in metal loading between RT and 70 °C series, may therefore be explained by
differences in the amounts of reactive metals present. For RT preparation, the
determination by MP-AES confirms expected metal loading to be 1 wt.% AuPd with the
correct ratio for Au:Pd of ca. 1. Corroborated by EDX analysis, marginally increased
amounts of Au is detected (0.52 wt.%).

Similar for P25 supported homologues, catalyst prepared at 70 °C displayed marginally
lower amount of AuPd. Determined by MP-AES, 0.94wt.% AuPd was detected during
elemental analysis. Subsequent analysis by SEM-EDX however, observed lower amounts
yet, only determining 0.74 wt.% AuPd. This decrease is consistent with previous P25
catalyst and may suggest poor or unfavourable interaction of metal-support during
catalyst preparation at elevated temperatures.
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Figure 3.18: X-ray photoelectron spectra of Pd 3d region for 1 wt. % AuPd/rutile TiO,
prepared by Sl at room temperature. Pd® = purple line; Pd?* = green line; Au 4d = red
line. The dashed lines indicate the peaks due to Pd® and Pd?'.
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Figure 3.19: X-ray photoelectron spectra of Pd 3d region of 1 wt. % AuPd/rutile TiO;
prepared by S| at elevated temperature (70 °C). Pd® = purple line; Pd?* = green line; Au 4d
=red line. The dashed lines indicate the peaks due to Pd® and Pd?".
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3.4 The Effect of Surface Area: Metal Loading Ratio

Previously, initial investigations began by considering the role of particle size on 1 wt.%
AuPd/ TiO, (P25) catalysts. Possessing a surface area of 45 m? g%, considerable activity for
CH, oxidation was only achieved after heat treatment at 800 °C. In addition to exhibiting
a productivity of 0.312 mol kgear* h%, the transition of anatase TiO; to rutile TiO, was also
observed during pXRD analysis. Consequently, to discern the effect of support from
observed increases in mean particle size, the effect of TiO, phase was investigated by
preparation of 1 wt.%AuPd/rutile TiO,.

Utilising bare TiO, (P25), heat treatments were applied to facilitate phase transition to
rutile TiO; prior to metal deposition. Although successful, the deposition of 1 wt.% AuPd
upon a reduced surface area (ca. 6 m? g) subsequently modified the ratio between
surface area and metal loading. For P25 supported AuPd, a ratio of 0.022 wt.% AuPd m™
was formed which increased to 0.167 wt.% m when rutile TiO, supported was used.
Although producing an increase in metal loading per area, the heat treatment of rutile
supported AuPd produced catalyst which displayed marked differences in catalyst activity
to P25 supported TiO,. Displaying comparable productivities across all employed
temperature treatments within a catalyst, the productivities achieved were only matched
by treatment of P25 catalysts at 800" C. Even so, deleterious activity towards H,0,
decomposition was consistently observed, in contrast to P25 catalyst which observed
beneficial improvements to remaining H,0, after each successive treatment. The
significance of metal loading per area for rutile supported catalysts was, therefore,
investigated by preparation of lower metal loading catalyst, to discern further influences
of rutile TiO; support. The preparation of a nominal 0.13 wt.% AuPd/ rutile TiO; allows the
comparable 0.22 wt.% AuPd m= to be investigated, consistent with 1 wt.% AuPd/ TiO»
(P25).

3.4.1 The Effect of Catalyst on Methane Oxidation Activity

Although prepared with reduced metal loading (0.13 wt.% AuPd/rutile TiO2), Figure
3.20(a) shows that the agglomeration of AuPd nanoparticles is still observed. The
repetition of this phenomenon may be suggestive of an influence from rutile TiO; support,
not observed in P25 TiO,. Analogous to 1wt.% AuPd/rutile TiO,, the formation of selective
oxygenates is not observed with use of dried only parent catalyst. Only small quantities
of CO, were detected (0.22 umol) and ca. 9% H,0, remaining post reaction (Figure 3.21).
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Figure 3.20: Transmission electron microscopy of 0.13 wt. % AuPd/ rutile TiO2 (Sl) prepared at room
temperature; (a) Dried, (b) calcined at 400 °C, (c) 600 °C and (d) 800 °C.

101



Chapter 3

Methanol Formic Acid Methyl Hydroperoxide EZZACO, —»—H,0,

5.0 100
45 v | °°
< 40 L 80
- ®
g 3.5 L 70
> 30 [ 60 £
27 I c
5 25 L 5o ©
g, o &
g 15 L 30 %
F 10 L 20
0.5 L 10
0.0 -
Dried Calc. 400 °C Calc. 600 °C Calc. 800 °C
Catalyst

Figure 3.21: Comparison of the effect of post synthesis heat treatment on 0.13 wt. % AuPd/rutile
TiO2 prepared by SF-S; at room temperature on the catalytic activity for methane oxidation.

Standard reaction conditions: time: 30 minutes, temperature: 50 °C, Pcy,: 30.5 bar, stirring rate: 1500 rpm, all catalysts
(0.13 wt. % total): 9.41 x10® mol of metals equal to 10 mg of solid catalysts, volume: 10 mL of H.0.[H20:]: 0.5 M

The onset of selective oxygenate formation is observed after 400 °C heat treatment,
similarly to previous rutile -supported catalysts, additionally observing the formation of
hemispherical nanoparticles (Figure 3.20(b)). Possessing mean particle size of 6.5 nm, CH,
oxidation leads to predominantly CH3O0H (0.4 umoles), achieving oxygenate selectivity
ca. 65% with low levels of CO, observed (0.25 pmol). Although possessing reduced metal
loading, selective oxygenate formation improves upon previously tested 1%AuPd/rutile-
RT-400 °C, producing 0.47 umol selective oxygenates compared to 0.26 umoles for
1%AuPd catalyst. Moreover, a significant amount H,O, remains post reaction (ca. 55%),
indicating reduced activity for the decomposition of H,0,.

Increasing the temperature of heat treatment to 600 °C, shows continued enhancement
to catalyst activity towards selective CH4 oxidation. Furthermore, activity continues to be
an improvement on 1%AuPd/rutile-RT-400 °C and comparable with 1%AuPd/rutile-70-
600 °C. Achieving 75 % oxygenate selectivity, ca. 1 pmole of selective oxygenates are
produced by 0.13%AuPd/rutile-RT-600 °C, with selectivity CH3;O0H (86.7%). The
improvement to productivity compared to 0.13%AuPd/rutile-RT-400 °C (0.25 pumol kgeat*
h™ vs 0.14 pmol kgee* h?) follows an increase in mean particle size (ca. 9.3 nm) (Figure
3.20(c)). Similarly, a greater quantity of remaining H,O, was detected post reaction
(75.5%), in contrast to previous 1%AuPd/rutile catalyst which showed almost complete
consumption (<25% remaining).
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Notably, the most significant improvement in catalyst activity is observed at 800 °C heat
treatment. Surpassing all tested SF-S; catalyst, 0.13%AuPd/rutile-RT-800 °C possesses a
productivity of 0.90 umoles kger* h?, producing 3.16 umoles of selective oxygenates after
30 minutes. With 93 % oxygenate selectivity, product selectivity remains with CH;00H
formation at 77 %. Interestingly, formation of formic acid (HCOOH) is observed (0.32
HUmoles), produced by the successive over-oxidation of CH;0H.®? Post reaction analysis of
remaining H,0; (63%) shows an increase in consumed H,0,, despite continued increase
in mean particle size to ca. 19 nm (Figure 3.20(d)). The higher consumption of H,0,
however, may result from the significant increase in oxygenates produced. This is
evidenced by corresponding gain factors for 0.13%AuPd/rutile-RT-800 °C and -600 °C
catalyst, calculated at 2.3x10” and 8x10™ pmolesoyygenatestmolesilo, consumea F€SPECtiVEly.

Methanol Formic Acid Methyl Hydroperoxide EZZECO, —x— H,0,

8.0 100
] L 90
7.0 1 _
" l Uiy [ 20
< 6.0 - w i N
g N
= i B [eTo]
0 L 60 £
) S L £
g 4.0 1 ) F50 2
8 L a0 &
S 3.0 1 i e
= L 30 <
5 2.0 L T
A ?f L 20
1.0 A f// i 10
0.0 - L o

10 mg 77 mg
Catalyst Mass

Figure 3.22: Comparison of the effect of catalyst mass for 0.13 wt. % AuPd/rutile TiO, prepared by SF-S; at
room temperature on the catalytic activity for methane oxidation.

Standard reaction conditions: time: 30 minutes, temperature: 50 °C, Py, : 30.5 bar, stirring rate: 1500 rpm, all catalysts
(0.13 wt. % total): 9.41 x10% mol of metals equal to 10 mg of solid catalysts or 7.24 x107 mol of metals equal to 77 mg of
solid catalysts, volume: 10 mL of H,0.[H20:]: 0.5 M

The reduction of AuPd metal loading upon rutile support produces a significant
improvement in catalyst productivity compared with previous 1 wt.% AuPd/ TiO, for 800
°C heat treated catalyst. Importantly, the unfavourable loss of H,0, due to decomposition
is reversed by reduction of metal loading to 0.13 wt.% AuPd. Subsequently, the decrease
in deleterious activity can be concluded to result from the reduction of metal species. This
effect is illustrated in Figure 3.22, whereby increase of 0.13 wt.% AuPd/rutile-RT-800 °C
catalyst mass to produce comparable moles of metal to 1wt.% AuPd/rutile TiO; leads to a
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drastic increase in H,0; consumed. Even so, the catalyst activity is expectedly increased,
but the ca. 7.5 -fold increase to catalyst loading, and increase in reactive metal species,
only improves catalyst activity by a factor of 1.5. Producing ca. 7 pmoles of total
oxygenates with comparable 92% oxygenate selectivity, selectivity to CHsOH is increased
from <10% to 37%. This shift of selectivity was similarly observed by Ab Rahim et al.’?,
resulting in selectivity towards CH;OO0H (ca. 73%) for 1 wt. AuPd/TiO; but transitioning to

CH3OH (ca. 49%) when using 5wt.% AuPd/TiO..
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Figure 3.23: Structure-activity relationship of 0.13 wt.% AuPd/rutile TiO2 for methane oxidation,
illustrating the relationship between mean particle size and selective oxygenate formation. e =
RT

The relationship between selective oxygenate formation and increasing mean particle size
is again observed for 0.13 wt.% AuPd/rutile TiO, illustrated in Figure 3.23. Comparably
with P25 -supported catalysts, a strong correlation is observed. Although reduced metal
loading is employed, interestingly, mean particle size are consistent with previous 1wt.%
AuPd catalysts. Initial formation of agglomerated AuPd is consistent with previous rutile
support, strongly suggesting an influence of rutile surface upon forming nanoparticles.
However, heat treatment at 400 °C, facilitates formation of hemispherical AuPd
nanoparticles with mean nanoparticle of 6.5 nm. Similarly, heat treatment at 600 °C and
800 °C increases nanoparticles to ca. 9.3 nm and ca. 19.1 nm. The resulting particle size
distribution of produced nanoparticles are approximate to those displayed in previous
catalysts. With lower quantities of reactive metal species, the increased activity must
originate from the influence of rutile TiO, support.
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3.4.2 The Effect on H202 decomposition

Predictably for 0.13 wt.% AuPd/rutile TiO,, the reduction in the quantity of reactive metals
shows significant decrease in the disadvantageous activity for H,0, decomposition. This
observation supports previously reported works by Han et al.® and Landon et al.%,
demonstrating the proportional rise in H,0, hydrogenation produced when increasing
catalyst mass. Represented in appendix Figure A7.3, the high activity characteristic of the
parent dried only catalyst is observed. Possessing only Pd® (Table 3.6, Entry 1), H,0; is
decomposed at higher rates to subsequent heat-treated catalysts. However, ca. 45% H,0,
remains after 30 minutes, in contrast to previous 1wt.% parent catalysts with typically
<10% remaining, evidence of the reduced number of available active species. Expectedly,
heat treatment of parent catalyst saw significant reduction to unfavourable H,0;
decomposition, as evidenced during testing for CH, oxidation which saw improvements
to selective oxygenate formation (Figure 3.21). In previous RT prepared rutile supported
AuPd catalyst (Table 3.7, Entries 2-4), the presence of ca. 48% Pd°® was identified as the
source of high activity towards H,O, decomposition. Stabilised by the rutile support,
increasing heat treatment did not minimise the presence of deleterious Pd species, with
47% Pd° present after calcination of RT catalysts at 800 °C.

Table 3.8: Relative rates of H:02 decomposition and elemental surface composition data
determined for0.13% AuPd/rutile. Entries 1-4: prepared at room temperature.

Surface Elemental
Total Oxy. Mefan H202 Composition!®
Particle Decomp. C (]
Entry Catalyst Oxy. Sel. . b Pd Species
Sizel® Ratelt! AuPd o
[umol] %] [nm] [umol min) /Ti %]
! Pd*  Pd°
1 RT, dried 0 0 n/a 242 0.015 0 100
2 RT, 400 °C 0.47 64.8 6.5+1.7 11 0.009 70.6 29.4
3 RT, 600 °C 0.99 75.0 9.313.2 26 0.010 73.9 26.1
4 RT, 800 °C 4.56 93.2 19.1%45 21 0.008 74.6 254

[a] Determined by transmission electron spectroscopy. [b] H.0. decomposition reaction conditions: time: 30mins,
temperature: 24 °C, atmospheric pressure, stirring rate: 1000rpm, all catalysts (0.13 wt. % total): 9.41x10°® mol of metals
equal to 10 mg of solid catalysts, volume: 10 mL of H,0.[H.0:]: 0.5 M. [c] Determined by x-ray photoelectron spectroscopy

and calibrated to Carbon 1s region (284.4 eV). [d] Calculated as (Pd species/total Pd species)x100. Total Oxy.: Total
oxygenates, Oxy. Sel.: Oxygenate selectivity, Decomp.: Decomposition.

A similar stabilisation of Pd° is observed for 0.13 wt.% AuPd/rutile TiO,, although,
detected Pd species is comprised of ca. 30% Pd° (Table 3.8, Entry 1). Therefore, decreased
activity for unwanted decomposition of H;0; is ascribed to the reduction in not only total
metal species, but also deleterious Pd’. The resulting combination produces catalyst
materials which display ca. 95% of initial H,O, concentrations remaining post reaction.
Furthermore, the reduced loading of metal limits the detection of increasing metal
nanoparticle size by XPS analysis. This is evident with similar AuPd:Ti ratios (ca. 0.010) for
heat treated catalysts. The detected activity for H.O, decomposition is consistent
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between heat treated catalysts, showing decomposition with ca. 11 - 25 pmoles min
(Table 3.8, Entries 2-4).
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Figure 3.25: Structure-activity relationship for 0.13 wt.% AuPd/TiO; (rutile) catalyst series for
methane oxidation correlating H202 decomposition rate with total oxygenates produced after 0.5
h, e =RT

Displaying minor variations in catalytic activity towards H,0, decomposition, the effect of
heat treatment upon H,0, decomposition rates share no correlation with mean particle
size (Figure A7.6). This effect is observed despite increasing intrinsic activity of AuPd
nanoparticles for the decomposition of H,0, (Figure A7.7). This observation is consistent
with previous rutile supported catalysts. For total oxygenate formation, the reduction in
H,0, decomposition suggests correlation with increased oxygenate formation (Figure
3.25). However, possessing similar decomposition rates for all heat treatmented 0.13wt.%
catalysts suggests that further influences from support results in the increased activity for
selective oxygenates observed. Consistent with previous rutile supported AuPd catlysts,
the influence from SMSI electronic contributions are not observed during XPS analysis of
Pd(3d) region (Figure 3.26).
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Figure 3.26: X-ray photoelectron spectra of Pd (3d) region for 0.13 wt. % AuPd/ rutile TiO;
prepared Sl at room temperature. Pd® = Purple; Pd?* = green line; Au 4d = red line. Peak
contribution due to Pd® and Pd?* are highlighted via dashed lines.
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Table 3.9: Relative rates of H:0. decomposition and elemental surface composition data
determined for 0.13% AuPd/rutile and calculated intrinsic activity for the oxidation of methane.
Entries 1-4: room temperature.

