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Abstract 

 

The direct, gas-phase hydrochlorination of acetylene is a method by which vinyl 

chloride monomer (VCM) is produced industrially. VCM is polymerised to produce 

poly-vinyl chloride (PVC), one of the world’s most widely used plastics. Although other 

methods, using oil-derived ethene, are now more widely used, hydrochlorination of 

acetylene, which is coal-derived, is still the preferred method in areas where coal is a 

cheap and widely available resource. However, there are numerous problems 

associated with the mercury based catalysts which are traditionally used for this 

process, largely for environmental reasons, and therefore a new catalyst is desirable. 

Gold based catalysts have been shown to be active and particularly selective for this 

reaction, but deactivation with use is still an issue restricting commercial application.  

 

Previously it has been demonstrated that Au3+ is likely to be the active site for 

acetylene hydrochlorination by Au/C catalysts, and that deactivation of the catalysts 

during reaction above 120°C is due to reduction of this species to Au0. Therefore Au/C 

catalysts have been investigated in detail, in order to investigate the true importance 

of the Au3+ species. Catalysts were prepared with numerous variations in the method 

used, including the acid used for impregnation and the drying temperature, and 

subjected to oxidation and reduction treatments. 

 

Characterisation was carried out by temperature programmed reduction (TPR) in 

addition to XPS which has been typically used to identify the surface species of such 

catalysts. TPR was found to be a technique which is able to provide an extensive 

amount of information about both the gold and the carbon support and enabled it to 

be shown that whilst Au3+ is important for catalytic activity, its presence alone is not 

sufficient and the reducibility of this species is a key factor. 
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1 Introduction 

 

1.1 Project Background: VCM production 

 

Vinyl Chloride Monomer (VCM) is the monomer from which poly vinyl chloride (PVC) is 

made (see figure 1.1). PVC is one of the most commonly used plastics and has a wide 

range of applications, for example in packaging, construction materials, medical 

devices and clothing.  This is largely due to the ability to modify the properties of the 

substance using additives, for example to alter its rigidity. As a result there is a high 

demand for the plastic, with over 35 million tonnes of PVC produced every year1, 

leading to VCM being a very valuable chemical. The vast majority of VCM (around 

90%) is used in the manufacture of PVC, with its alternative use being in the 

manufacture of chlorinated solvents. 

 

 

Figure 1.1: Vinyl Chloride Monomer (VCM) is polymerised to polyvinylchloride (PVC). 

 

 

There are a number of routes by which VCM may be produced industrially, depending 

on the starting material used. The most commonly used process is the balance 

process, a combination of chlorination and oxychlorination reactions using ethene, 

which is oil-derived, as the starting material. Another, simpler method is the direct 

hydrochlorination of acetylene, which is a coal-derived starting material, and this 

reaction is traditionally catalysed by carbon-supported mercury chloride. These 

methods are described in further detail below. 
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1.1.1 The Balance Process 

 

The balance process is a multi-step process involving the chlorination of ethene to 

dichloroethene, oxychlorination of ethene and thermal cracking of the product of 

these, 1,2-dichloroethane, to produce VCM. This is shown in the equations below: 

 

 

C2H4 + Cl2  CH2ClCH2Cl (chlorination) 

 

C2H4 + 2HCl + O2  2 CH2ClCH2Cl + 2H2O (oxychlorination) 

 

CH2ClCH2Cl  CH2CHCl + HCl (cracking) 

 

 

This is currently the most commonly used method of producing VCM in the western 

world, due to its use of ethene, which is an oil-derived feedstock and is a more readily 

available resource than coal. 

 

1.1.2 Direct Hydrochlorination of Acetylene 

 

Historically, the direct hydrochlorination of acetylene was the primary route used 

industrially to produce VCM. It is a one-step process (figure 1.2) and typically this 

reaction is carried out in the gas phase, over a catalyst comprising mercury chloride 

supported on activated carbon. 

