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Abstract

The use of different solvents and modified carbon supports was investigated to determine their

effect on the catalytic activity of gold on carbeoatalysts for the hydrochlorination of acetylene.

By changing the solvent from that of highly oxidising and harmful aqua regia to simple organic
solvents such as acetone, the conversion of acetylene was maintained and the initial activation
period of thecatalyst reduced. This was attributed to the high dispersion of Au(l) species,
stabilised on the carbon support. Furthermore, the drying temperature used in the preparation
of the catalyst was greatly reduced, from 140 to 45 °C, owing to the high vwglatitite solvent.
Catalytic activity was correlated with the polarity of the solvent; decreasing the polarity resulted
in higher acetylene conversions whilst higher polarities suffered from deactivation due to water

present in the solvent and higher dryitemperatures.

Doping the Au/C catalyst with low concentrations of sulfur increased the conversion of acetylene
significantly, simultaneously reducing the induction period. The most effective method for
increasing the catalytic activity was found to fe-washing the carbon in dilute;BQ, before

the addition of gold. By this method, variation of the concentration g8@ had little effect on

the catalytic activity, in all cases producing a high initial conversion.

Carbons were prepared with a mo@fR | dzY YSNBEQ 2EARIGA2Y YSGK2F
oxygen concentration and greater catalytic activity. The optimum oxygen concentration was
found to be 21 %; introduction of ether groups increased acetylene conversion whilst carbonyls
were deemed respasible for reduced conversion. Notably, these oxidised carbon catalysts were
active at temperatures as low as 130 °C, which would be beneficial for industrial applications.
Other oxidation methods resulted in variation in the oxygen concentration, indgdtiat

specific functional groups were responsible for changes in activity, not solely the abundance of

oxygen.
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1. Introduction

1.1.Catalys

The understanding of the principles of catalysis were founded in the early 1800s. Of the first
catalytic reactions performed, the most notable was that discoveretduis Jacques Thenard

in 1813; the decomposition of ammonia to migen and hydrogen, pesfmed by passing
ammonia over very hot metalsThiswas further investigated in collaboration with Pierre
Dulong, where it was discovered that the catalytic activity was dependent on the metal
employed, in the order of iron > copper > silver > gold > platinum, a trend hitherto uneaser

Although platium displayed lower adtity than the other metals for the decomposition of
ammonia, significant research was carried out on its use by Humphry Davy. Davy placed a
platinum wire above a codas lamp flame. When an excess of egad was introduced, the

flame was extinguished buhe wire continued to be very hot and bright. The wire was also
incandescent and hot in the presence of egak and air. This was the first indication of
heterogeneous catalytic oxidatiohThis research went on to be applied in the preparation of

0 KS YAy Slandp.aEdniuhdiDavy &ontinued this research, by using a fine platinum mesh

in place @ the wire, showing thiasmaller divisions of metal resulted in higher catalytic actitity.

This catalyst was even found to be active at room temperature, becoming very hot when mixed
with alcohol on a porous substance due to rapid oxidation, forming acetic acid. This samge theor
using finely dividedr nanoscale metal was applied to gold catalysts which were previously
thought to be inactive.

Although these were clear examples of catalytic processes, the understanding of how catalysis
occurred was not agreed on for several dBca d @ L (i  $36 gt Déitermayaialisis was y

coined by Berzelius, from the Greek words kata (translated as down) and luein (loosen), which
were combined to form kataluein (dissolve) and then katalti§iee early understanding of
OFrdrtedAad0 LINRPOS&ZasSa LINPINBaaSR FTNRBY (GKS2NRS:
upon catalystinitiation,® to the determination that catalytic processes could/alve multiple

steps, ncluding multiple intermediate products, due to rearrangement of atoms to more stable
aeaidsSyao ¢KAa fSFR (2 GKS RSTAYAGA2Y o0& haild
substance that alters the chemical reaction ratehwitit itself beingparg ¥ G KS FAY I £ L
This definition can be illustrated by the energy diagram showRigurel.1. A catalyst can

provide an alternative pdiway for a reaction mechanism which lowers the activation energy of

the reaction. The rate of reaction will increase in the catalysed process, without the catalyst

itself being consumed, thereby only affecting theetics of the reaction. However, the edyst



will have no effect on the thermodynamics of the chemical reaction, shown by an Edjlad

FNBS Sy idbdhéhe cafaliséd and uncatalysed pathways.

Free Energy

Products

v

Reaction Progress

Figurel.1l. An energy level diagram showing the lower activation energy barrier for a catalysedl (E

versus uncatalysed {Feaction, wherenG is the Gibbs free energy.

The kinetics of aeaction can be better appreciated using equation 1.1.

A+BA C+D(Eq. 11)
In this instance, the reactansandBform productsCandD. The rate of this reactiom)(can be
expressed as shown in equation 1.2.

r=k[A"[B]" (Eq. 1.2)
Where ] and B] represent the concentrations of reactamsand B, respectivelym andn are
exponential factors representing the orders of reactionAjfdnd B]. k is the kinetic constant,

given by equation 1.3.

T 0Q (Eq.1.3)
WhereA s the preexponential factork, is the activation energy (J m9| Ris the gas constant
(3 mot K1) andTis the temperature (K). Therefore, by decreasing the activation energy of the
reaction (via the usef a catalyst), the kinetic constant will be increased, thereby increasing the
rate of reaction. Another factothat can increase the rate of reaction isniperature; as

temperature is increased the kinetic constant increases and therefore the rate tibolVa



catalyst present, temperature is one of the few factors which may be used to increase the rate

of a reaction. Clearly the use of a catalyst therefalecreases the external energy input

necessary for a reaction, resulting in a more efficient pssc& his is one of the key facets of

green chemistry; the environmental impact of chemical reactions and how formation of

pollution and use of nomenewableresources should be minimised. The 12 principles of green

chemistry are summarised in the list bel§°

1.
2.

10.

11.

12.

Waste prevention is preferable to treating or cleaning waste.

Methods should aim to ensure that as much starting materialssible is incorporated

into the final product in order to minimise waste production.

The use of ogeneration of materials toxic to the environment and/or humans should
be avoided.

The product chemicals formed should be minimally toxic whilst still fonati

The use of auxiliary substances should be avoided, otoxin if essential.

Energy requiremets of the reaction should be minimised. Those performed using
ambient temperature and pressure are desirable.

The use of renewable or raw materials is ate@referable to nosrenewable sources.

The use of derivatives should be avoided to minimise theafigxtra reagents or the
generation of more waste materials.

Catalysts (which are reusable) should be used where possible in place of stoichiometric
reageris (which are consumed during the reaction).

The products formed from the reaction should be enviramtally friendly and, where
possible, biodegradable.

Analytical methods should be developed in order to perform-tiaé analysis of the
reaction. This Wi help to monitor and thus prevent formation of hazardous substances.
General safety should be cadsred when choosing the substances needed for a
process; these should minimise the risk of hazards such as explosions, fires or releases

into the environment.

As the impact of chemical processes results in ever more visible effects to our planet, iieis mo

important than ever to focus on green chemistry and, as is discussed in this work, the use of

catalysts to improve reaction efficiencies and minimiseghmduction of waste materials.

1.2.Heterogeneous catalysts

Catalysis was first indirectly noted in luigical catalysts aka enzymes, the name coinedip&



in 1877 to describe cellular fermentati®nto form alcohol from sugar. This term waater
adapted to only include rate enhancement by Horing substances. Enzymes are considered to
be the example by which all metallic catalysts should be compared to in terms of activity.
However, the cost for such higittivity is typically low reaction condition tolerances, as slight
changes in temperature or pressure can often result in a rapid reduatigrerformance or
deactivation. Norbiological catalysts can be split into two forms, homogeneous and
heterogeneousHomogeneous catalysts are in the same phase as the reactants. An example of
this is the decomposition of ozone to form oxygen, using @imoas the homogeneous catalyst.

Cl+ QA CIQ

CIQA CIO+©

Clo+® Cl+0
Overall reaction:

O;+0A O

The se of homogeneous catalysts can result in difficulties separating the catalyst from the
reactants and products poseaction, as well as afh suffering from short catalyst lifetimes,
thermal instability and general fragiliy.Heterogeneous catalysts are in a different phase to
the reactants. Industrial processes typically favour the use of hetm@aus catalysts; indeed
85 ¢ 90 % of industrial reactions rely on the use of heterogeneous catdf/stswever these
catalysts are not without problems as high reaction temperatures can lead to over consumption
of reactants and low selectiv@ts, which again may cause concern for their environmaknt
impact!! Generally speakinghese issues are offset by the benefits of heterogeneous casalys
such as their durability, ease of practical handling and separation of the catalystepasbn.
Typically, reactions involving heterogeneous catalysts occur on the surface of thystcatakere
nanoparticles have been deposited on bulk materiate tise of nanoparticles or, smaller still,
atoms of metals finely dispersed on suppoftelps to mitigate the cost of catalysts in industry.
Using bulk metals would not only be prohibitivelypensive but would also often result in a
poorer catalytic actiity.
The size of the supported metal has a significant impact on the catalytic attigitsthough
different metals and metal sizese chosen dependent on the reaction, there are several factors
which hold true in all cases. Visually, the catalysts will change in colour as the size of supported
metal is decreased from amoparticle to cluster to single atoms. This will affect the
photocatalysis as the plasmon of the catalyst is altéfeB8ingle atom catalysts are more likely
to be geometrically stable than metal clusters, for example, astensi have a greater number

of configurations available to therithey are therefore more likely to be affected by factors such



as the support, reactants, reaction conditions and cluster ch&rtyjereasing the sizef clustes

to metal nanoparticles results in greater stability foetoverall particle, however the exposed
surface atoms at the caers, edges and metalupport interfaces may change under reaction
conditions!®!’ The dectronic structures of thesystemsare also affected byheir size Figure

1.2). In single atoms the electronic structure is highly dependent on the surrouhgargls and
solvent!’ Metal clusters have more complex electronic interactions as multiple metal atoms
result in more orbital overlaps. The eleatic interactions become cluster size dependént,
especially significant as the cluster changes from planar to 3D geometry as a resgiieafea
number of atoms, resulting in less efficient orbitakolaps!® Increasing the size to nanoparticles
results in a much smaller band gap between HOMO and LUMO, which forms a continuous energy

level in particles larger than 2 nff.

Nanoparticle Cluster Single atom

0.1 nm

Geometric
Structures

Electronic
Structures

Figurel.2. Nanoparticle, cluster and sileggatom geometric and electronic structures.

Metalenergyband  Molecularorbitals Atomic orbitals

1.3.Catalysidy gold

Bulk gold has been known as an inert material for centuries, hence its most common application
in jewellery and coinag€s® This is due to the full 5drbital prohibiting interaction with
elements such as hydrogen and oxydéf?,and the contracted, stabilised 6s sh&lf’ Only

within the past 40 years was it discovered that, upon reducing the size ofmgaierialsto
nanoparticles, the metal becomes highly active, with huigeplications for catalytic
applications®® The breakthrough discovery for catalytically active gold was discovered due to

work performed by Harutat al. on the CO oxidation reactiofl.This was closely followed by



Hutchings and his work on the acktye hydrochlorination reactioff, discussed in greater
depth insection1.5.2.2

Decreasing the size of gold from bulk to nanometer scale results in a greater coveraglof m

on the surface of the catalyst support, which causes a greater mobility of gold atoms. As the
number of individual surfacegold atoms increasesthe number ofindividual reaction sites
increasesand the surface area of gold in contact with theport increases, introducing more
reaction possibilities. These all explain the high reactivitgatl nanoparticles for the CO
oxidation reactior?® The optimum size of gold nanoparticles for the CO oxidation is still under
debate, although generally it has been shown that a range oigc®3 nm results in active
catalyss 2% whilst decreaig the size to atomically supported gold has had mixed re&tits,
complicated by such factors as the nature of the support, the-gafgbort interaction, and gold
valence state®

Supported gold atoms can, however, be very active for other reactions such as methanol steam
reforming?® ethanol dehydrogenation reactiof’sand the watergasshift reaction33° with

more being discovered due to advances in spectroscopy techniques such as scanning

transmission electron microscogy*

1.4.Activated arbong catalyst and support

In catalysisthe nature of the support can directly influence the catalytic activity, for exangple a
observed in gold catalysts for the CO oxidation reaction; the support may influence the
activation of reactant species, as observed with the activation g @articipate in redox
processeshy supplying oxygen from the surface lattir work in synergy with the supported
metal to from the productsuch as the Al interface of Au/Ti©forming CGO, complexes'

or the electron transfer between Au and ZnO to facilitate the oxidatib@O?°

The support used in this work was activated carbon. Carbon has been used for several
applications in catalysis; as a catalyseif?® for the production of phosgen® and sulfur
halides?® or the catalytic removal of SINQ from flue gases?*°or as a catalyst support, well
documented in several industrial and fine chemical séte

Activated carbon can be easily recovered from precious metal catalysts via combustiong mak
it a very useful support for catalytic reactions performed on an industrial $¢alee stabity of

the support in aidic and basic media>®is anadvantage ovethe use ofsupports such as
alumina and silica, which are dissolved at high pHs and the former also in IG&°pHss makes
carbonespecially suitable for use in the acetylene hydrochlorination readsectionl1.5.2),

where the reactantpure HClis presentin excess.Carbon will naturally reduce metals such as



gold during the catalyst preparation, as noted when using deposjiregipitation for Au/C
catalysts>®

As there are such a large variety of carbon sources available, variation between batches
carbon materialds common resulting in differences in surfadeusture and chemical group
distribution. Impurities such as calcium, potassium and iron are also a common feature of
carbons, caused by various washing treatméatShis may affect the distribution of the
supported metal, directly influencing the catalytic performance. It is this vari#ti@ircan make

it difficult to determine the useful components of the support.

