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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 carbon catalysts 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 the catalyst reduced. This was attributed to the high dispersion of Au(I) 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 volatility of the 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 drying temperatures. 

 

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 be pre-washing the carbon in dilute H2SO4, before 

the addition of gold. By this method, variation of the concentration of H2SO4 had little effect on 

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

 

Carbons were prepared with a modifiŜŘ IǳƳƳŜǊǎΩ ƻȄƛŘŀǘƛƻƴ ƳŜǘƘƻŘΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ƎǊŜŀǘŜǊ 

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 responsible 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, indicating that 

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

oxygen. 
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1. Introduction 

1.1. Catalysis 

The understanding of the principles of catalysis were founded in the early 1800s. Of the first 

catalytic reactions performed, the most notable was that discovered by Louis Jacques Thenard 

in 1813; the decomposition of ammonia to nitrogen and hydrogen, performed by passing 

ammonia over very hot metals.1 This was 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 unobserved.2 

Although platinum displayed lower activity 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 coal-gas lamp flame. When an excess of coal-gas was introduced, the 

flame was extinguished but the wire continued to be very hot and bright. The wire was also 

incandescent and hot in the presence of coal-gas and air. This was the first indication of 

heterogeneous catalytic oxidation.3 This research went on to be applied in the preparation of 

ǘƘŜ ƳƛƴŜǊΩǎ ǎŀŦŜǘȅ-lamp. Edmund Davy continued this research, by using a fine platinum mesh 

in place of the wire, showing that smaller divisions of metal resulted in higher catalytic activity.4 

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 same theory, 

using finely divided or 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 decaŘŜǎΦ Lǘ ǿŀǎƴΩǘ ǳƴǘƛƭ му36 that the term catalysis was 

coined by Berzelius, from the Greek words kata (translated as down) and luein (loosen), which 

were combined to form kataluein (dissolve) and then katalusis.5 The early understanding of 

ŎŀǘŀƭȅǘƛŎ ǇǊƻŎŜǎǎŜǎ ǇǊƻƎǊŜǎǎŜŘ ŦǊƻƳ ǘƘŜƻǊƛŜǎ ƻŦ ŎŀǘŀƭȅǘƛŎ ŦƻǊŎŜǎ ƻǊ άǎƭŜŜǇƛƴƎ ŜƴŜǊƎȅέ ǊŜƭŜŀǎŜŘ 

upon catalyst initiation,6 to the determination that catalytic processes could involve multiple 

steps, including multiple intermediate products, due to rearrangement of atoms to more stable 

ǎȅǎǘŜƳǎΦ ¢Ƙƛǎ ƭŜŀŘ ǘƻ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴ ōȅ hǎǘǿŀƭŘ ƛƴ мфлмΣ ǿƘŜǊŜ ƘŜ ǎǘŀǘŜŘ ǘƘŀǘ ŀ Ŏŀǘŀƭȅǎǘ ƛǎ άŀ 

substance that alters the chemical reaction rate without itself being part ƻŦ ǘƘŜ Ŧƛƴŀƭ ǇǊƻŘǳŎǘǎέΦ7 

This definition can be illustrated by the energy diagram shown in Figure 1.1. A catalyst can 

provide an alternative pathway 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 the kinetics of the reaction. However, the catalyst 
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will have no effect on the thermodynamics of the chemical reaction, shown by an equal Gibbs 

ŦǊŜŜ ŜƴŜǊƎȅ όɲDύ in both the catalysed and uncatalysed pathways. 

 

 

Figure 1.1. An energy level diagram showing the lower activation energy barrier for a catalysed (Ea,cat) 

versus uncatalysed (Ea) reaction, where ɲG is the Gibbs free energy. 

The kinetics of a reaction can be better appreciated using equation 1.1. 

A + B Ą C + D (Eq. 1.1) 

In this instance, the reactants A and B form products C and D. The rate of this reaction (r) can be 

expressed as shown in equation 1.2. 

r = k [A]m [B]n (Eq. 1.2) 

Where [A] and [B] represent the concentrations of reactants A and B, respectively. m and n are 

exponential factors representing the orders of reaction of [A] and [B]. k is the kinetic constant, 

given by equation 1.3. 

Ὧ ὃ Ὡ  (Eq. 1.3) 

Where A is the pre-exponential factor, Ea is the activation energy (J mol-1), R is the gas constant 

(J mol-1 K-1) and T is the temperature (K). Therefore, by decreasing the activation energy of the 

reaction (via the use of a catalyst), the kinetic constant will be increased, thereby increasing the 

rate of reaction. Another factor that can increase the rate of reaction is temperature; as 

temperature is increased the kinetic constant increases and therefore the rate too. Without a 
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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 therefore decreases the external energy input 

necessary for a reaction, resulting in a more efficient process. This is one of the key facets of 

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

pollution and use of non-renewable resources should be minimised. The 12 principles of green 

chemistry are summarised in the list below.8,9 

1. Waste prevention is preferable to treating or cleaning waste. 

2. Methods should aim to ensure that as much starting material as possible is incorporated 

into the final product in order to minimise waste production. 

3. The use of or generation of materials toxic to the environment and/or humans should 

be avoided. 

4. The product chemicals formed should be minimally toxic whilst still functional. 

5. The use of auxiliary substances should be avoided, or non-toxic if essential. 

6. Energy requirements of the reaction should be minimised. Those performed using 

ambient temperature and pressure are desirable. 

7. The use of renewable or raw materials is always preferable to non-renewable sources. 

8. The use of derivatives should be avoided to minimise the use of extra reagents or the 

generation of more waste materials. 

9. Catalysts (which are reusable) should be used where possible in place of stoichiometric 

reagents (which are consumed during the reaction). 

10. The products formed from the reaction should be environmentally friendly and, where 

possible, biodegradable. 

11. Analytical methods should be developed in order to perform real-time analysis of the 

reaction. This will help to monitor and thus prevent formation of hazardous substances. 

12. General safety should be considered 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, it is more 

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

catalysts to improve reaction efficiencies and minimise the production of waste materials. 

 

1.2. Heterogeneous catalysts 

Catalysis was first indirectly noted in biological catalysts aka enzymes, the name coined by Kühne 
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in 1877 to describe cellular fermentation10 to form alcohol from sugar. This term was later 

adapted to only include rate enhancement by non-living 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 high activity is typically low reaction condition tolerances, as slight 

changes in temperature or pressure can often result in a rapid reduction in performance or 

deactivation. Non-biological catalysts can be split into two forms, homogeneous and 

heterogeneous. Homogeneous catalysts are in the same phase as the reactants. An example of 

this is the decomposition of ozone to form oxygen, using chlorine as the homogeneous catalyst. 

Cl + O3 Ą ClO3 

ClO3 Ą ClO + O2 

ClO + O Ą Cl + O 

Overall reaction: 

O3 + O Ą O2 

The use of homogeneous catalysts can result in difficulties separating the catalyst from the 

reactants and products post-reaction, as well as often suffering from short catalyst lifetimes, 

thermal instability and general fragility.11 Heterogeneous catalysts are in a different phase to 

the reactants. Industrial processes typically favour the use of heterogeneous catalysts; indeed 

85 ς 90 % of industrial reactions rely on the use of heterogeneous catalysts.12 However, these 

catalysts are not without problems as high reaction temperatures can lead to over consumption 

of reactants and low selectivities, which again may cause concern for their environmental 

impact.11 Generally speaking, these issues are offset by the benefits of heterogeneous catalysts, 

such as their durability, ease of practical handling and separation of the catalyst post-reaction. 

Typically, reactions involving heterogeneous catalysts occur on the surface of the catalyst, where 

nanoparticles have been deposited on bulk materials. The use of nanoparticles or, smaller still, 

atoms of metals finely dispersed on supports, helps to mitigate the cost of catalysts in industry. 

Using bulk metals would not only be prohibitively expensive but would also often result in a 

poorer catalytic activity. 

The size of the supported metal has a significant impact on the catalytic activity.13 Although 

different metals and metal sizes are 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 nanoparticle to cluster to single atoms. This will affect the 

photocatalysis as the plasmon of the catalyst is altered.14 Single atom catalysts are more likely 

to be geometrically stable than metal clusters, for example, as clusters have a greater number 

of configurations available to them. They are therefore more likely to be affected by factors such 
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as the support, reactants, reaction conditions and cluster charge.15 Increasing the size of clusters 

to metal nanoparticles results in greater stability for the overall particle, however the exposed 

surface atoms at the corners, edges and metal-support interfaces may change under reaction 

conditions.16,17 The electronic structures of the systems are also affected by their size (Figure 

1.2). In single atoms the electronic structure is highly dependent on the surrounding ligands and 

solvent.17 Metal clusters have more complex electronic interactions as multiple metal atoms 

result in more orbital overlaps. The electronic interactions become cluster size dependent,18 

especially significant as the cluster changes from planar to 3D geometry as a result of a greater 

number of atoms, resulting in less efficient orbital overlaps.19 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 nm.20 

 

 

Figure 1.2. Nanoparticle, cluster and single atom geometric and electronic structures. 

 

1.3. Catalysis by gold 

Bulk gold has been known as an inert material for centuries, hence its most common application 

in jewellery and coinage.21ς23 This is due to the full 5d-orbital prohibiting interaction with 

elements such as hydrogen and oxygen,24,25 and the contracted, stabilised 6s shell.26,27 Only 

within the past 40 years was it discovered that, upon reducing the size of gold materials to 

nanoparticles, the metal becomes highly active, with huge implications for catalytic 

applications.28 The breakthrough discovery for catalytically active gold was discovered due to 

work performed by Haruta et al. on the CO oxidation reaction.29 This was closely followed by 
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Hutchings and his work on the acetylene hydrochlorination reaction,30 discussed in greater 

depth in section 1.5.2.2. 

Decreasing the size of gold from bulk to nanometer scale results in a greater coverage of metal 

on the surface of the catalyst support, which causes a greater mobility of gold atoms. As the 

number of individual surface gold atoms increases, the number of individual reaction sites 

increases and the surface area of gold in contact with the support increases, introducing more 

reaction possibilities. These all explain the high reactivity of gold nanoparticles for the CO 

oxidation reaction.29 The optimum size of gold nanoparticles for the CO oxidation is still under 

debate, although generally it has been shown that a range of 0.5 ς 5.0 nm results in active 

catalysts,31ς33 whilst decreasing the size to atomically supported gold has had mixed results,34,35 

complicated by such factors as the nature of the support, the gold-support interaction, and gold 

valence state.35 

Supported gold atoms can, however, be very active for other reactions such as methanol steam 

reforming,36 ethanol dehydrogenation reactions37 and the water-gas-shift reaction,38,39 with 

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

transmission electron microscopy.40,41 

 

1.4. Activated carbon ς catalyst and support 

In catalysis, the nature of the support can directly influence the catalytic activity, for example as 

observed in gold catalysts for the CO oxidation reaction; the support may influence the 

activation of reactant species, as observed with the activation of O2,42 participate in redox 

processes, by supplying oxygen from the surface lattice,43 or work in synergy with the supported 

metal to from the product, such as the Au-Ti interface of Au/TiO2 forming CO-O2 complexes,44 

or the electron transfer between Au and ZnO to facilitate the oxidation of CO.45 

The support used in this work was activated carbon. Carbon has been used for several 

applications in catalysis; as a catalyst itself,46 for the production of phosgene47 and sulfur 

halides,48 or the catalytic removal of SO2/NOx from flue gases;49,50 or as a catalyst support, well 

documented in several industrial and fine chemical roles.51  

Activated carbon can be easily recovered from precious metal catalysts via combustion, making 

it a very useful support for catalytic reactions performed on an industrial scale.52 The stability of 

the support in acidic and basic media52,53 is an advantage over the use of supports such as 

alumina and silica, which are dissolved at high pHs and the former also in low pHs.54,55 This makes 

carbon especially suitable for use in the acetylene hydrochlorination reaction (section 1.5.2), 

where the reactant, pure HCl, is present in excess. Carbon will naturally reduce metals such as 
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gold during the catalyst preparation, as noted when using deposition-precipitation for Au/C 

catalysts.56 

As there are such a large variety of carbon sources available, variation between batches of 

carbon materials is common resulting in differences in surface structure and chemical group 

distribution. Impurities such as calcium, potassium and iron are also a common feature of 

carbons, caused by various washing treatments.53 This may affect the distribution of the 

supported metal, directly influencing the catalytic performance. It is this variation that can 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 carbon 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,57 or via the use of nitrogen-containing precursors.58 Oxygen functionality can be 

readily introduced via exposure of carbon to the atmosphere.59 Further oxidation is made 

ǇƻǎǎƛōƭŜ ōȅ ƻǘƘŜǊ ƳŜǘƘƻŘǎ ǎǳŎƘ ŀǎ ǘƘŜ IǳƳƳŜǊǎΩ ƻȄƛŘŀǘƛƻƴΣ ŎƻǾŜǊŜŘ ƛƴ ƎǊŜŀǘŜǊ ŘŜǘŀƛƭ ƛƴ 5.1. 