Surface Elemental MP-AES
Composition/® Metal Loading Corr.
Ent Catalyst Binding E Y TOF®!
ntry atalys inding Energy [e ]A Total AU [?1-1]
2+ 0 u wt. % wt. %
Pd Pd (4f) [wt.%] [wt.%)]
1 RT, dried 334.8 83.2 n/a
2 RT, 400 °C 336.6 334.8 83.4 011 01 7.83x10*
3 RT, 600 °C 336.6 334.7 83.3 ' ' 3.92x10°
4 RT, 800 °C 336.4 334.7 83.2 1.13x107

[a] Determined by x-ray photoelectron spectroscopy and calibrated to Carbon 1s region (284.4 eV). [b] Intrinsic Activity:

calculated as moles(ouygenated products)/MOIES total nanoparticle surface atoms)/time (h)

Elemental analysis carried out by MPAES detected total loading of 0.11wt.% AuPd,
predominantly comprised of Au (0.1 wt.%) (Table 3.9). Subsequently, determined Au: Pd
ratio was calculated to be 10, however, these very low loadings may reside at the limit of
reliable detection and quantification, as noted for similarities in AuPd:Ti ratios. Similarly,
confirmation by SEM-EDX was not possible due to the low loadings used. Even so,
producing slightly lower weight loading of Pd results in further decreased activity for
decomposition of H,0,, with increased Au:Pd ratio potentially producing the enhanced
activity for selective oxygenate formation.
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3.5 Conclusions

The selective oxidation of CH4 to CH3OH, using preformed H,0,, under mild reaction
condition was studied using bimetallic 1wt.% AuPd/TiO, (P25). Utilising a stabiliser-free
sol immobilisation methodology, the influence of particle size was evaluated by
modification of nanoparticle size via post synthesis heat treatment of the parent dried
only catalyst.

Subsequent testing of heat treated P25 supported catalysts observed an increase in
selective oxygenate formation. The decrease in deleterious activity for the decomposition
of H,0,, proposedly due to increasing size, was suggested to increase catalysts selectivity
for utilisation of H,0; leading to selective oxygenate formation.

However, despite increasing nanoparticle size, the greatest improvements in the
formation of selective oxygenates occurred after the phase transition of predominantly
anatase P25 TiO; to rutile TiO,. Further characterisation revealed an electronic influence
with transition to rutile TiO,, observed as increasing binding energy for Pd" species in the
Pd(3d) bands. The electronic influences were proposed to be due to strong metal-support
interactions induced by heat treatments Attempts to deconvolute the influence of
support from particle size effects were trialled by preparation of rutile supported AuPd
catalysts.

Demonstrating marked differences in catalysts activity, rutile supported materials
displayed improved activity for selective CH4 oxidation. The efficient use of H,0, during
testing was not observed, with near complete decomposition of H,0,. The deleterious
behaviour continued despite increasing nanoparticle size, contrasting previous P25
catalysts. Analysis for SMSI electronic contributions via XPS analysis did not reveal any
change in binding energy for Pd" species with heat treatment. The distinct differences
observed between P25 and rutile supported are evidenced by the absence of electronic
SMSI contribution and no correlation to particle size.

To address the high decomposition rates displayed by rutile supported TiO,the
proportional reduction of metal loading was carried out. The resulting reduction of
active metal loading produced significant improvements to catalyst activity for CH,4
oxidation and improvements in H,0; selectivity.

Overall, the following work has shown evidence that the influence of support plays a
critical role in the activity displayed by AuPd particles. Initially investigating the influence
of nanoparticle size, the absence of correlation in markedly active rutile supported AuPd
catalysts suggests that support interaction via SMSI is the determining factor.
Adventitiously, this influence can be utilised to produce catalysts with significant activity
for CH, oxidation, whilst demonstrating efficient use of preformed H,0, with reduced
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metal loading. However, these results are hoped to help inform of future catalytic
design considerations for the selective oxidation of CHa.

110



Chapter 3

3.6 References

10

11

12

13

14

15

16

17

18

H. J. H. Fenton, J. Chem. Soc., Trans., 1894, 65, 899—-910.

A. E. N. F. Goldshle, A. A. Shteinman and V. V. E. Shilov, Russ. J. Phys. Chem. USSR,
1972, 46, 785-786.

A. E. Shilov and G. B. Shul’pin, Chem. Rev., 1997, 97, 2879-2932.
M. Haruta, T. Kobayashi, H. Sano and N. Yamada, Chem. Lett., 1987, 16, 405—408.
T. Hayashi, K. Tanaka and M. Haruta, J. Catal., 1998, 178, 566—575.

M. D. Hughes, Y.-J. Xu, P. Jenkins, P. McMorn, P. Landon, D. I. Enache, A. F.
Carley, G. A. Attard, G. J. Hutchings, F. King, E. H. Stitt, P. Johnston, K. Griffin and
C. J. Kiely, Nature, 2005, 437, 1132.

L. Prati and M. Rossi, J. Catal., 1998, 176, 552-560.

A. Abad, P. Concepcion, A. Corma and H. Garcia, Angew. Chemie Int. Ed., 2005,
44, 4066—4069.

S. Carrettin, P. McMorn, P. Johnston, K. Griffin and G. J. Hutchings, Chem.
Commun., 2002, 696—-697.

P. Landon, P. J. Collier, A. J. Papworth, C. J. Kiely, G. J. Hutchings, J. Kiely and J.
Graham, Chem. Commun., 2002, 2058—2059.

J. K. Edwards and G. J. Hutchings, Angew. Chemie Int. Ed., 2008, 47, 9192—9198.

D. I. Enache, J. K. Edwards, P. Landon, B. Solsona-Espriu, A. F. Carley, A. A.
Herzing, M. Watanabe, C. J. Kiely, D. W. Knight and G. J. Hutchings, Science, 2006,
311, 362 -365.

Q. He, P. J. Miedziak, L. Kesavan, N. Dimitratos, M. Sankar, J. A. Lopez-Sanchez,
M. M. Forde, J. K. Edwards, D. W. Knight, S. H. Taylor, C. J. Kiely and G. J.
Hutchings, Faraday Discuss., 2013, 162, 365—-378.

J. K. Edwards, B. E. Solsona, P. Landon, A. F. Carley, A. Herzing, C. J. Kiely and G. J.
Hutchings, J. Catal., 2005, 236, 69-79.

M. Taramasso, G. Perego, B. Notari, Preparation of porous crystalline synthetic
material comprised of silicon and titanium oxides, 1983, US4410501A.

G. B. Shul’pin and Y. N. Kozlov, Org. Biomol. Chem., 2003, 1, 2303—-2306.

N. Mizuno, Y. Seki, Y. Nishiyama, I. Kiyoto and M. Misono, J. Catal., 1999, 184,
550-552.

C. Hammond, M. M. Forde, M. H. Ab Rahim, A. Thetford, Q. He, R. L. Jenkins, N.
Dimitratos, J. A. Lopez-Sanchez, N. F. Dummer, D. M. Murphy, A. F. Carley, S. H.

111



Chapter 3

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Taylor, D. J. Willock, E. E. Stangland, J. Kang, H. Hagen, C. J. Kiely and G. J.
Hutchings, Angew. Chemie - Int. Ed., 2012, 51, 5129-5133.

M. H. Ab Rahim, M. M. Forde, R. L. Jenkins, C. Hammond, Q. He, N. Dimitratos, J.
A. Lopez-Sanchez, A. F. Carley, S. H. Taylor, D. J. Willock, D. M. Murphy, C. J. Kiely
and G. J. Hutchings, Angew. Chemie - Int. Ed., 2013, 52, 1280-1284.

M. H. Ab Rahim, M. M. Forde, C. Hommond, R. L. Jenkins, N. Dimitratos, J. A.
Lopez-Sanchez, A. F. Carley, S. H. Taylor, D. J. Willock, G. J. Hutchings, M. Hasbi,
A. Rahim, M. M. Forde, C. Hammond, R. L. Jenkins, N. Dimitratos, J. A. Lopez-
Sanchez, A. F. Carley, S. H. Taylor, D. J. Willock and G. J. Hutchings, Top. Catal.,
2013, 56, 1843-1857.

R. A. Periana, D. J. Taube, S. Gamble, H. Taube, T. Satoh and H. Fujii, Science,
1998, 280, 560-564.

R. A. Periana, D. J. Taube, E. R. Evitt, D. G. Loffler, P. R. Wentrcek, G. Voss, T.
Masuda and D. G. Lé6ffler, Science, 1993, 259, 340—343.

N. Agarwal, S. J. Freakley, R. U. McVicker, S. M. Althahban, N. Dimitratos, Q. He,
D. J. Morgan, R. L. Jenkins, D. J. Willock, S. H. Taylor, C. J. Kiely and G. J.
Hutchings, Science, 2017, 358, 223-227.

C. Hammond, N. Dimitratos, J. A. Lopez-Sanchez, R. L. Jenkins, G. Whiting, S. A.
Kondrat, M. H. Ab Rahim, M. M. Forde, A. Thetford, H. Hagen, E. E. Stangland, J.
M. Moulijn, S. H. Taylor, D. J. Willock and G. J. Hutchings, ACS Catal., 2013, 3,
1835-1844.

V. C.-C. Wang, S. Maji, P. P.-Y. Chen, H. K. Lee, S. S.-F. Yu and S. I. Chan, Chem.
Rev., 2017, 117, 8574-8621.

H. Kusié, N. Koprivanac and I. Selanec, Chemosphere, 2006, 65, 65—73.

K. Valkaj, O. Wittine, K. Margeta, T. Granato, A. Katovi¢ and S. Zrncevié, Polish J.
Chem. Technol., 2011, 13, 28-36.

G. Li, J. Edwards, A. F. Carley and G. J. Hutchings, Catal. Today, 2007, 122, 361—
364.

G. Li, J. Edwards, A. F. Carley and G. J. Hutchings, Catal. Today, 2006, 114, 369—
371.

S. Ranganathan and V. Sieber, Catalysts, 2018, 8, 379.

A.Villa, D. Wang, G. M. Veith, F. Vindigni and L. Prati, Catal. Sci. Technol., 2013, 3,
3036—-3041.

M. Signoretto, F. Menegazzo, A. Di Michele and E. Fioriniello, Catalysts, 2016, 6,
87.

S. M. Rogers, C. R. A. Catlow, C. E. Chan-Thaw, A. Chutia, N. Jian, R. E. Palmer, M.

112



Chapter 3

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Perdjon, A. Thetford, N. Dimitratos, A. Villa and P. P. Wells, ACS Catal., 2017, 7,
2266-2274.

S. Campisi, D. Ferri, A. Villa, W. Wang, D. Wang, O. Krocher and L. Prati, J. Phys.
Chem. C, 2016, 120, 14027-14033.

L. Prati and A. Villa, Acc. Chem. Res., 2014, 47, 855—-863.

L. Abis, S. J. Freakley, G. Dodekatos, D. J. Morgan, M. Sankar, N. Dimitratos, Q.
He, C. J. Kiely and G. J. Hutchings, ChemCatChem, 2017, 15, 2914-2918.

G. J. Hutchings and C. J. Kiely, Acc. Chem. Res., 2013, 46, 1759-1772.

V. R. Choudhary, A. G. Gaikwad and S. D. Sansare, Catal. Letters, 2002, 83, 235—
239.

J. Pritchard, L. Kesavan, M. Piccinini, Q. He, R. Tiruvalam, N. Dimitratos, J. A.
Lopez-Sanchez, A. F. Carley, J. K. Edwards, C. J. Kiely and G. J. Hutchings,
Langmuir, 2010, 26, 16568-16577.

J. K. Edwards, S. J. Freakley, A. F. Carley, C. J. Kiely and G. J. Hutchings, Acc. Chem.
Res., 2013, 47, 845-854.

S. M. Rogers, C. R. A. Catlow, C. E. Chan-Thaw, D. Gianolio, E. K. Gibson, A. L.
Gould, N. Jian, A. J. Logsdail, R. E. Palmer, L. Prati, N. Dimitratos, A. Villa and P. P.
Wells, ACS Catal., 2015, 5, 4377-4384.

V. R. Choudhary, S. D. Sansare and A. G. Gaikwad, Catal. Letters, 2002, 84, 81-87.

J. K. Edwards, A. Thomas, A. F. Carley, A. a. Herzing, C. J. Kiely and G. J. Hutchings,
Green Chem., 2008, 10, 388—394.

S. Guadix-Montero, H. Alshammari, R. Dalebout, E. Nowicka, D. J. Morgan, G.
Shaw, Q. He and M. Sankar, Appl. Catal. A Gen., 2017, 546, 58—66.

P. Munnik, P. E. De Jongh and K. P. De Jong, Chem. Rev., 2015.

C.J. Pan, M. C. Tsai, W. N. Su, J. Rick, N. G. Akalework, A. K. Agegnehu, S. Y. Cheng
and B. J. Hwang, J. Taiwan Inst. Chem. Eng., 2017, 74, 154-186.

S.J. Tauster, S. C. Fung and R. L. Garten, J. Am. Chem. Soc., 1978, 100, 170-175.

S. ). Tauster, S. C. Fung, R. T. K. Baker and J. A. Horsley, Science, 1981, 211, 1121-
1125.

S. J. Tauster, J. Sci. Ind. Res., 1985, 44, 580-587.

H. Tang, Y. Su, Y. Guo, L. Zhang, T. Li, K. Zang, F. Liu, L. Li, J. Luo, B. Qiao and J.
Wang, Chem. Sci., 2018, 9, 6679-6684.

M. Sankar, Q. He, M. Morad, J. Pritchard, S. J. Freakley, J. K. Edwards, S. H. Taylor,
D. J. Morgan, A. F. Carley, D. W. Knight, C. J. Kiely and G. J. Hutchings, ACS Nano,

113



Chapter 3

52

53

54

55

56

57

58

59

60

61

62

63

64

2012, 6, 6600-6613.

R. P. Marin, S. Ishikawa, H. Bahruji, G. Shaw, S. A. Kondrat, P. J. Miedziak, D. J.
Morgan, S. H. Taylor, J. K. Bartley, J. K. Edwards, M. Bowker, W. Ueda and G. J.
Hutchings, Appl. Catal. A Gen., 2015, 504, 62—73.

D. A. H. Hanaor and C. C. Sorrell, J. Mater. Sci., 2011, 46, 855-874.

J. J. Dodson and H. E. Hagelin-Weaver, J. Mol. Catal. A Chem., 2015, 410, 271—
279.

H. Bahruji, M. Bowker, P. R. Davies, D. J. Morgan, C. A. Morton, T. A. Egerton, J.
Kennedy and W. Jones, Top. Catal., 2015, 58, 70-76.

X.-M. Wang and Y.-Y. Xia, Electrochim. Acta, 2010, 55, 851-856.