 

 

C2H2 + HCl  CH2=CHCl 

Figure 1.2: Direct hydrochlorination of acetylene to produce VCM. 
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Although routes to VCM using oil derived starting materials, such as the balance 

process described above, are now more commonly used in Europe, in countries such 

as China where coal is still a relatively cheap and available resource, new technologies 

using calcium carbide mean that acetylene is more readily available than oil derived 

ethene and therefore acetylene hydrochlorination remains the preferred method. 

 

However, there are a number of issues with the use of mercury based catalysts. The 

mercury has a tendency to leach from the catalyst, due to its large vapour pressure at 

temperatures greater than 160°C which leads to thermal desorption of the mercuric 

chloride from the surface2. This not only causes degradation of the catalyst but can 

lead to pollution of the environment. Therefore a new catalyst for this reaction is 

desirable. 

 

1.2 Gold Catalysis 

 

1.2.1 Background 

 

While supported metal catalysts have been used in industrial processes for a number 

of decades, the potential use of gold in such catalysts is a more recent development. 

Around a similar time, in the 1980s, two key discoveries were made which led to the 

now vast amounts of research being carried out in this field. Hutchings et al. predicted 

and subsequently confirmed that based on electrode potentials, gold should be the 

most active metal for the hydrochlorination of acetylene, catalysed by carbon-

supported metal chloride catalysts3, 4. Meanwhile Haruta et al. demonstrated that gold 

nanoparticles supported on transition metal oxides, e.g. Fe2O3, are active for the 

catalytic oxidation of CO at low temperatures5. Previously, gold had largely been 

considered unreactive, although the use of gold catalysts had been reported for 

oxidations of ethylene and propylene6 and reductions of olefins7. However, these new 

findings illustrated the potential use of gold as a catalyst when present in nanoparticle 
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form. Since then, research into gold catalysis has increased virtually exponentially, 

leading to the publication of the first book on this subject in 20068. 

 

1.2.2 Reactions 

 

1.2.2.1 Heterogeneous Catalysis 

 

In recent years, it has been demonstrated that gold as supported nanoparticles can be 

active as a catalyst for a vast range of reactions, including hydrogenations9-11, 

reductions of NOx - for example with hydrogen12, CO13 and hydrocarbons such as 

propene14, methanol synthesis15 and a wide range of oxidations. These include the 

direct synthesis of hydrogen peroxide from oxygen and hydrogen16, epoxidation of 

propene17, selective oxidation of alcohols such as glycerol and other polyols18-20 and 

CO oxidation as demonstrated by Haruta but also including the water-gas shift 

reaction21 and preferential oxidation of CO in the presence of hydrogen (PROX)22. As a 

result of this, gold catalysts have the potential for use in a range of commercial 

applications, including pollution and emission control, sensors and chemicals 

processing23. The extensive research that has been carried out into CO oxidation over 

gold catalysts has led to the commercial use of gold catalysts for air purification. Gold 

based catalysts are also now used in the commercial production of vinyl acetate 

monomer (VAM)8. 

 

1.2.2.2 Homogeneous Catalysis 

 

In addition to its use in heterogeneous catalysis, gold has also recently been 

discovered to be a successful homogeneous catalyst for a number of synthesis 

reactions. The first instance of a gold catalyst having a significantly higher activity than 

other catalysts was reported by Teles et al. in 1998, where cationic phosphanegold(I) 

complexes were used for the addition of alcohols to alkynes24. Thomas et al. had 

previously reported the oxidation of alkynes using tetrachloroauric acid in aqueous 
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methanol25; however it was not recognised that the gold was acting as a catalyst 

rather than a stoichiometric oxidising agent26. Further uses of homogeneous gold 

catalysts for reactions of alkynes have since been published, including 

hydrogenations27 and hydrations28. Catalytic addition of water to alkynes is an 

effective method of synthesising carbonyl compounds; similarly to the heterogeneous 

hydrochlorination of acetylene that is the subject of this project, mercury based 

catalysts were used for this reaction but due to its toxicity a new catalyst was 

desirable. HAuCl4 and NaAuCl4 were shown to be active catalysts for this reaction, and 

since then other Au(III) catalysts have been further developed29. Homogeneous gold 

catalysts have also been shown to be active for hydrohalogenations of alkynes29; 

Akana et al. used electrophilic Au(I) complexes in the synthesis of fluoroalkenes30, 

providing a new, versatile and selective method of producing such compounds. The 

gold complexes used, containing N-heterocyclic carbene ligands, formed a complex 

with the internal alkyne bond of 1-phenyl-1-propyne and with a source of HF led to 

trans-hydrofluorination of the alkyne at room temperature (figure 1.3). 