The amount of oxygen present also relates to the pH of the carbon in aqueous dispersion; 

generally more oxygen results in a more acidic dispersion,60 resulting in more cationic exchange 

properties, whilst carbons with a lower oxygen content have a more basic dispersion and anionic 

exchange behaviour.61 Species such as carboxylic acids, anhydrides, lactones/ lactols and phenols 

are acidic, whilst carbonyl and ether oxygen may form quinone, chromene and pyrone basic 

groups. The majority of oxygen groups present are removed from the surface upon heating the 

carbon to 1000 °C under an inert atmosphere or vacuum. Examples of nitrogen and oxygen 

groups introduced to the carbon are shown in Figure 1.3. 
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Figure 1.3. Nitrogen and oxygen containing surface groups on carbon. Reproduced from figure 1.59 

The methods for determining the amount of oxygen on the surface of the carbon began with 

.ƻŜƘƳΩǎ62 acid and base titrations for basic and acidic sites respectively. Limitations of this 

method63 resulted in further development of the following techniques. 

¶ Fourier-transform infra-red (FTIR) in conjunction with diffuse reflectance (DRIFTS),64 

measuring vibrational absorption bands of C=O groups or C=C and C-O bonds for 

example. 

¶ X-ray photoelectron spectroscopy (XPS), measuring the binding energy of electrons 

excited from surface groups, determined by analysing the C 1s or O 1s energies.65 The 

main oxygen-containing groups observable in the C 1s spectrum of an oxidised carbon 

fibre are shown in Figure 1.4 and in the O 1s spectrum in Figure 1.5. 

¶ Temperature Programmed Desorption (TPD), deconvoluting the thermal desorption 

peaks of CO and CO2 evolved from oxygen containing groups.66 The temperatures at 

which the main oxygen functionalities desorb are shown in Figure 1.6. 
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Figure 1.4. Typical C 1s XPS spectrum of oxidised carbon fibres: (I) phenols, (II) carbonyl groups, (III) 

carboxyl groups, (IV) plasmon peak. Peak at 284.8 due to sp3 carbon. Black solid line indicates raw data, 

grey dotted line indicates raw data fit, inner grey lines indicate fitting of functional groups. Reproduced 

from figure 4.63 

 

 

Figure 1.5. Typical O 1s XPS spectrum of oxidised carbon fibres: (I) carbonyl groups, (II) alcohol/ether 

groups, (III) chemisorbed oxygen/adsorbed water groups. Black solid line indicates raw data, grey dotted 

line indicates raw data fit, inner grey lines indicate fitting of functional groups. Reproduced from figure 

4.67 
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Figure 1.6. Temperature ranges of functional groups desorbed from carbon, from the evolution of (a) CO2 

and (b) CO. Reproduced from figure 2.59 

It is important to use an appropriate characterisation technique depending on the carbon in 

question as each has their limitations. Using DRIFTS, functional groups may produce multiple 

bands that may overlap, making deconvolution of the different groups difficult.64 XPS fittings 

must be performed using fittings dependent on the nature of the carbon, be it more graphitic 

or aliphatic.66 XPS can also lead to an over-estimation of the total oxygen content in micorporous 

carbons, whereas both TPD and XPS perform similarly with mesoporous materials.66,68 A 

combination of the above techniques is most useful to form an accurate qualitative and 
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quantitative description of the oxygen functionality.69 

Activated carbon was chosen as the support in this work due to: 

¶ A high stability under harsh acidic conditions and reaction temperature 

¶ A large surface area, to facilitate dispersion of atomic gold species 

¶ A low impact on catalytic selectivity 

¶ Adaptable surface chemistry, to introduce different functionality which may affect 

catalytic activity 

¶ Suitability for scale-up and industrial application. 

 

1.5. VCM production methods 

Over 30 million tonnes of the vinyl chloride monomer (chloroethene, VCM) is produced 

annually,70 the majority of which goes onto be used in the formation of polyvinyl chloride 

((C2H3Cl)n, PVC) typically via suspension polymerisation,71 although emulsion and bulk 

polymerisation are also viable methods.72 PVC is the third most commonly used polymer in the 

world73 owing to its versatility; it can form soft, flexible materials such as electrical cable 

insulation and clothing or strong rigid materials, useful for engineering applications such as 

piping and furniture trimmings.74 

There are several methods for the production of VCM; however, there are two predominant 

methods favoured by USA and China; the balanced process and acetylene hydrochlorination, 

respectively, shown in Figure 1.7.  
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Figure 1.7. Schematic of the various routes available for the production of VCM. Balanced process 

represented in dashed box. Reproduced from figure 6.75 

 

1.5.1. The balanced process 

The balanced process involves multiple reaction steps. First ethylene is chlorinated to form 

ethylene dichloride (EDC) catalysed by FeCl3. Second, EDC is thermally cracked to form VCM. A 

third step occurs in parallel with these two reactions, the oxychlorination of ethylene, in which 

ethylene reacts with HCl and O2 catalysed by CuCl2, consuming the HCl produced during the 

cracking of EDC. 

As shown in Figure 1.8, multiple extra reactions can occur during the oxychlorination of 

ethylene. EDC can undergo substitution, elimination and addition, forming unwanted 

chlorinated carbon materials, or undergo over-oxidation to form CO and CO2.76 This shows the 

necessity for highly selective catalysts when the balanced process is utilised. Current research is 

looking into the use of ethane to replace ethylene, thereby forming VCM directly from the 

oxychlorination of ethane, removing the need for the cracking of EDC step.77 

This process is particularly favoured in the US due to the availability of oil,78 used to produce 

ethylene, and the reduced safety implications when not handling concentrated acetylene on an 

industrial scale.79,80  
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Figure 1.8. The multiple reaction pathways available during ethylene oxychlorination to produce ethylene 

dichloride. Reproduced from figure 10.75 

 

1.5.2. The acetylene hydrochlorination reaction 

China uses coal for acetylene production;76,81 the coal is cracked with lime to form calcium 

carbide, which in turn is used to produce acetylene for the hydrochlorination reaction. This 

accounts for over 95 % of Chinese produced PVC.82 This method helps to reduce the cost of PVC 

production, due to large coal reserves available in China. In contrast to the balanced process, 

the acetylene hydrochlorination reaction involves just one step, the reaction of acetylene and 

hydrogen chloride (Figure 1.9). This method utilises 100 % of the reactants and typically results 

in high product selectivity. The acetylene hydrochlorination reaction is typically performed with 

a mercuric or gold chloride-based catalyst. 

 

 

Figure 1.9. 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 carbon (Figure 1.10).83 Hg was second only to Pd for VCM production, the 

latter of which suffers from rapid deactivation due to coke formation,84 ƘŜƴŎŜ ƳŜǊŎǳǊȅΩǎ 
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abundant use in industry. 

 

 

Figure 1.10. Standard electron potential versus acetylene conversion for metal chloride catalysts 

supported on carbon. Reproduced from figure 2.85 

Even before this trend was observed, Hg had been used for this reaction since its discovery in 

1912 by Fritz Klatte,86 typically with a 10 wt. % loading.81 However, there were two main issues 

surrounding the use of this metal for this reaction. Firstly, the high metal loading was 

undesirable due to cost, especially as the HgCl2 would sublime at the typical reaction 

temperature of 180 °C, thereby leaving an inactive carbon support.87 This resulted in limited 

catalyst lifetimes, little over a hundred days,88 which directly correlated with metal loading.89 

The volatile HgCl2 and reduced Hg would typically be found downstream of the reactor or worse, 

find their way into the environment. This leads to the second main issue, health. The 

implications of increased levels of mercury being released into the environment were discussed 

in detail at the Minamata Convention on Mercury in the three years leading to 2013.90 Mercury 

is toxic to humans 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 Minamata which suffered heavily from mercury poisoning 

due to mercury-containing industrial wastewater. The agreement, signed by nearly 140 

countries, stipulated that the use of mercury in numerous products will be prohibited by 2020. 



 

15 
 

For mercury-based catalysts, specifically for the VCM reaction, the production of new plants 

utilising this catalyst was banned from 2017 and all plants currently using the catalyst must be 

mercury-free by 2022. This has led to a flurry of new research on the use of alternative metals 

for the VCM reaction.91ς93 

 

1.5.2.2. Gold-based catalysts 

The most significant contribution to this field was the discovery by Hutchings that gold could 

catalyse the production of VCM. This breakthrough came from replotting the previous work on 

acetylene hydrochlorination catalysts,83 using two-electron, metal chloride reduction potentials 

instead of metal potentials (Figure 1.11). 

 

 

Figure 1.11. Plot of standard electrode potential versus acetylene conversion per mol of metal. 

Reproduced from figure 2.94 

Not only was the catalyst more active compared to Hg by an order of magnitude,95 but 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 reaction.96,97 Unlike the mercury catalyst, 

the gold catalyst could be reactivated. This could be achieved during or post-reaction by flowing 

Cl2, NO or N2O, or by boiling in aqua regia98,99 to oxidise any reduced gold, rendering it active 
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again.100 

The active species of the gold catalyst during the acetylene hydrochlorination reaction has been 

narrowed down from suggestions of a mixture of gold cations and nanoparticles97,100 to solely 

single site atomic Au(I) and Au(III), found using in-situ x-ray absorption fine structure (XAFS) 

spectroscopy.40 This is due to the development of methods such as traditional transmission 

electron microscopy (TEM), which would not be able to resolve sub-nanometer structures to 

recently more sophisticated techniques such as aberration-corrected annular dark field scanning 

transmission electron microscopy (ac-ADF/STEM)101ς103, used to view angstrom level resolution 

for sub-nanometer clusters and atoms. XAFS was also used to detect individual cationic species 

(such as Au3+)104,105 and monitor in-situ changes to the catalyst. Using this technique, it was 

determined that oxidised gold readily switches from Au(I) to Au(III) and back during the reaction, 

and that Au(I) is the more active of the two species. This was proven by correlating the 

proportion of Au(I/III) during the reaction with VCM production, shown in Figure 1.12. Here the 

white line height (normalised absorption energy) is proportional to the Au oxidation state, 

where a white line height equal to 1.1 is obtained with an entirely Au(III) reference and 0.6 with 

a Au(I) reference; hence values between 1.1 and 0.6 indicate a mixture of Au(III/I) states, 

respectively. 

 

 

Figure 1.12. White line height and VCM productivity of 1 wt. % Au/C catalyst over time, during the 

acetylene hydrochlorination reaction. Reproduced from figure 2.40 

The use of different solvents106 and ligands107,108 has a direct effect on the activity of the gold 
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catalysts due to their ability to stabilise the Au(I) species. This has led to highly active gold 

catalyst with metal loadings as low as 0.1 %.109,110 From this, the main cause of gold catalyst 

deactivation is clearly reduction of Au(I) and Au(III) to form Au(0).111 In fact, the formation of 

gold nanoparticles under reaction conditions facilitates further sintering, resulting in a lower 

dispersion of oxidised gold and hence poor catalytic activity; however, it is also possible to 

observe formation of oligomers of acetylene if the concentration of acetylene is high with 

respect to HCl, which can preclude carbon fibre formation.109,112 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 has speculated numerous mechanisms for the acetylene hydrochlorination reaction 

with a Au/C catalyst; some suggesting it follows a homogeneous-like pathway as observed in 

K2PtCl6 salts113, whilst other work suggests this is unlikely owing to the need for an intermediate 

pathway which involves the co-adsorption of HCl and C2H2, resulting in a weak six-membered-

ring interaction.114 Literature also has not conclusively determined whether the reactants are 

co-adsorbed96, or if HCl is added first followed by the addition of C2H2. It is clear that C2H2 cannot 

be added first or separately as this results in the formation of a stable metal complex which 

facilitates the polymerisation of C2H2, resulting in the deactivation of the catalyst.109,114,115 This 

can be avoided using an excess of HCl and choosing a suitable reaction temperature.115 It has 

been suggested that the reaction is first order with respect to both reactants96 and 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 Au0 the catalyst will not be as active as the oxidised Au(I)/Au(III) 

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 effect of acetylene and hydrogen chloride, separately, 

on acetylene conversion.  