Activated carbon is derived from a graphitic structure, typically comprised of a much higher
surface area than graphite and a large variation in pore structures. The addition of heteroatoms
to the arbon results in different functionalities, dependant on the concentration and species
added. Nitrogen groups may be added by the reaction of a nitrogen containing compound, such
as ammonia; or via the use of nitrogegontaining precursor?® Oxygen functionality can be
readily introduced via exposure of carbon to the atmosph&rEurther oxidation is made
L2aaArotsS o0& 2GKSNJ YSGK2Ra adzOK | a GKSL | dzyYYSN
The amount of oxygen present also relates to the pH of the carbon in agueous dispersion;
generally more oxygen results in a more acdigpersiorf® resulting in more cationic exchange
properties, whilst carbons with a lower oxygen content have a more basic dispersion and anionic
exchange behaviol.Species such asrboxylic acidanhydrides, lactonedactols and phenols

are acidic, whilstarbonyl and ether oxygemay form quinone, chromene and pyromasic
groups The majority of oxygen groups present are removed from the surface upon heating the
carbon to 1000 °C under an inert atmosphder vacuum.Examples of nitrogen and oxygen

groups introduced to the carbon are shownHigurel.3.
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Figurel.3. Nitrogen and oxygen contairgrsurface groups on carboReproduced from figuré >°

The methods for determining the amount of oxygen on the surface of the carbon began with
2 S K%a0id and base titrations for basic andidic sites respectively. Limitations of this

method® resulted in further development of thiellowing techniques.

1 Fouriertransform infrared (FTIR) in conjunction with diffuse reflectance (DRIETS),
measuring vibrational absorption bands of C=0O groups or C=C -&nhddhds for
example.

1 Xray photoelectron spectroscopy (XPS), measuring the binding energleaifoms
excited from surface groups, determined by analysing tHes Gr Ols energie$® The
main oxygercontaining groups observable in thel€ spectrum of an oxidised carbon
fibre are shown irFigurel.4 and n the Ol1s spectrum irFigurel.5.

1 Temperature Programmed Desorption (TPD), deconvoluting the thermal desorption
peaks of CO and G®volved from oxygen containing grouffsThe temperatures at

which the man oxygen functionalities desorb are showrFigurel.6.
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Figue 1.4. Typical Cls XPS spectrum of oxddd carbon fibres: (1) phenols, (ll) carbonyl groups, (ll1)
carboxyl groups, (IV) plasmon pedteak at 284.8 duetsp carbon.Black solid line indicates raw data,
grey dotted line indicates raw data fifjner grey lines indicate fitting of functional groufpeproduced

from figure 4%
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Figue 1.5. Typical Ols XPS spectrum of oxidised carbon fibrescdiponyl groups, (II) alcohol/ether
groups, (Ill) chemisorbed oxygen/adsorbed water groBack solid linéndicatesraw data,grey dotted
line indicates raw data fit, inner grey lines indicate fitting of fuoral groupsReproduced fronfigure

4_67
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Figurel.6. Temperature ranges of functional groups desorbed foarbon, from the evolution of (a) GO
and (b) COReproduced fronfigure 25°

It is important to use an appropriate characterisation technique depending on the carbon in
question as each has their limitations. UsiBRIFTS, functional groups may produce multiple
bandsthat may overlap, making deconvolati of the different groups difficuf* XPS fittings
must be performedusing fittings dependent on the nature of the carbon, be it more graphitic
or aliphatic® XPS can also lead to an oestimation of the total oxygen content in micorporous
carbons, whereas both TPD and XPS perform similarly with mesoporous mateéfials.

combination of the above techniques is most useful to form an accurate qualitative and
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guantitative description of the oxygen functionalify.
Activated carbon washosen as theupport in this worldueto:
1 Ahighstability under harsh acidimonditionsandreactiontemperature
1 Alarge suface area, to facilitate dispsion of atomic gold species
1 Alow impact on catalytic selectivity
1 Adaptable surface chemistry, to introduddifferent functionality whichmay affect
catalytic activity

1 Suitabilityfor scaleup andindustrial appication.

1.5.VCM production methods

Over 30 million tonnes ofhe vinyl chloride monomer (chloroetheneyCWM is produced
annually’® the majority of which goes onto based in the formation ofolyvinyl chloride
((GHsCl), PVGQ typically via suspension polymerisatién,although emulsion and bulk
polymerisation are also viable metho@PVC is the third most commonly used polymer in the
world™ owing to its verstlity; it can form soft, flexible materials such as electrical cable
insulation and clothing or strong rigithaterials, useful for engineering applications such as
piping and furniture trimming$*

There are several methods for the production ofW.Gowever, there are two predominant
methods favoured byJSAand China; the balanced prag® and acetylene hydrochlorination,

respectively, shown ifigurel.7.
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- -

Oxychlorination Oxychlorl nation

Figure 1.7. Schematic of the various routes available for the production of VCM. Balanced process

represented in dashed boReproduced fronfigure 67°

1.5.1. The balanced process

The balanced process involves multiple reaction steps. First ethylene is chlorinated to form
ethylene dichloride (EDC) catalysed by Eke&dcond, EDC is thermally cracked to form VCM. A
third step occus in parallel with these two reacins, the oxychlorination of ethylene, in which
ethylene reacts with HCI and; ©atalysed by Cuglconsuming the HCI produced during the
cracking of EDC.

As shown inFigure 1.8, multiple extra reactions can occur during the oxpcimation of
ethylene. EDC can undergo substitution, elimination and addition, forming unwanted
chlorinated carbon materials, or undergo ov@xidation to formCO and C£°® This shows the
necessity for highly selgge catalysts when the balanced process is utilised. Current research is
looking into the use okthane to replace ethylene, thereby forming VCM directly from the
oxychlorination of ethane, removing the need for the cracking of EDC step.

This process iparticularlyfavouredin the USdue to the availability of of® used to poduce
ethylene, and the reduced safety implications when not handling concentrated acetylene on an

industrial scalg?8°

12



() Gas @ Liquid (g Solid

HCl p,

Substitution

Y hY
Elimination | “

o Some -

N

— CO/CO, ~+—— Over-oxidation | | Coking —»~RNeN. B

Figurel.8. The multiple reaction pathways available during ethylene oxychlorination to produce ethylene

dichloride.Reproduced fronfigure 107°

1.5.2. The acetylene hydrochlorination reaction

China uses coal for acetylene productféf: the coal is cracked with lime to form calcium
carbide, which in turn is used to produce acetylene for the hydroctdtion reaction. This
accounts for over 95 % of Chinese produced #\@is method helps to reduce the cost of PVC
production, due to large coal reserves available in China. In contsaketbalanced process,
the acetylene hydrochlorination reaction involvest one step, the reaction of acetylene and
hydrogen chlorideKigurel.9). This method utilises 100 % of the reactants and typically results
in high product selectivityThe acetylene hydrochlorination reactiortypically performed with

a mercuric or gold chloridbased catalyst.

H H
H — H + H—Cl — >—<
H cl

Figurel.9. Reaction of acetylene with hydrogen chloride to produce the vinyl chloride
monomer.

1.5.2.1. Mercury-based catalysts

In 1985,Hutchings determined that there was a correlation between the standard electrode
potential of metals and their catalytic activity for the acetylene hydrochlorination reaction,

when supported on carborF{gure1.10).82 Hg was second only to Pd for VCM production, the

latter of which suffers from rapid deactivation due to eokormation® KSy OS Y S NI dzN.
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abundant use in industry.
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Figure 1.10. Standrd electron potential versus acetylene conversion for metal chloride catalysts

supported on carbonReproduced fronfigure 2.8

Even before this trend was observed, Hg had been used for this reaction since its discovery in
1912 by Fritz Klatté typically with a 10 wt. % loadirfgHowever, there were two main issues
surrounding the use of this metal for this reactiofirstly, tle high metal loading was
undesirable de to cost, especially as the Hg@®ould sublime at the typical reaction
temperature of 180 °C, thereby leaving an inactive carbon sugpditis resulted in limited
catalyst lifetimes, little wer a hundred day® which directly correlated with metal loadirf§.

The volatile Hgeand reduced Hg would typically be found downstream of the reactor or worse,
find their way into the environmentThis leads to the second main issue, health. The
implications of increased lels of mercury being released into thavironment were discussed

in detail at the Minamata Convention on Mercury in the three years leading to 20M8rcury

is toxic to humas and other species, therefore release of significant quantities into the
environment, especially during the VCM reaction, should be avoided at all costs. The convention
took its name from the Japanese city Minamataieth suffered heavily from mercury poising

due to mercurycontaining industrial wastewater. The agreement, signed by nearly 140

countries, stipulated that the use of mercury in numerous products will be prohibited by 2020.
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For mercurybased catalysts, ggifically for the VCM reaction, the quction of new plants
utilising this catalyst was banned from 2017 and all plants currently using the catalyst must be
mercuryfree by 2022. This has led to a flurry of new research on the use of alternative metals

for the VCM reactiof<®3

1.5.2.2. Goldbased catalysts

The most significant contribution to this field was tliscovery by Hutchings that gold could
catalyse the prodction of VCM. This breakthrough came from replotting the previous work on
acetylene hydrochlorination catalystsusing twoelectron, metal chloride reduin potentials

instead of metal potentialdHgurel.11).
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Figure 1.11. Plot of standard electrode potential versus acetylene vawgion per mol of metal.

Reproduced fronfigure 2%

Not only was the catalyst more aaticompared to Hg by an order of magnituti&ut gold did

not suffer from metal sublimation as was observed in the mercury catalyst. Particle growth and
sintering of Au were considered negligible during the reacffotiUnlike the mercury catalyst,

the gold catalyst could beeactivated This could be achievetiiring or postreactionby flowing

Ch, NO or MO, or by boiling in aqua regia®to oxidise any reduced gold, rendering it active

15



againi®

The active species of the gold catalyst during the acetylene hydniication reaction has been
narrowed down from suggestions of a mixture of gold cationd aanoparticle¥ 1®to solely
single site atomic Au(l) and All)l found using isitu x-ray absorption fine structure (XAFS)
spectroscopy? This is due to the development of methods such as traditidraadsmission
eledron microscopy TEM, which would not be able to resolve sanometer structures to
recently more sophisticated techniques suclabsrrationcorrected annular dariield scanning
transmission electron microscopy (ADF/STEMY<1%% used to view angstrom leveesolution

for subnanometer clusters and atomXAFSvas also usetb detect individual cationic species
(such as Alj)!*41%5 and monitor insitu changes to the catalyst. Using this technique, it was
determined that oxidised gold readily switches from Au(l) to Au(lll) and back duringatti®ne

and that Au(l) is the more active of the two species. This was proven by correlating the
proportion of Au(l/1ll) during the reaction with VCM production, showFhigurel.12. Here the
white line height(normalised absorptio energy is proportional to the Au oxidation state,
where a white line height equal to 1id obtained with an entirely Au(lll) reference and 0.6 with
a Au(l) reference; hence values betweed Bnd 0.6 indicate a mixture of Au(lll/l) states,

respectively

I—C —
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Figure1.12. White line height and VCM productivity of 1 wt. % Au/C catalyst twe, during the
acetylene hydrochlorination reactiofReproduced frm figure 2%°
The use of different solvert® and ligand&’'%®has a direct effect on the activity of the gold
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catalysts due to thie ability to stabilise the Au(l) species. This has led to highly active gold
catalyst with metal loadings as low as 0.1%41°From this, the main cause of goldtalyst
deactivation is clearly reduction of Au(l) and Au(lll) to form At{ah fact the formation of

gold nanopatrticles under reactioconditions facilitates further sintering, resulting in a lower
dispersion of oxidised gold and hence poor catalytic actiilywever, it is also possible to
observe formation of oligomers of acetylene if the concentration of acetylertagis with
respect to HCI, which can preclude carbon fibre formatf§#!?This is one of the reasons why

an excess of HCl is always used during the reaction.

1.5.2.3. Reaction kinetics of Au/C catalyst

Literature hasspeculated numerous mechanisms for the acetylene hydrochlorination reaction
with a Au/C catalystsome suggesting it follows a homogenedile pathway as observed in
KoPtC# salts*® whilst other work suggests this is unlikely owing to the need for an intermediate
pathwaywhich involves the cadsorption of HCI and-B,, resulting in a weak sixembered
ring interaction!!* Literature also has not conclusively determinedetiter the reactants are
co-adsorbed®, or if HCl is added first followed by the addition gfiClt is clear that €4, cannot
be added first or separately as this results in the formation of a stable metal complex which
facilitates the polymerisation of.8,, resultig in the deactivation of the cataly¥t1!4115This
can be avoided using an excess of HCI and choosing a suitable reaction tempeépdturas
been suggested that the reaction is first order with respect to both reactaatsl significantly
in all of these articles it is noted that an oxidised gold redox is necessary for the reaction to
occur. Upon partial reduction to Auhe catalyst will not be as active as the oxidised Yq(l11)
species.
To explore the kinetics of the reaction, a 1 % Au/C catalyst prepared with aqua regia was tested
at low gas concentrations to measure the effecaoétylene and hydrogen chloride, separately,
on acetylene conversion.
In order to obgrve the reaction profile at rates suitable for reaction kinetics to be observed, a
number of conditions were used, as follows;
1. Low reactant gasoncentrations were used to maintain low conversion of acetylene at
200 °C, thus ensuring the reaction was atiable rate of reaction for kinetic studies.
This also ensured that if adsorption of the reactant gases to the catalyst surface occurred
duringthe reaction, the catalyst surface would not become saturated with reactants,
which would lead to a zero ordef reaction with respect to either of the reactants.

2. To remove the variable of changing gold oxidation state from the experimémgs,
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reaction wasfirst allowed to proceedintil steady state conversion was maintainéd.
was assumed from this point on the reaction that the gold oxidation state was
optimised and stableThe concentrations of gases were then altered to determine the
order of reation.

3. A high total gas flow and half the mass (0.045 g) of catalyst used in reactions ensured a
low acetylene onversion. Therefore, it could be assumed that the reaction remained

unaffected by concentration gradients through the catalyst bed.