 

 

Figure 1.3: Trans-hydrofluorination of alkynes using Au(I) complexes
30

. 

 

 

Gorske et al. carried out similar work31, developing the reaction further by using a 

range of directing groups on the alkyne substrate in order to enhance the 

regioselectivity of the HF addition. They found that troc-carbamates were the most 

successful directing group for stability under reaction conditions and generating the 

product with the desired regioselectivity – this was suggested to be due to the ability 
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of the gold catalyst to form a complex with both the carbonyl of the directing group 

and the alkyne, which is illustrated in the mechanistic hypothesis shown in figure 1.4. 

 

 

Figure 1.4: Mechanistic hypothesis for hydrofluorination of alkynes by Au(I) catalyst31. 

 

 

It has also been demonstrated that gold is able to catalyse carbon-oxygen, carbon-

nitrogen and carbon-carbon bond formation reactions32, all of which are important in 

the synthesis of organic molecules. In the case of C-O and C-N bond forming, such 

reactions are often intramolecular and involve molecules containing an alkyne bond 

forming aromatic heterocycles. For example, cyclisations of propargyl and allyl 

ketones can be catalysed using AuCl3 in acetonitrile to produce furans33, which may 

also result from intramolecular reaction between an alkyne and an epoxide, using the 

same catalyst34. NaAuCl4 in acetonitrile or THF is able to catalyse cyclisation reactions 

of alkynylamines35, whilst in ethanol it catalyses intermolecular cyclisation to form 

indoles from anilines36. A number of C-C bond formations have been found to be 
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successfully catalysed by gold, the first example of this being the asymmetric aldol 

condensation, which was developed by Ito et al. in 1986. This process used a 

[Au(CyNC)2]BF4 catalyst (Au(I)) with a chiral ligand to produce the E-oxazole product in 

enantiomeric excess of up to 97%37. Simpler gold containing species, for example 

NaAuCl4 and AuCl3, are also able to act as catalysts for C-C bond forming reactions; it 

was shown that using AuCl3, Au(III) is the most active catalyst of a number of 

transition metals for the transformation of a furyl alkynyl to a phenol33, and NaAuCl4 

catalyses the reaction of allyl silanes with propargylic alcohols, with different major 

products depending on the solvent used38. The use of gold based catalysts enables a 

number of significant reactions to be carried out under mild conditions, typically at 

lower (often ambient) temperatures and neutral pH. Such reactions include the 

thermal cyclization of ketones onto akynes, hydroarylation between alkynes and 

alkenes and reaction of ,-unsaturated ketones with arenes8. 

 

1.2.3 Preparation Methods 

 

Supported gold catalysts may be prepared via a number of methods, some of the most 

commonly used being impregnation, deposition-precipitation, co-precipitation and 

sol-immobilisation. Due to the desire to produce nanoparticles tailored for a particular 

use, variations of and modifications to these methods are frequently reported, since 

variables within each method have been shown to significantly affect the activity of 

the resulting catalyst for a given reaction. These methods are described in more detail 

below, to illustrate how properties of a catalyst such as particle size, morphology and 

dispersion may be determined by the way in which it is produced. 

 

Other, less commonly used and more recently developed methods which have been 

reported for producing supported gold nanoparticles include magnetron sputtering39, 

direct anionic exchange40, cationic adsorption41 and ultrasonication42. In addition 

chloride-free synthesis of gold catalysts is of great interest; this may be done using 

alternative gold precursors such as gold acetate (Au(OAc)3)43, potassium aurocyanide 

(KAuI(CN)2)44 and gold phosphine complexes ([Au(PPh3)]+)45. However, the 
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tetrachloroaurate salt (HAuCl4) tends to be commonly used due to its relatively low 

cost compared to other gold compounds. 