In order to observe the reaction profile at rates suitable for reaction kinetics to be observed, a 

number of conditions were used, as follows; 

1. Low reactant gas concentrations were used to maintain low conversion of acetylene at 

200 °C, thus ensuring the reaction was at a viable rate of reaction for kinetic studies. 

This also ensured that if adsorption of the reactant gases to the catalyst surface occurred 

during the reaction, the catalyst surface would not become saturated with reactants, 

which would lead to a zero order of reaction with respect to either of the reactants. 

2. To remove the variable of changing gold oxidation state from the experiments, the 
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reaction was first allowed to proceed until steady state conversion was maintained. It 

was assumed from this point on in the reaction that the gold oxidation state was 

optimised and stable. The concentrations of gases were then altered to determine the 

order of reaction. 

3. A high total gas flow and half the mass (0.045 g) of catalyst used in reactions ensured a 

low acetylene conversion. Therefore, it could be assumed that the reaction remained 

unaffected by concentration gradients through the catalyst bed. 

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

Au(I/III) by acetylene. The results of this investigation are shown in  
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Figure 1.13. Determination of orders of reaction with respect to (top) C2H2 and (bottom) HCl 

concentration. A linear dependence was found in both. Reaction conditions: Catalyst (0.045 g), 200 °C, 

ambient pressure, various concentrations of gases (HCl in excess) balanced with Ar at fixed flow of 50 mL 

min-1. 

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 this group, in which a concerted addition of acetylene 

and hydrogen chloride to Au(I)-Cl is observed to be the first step of the reaction mechanism.111 

This also explains the lack of observed 1,1-dichloroethene, which would result from the addition 

of more than one dissociated HCl molecule per C2H2 molecule; even in an excess of HCl this 

product was not observed, nor in any of the experiments carried out in this work.96 It can be 

assumed that from this point in the reaction the Au(I)/Au(III) redox cycle continues with the 

reductive elimination of the vinyl chloride monomer, regenerating the more Au(I)-like state to 

re-start the catalytic cycle.40,111  

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, low stability mercury-based 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 gold-based catalyst, supported 



 

20 
 

on robust activated carbon.  

 

1.6. Project aims 

The aims of this work were to: 

¶ 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 dispersed Au(I) and Au(III) species. 

¶ 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 focuses on the use of alternative solvents for the preparation of gold on carbon 

catalysts. The primary aim of this work was to negate the necessity for high boiling point, high 

polarity, acidic solvents, which are detrimental to catalyst stability and impractical for industrial 

scale-up. 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 of different acids and their concentration 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 performed on the 

carbon support. The effects of different oxidants and the amount of oxidant used were explored. 

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 this section is to list the preparation methods of catalysts and to explain how the 

various analytical techniques 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 work, including their suppliers and purities are listed below. 

Table 2.1. List of chemicals. 

Chemical Supplier Purity / % 

5 % Acetylene/argon (C2H2/Ar) - gas mix BOC > 95 

5 % Hydrogen chloride/argon (HCl/Ar) -  gas 

mix  

BOC > 95 

Argon, Ar BIP 99.9999 

Hydrochloric acid, HCl Fisher 37 

Nitric acid, HNO3 Fisher 70 

Sulfuric acid, H2SO4 Fisher 95 

Chloroauric acid, HAuCl4.3H2O, 49.0 % Au Alfa Aesar 99.99 

Chloroauric acid solution, HAuCl4, 41.76 % Au JM - 

Activated carbon, Norit ROX 0.8 JM - 

Potassium permanganate, KMnO4 Sigma Aldrich 97 

Hydrogen Peroxide, H2O2 Fluka 30 

Extra Dry Acetone, CH2O Acros Organics 99.8 

HPLC-Grade Acetone Fisher 99.8 

Methanol, CH3OH Fisher > 99.5 

Ethanol, C2H5OH VWR җ 99.8 

1-Propanol, C3H7OH Alfa Aesar 99.5 

1-Butanol, C4H9OH Sigma Aldrich 99.8 

2-Propanol, C2H5OH Fisher җ 99.5 

2-Butanol, C4H9OH Sigma Aldrich 99.5 

2-Butanone, C4H8O Acros Organics 99 

Ethyl acetate, C4H8O2 Fisher > 99 
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Diethyl ether, (C2H5)2O Acros Organics 99.5 

THF, C4H8O Sigma Aldrich җ 99.9 

DMSO, C2H6OS Alfa Aesar > 99 

DMF, C3H7NO Alfa Aesar 99 

Cyclohexanone, C6H10O Sigma Aldrich җ 99.0 

Ammonium sulfate, (NH4)2SO4 Sigma Aldrich 99 

Sodium sulfate, Na2SO4 Sigma Aldrich 99 

Sodium thiosulfate, Na2S2O3 Alfa Aesar 99 

 

2.3. Catalyst preparation methods 

2.3.1. Preparation of supported gold catalysts via wet impregnation 

Chloroauric acid (20 mg) was dissolved in aqua regia (3 HCl : 1 HNO3), or other solvents (eg. 

acetone, H2SO4, 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 carbon (0.99 g). This 

solution was left to stir for 1 h then dried under nitrogen at 140 °C for 16 h. Unless specified 

otherwise, all catalysts were prepared with a 1 wt. % gold loading, denoted 1% Au/C ς solvent 

and the carbon support was used without any additional treatment. 

 

2.3.2. Preparation of modified Au/C catalysts 

In chapters 4 and 5, carbon and Au/C catalysts are modified using sulfur containing solutions 

ŀƴŘ ǘƘŜ IǳƳƳŜǊǎΩ ƻȄƛŘŀǘƛƻƴ ƳŜǘƘƻŘΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ŘŜǘŀƛƭǎ ƻŦ ǘƘŜǎŜ ƳŜǘƘƻŘǎ ŀǊŜ ŘŜǘŀƛƭŜŘ ƛƴ 

the experimental section at the start of each respective chapter. 

 

2.4. Catalyst characterisation techniques 

2.4.1. Brunauer-Emmett-Teller (BET) surface area analysis 

Background 

Branauer-Emmett-Teller theory uses multiple molecular layers to determine the surface area of 

a given sample, removing the inaccuracy of Langmuir theory which only considers monolayer 

coverage.1 This theory can be applied to obtain information such as total surface area, pore-size 

distribution and morphology. 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. 
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The BET equation can be given as: 

 

ὺ  
ὺὧὴ

ὴ ὴ ρ ὧ ρ
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ὴ

 

 

Where ὺ  absorbed volume of gas, ὺ  adsorbed monolayer volume, ὴ  equilibrium gas 

pressure, ὴ  saturation pressure and ὧ  BET constant: 
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Where Ὁ  heat of adsorption for monolayer formation, Ὁ  heat of adsorption for multilayer 

formation, Ὑ  gas constant and Ὕ  temperature (K). 

 

The BET constant provides a value to determine the affinity between adsorbent and adsorbate. 

Values between 100 and 200 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.2 

The BET equation can be rearranged to form the linear equation: 
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This equation can be plotted using the form ώ άὼ ὧ where ώ  and ὼ  to 

find gradient, ά  and y-intercept  . Once ὺ  is known, S can be found using the 

equation: 

 

Ὓ
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ὠ
 

 

Where Ὓ  specific surface area, ὔ  !ǾŀƎŀŘǊƻΩǎ ŎƻƴǎǘŀƴǘΣ ὠ  molar volume of nitrogen and 

ά  mass of the solid sample. 

 

 

Experimental 
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Samples were degassed at 120 °C overnight with a Quantachrome Flovac degasser and then 

weighed accurately before analysis using a Quantachrome Quadrasorb BET. Nitrogen 

porosimetry was performed at -196 °C, over the range P/P0 = 0.05 ς 0.2. 

 

2.4.2. X-ray Absorption Fine Structure (XAFS) Spectroscopy  

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 sample. XAFS can be 

explained in two areas; x-ray absorption near edge structure (XANES) and extended x-ray 

absorption fine structure (EXAFS) (Figure 2.1). XANES is the study of the absorption edge; when 

the x-ray beam is of the specific energy for a core electron to be excited and removed, it gives 

rise to a sharp increase in the absorption at that particular energy. This is transition energy is 

atomically specific. For the catalysts studied in this work, the focus is solely on the Au L3-edge 

(2p3/2 ќ 5d transition), which has an absorption edge at ~11920 eV. The 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 chemistry. A Linear Combination Fitting 

(LCF) of the XANES data can be performed, 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 catalyst. These calculations were performed using the Athena software package.4,5 EXAFS 

studies the interaction of the ejected electrons with the surrounding atoms in the compound. 

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 waves are in 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 fine-structure oscillations is 

dependent on the distance between absorber atoms and atoms causing back-scattering, whilst 

the amplitude is proportional to the number of back-scattering atoms. Therefore, studying this 

post-edge absorption gives information on the local geometric structure, the coordination 

number and species of nearest neighbours. 
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Figure 2.1. XAFS spectrum showing XANES and EXAFS regions and the respective diagrams showing 

absorption and scattering of the x-ray beam. 

XAFS is typically performed in transmission mode, where the analysis can be performed at high 

temperatures and pressures. The sample is placed in the path of a monochromatic x-ray beam 

and the intensity before and after analysis is measured. From this, the absorbance, proportional 

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

 

‘ὼ ÌÎ
Ὅ
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Where µt = absorption coefficient, x = thickness of the sample, It = intensity of beam after 

transmission through sample and I0 = initial intensity of beam. A reference material should also 

be analysed as a standard, for calibration purposes. XAFS analysis can also be performed in 

fluorescence mode, ǿƘƛŎƘ ƛǎ ǘȅǇƛŎŀƭƭȅ ǳǎŜŘ ŦƻǊ ŘƛƭǳǘŜ ǎŀƳǇƭŜǎ ŘǳŜ ǘƻ ǘƘŜ ǘŜŎƘƴƛǉǳŜΩǎ ƘƛƎƘŜǊ 

sensitivity. Fluorescence occurs when high energy electrons from upper shells relax into the hole 

created when a photoelectron is ejected from a core shell (Figure 2.2). The absorbance is 

monitored by measuring the intensity of these fluorescence x-rays. This is calculated using the 

equation: 

 

‘
Ὂ

Ὅ
 

 

Where F = intensity of fluorescence x-rays. 

 

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

from an upper core shell relaxes, also releasing a second electron out of the sample (Figure 2.2). 
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Gold requires hard x-rays (>5 keV)6 to ionise the core electrons, therefore fluorescence is the 

dominant emission, whereas Auger emission typically occurs after lower energy (soft) x-ray 

absorption.7 

 

 

Figure 2.2. De-excitation caused by (left) x-ray fluorescence and (right) Auger emission. 

 

Experimental 

X-ray Absorption Fine Structure (XAFS) spectra were recorded at the B18 beamline of Diamond 

Light Source in Harwell, UK. Measurements were performed using a QEXAFS setup with a fast-

scanning Si (111) double crystal monochromator or a 36 element Ge fluorescence detector. Data 

were analysed using Athena, from the Demeter software package.4,5 Samples were analysed at 

the Au L3 absorption edge in transmission mode either in-situ or ex-situ. All analysis was 

performed with reference to a Au foil standard and KAuCl4 and AuCl2- standard compounds. A 

minimum of 5 scans were performed on each sample for XANES analysis and the data averaged, 

resulting in an error value of ± 5 %. The assistance of Stewart Parker and Emma Campbell in 

performing the XAFS experiments at the Diamond Light Source, Harwell and to both and Simon 

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

 

2.4.3. Gas chromatography 

Background 

Gas chromatography (GC) is commonly used to accurately determine the concentration 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 detector (Figure 2.3). Firstly, the compound mixture is 

injected into the GC; in this work gas samples are analysed on-line ς continuously throughout 

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

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

an analysis. The 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 

ǊŀǘŜ ƛǎ ŀŘƧǳǎǘŜŘ ǘƻ ŜƴǎǳǊŜ ƎƻƻŘ ǎŜǇŀǊŀǘƛƻƴ ƻŦ ŀƴŀƭȅǘŜǎΣ ŘǳŜ ǘƻ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǘƘŜ ŀƴŀƭȅǘŜǎΩ ŀŦŦƛƴƛǘȅ 

for the stationary phase, whilst maintaining a reasonable analysis speed. The column itself 

consists of a packed stationary phase made of N-Vinyl-2-pyrolidone (surface area 225-350 m2/g) 

contained in a stainless steel tube. These columns can be between 1.5-10 m in length and have 

an internal diameter of 2-4 mm. This allows a large volume of gas to be analysed, which can 

produce a higher sensitivity than capillary 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 elutes 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. 