A. Benhmid, K. V Narayana, A. Martin, B. Lucke and M.-M. Pohl, Chem. Commun.,
2004, 2416-2417.

S. Gatla, N. Madaan, J. Radnik, V. N. Kalevaru, M.-M. Pohl, B. Liicke, A. Martin, U.
Bentrup and A. Briickner, J. Catal., 2013, 297, 256—263.

T. Ishihara, Y. Hata, Y. Nomura, K. Kaneko and H. Matsumoto, Chem. Lett., 2007,
36, 878-879.

T. Ishihara, K. Shigeta, Y. Ooishi, M. Matsuka, H. Hagiwara and S. Ida, Catal. Sci.
Technol., 2013, 3, 2971-2975.

M. J. J. Jak, C. Konstapel, A. Van Kreuningen, J. Chrost, J. Verhoeven and J. W. M.
Frenken, Surf. Sci., 2001, 474, 28-36.

C. Hammond, R. L. Jenkins, N. Dimitratos, J. A. Lopez-Sanchez, M. H. Ab Rahim,
M. M. Forde, A. Thetford, D. M. Murphy, H. Hagen, E. E. Stangland, J. M. Moulijn,
S. H. Taylor, D. J. Willock and G. J. Hutchings, Chem. - A Eur. J., 2012, 18, 15735—
15745.

Y.-F. Han and J. H. Lunsford, J. Catal., 2005, 230, 313-316.

P. Landon, P. J. Collier, A. F. Carley, D. Chadwick, A. J. Papworth, A. Burrows, C. J.
Kiely and G. J. Hutchings, Phys. Chem. Chem. Phys., 2003, 5, 1917-1923.

114



Chapter 4:
Hexafluorobenzene as
alternative solvent media

4.1 Introduction

Used during the preparation of catalyst and liquid phase testing of catalyst processes, the
consideration of solvent properties is an important variable that strongly influences the
performance of a catalyst.! For catalysis, one ideal influence of a solvent is to improve the
activation of starting reagents as a method to promote enhanced productivity.! Driven by
increasing atmospheric CO, produced during anthropogenic sources, interest in the
transformation of CO; to useful products such as formic acid is considered a potential
method of addressing rising levels of CO,. However, conventional processes indirectly
hydrogenate HCOs™ or COs* formed during dissolution into water, deactivating direct
hydrogenation when aqueous media is utilised. Alternatively, the direct hydrogenation of
CO, was reported by Moret et al.?, using dimethyl sulphoxide (DMSO) as preferred
reaction media. The substitution of solvent increased formic acid yield, producing 1.9 M
formic acid (HCOOH) compared to the indirect approach with agueous media (0.2 M).2

Alternatively, the unfavourable dissolution or low solubility of a reaction product within
one solvent phase may facilitate the formation of a separate phase. Similarly, the
introduction of a second solvent phase possessing favourable solubility for products only
produces a method of simple catalyst recycling and quick product extraction, improving
product selectivity.>* Reported by Scott and co-workers, the catalytic hydrogenation of
CO; to produce formate-amine adducts was carried out using a biphasic system.> The
highly active and easily accessible cis-[Ru(bis-diphenylphosphinomethane),Cl;] catalyst
was immobilised in a hydrophobic organic solvent, achieving a TOF ca. 35000 h. The
aqueous phase was then used as the product phase, for simple extraction. Interestingly,
Wang et al.® reported the application of thermoregulated phase transfer catalyst for a
two-liquid phase system. At elevated temperatures, increased solvent solubility occurs
facilitates coalescence to a single reaction phase during the catalytic process. The
regulation of temperature then allowed catalyst retrieval and separation from products
into one phase via thermally dependent solubility, showing preference for two-phases at
decreased temperature.®

Comprising strong C-F bonds, the physical properties of perfluorinated solvents (PFS)
make them unique for application as an inert reaction media for a wide variety of
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industrial and academic applications; such as drug delivery’, lubricant technology® and
9,10

fuel cell and battery technology
Characteristic of PFS, exceptionally high gas solubilities are exhibited due to low
polarizability of C-F bonds, producing weak van der Waals interactions.!*"!3 Importantly,
the high solubility of gases such as O,, H, and CHs make them particularly attractive for a
wide variety of synthetic processes. The resulting poor solubility in water and most
organic solvents have also made PFS particularly applicable for oxidation reactions using
biphasic systems.?

Notably reported by Grubbs, Ru -catalysts provide efficient and selective catalysts for the
metathesis of olefins.’* Even so, using commercially available Ru pre-catalysts, the total
synthesis of natural or biologically active compounds produces unsatisfactory
conversions.’* However, the use of aromatic PFS allowed substantially higher yields to be
obtained for ring closing and cross -metathesis reactions. This benefit was similarly
reported by Blechert et al. using hexafluorobenzene (HFB) to produce tetra-substituted
olefins via ring-closing metathesis.’> Notably, the promoting effect of HFB allowed lower
Ru-catalyst loadings, producing high yields at very short reaction times.®

Reported by Neimann and co-worker?®, the introduction of perfluoro-propan-2-ol (PFP-2-
ol) allowed electrophilic activation of H,0, for the epoxidation of several alkenes, in
addition to the Baeyer-Villiger oxidation of ketones. Notably, the application of PFP-2-ol
removed the requirement of previously required transition metal catalysts, activating
H,0, to yield similar activity. Solubilised manganese catalysts were demonstrated by
Vincent et al. in perfluoroheptane (PFH) as suitable oxidation catalysts for cyclohexene to
its corresponding alcohol and aldehyde using a biphasic system. Using tert-butyl
hydroperoxide (t-BuOOH) in an oxygen atmosphere, cyclohexene 650 % conversion
relative to t-BuOOH achieved, with 1:3 ratio of cyclohexanol to cyclohexanone. Y

Reported by Lin and co-workers, the Rh- catalysed direct functionalisation of CH, to
methanol or acetic acid using CO and O, at mild reaction conditions was found to be
dependent upon solvent choice.’® Demonstrating an ability to tune product selectivity,
the application of 6:1 mixture of perfluoro-butyric acid and water preferentially yielded
methanol (CH3OH) and methanol derivative products (C3F,CO,CHs) over acetic acid
(HOAC).*® Furthermore, the substitution to Rh functionalisation of ethane demonstrated
C-C bond cleavage to produce methanol, in addition to oxidation products such as
ethanol, acetic acid..

Alternatively, Ohkubo et al. utilising a biphasic solvent system of perfluorohexane (PFH)
and water successfully demonstrated the light driven oxidation of methane (CH4) to
methanol (CH3OH) by sodium chlorite (Figure 4.1).2° The photochemical cleavage of CI-O
bond in CIO, produced highly active Cl radicals, in addition to singlet oxygen, which
successfully abstracted H from CH,4 to produce methyl radicals, converting 99% of CH,4 (1
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atm). Importantly, beyond promoting higher gas solubility of CH4, the application of
fluorous solvent also prevented deactivation of reactive radical species (CI' + CH3) by
unselective H -abstraction with solvents (i.e. H,0).*

T
Aqueous Phase ———~ [~

(ClO; generation & Product T~
accumulation) NaClo, — CIO;

CH;0H l &= hy

Fluorous Phase —  — T ‘/C|02
(Photochemical reaction with CHy

CI'+0
methane) —n

Figure 4.1: Two-phase system for the photo-oxidation of CHs by ClO; dissolved as NaClO: in
aqueous system, with CHa soluble in fluorous phase. Adapted from Ohkuba et al.*®

In this chapter, the application of perfluorinated solvent for the selective oxidation of CH,4
to CH;OH was investigated. Specifically, hexafluorobenzene was first compared against
previously studied systems using preformed H,0, %*22 for CH4 oxidation or O; for the
direct oxidation of toluene?. Hexafluorobenzene was further used to investigate the
incorporation of molecular oxygen (O;) as oxidant in the oxidation of CH4 to CH3OH. This
route considered the use of radical initiators (such as 2, 2’-azobisisobutyronitrile or
benzoyl peroxide) before applying the in situ generated H,0, from Oz and H,.

4.2 Solvent Purification

Investigations into the applicability of hexafluorobenzene (HFB) as a suitable solvent for
CH4 oxidation began by pre-reaction analysis of the solvent via H NMR. Utilising
deuterium oxide (D,0), the sample of HFB was washed and the extractant analysed by H
NMR. The resulting spectra is illustrated in Figure 4.2. Characteristic of aromatics, such as
benzene, the absence of signals within the region 6.5 — 8.5 ppm suggests no protonated
analogues of HFB present. Despite this, the presence of signals is observed within the
region of expected CH,4 oxidation products, such as CHsOH (8= 3.38 ppm, s) or methyl
hydroperoxide (CH;OO0H, &= 3.85 ppm, s). Evidenced in Figure 4.2 insert, the presence of
a signal at ca. 3.4 ppm, may result in difficulties in the identification or quantification of
produced CHsOH. Furthermore, potentially more reactive than CHs, the presence of
impurities may result in unwanted side reactions, removing from the primary aim of this
work.
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Figure 4.2: 'H NMR spectrum of DO extract used to wash hexafluorobenzene. Insert:
Magnification of 4.0 — 2.0 ppm region showing presence of impurities originating from HFB source.
(=: signals present in internal standard)

The removal of small quantities of impurities from HFB was deemed necessary and the
addition of several different retrievable solids were trialled as adsorbants. Investigations
considered the application of readily available metal oxide or zeolite solid (1.0 g) for
washing small quantities of HFB (50 mL). Prior to use, the metal oxide solids were heat
treated by calcination at 400 °C, to remove adsorbed water.?* After treatment, HFB was
washed for 16 hours in a sealed flask.
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Figure 4.3: Magnified spectrum of *H NMR of D0 extract of hexafluorobenzene phase for region
2.0-4.0 ppm. (i) before washing and (ii) after washing with TiO2 (P25) solid for 16 h.
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Figure 4.4: Magnified spectrum of *H NMR of D20 extract of hexafluorobenzene phase for region
2.0 — 4.0 ppm. (i) before washing and (ii) after washing with activated charcoal (Darco G60) solid
for 16 h.

[a]Standard reaction conditions: time: 16 h, ambient temperature and pressure, stirring rate: 1200 rpm, volume: 50 mL of
HFB. mass: 1.0 g of solid support. Support material heat treated prior to use (400 °C, 3h, 20 "C min’, flowing air).[b] Analysed
by *H NMR spectroscopy post extraction into D,O with a 1% TMS in CDCls internal standard.

The application of TiO; (P25) had no influence on the removal of impurities, evidenced by
Figure 4.3. Similarly, peak intensity for all signals remained consistent with pre-washing
analysis, with signal at 3.36 ppm equating to 0.1 pmoles of CH3OH in both samples.
Similarly, the application of SiO, and y-Al,0s did not appear to influence the NMR
observable impurities.

The application of activated carbon resulted in further contamination of HFB source.
Although removing species identified in the initial source, the application of carbon
support imparted further undesirable impurities within the region of 2.0 — 4.0 ppm,
illustrated in Fig 4.4. Likewise, the addition of graphite produced similar contamination of
HFB but did produce a removal of impurities presented in the source HFB.

The addition of ZSM-5 (30) appeared to reduce to level of impurities observed in the NMR
spectra. Application of its commercially available ammonia form (NH4;-ZSM-5), did not
improve upon the HFB source. However, protonation of ZSM-5 by heat treatment at 550
°C, produced significant improvements. Presented in Figure 4.5, the addition of H-ZSM-5
results in the removal of all previously observed signals.
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Figure 4.5: 'H NMR of D20 extract of hexafluorobenzene phase (i) before washing and (ii) after
washing with H-ZSM-5 solid for 16 h. (=: signals present in internal standard)

[a]Standard reaction conditions: time: 16 h, ambient temperature and pressure, stirring rate: 1200 rpm, volume: 50 mL of
HFB. mass: 1.0 g of solid support. Support material heat treated prior to use (550 °C, 3h, 10 "C min’, flowing air).[b] Analysed
by *H NMR spectroscopy post extraction into D,O with a 1% TMS in CDCls internal standard.

4.3 Investigations using preformed H20:

The initial investigations of the effect of HFB began by comparison with previously
reported systems. The application of H,0; as a terminal oxidant was previously reported
by Ab Rahim and co-workers for CH4 oxidation.?>?! The environmentally benign system
demonstrated selective oxidation to CH3OH, with an oxygenate selectivity ca. 90% at 50
°C. Similarly, 5 wt.% AuPd/TiO, was prepared by impregnation of a metal chloride
precursor solution and applied under identical reaction conditions after calcination at 400
°C.

Previous reactions for the oxidation of CH, was carried out at 50 °C in an aqueous solution
of H,02 (0.5M, 10mL) using an autoclave reactor. For investigation of the effect of HFB,
H,0 was substituted for an equal amount of HFB (0.5 M H,0,, 10 mL). The mass of catalyst
was fixed at 27 mg, and the reactor pressurised to 30.5 bar CH,4. During testing, stirring
speed was maintained at 1500 rpm from the initiation of heating to the end of reaction
period (30 mins).

Liquid phase products such as methyl hydroperoxide (CHs00H), methanol (CH3OH) or
formic acid (HCOOH) could be identified with *H NMR and quantified against an internal
standard consisting 1% trimethylsilane in CDCls. For reactions carried out in HFB, products
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were extracted by addition of deuterium oxide (5 mL), prior to analysis by 'H NMR.
Remaining H,0, was determined by titration against standardised acidified solution of
Ce(S04)2, using a Ferroin indicator (0.025M). Gaseous products, such as CO,, were
analysed by gas chromatography fitted with a methaniser and FID detector. Products
were quantified using a CO; calibration curve.

Table 4.1: Comparison of the catalytic activity for 2.5 wt.%Au-2.5 wt.%Pd/TiO: for methane
oxidation using preformed H202 carried out in H20 or in hexafluorobenzene.

Products [umoles] Oxy. H20:2
Entry  Cat. Solv. CHLOH HCOOH CHLO0H o, Sel.l  remain.l!
[%] (%]
1 Y H.0% 1.89 0 1.57 037 90.3 <8
2 Y H-0 1.1 0.0 1.2 0.5 83.9 <6.5
3 N HFB/H.0 0 0 0 1.22 0 -
4 N  HFB/H.0U 0 0 0 0.29 0 -
5 N  HFB/H.0Y 0 0 0 1.34 0 58.2
6 Y  HFB/H0 0.91 0 0.75 145 534 <10
7 Y HFB 0.3 0 0.1 1.30 225 <1.1

[a] Oxygenate selectivity calculated as (moles,.ygenates/moleSiorat proaucts)x100. [b] Calculated as (moles;inq/molesiniia)x100.[c] HFB
degassed by N2 bubbling, volume: 50 mL, 3 hours. [d] 10 mL HFB:H,0 (1:1 vol/vol). [H20,:0.5 M]. [e] 10 mL HFB:H20 (1:1
vol/vol). [H20,:0.5 M].Cat.: Catalyst, Solv.: Solvent, Oxy. Sel.: Oxygenate selectivity, H,0, Remain.: H,0, remaining, Y: Yes (5
wt.% AuPd/ TiOz), N: None.