In both experiments, the concentration of HCI was kept in excess to inhibit the reduction of

Au(l/1) by acetylene. Thesgalts of this investigation are shown in

Acetylene Conversion / %
N
|
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18



Acetylene Conversion / %
w
|

0 J T v T
0.0 0.5 1.0

I |
2.0 25 3.0 35
HCI Initial Concentration / %

|
1.8

Figure 1.13. Determination of orders ofreaction with respect to (top) £ and (bottom) HCI
concentration. A linear dependence was found in both. Reaction donditCatalyst (0.045 g), 200 °C,
ambient pressure, various concentrations of gases (HCI in excess) balanced with Ar at fixe&® oaLof

min™,

These show that the reaction is first order with respect to acetylene and first order with respect
to hydrogen chloride. Therefore, the overall reaction kinetics is second order. These results
concur with XAFS studies performed in thisup, in which a concerted addition of acetylene
and hydrogen chloride to Au{Ql is observed to be the first step of the rdaotmechanisnt!!

This also explains the lack of observeddichloroethene, whith wouldresult from the addition

of more than one dissociated HCI molecule pgi:@nolecule; even in an excess of HCI this
product was not observed, nor in any of the experiments carried out in this ®drlcan be
assumed that from this point in the reaction the Au(l)/Au(lll) redox cycle continues with the
reductive elimination of the vinyl chlodmonome, regenerating the more Al{like state to
re-start the catalytic cyclé®!!

In summary, of the two main processes for the production of PVC precursor VCM, the
hydrochlorination of acetylene is still in high demand, especially in areas such as China.
However, the use of high metal loading, lotalslity mercurybased catalysts must be phased
out due to their high toxicity and resultant environmental impact. The most suitable alternative

catalyst is that of the low metal loading, more active and stable-gakkd catalyst, supported
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on robust actvated cabon.

1.6.Project aims

The ains of this work vereto:

1 Remove the need for the harsh, highly acidic solvent aqua regia in order to make the
catalyst preparation more environmentally benign whilst maintaining a high dispersion
for atomically dispesed Au(l) and Au(lll) species.

1 Introduce surface functionality to the carbon support, with an aim towards increasing

the conversion of acetylene for the production of VCM.

1.7.Project Overview

Chapter 3 fouses on the usef alternative solvents for the preparation of gold on carbon
catalysts. The primary aim of thigork was to negate the necessity for high boiling point, high
polarity, acidic solvents, which are detrimental to catalyst stability and intigeddor industial
scaleup. Evidence for the activity and increased stability of these catalysts was explored.
Chapter 4 investigates the effect of acid treatment on the gold on carbon catalyst, both before
and after preparation. The role dfifferent acids and their ancentration is discussed with
respect to the initial acetylene conversion and overall stability of the catalysts under reaction
conditions.

Chapter 5 provides an insight into different oxidation methods that can be performetieon
carbon support. The efttsof different oxidants anéhe amount of oxidant usedereexplored.

A brief discussion on the effect of combining alternate solvents and oxidation is also included.
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2. Experimental

2.1.Introduction

The aim of thissection is to list the preparation methods of catalysts and to explain how the
various analytical technigues operate and were used in this work. A list of the main chemicals

used is also provided.

2.2.Chemicals

The chemicals used in this wonk¢luding their suppliers and purities are listed below.

Table2.1. List of chemicals.

Chemical Supplier Purity / %
5 % Acetylene/argo(GH,/Ar) - gas mix BOC > 95
5 % Hydrogen chloride/argofHCI/A) - gas BOC > 95
mix

Argon, Ar BIP 99.9999
Hydrochloric acid, HCI Fisher 37
Nitric acid, HN® Fisher 70
Sulfuric acid, F8Q Fisher 95
Chloroauric acid, HAuGEHO, 49.0 % Au Alfa Aesar 99.99
Chloroauric acid solution, HAUC41.76 % At JM -
Activated carbon, Norit ROX 0.8 JM -
Potassium permanganate, KMnO Sigma Aldrich 97
Hydrogen Peroxide, 8, Fluka 30
Extra DryAcetone, CED Acros Organics 99.8
HPLG&Grade Acetone Fisher 99.8
Methanol, CHOH Fisher >9095
Ethanol, gHsOH VWR %99.8
1-Propanol, gH,OH Alfa Aesar 99.5
1-Butanol, GH,OH Sigma Aldrich 99.8
2-Propanol, eHsOH Fisher %99.5
2-Butanol, GH,OH Sigma Aldrich 99.5
2-Butanone, ¢HsO Acros Organics 99
Ethylacetate, GHsO; Fisher > 99
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Diethyl ether, (€Hs).0 Acros Organics 99.5

THF, @0 Sigma Aldrich %99.9
DMSO, &40S Alfa Aesar > 99
DMF, GH/NO Alfa Aesar 99
Cyclohexanone, 8100 Sigma Aldrich %99.0
Ammonium sulfate, (NPpESQ SigmaAldrich 99
Sodium sulfate, N&Q Sigma Aldrich 99
Sodium thiosulfate, N&Os Alfa Aesar 99

2.3.Catalyst preparatiomethods

2.3.1. Preparation of supported gold catalysts via wet impregnation

Chloroauric aciq20 mg) was dissolved in aqua regia (3 HCHND), or other solvents (eg.
acetone, HSQ, water) as stated(2.7 mL) and allowed to stir for 10 min. The metal precursor
solution was added drop wise, with stirring to ground, activated, dry caif@o®9 g).This
solution was left to stir for h thendried under nitrogen at 40 °C for 16 hUnless specified
otherwise, all catalysts were prepared with a 1 wt. % gold loading, denoted 1% Aol@ent

and the carbon support was used without any additional treatment.

2.3.2. Preparation ofmodified Au/Ccatalyss

In chapters 4 and 5, carbon and Au/C catalysts are modified using sulfur containing solutions
YR GKS 1 dzYYSNBEQ 2EARFGAZ2Y YS(iK2RI NBaLISOGAQD

the experimental section at the start of each respective chapter.

2.4.Catalyst characterisation techniques

2.4.1. BrunauerEmmettTeller(BET}purface area analysis

Background

BranauerEmmettTeller theory uses multiple molecular layers to determine the surface area of

a given sample, removing the inaccuracy of Langmuir theolighatnly considers monolayer
coverage' This theory can be applied to obtain information such as total surface areasjmae
distribution and morpholog. In practice, nitrogen gas (at 77 K) condenses on the surface of the
sample particles as a monolayer. Since the size of the nitrogen gas molecules are known, the

amount of adsorbed gas can be correlated to the total surface area, including the pores.

27



TheBET equation can be given as:

0 QN

L ¥ n
r]r]poopn

Where0 absorbed volume of gas,  adsorbed monolayer volume&, equilibrium gas

pressuref]  saturation pressure ant BET constant
O Qw o O

WhereO heat of adsorption for monolayer formatio heat of adsorption for multilayer

formation,’Y gas constant andy temperature (K).

The BET constant provides a value to determine the affinity between adsorbent and adsorbate.
Values between 100 ar2DO are ideal, whilst below this the adsorbent/adsorbate interaction is
too substantial, rendering the method invalid. A value higher than 200 indicates the sample is
significantly porous.

The BET equation can be rearrangeddrm the linear equation:

bR b

on N U W N VA
This equation can be plotted using the form @& & where® andw — to
find gradient,d — and yintercept — . Onceb is known,S can be found using the
equation:

0 0O0a&
@

Where"Y specific surface ared, ! @I 3 RN2 Q@ nidRnvdluime ¢f ditbogen and

a  mass of the solid sample.

Experimental
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Samples were degassed at 12D overnight with a Quantachrome Flovac degasser and then
weighed accurately before analysis using a Quantachrome Quadrasorb BET. Nitrogen

porosimetry was performed afLl96 °C, over the range R/20.05¢ 0.2.

2.4.2. Xray AbsorptiorFine Structure (XAFS) Spestopy

Background

X-ray absorption fine structure (XAFS) spectroscopy studies the transmission or fluorescence of
x-rays as a result of the interactions of the beam with a solid, liquid or gas saXi###s can be
explained in two areas;-ray absorptionnear edge structure (XANES) and extendedyx
absorption fine structure (EXAFS)gure2.1). XANES is the study of the absorption edge; when
the xray beam is of the specific energy for a core electron to be excited and removed, it gives
rise to a sharp increase in the absorptiontlat particular energy. This tsansition energyis
atomically specific. For the catalysts studied in this work, the focus is solely on theedgel

(2ps2 K 5d transitior), which has ambsorptionedgeat ~11920 eVThe absorption edge has a
strong feature known as the white line intensity due to this transition, which gives an indication
of the oxidation state of the gold, with a greater intensity signifying an increase in oxidation
state 3 Using XANES, information on the electronic and geometric structure can be determined,
as well as the formal oxidation state and coordination chemigtrizinear Combination Fitting
(LCF) of the XANES data can bdgpmed, which fits standard data to the sample in order to
quantify the proportion of different species present. The use of Au standards from different
oxidation states enables calculation of the proportion of different states in the heterogeneous
Au catdyst. These calculations were performed using the Athena software pa¢RagAFS
studies the interaction of the ejected electrons with the surrounding atoms irctimepound.

The electron can be seen to be emitted as a wave, which is back scattered by the nearest
neighbours of the emitting atom. This backscattering will interfere with the emitted electron
wave constructively and destructively, depending if the wauwesia phase or out of phase,
respectively. This interference gives rise to fine structure; the change in absorption which occurs
after the absorption edge. The frequency of these observed-dingcture oscillations is
dependent on the distance between asber atoms and atoms causing bastattering, whilst

the amplitude is proportional to the number of baskattering atoms. Therefore, studying this
postedge absorption gives information on the local geometric structure, the coordination

number and speciof nearest neighbours.
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Figure2.1. XAFS spectrum showing XANES and EXAFS regions and the respective diagrams showing

absorption and scattering of theray beam.

XAF$s typically performed in transmission mode, whéine analysis can be performed at high
temperatures and pressures. The sample is placed in the path of a monochromayib&am
and the intensity before and after analysis is measured. From this tb@rlbance, proportional

to the excitation energy, can be calculated using the equation:

Where i = absorption coefficientx = thickness of the sampld, = intensity of beam after
transmission through sample angk= initial intensityof beam. A reference materiahouldalso

be analysed as a standard, for calibration purpo3&skSanalysis can also be performed in
fluorescence modeg KA OK A& GELIAOFffe dzaSR FT2NJ RAf dzii S
sensitivity. Fluorescence occurs when high energy electrons from upper shells relax into the hole
created when a photoelectron is ejected from a core shiéigfre2.2). The absorbance is
monitored by measuring the intensity of these fluorescengays. This is calculated using the

equation:

olg

WhereF= intensity of fluorescence-rays.

The Auger Effect is another method whereby the generated hole-exdiged as an electron

from an upper core shell relaxes, also releasing a second electron out of the s&igpleZ.2).
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Gold requires hard-rays (>5 keV)o ionisethe core electrons, therefore fluorescence is the
dominant emission whereas Augr emission typically occurs after lower energy (softax

absorption’

Continuum Continuum

-
’,¢‘ -~\
’
J |
4

4
/1
1

—
—

o—e— K O—e—K

Figure2.2. Deexcitation caused by (left}pay fluorescence and (right) Auger emission.

Experimental

X-ray Absorption Fine Structure (XAFS) spectra were recorded &ltBdeamline obiamond

Light Source in Harwell, UK. Measurements were performed using a QEXAFS setup with a fast
scanning Si (111) double crystal monochromata 36 element Ge fluorescence detector. Data
were analysedising Athenafrom the Demeteisoftware package'® Samples were analysed at

the Au lz absorption edge in transmission mode eithiersitu or exsitu. All analysis was
performed with reference to a Au foil standarddaKAuGland AuCt standard compoundsi
minimum of 5 scans were performed on each sanfpteXANES analysiad the data averaged,
resulting in an error value af 5 %.The assistance @tewart Parker and Emma Campbell in
performing the XAFS experimerasthe Diamond Light Source, Harwatidto both and Simon

Kondrat for their assistance in elaborating the data is gratefully acknowledged.

2.4.3. Gas chromatography

Background

Gas chromatographyGC)is commonly used to accurately determine thencentration of
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compounds in a liquid or gas phase samples. The GC consists of three main components, the
injector, the column with oven and the detectdfiure2.3). Firstly, the compound mixture is
injected into the GC; in this work gas samples are analysdth@n continuously throughout

the reaction. These are injected via a-gott injection loop, which allows an empty section of

the loop to be filled with the @s sample without interrupting the flow of the carrier gas during

an analysisThe sample then flows through the column using nitrogen as a carrier gas. The use
of nitrogen ensures there is no interaction of the carrier gas with the mobile phase. The flow
NI S Aa R2dzadSR (2 Syada2NE 3I22R aASLINIiGA2Yy 2
for the stationary phase, whilst maintaining a reasonable analysis speed. The column itself
consists of a packed stationary phase madi-dfinyt2-pyrolidone (surface area 22350 nt¥/g)
contained in a stainless steel tube. These columns can be betwedi® Irbin length and have

an internal diameter of 28 mm. This allows a large volume of gas to be analysed, which can
produce a higher sensitivity than ddary columns however, capillary columns are used for
almost all other analysis due to their high resolution and short analysis times. The column is
heated according to the retention of the sample; the higher the temperature, the quicker the
sample eltes through the column, but less separation will occur. Therefore, as with column

flow rate, a compromise must be made between speed of analysis and separation of analytes.

Injector Detector
Carrier f:i] ).
> ’ #/ Computer
Gas M— P
Column
Oven

Figure2.3. Schematic diagram of a gas chromatograph.

Once separated, the analytes are then detected by a flame ionisation detectofF{§uiDg2.4).
After leaving the column the sample is pyrolysed by a hydrogen flame. The use of hydrogen

results in no detectable trace in the chromatograph. The pyrolysis splits the sample into
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hydrocarbon cations and electrons. These ions generate a current betweerléctrodes

situated next to the pyrolysis source. This current is then translated into a signal, resulting in a
peak on the chromatograph. Using known concentrations of a standard, a calibration curve can
be formedthat can then be used to find hunknown concentration of a sample. Various other
detectors can also be used on a GC; the thermal conductivity detector (TCD) measures a change
in the thermal conductivity of the sample stream compared to a reference stream which, unlike

the FID,doesndiB a dzft G Ay GKS &l YL SQ&d RSAGNHzOGAZ2Y S |
sample to determine the individual masses present. However, FIDS are the preferred detector
when analysing hydrocarbons owing to their higher resolution. Mass spectrometiscissded

in further detail in2.4.48

Anode
Power
Supply
(.
| Compressed
Cathode Ir
<——— Hydrogen
I
Carrier
Gas

Figure2.4. Schematic diagram of a flame ionisation detector.