 

 

Figure 2.3. Schematic diagram of a gas chromatograph. 

Once separated, the analytes are then detected by a flame ionisation detector (FID, Figure 2.4). 

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 between the electrodes 

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 formed that can then be used to find the unknown 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, does not ǊŜǎǳƭǘ ƛƴ ǘƘŜ ǎŀƳǇƭŜΩǎ ŘŜǎǘǊǳŎǘƛƻƴΣ ŀƴŘ ǘƘŜ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘŜǊ όa{ύ ƛƻƴƛǎŜǎ ǘƘŜ 

sample to determine the individual masses present. However, FIDS are the preferred detector 

when analysing hydrocarbons owing to their higher resolution. Mass spectrometry is discussed 

in further detail in 2.4.4.8 

 

 

Figure 2.4.  Schematic diagram of a flame ionisation detector. 

 

Experimental 

Analysis of the acetylene hydrochlorination reaction was carried out using a Varian CP-3800 GC 

fitted with a Poropak-N packed column and an FID detector. The standard 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 min-1 to 150 °C and held for a further 2 min, detector 

temperature 180 °C. This sequence was repeated continuously throughout the reaction to 

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

 

ὃὧὩὸώὰὩὲὩ ὧέὲὺὩὶίὭέὲ Ϸ

ὍὲὭὸὭὥὰ ὥὧὩὸώὰὩὲὩ ὴὩὥὯ ὥὶὩὥὊὭὲὥὰ ὥὧὩὸώὰὩὲὩ ὴὩὥὯ ὥὶὩὥ

ὍὲὭὸὭὥὰ ὥὧὩὸώὰὩὲὩ ὴὩὥὯ ὥὶὩὥ
ρππ 

 

Calibration of the main product, VCM could not be performed due to the hazardous nature of 

the chemical. For this reason, a mass balance could also not be determined. In all reactions a 

selectivity greater than 99 % was achieved, and the only by-product formed was 1,2-

dichloroethane.9ς11 VCM selectivity was determined by correlating the conversion of acetylene 

with VCM peak area counts when no other products were observed during the reaction. This 

produced an r2 value equal to 0.99. The theoretical VCM counts from all reactions, calculated 

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

than 99 % correlation. 

 

2.4.4. Mass spectrometry 

Background 

Mass spectrometry (MS) can be used in-line 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 high accuracy. To analyse the gas stream, an aliquot is injected through 

a capillary column, before being introduced to a vacuum. The sample is then bombarded by an 

electron stream, resulting in a positively charged, ionic sample, although in rare cases a negative 

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 the sample composition. Various methods 

of mass selection are available such as ion traps, time-of-flight or, as used in this work, 

quadrupoles. A quadrupole consists of four equidistant, parallel rods which each exert an 

electric field when a radio frequency alternating 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. Ions which are not of the selected mass/charge ratio 

are discharged 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 sample contacts the 

detector, forming a current which is translated into a peak signal, whose intensity is proportional 

to the concentration of the ion.12 

 

Experimental 

Analysis was carried out using a Hiden Analytical, QGA gas analysis mass spectrometer, equipped 

with a quadrupole 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. ICP-MS 

Background 

Elemental analysis of solutions can be performed using Inductively Coupled Plasma - Mass 

Spectrometry (ICP-MS). This technique uses a plasma torch to ionise the sample, which is then 

directed to a mass spectrometer. No separation between the elements of interest 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 a 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 torch. In the ICP torch, argon is flowed through the outermost two of 

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) continuously collide and recombine, 

resulting in high temperatures in the order of 6,000 - 10,000 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 atomisation ς firstly the sample is dried at the high temperature, 

then heated to a gas. These atoms absorb energy from the plasma, resulting 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 to the interface. The interface is an intermediary zone 

between the ICP and the MS. Here the sample ions are cooled, resulting in expansion of the gas. 



 

36 
 

A fraction of this is then directed to a vacuum chamber before introduction to the quadrupole 

mass spectrometer at the correct temperature and pressure.13 

 

Experimental 

200 mg of oxidised carbon prepared with 2.5 g of KMnO4 was 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 a PTFE micropore filter (FisherōǊŀƴŘϯΣ лΦпр ˃ƳύΦ !ƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ōȅ ǘƘŜ Analytical 

Department in Cardiff University using an Agilent 7900 ICP-MS with I-AS autosampler. A 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 Cell). The sample solution was injected three 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 set of discreet 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 algorithm 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 (5000 ς 400 cm-1). This is the range in which 

functional groups and probe molecules (for example CO) vibrate due to a change in dipole, 

resulting in different absorptions of infrared radiation.14 Conversely, homonuclear diatomic 

molecules such as H2, O2 & N2 are not infrared active as no change in dipole occurs. Analysis can 

also be performed in the near infrared (12800 ς 4000 cm-1) and far infrared (50 ς 1000 cm-1) 

regions. 

 

Experimental 

All samples were analysed using a Shimadzu IRAffinity-1S fourier transform infrared 

spectrophotometer. Scans were performed in the range 400 ς 4000 cm-1. 
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2.4.7. Powder x-ray diffraction 

Background 

Powder x-ray 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 catalyst. Fingerprints 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, disc-shaped holder. X-rays 

are generated by bombarding a metal, for example Cu, Fe, 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 of x-rays emitted is related to the distance between 

atoms in a sample, so when the x-rays are scattered by the sample atoms, a diffraction pattern 

ƛǎ ŦƻǊƳŜŘΦ {ŎŀǘǘŜǊƛƴƎ ƻŎŎǳǊǎ ŀŎŎƻǊŘƛƴƎ ǘƻ .ǊŀƎƎΩǎ ƭŀǿΥ15 

 

ὲ‗ ςὨÓÉÎ— 

 

Where n = an integer, ˂ = wavelength of x-rays, d = inter-planar distance and  = angle between 

the beam and the normal of the reflecting plane (Figure 2.5). 

 

 

Figure 2.5. Diagram showing Bragg diffraction of x-rays. 

Constructive interference occurs when the difference in wavelengths of the scattered x-rays is 

equal to an integer number. This results in an increase in detection of x-rays at a certain 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 x-ray wavelength is fixed, peaks will only result from certain angles of reflection, 2, 

specific to certain crystalline structures (Figure 2.6). Thus, a plot of angle, versus intensity is 

formed, showing the distinct crystal planes of the sample. 
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Figure 2.6. Schematic diagram of x-ray diffractometer. 

When used in conjunction with the Scherrer equation, an estimate of nanoparticle size can be 

calculated:16 

 

†
ὑ‗

‍ÃÏÓ—
 

 

Where ̱  = mean size of the crystalline, K = dimensionless shape factor and ‍ = 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 µm in size, depending on the diffraction angle.17 This is especially 

useful when performing in-situ XRD measurements, to obtain a quantitative measure of particle 

size growth whilst the catalyst is subject to heat or reaction gases (2.4.8). 

 

Experimental 

Powder X-ray Diffraction (XRD) analysis was performed between 10° and 80° н  ̒ǳǎƛƴƎ ŀƴ ·ΩtŜǊǘ 

tǊƻ t!b !ƴŀƭȅǘƛŎŀƭ ǇƻǿŘŜǊ ŘƛŦŦǊŀŎǘƻƳŜǘŜǊ ŜƳǇƭƻȅƛƴƎ ŀ /ǳ Yʰ ǊŀŘƛŀǘƛƻƴ ǎƻǳǊŎŜ ƻǇŜǊŀǘƛƴƎ ŀǘ пл 

keV and 40 mA. Analysis of the spectra obtained was carried out using XΩtŜǊǘ IƛƎƘ {ŎƻǊŜ tƭǳǎ 

software. Figure 2.7 shows the XRD pattern of carbon, the catalyst support used in this work. 

Two broad reflections are seen due to turbostratic arrangement of carbon - a 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 in no l index of the 00l indices. Reflections 

observed in some samples at 79° can be attributed to carbon (11) structure.18,19 
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Figure 2.7. STEM showing turbostratic stacking arrangement of carbon (A) and XRD pattern of carbon (B). 

 

2.4.8. In-situ powder x-ray diffraction 

Background 

Analysis via powder XRD can also be performed whilst subjecting the sample to heat in air or 

under the flow of a gas mixture. This in-situ 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 performed ǳǎƛƴƎ ŀƴ ·ΩǇŜǊǘ tǊƻ ·w5 ŦƛǘǘŜŘ ǿƛǘƘ ŀƴ !ƴǘƻƴ-Parr 

XRK900 in-ǎƛǘǳ ŎŜƭƭ ōŜǘǿŜŜƴ нлϲ ŀƴŘ улϲ нʻ ŀǘ ŘƛŦŦŜǊŜƴǘ ǘŜƳǇŜǊŀǘǳǊŜǎΣ ǿƘƛƭǎǘ ƘŜŀǘƛƴƎ ǳƴŘŜǊ ŀ 

nitrogen flow, 50 mL min-1. !ƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǎǇŜŎǘǊŀ ƻōǘŀƛƴŜŘ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ·ΩtŜǊǘ IƛƎƘ 

Score Plus software. 

 

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 non-destructively. In scanning 

electron microscopy, an 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 secondary electrons, 

which are a consequence of the electron beam interacting with electrons from the k-shell, 

releasing inelastically scattered secondary electrons. The signal is amplified and can be 

translated into an image in which variation in brightness is used to ŘŜǇƛŎǘ ǘƘŜ ǎŀƳǇƭŜΩǎ 

ǘƻǇƻƎǊŀǇƘȅΦ .ȅ ŀƭǘŜǊƛƴƎ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ǊŜŎǘŀƴƎǳƭŀǊ ǊŀǎǘŜǊΣ ǘƘŜ ƛƳŀƎŜ Ŏŀƴ ōŜ άƳŀƎƴƛŦƛŜŘέΤ ǘƘŜ 
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smaller the size, the higher the magnification. The electron beam also results in elastically 

scattered electrons. These are electrons that 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 a distribution pattern of elements can be formed. 

Energy dispersive x-rays (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 to fill the generated electron hole and concurrently releases an energy packet in the 

form of an x-ray. This x-ray 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 be ultra-thin 

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 much higher voltage 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 passage of electrons. Provided the sample is thin 

enough, both SEM and TEM can be used in conjunction, known as STEM (Figure 2.8). Samples 

were analysed using high-angle annular dark-field (HAADF)-STEM. 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 angles. High angle ADF detectors are also able to determine the atomic number of the 

atoms which scatter the beam, forming Z-contrast images which are especially useful for 

determining dispersion of elements in catalyst samples. 
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Figure 2.8. Schematic diagram of a STEM. 

In contrast to dark field-STEM, bright-field (BF) -STEM utilises the unscattered electrons to form 

an image, whilst the scattered electrons are not detected. This is typically used as a 

complementary technique to DF-STEM. 

 

Experimental 

Catalysts analysed by STEM were dispersed on a holey carbon TEM grid and analysed using BF- 

HAADF-STEM imaging mode in an aberration corrected JEOL ARM-200CF scanning transmission 

electron microscope operating at 200kV. This microscope was also equipped with a Centurio 

silicon drift detector (SDD) system for x-ray energy dispersive spectroscopy (XEDS) analysis. 

SEM imaging on the used catalysts was performed on a Tescan MAIA3 field emission gun 

scanning electron microscope (FEG-SEM). 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 Instruments X-MaxN 80 
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SDD. Thank you to Tom Davies and Qian He for their technical assistance in acquiring the SEM 

and TEM data at Cardiff University and Lehigh University. 

 

2.4.10. Thermogravimetric analysis 

Background 

Thermogravimetric analysis (TGA) monitors the change in mass of a sample during 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 limited to hydrogen, 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, reduction and other chemical processes depending on the analysis. 

This technique can also be coupled with GC-MS for the separation and identification of gases 

produced during heating. 

 

Experimental 

TGA was carried out in a Perkin Elmer TGA-4000. 20 milligrams of sample were deposited in the 

auto sampler and heated from 30 - 900 °C at 5 °C/min, under N2 flow of 20 mL/min. 

 

2.4.11. X-ray photoelectron spectroscopy 

Background 

X-ray photoelectron spectroscopy (XPS) is primarily a surface analysis technique, used to 

determine the composition and electronic state of many different materials. XPS works on the 

same principles as the photo-electric effect; a sample is irradiated with a light source, in this 

case x-rays, which are absorbed by the surface atoms, resulting in the emission of electrons. 