 

1.2.3.1 Impregnation 

 

Impregnation is by far the simplest method of preparing supported metal catalysts, 

and can be used with any support. The metal precursor (usually a water soluble salt, in 

the case of gold catalysts HAuCl4 is commonly used) is made into a solution, which is 

then mixed with the support to be used. Metal particles form on the surface of the 

support and the sample is filtered and dried in order to remove the excess solvent. 

Catalysts prepared by impregnation methods tend to have the largest metal particle 

sizes (>10nm), which is likely to be in part due to their high chloride content which 

may cause sintering of the gold; although these catalysts have been shown to be 

active for reactions including benzyl alcohol oxidation46 and hydrogen peroxide 

synthesis47, they are some of the poorest for CO oxidation48. 

 

There are numerous variations of the impregnation process, for example in incipient 

wetness impregnation the minimum amount of solvent to fill the pores of the support 

is used. This method is favoured industrially due to the minimised waste. The solvent 

used for impregnation may also be varied – water is by far the most common, but 

others, e.g. aqua regia, have been used4. Organic solvents such as acetone are used in 

the case of some alternative gold precursors, for example gold phosphine 

complexes49. An incipient wetness, double impregnation was described by Bowker et 

al. which used a secondary impregnation of a base to precipitate out gold hydroxide, 

resulting in removal of chloride with washing50. This led to a Au/TiO2 catalyst with 

higher activity than a typical incipient wetness catalyst for CO oxidation, with the 

increase in activity being related to the removal of chloride species as detected by XPS 

analysis. 

 

Some of the earliest examples of gold catalysts were prepared by impregnation; for 

example Cant and Hall6 and Bond et al.7 each describe impregnation of a silica support 
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using a solution of HAuCl4·3H2O, while the early work concerning Au/C catalysts for 

acetylene hydrochlorination uses an impregnation method with aqua regia as a 

solvent4, 51, 52. This method has remained the most popular for catalysts for this 

reaction, due to the presence of significant amounts of Au3+ on the surface of the 

resulting catalyst, which is considered to be the active site and is thought to be 

stabilised by the excess chloride provided by the solvent. 

 

1.2.3.2 Deposition precipitation 

 

Deposition precipitation (DP) is a method of producing smaller supported metal 

particles than afforded by impregnation and involves the modification of the pH of a 

stirred mixture of the support in a solution of the metal precursor (HAuCl4 is usually 

used for gold) in order to form the desired species (the metal hydroxide), which 

precipitates onto the support. This technique has been successfully used to produce 

gold catalysts on a range of supports; most often these are metal oxides such as 

magnesia, titania, alumina, zirconia and ceria8. Catalysts prepared via this method are 

often found to be more active than those prepared via impregnation for various 

reactions; for example this has been attributed to smaller metal particle size in the 

case of Au/titania catalysts for CO oxidation53 and higher dispersion of gold in ceria 

supported Au-Cu catalysts for water gas shift54. In addition, Bamwenda et al. relate 

the difference in activity of Au/TiO2 catalysts for CO oxidation to the morphology of 

the supported gold particles, noting that preparation via impregnation resulted in 

spherical gold particles whereas deposition-precipitation led to hemispherical 

particles, increasing the interaction of the gold with the support and leading to an 

enhanced activity55. 

 

There are a number of variables within the DP preparation procedure which may 

affect a catalyst’s activity, for example the pH of the mixture, the base used and the 

temperature the preparation is carried out at. Perhaps the most significant of these 

for gold catalysts is the effect of the pH and this has been investigated in detail: Wolf 

& Schuth56 investigated the effect of pH on the activity of catalysts prepared using 
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deposition-precipitation, on a range of supports, and found that the optimum pH for 

catalysts using a titania support was in the region 7.8 – 8.8, since catalysts prepared 

using these pH values were active at lower temperatures. Characterisation of the 

catalysts by XRD and TEM showed that increasing pH leads to a decrease in particle 

size, which was responsible for the higher activity. Moreau et al. also investigated the 

effect of pH during preparation of Au/TiO2 catalysts by the deposition-precipitation 

method57. The concentrations of various gold species in solution were measured as a 

function of pH; the results are shown in figure 1.5. Catalysts were prepared with a 

range of initial pH values of a HAuCl4 solution, varied by addition of NaOH. It was 

found that the optimum pH for high catalytic activity for CO oxidation was pH 9 – this 

corresponds to a high concentration of Au(OH)4
- in the solution, whereas at lower pH 

values the gold complexes contained more chlorine. It was also found that the gold 

particle size was smaller at higher pH. It was shown that it is during the latter stages of 

the preparation that the pH of the solution is critical to the activity of the catalyst. 