Experimental

Analysis of the acetylene hydrochlorination reaction was carried out using a Varz80CR5C
fitted with a PoropakN packed column and an FID detector. Stendard reaction conditions
were as follows: injection temperature 100 °C, initial column temperature 130 °C held for 2.5
min, heated at a ramp rate of 10 °C mito 150 °C and held for a further 2 min, detector
temperature 180 °CThis sequence was repted continuously throughout the reaction to

provide timeon-line data.
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Conversion of acetylene was calculated using the formula:

0 QO EREUQI B Q¢ ¢
0t QHQDG HELETD Q GOQE GXHQ O CHIAETR Q &
0t VHQR6 GHELS® Q 6 pTM

Calibration of the main product, VCM could not be performed due to the hazardous nature of
the chemcal. For this reason, a mass balance could also not be determined. In all reactions a
selectivity greater than 99 % was achieved, and the onhprbguct formed was 12
dichloroethane®! VCM selectivity was determined by correlating ttwnversion of acetylene

with VCM peak area counts when no other producerevobserved during the reaction. This
produced an ¥value equal t00.99. Thetheoretical VCM countdrom all reactionscalculated

from acetylene conversion, ave compared to those of the experimental values with a greater

than 99 %correlation.

2.4.4. Mass spectrometry

Background

Mass spectrometry (MS) can be usediie with gas chromatography or, as in this work, in
tandem. This technique is especially useful for identifying unknown compounds produced during
a reaction, owing to its higaccuracy. To analyse the gas streamaliquot is injected through

a capillary columrhefore being introduced to a vacuum. The sample is then bombarded by an
electron stream, resulting in a positively charged, ionic sample, although in rare casegiaeneg
sample can also be formed and detected. The peak resulting from the highest mass/charge ratio
is the molecular ion, which is the weight of the original sample. Multiple smaller ion fragments
are also formed and detected, which are indicative of tample composition. Various methods

of mass selection are available such as ion traps, -tifffeght or, as used in this work,
quadrupoles. A quadrupole consists of four equidistant, parallel rods which each exert an
electric field when a radio frequencyternating voltage is applied. The sample is attracted and
repelled to each charged pair of rods, whilst also being accelerated down the rods, before
settling into a steady path to the detector. lons which are not of the selected mass/charge ratio
are distarged on the rods or removed by the vacuum. This radio frequency quadrupole field is

highly selective for certain mass/charge ratios and can be continuously tuned during the
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reaction to scan for different mass/charge ratios. The positively charged saiopliacts the
detector, forming a current which is translated into a peak signal, whose intensity is proportional

to the concentration of the iof?

Experimental

Analysis was carried out using a Hiden Analytical, QGA gas analysis mass spectrometer, equipped
with a quadryole detector. The gas flow from the reaction stream was analysed continuously

to confirm the production of vinyl chloride monomer and to determine if there was any by

product formation. This was used for qualitative analysis purposes only.

2.4.5. ICPRMS

Backgraind

Elemental analysis of solutions can be performed using Inductively Coupled Rlddass
Spectrometry (IGIRIS). This technique uses a plasma torch to ionise the sample, which is then
directed to a mass spectrometer. No separation between the elemefitgerest and the bulk
sample occurs during the ionisation process, so full elemental detection and quantification is
assured.

The sample is first introduced to a nebuliser via a peristaltic pump. Here, small droplets of the
sample solution are hit with perpendicular stream of argon, creating an aerosol. The majority
of this aerosol is condensed on the spray chamber walls and removed as waste, whilst a small
fraction is directed to the torchn the ICP torch, argon is flowed through the outermost to o
three concentric quartz tubes. The argon forms a plasma when a spark is introduced to the gas
stream; ionised argon cations and electrons (from the spark and those released from argon
atoms, accelerated by the surrounding induction coil) continuousliideobnd recombine,
resulting in high temperatures in the order of 6,0000,000 K at different regions of the cone
shaped plasma. A second flow of argon through the first and second tubes determines the height
and hence temperature of the plasma cone.

The aerosol containing the sample of interest is introduced to the plasma via the central quartz
tube. The sample undergoes atomisatiofirstly the sample is dried at the high temperature,
then heated to a gas. These atoms absorb energy from the plassidting in ionisation upon
emission of an electron. The temperature is adjusted dependent on the element being analysed
in order to maximise first ionisation efficiency and minimise second ionisation (removal of two
electrons). These ions then travel toethinterface. The interface is an intermediary zone

between the ICP and the MS. Here the sample ions are cooled, resulting in expansion of the gas.
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A fraction of this is then directed to a vacuum chamber before introduction to the quadrupole

mass spectromier at the correct temperature and pressute.

Experimental

200 mg of oxidised carbon prepared with 2.5 g of KiMw@s stirred in 50.0 mL of deionized

water for 16 h. The powder was allowed to settle, then an aliquot of the solution was filtered
using aPTFE micropordltier (Fished NI YRt X ndnp >Y0d ! yIAfagt@ah a 4| :
Department in Cardiff University using an Agilent 7900MSRvith I-AS autosamplerA five

point calibration curve was run using certified potassium and manganese SRMs and Internal
Standard infused inline during analysis. Analysis was carried out using Helium mode in the ORS3
(Collision/Reaction CellThe sample solution was injected && times and the average value

was taken.

2.4.6. Fourier Transform Infrared Spectroscopy (FTIR)

Background

Infrared detectors measure the absorption of different wavelengths of light by solid, liquid or
gaseous samples. This is achieved by directing a sdisofeet wavelengths at a sample,
measuring the absorption of light, then directing a second set of wavelengths, measuring this
absorption, and repeating this with continually differing wavelengths over a short time period.
The Fourier Transform is an atijbm used to calculate the absorptions by the sample at the
different wavelengths.

Infrared spectrometers can analyse a wide spectral range; for the study of catalysts, analysis is
commonly performed in the mid infrared region (50Q@00 cm?). This ishe range in which
functional groups and probe molecules (for example CO) vibrate due to a change in dipole,
resulting in different absorptions of infrared radiatiéhConversely, homonuclear diatomic
molecules such as;H® & N; are not infrared active as no change in dipolews. Analysis can

also be performed in the near infrared (1289@000 cm') and far infrared (5@ 1000 cm')

regions.
Experimental

All samples were analysed using &ingadzu IRAffinindS fourier transform infrared

spectrophotometer. Scans weperformed in the rangg00¢ 4000 cnt.
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2.4.7. Powdenx-ray diffraction

Background

Powder xray diffraction (XRD) is used to determine the crystallinity of a sample and is especially
useful in catalysis to determine the size of metal nanoparticles on the catiipgerprints of
known crystalline phases have been compiled in databases so can readily be compared for
identification. A sample is prepared by placing the powder in a flat;stiaped holder. Xays

are generated by bombarding a metal, for example E&y),Mo with an electron beam. These x

rays are directed through a monochrometer to form a parallel, uniform beam, collimated, and
directed at the sample. The wavelength efays emitted iselated to the distance between
atoms in a sample, so whehe xrays are scattered by the sample atoms, a diffraction pattern
Ad FT2NX¥SRO {OFGGSNRAY3 200d2NE | OO2NRAYy3I G2

¢ _ CQOE}

Wheren = an integer<= wavelength of xays,d = interplanar distance and = angle between

the beam and the normal of the reflecting plartédqure2.5).

Figure2.5. Diagram showing Bragg diffraction efays.

Constructive interference occurs when the difference in wavelengths of the scatteagxs

equal to an integer number. This results in an increase in detectionrayfs<at a ertain angle,
causing a more intense signal. The more amorphous the sample, the less coherent the
scattering, resulting in low intensity scattering over a wide angle and therefore a broader peak.
As the xray wavelength is fixed, peaks will only resultnfr@ertain angles of reflection, 2
specific to certain crystalline structureBigure2.6). Thus, a plot of angle, versus intensity is

formed, showing the distinct crie planes of the sample.
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Figure2.6. Schematic diagram ofray diffractometer.

When used in conjunction with the Scherrer equation, an estimateaobparticle size can be

calculated®

cC-

—+
>
=
b

Where_ = mean size of the crystalliné= dimensionless shape factand] = peak width at full
width half maximum The Scherrer equation relates line width to crystallite size and can be
performed for crystals up to 1 um in size, depending on the diffraction dhJleis is especially
useful when performing ksitu XRD measurements, to obtain a quantitative measure of particle

size growth whilst the catalyst subject to heat or reaction gase&s4.8).

Experimental

Powder Xray Diffraction (XRD) analysis was performed between 10°and 8¥a A y 3 |y - Qf
tNE t!b !ylftedAdrf LRSRSNI RAFTINIOG2YSGSNI SYL
keV and 40 mA. Analysis of the spectra obtained was carried out UQINgXNII | A 3K { O2
software. Figure2.7 shows the XRD pattern of carbon, the catalyst support used in this work.

Two broad reflections are seen due to turbostraiitangement of carbora random stacking

of parallel layers. These comprise of (002), at 24°, due to stacked layers and (10), at 43°, where
changes in the height of the stacked layers results ihindex of the0Ol indices.Reflections

observed in someamples at 79° can be attributed to carbon (11) structdré.
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Angle (20)

Figure2.7. STEM showing turbostratstacking arrangement of carbon (A) akRD pattern of carbofB)

2.4.8. In-situ powder xray diffraction

Background
Analysis via powder XRD can also be performed whilst subjecting the sample to heairin ai
under the flow of a gas mixture. Thissitu analysis can provide information on the evolution

of the size of nanoparticles and the bulk material, whilst mimicking reaction conditions.

Experimental

In-situ powder XRD analysis was perforngzd A y3 |y - QLISNI t NBParr w5 ¥
XRKOOO WA A ldz OSff o0SG6SSYy wnc FYR ync W' i RAT
nitrogen flow, 50 mL mih ! yIF f @aAa 2F (GKS &LISOGN} 2060GFAYSR

Score Plus softwar

2.4.9. Scanning/transmission electron microscopy

Background

Scanning or transmission electron microscopy (SEM/TEM) can be used to find structural,
morphological and chemical information of the sample, all -destructively.In scanning

electron microscopyan electron beam is generated from an electron gun which is focused onto

a small spot on the sample. The beam is scanned in a rectangular raster pattern over the sample
and signal intensities are recorded. The signal intensity is formed from secondatmpretec

which are a consequence of the electron beam interacting with electrons from #ieelk

releasing inelastically scattered secondary electrons. The signal is amplified and can be
translated into an image in which variation in brightness is use®Rt® LJA OG G KS &t
G21L123ANF LKed . & FEGSNAy3a GKS &aAl S 2F (GKS NBO
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smaller the size, the higher the magnificatiofhe electron beam also results in elastically
scattered electrons. These are electrothst reflect off the core electrons, known as back
scattered electrons, which are used to determine the distribution of elements in a sample. The
elements with a higher atomic mass scatter the electrons more, thereby appearing brighter on
the image, hence distribution pattern of elements can be formed.

Energy dispersive-pays (EDX) can also be used to determine which elements are present. If the
electron beam results in the ejection of an inner shell core electron, a higher energy electron
drops down tdill the generated electron holand concurrently releases an energy packet in the
form of an xray. This xay has a highly element specific wavelength.

Transmission electron microscopy (TEM) is similar in principle to SEM but uses a static beam
instead of the mobile raster beam of SEM. Significantly the sample for TEM must béhiritra

as the beam is required to penetrate the sample, forming an image from the transmission of
electrons through the sample. For this same reason, the beam is a muuér higitage than

that used in the SEM. Focusing of the image onto a fluorescent screen occurs via electromagnetic
lenses, altered by changing the current through the lens coil. This operation is performed under
vacuum so no air can interfere with the pagsaof electronsProvided the sample is thin
enough, both SEM and TEM can be used in conjunction, known as BifjaMZ.8). Samples

were analysed using higingle anmlar darkfield (HAADFBFTEM. This imaging method ignores
the unscattered electron beam, typically forming an image with a dark background, collecting
electrons from an annulus around the beam which have been inelastically Rutherford scattered
at high angts. High angle ADF detectors are also able to determine the atomic number of the
atoms which scatter the beam, formingcéntrast images which are especially useful for

determining dispersion of elements in catalyst samples.
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Figure2.8. Schematic diagram of a STEM.

In contrast to dark fieleBTEM, brighfield (BF}STEM utilises the unscattered electrons to form
an image, whilst the scattered electrons are not detected. This is typically used as a

complemerary technique to DISTEM.

Experimental

Catalysts analysed by STEM were dispersed on a holey carbon TEM grid and analysed using BF
HAADFSTEM imaging mode in an aberration corrected JEOL28RNIF scanning transmission
electron microscope operating at QRV. This microscope was also equipped with a Centurio
silicon drift detector (SDD) system foray energy dispersive spectroscopy (XEDS) analysis.

SEM imaging on the used catalysts was performed on a Tescan MAIA3 field emission gun
scanning electron mioscope (FEGEM). Samples were dry dispersed onto 300 mesh Cu grid
supported holey carbon film and imaged using the backscattered electron detector at 15 kV.

Samples were uncoated. EDS analysis was performed using an Oxford Instrudvents80
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SDDThank you toTom Davies and Qian He for their technical assistance in acquiring the SEM

and TEM data aCardiff University andehigh University

2.4.10.Thermogravimetric analysis

Background

Thermogravimetric analysis (TGA) monitors the change in mass of aesdmpig heating.
Typically, a few milligrams of sample are loaded onto a balance which hangs inside a furnace.
The temperature is then increased at a controlled rate whilst the sample is subject to a purge
gas to control the environment. Gases not limitedhydrogen, oxygen or nitrogen could be
used to interact with the sample, depending on the analysis type. The mass or percentage mass
is measured and then plotted as a function of time which can be correlated to water loss,
decomposition, oxidation, rediion and other chemical processes depending on the analysis.
This technique can also be coupled with-K88 for the separation and identification of gases

produced during heating.