These electrons have a kinetic energy that is determined by the binding energy of the atom and 

the energy of the x-ray source. This is summarised by the following equation: 

 

Ὁ Ὤὺ Ὁ 

 

Where Ek = kinetic energy of the emitted photoelectron, h Ґ tƭŀƴŎƪΩǎ ŎƻƴǎǘŀƴǘΣ v = frequency of 

x-ray radiation and Eb = binding energy of the absorbing atom. If the kinetic energy of the 

emitted electrons is recorded and plotted against photoelectron intensity, it is possible to 

quantitatively ascertain the abundance of different atoms in the sample. The basic set up for 
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XPS analysis requires an x-ray source, a sample chamber under high-vacuum, an electron energy 

analyser and a detector, shown in Figure 2.9. 

 

 

Figure 2.9. Schematic diagram of an x-ray photoelectron spectrometer. 

 

Experimental 

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Fisher Scientific K-

alpha+ spectrometer.  Samples were analysed using a micro-focused monochromatic Al X-ray 

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

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 performed in CasaXPS using a Shirley type 

background and Scofield cross sections. The assistance of Dave Morgan at Cardiff University, 

performing analysis and helping with data elaboration, is gratefully acknowledged. 

 

2.5. Acetylene hydrochlorination reaction 

Reactions were performed in a dedicated reactor, commissioned and assembled by myself, as 
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shown in Figure 2.10. The gases used were 5 % acetylene/argon, 5% hydrogen chloride/argon 

and argon as balance. Gases would first flow through moisture traps (Agilent, CP17971) to 

reduce the amount of moisture entering the rig, to prevent corrosion of the stainless-steel 

components when exposed to HCl. Where possible, inert PFA (perfluoroalkoxy) tube fittings 

were used in place of stainless steel. All flows were regulated using electronic mass flow 

controllers (Brookes, GF40, Ar 0 ς 100 mL/min, acetylene and HCl 0 ς 50 mL/min). Reactant gases 

could flow to the reactor when at temperature, or by-pass the reactor during ramping, in which 

case argon alone would flow through the reactor. The gases would then flow to the detector ς 

primarily a gas chromatograph but for certain analyses also a mass spectrometer. Exit gases 

were bubbled through a basic solution to neutralise excess HCl and trap any VCM before being 

vented. 

The reactor was made up of a quartz tube (230 x 6 mm), clamped in place inside 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 by 1 cm 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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Figure 2.10. Schematic diagram of the acetylene hydrochlorination reactor. NRV = no-return 

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 
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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 chosen to produce acetylene conversions of ~20 % with the Au/C 

catalyst based on previous temperature studies performed within the group.20 When performed 

at temperatures other than 200 °C, the reaction temperature is noted in the text. Once at 

temperature, the flow of reaction gases was directed through the heated catalyst bed and 

analysed on-line with GC. Post reaction, catalysts were allowed to cool under a 50 mL/min flow 

of argon. All time-on-line data was reported with a ±1 % acetylene conversion, determined by 

repeat analysis with the same catalyst (1 % Au/C-Acetone and 1 % Au/C-AR) under the same 

reaction conditions. 
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3. Carbon supported single-site gold catalysts prepared using low 

polarity solvents, for the acetylene hydrochlorination reaction  

 

3.1. Introduction 

In this chapter, the use of different solvents for the preparation of heterogeneous single site 

catalysts for the acetylene hydrochlorination reaction will be explored. A single-site 

heterogeneous catalyst is defined as: άA catalyst constituted by a metal atom, ion, or small 

ŎƭǳǎǘŜǊ ƻŦ ŀǘƻƳǎΣ ƘŜƭŘ ōȅ ǎǳǊŦŀŎŜ ƭƛƎŀƴŘǎ ǘƻ ŀ ǊƛƎƛŘ ŦǊŀƳŜǿƻǊƪέ.1 

Single 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. % or more can be achieved whilst 

maintaining a homogeneous single site dispersion.2 The use of sub-nanometer precious metal 

catalysts has already been proven to be more active than its nanometer or larger sized 

counterparts for several reactions, such as alkynol hydrogenation and CO oxidation3ς5, indicating 

that the specific activity of metals increases with decreasing metal particle size. Ensuring that 

the coverage is purely single site is crucial as an inhomogeneous mixture of sizes will reduce the 

metal atom efficiency and can lead to sometimes unwanted side reactions.6,7 From an industrial 

point of view, it is financially beneficial to maximise the efficiency of a catalyst prior to 

commercial application. 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 as water-gas shift8ς10, 

methanol steam reforming11, ethanol dehydrogenation12, and CO oxidation.13ς15 These catalysts, 

as well as those using other precious metals, have been prepared using a variety of different 

methods; some which are pH dependent (deposition precipitation16) some specific to certain 

supports such as carbon (pyrolysis synthesis17) others adapted for low surface area supports 

(mass-selected soft-landing18), with many more widely reported in literature.19 In each case it is 

important to choose an appropriate support for the catalyst.20 Differences in the surface area, 

structure and defects will result in different interactions with the metal atoms which will impact 

the catalytic activity.19 At such small particle/atom sizes, the surface free energy of the metals 

will be large,21 thereby promoting the aggregation of small atoms and clusters. Many single atom 

catalysts sinter via Ostwald ripening and particle migration and coalescence.22 Therefore, 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 metal.13,19 Herein, the support used was 

activated carbon, chosen due to its low cost, high surface area, and high stability under acidic, 

high temperature conditions.23 

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 focused on aqua regia, as 

detailed in 3.2, as this solvent facilitates a high dispersion of oxidised atomic gold on the carbon 

support, resulting in a high catalytic activity.24ς27 In the pursuit of alternatives, literature 

describes the use of solvents such as organic aqua regia ς a mixture of thionyl chloride (SOCl2) 

and organic solvents/reagents (pyridine, N,N̈́dimethylformamide, and imidazole).28 Organic 

aqua 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 from bimetallic catalysts or for microelectronic applications.29 This 

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 regia;30 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, non-oxidising nor acidic solvents were investigated as 

alternatives. 

 

3.2. Single site gold catalysts prepared with aqua regia 

Aqua regia (3:1 HCl : HNO3) has been used to dissolve gold since the 8th century. Using this 

solvent, bulk gold is first oxidised by nitric acid to Au(III), followed by reaction with HCl to form 

tetrachloroaurate anions (AuCl4
-). In such an acidic environment, the anions are readily 

protonated to form chloroauric acid (HAuCl4). Chloroauric acid was the starting compound used 

in the preparation of the gold catalysts 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 use of aqua regia as a solvent to its constituent acids, HNO3 and HCl, 

aqua regia produces catalysts with a higher acetylene conversion.24,25 This is as a result of both 

the oxidising HNO3, maintaining the gold as a mixture of Au(III) and Au(I), and the nucleation 

ability of Cl- anions of HCl for gold clusters, providing bonding sites for the gold to carbon.25,31 

Both of these factors result in a high dispersion of homogeneous oxidised gold atoms on the 

carbon support.26 This ideal catalyst for the acetylene hydrochlorination reaction has been used 

for the in-situ and ex-situ study of the gold species on the catalyst26,27,32ς35 and serves as a good 
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comparison catalyst for those discussed in the following results chapters. 

 

3.3. Experimental conditions 

All catalysts were prepared to a theoretical 1 wt. % Au loading on carbon. All reactions were 

performed using the following conditions unless stated otherwise: C2H2 : HCl = 1:1.02, total gas 

flow of 50 mL min-1, 0.09 g catalyst, temperature 200 °C, ambient pressure. 

 

3.4. Catalysts prepared with different polarity solvents 

Solvents with a wide range of polarities and able to dissolve chloroauric acid were chosen for 

the preparation of 1% Au/C catalysts, as listed in Table 1. The name of each catalyst is denoted 

Au/C-solvent for clarity. Catalysts were prepared by wet impregnation, as described in Chapter 

2 (2.3.1). 

 

Table 3.1. List of solvents and respective polarities, boiling points and the type of solvent used. 

Solvent 
Polarity (ET(30)) 

(kcal mol-1) 
Boiling Point (°C) Dried solvent 

H2O 63.1 100  

Methanol 55.5 64 ᾜ 

Ethanol 51.8 78 ᾜ 

1-Propanol 50.7 97  

1-Butanol 50.2 118  

2-Propanol 48.6 82 ᾜ 

2-Butanol 47.1 108 ᾜ 

Acetone 42.2 57 ᾜ 

2-Butanone 41.3 80 ᾜ 

Ethyl Acetate 38.1 77 ᾜ 

Tetrahydrofuran 37.4 66 ᾜ 

Diethyl Ether 34.6 35 ᾜ 

Aqua regia - 140  

 

Each catalyst was tested under the reaction conditions stated in section 3.3; a representative 

time-on-line profile of the 1 % Au/C-AR catalyst is shown in Figure 3.1. The maximum initial 

conversion (within first 30 min of reaction) of the different solvent polarity catalysts was 
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recorded, as shown in Figure 3.2. The polarity of each solvent was assigned according to the 

ET(30) scale, defined as the molar electronic transition energy of N-phenoxide betaine dye 

dissolved in solvent, measured in kcal mol-1.36,37 According to this scale, which encompasses 

more than 300 organic solvents,36 a high value of ET(30) signifies a high solvent polarity. Aqua 

regia has no recorded ET(30) value because it is a mixture of two solvents. 

 

 

Figure 3.1. Time-on-line profile of 1 % Au/C-AR. Reaction conditions as stated in section 3.3. 
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Figure 3.2. Steady state acetylene conversion of 1% Au/C catalysts prepared by wet impregnation of 

HAuCl4 from various alcohol (Ẽ), ketone (̧ ), ether (Ƹ) and aqueous solvents (ƶ); the dashed line 

indicates the activity of the previously prepared Au/C-Aqua regia catalyst, under conditions stated in 3.3. 

Initially, the conversion increases as the polarity of the solvents decreases until reaching a 

plateau (around 20-24% of conversion) when using solvent with polarity below 49 kcal mol-1 

(observed at 2-propanol). Notably, these conversions are slightly higher than observed for the 

catalyst prepared with aqua regia (denoted by a dashed line on the figure). This shows that, by 

using simple, neither highly oxidising nor acidic solvents, an active catalyst can be prepared 

which out-performs that prepared using aqua regia. 

The similar conversion of the catalysts prepared with polarities below 49 kcal mol-1 was 

attributed to the limit of dispersion of the gold-chloride species on the surface of the carbon at 

a 1 wt. % metal loading. X-ray diffraction was used to observe the nucleation of gold observed 

in some of the catalysts. Figure 3.3 shows that, as the polarity of the solvent decreases, the 

intensity of the reflections corresponding to gold nanoparticles also decreases, indicating and 

overall reduction in size and quantity of gold nanoparticles. There are no observable reflections 

in the catalysts prepared at the lowest polarities, consistent with a high dispersion of gold and 

hence no gold agglomerations of gold larger than clusters present. There 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 preparing the catalyst and the amount of water present in 

the solvent. Both factors are explored in the next section. 

 

 

Figure 3.3. XRD patterns of all catalysts prepared with different solvents. Reflections at 38, 44, 65 and 78 

κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ C// ƳŜǘŀƭƭƛŎ ƎƻƭŘ ŎǊȅǎǘŀƭƭƛǘŜǎΦ wŜŦƭŜŎǘƛƻƴǎ ŀǘ он ŀƴŘ пс κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ bŀ/ƭ //t 

crystallites.38 

 

3.5. Effect of drying temperature on catalytic activity 

To investigate the effect of drying temperature on catalytic activity, three other low polarity 

solvents were used to prepare catalysts; DMSO, DMF and cyclohexanone. These 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 conversions of the catalysts prepared are listed in 

Table 3.2. 
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Table 3.2. Acetylene conversion values for low polarity, high boiling point solvents. 

Catalysts 

Polarity 

(ET(30)) 

(kcal mol-1) 37 

Boiling Point 

(°C) 

Drying 

temperature (°C) 

Conversion of 

Acetylene (%) 

Au/C - DMSO 45.0 189 195 14 

Au/C - DMF 43.8 154 160 8 

Au/C - 

Cyclohexanone 

40.8 155 160 3 

Au/C - Acetone 42.2 56 40 

140 

22 

27 

 

These catalysts have a range of acetylene conversions, higher than or equivalent to that of the 

catalyst prepared with aqueous solvent (3 %, Figure 3.2); however, each performed worse than 

the catalysts of similarly low solvent polarities, such as 2-butanol, acetone and 2-butanone. The 

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

account for the poor conversion, Figure 3.4.  