The oxidation of CH4 using 5 wt.% AuPd/TiO,, was first carried out using an aqueous
solution of H,0, for comparison against previous work. Shown in Table 4.1 (Entry 2),
marginally lower amounts of oxygenates were detected to entry 1. Even so, similar
oxygenate selectivity is achieved (ca. 84%), resulting from marginal increase in detected
CO,. For reactions carried out using HFB, initial work determined the background
contributions by experimenting with CH, and HFB/H,O only under standard reaction
conditions (Table 4.1, Entry 3). In the absence of oxidant or an oxygen source, no CH4
oxygenates are detected however, significant quantities of CO, (1.22 pumoles) was
detected. Possessing an appreciably larger gas solubility for CH, than H,0 (ca. 130 times),
the high quantities are reasoned to originate from dissolved gaseous C0,.2°> To evidence
this, degassing of HFB was employed using N, prior to testing. Demonstrated in Table 4.1
(Entry 4), the bubbling of N, through HFB solution for 3 hours, results in the decrease of
CO, detected post reaction. Further examination of background contributions considered
the effect of H,0, addition (Table 4.1, Entry 5). The absence of catalyst results in no CH,4
oxygenate formation, despite the presence of oxidant (H,0,) which sees decomposition
of ca. 40% of initial concentration. Similar CO, levels were detected to examples with
neither H,0; nor catalyst, supporting earlier assumptions as to CO; origins. Furthermore,
it is suggestive that the reactions carried out with HFB facilitate the rapid decomposition
of H,0;, due to poor solubility, suggesting the incompatibility of H,0; as terminal oxidant.
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Even so, the addition of 5wt.% AuPd/TiO, catalyst sees the formation of primary
oxygenates (1.66 Umoles), with ca. 53% oxygenate (Entry 6). Comparable quantities of
CO; to previous tests are detected (1.3 umoles). The observation of high rates of H,0;
decomposition, proposed to originate from poor solubility in HFB, is considered
unfavourable for selective oxygenate formation.?® Shown in Table 4.1 (Entry 7), the use of
H,0, in HFB only, shows reduced activity for CH,; oxidation. Oxygenate selectivity is
decreased to 22.5%, producing ca. 0.30 pmoles CH3OH. Again, poor stability of H,0; in
organic solvent yielded high amounts of H,0, decomposition, a factor considered crucial
to selective oxygenate formation in previous investigations. with less than 1% detected
post reaction. Demonstrating considerably higher activity to supported noble metal
catalysts, Hammond et al.¥’ reported markedly enhanced yields of selective oxygenates
using commercial H-ZSM-5. Importantly, H-ZSM-5 catalysts exhibit high oxygenate
formation with low H,0, decomposition. Therefore, a similar comparison for HFB was
investigated using H-ZSM-5. Prior to reaction, commercial ZSM-5 was activated by
calcination at 550 °C under flowing air (10 °C min’%, 3 hours). Activated H-ZSM-5 was then
applied to CH,4 oxidation using similar reaction conditions to previously tested 5 wt.%
AuPd/TiO,. The results of experimentation of presented in table 4.2.

Table 4.2: Comparison of the catalytic activity of H-ZSM-5 for methane oxidation using preformed
H20: carried out in H20 or in hexafluorobenzene.

Products [umoles] Oxy. H20:
Entry  Catalyst Solv. Sel.l  remain.[!
CH3OH HCOOH CHsOOH CO2 %] (%]
1 H-ZSM-5 H-.0 9.6 30.9 104 3.12 94.2 83.7
2 H-ZSM-5  HFB/H.0 5.1 3.8 2.0 3.09 77.9 <1
[a] Oxygenate selectivity calculated as (moles,yygenates/MoleStorar proauees)¥100. [b] Remaining H20 assayed by Ce*(aq.) titration.
Calculated as (molesyinqi/molesiia)x100. Solv.: Solvent, Oxy. Sel.: Oxygenate selectivity, H202 Remain.: H202 remaining

Initial testing under aqueous conditions produced ca. 54 umoles of total oxygenates with
ca. 94% oxygenate selectivity. Notably, only ca. 16% of the initial H,0, is consumed during
the reaction period. This activity is lower than reported by Hammond et a/.2® who reported
ca. 81 umoles of products at 96 % oxygenate selectivity. In contrast, the application of H-
ZSM-5 to HFB sees a considerable decrease to oxygenate formation. As with previous
experiments, oxidation of CH4 proceeds with high H,0, decomposition, however, results
in poor selective oxygenate formation (10.9 pmoles)(Table 4.2, Entry 2). Even so,
oxygenate selectivity remains with CH3OH for HFB solvent (ca. 36.5% vs ca. 17.7%).

Despite possessing a higher gas solubility for CH, than H,0, the use of HFB results in near-
complete decomposition of H,0,. Possessing no solubility in HFB, the large decomposition
is facilitated by poor stabilisation by the solvent, as observed with H,0.
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4.4 Application of Molecular Oxygen

Providing a cheap and abundant source of oxidant, the application of molecular oxygen
(0,) is an ideal oxidant to address the priorities of green chemistry.?® Typically requiring
the application of redox-active metals3®3! or peroxides®? for C-H bond activation,
environmental concerns have sought to apply O, as an environmentally benign
alternative. In contrast to commonly used oxidants for C-H bond activation, such as
benzoquinone, the use of O, produces no toxic by-products associated with its use.?®
Despite this, the difficulty in applying O, stems from the high dissociation energy (497 kJ
mol?) and kinetically hindered formation of highly reactive oxygen radicals by the triplet
ground state of 0,.3

Even so, the biological oxidation of alkanes, such as CH,, via O; activation is commonly
observed in nature. The four-electron reduction of adsorbed O,, in soluble methane
mono-oxygenase (sMMO), is achieved by electron transfer from the reduced Fe"-O-Fe"
centre.3 Carried out under ambient conditions, the completion of the catalytic cycle
requires assistance from additional components of the enzyme. The regeneration of
active centre uses the redox cycle of NADH and FAD acting as proton and electron transfer
agent, facilitating the oxygen transfer through a reduced metal centre.

NAD" NADH
FADH, FAD
H—O
; Eza3
& ) Ez4a
N O O
e H.0 or/-\/
S~ e N
H N~
MM OHoy MMO Heg
CH,OH
0,
H—O
H .
ol >—Ez43
CH4 I \0, O>
~ I"‘. I
Few_—.O-—-FeN
N

Intermediate Q

Figure 4.6: Simplified catalytic cycle for the activation of Oz for hydroxylation of CHs in SMMOQ.3°

Many approaches have been attempted to incorporate O,, as described by Munz et al.3®
Inspired by the oxygen rebound mechanism displayed by sMMO and cytochrome P450,
both O, and C-H activation occur at a transition metal centre. The oxidation of transition
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metal (TM) centre, such as Fe (Fe=0), produces a species capable of C-H activation by H-
abstraction. The rebound of hydroxyl removal by the generated alkyl radical species
produces the desired alcohol and regenerates the active TM centre.3®

Due to its effectiveness in biology, the application of bio-mimetic Fe-oxo species has been
widely reported for a broad range of oxidative transformations, including CHa4.37-3 High
valent oxo-iron species of metallo-porphyrins have allowed vital insights into the
mechanisms of enzymatic reactions carried out by heme and non-heme proteins.394°
Similarly, the application of phthalocyanines containing analogous p-oxo or W-nitrido
bridged Fe have been studied with great detail.**> However, these systems often utilise
activated oxygen sources, like H,0,, with little examples of direct O, available or catalytic
turn-overs achieved for CH4 oxidation.3®

In contrast, the use of trifluoroacetic acid solvents has allowed several reports of CH,4
oxidation by O, using an array of catalysts such as manganese (Mn)* and cobalt (Co)*.
Even so, over-oxidation to CO, is commonly observed, resulting in poor selectivities to the
trifluoroacetate derivative, with Mn demonstrating a moderate yield of 36%.*% In the
case of Co salts, Strassner et al.** reported 50% yields of methyl trifluoroacetate, with the
nitrate salt (Co(NOs),) producing the most active catalyst. Catalyst deactivation by
formation of a precipitated cobalt fluoride salts was overcome by addition of
trifluoroacetic anhydride (HOTFA). However, catalyst deactivation continued after

complete consumption of added HOTFA.*

Alternatively, the role of the catalyst may be divided by addition of a secondary co-
catalyst, allowing activation of C-H and O, to take place at separately.3®

Interestingly, the application of a series of redox coupled reactions allows O, activation
and insertion into activated C-H bonds with regeneration of active catalyst. Reported by
Bao and co-workers, initial selective C-H activation of CH, is achieved using Pd(OAc), in a
non-superacid medium of trifluoroacetic acid and methyl trifluoroacetate. *®*’ The
resulting reduced Pd° is then regenerated by the oxidant cycle of benzoquinone (Bq) to
hydrobenzoquinone (H,Bq), allowing continued catalytic activity. During initial
investigations, direct O, use was employed as a method for Bq regeneration by oxidation
of H,Bq. However, insufficient rates were observed which resulted in catalyst deactivation
by formation of Pd®.#’ This issue was overcome by use of NO, to NO cycle, with O, utilised
as terminal oxidant, with oxygen transfer via Bq.

Similarly, polyoxometalates (such as HsPMo10V,040) have been employed as alternatives
to previous Bq redox couples using HOTFA solvent.*® The initial works by Yuan et al.*°
utilised HsPMo10V2040 in conjunction with Bg, demonstrating moderate activity for the
formation of MeOTFA with Pd(OAc), using O,. Later application of K,PdCl, salts were
attempted using O; directly.>® Unsuccessfully, only trace observations of MeOTFA were
detected, primarily producing acetic acid (CH;COOH) after 8h. Instead, proceeding works
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applied PdCl,(bpy), with substitution of the catalyst complex resulting in 310 umoles of
CHsOH detected when carried out at 100 °C for 8h.%!

For Au catalysts, little examples of direct O, oxidation of CH, to CH30OH can be found within
the literature. The application of Au, however for direct oxidation using molecular O, has
been described for an array of other alkanes. The epoxidation of propane to propylene
oxide was reported by Oyama et al.>?
at 170 °C. Initial dehydrogenation was conducted by Au/TiO,, with epoxidation then

carried out by Au/TS-1 in a system using H, and O,.

using a two catalysts system in a two-step approach

The oxidation of cyclohexane using O, has been reported for an array of supported Au
catalysts.>*>® Fang and co-workers®® demonstrated the highly active oxidation of
cyclohexane (C¢H12) to cyclohexanol (C¢H1:0H) and cyclohexanone (CsH100) under mild
reaction conditions. Carried out at 150 °C, the solvent free oxidation of CsH1, achieved a
maximum conversion of ca. 13% producing CsH11:OH and CsH100 with ca. 53% and 32%
selectivity, respectively.>® Reported by Liu et al., oxidation of C¢H1, for Au/hydroxyapatite
(HAP) also showed dependence for Au-cluster size, with TOF increasing with Au particle
size.>” This affect was similarly observed by Fang and co-workers, with Liu observing
highest TOF (18,500 h) for Au cluster of 39 atoms.>>>’

Despite attempts at O; activation for CH4 oxidation, the elevated temperature required to
facilitate activation of O, produce highly reactive radical species. Subsequently, poor
control of radicals leads to poor selectivity during CH, oxidation resulting in over-oxidation
and the formation of C0,.%%>°

Goddard et al. demonstrated the oxy-functionalisation of CH4 using auric oxide (Au,0s) as
a homogenous catalyst.® Initially using sulfuric acid, as in previous Periana reports for
Hg3® and Pt3! complexes, the formation of metallic Au was evidently observed with
catalyst deactivation. Instead, a stronger oxidant was employed using H,SeO, to re-oxidise
Au® to Au", enabling continued catalytic activity. For this system, the solution of
H»Se0./H,S04 acts as stoichiometric oxidants for the conversion of CHs (11%) to methyl
bisulfate (81%).

Hutchings and co-workers®!, however, demonstrated the incorporation of O, into CH,
oxygenates by combination of H,0,. Utilising unsupported AuPd nanoparticles, stabilised
using polyvinyl pyrrolidone, CH, oxidation was initially demonstrated for preformed H,0..
The addition of O, observed increase in selective oxygenate formation, with further 0,
experiments demonstrating greater than 70% incorporation of ¥0, into primary
oxygenates.
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Preliminary Investigations

Considered a model for activated CH,, the solvent free oxidation of toluene was reported
by Kesavan et al.Z utilising O, as the oxidant. Using supported AuPd nanoparticles upon
carbon and TiO; supports, high activity for the oxidation of primary C-H bonds of methyl
group was achieved (Figure 4.7). Carbon supported AuPd converted 94% of toluene over
24 hours, with selectivity towards benzyl benzoate (95%) at 160 °C.

Shs @ﬁ\@* "0
b o

Figure 4.7: Oxidation pathway of toluene (1) to benzyl benzoate (6) via benzyl alcohol (2),
benzaldehyde (3), benzoic acid (4) and hemiacetal (5). Adapted from Kesevan et al.??

However, this was achieved using an excessive amount of catalyst (1.6 g). During instances
of more realistic quantities of catalyst (0.2g), conversion expectedly decreased to a
toluene conversion of ca. 51%, with ca. 95% benzyl benzoate selectivity. However, an
extended reaction time of 48 hours was required to achieve this moderate conversion.

Previously discussed, the application of heteropolyacid redox-mediated reaction was
reported by Yuan et al. for functionalization of CH; to a CH3OH derivative, methyl
trifluoroacetate (MeOTFA). Additionally, attempts to improve O, solubility were
investigated by use of perfluoro-octane (CsFis), with additional benefits to the transport
properties of HOTFA.*95! The resulting improvements to MeOTFA yield was proposed to
originate from increased O, solubility, allowing enhancement for the re-oxidation of
HsPMO10V,040/Bq.*! Consequently, a near -linear dependence was observed with
volume ratio of CgF1s to HOTFA, with MeOTFA yield increasing ca. 46 pmoles to ca.350
pmoles when volume of CsFis increased from 0 to 10 mL.
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Background contributions

Possessing a higher O, gas solubility than toluene (ca. 2.7 times greater)?%%8 the use of
perfluorinated solvent (HFB) was applied to increase O, solubility for the oxidation of
toluene.

Utilising reaction conditions used by Kesavan et al.%3, toluene oxidation was carried out at
160 °C in a 1:1 mixture of substrate to solvent (10 mL total volume) using an autoclave
reactor. The mass of 1 wt.% AuPd/TiO, (P25) catalysts was fixed at 200 mg, and the reactor
pressurised with 10 bar O,. Stirring speed was maintained at 1500 rpm from the initiation
of heating to the end of reaction period.

Liquid phase products were analysed by gas chromatography, and quantified against 1, 3,
5 -trimethyl benzene, an external standard. Prior to analysis 5 mL CHsOH was added to
dissolve solid products, typically obtained after long reaction periods.
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Figure 4.8: Time-on-line analysis for toluene oxidation using hexafluorobenzene solvent in the
absence of catalyst at 160 °C. X: toluene conversion, O: Benzyl alcohol, €: Benzaldehyde, A:
Benzoic acid, O: Benzyl benzoate.

Standard reaction conditions: time: 48 hours, temperature: 160 °C, P(Oz): 10 bar, stirring rate: 1500 rpm, Catalyst: none,
total volume: 10 mL of H,0 (5 mL).HFB (5 mL)

The time-on-line (TOL) analysis of uncatalyzed reactions are illustrated by Figure 4.8.
Illustrating the background contribution prior to the addition of catalyst, consideration of
the auto-oxidation of toluene by O, was determined at 160 °C. Initial toluene conversion
of ca. 0.5% was observed after 8 hours, increasing to a maximum of ca. 3.4 % after 48 h,
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signifying a small portion of activity overall. Selectivity of the auto-oxidised reaction was
found towards benzaldehyde (ca. 50%), agreeing with activity observed by Kesavan et al.
after 7 hours.” Even so, prolonged experiments resulted in a decrease in selectivity for
benzyl alcohol, benzaldehyde and benzyl benzoate with benzoic acid selectivity increasing
from ca. 0.5 % to ca. 24 %.