Experimental
TGA was carried out in a Perkin EImer AG®0. 20milligrams of sample were deposited in the

auto sampler and heated from 3®00 °C at 5 °C/min, undegr Bow of 20 mL/min.

2.4.11 Xray photoelectron spectroscopy

Background

Xray photoelectron spectroscopy (XPS) is primarily a surface analysis techniquetoused
determine the composition and electronic state of many different materials. XPS works on the
same principles as the photectric effect; a sample is irradiated with a light source, in this
case xays, which are absorbed by the surface atoms, resylih the emission of electrons.
These electrons have a kinetic enetlggit is determined by the binding energy of the atom and

the energy of the xay source. This is summarised by the following equation:

o » ©

Wherek = kinetic energy of the emitted photoelectron] t f | y O] Qafrequangysofi | vy (i X
x-ray radiation andg = binding energy of the absorbing atomfi.the kinetic energy of the
emitted electrons is recorded and plotted against photoelectron intensitys possible to

guantitatively ascertain the abundance of different atoms in the samiple basic set up for
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XPS analysis requires aray source, a sample chamber under higlttuum, an electron energy

analyser and a detector, shownkigure2.9.

Electron energy
analyser

— X-ray beam

X-ray
source

Detector

Sample

Ultra-high
vacuum
chamber

Figure2.9. Schematic diagram of array photoelectron spectrometer.

Experimental

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Fisher Scientific K
alpha spectrometer. Samples were analysed using a mifoused monochromatic Al-bay

source (72 W) over an area of approximately 400 microns. Data was recorded at passsenerg

of 150 eV for survey scans and 40 eV for high resolution scan with 1 eV and 0.1 eV step sizes
respectively. Charge neutralisation of the sample was achieved using a combination of both low
energy electrons and argon ions. Data analysis was perform€adsaXPS using a Shirley type
background and Scofield cross sectiofise assistance of Dave MorgahCardiff University,

performing analysis and helping with data elaboratisngratefully acknowledged.

2.5.Acetylene hydrochlorination reaction

Reactions wee performed in a dedicated reactocpmmissioned and assembled by mysa#,
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shown inAgure 2.10. The gases used were 5 % acetylene/argon, 5% hgdrolgloride/argon

and argon as balance. Gases would first flow through moisture tfagient, CP17971to
reduce the amount of moisture entering the rigy prevent corrosion of the stainlessteel
components when exposed to HCIl. Where possible, inert PFA (perfluoxgatube fittings

were used in place of stainless steel. All flows were regulated using electronic mass flow
controllers(Brookes, GF40, A 00mL/min, acetylene and HCI{60 mL/min) Reactant gases
could flow to the reactor when at temperaturer by-pass the reactor during ramping, in which
case argon alone would flow through the reactor. The gases would then flow to the detector
primarily a @s chromatograph but for certain analyses also a mass spectronietégases

were bubbled through a basic solution to neutralise excess HCI and trap anpaf@iel being
vented.

The reactor was made up of a quartz tuB8@ x 6 mn), clamped in place irde a vertical tube
furnace(Carbolite MTF 10/15/130. The reactor was made of quartz to remove the possibility
of the reaction gases interacting with stainless steel at high temperature. The catalyst would sit
in the centre of the quartz tube, fixed bycdm of glass wool placed above and below. The
temperature of the reactor was monitored during heating and throughout the reaction using a

K-type thermocouple.
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Fgure 2.10. Schematic diagram of the acetylene hydrochlorination reactor. NRV-retnm

valve, PT = pressure transducer and SOV = solenoid operated valve.

Experimental
Blank analysis was first carried out using a mixture of 5 % acetylene/argon, 5 % HCl/argon and

45



argon to achieve a 1:1.02 acetylene:HCl ratio and total flow of 50 mL/min. In a standard reaction,
0.089 g of catalyst was heated at 5 °C/min from room temperature to 200 °C under a 50 mL/min
flow of argon.200 °C was choseto produce acetylene conversiomd ~20 %with the Au/C
catalyst based on previous temperature studiesformedwithin the group? When performed

at temperatures other than 200 °C, the reaction temperature is noted in the text. Once at
temperature, the flow of raction gases was directed through the heated catalyst bed and
analysed odine with GC. Post reaction, catalysts were allowed to cool under a 50 mL/min flow
of argon.All time-on-line data waseported with atl %acetylene conversigrdetermined by
repeat analysis with the same catalyst (1 % Aff@tone and 1 % Auf8&R) under the same

reaction conditions.
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3. Carbonsupported singleite gold catalystgreparedusinglow

polarity solventsfor the acetylene hydrochlorination reaction

3.1.Introduction

In this chapter, the use of different solvents for the preparation of heterogeneous siigle
catalysts for the acetylene hydrochlorination reaction will be explored. A sgiigle
heterogeneous catalyst is defined ag: catalyst constituted by a metal atom, ion, or small
Ot dAGSNI 2F I G2Yaxr KStR o6& ada2NFIF OS fA3IlyRa G2
Shgle site catalysts are typically prepared with a low metal loading; too high and the support
will become saturated with metal, leading to nanoparticle formation. Recent advances in the
preparation of these catalysts means that loadings of 2.0 wt. % oe rw&m be achieved whilst
maintaining a homogeneous single site dispergidime use of stimanometer precious metal
catalysts has already been proven to be more active than its nanometer or larger sized
counterpars for several reactions, such as alkynol hydrogenation and CO oxitfatiiedicating

that the specific activity of metals increases with decreasing metal particle size. Ensuring that
the coverage isuyrely single site is crucial as an inhomogeneous mixture of sizes will reduce the
metal atom efficiency and can lead to sometimes unwanted side reactitdisom an industrial

point of view, it is financially beneficial to maximise the efficiency of a catalyst prior to
commercialapplication. Single site catalysts offer, by definition, the highest atom efficiency
achievable and therefore the maximum output from expensive precious metal catalysts.

Single site gold catalysts have been used for several reactions such asgastshift<®,
methanol steam reforming, ethanol dehydrogenatiof, and CO oxidatiot*® These catalysts,

as well as those using other precious metals, have been prepared useniety of different
methods some which are pH depende(deposition precipitatiotf) some specific to certain
supports such as carbgpyrolysis synthest$ others adapted for low surface area supports
(massselected softanding®), with many morewidely reported in literature”® In each case it is
important to choose an appropriate support for the catal§shifferences in the surface area,
structure and defectsvill result in different interactions with the metal atoms which will impact
the catalytic activity!? At such small particle/atom sizes, the surface free energy of the metals
will be large? thereby promoting the aggregation of small atoms and clusters. Many single atom
catalysts sinter via Ostwald ripening and particle migration and coaleséémberefore, it is

important to choose an appropriate support to minimise this effect, typically one that has a high
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surface area and is suitably robust to anchor the m&t&l Herein the support used was
activated carbon, chosen due to its low cost, high surface area, and high gtabdier acidic,

high temperature condition$?

The focus of this chapter was to find an alternative solvent to aqua regia for the preparation of
gold on carbon catalysts. Previous work performed by this group focoseaqua regigas
detailed in3.2, as this solvent facilitates a high dispersiomxitlisedatomic goldon the carbon
support, resulting in a high catalytic activi/*’ In the pursuit of alternatives, literature
describes the use of solvents such as organic aqua ¢emigixture ofthionyl chloride (SOgI

and organic solvents/reagents (pyridine, N,Mimethylformamide, and imidazol&§ Organic

agua regia was an improvement over traditional aqua regia as it was shown to be able to
selectively dissolve different metals by changing the organic reagent and conditions, useful for
selective recovery of metals fino bimetallic catalysts or for microelectronic applicatiéh3his
solvent has been applied to the preparation of gold on carbon catalysts, resulting in improved
performance for the acetylene hydrochlorination reaction compared with those prepared using
aqua regiz® however, both traditional and organic aqua regia are still highly oxidising, toxic
solvents, not considered to be environmentally friendly nor suitable for commercial application.
Therefore, the use of alternative simple, roridising nor acidic solvents were investightes

alternatives

3.2.Single site goldatalysts prepared with aqua regia

Aqua regia (3:1 HCI : Hjhas been used to dissolve gold since tHec8ntury. Using this
solvent, bulk gold is first oxidised by nitric acid to Ayidljowed by reaction with HCI to form
tetrachloroaurate anions (AufQl In such an acidic environment, the anions are readily
protonated to form chloroauric acid (HAuCIChloroauric acid was the starting compound used

in the preparation of the gold ¢alysts discussed in this thesis.

Aqua regia has been used as the solvent for the preparation of gold on carbon catalysts owing
to its oxidising nature. This inhibits the reduction of gold on the highly reducing carbon support
surface. Comparing the usd aqua regia as a solvent to its constituent acids, Hai@ HCI,

aqua regia produces catalysts with a higher acetylene convetstothis is as a result of both

the oxidising HN¢) maintaining the gold as a mixture of Au(lll) and Au(l), and the nucleation
ability of Cl anions of HClor gold clustersproviding bonding sites for thgold to carbor?>3!

Both of these factors result in a high dispersion of homogeneous oxidised gold atoms on the
carbon suppor® This ideal catalyst for the acetylene hydrochlorination reaction has been used

for the in-situ and exsitu study of the gold species on the catafjst*2%> and serves as a good
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comparison catalydbr those discussed ithe following results chapters.

3.3.Experimental enditions

All catalysts were prepared to a theoretical 1 wt. % Au loading on carbon. All reactions were
performed using the following conditions unless statgterwise:GH, : HCF 1:1.02 total gas

flow of 50 mL min, 0.09 gcatalyst temperature200 °C, ambient pressure.

3.4.Catalysts prepared wittlifferent polarity solvents

Solventswith a wide range of polarities arable to dissolve chloroauric acigere chosen for

the preparation of 1% Au/C catalystslisted in Table 1. The name of each catalyst is denoted
Au/Csolventfor clarity. Catalysts were prepared by wet impregnation, as described in Chapter
2 (2.31).

Table3.1. List of solvents and respective polarities, boiling points and the type of solvent used.

Polarity (E{(30))
Solvent Boiling Point (°C) = Dried solvent
(kcal mol?)
HO 63.1 100
Methanol 55.5 64 "H
Ethanol 51.8 78 H
1-Propanol 50.7 97
1-Butanol 50.2 118
2-Propanol 48.6 82 "H
2-Butanol 47.1 108 "H
Acetone 42.2 57 "H
2-Butanone 41.3 80 "H
Ethyl Acetate 38.1 77 H
Tetrahydrofuran 37.4 66 "H
DiethylBher 34.6 35 H
Aqua regia - 140

Each catalyst was tested undie reaction conditions stated isection3.3; a representative
time-on-line profile of the 1 % AuMBR catalysts shown inFigure3.1. The maximum initial

conversion (within first 30 min of reaction) dfie different solvent polarity catalystaias
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recorded, as shown iRigure3.2. The polaty of each solvent was assigned according to the
E{(30) scale, defined as the molar electronic transition energy -ph&hoxide betaine dye
dissolved in solvent, measured in kcal m#i*” According to this scale, which encompasses
more than 300 orgaig solvents® a high value of&(30) signifies a high solvent polariqua

regia has no recordeBi{30) value because it is a mixture of two solvents.
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Figure3.1. Timeon-line profile of 1 % Au/@&R Reaction conditions as stated in secti®B.
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Figure3.2. Steady state acetylene conversion of 1% Au/C catalysts prepared by wet impregnation of
HAuC4 from various alcohol§ ), ketone (), ether £ ) and aqueous solvents (); the dashedline

indicates the activity of the previously prepar@d/GAqua regia catalysunder onditions stated ir8.3.

Initially, the conversion increasesas the polarity of the solvents decreasestil reaching a
plateau (around 2€24% of conversion) when using solvent with polarity below 49 kcaf mol
(observed at Zoropanol). Notablythese conversiosare slightly higher thaobservedfor the
catalyst prepared with aqua regfdenoted by a dashed line on the figure). This shows, that
using simple, neither highly oxidising nor acisiidvents an active catalyst can be prepared
which outperforms that prepared using aqua regia.

The similar conversion of theatalysts prepared with polarities below 49 kcal thelas
attributed to the limit of dispersion of the goldhloride species on the surface of the carbon at
a 1 wt. % metal loading-Pdy diffraction was used to observe the nucleation of gold observed
in some of the catalystsrigure 3.3shows thaf as the polarity of the solvent decreases, the
intensity of the reflections corresponding to dahanoparticles also decreasésdicating and
overall reductionin size and quantity of gold nanoparticldhere are no observable reflections
in the catalysts prepared at the lowest polariti€®nsistent with a higldispersion of golénd
hence no goldagglomerations of goldarger than clusters presenifhere are two possible

explanations as to why the low polarity solvent catalysts have such high activity. These are; the
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drying temperature required when preparirtige catalyst and the amount of water present in

the solvent. Both factors are explored in the next section.
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Figure3.3. XRD patterns of athtalysts prepared with different solvents. Reflections at 38, 44, 65 and 78
K H O2NNBaLRyR G2 C// YSGrttAO 3I2fR ONBAGITEAGS
crystallites3®

3.5.Effect ofdrying temperature owratalytic activity

To investigate the effect of drying temperature on catalytic actiittiyee other low polarity
solvents were used to prepare catalysBMSO, DMF and cyclohexanomeese solvents each

had a higher boiling point than that of aqua regia and would therefore require a higher drying
temperature during catalyst preparation. These solvents and their respective polarities, boiling
points, drying temperatures and acetylene cersions of the catalysts prepared are listed in

Table3.2.
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Table3.2. Acetylene corersion values for low polarity, high boiling point solvents.