 

 

Figure 1.5: Concentration of gold species in aqueous HAuCl4 solution as a function of pH57. 

 

 

Yang et al. investigated the effect of pH in the preparation of Au/Al2O3 catalysts by 

deposition precipitation and also found that catalysts prepared at a higher pH were 

more active for CO oxidation58. They describe the importance of the pH in terms of 
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minimising the amount of chloride on the catalyst, which acts as a poison for this 

reaction and causes the gold to sinter into large particles upon calcinations. Catalysts 

were also prepared with small particles and a high chloride content, these had a low 

activity and so it was suggested that the chloride also blocks active sites, by preventing 

the gold from reacting with oxygen. 

 

1.2.3.3 Co-precipitation 

 

In co-precipitation, the metal particles and the support are formed at the same time. 

This is a method commonly used for metal oxide supported catalysts, such as 

Au/Fe2O3, and was the method used by Haruta in the early work on gold catalysts for 

low temperature CO oxidation5. For gold catalysts, an aqueous solution of HAuCl4 is 

typically mixed with a solution of the corresponding nitrate to the desired support 

(e.g. iron nitrate for an iron oxide support) and then the pH is adjusted by addition of 

a precipitating agent such as sodium carbonate, so that precipitation of the desired 

product occurs. The mixture is then filtered, washed, dried and may be calcined. 

 

A benefit of using this method is that good dispersion of small metal particles (<10nm) 

within the support can be achieved59. Important variables in this method that can 

affect the activity of catalysts are the precipitating agent used60, the speed at which 

precipitation is carried out and the aging time61, all of which can affect the gold 

loading, particle size and residual chloride content . 

 

However, whilst co-precipitation enables active catalysts to be prepared, a 

disadvantage is that it uses nitrates, which can have a negative impact on the 

environment when they are released as a waste product. 
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1.2.3.4 Sol Immobilisation 

 

The sol immobilisation method was first described by Prati et al. in 1999, as a new way 

of forming sufficiently small particles of gold on a carbon support62. Whilst sol 

immobilisation is one of the most complex and sensitive methods used for preparation 

of catalysts, it has the unique advantage that the size of the metal particles that are 

being prepared may be strictly controlled. The method involves first making a sol of 

metallic gold particles, which is done by adding a stabilising ligand, such as poly vinyl 

alcohol (PVA), and then a reducing agent, usually NaBH4, to a dilute solution of HAuCl4 

in water. By adjusting variables such as the ligand that is used and the ratio of ligand 

to metal, different sizes of metal particles are produced. The support is then added to 

the sol, to immobilise the metal particles on it. It is important that the metal particles 

bind to the support, so the pH of the mixture may be adjusted in order to encourage 

this, by addition of small amounts of acid or base. The pH used is dependent on the 

iso-electric point of the support being used, in order to encourage interactions 

between the support and the metal particles. For example, when using a carbon 

support a small amount of concentrated H2SO4 is added to reduce the pH to 

approximately 2.   

 

In a number of cases it has been demonstrated that catalysts prepared using sol 

immobilisation techniques are more active than those prepared by other methods, 

such as impregnation and deposition precipitation. For example, Miedziak et al. 

prepared Au-Pd/TiO2 catalysts by impregnation, deposition-precipitation and sol 

immobilisation methods and tested them for benzyl alcohol oxidation63. The sol 

immobilisation catalysts were found to be the most active, and the major factor was 

considered to be the particle size distribution, with both a smaller particle size and 

narrower range occurring for the sol immobilisation catalyst compared to those 

prepared via the other methods. Similarly the enhanced activity of Au-Pd catalysts for 

the oxidation of 1,2-propanediol and hydrogen peroxide synthesis prepared by sol-

immobilisation compared to those prepared by impregnation is considered to be due 

to a smaller particle size64, 65. 
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Recently, investigations have been focussed on removal of the stabilising ligands from 

catalysts prepared via sol immobilisation, in order to enhance the activity by greater 

exposure of the gold surface. This has been shown to be possible, by subjecting to 

thermal treatment in order to decompose the ligands66, or by refluxing in water, since 

many of the ligands used, such as PVA, are water soluble67. 