4.4.1 Toluene Oxidation Using Hexafluorobenzene

For the catalysed oxidation of toluene, 1 wt.% AuPd/TiO, was prepared by sol
immobilisation using poly- (vinyl alcohol) as the stabilising agent. In contrast to sol
immobilisation, the impregnation method was found to result in particles with a broad
distribution of sizes, however, the low activity observed was proposed to originate from
the large variation in nanoparticle composition. 2> Therefore, producing materials with
narrow size distribution (ca. 5 nm)® and affording greater control of nanoparticle
composition, sol immobilisation was used as preferred method.
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Figure 4.9: Time-on-line analysis for toluene oxidation using 1 wt.% AuPd/TiO: (Si) carried out using
hexafluorobenzene solvent at 160 °C. X: toluene conversion, l: Benzyl alcohol, #: Benzaldehyde,
A: Benzoic acid, @: Benzyl benzoate.

Standard reaction conditions: time: 48 hours, temperature: 160 °C, P(O2): 10 bar, stirring rate: 1500 rpm, all catalysts (1 wt.
% total): 1.45x10° mol of metals equal to 200 mg of solid catalysts, total volume: 10 mL of H,0 (5 mL).HFB (5 mL)

Shown in Figure 4.9, the time-on-line analysis for toluene oxidation was investigated over
48 hours. The conversion of toluene after 8 hours was determined to be ca. 4.3%, with
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product selectivity towards benzyl benzoate (ca. 85%) being observed. This contrasts with
earlier auto-oxidation reactions which demonstrated selectivity to benzaldehyde (ca.
50%, Figure 4.9) and benzyl benzoate selectivity of ca. 25%. Even so, these results
observed are consistent with previous works by Kesavan et al., who observed ca. 89 %
selectivity to benzyl benzoate after 7 h.2 Extending reaction time to 16, 24 and 48 h sees
marginal increase in benzoate selectivity, increasing from ca. 85% to ca. 92%. The
conversion of toluene increases from 4.3% to ca. 27% after 48 h.

To further investigate the influence of increased O, solubility upon toluene conversion,
the variation of substrate and solvent was varied whilst maintaining constant volume (10
mL total). Therefore, toluene oxidation was carried out at 160 °C using an autoclave
reactor, with reactions carried out for 48 h. The mass of 1 wt.% AuPd/TiO, (P25) catalysts
was fixed at 200 mg, and the reactor pressurised with 10 bar O,. Stirring speed was
maintained at 1500 rpm from the initiation of heating to the end of reaction period.
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Figure 4.10: The effect of HFB volume on the conversion of toluene by 1 wt.% AuPd/TiO: (Si) at
160 °C after 48 hours. X: toluene conversion, l: Benzyl alcohol, ®: Benzaldehyde, A: Benzoic
acid, @: Benzyl benzoate.

Standard reaction conditions: time: 48 hours, temperature: 160 °C, P(O2): 10 bar, stirring rate: 1500 rpm, all catalysts (1
wt. % total): 1.45x10> mol of metals equal to 200 mg of solid catalysts, total volume: 10 mL of H,0.HFB. Ratio varied.

Under solvent-free conditions, the conversion of toluene over 1 wt.% AuPd/TiO, was
determined to be 18.4%. This activity is lower than previous reported by Kesavan et al.,
observing ca. 24% conversion of toluene after 48 hours.”® Shown in Figure 4.10, the
addition of HFB sees an improvement to toluene oxidation. The introduction of HFB (1.25

129



Chapter 4

mL) produces only a marginal increase to observed conversion (18.8%), however, only
represents a small portion of total reaction volume. Further addition of HFB produces only
a marginal increase in toluene conversion, increasing from 18.4% to 26.5% when HFB is
raised from 1.25 mL to 5 mL. Notable improvements to the toluene conversion is seen at
volumes above 5 mL, with 6.25 mL HFB enhancing conversion to ca. 36% and maximum
conversion of 58.4% achieved with 8.75 mL HFB. Product selectivity is dominated by
benzyl benzoate formation; decreasing marginally to ca. 92% at ca. 58.4 % conversion
(8.75mL, Figure 4.10).

4.5 Screening of Radical Initiators

A great amount of effort has been dedicated to understanding the mechanisms of alkane
activation.®® Even so, the reaction mechanism may be complicated by factors such as
formation of reaction complexes between a hydrocarbon and an activating species. Of
particular interest for selective functionalisation is that the reported rates of H-
abstraction show only a small correlation to well defined C-H bond dissociation energies.®®
However, for the transformation of CH,4, the activation of C-H bond by H abstraction is a
crucial step.’® As such, radical species are often utilised to promote H-abstraction as a
method of alkane activation.

The homolytic cleavage of radical initiators can be used to generate significantly more
reactive radical intermediate species, capable of activating other molecules. The key for
polymer synthesis, radical polymerisation is involved in producing ca. 50 % of all synthetic
polymers.® In previous investigations, considerable activity was achieved by Kesavan et
al. using bimetallic AuPd cataysts for toluene oxidation at 160 °C. Converting ca. 50.8 %
of toluene, carbon supported AuPd demonstrated a two- fold enhancement in catalytic
activity compared with TiO, supported (ca. 24 %). Further works by Hutchings et al.,
succeeded in reducing reaction temperatures and reported toluene oxidation at milder
temperatures of 80 °C.%” Utilising AuPd/TiO, and tert- butyl hydroperoxide (tBuOOH) as
the oxidant, the toluene conversions after 48 hours were comparable, converting ca. 24-
25%. Contrastingly, selectivity to benzoic acid was observed (92%) for tBUOOH initiated
oxidation compared to benzyl benzoate (96%) during initiator-free work. Importantly,
mechanistic information revealed the involvement of surface- bound oxygen-centred
radicals.

The application of radical initiators was therefore investigated as potential method to
promote the activation of C-H bonds for the oxidation of CH4 using O..
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4.4.1 Azo based radical initiators

Azo (-N=N-) compounds are thermally sensitive molecules demonstrating a first order rate
of decomposition, independent of solvent effects.®® Primarily stable under temperatures
of 40 °C, the dissociation of azo compounds above 40 °C are driven towards the liberation

of stable N, and the generation of substituted alkyl radical.®

Of interest industrially, 2,2’-azobisiisobutyronitrile (AIBN) is used extensively as initiator
for the polymerisation of plastics such as polyethylene, or poly ethylene
terephthalate.®®”° In contrast, AIBN may be used as a method of recycling plastics, by
conversion to its raw materials, as reported by Siddiqui.”*

Further catalytic applications of AIBN include the direct cyanation of aryl C-H, reported by
Xu et al., employing AIBN as the free radical CN source.”? The free radical CN source
provided a more efficient pathway, reporting yields of up to 92% when using Cu(OAc),.
Ramplin and co-workers” utilised azobisisobutyronitrile (AIBN) for the oxidation of
heptane at 100 °C. Ramplin and coworkers found that during the use of small quantities
of AIBN produced activity for only a short period. Additionally, during this period total
molar quantities of ketones and alcohols formed were significantly less than the quantity
of AIBN initiator used. Similarly, the low temperature oxidation of n-decane (CioH,2) using
0O, was investigated by Hutchings et al. using an oxygen-free radical initiator, selecting the
azo -initiator AIBN.”* Producing a range of Cyo products under mild reaction conditions (70
°C, air), the addition of Au/nano-CeO; produced no improvements to the conversion of
CioH22 above the auto-oxidation with AIBN and O,.

AIBN was therefore selected as a potential initiator for the oxidation of CHa. Initial
screening was carried out at 80 °C in a mixture of AIBN and HFB using an autoclave reactor.
Investigations began using an excess of AIBN (250 umoles), with total volume of HFB
maintained at 10 mL. This was selected due to the reported low yield of initiating radicals
produced by AIBN, instead undergoing recombination of primary radicals to produce
tetramethyl -succinonitrile (tMeSN).

Reported by Okhubo et al.’, the addition of an aqueous phase was utilised in the
oxidation of CH, to CH3OH using perfluoro-hexane. The presence of a second H,0 phase
provided an oxygenate -soluble phase to stabilise CHsOH and HCOOH products.
Furthermore, removed from active perfluoro-hexane phase, further oxidation of aqueous
soluble products minimised over-oxidation to CO or CO,. Therefore, reactions in HFB were
carried out with addition of D,O (5 mL). Catalyst mass was fixed at 27 mg, and the reactor
pressurised using CHs (27.5 bar) and O; (3.0 bar). During testing, stirring speed was
maintained at 1500 pm, beginning at the start of heating and stopped at the end of the
reaction period.
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Liquid phase products such as methyl hydroperoxide (CH;00H), methanol (CH3OH) or
formic acid (HCOOH) were analysed via 'H NMR of aqueous D,O phase and quantified
against an internal standard consisting 1% trimethylsilane in CDCls. Gaseous products,
such as CO,, were analysed by gas chromatography fitted with FID detector and
methaniser. Products were quantified using a CO; calibration curve.

Table 4.3: Attempts at AIBN initiated methane oxidation catalysed by 5 wt.% AuPd/ TiO2 using
hexafluorobenzene.

Entry Temperature Gaseous Time Products [umoles]

[°C] Mix [h] CH3OH HCOOH CH30O0OH CO2
1 CH4/02 1 0 0 0 1.40
2 20 N2/02 3 0 0 0 0.24
3 CH4/02 3 0 0 0 1.35
4 CH4/02 5 0 0 0 1.22
5 CH4/02 1 0 0 0 1.28
6 100 N2/02 3 0 0 0 0.36
7 CH4/02 3 0 0 0 1.42

Standard reaction conditions: time: 24 hours, temperature: 80 °C, P(CH4): 27.5, P(O2): 3.0 bar, stirring rate: 1500 rpm, all
catalysts (5 wt. % total): 9.77x10° mol of metals equal to 27 mg of solid catalysts, 250 pmoles of radical initiator (2,2’-
azobis(2-methylpropionitrile, AIBN), total volume: 15 mL of DO (5 mL).HFB (10 mL)

Typically utilised at temperatures of 60 °C, AIBN shows a slow rate of decomposition with
a half-life (tl/z) in the order of tens of hours (10h t, at 65 °C).”® Initial investigations

carried out at 80 °C for 1 hour, but showed no selective oxygenate formation, with CO;
detected in comparable quantities to previous investigations (Table 4.3, Entry 1). To
determine the source of CO,, experiment design was modified by degassing HFB solution
with N, bubbling for 3 hours prior to testing. In addition, the gaseous mixture of CH4/O>
was substituted for a mixture of N»/O,. The resulting experiment was carried out for 3
hours and showed a significant decrease in CO, detected post reaction, suggesting an
adventitious origin (Entry 2). The reaction time was extended to 3 and 5 hours to
determine if longer reaction time was required (Entries 4 and 5). However, similar results
were observed with no selective oxygenate detected post reaction and comparable yields
of CO, found.

Further investigation examined the effect of increased reaction temperature, raising the
temperature to 100 °C. The increase in temperature would expectedly yield an increase
in thermally initiated decomposition of AIBN. Even so, an increase in reaction
temperature may assist in facilitating CH, oxidation. Shown in Table 4.3, the increase in
reaction temperature was investigated for similar reaction lengths (Entries 4-7). However,
the reaction temperature yielded no change in activity or the synthesis of selective
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oxygenates. The analysis for the source of CO,, by substitution of CHs to N3, yielded a
similar decrease in CO; detected, suggesting no overoxidation of CH, during initial
reactions.

Previously discussed, the thermal decomposition of AIBN results in low amount of radical
species capable of initiating the desired chain reaction. Alternatively, the generated
radical species preferentially undergo recombination to produce the inactive tMeSN
dimer. Furthermore, consideration of the activity demonstrated by AIBN for the oxygen
free oxidation of n-decane by Hutchings et al. also illustrates an important factor. 7 Under
reaction temperatures of 70 °C, the conversion of CioH2; achieved was ca. 0.5 %. Further
investigations at 90 °C improved upon this activity marginally, achieving the conversion of
1.2% of CioH2,. In both experiments, AIBN was utilised in similar quantities (305 pumoles)
yielding low activity. Therefore, AIBNs activity may be insufficient for application in the
oxidation of the least reactive hydrocarbon, CH4.%8

4.4.2 Peroxy- based Initiators

Industrially, benzoyl peroxide is an important diacyl peroxide compound, finding
applications for bulk polymerisation of plastics such as styrene. ’® Furthermore, BPO finds
application in medicine due to bactericidal properties as treatment of acne.””’®

Recently, various peroxide-based initiators have been applied to polymerisation-based
self-healing systems, including BPO.” In contrast to azo-based initiators, the complex
radical pathways resulting from homolytic cleavage of 0-O bond is strongly dependent
upon solvent employed.® For BPO, solvent polarity may influence the rate of radical
decomposition with ethanol producing rapid decomposition. Alternatively, the use of
aromatic solvents such as benzene produces a stabilising influence.®

The benzoyl peroxide promoted phenanthridinylation of simple alkanes using isonitrile
was reported by Sha et al.®1. Subsequent C-C bond formation was promoted by C-H bond
cleavage, with Fe -catalysed reactions displaying yields of ca. 67% at 100 °C. Alternatively,
removal of transition metal catalysts for BPO only catalysed reactions displayed higher
yields of ca. 76%. For the oxidation of benzyl alcohol, the application of BPO as radical
initiator was shown to increase the rate of auto-oxidation for benzaldehyde to benzoic
acid.®

Utilising oxo-vanadium(lV) catalyst complexes the oxidation of cyclohexane was
investigated using mild reaction conditions using homogenous and immobilised forms.®
For reactions with an homogenous oxo-vanadium (IV) complex, the application of BPO
showed TON 1030 h? for conversion of cyclohexane to cyclohexanol and cyclohexone.
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This activity was comparable with alternative peroxy-compounds such as m-
chloroperoxybenzoic acid (mCPBA) where a TON 1110 h* were achieved.

Subsequently, BPO was selected as an organic peroxy initiator for the oxidation of CHa,.
Initial screening was carried out at 80 °C in a mixture of BPO and HFB using an autoclave
reactor. Investigations began using an excess of BPO (250 pmoles), with total volume of
HFB maintained at 10 mL. For consistency with AIBN, the investigation of HFB was carried
out by addition of D,O (5 mL). Catalyst mass was fixed at 27 mg, and the reactor
pressurised using CH4 (27.5 bar) and O, (3.0 bar). During testing, stirring speed was
maintained at 1500 pm, beginning at the start of heating and stopped at the end of the
reaction period. The following conditions were utilised unless specified.

Liquid phase products such as methyl hydroperoxide (CH;00H), methanol (CH3OH) or
formic acid (HCOOH) were analysed via *H NMR with the D,0 phase and quantified against
an internal standard consisting 1% trimethylsilane in CDCls. Gaseous products, such as
CO,, were analysed by gas chromatography fitted with FID detector. Products were
guantified using a CO; calibration curve.

Table 4.4: Preliminary investigation of BPO -initiated methane oxidation using 5 wt.% AuPd/ TiO»
carried out at 80 °C for 3 hours.