Polarity Boiling Point Drying Conversion of
(E(30) (°Q temperature (°G = Acetylene(%)
Catalysts (kcal mott) 37
Au/C-DMSO 45.0 189 195 14
Au/C- DMF 43.8 154 160 8
Au/C- 40.8 155 160 3
CQyclohexanone

Au/C- Acetone 42.2 56 40 22
140 27

These catalysts have a rangeagktylene conversions, higher than or equivalent to that of the
catalyst prepared with aqueous solvent (3Bigure3.2); however, each performed worse than

the catalysts of similarly losolvent polarities, such astiitanol, acetone and-Butanone. The

XRD patterns of these fresh catalysts shows the presence of gold nanoparticles which could

account for the poor conversiofigure 3.4
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Figure3.4. XRD patterns of the Au/Cyclohexanone, AufODMF and Au/@©MSCcatalysts after 240 min
2T NBFOGA2yd wSFESOGA2ya G oy nnX cp YR Ty K |
Fd on k H O2NNBaALRYR G2 bl/t //t ONRadlGlIftAlISaD
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In order to determine if the drying temperature alone caused the agglomeration of gold
nanoparticles, a catalyst was prepared using acetone as the solvent and dried at; 143 °C
solvent was chosen as it was cheapn-harmful, readily available in the lab and the prepared
catalyst had a stable conversion of 22 % when dried at 40 °C, similar to other catalysts prepared
with low polarity solventsAs noted inTable 3.2 the initial conversion (maximum conversion
within the first 30 min of reaction) of this catalyst (27 %) is higher than that of the catalyst
prepared with acetone and dried at 40 °C (22 #yure3.5). However, the catalyst slowly

deactivates during the 4 h reaction, resulting in a final, still decreasing conversion of 19 %.
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Figure3.5. Timeon-line of Au/GAcetone prepared at 45 °€ () and 140 °C, (), under conditions stated
in3.3.

The XRD patternF{gure 3.6) of the fresh catalyst shows nanoparticles are present. These
become more ordered and crystalline after testing, shown by the growth and sharpening of the
reflections corresponding tgold. The gold crystallite sizes were calculated using the Scherrer
equation, with reference to a silicon standard. The size of the crystallites increased from 3 to 8
nm, confirming a small degree of agglomeration occurred during the reaction. Therdiere,

presence of gold nanopatrticlas itself not indicative of a low activity catalyst but perhaps a
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contributing factor; in this case, the nanoparticles may result in lower stability shown by the
steady decrease in conversion observed in this reactitms highlights the need foan

appropriate drying temperature for each solvent used; too high and gold will sinter during the
drying process, leading to lower catalyst stability. Further investigation into catalyst stability was

conducted, focusing on the mation state of the gold, discussedsaction3.7.
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Figure3.6. XRD patterns of fresh and used (reacted for 4 h) Ad€one catalyst dried at 140 °C.
wSTtSOdlA2ya +td oy nnX cp FYR Ty k H O2NNBaLRYR
correspond to NaCl CCP calttes3®

3.6.Effect of water introduced in preparation on catalytic activity

To determine the effect of watecontaining solvents on the catalytic performance,adgsts

were prepared using a water:acetone mix, with an increasing concentration of water; 0, 5, 10,
20, 50 and 100 %. Extra dry acetone was used to ensure there was no water present in the
solvent before preparing the acetone:water mix.

Figure 3.7shows the acetylene conversion versus water content. As the water content was
increased, the conversion decreased until 50 %, where the catabttidta was comparable to

that of the catalyst prepared using water alone (100 %). These conversion values are comparable
to that of carbon with no gold present and carbon impregnated with acetone (both 2.0 %).

Previous tests have shown that preparing gold carbon catalysts using water as a solvent
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resulted in the formation of gold nanoparticles, which are inactive for the acetylene
hydrochlorination reactiort® To confirm if this was the cause of the observed decreasing in
conversion, XRD analysis of all fresh samples was performed, as well as carbon impregnated with

acetone ad dried, with no gold present, for referendeigure3.8).
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Figure3.7. Plot of water content vs conversion for AuiACetone catalystsfter 240 of reactionunder

conditions stated ir8.3.
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Figure3.8. A: XRD patterns of catalysts prepared with increasing water concentration. Reflections at 38,
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The reflections attributed to gold nanoparticles increase in height aswheer content
increases. This is indicative of an increase in nanoparticle size, confirmed using the Scherrer
equation the calculated nanoparticle size for the catalyst prepared with 50 % water:acetone
was 18 nm. Once 50 Water:acetone is reached, the acetylene conversion remains constant
therefore it was assumed that the majority of the gold was reduced to Au(0) and any remaining
surface coverage of oxidised gold was insufficient to maintain a higher conversien. Th
increasing size ajold nanoparticlest higher water content solventsonfirmed the need for

solvents to be watefree.
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In order to better appreciate how little water is needed to affect the stability of the gold, STEM
analysis was conducted on Au/ACetme catalysts prepared with two different solvents; HPLC
grade acetone and extra dry acetone. HRk&tle acetone contain®0.1 % water, whereas
ultra-dry acetone, sealed in a nitrogen purged bottle, contains a maximum of 0.005 % water, as
determined by colometric testing®*#° The microscopy images of the AdHPLCAcetone
catalyst shows mostly atomically dispersed géldgre3.9A), with nanoparticles in areas (red
arrows), some in the order of 100 nrRigure3.9B). Prolonged exposure to the beam, needed

to adjust the magnification and resolution to acquire clear images, would have contributed to
the agglomeration of gold to larger nanoparticlésough would not be solely responsible for
sizes as large 490 nm A comparison of twgointsof the catalyst, using EDS, indicates that a
homogeneous dispersion of atomic gold was present throughout the catalyst (bokiguire
3.10A, labelled Support iRrigure3.10B), as noted by several peaks at energies cornegding to

Au excitation present in the EDS. This analysis also confirmed that the large nanoparticles are
comprised of gold (box 2 Figure3.10A, labelled Au NP iRigure3.10B). Converselyhe Au/G

Ultra dryacetone catalyst was foned predominantly of atomically dispersed gold, with small
areas of gold clustergigure3.11A). Although there were some nanoparticles present, all were
smalkr than 5 nm Figure 3.11B). These resultsshow that even small quantities of water,
introduced during the preparation of the catalyst, can cause large agglomeration of gold which

can detrimentally affect the catalytic activity.

Figure3.9. Representative STEMAADF imagsof Au/GHPLC Au/@cetone catalyst.
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Figure3.10. (A) Representative STEMAADF image an(B) corresponding EDS of Aul{PLCAcetone

catalyst¢ 1 encompassingredominantly carbon support andéhcompassing a gold nanopatrticle.
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Figure3.11. Representative STEMAADF image of Au/Qltra dryacetone catalyst.

3.7.Investigation of the catadystability

Stability is an important factor in the field of catalysis; by definition a catalyst should not be
consumed during a reaction, therefore it must be reusable. To check the stability of the Au/C
Acetone catalyst, a reaction was carried out over two conseeutays. In this test the catalyst

was heated to 200 °C in argon, subject to reaction conditions for 4 h, then cooled in argon. The
following day this procedure was repeated, and the catalyst reacted for a further 3 h. For
comparison, the same experimentaw also carried out using the AuAQua regia catalyst. The

results are shown ifigure3.12
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Figure3.12. Timeon-line comparison of Au/@cetone O ) and Au/GAR(x ) catalysts, each tested for a

total of 7 h for the acetylene hydrochlorination reactiamder conditions stated i8.3.

The Au/GAcetone catalyst has a high initial conversion, with a slight fluctuation within the first
75 min, between 26 23 %. For theemaining 165 min of reaction on the first day, and the
following 180 min the following day, the conversion remains remarkably stable. This is
significantly different to the Au/@R catalyst, which requires 240 min on the first day to reach

a stable convesion of 18 %. The following day the catalyst again experiences a small induction
period, which is substantially less pronounced than the previous day, lasting 25 min before the
catalyst reaches a stable conversiaiiRD analysis was performed for the A¥€etone catalyst

at each stage of the reaction; fresh, after 4 h of reaction and after the totaFrghre3.13and
Figure3.14).
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Figure3.13. XRD patterns of the Au/&cetone catalyst; (fresh) before reaction, (used 4 h) after 4 hours
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Figure3.14. XRD patterns of the Au/@qua regia catalyst; (fresh) before reaction, (used 4 h) after 4 hours
of time-on-line, and (used 7 h) after 7 hours of tiref Ay S® wSTt SOlA2ya |G oy?3s
correspondto FCCmet&li 32t R ONRalGlfttAdSad wSTi8O0GA2ya i oH
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Analysis of the fresh Au/Bcetone catalyst showed only reflections associated with sodium
chloride crystals. Present in the carbon support, sodium chloride could have crystallised during
the preparation of the catalyst due to rapid evaporation of wtiry solvents; this was not
commonly observed in the more aqueous solvents as the NaCl was reatitylved and
dispersed before drying occurred. Future experiments could be performed to confirm this
theory, using much purer carbons doped with known quantities of NaCl. After 4 h of reaction,
significant reflections due to gold nanoparticles were obsdim the XRD of the Au/Bcetone
catalyst,indicating reduction then agglomeration of the cationic gold to Au(0). The reflection
intensities increased slightly after 7 h and became narrower, indicating further growth of gold
nanoparticles.

It was shown irthe time-on-line data that the conversion of the Aui&etone catalyst remains
constant throughout the reactigrhowever, it is known that the main deactivation method for
gold on carbon catalysts is due to reduction of oxidised gold, forming Ad®refore the
formation of metallic gold was thought to occur during the heating of the catalyst up to reaction
temperature. This was confirmed by-ditu Xray diffraction analysis; the Au/8cetone catalyst

was steadily heated under inert conditions 6 °C increments (1 °C mjnand held at each
temperature for 40 min for an XRD scan to be performeidure3.16). There are were large
number of reflectbns present in the ksitu spectrafigure3.16) which were not observed in the
ex-situ spectrafigure3.130 @ h i KSNJ GKI'y (K2adS NBFf SOGA2ya
Rdz§ G2 C// 32fR ylIy20NBalGlfaz FyR GKS Gg2 oN
all other reflections were caused by inmities in the cellFigure3.15 E.Cshows multiple sharp
reflections present in the empty cell. A carbon sample impregnated with acetone was also
analysed irsitu to confirm there was no change in these reflections duringeitedysis Figure

3.15. Au(0) became visible at 190 °C, confirming the instability of the gold during heating. A
comparison with the Au/@\qua regia catalysE{gure3.16) shows that these catalysts have very
different thermal stabilities, providing further evidence of a different supgotd interaction.

The Au/GAqua regia catalyst is stable up to 310 °C, with brafiéctions corresponding to gold

nanoparticles apparent from this temperature.
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Figure 3.16. Insitu XRD patterns of Au/&cetone (top) and Au/@qua regia (bottom) catalysts.
Reflectionsat38,@> cp YR Ty k H- O2NNBaLRYyR G2 Cc// YSil¢t

3.8.XAFStudy of catalyst gold species

Based on previous results obtained in this grétian optimised Au(l):Au(lll) ratio is needed to
achieve a consistent conversion during the reaction. The steadydiwime reaction profile
displayed by the Au/@cetone catalyst on both days is indicative of an optimised Au(l):Au(lll)
ratio even before lhe reaction commences. This is in contrast to the Alf0a regia catalyst;

this begins the reaction with the ideal cationic gold ratio but then rapidly changes upon
introduction of the reaction gas mixture. The resultant 240 min induction period therretou
return to the optimised Au(l)/Au(lll) ratio.

In order to determine the relative changes in gold oxidation states, the catalysts were compared
to three gold standard materials; KAW@AUCL]¢ (Au(lll)), [AuG)c (Au(l) and gold foil (Au(0). The
goldfoil reference is used in all XAFS experiments, whilst the Au(lll) was obtained from previous
work within the groupon KAuGI*! The Au(l) standard was obtained from calculated difference
spectra obtained from previously reported work on [AJfCP This was a calculated value due

to the instability of the AuCl compourfdAs described in Chapter 2, the transition at the Au L
edge from Au 2, A 5d gives rise to an appreciable peak in the XANES regionnka®ihe
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white line. The prominence of this white line is dependent on the oxidation state of the Au;
Au(lll) gives rise to a normalised white line height of 1.1, Au(l) 0.6 and Au(0) shows the usual

gold absorption edge shape with no pedgure3.17).
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Figure3.17. Au lz-edge XANE& KAUGIAUCk]S (Au(lll)), [Au@]c (Au(l) and gold foil (Au(O%ee section

2.4.2for experimental details.

Gold L-edge XANES was used to investigate the gold oxidation state of theA&afGne
catalyst and Au/@\qua regia catalyst. An Au&etone catalyst, which had been tested for 4 h
under standard reaction conditions, was also analysed to determine the effect of reaction
conditions. The results are shownkigure3.18 showingthat the gold was in the cationic state
before and after reaction, which concurs with the experimental data. The gold is predominantly
Au(l) (both Fresh and Used AuiACetone catalysts have a white line height of 0.7), although
some of this chracter is lost after reaction, shown by a decrease in white line height. In
comparison, the fresh Au/Bqua regia catalyst was comprised of a greater proportion of Au(lll)
shown by a greater white line height (0.8). As shown by work in this group, tie ke height

of the Au/GAqua regia catalyst changes during heating and upon introduction of the reaction
gases® However, posteaction the catalyst has a white line height comparable to that of the

Used Au/GAcetone catalyst. The gold foil reference has no white line height, as it is composed
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of only Au(0).

A linear combination fitting (LCF) of the XANES data wd®rmed with reference to the
standards Figure3.19) (see chapter 2 for further explanation of LCF). These results confirmed
that the fresh Au/GAcetone catéyst consisted primarily of Au(l§7 % and the remainder Au(lll)

(23 9. This also confirms that all of the gold is present in the oxidised form, similar to the Au/C
Aqua regia catalyst; Au(lj8 % and Au(ll1Y19 %. The increased Au(l) coritition of the Au/C
Acetone catalyst, compared to the AuAZjua regia catalyst, is likely to contribute to the higher
initial conversion of the catalyst, and the significantly steadier conversion. The used Au/C
Acetone catalyst contains a significant metadjold contribution, Au(Q)L9 %, present from the
reduction of Au(l)to Au(0); therefore the Au(l) conterwasreduced (58 %), and the Au(lll)
contributionremained constan{23 %. Thisindicates that some of the gold has sintered due to
high temperaturesthis was shown previously in the-situ XRD discussion (s€e@ure3.16),

confirming the instability of the AuMBcetone catalyst upon heating to reaction temperature.
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Figure3.18. Au ls-edge XANES fresh and used (after 4 h of reaction) Au#Cetone catalysts, AufBqua

regia catalyst (AR) and Au foil as reference.
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Figure3.19. Linear combinatiorfitting of the Au k-edge XANE®r the fresh Au/GAqua regia catalyst,

fresh and used (after 4 h of reaction) AuACetone catalystsrror bars indicate standard deviation.