 

1.2.3.5 Thermal Treatments 

 

After drying, catalysts are often subjected to thermal treatments in order to enhance 

their activity. The duration, temperature and atmosphere of these treatments are all 

important in determining the effectiveness of the treatment. In some cases, thermal 

treatment such as calcinations are carried out on a catalyst as it results in a greater 

interaction between the catalyst and the support, which leads to a greater activity 

being observed. Tsubota et al. investigated the effect of various thermal treatments 

on Au/TiO2 catalysts prepared by DP for low temperature CO oxidation68. They report 

that treatment in a reducing atmosphere such as H2 and CO results in smaller gold 

particles than calcinations in air, also that increasing the calcination temperature leads 

to both larger particle sizes and an increased interaction with the support. In addition, 

thermal treatments may enhance a catalyst by removal of species from the surface 

that lessen the activity (such as the ligands on catalysts prepared by sol 

immobilisation, as mentioned previously), and may modify the structure of the 

catalyst support. For example, Kozlov et al. prepared iron oxide supported gold 

catalysts using a gold phosphine precursor for impregnation of an as-precipitated iron 

hydroxide support49. The temperature of the calcination affected the iron oxide phase 

that was formed, this is illustrated in figure 1.6, and it was suggested that such 

recrystallisations may lead to metal-support interactions at the interface.  
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Figure 1.6: Transformations of Fe(OH)3 with calcination, in the presence and absence of gold 

phosphine complexes or phosphine49. 

 

 

However, in other cases calcination is found to be detrimental to catalyst activity, for 

example as reported for Au/Fe2O3 catalysts for CO oxidation69 and  Au/MgO catalysts 

for selective oxidations of alcohols and aldehydes70. In the latter of these, Choudhary 

et al. investigated the effect of calcination temperature and found that maximum 

activity occurred after calcination at a temperature of 400°C, but with increase in 

temperature above this point there was a decrease in activity. This was considered to 

be due to the sintering of gold particles (lower activity after calcinations below this 

temperature were thought to arise from incomplete decomposition of the gold 

precursor or residual moisture). For gold catalysts prepared using the HAuCl4 

precursor the effect of higher calcination temperatures leading to less active, larger 

metal particle sizes is generally considered to be due to the effect of residual chloride, 

which aids mobilisation of the gold particles across the surface of the support and 

causes them to sinter. 

 

1.2.4 The effect of particle size and morphology 

 

For gold catalysts, as with many other catalysts, it is often found that a decrease in the 

particle size leads to an increase in the observed activity, as mentioned in the previous 

discussion of catalyst preparation methods. The simple explanation for this is that the 

metal surface area has increased, making reactions more likely to occur. However, to 

be more specific, with smaller particles there is also an increase in the number of sites 

where the support meets the particle, which has been seen to be important in some 
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cases, and an increase in the number of atoms with smaller co-ordination numbers 

which may be more reactive. Steps and edges are often found to be adsorption 

centres for gases on metal surfaces, and the numbers of such sites are increased on 

smaller particles. As described above, the size of supported gold particles is 

dependent upon the method by which the catalyst is prepared, and any subsequent 

thermal treatments. Guczi et al.71 discussed the effect of particle size of gold catalysts 

on their activity for various substrates and concluded that generally, catalysts with the 

smallest gold particle sizes are the most active, due to the preferred adsorption of 

small molecules such as CO, NO and O2 on small nanoparticles or rough Au (111) 

surfaces. However, it should be noted that larger particles are not completely inactive 

since activation of larger molecules occurs on Au (111) single crystals and gold films; 

for example cross coupling reactions of phenylacetylene and iodobenzene have been 

observed to occur. 