 

 

Figure 3.4. XRD patterns of the Au/C-Cyclohexanone, Au/C-DMF and Au/C-DMSO catalysts after 240 min 

ƻŦ ǊŜŀŎǘƛƻƴΦ wŜŦƭŜŎǘƛƻƴǎ ŀǘ оуΣ ппΣ ср ŀƴŘ ту κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ C// ƳŜǘŀƭƭƛŎ ƎƻƭŘ ŎǊȅǎǘŀƭƭƛǘŜǎΦ wŜŦƭŜŎǘƛƻƴǎ 

ŀǘ он κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ bŀ/ƭ //t ŎǊȅǎǘŀƭƭƛǘŜǎΦ38 
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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 140 °C; this 

solvent was chosen as it was cheap, non-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 solvents. As noted in Table 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 %) (Figure 3.5). However, the catalyst slowly 

deactivates during the 4 h reaction, resulting in a final, still decreasing conversion of 19 %. 

 

 

Figure 3.5. Time-on-line of Au/C-Acetone prepared at 45 °C (Ẽ) and 140 °C (̧), under conditions stated 

in 3.3. 

The XRD pattern (Figure 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 to gold. 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. Therefore, the 

presence of gold nanoparticles is 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 reaction. This highlights the need for an 

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 oxidation state of the gold, discussed in section 3.7. 

 

 

Figure 3.6. XRD patterns of fresh and used (reacted for 4 h) Au/C-Acetone catalyst dried at 140 °C. 

wŜŦƭŜŎǘƛƻƴǎ ŀǘ оуΣ ппΣ ср ŀƴŘ ту κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ C// ƳŜǘŀƭƭƛŎ ƎƻƭŘ ŎǊȅǎǘŀƭƭƛǘŜǎΦ wŜŦƭŜŎǘƛƻƴǎ ŀǘ он κ н᷆ 

correspond to NaCl CCP crystallites.38 

 

3.6. Effect of water introduced in preparation on catalytic activity 

To determine the effect of water-containing solvents on the catalytic performance, catalysts 

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 3.7 shows the acetylene conversion versus water content. As the water content was 

increased, the conversion decreased until 50 %, where the catalytic activity 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 on 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 reaction.26 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 and dried, with no gold present, for reference (Figure 3.8). 

 

 

Figure 3.7. Plot of water content vs conversion for Au/C-Acetone catalysts after 240 of reaction, under 

conditions stated in 3.3. 
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Figure 3.8. A: XRD patterns of catalysts prepared with increasing water concentration. Reflections at 38, 

ппΣ ср ŀƴŘ ту κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ C// ƳŜǘŀƭƭƛŎ ƎƻƭŘ ŎǊȅǎǘŀƭƭƛǘŜǎΦ .Υ ·w5 ǇŀǘǘŜǊƴ ƻŦ ŎŀǊōƻƴ ƛƳǇǊŜƎƴŀǘŜŘ 

with acetone. Reflections aǘ нтΣ онΣ пс ϧ рт κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ bŀ/ƭ.38 

The reflections attributed to gold nanoparticles increase in height as the water 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 conversion. The 

increasing size of gold nanoparticles at higher water content solvents confirmed the need for 

solvents to be water-free. 
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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/C-Acetone catalysts prepared with two different solvents; HPLC-

grade acetone and extra dry acetone. HPLC-grade acetone contains Җ 0.1 % water, whereas 

ultra-dry acetone, sealed in a nitrogen purged bottle, contains a maximum of 0.005 % water, as 

determined by coulometric testing.39,40 The microscopy images of the Au/C-HPLC Acetone 

catalyst shows mostly atomically dispersed gold (Figure 3.9A), with nanoparticles in areas (red 

arrows), some in the order of 100 nm (Figure 3.9B). 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 nanoparticles, though would not be solely responsible for 

sizes as large as 100 nm. A comparison of two points of the catalyst, using EDS, indicates that a 

homogeneous dispersion of atomic gold was present throughout the catalyst (box 1 in Figure 

3.10A, labelled Support in Figure 3.10B), as noted by several peaks at energies corresponding to 

Au excitation present in the EDS. This analysis also confirmed that the large nanoparticles are 

comprised of gold (box 2 in Figure 3.10A, labelled Au NP in Figure 3.10B). Conversely, the Au/C-

Ultra dry acetone catalyst was formed predominantly of atomically dispersed gold, with small 

areas of gold clusters (Figure 3.11A). Although there were some nanoparticles present, all were 

smaller than 5 nm (Figure 3.11B). These results show 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. 

 

 

Figure 3.9. Representative STEM-HAADF images of Au/C-HPLC Au/C-Acetone catalyst. 

 



 

59 
 

 

 

 

 

Figure 3.10. (A) Representative STEM-HAADF image and (B) corresponding EDS of Au/C-HPLC Acetone 

catalyst ς 1 encompassing predominantly carbon support and 2 encompassing a gold nanoparticle. 

A 

B 
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Figure 3.11. Representative STEM-HAADF image of Au/C-Ultra dry acetone catalyst. 

 

3.7. Investigation of the catalyst stability 

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 consecutive days. 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 experiment was also carried out using the Au/C-Aqua regia catalyst. The 

results are shown in Figure 3.12.  
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Figure 3.12. Time-on-line comparison of Au/C-Acetone (Ỏ) and Au/C-AR (ּנ ) catalysts, each tested for a 

total of 7 h for the acetylene hydrochlorination reaction, under conditions stated in 3.3. 

The Au/C-Acetone catalyst has a high initial conversion, with a slight fluctuation within the first 

75 min, between 20 - 23 %. For the remaining 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/C-AR catalyst, which requires 240 min on the first day to reach 

a stable conversion 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 conversion. XRD analysis was performed for the Au/C-Acetone catalyst 

at each stage of the reaction; fresh, after 4 h of reaction and after the total 7 h (Figure 3.13 and 

Figure 3.14). 
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Figure 3.13. XRD patterns of the Au/C-Acetone catalyst; (fresh) before reaction, (used 4 h) after 4 hours 

of time-on-line, and (used 7 h) after 7 hours of time-on-ƭƛƴŜΦ wŜŦƭŜŎǘƛƻƴǎ ŀǘ оуΣ ппΣ ср ŀƴŘ ту κ н᷆ 

correspond to FCC metallic gold crystallites. Reflections at он κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ bŀ/ƭΦ38 

 

Figure 3.14. XRD patterns of the Au/C-Aqua regia catalyst; (fresh) before reaction, (used 4 h) after 4 hours 

of time-on-line, and (used 7 h) after 7 hours of time-on-ƭƛƴŜΦ wŜŦƭŜŎǘƛƻƴǎ ŀǘ оуΣ ппΣ ср ŀƴŘ ту κ н᷆ 

correspond to FCC metalliŎ ƎƻƭŘ ŎǊȅǎǘŀƭƭƛǘŜǎΦ wŜŦƭŜŎǘƛƻƴǎ ŀǘ он κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ bŀ/ƭΦ38 
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Analysis of the fresh Au/C-Acetone 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 ultra-dry solvents; this was not 

commonly observed in the more aqueous solvents as the NaCl was readily dissolved 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 observed in the XRD of the Au/C-Acetone 

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 in the time-on-line data that the conversion of the Au/C-Acetone catalyst remains 

constant throughout the reaction; however, it is known that the main deactivation method for 

gold on carbon catalysts is due to reduction of oxidised gold, forming Au(0).2 Therefore the 

formation of metallic gold was thought to occur during the heating of the catalyst up to reaction 

temperature. This was confirmed by in-situ X-ray diffraction analysis; the Au/C-Acetone catalyst 

was steadily heated under inert conditions in 10 °C increments (1 °C min-1) and held at each 

temperature for 40 min for an XRD scan to be performed (Figure 3.16). There are were large 

number of reflections present in the in-situ spectra (Figure 3.16) which were not observed in the 

ex-situ spectra (Figure 3.13ύΦ hǘƘŜǊ ǘƘŀƴ ǘƘƻǎŜ ǊŜŦƭŜŎǘƛƻƴǎ ƻōǎŜǊǾŜŘ ŀǘ оуΣ ппΣ ср ŀƴŘ ту κ н᷆ 

ŘǳŜ ǘƻ C// ƎƻƭŘ ƴŀƴƻŎǊȅǎǘŀƭǎΣ ŀƴŘ ǘƘŜ ǘǿƻ ōǊƻŀŘ ǊŜŦƭŜŎǘƛƻƴǎ ŀǘ нпΣ по ŀƴŘ тф н᷆ ŘǳŜ ǘƻ ŎŀǊōƻƴΣ 

all other reflections were caused by impurities in the cell. Figure 3.15 E.C. shows multiple sharp 

reflections present in the empty cell. A carbon sample impregnated with acetone was also 

analysed in-situ to confirm there was no change in these reflections during the analysis (Figure 

3.15). Au(0) became visible at 190 °C, confirming the instability of the gold during heating. A 

comparison with the Au/C-Aqua regia catalyst (Figure 3.16) shows that these catalysts have very 

different thermal stabilities, providing further evidence of a different support-gold interaction. 

The Au/C-Aqua regia catalyst is stable up to 310 °C, with small reflections corresponding to gold 

nanoparticles apparent from this temperature. 
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Figure 3.15. In-situ XRD pattern of carbon impregnated with acetone. E.C. indicates empty cell. 

 



 

65 
 

 

Figure 3.16. In-situ XRD patterns of Au/C-Acetone (top) and Au/C-Aqua regia (bottom) catalysts. 

Reflections at 38, 4пΣ ср ŀƴŘ ту κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ C// ƳŜǘŀƭƭƛŎ ƎƻƭŘ ŎǊȅǎǘŀƭƭƛǘŜǎΦ 

3.8. XAFS study of catalyst gold species 

Based on previous results obtained in this group,26 an optimised Au(I):Au(III) ratio is needed to 

achieve a consistent conversion during the reaction. The steady time-on-line reaction profile 

displayed by the Au/C-Acetone catalyst on both days is indicative of an optimised Au(I):Au(III) 

ratio even before the reaction commences. This is in contrast to the Au/C-Aqua 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 then occurs to 

return to the optimised Au(I)/Au(III) ratio. 

In order to determine the relative changes in gold oxidation states, the catalysts were compared 

to three gold standard materials; KAuCl4/[AuCl4]ς (Au(III)), [AuCl2]ς (Au(I) and gold foil (Au(0). The 

gold foil reference is used in all XAFS experiments, whilst the Au(III) was obtained from previous 

work within the group on KAuCl4.41 The Au(I) standard was obtained from calculated difference 

spectra obtained from previously reported work on [AuCl2]ς.42 This was a calculated value due 

to the instability of the AuCl compound.42 As described in Chapter 2, the transition at the Au L3-

edge from Au 2p3/2 Ą 5d gives rise to an appreciable peak in the XANES region, known as the 
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white line. The prominence of this white line is dependent on the oxidation state of the Au; 

Au(III) gives rise to a normalised white line height of 1.1, Au(I) 0.6 and Au(0) shows the usual 

gold absorption edge shape with no peak (Figure 3.17). 

 

 

Figure 3.17. Au L3-edge XANES of KAuCl4/[AuCl4]ς (Au(III)), [AuCl2]ς (Au(I) and gold foil (Au(0). See section 

2.4.2 for experimental details. 

Gold L3-edge XANES was used to investigate the gold oxidation state of the Au/C-Acetone 

catalyst and Au/C-Aqua regia catalyst. An Au/C-Acetone 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 shown in Figure 3.18, showing that the gold was in the cationic state 

before and after reaction, which concurs with the experimental data. The gold is predominantly 

Au(I) (both Fresh and Used Au/C-Acetone catalysts have a white line height of 0.7), although 

some of this character is lost after reaction, shown by a decrease in white line height. In 

comparison, the fresh Au/C-Aqua regia catalyst was comprised of a greater proportion of Au(III) 

shown by a greater white line height (0.8). As shown by work in this group, the white line height 

of the Au/C-Aqua regia catalyst changes during heating and upon introduction of the reaction 

gases.26 However, post-reaction the catalyst has a white line height comparable to that of the 

Used Au/C-Acetone 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 was performed with reference to the 

standards (Figure 3.19) (see chapter 2 for further explanation of LCF). These results confirmed 

that the fresh Au/C-Acetone catalyst consisted primarily of Au(I) (77 %) and the remainder Au(III) 

(23 %). This also confirms that all of the gold is present in the oxidised form, similar to the Au/C-

Aqua regia catalyst; Au(I) (78 %) and Au(III) (19 %). The increased Au(I) contribution of the Au/C-

Acetone catalyst, compared to the Au/C-Aqua 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 metallic gold contribution, Au(0) (19 %), present from the 

reduction of Au(I) to Au(0); therefore the Au(I) content was reduced (58 %), and the Au(III) 

contribution remained constant (23 %). This indicates that some of the gold has sintered due to 

high temperatures; this was shown previously in the in-situ XRD discussion (see Figure 3.16), 

confirming the instability of the Au/C-Acetone catalyst upon heating to reaction temperature. 