EXAFS analysis was performed to determine the giaoige order of the catalys{&igure3.20).

A comparison of the fresh and used (after 4 h of reaction) AAd€one catalysts shows a
decrease in the peak size at B8which corresponds to AG! interaction, whilst concurrently

the double peak at 2.5 and 3R increased in size slightly, due to an increase in metallic gold
concentration. It could be deduced from this that as the nanoparticles of gold are formed,
chlorine is lost from the surface of the catalyst. The Allfia regia dalyst in contrast has a
significantly higher Al character, which is likely due to the abundance of chlorine in the
solvent mixture, the different gold oxidation state (more Au(lll) content) as well as a different
supportgold-chlorine interaction, whia may account for the very different tirren-line data
profile. The gold foil reference shows clearly the position of the double peak which corresponds

to metallic Au(0).
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3.9.Conclusions

Single site gold on carbaratalysts prepared using solvents such as aqua regia have previously
been shown to be very active for the acetylene hydrochlorination reaction, more so than its
commercial predecessor, mercury on carbon. Here the use of organic solvents removes the need
for highly oxidising and acidic solvents to produce sisgke catalysts, which are more active
whilst maintaining high selectivity.

The use of low polarity solvents resulted in catalysts with comparable acetylene conversion due
to a limit of mono atomic gad dispersion. However, the use of high polarity solvents caused a
decrease in catalytic activity. This was attributed to the drying temperature during catalyst
preparation and the concentration of water in the solvent. High drying temperatures facilitated
sintering of the monodispersed gold. Low concentrations of water resulted in reduction of gold,
again leading to nanoparticle formation. Both factors therefore result in catalysts with a poor
gold dispersion and hence low acetylene conversion.

The Au/CAcetone catalyst was used for a reusability study. This catalyst displayed a much
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steadier reaction profile than that of the Auw@gua regia catalyst and maintained a higher
conversion throughout the 7 h of reaction. Although nanopatrticles were formed 4féerd 7 h

of use, these were determined to have been formed during the heating of the catalyst under
inert conditions and not as a result of the reaction gases used. High performance and a steady
reaction profile are both desirable factors if a catalysbide used in commercial conditions,
therefore this catalyst shows promise for industrial application. Further investigation would be
required to determine if this catalyst achieves the same performance after-spatef the
preparation.

Characterisatiof the fresh Au/CGAcetone catalyst using Ag-€dge XANES confirmed the gold

was present as cationic Au(l)/Au(lll) on the carbon support. The high initial Au(l) content
explained the reduced induction period when compared to the AlfDa regia catalyst, lich

must undergo a prolonged 4situ oxidation to attain a similar state>-6 SA IKiSR . 9.1 (
confirmed the presence of Au(0) pastaction. The continued stability of the catalyst, regardless

of this Au(0) content, suggests that not all of the mdgalactive during the reaction. This
indicates that further optimisation of the reaction temperature could be explored to minimise

gold reduction and hence optimise catalytic activity.
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4. Acetylene hydrochlorination using sulfur treatedarbon
supported gold catalysts

4.1.Introduction

The work in this chapter initially focuses on the use of bimetallic carbon supported catalysts,
with the aim of improving thecatalytic activity over that of the monometallic Au/C catalyst.
Previous work showed that the addition of Ce{B( known oxidising ageht;ould enhance

the activity of Au/C catalystsThe use of bimetallic gold catalysts has been well reported for the
acetylene hydrochlorinationeaction. The addition of a second metal may enhance the activity

of a gold catalyst by

1 Stabilising the active species, inhibiting Au(l) or Au(lll) reduétion.

1 Increasing electron density of active species by electron transfen fstra metal,
thereby promoting the chemisorption of HCI which in turn results in less reduction of
gold by GH,.%1

1 Promote a high dispersion of glolwhich may generate more active sifés?

1 Decrease the extent of agglomeration of gold to nanoparti¢iés.

These examples of bimetallic catalysts also incur drawbacks sudhuds)/C and AwPt/C
catalysts decrease selectivitgsulting insignificant coke depositioand rapid deactivation of

the catalysf** Au-Co(lll)/spherical activated carbon (SAC) and.&(lil)/SAC begin to deactivate
after only 48h online*® Au-Ir/C, AuCu/C and ACs/C required high loadings (>2 @b)the
additional metal to achieve comparable conversions to AtfE/whilst AuRu/C had no effect

on catalytic activity® Also, when using bimatlic catalysts, recycling the precious metals from
spent catalysts becomes more difficult. Firstly, this commonly requires the use of aqua regia to
leach the metals from the support, which is a very hazardous chemical for use in industrial
quantities anddoes not result in a full metal recovery. Therefore, other pyrometallurgic
processes are also required to fully extract the metals. This results in an overall loss of valuable
precious metals and therefore reduces the economic viability of such cat#lysts.

Another reported method to synthesise highly active catalysts is via the use of dopants. Doping
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carbon with nitrogen results in the promotion of acetylene adsorption and héncesased
acetylene conversion. This is especially significant as it also results in activdraeetaltalysts,
although none yet as active as their mekalsed counterpart®?? Further work was performed

on Ndoped carbon by Wanet al., also introducing sulfur to the suppovia sulfuric acid. This
increased the catalytic activity above that when using onkgdoled carbon, by further
promoting the adsorption of acetyler@ Focusing on carbon supported gold catalyststlzil.

used thiourea in a simpler preparation to dophe catalyst with both N and?$Their results
indicated that sulfur served to anchor the gold and prewetreduction of the Au(l) and Au(lll),

as also noted via TPR analys8®.The addition of sulfur via ionic liquids has also been noted to
increase the dispersion of gold species and inhibit carbon deposition, resulting in a highly active,
longlife catalyst?” Work by P. Johnstoet al. has shown that goldulfur complexes deposited

on carbon can increase the activity of the catalyst when compared to Au/C?&krdthe use

of complexes containing soft ligands increased the stability of the catalyst over those prepared
with complexes containing halides, such as chlorine. This work has been tested at an industrial
scale in a pilot planby Johnson Matthey, proving irrefutably the advantage of incorporating
sulfur in Au/C catalyst¥.The latter portion of this chapter, therefore, takes inspiration from the
work by Johnson Matthey to determine how the addition of sulfur to a Au/C catadyshffect

the catalytic activity, with the overall aim of increasing the acetylene conversion.

4.2 .Experimental Conditions

4.2.1. Preparation of pretreated carbons

Carbons were préreated with a sulfate solution or dilute acid; the sulfate solutions were
ammonium sulfateand sodium sulfate the dilute acidswere sulfuric acid, hgirochloric acid,

nitric acid,phosphoric aciéind aqua regialn all cases, the sulfates and acids were dissolved and
diluted in deionised wateto form equimolar solutions, with the exception of aqua regfithen

an equimolar solution was not used, this was staitedhe text.15 mL ofa prepared solution

was stirred on 1.15 g of activated carbon for 1 h. The solution was filtered under vacuum,
washed with deionised wat€i00 mL)nd dried at 110 °C for 16 All catalysts were prepared

to a 1 wt. % Au load@gon carbon.

4.2.2. Preparation ofposttreated carbons

To pepare postwash catalysts, a 1% Au/C catalyst was first prepatedcditalyst(1.15 gwas
then stirred ina pre-prepared solution (as stated #2.1) (15 mLYfor 1 h, the solution filtered

under vacuum, washed wittleionised water (100 mland dried at 110 °C for 16 h.
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4.2.3. Reaction conditions

All reactions were performed using tiiellowing conditions unless stated otherwiggH, : HCI

1:1.02,balanced in argon, total gas flow 50 mL rhicatalyst (0.09 g), 200 °C, ambient pressure.

4.3.Catalyst Nomenclature

A list of all of the catalyst names and their respective preparations.

T

Prewash ¢ carbon support stirred in a sulfur containing solution, followed by filtering,
washing with 100 mLJ#® and drying. This modified carbon was then used to prepare a 1%
Au/C catalyst via wet impregnation with agua regia.

Postwash¢ 1% Au/C catalyst ppared by wet impregnation with aqua regia. This catalyst
was then stirred in a sulfur containing solution, followed by filtering, washing with 100 mL
HO and drying.

No ARg A sulfur containing solution was used as the solvent for HAn§kad of aqua
regia.

Prewash, no HO washg Prewash preparation as above, omitting the wash with 100 mL
HO during filtering.

Prewash, x mL wask Prewash preparation as above, washing with x mL £ khstead

of the typical 100 mL.

Cx ¢ carbon prepared bgtirring the carbon in a sulfur containing solution (x), followed by
filtering, washing with 100 mL.8 and drying.

AuU/GAR¢ unmodified catalyst preparation.

Au/Gsolvent¢ unmodified carbon catalyst prepared using named solvent instead of aqua

regia.

4.4 Bmetallic catalysts

Three Au/C bimetallic catalysts were prepared by first stirring carbon in 15 mL of a saturated

cobalt, manganese or iron sulfate aqueous solution, prepared by stirring 5 g of metal sulfate in

15 mL of KO. This was followed by washingtlwil00 mL of kD and drying. Gold was then

deposited onto this modified carbon using aqua regia as the soageunsed previously for Au/C

AR This preparation method was used to achieve a high loading of secondary metal on the

carbon support, in order tase these catalysts for screening tests. Cobalt sulfate was chosen

for the preparation a€o has previously been shown to enhatieeactivity ofAu in this reactio
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by increasing the relative concentration of Au(l) and Au(lll) species, redsiciteging and
inhibiting coke depositiod? Mn and Fe were chosen as neighbouring transition metal elements
for comparism. Each catalyst was tested for the reaction and the maximum conversion (during
the 240 min test) was determing@igure4.l). Both the Au/GCoS®@and Au/CMnS0;, catalysts

have much higher conversions (47 and 37 %, respectively) than that of monometallid\Ru/C
(19 %) however, Au/CGFeS® maintained a low conversion throughout the test (5 %). To
determine if the increase in acetylene conversion was due sgreergistic effect between Au
and the second metal or a possible modification of the carbon support, reactions of the modified
carbons were also performed.-@S® and GMnSQ had low conversion (4 and 3 %,
respectively) comparable to that of carbon (2 éanfirming that gold remained the active metal

in the reaction.

60

50 A

30 ~

Conversion of acetylene / %

10 o

) B H o =

Au/C- Au/C- Au/C- Au/C-AR C-CoSO, C-MnSO4 Carbon
COSO,; MnSO4 FeSO4

Figure4.1. Comparison of acetylene conversions for A@ES@ Au/GMnSQ and Au/GFeSQ@catalysts
and their respective treated carbonsonditions as stated in secti@n2.3 Error bars indicate percentage

error.

XRD analysis was performed to determine if any gold nanoparticles were present before or after
reaction Figure 4.2), as it has been suggested in previditesrature that gold nanopatrticles are
inactive for the acetylene hydrochlorination reacti#hAll three fresh bimetallic catalysts

exhibited no reflections due to gold or any other metal, containowdy the two broad
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reflections corresponding to gold nanopatrticles, indicating the agglomeration of gold during the
reaction. If these gold nanoparticles hadrfoed at the start of the reaction, during heating to

200 °C or immediately upon introduction of the reactant gases, this would explain the low

conversion for the remainder of the test.

(111)(200) (220)  (311)
rrrpemmeteessnn NSO, Used
R ,;,“MWWWWMHSO

5 | | M FeSO, Used
i S T L e e S Yo )
: Moo e CoSO, Used
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Figure 4.2. XRD patterns of Au{CoS@ Au/CFeS®@ and Au/GMnSQ catalysts, fresh and used.
wSFt SOGA2ya G oy nnX cp YR Ty Kk H O2NNBaLRyR

XPS analysis was performed to confirm that the seconda&talrhad remained on the catalyst
after preparation and to determine the concentration of added metal and sulfur present on each
catalyst.Table4.1 shows that there wasa significantly greater concentration of iron and sulfur

on Au/GFeS@compared to Co and Mn on their respective catalysts. Such a high concentration
may have covered the active species, also contributing to the low activity of the catalyst. This
should ke confirmed by preparing the AwEeSQ catalyst with a solution of lower
concentration FeSOn order to make the iron and sulfur loadings more comparable to those of

Co and Mn on Au/COS®and Au/GMnSQ, respectively.

Table4.1. Atomic % of metal and sulfur present in AMC0S@, Au/GCMnSQ and Au/GFeSQ@catalysts

determined via XPS
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Catalyst CoAt. % Mn At. % Fe At. % S At %
Au/GCoSQ@ 0.1 - - 0.3
Au/GMnSQ - 0.1 - 0.3
Au/GFeSQ - - 1.0 1.4

The timeon-line data for Au/GCoSQ@(Figure4.3) shows the initial activation of the catalyst over
100 min, reaching a maximum conversion of 47 %, followed by a gradual decline inscamver
over the remaining 140 min. AWER is also shown for referencéu/GCoS®@was the most
active catalyst, therefore XAFS analysis was performed to determine if the gold oxidation state
was similar to that of monometallic AWER and also to potentigl monitor changes in the S
and Cl species presemt-situgold l;-edge XANES was performed to monitor changes in the gold
oxidation state of Au/@oS@before and during the reaction. Initially the Au was present solely
as Au(lll), as noted by a largéite line height Figure4.4). When heated to 200 °C under a He
atmosphere, the absorption intensity decreased, signifyregeasingdu(l) content, vergimilar

to that of the fresh Au/@AR. Introduction of the reaction gases caused a rapid oxidation to more
Au(lll) which was reduced to the previous Au(l) oxidation state over the course of the 70 min
induction period. Again, following from th&ork in the previous chapter this shows that the

Au(l) states most conducive to high acetylene conversilmming the reaction
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Figure4.3. Au/GCoS@time-on-line datag Au/GCoS@(, ), Au/GAR( ), conditions stated in section
4.2.3
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Figured.4. Au ls-edge XANES& Au/GAR, Au/GCoS®@at room temperature, after heating to 200 °C under
inert conditions, after introduction of reaction gases at 200 °C, after 70 min of reaction and Au foil
reference. Note that the data for 200 °C Inert (blue line) is nearly identical to and thereforenhigdae

data 200 °@0 min reaction (green line).