Radical Products [umol]
) Temperature / °C
Intiator CH3OH HCOOH CH3OO0H CO2
BPO 80 0.30 0 0.04 22.5

Standard reaction conditions: time: 24 hours, temperature: 80 °C, P(CHa): 27.5, P(O2): 3.0 bar, stirring rate: 1500 rpm, all
catalysts (5 wt. % total): 9.77x10° mol of metals equal to 27 mg of solid catalysts, 250 umoles of radical initiator (benzoyl
peroxide, BPO), total volume: 15 mL of D20 (5 mL).HFB (10 mL)

Possessing a 10h ty, at 70 °C, thermal decomposition of BPO is similar to that of AIBN at

65 °C.% Utilising identical reaction conditions to previous experiments with AIBN, a
notable difference is observed in the activity for CH, oxidation after 3 hours. Post reaction
analysis of aqueous D,0 phase detected the formation of small quantities of methanol
(0.3 pmoles) in addition to trace amounts of CH;O0H intermediate.

The high yield of CO, detected post reaction, although concerning, is believed to be the
result of BPO decomposition. After initial homolytic cleave of peroxy- bond to produce
the alkoxy radical intermediate, additional carboxylation can occur to produce a phenyl
radical species (Figure 4.11). The resulting decarboxylation of alkoxy species liberates CO5,
which would suggest the high CO, detected.
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Figure 4.11: Decomposition pathway of benzoyl peroxide resulting in the formation of
initiating radicals. Adapted from reference 84,

4.6 Further Investigation of Benzoyl Peroxide Initiated Methane
Oxidation

During previous investigations, the screening of radical initiators was applied for the direct
oxidation of CH4 using O,. Initial application of the commonly used azo-compound, AIBN,
yielded no activity for the synthesis of selective oxygenates. Alternatively, the application
of peroxy- based BPO showed marked differences in activity for CH, oxidation. Producing
small amounts of selective oxygenates, the oxidation of CH, was carried out at 80 °C using
hexafluorobenzene. The following section will further investigate the variables to improve
previous results.

4.6.1 The Effect of catalyst Mass

Directly influencing the number of active sites present within a reaction, the variation of
catalyst mass is an important variable for consideration. In previous experiments, the
application of 5wt.% AuPd/TiO; (Iw) was carried out under fixed catalyst mass (27 mg),
equating to 9.77 x10°® moles of metal present within the catalyst. During which a small
quantity of selective oxygenates, namely CH;OH was detected. To determine the
relationship of catalyst mass for BPO initiated CH, oxidation, the effect of catalyst mass
was varied.

Previously defined, testing was carried out using a mixture of BPO and HFB (250 pmoles,
10 mL) with further addition of deuterium oxide (5 mL). The reaction was carried out using
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an autoclave reactor at 80 °C. The reactor was pressurised using CH4 (27.5 bar) and 0, (3.0
bar). During testing, stirring speed was maintained at 1500 pm, beginning at the start of
heating and stopped at the end of the reaction period. The following conditions were
utilised unless specified.

Liquid phase products such as methyl hydroperoxide (CH;00H), methanol (CH3OH) or
formic acid (HCOOH) were analysed via 'H NMR of aqueous D,O phase and quantified
against an internal standard consisting 1% trimethylsilane in CDCls. Remaining BPO was
determined via analysis of HFB phase by HPLC fitted with a diode array detector and
products quantified using a BPO calibration curve. Gaseous products, such as CO,, were
analysed by gas chromatography fitted with FID detector. Products were quantified using
a CO; calibration curve.

Dependency of CO2 generation

The resulting decomposition of BPO via homolytic cleavage of O-O leads to the formation
of alkoxy radical species. Suggested in Figure 4.11, the continued decomposition via
decarboxylation can lead to the liberation of CO,, which was proposed as the origin of
high quantities of CO, detected post reaction (Table 4.4). To confirm the source of CO;
evolution, preliminary testing was carried out by substitution of CH4/O, gaseous mixture

with N only.
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Figure 4.12: Relationship of evolved CO; and the BPO remaining for reactions at 80 °C under N, atmosphere
in the presence of varying mass of 5 wt.% AuPd/ TiO> (l) catalyst.
Standard reaction conditions: time: 3 hours, temperature: 80 °C, P(N2): 30 bar, stirring rate: 1500 rpm, all catalysts (5 wt. %

total): catalyst mass varied (7 mg, 14mg, 27mg, 54 mg), 250 pmoles of radical initiator (benzoyl peroxide, BPO), total
volume: 10 mL of D20 (5 mL).HFB (10 mL)
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Substitution to N, atmosphere sees no variation in the quantity of CO, observed when
catalyst mass was changed. Instead, ca. 23.5 umoles CO, was detected post reaction for
all masses examined. Furthermore, consistent amounts of BPO are detected post
reaction (ca.61%), correlating with the CO, evolved during reaction.

Catalysed BPO -initiated Methane Oxidation

Table 4.5: The effect of 5 wt.% AuPd/ TiO: catalyst mass on BPO -initiated methane oxidation
using HFB.

Catalyst Products [umoles] Methanol BPO

Entry Mass Sel.l@ Remaining!®
(me] CHsOH HCOOH CH3O0H CO2 (%] %]
1 54 0.28 0 0.08 21.7 1.3 60.9
2 27 0.29 0 0 22.0 1.3 59.7
3 14 0.30 0 0.04 22.5 1.3 59.5
4 7 0.29 0 0 22.6 1.3 58.7

Standard reaction conditions: time: 3 hours, temperature: 80 °C, P(CHa): 27.5, P(O>): 3.0 bar, stirring rate: 1500 rpm, all
catalysts (5 wt. % total): catalyst mass varied, 250 pmoles of radical initiator (benzoyl peroxide, BPO), total volume: 15 mL

of D0 (5 mL).HFB (10 mL) [a] methanol selectivity calculated as (moles,yygenates/moleStotar proauets)*¥100. [b] Calculated as
(moles BPOynq;/moles BPOyy;4i4,)x100.

Shown in Table 4.5 (Entry 2), the initial investigation into catalyst mass was carried out
using 27 mg catalyst. Producing similar results to preliminary investigations, at 80 °C ca.
60 % of BPO remaining after 3 hours. Despite variations in catalyst mass, no relationship
is observed in selective oxygenates with changes to mass of 5 wt.% AuPd/ TiO, catalyst.
Instead, a consistent CH3OH yield is observed (ca. 0.30 pmoles) and evolution of CO; (ca.
22.0 umoles) detected. Similarly, the concentration of BPO detected post reaction is
unaffected by variation in catalyst mass, with ca. 60% remaining post reaction. The data
shown suggests no requirement for the presence of catalyst for BPO-initiated CH,
oxidation.
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Uncatalysed BPO -initiated Methane Oxidation

Table 4.6: Comparison of BPO -initiated methane oxidation with and without catalyst.

Catalyst Products [umoles] Methanol BPO

Entry Mass CHOH HCOOH  CH:OOH o, Sel. Remaining
[mg] (%] (%]
1 27 0.27 0 0 22.3 1.2 59.9
2 0 0.30 0 0.04 22.5 13 59.5

Standard reaction conditions: time: 3 hours, temperature: 80 °C, P(CHa): 27.5, P(O>): 3.0 bar, stirring rate: 1500 rpm, all
catalysts (5 wt. % total): catalyst mass varied, 250 pmoles of radical initiator (benzoyl peroxide, BPO), total volume: 15 mL

of D0 (5 mL).HFB (10 mL) [a] methanol selectivity calculated as (moles,yygenates/moleStotar proauets)*¥100. [b] Calculated as
(moles BPOyinq;/moles BPOyy4i4)x100.

To determine whether the catalyst possesses an influence for BPO -initiated CHs
oxidation, reactions were repeated with and without 5 wt.% AuPd/TiO, catalyst.
Maintaining BPO concentration at 250 Umoles, experimentation with catalyst present
produced 0.27 pmoles of CH3sOH with ca. 60 % BPO remaining (Table 4.6, Entry 1). This
result is consistent with previous experiments conducted under identical reaction
conditions. In the absence of catalyst, a similar yield of selective oxygenates is observed
after 3 hours. Analysis of aqueous D0 phase via *H NMR detected 0.3 moles of CHsOH,
with post reaction BPO determined to be ca. 60% of initial concentration. Therefore,
strong evidence is presented demonstrating that catalyst is not essential for the oxidation
of CH4 by BPO.

4.6.2 The effect of BPO concentration

In previous investigations, the variation in catalyst mass was found to produce no changes
in the overall formation of selective oxygenates. Subsequently, BPO -initiated CH,4
oxidation is independent of catalyst mass, and dependent only upon BPO concentration.
Here, the relationship between BPO concentration and selective oxygenate formation
was investigated by examining reactions using 50, 125, 250 and 500 pimoles of BPO. In
addition, reactions were repeated without the presence of catalyst to further investigate
if any influence can be discerned.
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Figure 4.13: Dependence of methanol formation on BPO concentration in the presence (®: Catalysed) or
absence (€: Uncatalysed) of 5wt.% AuPd/ TiO, (P25) (l.,) catalyst.

Standard reaction conditions: time: 3 hours, temperature: 80 °C, P(CHa): 27.5, P(O2): 3.0 bar, stirring rate: 1500 rpm, all
catalysts (5 wt. % total): 9.77x10° mol of metals equal to 27 mg of solid catalysts, pimoles of radical initiator varied (BPO)(50,
125, 250 and 500, total volume: 15 mL of D20 (5 mL).HFB (10 mL)

Examination of the influence of BPO concentration began with 50 Jimoles BPO, detecting
only trace amounts of CHsOH (Figure 4.13). The reduction in initial BPO concentration,
sees a significant decrease in detected CO, (ca. 4.0 umoles) post reaction. Increasing to
higher concentrations of BPO sees a correlation with production of selective oxygenates.
That is, increases in BPO concentration from 50 pimoles to 125 moles sees 0.11 pimoles
CH3OH produced. This increase continues for all concentrations examined, observing 0.38
pHmoles of CH3OH at 500 umoles BPO. Additionally, a relationship is observed in BPO
concentration and post reaction CO, detected, beginning at ca. 4.0 umoles at lowest
concentration and a maximum of ca. 38 pmoles at highest examined concentration.

Continuing to investigate the influence of catalyst, reactions were repeated without
5wt.% AuPd/ TiO,. lllustrated in Figure 4.13, only marginal differences are observed
between reaction with and without catalyst.
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4.7 Methane Oxidation using in situ H202

Industrially, the generation of H,0, from H, and O, in situ as terminal oxidant provides a
more desirable approach to preformed H,0,. Instead, the pre-formed H,0; used is
exclusively produced by the anthraquinone oxidation process on large scales to produce
economic viability.® Alternatively, the economically and environmentally cleaner direct
synthesis of H,0, from H, and O, using catalysis offers an attractive alternative to
oxidation catalysis. Importantly, the direct synthesis of H,0, onsite provides a small-scale
route to dilute concentrations of H,0,.2° This is a major advantage over current large-scale
processes, removing the hazards associated with high H,0, concentrations.®

Demonstrating high activity for catalytic oxidation®8” and the direct synthesis of H,0,%%
% AuPd catalyst are of great interest for the synthesise H,0; in situ for catalytic oxidation.
Reported by Hutchings et al.’? the oxidation of benzyl alcohol to benzaldehyde was
demonstrated using bimetallic AuPd catalysts. Carried out at 50 °C, generation of H,0; in-
situ was demonstrated ca. 6% conversion at ca. 85% selectivity. This contrasts with routes
typically employing elevated temperatures (>100 °C) for oxidation using molecular
oxygen.

Ab Rahim et al. similarly applied in situ generation H,O, for the selective oxidation of CH,4
in aqueous solution using 5wt.% AuPd/TiO,.**> Although resulting in a lower catalyst
productivity for oxygenates, CH3OH selectivity improved (68% vs 49%). Importantly, H,0,
reactivity yielded a 3 -fold improvement when compared with similar quantities of
preformed H,0,.

Therefore, given higher gas solubility, the in situ generation of H,0, was investigated for
CH, oxidation using HFB. The in situ oxidation was carried out at 50 °C in a mixture of HFB
(10 mL) and D0 (5 mL) using an autoclave reactor. For in situ synthesis of H,0, a gas
composition of CH4 (75.86%), H, (0.86%), O, (1.72 %) with N> (21.55%) as a diluent was
used with a total pressure of 30.5 bar. Testing was carried out using 5 wt.% AuPd/TiO,
with the mass of catalyst was fixed at 27 mg. During testing, stirring speed was maintained
at 1500 rpm from the initiation of heating to the end of reaction period (30 mins). These
conditions were used, unless specified otherwise.

Liquid phase products such as methyl hydroperoxide (CH;00H), methanol (CH3OH) or
formic acid (HCOOH) were analysed via *H NMR of aqueous D,0 phase and quantified
against an internal standard consisting 1% trimethylsilane in CDCls. Gaseous products,
such as CO,, were analysed by gas chromatography fitted with FID detector. Products
were quantified using a CO, calibration curve.
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Preliminary Investigation

Table 4.7: Comparison of catalytic activity of 2.5wt.% Au- 2.5wt.% Pd/TiO, (P25) (l) for
methane oxidation using in-situ generated H,0, from H; and O,.

Products [umol] Oxy. Meth. H20:2

Entry Support  Solvent CHOH HCOOH CH:00H  CO Sel..l  sel.’l  Remain.!!
’ ’ el % [umol]

1 TiO2 H20 0.95 0 0.7 0.65 716 413 <30
2 TiO2 HFB/H.O0  0.33 0 0.12 1.34 252 18.3 <30
3 Carbon HFB/H20  0.28 0 0.19 144 246 147 <30

Standard reaction conditions: time: 3 hours, temperature: 80 °C, total pressure: 30.5 bar, Gas composition: CH4(75.86%),
N2(21.55%), H2(0.86%), 02(1.72%):, stirring rate: 1500 rpm, all catalysts (5 wt. % total): 9.77x10® mol of metals equal to 27
mg of solid catalysts, 250 pmoles of radical initiator (benzoyl peroxide, BPO), total volume: 15 mL of D,O (5 mL).HFB (10
mL) [a] Oxygenate selectivity calculated as (moles,.ygenates/MOleSiorar proauces)¥100. [D] Methanol selectivity calculated as
(MoOleSmotnanot/MOLEStorar proauets)¥100. [€] Calculated as  (molesing/molesqminia)x100. Oxy. Sel.: Oxygenate selectivity, Meth. Sel.:
Methanol Selectivity, H,02 Remain.: H202 remaining.

For comparison against HFB, the in-situ oxidation was carried out using agueous reaction
media (H20, 15 mL). Shown in Table 4.7, under aqueous conditions 1.65 pmoles of
selective oxygenates is produced with ca. 71 % oxygenate selectivity (Entry 1). The
observed activity is comparable with reported work by Ab Rahim et al.?* producing 1.6
Hmoles of selective oxygenates. The achieved oxygenate selectivity, however, is lower
than reported work (ca. 71 % vs ca. 83%), resulting from greater CO, detected post
reaction. Similarly, primary oxygenate selectivity lies towards CHsOH (ca. 41%).

Evaluation of the effect of HFB in the in-situ generated H,0, for CH4 oxidation began with
5 wt.% AuPd/TiO (Entry 2). Notably, lower activity is observed for selective oxygenate
formation, producing ca. 0.45 pmoles primary oxygenates. As observed with previous
reactions using HFB, selectivity of primary oxygenates lies with CH3OH (ca. 18%) and
adventitious CO; results in high values detected post reaction.