 

 

Figure 3.18. Au L3-edge XANES of fresh and used (after 4 h of reaction) Au/C-Acetone catalysts, Au/C-Aqua 

regia catalyst (AR) and Au foil as reference. 
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Figure 3.19. Linear combination fitting of the Au L3-edge XANES for the fresh Au/C-Aqua regia catalyst, 

fresh and used (after 4 h of reaction) Au/C-Acetone catalysts. Error bars indicate standard deviation. 

EXAFS analysis was performed to determine the short-range order of the catalysts (Figure 3.20). 

A comparison of the fresh and used (after 4 h of reaction) Au/C-Acetone catalysts shows a 

decrease in the peak size at 1.8 Å, which corresponds to Au-Cl interaction, whilst concurrently 

the double peak at 2.5 and 3.0 Å 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 Au/C-Aqua regia catalyst in contrast has a 

significantly higher Au-Cl character, which is likely due to the abundance of chlorine in the 

solvent mixture, the different gold oxidation state (more Au(III) content) as well as a different 

support-gold-chlorine interaction, which may account for the very different time-on-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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Figure 3.20. Fourier transform of the k3-ǿŜƛƎƘǘŜŘ ˔ 9·!C{ Řŀǘŀ ƻŦ fresh and used (after 4 h of reaction) 

Au/C-Acetone catalysts, Au/C-Aqua regia catalyst (AR) and Au foil as reference. 

 

3.9. Conclusions 

Single site gold on carbon catalysts 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 single-site 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 gold 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/C-Acetone catalyst was used for a reusability study. This catalyst displayed a much 
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steadier reaction profile than that of the Au/C-Aqua regia catalyst and maintained a higher 

conversion throughout the 7 h of reaction. Although nanoparticles were formed after 4 and 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 catalyst is to be 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 scale-up of the 

preparation. 

Characterisation of the fresh Au/C-Acetone catalyst using Au L3-edge XANES confirmed the gold 

was present as cationic Au(I)/Au(III) on the carbon support. The high initial Au(I) content 

explained the reduced induction period when compared to the Au/C-Aqua regia catalyst, which 

must undergo a prolonged in-situ oxidation to attain a similar state. k3-ǿŜƛƎƘǘŜŘ ˔ 9·!C{ Řŀǘŀ 

confirmed the presence of Au(0) post-reaction. The continued stability of the catalyst, regardless 

of this Au(0) content, suggests that not all of the metal is active 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 treated, carbon 
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 the catalytic activity over that of the monometallic Au/C catalyst. 

Previous work showed that the addition of Ce(SO4)2, a known oxidising agent,1 could enhance 

the activity of Au/C catalysts.2 The use of bimetallic gold catalysts has been well reported for the 

acetylene hydrochlorination reaction. The addition of a second metal may enhance the activity 

of a gold catalyst by 

¶ Stabilising the active species, inhibiting Au(I) or Au(III) reduction.3ς7 

¶ Increasing electron density of active species by electron transfer from extra metal, 

thereby promoting the chemisorption of HCl which in turn results in less reduction of 

gold by C2H2.8ς11 

¶ Promote a high dispersion of gold, which may generate more active sites.12,13 

¶ Decrease the extent of agglomeration of gold to nanoparticles.14,15 

These examples of bimetallic catalysts also incur drawbacks such as; Au-Pd/C and Au-Pt/C 

catalysts decrease selectivity, resulting in significant coke deposition and rapid deactivation of 

the catalyst,13 Au-Co(III)/spherical activated carbon (SAC) and Au-La(III)/SAC begin to deactivate 

after only 48 h online,4,16 Au-Ir/C, Au-Cu/C and Au-Cs/C required high loadings (>2 %) of the 

additional metal to achieve comparable conversions to Au/C,5,13,17 whilst Au-Ru/C had no effect 

on catalytic activity.13 Also, when using bimetallic 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 and does 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 catalysts.18,19 

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 hence increased 

acetylene conversion. This is especially significant as it also results in active metal-free catalysts, 

although none yet as active as their metal-based counterpart.20ς22 Further work was performed 

on N-doped carbon by Wang et al., also introducing sulfur to the support via sulfuric acid. This 

increased the catalytic activity above that when using only N-doped carbon, by further 

promoting the adsorption of acetylene.23 Focusing on carbon supported gold catalysts, Di et al. 

used thiourea in a simpler preparation to dope the catalyst with both N and S.24 Their results 

indicated that sulfur served to anchor the gold and prevent the reduction of the Au(I) and Au(III), 

as also noted via TPR analysis.25,26 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, 

long-life catalyst.27 Work by P. Johnston et al. has shown that gold-sulfur complexes deposited 

on carbon can increase the activity of the catalyst when compared to Au/C alone28 and the 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 plant by Johnson Matthey, proving irrefutably the advantage of incorporating 

sulfur in Au/C catalysts.29 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 catalyst can affect 

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

 

4.2. Experimental Conditions 

4.2.1. Preparation of pre-treated carbons 

Carbons were pre-treated with a sulfate solution or dilute acid; the sulfate solutions were 

ammonium sulfate and sodium sulfate, the dilute acids were sulfuric acid, hydrochloric acid, 

nitric acid, phosphoric acid and aqua regia. In all cases, the sulfates and acids were dissolved and 

diluted in deionised water to form equimolar solutions, with the exception of aqua regia. When 

an equimolar solution was not used, this was stated in the text. 15 mL of a prepared solution 

was stirred on 1.15 g of activated carbon for 1 h. The solution was filtered under vacuum, 

washed with deionised water (100 mL) and dried at 110 °C for 16 h. All catalysts were prepared 

to a 1 wt. % Au loading on carbon. 

 

4.2.2. Preparation of post-treated carbons 

To prepare post-wash catalysts, a 1% Au/C catalyst was first prepared. This catalyst (1.15 g) was 

then stirred in a pre-prepared solution (as stated in 4.2.1) (15 mL) for 1 h, the solution filtered 

under vacuum, washed with deionised water (100 mL) and dried at 110 °C for 16 h. 
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4.2.3. Reaction conditions 

All reactions were performed using the following conditions unless stated otherwise: C2H2 : HCl 

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

 

4.3. Catalyst Nomenclature 

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

¶ Pre-wash ς carbon support stirred in a sulfur containing solution, followed by filtering, 

washing with 100 mL H2O and drying. This modified carbon was then used to prepare a 1% 

Au/C catalyst via wet impregnation with aqua regia. 

¶ Post-wash ς 1% Au/C catalyst prepared by wet impregnation with aqua regia. This catalyst 

was then stirred in a sulfur containing solution, followed by filtering, washing with 100 mL 

H2O and drying. 

¶ No AR ς A sulfur containing solution was used as the solvent for HAuCl4 instead of aqua 

regia. 

¶ Pre-wash, no H2O wash ς Pre-wash preparation as above, omitting the wash with 100 mL 

H2O during filtering.  

¶ Pre-wash, x mL wash ς Pre-wash preparation as above, washing with x mL of H2O instead 

of the typical 100 mL. 

¶ C-x ς carbon prepared by stirring the carbon in a sulfur containing solution (x), followed by 

filtering, washing with 100 mL H2O and drying. 

¶ Au/C-AR ς unmodified catalyst preparation. 

¶ Au/C-solvent ς unmodified carbon catalyst prepared using named solvent instead of aqua 

regia. 

 

4.4. Bimetallic 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 H2O. This was followed by washing with 100 mL of H2O and drying. Gold was then 

deposited onto this modified carbon using aqua regia as the solvent as used previously for Au/C-

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

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

for the preparation as Co has previously been shown to enhance the activity of Au in this reaction 
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by increasing the relative concentration of Au(I) and Au(III) species, reducing sintering and 

inhibiting coke deposition.4,9 Mn and Fe were chosen as neighbouring transition metal elements 

for comparison. Each catalyst was tested for the reaction and the maximum conversion (during 

the 240 min test) was determined (Figure 4.1). Both the Au/C-CoSO4 and Au/C-MnSO4 catalysts 

have much higher conversions (47 and 37 %, respectively) than that of monometallic Au/C-AR 

(19 %); however, Au/C-FeSO4 maintained a low conversion throughout the test (5 %). To 

determine if the increase in acetylene conversion was due to a synergistic effect between Au 

and the second metal or a possible modification of the carbon support, reactions of the modified 

carbons were also performed. C-CoSO4 and C-MnSO4 had low conversion (4 and 3 %, 

respectively) comparable to that of carbon (2 %), confirming that gold remained the active metal 

in the reaction. 

 

 

Figure 4.1. Comparison of acetylene conversions for Au/C-CoSO4, Au/C-MnSO4 and Au/C-FeSO4 catalysts 

and their respective treated carbons, conditions as stated in section 4.2.3. 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 previous literature that gold nanoparticles are 

inactive for the acetylene hydrochlorination reaction.30 All three fresh bimetallic catalysts 

exhibited no reflections due to gold or any other metal, containing only the two broad 
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ǊŜŦƭŜŎǘƛƻƴǎ ŦƻǊ ŎŀǊōƻƴ ŀǘ нп ŀƴŘ пп κ н᷆Φ IƻǿŜǾŜǊΣ ǳǎŜŘ !ǳκ/-FeSO4 did contain characteristic 

reflections corresponding to gold nanoparticles, indicating the agglomeration of gold during the 

reaction. If these gold nanoparticles had formed 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. 

 

 

Figure 4.2. XRD patterns of Au/C-CoSO4, Au/C-FeSO4 and Au/C-MnSO4 catalysts, fresh and used. 

wŜŦƭŜŎǘƛƻƴǎ ŀǘ оуΣ ппΣ ср ŀƴŘ ту κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ C// ƳŜǘŀƭƭƛŎ ƎƻƭŘ ŎǊȅǎǘŀƭƭƛǘŜǎΦ 

XPS analysis was performed to confirm that the secondary metal had remained on the catalyst 

after preparation and to determine the concentration of added metal and sulfur present on each 

catalyst. Table 4.1 shows that there was a significantly greater concentration of iron and sulfur 

on Au/C-FeSO4 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 be confirmed by preparing the Au/C-FeSO4 catalyst with a solution of lower 

concentration FeSO4 in order to make the iron and sulfur loadings more comparable to those of 

Co and Mn on Au/C-COSO4 and Au/C-MnSO4, respectively. 

 

Table 4.1. Atomic % of metal and sulfur present in Au/C-CoSO4, Au/C-MnSO4 and Au/C-FeSO4 catalysts, 

determined via XPS. 
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Catalyst Co At. % Mn At. % Fe At. % S At. % 

Au/C-CoSO4 0.1 - - 0.3 

Au/C-MnSO4 - 0.1 - 0.3 

Au/C-FeSO4 - - 1.0 1.4 

 

The time-on-line data for Au/C-CoSO4 (Figure 4.3) shows the initial activation of the catalyst over 

100 min, reaching a maximum conversion of 47 %, followed by a gradual decline in conversion 

over the remaining 140 min. Au/C-AR is also shown for reference. Au/C-CoSO4 was the most 

active catalyst, therefore XAFS analysis was performed to determine if the gold oxidation state 

was similar to that of monometallic Au/C-AR and also to potentially monitor changes in the S 

and Cl species present. In-situ gold L3-edge XANES was performed to monitor changes in the gold 

oxidation state of Au/C-CoSO4 before and during the reaction. Initially the Au was present solely 

as Au(III), as noted by a large white line height (Figure 4.4). When heated to 200 °C under a He 

atmosphere, the absorption intensity decreased, signifying increasing Au(I) content, very similar 

to that of the fresh Au/C-AR. Introduction of the reaction gases caused a rapid oxidation to more 

Au(III), which was reduced to the previous Au(I) oxidation state over the course of the 70 min 

induction period. Again, following from the work in the previous chapter this shows that the 

Au(I) state is most conducive to high acetylene conversion during the reaction. 
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Figure 4.3. Au/C-CoSO4 time-on-line data ς Au/C-CoSO4 ( )̧, Au/C-AR ( ), conditions stated in section 

4.2.3. 
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Figure 4.4. Au L3-edge XANES of Au/C-AR, Au/C-CoSO4 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 therefore hidden by the 

data 200 °C 70 min reaction (green line). 