A linear combination fitting (LCF) of these results was performrégli(e4.5) to quantify the
proportions of gold sidation stategpresent with reference to the Au(l) and Au(lll) standards
(discussed iB.7, figure 17). As was clearly showrFigure4.4, the intial state of the catalyst at
room temperature is completely Au(lll), with no fractions of other oxidation states calculated.
Heating to 200 °C under inert conditions reduced the Au significantly to &a& and Au(lll)
(25%). Thesdractions of Au were remarkably similar to those of AWR (Au(l) 78 %, Au(lll)

19 %, Au(0) 3 %). Introduction of the reaction gases cause an oxidaifagold to Au(lll)(53

%), leaving the remainder as Au(§6 %. However, after 70 in of reaction the gold again
partially reoxidised, Au(lf74 % and Au(lll(26 %), to a state similar to that of AUMBR under
reaction conditions. In each of the reaction stages, a small percentage of Au(0) is also reported,
however in all cases this within the error of the analysis and considered negligiliie.changes

in oxidation states oAu/GCoS® are similar tothose observedn Au/GAr during the initial
stages of reactioff; both transition from Au(l) to Au(lilipon introduction of the reactangases
andthenreturn to Au(l)during the course of the reaction as the gold species stabilises in a more

active form.
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Figure 4.5. Linear combination fitting of the Austdge XANE®r Au/GAR, Au/@CoS@ at room
temperature, after heating to 200 °C under inert conditions, after introduction of reaction gases at 200

°C, after 70 min of reaction and Au foil referenEeror bars indicate standard deviation.

Analysis of the EXAFS region determined the staorgje order of tle catalysts at the different
stages of the reactiorF{gure4.6). In all cases, the catalyst showed a distinct scattering peak at
1.8 A corresponding to A«CI, although the intensity of this was significantly higher in Au/C
CoS®@at room temperature compared to Au#BR. As all of these XAS measurements were
taken durngin-situexperiments, therefore all comparable conditions, this could indicate a much
greater concentration of A€l or AuS, both indistinguishable via EXAFSlowever, after
heating this intensity reduces to a comparable level to that of AAKRC indicating a change in
oxidation state No reflections at 2.5ral 3.0A were detected, indicating no significant gold
nanoparticle formation. This matched the data obtained from XANES and XRD, indicating no

agglomeration of gold atoms under reaction conditions.
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temperature, after heating to 200 °C under inert conditions, after introduction of reaction gases at 200

°C, after 70 min of reaction and Au foil reference.

The combinaton of reactionand XAFS dathowed that the addition of CoS@ a Au/C catalyst
increased the initial acetylene conversion, by oxidising the Au species present before reaction
to Au(lll). This increased the rate at which the gold reduced to the active Au(l) species, observed
in the Au/CR catalyst. However, it important to note that the anion to Gt SQ*, may interact

with the Au and hence impact the catalytic activity. Therefore, further preparations were
performed, eliminating the second metal and replacing it with a simple cation to determine the

effect ofsulfate. This is detailed in the next section.

4.5.Catalysts prepared with salt sulfates

Two sulfate salts were chosen to replace the selection of metal sulfates used previously in order
to compare the effect of sulfur on the catalytic performance; these wsr@ium sulfate and
ammonium sulfate. For both salt sulfates, a catalyst was prepared byashing the carbon in

the saturated sulfate solution (5 g in 15 miOhlin the same manner as performed on the metal
sulfate catalysts. Gold was then added to ta&bon using aqua regia as solvent to form the 1%

Au/C prewash catalyst. Also, for each salt sulfate a peashcatalyst was prepared. In this

81



case, Au/EAR catalyst was stirred in the salt sulfate solution, followed by filtering, washing with
100 mLof HO and drying. Finally, a third catalyst was prepared using the salt sulfate solution
AyaidSIFIR 2F Fljdzr NBIAI P CtKA& o6l & tFroSttSR ay

4.5.1. (NH:)2SQ treatment

The catalysts prepared wiliNH:),SQ were tested for the acetylene hydrochlorinah reaction

and the results shown iRigure4.7. (NH,).SQ Prewash showed a much higher conversion (45

%) than that of Au/@\R (18 %) but a similar reaction profile;induction period lasting roughly

240 min before stabilising at a constant conversion. This suggests that sulfate is responsible for
the increase in catalyst activity, as opposed to the metals introduced in the previous section.
Both (NH,),SQ postwash and no AR had poor conversion (3 %), comparable to that of carbon
with no gold present (2 %). The reactions were stopped at 100 min as the conversion was stable

in both catalysts.
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Figured.7. (NH)2SQ treated catalysts timen-line datag pre-wash(, ), postwash(z ), no AR ) and
AU/GAR( ), conditions stated in sectioh.2.3

XRD analysis of the three fresh catalysts determined that féHh),SQ postwash and no AR

catalysts contained nanoparticles prior to reactidfiglire4.8), whilst thepre-wash displayed
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no gold reflections. This result was not unexpected in the no AR catyists known that using
water as a solvent when preparing Au/C catalysts from Haaslllts in the gold being reduced
on the carbon suppori®3*Water is not a strong enough oxidising agent to maintain the gold in

its oxidised form, therefore inactive nanoparticles are readily formed.
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Figured.8. XRD patterns of freqiiNHy)2SQ catalystsg pre-wash, postwash and no AR. Reflections at 38,
nn cp YR Ty Kk H  ¢(oRiNdsBlbdsl2 y R (G2 C// YSGLFLttAO

To determine if the salt was responsible for the nanoparticle formation or just the solvent
(water), the postwash preparation was repeated using a fresh ABRT catalyst and water,
instead of the(NHs).SQ solution. XRD was performed which showed that just by stirring the
catalyst in water and drying at 110 °C the gold was mobilised on the surface of the support and
agglomerated to form nanoparticle§igure4.9). These nanoparticles were ~50 nm, calculated

using the Scherrer equation.
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Figure4.9. XRD patterns of fresh AWAR and Au/@\R after stirring in water for 1 h.eRections at 38,
nnX cp YR Ty Kk H O2NNBalLlRyR (42 C// YSGrttad 3A2¢

In combination, hese results show that the introduction of sulfate resulted in an increase in
acetylene conversion and also indicates that an excess of water can rethdtagglomeration

of gold during catalyst preparation.

4.5.2. N&SQ treatment
Reactions were performed on the three catalysts prepared witsSRe¢ pre-wash postwash
and no ARKigure4.10). Unlike the(NH:).SQ pre-wash, the prewash of NaSQ had no effect
on the catalytic performance Na,SQ pre-wash had an almost identical reaction profile to that
of Au/CAR. Both(NH,),SQ postwash (5 %) and no AR displayed poor conversion, the latter

deactivating in the short reaction time from 5 to 3 %.
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Figure4.10. N&SQ treated catalysts timen-line datag pre-wash(, ), postwash(z ), no AR( ) and
AU/GAR( ).

XRD of each of the N&Q catalysts was performed, showing very similar results to those of
(NH).SQ, with no nanopatrticles observed in the pveash catalyst and nanoparticles present
in both the postwash and o AR catalystd~{gure4.11). The same reasons for the formation of
nanoparticles discussed in t{®&lH,),SQ catalysts 4.5.1) would also explain those observed

here.
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Figure4.11. XRD patterns of fresh b#Q catalystsg pre-wash, postwash and no AR. Reflections at 38,
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The results of these tests performed ¢NH;).SQ and NaSQ catalysts showed that it was
possible to produce catalysts with hignitial activity without the presence of another metal,
merely with the addition of the sulfate anion. However, it was also shown that the choice of
cation played an important role in promoting the binding of the sulfate to the suppetising

NH,* resulted in a more active catalydtan N&. Elemental analysis of these catalysts should
also be performed to determine if there was any correlation between catalytic activity and the

concentration of elements present.

4.6.Sulfuric acid catalysts

In this setion, sulfur was introduced to the carbon using sulfuric acid instead of metal salts.
Carbon was treated using the same preparations as mentioned previously with sulfuric acid; pre
wash, postwash and no AR. Each of the three preparations are split @im bwn subsection

to examine how these affected the catalytic activity.

4.6.1. Pretreatment of carbon supports with sulfuric acid

Carbon was stirred in three dilusalutions(0.076, 0.76 and 1.52 M) of sulfuric acid to form-pre

wash carbons. Gold was theepbsited on these supports using aqua regia. The resulting time
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on-line data for these catalystdrigure4.12) shows the influence the support r@on the
acetylene cowersion. In all three catalysts the conversion was the highest observed in any Au/C
catalysts tested under the same reaction conditions; 0.76 Mvpmeh achieved an initial
conversion of 70 %, 1.52 M167 % and 0.076 M 60 %. Each catalyst displayed veimilar
reaction profiles; an induction period lasting no longer than 30 min, followed by a steady decline
in acetylene conversion for the remaining reaction time resulting in conversions between 49
52 %. Altering the concentration therefore only hadhaal effect on the initial conversion, with

all catalystdallingto a similar conversion after 240 min.

Conversion of Acetylene (%)

I | | |
0 50 100 150 200 250

Time / min

Figure4.12. H2SQ pre-wash catalysts timen-line data¢ AU/GAR( ), 0.076 M HSQ.(, ),0.76 M HSQ
(z ),1.52 M HSQ (¢ ), 0.76 M HSQ carbon ( ) and carbon( ), conditions stated in sectiof.2.3

XPS analysis of each fresh catalyst was performed to companeldtere concentrations of

sulfur and oxygen on the,BQ catalysts using the S 2p and O 1s scans, to see if there was any
correlation between these and catalytic activity. These scans showed very similar atomic
concentrations of sulfuof 0.4¢ 0.6 %and correspondingly similar oxygen concentrations,c7.7

9.4 %. These comparable values would explain the very similar acetylene conversions, as each

catalyst would be likely to contain similar bonding sites. Each catalyst also showed mixtures of
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Au(0), Ai() and Au(ll)however, no quantification of the proportions of gold species was

performed due to the reducing nature of the XPS beam which could lead to erroneous ¥alues.

This analysis should, therefore, be performed using XANES.

Table 4.2. Sulfur and oxygen atomiconcentrations of 0.076, 0.76 and 1.52 pvash catalysts,

determined via XPS.

Catalyst S At. % O At. %
0.076 M Prewash 0.6 8.5
0.76 M Prewash 0.5 7.7
1.52 M Prewash 0.4 9.4

XRD analysisFigure 4.13) confirmed that none of the fresh catalysts contained gold
nanopatrticles (only fresh 0.076M pweash catalyst shown for clarity, both fresh 0.76 and 1.52

M appeared identical to this), whilshe used catalysts showed only small reflections owing to

YIEY2LI NIAOES F2NXNIGA2Y S @GAAaAA0ES

active but the gold also remained relatively stable throughout the reaction, the majority

remaining as singlsite gold and not sintering at high acetylene conversion (although small

b
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clusters would remain undetectable via XRD). This is dissimilar to previously reported high

activity Au/C catalysts which display significant growth of gold nanopartfcéeggesting that
the gold is better supported on these$0 pre-wash catalysts.
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Figure4.13. XRD patterns of fresh and used vash HSQ O (i f e ada® wSTf SOlAz2ya |

correspond to FCC metallic gold crystallites.

Further characterisation was performed on 0.76 M jarash catalyst as this achieved the
highest acetylene conversion. To determine whether the small proportigolof nanopatrticle
formation observed in the used catalyst occurred as a result of heating or due to the reaction
itself, the catalyst was heated under nitrogen whitssitu XRD analysis was performdegure

4.14). This showed that no reflections corresponding to gold nanoparticles were obsamtied
240°@ ! 020S GKAA OGSYLISNY GdZNBZ OKF NI OGSNRAGAO
visible. Therefore, the sall nhanoparticles observed in the used catalysig(re4.13) were

formed due to theintroduction of thereaction gases. As sintering of gold occurred at 240 °C,

this indicates that the gold was less stable than AR, which began sintering at 320 °C (see

3.7, Figure 16 foiin-situ XRD performed on Au/8R). Thereforethe addition ofsulfur has

reduced the stability of the catalyst at high temperatures.
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Figure4.14. In-situ XRD of Fresh 0.76M$QPreg 8 K® wSTt SOdGA2ya G4 oyX nnxz

FCC metallic gold crystallites.

Continuing to study the 0.76 M pngash catalyst, XPS analysis wasfqrered at various
conditions after it had been heated to 200 °C under argon gas and then allowed to cool (labelled
heated), after reaching maximum initial conversion (used, max. conversion), and after
performing a reaction for 240 min (used, 2d40n). These values were also compared to those
obtained from Au/GAR Table4.3). All of the 0.76 M pravash catalysts showed very little
variation sulfur concentration vatied from 0.5¢ 0.3 % and variation in oxygen concentration
was8.8¢ 6.6 %. Comparing these catalysts to AME, however, shosithat even after use the
concentration of sulfur had remained slightly higher on 0.76 Myash than on Au/@R (0.1
%),whilst the concentration of @vaslower than that of Au/GAR (7.6 %)From these results it

can be concluded that the sulfur treatment only adds a small relative fraction of sulfur to the
pre-wash catalyst, however this is still sufficient to have a rdwlale enhancement in catalytic
activity. This also shows that the majority of the sulfur introduced to the catalyst remains after
reaction, as only a loss of 0.2 % occurs, whilst the concentration of oxygen also restainsly

constant.
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