To improve the interaction between active solvent phase and catalyst and promote
catalyst activity, hydrophilic TiO, support was substituted for the hydrophobic carbon
(Darco G60) support.®*** Even so, no variation in activity is observed for 5 wt.%
AuPd/carbon with comparable selective oxygenates produced after 30 minutes (ca. 0.47
pMmoles) with similar oxygenate selectivity ca. 25%.

The Effect of Solvent ratio

Initial investigation into the applicability of HFB for CH, oxidation using in-situ generated
H,0, compared catalyst activity against reaction carried out in H,0,. lllustrated in Table
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4.7 are reactions that were carried out under aqueous conditions and which
demonstrated significantly higher activity for the production of primary oxygenates.

Reported by Flaherty et al.®®, the formation of H,0, is proposed to occur via a two-electron
oxygen reduction reaction, requiring a protic solvent for facilitation of H,O, formation.
Experiments compared H,0, formation for protic (H,O and CHsOH) and aprotic solvents
(acetonitrile or dimethyl sulfoxide), concluding a 10° -times greater turnover rate for H,0,
synthesis in protic solvents.

Therefore, to further elucidate this dependence for in-situ generation of H,0, for CH,
oxidation, the effect of solvent ratio was investigated. Utilising previously defined
reaction conditions, total solvent was maintained, whilst ratio of HFB and D,0 solvent
mixture was varied.

—&— Methanol —l— Methyl Hydroperoxide —@— Carbon Dioxide
—a&A— FormicAcid - @ Oxy. Selectivity - - Meth. Selectivity
1.8 100
1.6 - 90
- 80 X
" 14 L ~ -
Q -70 2 >
c 12 . > S
£ 60 BB
310 — 2 3
- Q
) - 50 g %
0 0.8 I Y5
=} 40 + O
8 06 ’ e 5
& 30 B E
0.4 I <=
20 & =
02 L 10
00 + 0

0 2 4 6 8 10 12 14 16
Volume of D,0 / mL

Figure 4.14: The influence of HFB and D,0 solvent ratio upon the oxidation of methane
by in-situ generated H,0, using 5wt.%AuP/TiO,.

Standard reaction conditions: time: 3 hours, temperature: 80 °C, total pressure: 30.5 bar, Gas composition: CH4(75.86%),
N2(21.55%), H2(0.86%), 02(1.72%):, stirring rate: 1500 rpm, all catalysts (5 wt. % total): 9.77x10® mol of metals equal to 27
mg of solid catalysts, 250 pmoles of radical initiator (benzoyl peroxide, BPO), total volume: 15 mL of D20 (5 mL).HFB (10
mL)

Initial investigation considered a single HFB phase as reaction media, removing D,0 as the
second solvent phase. lllustrated by Figure 4.14, the absence of an aqueous phase results
in only small amounts of primary oxygenates detected post reaction, resulting in low
primary oxygenate selectivity (ca. 6%).
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The introduction of H,O (5mL) sees a small increase in formation of CH3;OH (ca. 0.3
pmoles) and CH300H (ca. 0.12 pumoles), raising primary oxygenate selectivity to ca. 25%.
Further increase of D,0 to produce a 2-to-1 mixture of H,O-to-HFB sees further
improvements to selective oxygenates from lower volumes of D,0. The resulting
formation of CH3OH (ca. 0.5 pmoles) and CH300H (ca. 0.25 umoles) produces an
oxygenate selectivity of ca. 37% with ca. 23% CH3OH selectivity. Even so, the highest
activity was found in an aqueous -only phase, producing CH3OH (ca. 0.95 pimoles) and
CH3sOO0H (ca. 0.7 pmoles). Similarly, the decrease in gas solubility resulting from HFB sees
a decrease in adventitious CO, detected post reaction. Subsequently, oxygenate and
CH3OH selectivities of ca. 71 and ca. 41 % are achieved, respectively. Evidenced by this,
the requirement of H,O or protic solvent is necessary for higher activity for in-situ CHa
oxidation. Proposed by Ohkubo et al.’°, the presence of H,O may also produce a soluble
media to stabilise primary oxygenates formed, prevent overoxidation to CO..

4.8 Conclusion

The perfluorinated solvent, hexafluorobenzene, was used as a method to significantly
enhance the solubility of gaseous reactants such as CHs and O,. This increase was then
investigated for its effect upon the oxidation of alkane C-H bonds, namely CHs and
toluene.

Preliminary investigations were carried out using the model substrate toluene and was
demonstrated using direct oxidation via 0,. Carried out at 160 °C, a near linear
improvement with increasing volume of HFB was discerned. The addition of HFB improved
toluene conversion by ca. 8% over 48 hours when 1:1 volume mixture was used. This
improvement in conversion also maintained selectivity to the desired product,
benzaldehyde (ca. 95%).

Considered a holy grail of catalytic chemistry, the direct and selective oxidation of CH,4 to
CH3OH presents an incredible challenge for industry and academia.®® Furthermore, the
oxidation using molecular O, presents the ultimate goal for an environmentally benign
oxidation process.®’ Therefore, providing a reaction media with significantly higher
concentrations in solution, hexafluorobenzene was applied for the oxidation of CH4 using
0.

The promotion of C-H bond activation was trialled using common radical initiators under
mild reaction conditions (80 °C). The application of azo -initiators displayed no influence
and subsequent experiments yielded no primary oxygenates. Alternatively, the peroxy -
based initiator benzoyl peroxide produced marked improvement with ca. 0.3 umoles of
CH3O0H produced. Although promising, further examination of the influence of catalyst by
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variation of catalyst mass revealed the oxidation of CH, to be independent of catalyst
presence. Instead, activity for the oxidation was only dependent upon BPO concentration
for the synthesis of primary oxygenates.

In lieu of this, activation of O, was investigated by synthesis of H,0, from O, and H..
Extensively reported, bimetallic AuPd catalysts have been demonstrated as efficient
catalysts for the direct synthesis of H,0, from 0O, and H,.8%%%97%8 Also proficient as
oxidation catalysts®>1%, the synthesis of H,0, in situ has been studied as a method of
producing a green oxidation process.’>921%1 Applied to the selective oxidation of CHa, Ab
Rahim et al. reported a three-fold improvement in H,0; reactivity compared to pre-
formed H,0, using an AuPd for an aqueous system.?

Under aqueous-free solvent conditions, the formation of selective oxygenates was
unfavourable despite higher gas solubility, detecting only trace formation of CHsOH. The
introduction of D,O saw marked improvement which continued to improve with
increased ratio of D,0, yielding increases in primary oxygenate formation. Subsequently,
the highest productivity for selective oxygenate formation was observed when an
aqueous system was employed.

Overall, the application of perfluorinated solvent has provided no improvement to the
selective oxidation of CHa. Crucially, further investigation into improving the interaction
of solvent and support are required, believed to limit the activity of AuPd catalysts for
systems.
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Chapter 5:
Conclusion and Future Work

5.1 General Conclusion

Representing one of the greatest challenges for catalytic chemistry, the direct oxidation
of methane (CH4) to methanol (CH3OH) would provide an alternative route to valuable
petrochemicals.! The application would allow currently underutilised natural gas to
supplement dwindling reserves of crude oil as avenue to valuable petrochemicals,
avoiding the current practice of flaring. 2

This primary focus of the following thesis was to investigate the low temperature
oxidation of CH; to CH3OH. Subsequently, the two sections of work were studied as
approaches to address the primary aims of the thesis.

5.1.1 Selective oxidation of methane to methanol using supported Au-Pd
catalysts prepared by Stabiliser-free Sol-Immobilisation

Previously reported as effective catalysts for the selective oxidation of CHs to CH30H),
AuPd/TiO; catalysts prepared by impregnation possess a broad particle size distribution
with varying composition of metal nanoparticles.>* The resulting poor control of catalyst
material yields poor use of preformed H,0, which is required in excess to produce
moderate yields of primary oxygenates. Instead the use of H,0; whilst an
environmentally benign oxidant, requires efficient utilisation to overcome the economic
costs associated with its production, via the anthraquinone oxidation process®>®

The initial aims of this body of work aimed to understand the influence of AuPd particle
size for the oxidation of CH, to CH;OH and demonstrated a structure-activity relationship
to oxygenate formation. In additions to nanoparticle size, however, further influences
from support phase were discerned to contribute to the enhancements in activity
observed.

Continued investigations into the influences demonstrated that a beneficial strong metal-
support interaction was produced when utilising rutile phase TiO,, instead of
conventionally used P25 TiO, comprised of predominantly anatase phase TiO,. Inducing
marked activity for the production of primary oxygenates, the influence of support also
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extended to stabilisation of deleterious metallic state Pd®, which produced high rates of
H,0, decomposition alongside moderate productivity of primary oxygenates.

The reduction of metal concentration was rationalised to limit deleterious activity
towards H,0, decomposition and to compare the influence of significantly decreased
surface area of rutile support (6 m? g vs 45 m? g'l). Therefore, 0.13 wt.% AuPd loading
was used instead of 1 wt.% to produce a similar ratio of metal loading to surface area
(0.022 wt.% m™). The resulting reduction in AuPd concentration significantly decreased
undesired H,0, decomposition and produced catalysts displayed significant productivity
to primary oxygenates with reduced metal concentration.

Consequently, the catalyst produced displayed the controlled decomposition of H,0,,
which facilitated efficient use of H,0, for selective oxidation. The resulting catalysts
exhibited the highest oxygenate productivity of 0.90 mol kgey® h? and TOF was
calculated at 137 h?, significantly higher than previously reported AuPd supported
catalysts.>*

5.1.2 Methane oxidation using hexafluorobenzene solvent

Exhibiting significantly larger gas solubilities for gases such as CHs, O, and H; than most
commonly used solvents, such as H,0, perfluorinated solvents represent highly attractive
and inert reaction media for a wide array of processes.”™

In this section, the application of hexafluorobenzene was trialled as an alternative solvent
to previously established aqueous systems using H,0,, improving solubility of reactants
considerably.>° In addition, the utilisation of molecular O, was investigated as a green,
abundantly available and cheap oxidant. The use of O, represents a considerable
challenge for industry and academia.?

Avenues investigated for incorporation of molecular O, trialled C-H bond activation by
radically initiated H-abstraction or by O, activation via the in-situ generation of H,0..
However, several key issues were found during the investigations. For C-H activation, the
examination of azo-initiators were shown to be inactive for CH4 oxidation. More reactive,
benzoyl peroxide demonstrated low activity for CHs oxidation, but displayed activity
independent of catalyst presence.

Alternatively, activation of O, via in-situ generation of H,0, was trialled. Producing low
activity for HFB only, however, the presence of a second aqueous phase was required to
improve productivity for CH, oxidation. Even so, maximum activity was achieved with an
aqueous only system. The low activity observed with HFB solvent is proposed to originate
from poor interaction of the catalyst with the solvent.
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5.2 Future work

5.2.1 Selective oxidation of methane to methanol using supported Au-Pd
catalysts prepared by Stabiliser-free Sol-Immobilisation

1) Strong Metal-Support Interactions:

Methanol Formic Acid Methyl Hydroperoxide COo, —%—H,0,

1.8 100
16 P25 TiO, supported 197 nm Rutile TiO, supported L 90
[
3 1.4 'Z"’: - 80
s ﬁ 19.6 nm N
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- - 60 £
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Figure 5.1: Comparison of the influence of P25- and rutile- TiO, support upon the catalytic activity of 1 wt.%
AuPd catalysts prepared by SF-S; at 70 °C for methane oxidation.

Throughout investigations for TiO,-supported AuPd catalysts the effect of heat treatment
upon catalyst performance was evaluated through influences to nanoparticle size.
Although relationships were observed, additional influences from the support were
identified during the testing of rutile- and P25- TiO, (Figure 5.1). Importantly, for P25-
supported AuPd, the improvement in use of H,0,; is accompanied by a shift in binding
energy for Pd?** peak of Pd(3d) band. Contrastingly, this phenomenon was not observed
for rutile TiO, -supported AuPd, with no improvement to reducing the H,0;
decomposition observed. The observed shift in binding energy, determined by XPS, was
proposed to originate from strong metal support interactions (SMSI). This is suggested
despite predominantly being observed in reducible oxide supports after high temperature
reducing processes.!? Similarly, the improvement observed for 1wt.%AuPd/ rutile TiO,
with heat treatment showed no correlation with increasing nanoparticle size for both
H,0, decomposition and CH,4 oxidation. This relationship was observed for P25 TiO..
Subsequently, a change in support interaction was concluded to be the cause. Further
observation of geometric influences, via the partial or complete encapsulation of
nanoparticles was not observed during TEM analysis. Therefore, further work is required
to elucidate the origin of the observed increase in binding energy, which may originate
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from (i) oxidative strong metal support interactions (OSMI) or (ii) Phase transition of
predominantly anatase P25- to rutile TiO..

Alternatively, the quantification of metal leaching post reaction may indicate that catalytic
activity stem from homogenous reactions of AuPd nanoparticle in solution. The resulting
activities could then be independent of support.

2) Time-On-Line Analysis and confirmation of CO2
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Figure 5.2: Comparison of the influence preparation temperature upon the catalytic activity of 1 wt.%
AuPd/TiO; (P25) catalysts prepared by SF-S; at 70 °C for methane oxidation.

During the preliminary testing of blank and bare P25 TiO, testing (Table 3.2), initial work
identified the presence of CO, which was attributed to adventitious origins. Consequently,
the resulting inaccuracy limits the assignment of CO, detected during catalyst testing for
CH4 oxidation. Further work is proposed to implement an improved technique for more
accurate determination of CO; in gaseous samples taken after CH, testing.

s Ny i

et COo,

Figure 5.3: Proposed reaction scheme for H-ZSM-5 (30) catalysed oxidation of CHs using H202.13

Furthermore, additional investigation to accurately determine the activity of catalysts,
such as dried only and 400 °C heat treated catalysts (Figure 5.2). The use of time-on-line
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(TOL) analysis can be used to determine the formation of selective oxygenates at shorter
reaction intervals. This may conclude the source of detected CO; after testing to result
from the over-oxidation of selective oxygenates produces at earlier periods.

3) Influence of Catalyst preparation temperature
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Figure 5.4: Comparison of the influence of preparation temperature on the catalytic activity of 1 wt.% AuPd

catalysts supported on (a) P25 TiO, and (b) rutile TiO, for methane oxidation using preformed H,0,. RT:
prepared at room temperature
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Discussed in Chapter 3, the structure-activity relationship between AuPd particle size was
shown to increase primary oxygenate productivity with increasing nanoparticle size. To
further discern the influence, minor changes in nanoparticle sizes were produced by
raising the temperature of catalyst preparation. Importantly, the elevation of
temperature produced catalysts which exhibited improved activity (ca. 2-fold) to room
temperature counterparts (Figure 5.4), with marginally larger mean particle size. Despite
this, the large difference in catalyst activity which displayed similar AuPd size distribution
profiles cannot be explained by small differences in particle size.

Reported by Rogers et al., a similar observation was observed when examining the
influence of solvent for the preparation of Au nanoparticles. Despite producing similar Au
nanoparticle profiles, the variation of solvent decreased achieved TOF for the oxidation
of glycerol. This work highlighted the relationship of nanoparticle structure to catalyst
activity. Therefore, further work may be able to discern the additional influence of
preparation temperature.