A linear combination fitting (LCF) of these results was performed (Figure 4.5) to quantify the 

proportions of gold oxidation states present, with reference to the Au(I) and Au(III) standards 

(discussed in 3.7, figure 17). As was clearly shown in Figure 4.4, the initial state of the catalyst at 

room temperature is completely Au(III), with no fractions of other oxidation states calculated. 

Heating to 200 °C under inert conditions reduced the Au significantly to Au(I) (74 %) and Au(III) 

(25 %). These fractions of Au were remarkably similar to those of Au/C-AR (Au(I) : 78 %, Au(III) : 

19 %, Au(0) : 3 %). Introduction of the reaction gases cause an oxidation of gold, to Au(III) (53 

%), leaving the remainder as Au(I) (46 %). However, after 70 min of reaction the gold again 

partially re-oxidised, Au(I) (74 %) and Au(III) (26 %), to a state similar to that of Au/C-AR under 

reaction conditions. In each of the reaction stages, a small percentage of Au(0) is also reported, 

however in all cases this is within the error of the analysis and considered negligible. The changes 

in oxidation states of Au/C-CoSO4 are similar to those observed in Au/C-Ar during the initial 

stages of reaction30; both transition from Au(I) to Au(III) upon introduction of the reactant gases 

and then return to Au(I) 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 Au L3-edge XANES for Au/C-AR, Au/C-CoSO4 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. Error bars indicate standard deviation. 

Analysis of the EXAFS region determined the short-range order of the catalysts at the different 

stages of the reaction (Figure 4.6). In all cases, the catalyst showed a distinct scattering peak at 

1.8 Å corresponding to Au-Cl, although the intensity of this was significantly higher in Au/C-

CoSO4 at room temperature compared to Au/C-AR. As all of these XAS measurements were 

taken during in-situ experiments, therefore all comparable conditions, this could indicate a much 

greater concentration of Au-Cl or Au-S, both indistinguishable via EXAFS.30 However, after 

heating this intensity reduces to a comparable level to that of Au/C-AR, indicating a change in 

oxidation state. No reflections at 2.5 and 3.0 Å 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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Figure 4.6. Fourier transform of the k3-ǿŜƛƎƘǘŜŘ ˔ 9·!C{ Řŀǘŀ ƻŦ Au/C-AR, Au/C-CoSO4 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. 

The combination of reaction and XAFS data showed that the addition of CoSO4 to a Au/C catalyst 

increased the initial acetylene conversion, by oxidising the Au species present before reaction 

to Au(III). This increased the rate at which the gold reduced to the active Au(I) species, observed 

in the Au/C-R catalyst. However, it is important to note that the anion to Co2+, SO4
2-, 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 of sulfate. 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 were sodium sulfate and 

ammonium sulfate. For both salt sulfates, a catalyst was prepared by pre-washing the carbon in 

the saturated sulfate solution (5 g in 15 mL H2O) in the same manner as performed on the metal 

sulfate catalysts. Gold was then added to the carbon using aqua regia as solvent to form the 1% 

Au/C pre-wash catalyst. Also, for each salt sulfate a post-wash catalyst was prepared. In this 
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case, Au/C-AR catalyst was stirred in the salt sulfate solution, followed by filtering, washing with 

100 mL of H2O and drying. Finally, a third catalyst was prepared using the salt sulfate solution 

ƛƴǎǘŜŀŘ ƻŦ ŀǉǳŀ ǊŜƎƛŀΦ  ¢Ƙƛǎ ǿŀǎ ƭŀōŜƭƭŜŘ άƴƻ !wέ ƛƴ ŦƛƎǳǊŜǎΦ 

 

4.5.1. (NH4)2SO4 treatment 

The catalysts prepared with (NH4)2SO4 were tested for the acetylene hydrochlorination reaction 

and the results shown in Figure 4.7. (NH4)2SO4 Pre-wash showed a much higher conversion (45 

%) than that of Au/C-AR (18 %) but a similar reaction profile; an 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 (NH4)2SO4 post-wash 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. 

 

Figure 4.7. (NH4)2SO4 treated catalysts time-on-line data ς pre-wash ( )̧, post-wash (ƶ), no AR (Ƹ) and 

Au/C-AR ( ), conditions stated in section 4.2.3. 

 

XRD analysis of the three fresh catalysts determined that both (NH4)2SO4 post-wash and no AR 

catalysts contained nanoparticles prior to reaction (Figure 4.8), whilst the pre-wash displayed 
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no gold reflections. This result was not unexpected in the no AR catalyst, as it is known that using 

water as a solvent when preparing Au/C catalysts from HAuCl4 results in the gold being reduced 

on the carbon support.30,31 Water is not a strong enough oxidising agent to maintain the gold in 

its oxidised form, therefore inactive nanoparticles are readily formed. 

 

 

Figure 4.8. XRD patterns of fresh (NH4)2SO4 catalysts ς pre-wash, post-wash and no AR. Reflections at 38, 

ппΣ ср ŀƴŘ ту κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ C// ƳŜǘŀƭƭƛŎ gold crystallites. 

To determine if the salt was responsible for the nanoparticle formation or just the solvent 

(water), the post-wash preparation was repeated using a fresh Au/C-AR catalyst and water, 

instead of the (NH4)2SO4 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 nanoparticles (Figure 4.9). These nanoparticles were ~50 nm, calculated 

using the Scherrer equation. 
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Figure 4.9. XRD patterns of fresh Au/C-AR and Au/C-AR after stirring in water for 1 h. Reflections at 38, 

ппΣ ср ŀƴŘ ту κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ C// ƳŜǘŀƭƭƛŎ ƎƻƭŘ ŎǊȅǎǘŀƭƭƛǘŜǎΦ 

In combination, these results show that the introduction of sulfate resulted in an increase in 

acetylene conversion and also indicates that an excess of water can result in the agglomeration 

of gold during catalyst preparation. 

 

4.5.2. Na2SO4 treatment 

Reactions were performed on the three catalysts prepared with Na2SO4 ς pre-wash post-wash 

and no AR (Figure 4.10). Unlike the (NH4)2SO4 pre-wash, the pre-wash of Na2SO4 had no effect 

on the catalytic performance ς Na2SO4 pre-wash had an almost identical reaction profile to that 

of Au/C-AR. Both (NH4)2SO4 post-wash (5 %) and no AR displayed poor conversion, the latter 

deactivating in the short reaction time from 5 to 3 %. 
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Figure 4.10. Na2SO4 treated catalysts time-on-line data ς pre-wash ( )̧, post-wash (ƶ), no AR (Ƹ) and 

Au/C-AR ( ). 

XRD of each of the Na2SO4 catalysts was performed, showing very similar results to those of 

(NH4)2SO4, with no nanoparticles observed in the pre-wash catalyst and nanoparticles present 

in both the post-wash and no AR catalysts (Figure 4.11). The same reasons for the formation of 

nanoparticles discussed in the (NH4)2SO4 catalysts (4.5.1) would also explain those observed 

here. 
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Figure 4.11. XRD patterns of fresh Na2SO4 catalysts ς pre-wash, post-wash and no AR. Reflections at 38, 

ппΣ ср ŀƴŘ ту κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ C// ƳŜǘŀƭƭƛŎ ƎƻƭŘ ŎǊȅǎǘŀƭƭƛǘŜǎΦ 

The results of these tests performed on (NH4)2SO4 and Na2SO4 catalysts showed that it was 

possible to produce catalysts with high initial 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 support, as using 

NH4
+ resulted in a more active catalyst than Na+. 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 section, 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, post-wash and no AR. Each of the three preparations are split into their own sub-section 

to examine how these affected the catalytic activity. 

 

4.6.1. Pre-treatment of carbon supports with sulfuric acid 

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

wash carbons. Gold was then deposited on these supports using aqua regia. The resulting time-
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on-line data for these catalysts (Figure 4.12) shows the influence the support has on the 

acetylene conversion. In all three catalysts the conversion was the highest observed in any Au/C 

catalysts tested under the same reaction conditions; 0.76 M pre-wash achieved an initial 

conversion of 70 %, 1.52 M ς 67 % and 0.076 M ς 60 %. Each catalyst displayed very similar 

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 ς 

52 %. Altering the concentration therefore only had a small effect on the initial conversion, with 

all catalysts falling to a similar conversion after 240 min. 

 

 

Figure 4.12. H2SO4 pre-wash catalysts time-on-line data ς Au/C-AR ( ), 0.076 M H2SO4 ( )̧, 0.76 M H2SO4 

(ƶ), 1.52 M H2SO4 (Ƹ), 0.76 M H2SO4 carbon ( ) and carbon ( ), conditions stated in section 4.2.3. 

XPS analysis of each fresh catalyst was performed to compare the relative concentrations of 

sulfur and oxygen on the H2SO4 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 sulfur of 0.4 ς 0.6 % and correspondingly similar oxygen concentrations, 7.7 ς 

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), Au(I) and Au(III); 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 values.30 

This analysis should, therefore, be performed using XANES. 

 

Table 4.2. Sulfur and oxygen atomic concentrations of 0.076, 0.76 and 1.52 pre-wash catalysts, 

determined via XPS. 

Catalyst S At. % O At. % 

0.076 M Pre-wash 0.6 8.5 

0.76 M Pre-wash 0.5 7.7 

1.52 M Pre-wash 0.4 9.4 

 

XRD analysis (Figure 4.13) confirmed that none of the fresh catalysts contained gold 

nanoparticles (only fresh 0.076M pre-wash catalyst shown for clarity, both fresh 0.76 and 1.52 

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

ƴŀƴƻǇŀǊǘƛŎƭŜ ŦƻǊƳŀǘƛƻƴΣ ǾƛǎƛōƭŜ ŀǘ оу κ н᷆Φ ¢Ƙƛǎ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ƴƻǘ ƻƴƭȅ ǿŜǊŜ ǘƘŜǎŜ Ŏŀǘŀƭȅǎǘǎ ƘƛƎƘƭȅ 

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

remaining as single-site gold and not sintering at high acetylene conversion (although small 

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

activity Au/C catalysts which display significant growth of gold nanoparticles,32 suggesting that 

the gold is better supported on these H2SO4 pre-wash catalysts. 
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Figure 4.13. XRD patterns of fresh and used pre-wash H2SO4 ŎŀǘŀƭȅǎǘǎΦ wŜŦƭŜŎǘƛƻƴǎ ŀǘ оуΣ ппΣ ср ϧ ту κ н᷆ 

correspond to FCC metallic gold crystallites. 

Further characterisation was performed on 0.76 M pre-wash catalyst as this achieved the 

highest acetylene conversion. To determine whether the small proportion of gold nanoparticle 

formation observed in the used catalyst occurred as a result of heating or due to the reaction 

itself, the catalyst was heated under nitrogen whilst in-situ XRD analysis was performed (Figure 

4.14). This showed that no reflections corresponding to gold nanoparticles were observed until 

240 °CΦ !ōƻǾŜ ǘƘƛǎ ǘŜƳǇŜǊŀǘǳǊŜΣ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ǊŜŦƭŜŎǘƛƻƴǎ ŀǘ оуΣ ппΣ ср ŀƴŘ ту κ н᷆ ōŜŎŀƳŜ 

visible. Therefore, the small nanoparticles observed in the used catalyst (Figure 4.13) were 

formed due to the introduction of the reaction gases. As sintering of gold occurred at 240 °C, 

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

3.7, Figure 16 for in-situ XRD performed on Au/C-AR). Therefore, the addition of sulfur has 

reduced the stability of the catalyst at high temperatures. 

 



 

90 
 

 

Figure 4.14. In-situ XRD of Fresh 0.76M H2SO4 Pre-ǿŀǎƘΦ wŜŦƭŜŎǘƛƻƴǎ ŀǘ оуΣ ппΣ ср ϧ ту κ н᷆ ŎƻǊǊŜǎǇƻƴŘ ǘƻ 

FCC metallic gold crystallites. 

Continuing to study the 0.76 M pre-wash catalyst, XPS analysis was performed 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, 240 min). These values were also compared to those 

obtained from Au/C-AR (Table 4.3). All of the 0.76 M pre-wash catalysts showed very little 

variation: sulfur concentration varied from 0.5 ς 0.3 %, and variation in oxygen concentration 

was 8.8 ς 6.6 %. Comparing these catalysts to Au/C-AR, however, shows that even after use the 

concentration of sulfur had remained slightly higher on 0.76 M pre-wash than on Au/C-AR (0.1 

%), whilst the concentration of O was lower than that of Au/C-AR (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 remarkable 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 remains relatively 

constant. 

 