4) The Influence of AuPd composition

Reported by Wong et al.1*%6 the room temperature hydrochlorination of trichloroethene
was shown for Pd-on-Au catalysts. Proposing that smaller Pd-on-Au nanoparticle
diameters would allow improved activity for hydrochlorination, Wong et al. produced Au
nanoparticles of ca. 4 nm diameter and studied the effect of different Pd loadings. The
study demonstrated a volcano-like activity with increasing Pd metal loading, however,
maximum activity was observed at 70 % surface coverage of Pd-on-Au. A similar study
was repeated for Au nanoparticles of 10 and 20 nm diameter.

Previously examined by Hutchings et al. for AuPd catalysts prepared by sol immobilisation,
the influence of Pd/Au molar ratio was also shown to increase activity for the synthesis of
H,0,.17'8 Unfavourably, however, a similar trend was observed for the deleterious
hydrogenation of H,0, to H,0. For CH, oxidation using preformed H,0,, varying the
composition of Au:Pd in 5 wt.% AuPd/TiO, produced a volcano-like variation in activity.*
Au only catalysts exhibited the lowest TOF (0.39 h') with low CH3;0H selectivity (37.8 %)
and ca. 60% H,0, remaining post reaction.* Contrastingly, Pd only catalyst displayed
highest CH;OH selectivity (ca. 72%) however, near -complete H,O, decomposition was
observed (ca. 2% remaining.). maximum activity for oxidation was achieved with 4Au:1Pd
ratio, producing 3.46 moles of primary oxygenates with ca. 16 % H,0, remaining.

Preliminary work was, therefore, carried out to understand the influence of Pd surface
coverage for AuPd catalysts produced via sol immobilisation. Inspired by Wong et al.?®,
the preparation of colloidal Au nanoparticles (ca. 20 nm) were further modified with
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varying coverages of Pd layers, before immobilisation to TiO, (P25). However, as seen in
Figure 6.3, the preparation of core-shell Pd-on-Au does not yield marked improvement in
selective oxygenates and activity is not comparable to homogenous nanoparticles of
larger sizes, as evidenced by Chapter 3.

Methanol Formic Acid Methyl Hydroperoxide CO, ——H,0,

1.8 100
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14 - - 80 "
3 70
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- c
g 1 0 2
> 50 8
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o 0.6 1 o
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T

0.4 - L 50

0.2 + - 10

. 20 |
Au only +1 Pd layer +2 Pd layer +3 Pd layer
Catalyst

Figure 5.4: The effect of Pd layer coverage upon Au nanoparticles (ca. 20 nm) for selective
oxidation of methane using preformed H20..

Therefore, further work may consider the influence of nanoparticle composition utilising
a homogeneous morphology. As previously shown, the variation of Pd metal provides a
mode of tuning catalyst activity towards H,0, decomposition which was identified as key
to selective production of primary oxygenates.

5.2.1 Methane Oxidation using Hexafluorobenzene

Describing a green method for the oxidation of alcohols, olefins and sulfides, Sato et al.*
reported substrate oxidation using H,0,. Carried out in organic media, the application of
quaternary ammonium hydrogensulfate as phase transfer catalyst (PTC) facilitated the
oxidation of substrate using H,0; and tungstate polyacid. Similarly, the use of PTC, H,0,
and H,WO,4 was reported for the large-scale oxidation of cyclohexene to adipic acid using
a continuous flow process, achieving a yield of ca. 95% at 99% purity.°

The ion exchange of caesium and rubidium within heteropolyacids have been reported
as excellent supports for AuPd catalyst applied to the direct synthesis of H,0,.%! The
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resulting catalyst saw improved activity due to stabilisation of synthesised H,0, and
decreased hydrogenation activity resulting from the support acidity.

Therefore, the use of heteropolyacids and phase transfer catalyst is suggested as a route
to effectively use H,0,, additionally addressing the proposed poor interaction of catalyst

and solvent.
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Appendix
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Figure A7.1: Time-on-line analysis for H,0, decomposition for 1 wt. % AuPd/TiO. prepared at (a) room

temperature and (b) elevated temperature (70 °C).

Standard reaction conditions: time: 30 minutes, temperature: 24 °C, stirring rate: 1000 rpm, all catalysts (1 wt. % total): 7.24x107 mol of

metals equal to 10 mg of solid catalysts, volume: 10 mL of H,0.[H.0,]: 0.5 M
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Figure A7.2: Time-on-line analysis of H202 decomposition for 1 wt. % AuPd/TiOz (rutile) catalyst prepared at (a)
room temperature and (b) elevated temperature (70 °C).

Standard reaction conditions: time: 30 minutes, temperature: 24 °C, stirring rate: 1000 rpm, all catalysts (1 wt. % total): 7.24x107 mol of
metals equal to 10 mg of solid catalysts, volume: 10 mL of H,0.[H20:]: 0.5 M
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Figure A7.3: Time-on-line analysis for H202 decomposition for 0.13 wt. % AuPd/ rutile TiO2 (Si) prepared at
room temperature.
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Figure A7.4: Structure-activity relationship of 1 wt.% AuPd/TiO2 (P25) for methane oxidation illustrating the
increase in mean particle size results the decrease of H.02 decomposition rates. ® = RT and ¢ =70 °C.

Standard reaction conditions: time: 30 minutes, temperature: 24 °C, stirring rate: 1000 rpm, all catalysts (1 wt. % total): 7.24x107 mol of
metals equal to 10 mg of solid catalysts, volume: 10 mL of H,0.[H.0,]: 0.5 M
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Figure A7.5: Structure-activity relationship for 1 wt.% AuPd/TiO: (rutile) catalyst series for methane oxidation.
Contrasting the P25 series, no link between particle size and H202 decomposition rate is found. ® = RT and ¢ =
70°C.
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Figure A7.5: Structure-activity relationship for 0.13 wt.% AuPd/TiO: (rutile) catalyst series for methane oxidation
correlating H202 decomposition rate with total oxygenates produced after 0.5 h, @ =RT
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Figure A7.6 Structure-activity relationship for 0.13 wt.% AuPd/TiOz (rutile) catalyst series for methane
oxidation showing no correlation between particle size and exhibited rated of H20. decomposition. ® =RT
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Figure A7.7: The intrinsic activity of 0.13wt.% AuPd/ rutile TiO: catalysts prepared by stabiliser-free sol
immobilisation at room temperature for the decomposition of H20;, showing that larger mean particles size
possess higher activity for H.0. decomposition. ® = RT.

Standard reaction conditions: time: 30 minutes, temperature: 24 °C, stirring rate: 1000 rpm, all catalysts (0.13 wt. % total): 9.41x10® mol of

metals equal to 10 mg of solid catalysts, volume: 10 mL of H>0.[H20.]: 0.5 M [a] calculated as Moles 202 decomposea)/ MOLeS (metar surface atoms)/
time (h)
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Table 3A: The effect of post-synthesis heat treatment on the catalytic activity of 1wt.% AuPd/ TiO, (P25) for the oxidation of methane. (Entries 3-6; prepared at room

temperature, Entries 7-10; prepared at 70°C)

Products [umoles] Oxygenate Totz.all TOFHf] H,0; Me.an HZOZ. .
Entry Heat selectivity 4 Productivity!®! Remaining!® Pa.rt|chle Decomposytlon
Treatment CH[i?H HCS}OH CH[i?H o, (%] (mol kg™ h1]  [h] (%] Sizelh Rate[gl.h]_1
[nm] [umol min™]
1 Blank 0 0 0 0.14 0 0 0 97.6 n/a n/a
2 TiO2 0 0 0 0.20 0 0.039 0 97.4 n/a n/a
3 RT, Dried 0 0 0 0.27 0 0.054 0.75 0.3 40+1.4 557
4 RT, 400 °C 0 0 0 0.27 0 0.054 0.74 0.3 6.5+2.1 199
5 RT, 600 °C 0.03 0 0.13 0.16 46.6 0.063 0.88 1.7 83%+20 105
6 RT, 800 °C 0.23 0 0.50 0.17 80.8 0.172 2.38 42.1 19.0+5.1 99.0
7 70 °C, Dried 0 0 0 0.16 0 0.032 0.44 0.3 52114 278
8 70°C, 400 °C 0 0 0 0.14 0 0.018 0.25 0.5 7.5+20 251
9 70 °C, 600 °C 0 0 0.12 0.16 42.5 0.057 0.79 13.3 111+24 145
10 70 °C, 800 °C 0.29 0 1.12 0.16 90.0 0.312 4.31 56.1 19.7+6.2 31

[a]Standard reaction conditions: time: 30 minutes, temperature: 50 °C, P¢y,: 30.5 bar, stirring rate: 1500 rpm, all catalysts (1 wt. % total): 7.24 x107 mol of metals equal to 10 mg for solid catalysts, volume: 10 mL
of Hy0.[H,0,]: 0.5 M. Catalysts were prepared by SF-S; at room temperature (Entries 3-6) or at 70 °C (Entries 7-10). Catalyst is dried at 110 °C, 10 °C min-1, 16 h, static air. Calcined at various temperatures (20 °C
min-1, 3 h, static air). [b] Analysed by H NMR spectroscopy with 1 % TMS in CDCl; internal standard. [c] Analysed by gas chromatography using a flame ionization detector. Values obtained using CO, calibration
curve. [d] Oxygenate selectivity calculated as (moles oxygenates/total moles of products) x 100. [e] Total productivity calculated as (moles(products)/ weight(catalyst))/ time). [f] TOF: Turn-over frequency,
calculated as (moles(products)/ total moles(metal))/ time (h). [g] Remaining H,0, assayed by Ce** (aq.) titration. Calculated as (moles(initial)/ moles(final) x100. [h] Determined by transmission electron microscopy.
[i] H,0, decomposition reaction conditions: time: 30mins, temperature: 24 °C, atmospheric pressure, stirring rate: 1000rpm, all catalysts (1 wt. % total): 7.24 x10”7 mol of metals equal to 10 mg for solid catalysts,
volume: 10 mL of H,0.[H,0,]: 0.5 M.
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Table A7.2: The effect of support pre-calcination for 1wt.% AuPd/ rutile TiO, prepared at room temperature (Entries 2-5) and at 70 °C (Entries 6-9) [2]

Total
Products [umoles] Oxygenate g TOF! H20, Mean Particle 202
Heat .. Productivity L o (h] Decomposition

Entry Treatment CH:OH HCOOH CH.O0H selectivity Lk e Remaining Size Rate

o o) S cod Wy Mol ke [h1] [%] [nm] -

] [umol min]
1 rutile 0 0 0 0.33 0 0.040 0 97.5 n/a n/a
2 RT, Dried 0 0 0 0.26 0 0.052 0.72 0.2 n/a 830
3 RT, 400 °C 0.26 0 0 0.29 47.9 0.109 1.50 2.2 8.7%+3.9 251
4 RT, 600 °C 0.22 0 0.36 0.31 65.4 0.176 2.43 4.5 104+23 147
5 RT, 800 °C 0.45 0 0.21 0.18 83.4 0.163 2.25 2.1 19.6+£5.9 317
6 70 °C, Dried 0 0 0 0.27 0 0.053 0.74 0.2 n/a 530
7 70 °C, 400 °C 0.36 0 0.56 0.15 86.2 0.214 2.95 1.4 80+24 236
8 70 °C, 600 °C 0.30 0 0.73 0.15 87.1 0.228 3.15 23.8 10.8+2.9 243
9 70 °C, 800 °C 0.38 0 0.73 0.16 86.5 0.243 3.35 7.8 22.6 £10.7 158

[a]Standard reaction conditions: time: 30 minutes, temperature: 50 °C, Py, : 30.5 bar, stirring rate: 1500 rpm, all catalysts (1 wt. % total): 7.24 x10”7 mol of metals equal to 10 mg for solid catalysts, volume: 10
mL of H,0.[H,0,]: 0.5 M. TiO; support pre-treated by calcination at 800 °C prior to use in catalyst preparation (denoted rutile). Catalysts were prepared by SF-S; at room temperature (Entries 2-5) or at 70 °C
(Entries 6-9). Catalyst is dried at 110 °C, 10 °C min‘%, 16 h, static air. Calcined at various temperatures (20 °C min-L, 3 h, static air). [b] Analysed by 'H NMR spectroscopy with 1 % TMS in CDCl; internal standard.
[c] Analysed by gas chromatography using a flame ionization detector. Values obtained using CO; calibration curve. [d] Oxygenate selectivity calculated as (moles oxygenates/ total moles of products) x 100.
[e] Total productivity calculated as (moles(products)/ weight(catalyst))/ time). [f] TOF: Turn-over frequency, calculated as (moles(products)/ total moles(metal))/ time (h). [g] Remaining H,0, assayed by Ce**(aq.)
titration. Calculated as (moles(initial)/ moles(final) x100. [h] Determined by transmission electron microscopy. [i] H,0, decomposition reaction conditions: time: 30mins, temperature: 24 °C, atmospheric
pressure, stirring rate: 1000 rpm, all catalysts (1 wt. % total): 7.24 x10”7 mol of metals equal to 10 mg for solid catalysts, volume: 10 mL of H,0.[H20,]: 0.5 M.
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Table A7.3: The effect of reduced metal loading on pre-calcined support for the oxidation of methane (0.13 wt.% AuPd/rutile TiO,)[!

Total TOF
Product |
roducts {umolj Oxygenate  Productivity!e! I H20: Mean 0
Entry ot HCOO selectivity! Remaining®l " artcle  Decomposition
Treatment  CH3OH H CHsOO0H O, ) [%] [mol kgcay™® h° h) (%] Sizelh Ratelsll]
. [b] 2 ’ ’ ] ° [nm] [umol min]
1 Dried 0 0 0 0.22 0 0.046 7.00 0.23 n/a 215
2 400 °C 0.06 0.00 0.41 0.25 64.8 0.142 21.7 55.1 6.5+1.7 10.7
3 600 °C 0.13 0.00 0.86 0.33 75.0 0.252 38.3 75.5 9.3+3.2 25.9
0 19.1+
4 800 °C 0.43 0.32 3.51 0.30 93.2 0.902 137 64.3 45 21.4

[a]Standard reaction conditions: time: 30 min, temperature: 50 °C, PCH4: 30.5 bar, stirring rate: 1500 rpm, all catalysts (0.13 wt. % total): 9.41 x10-¢ mol of metals equal to 10 mg for solid
catalysts, volume: 10 mL of H,0.[H,0,]: 0.5 M. TiO; support pre-treated by calcination at 800 °C prior to use for catalyst preparation (denoted rutile TiO3). Catalyst prepared by SF-S; at RT.
Catalyst is dried at 110 °C, 10 °C min‘%, 16 h, static air. Calcined at various temperatures (20 °C min-1, 3 h, static air). [b] Analysed by *H NMR NMR spectroscopy with 1% TMS in CDCl, internal
standard. [c] Analysed by gas chromatography using a FID methaniser. Values obtained using CO; calibration curve. [d] Oxygenate selectivity calculated as (moles oxygenates/total moles of
products) x 100. [e] Total productivity calculated as (moles(oxygenates) /weight(catalyst))/time). [f] TOF: Turn-over frequency, calculated as (moles(products) / total moles(metal)) / time (h).
[g]Remaining H20; assayed by Ce**(aq.) titration. Calculated as (moles(initial)/moles(final) x100. [g] Determined by transmission electron microscopy. [h] [i] H.02> decomposition reaction
conditions: time: 30mins, temperature: 24 °C, atmospheric pressure, stirring rate: 1000rpm, all catalysts (0.13 wt. % total): 9.41 x10-8 mol of metals equal to 10 mg for solid catalysts,

volume: 10 mL of H,0.[H,0,]: 0.5 M.
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