 

For similar reasons to the particle size, i.e. the number of step and edge sites and the 

interaction of the particle with the support, the particle morphology can be important 

in determining a catalyst’s activity. As mentioned previously, hemispherical particles 

of gold supported on titania have been shown to be more active than spherical ones 

for CO oxidation, which was considered to be due to the greater number of sites 

where interaction between the metal and the support was able to occur55. 

 

1.2.5 Support effects 

 

There are a large variety of supports that are used for gold catalysts, although these 

can be broken down into a few broad categories: metal oxides, carbons, silicas and 

zeolites. These different supports have different properties that make them suitable 

for different reactions; for example, gas phase oxidation reactions, the most common 

of these being CO oxidation, are commonly found to be carried out over catalysts 

using a metal oxide support, in particular where the metal used is a reducible 

transition metal. Examples of these include titania (TiO2), alumina (Al2O3) and iron 

oxide (Fe2O3), which have all been shown to be highly active supports for gold 
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catalysts for CO oxidation. Differences in the metal oxide support used can affect the 

activity of otherwise similar catalysts for a given reaction. Choudhary et al. 

investigated the effect of the catalyst support on gold catalysts for benzyl alcohol 

oxidation20 and found that ZrO2 was the most active of a wide range of metal oxide 

supports, in terms of turnover frequency (TOF), having a value significantly larger than 

any other. In addition to activity, the catalyst support can also affect the selectivity of 

a reaction. Brett et al. investigated the oxidative esterification of 1,2-propanediol over 

Au catalysts on a range of supports72 and found that while a ceria-supported catalyst 

was not the most active, it gave a far higher selectivity to the desired product, methyl 

lactate, than the other supports which were tested: iron oxide (Fe2O3), titania, silica 

and carbon. Carbon supports generally have a very low activity for CO oxidation, yet 

have been found to be the preferred support for other types of reaction, for example 

acetylene hydrochlorination, and carbon supported gold catalysts have been 

demonstrated to be highly active and selective for a number of liquid phase 

oxidations. Silica supports have been used for a number of reactions, including CO 

oxidation (although the activity of these catalysts tends to be lower than for many 

other supports8), the dehydrogenation of propane using bimetallic Au-Ni catalysts73 

and oxidation of VOCs over Au-Co catalysts74. Some of the earliest examples of gold 

catalysts used a silica support and were used for hydrogenation7 and alkene 

oxidations6. Zeolites also have a variety of uses, in addition to activity of supported 

gold catalysts for a number of reactions including CO oxidation75, selective reduction 

of NO with propene76 and synthesis of glycerol carbonate77 it has been shown for 

aldehyde oxidations over Au/zeolite catalyst that their uniform structure may be used 

for selective reaction based on the size of the substrates78. 

 

The interaction of the gold with the support can be important, as different supports 

can lead to gold particles with different shapes. For example, Tiruvalam et al. used 

aberration corrected STEM to characterise bimetallic Au-Pd catalysts supported on 

carbon and titania prepared by sol immobilisation, for oxidations of benzyl alcohol and 

hydrogen peroxide79. They observed that the metal particles on carbon were spherical 

whereas on titania there is a greater wetting and hemispherical particles are formed 
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with a greater contact area between the metal and the support. For CO oxidation, the 

interaction with the support may go as far as the support being involved in the 

reaction in a Mars van Krevelen style mechanism; it has been suggested that once the 

substrate is adsorbed on the catalyst surface, the source of the oxygen for its 

oxidation is the support, then this oxygen vacancy is replaced by the molecular oxygen 

added as a reactant. This explains the high activity of catalysts on metal oxide 

supports, particularly those of reducible transition metals, in contrast with the low 

activity of carbon supports – this could be considered to be due to the lack of available 

oxygen from the surface of the support. 

 

1.2.6 Active Sites 

 

For catalysed reactions in general there is great interest in determining the active site, 

since this allows the development of improved catalysts. CO oxidation is one of the 

most widely studied reactions catalysed by gold and there has been some debate as to 

whether the active site is metallic or cationic gold species. Hutchings et al. tested a 

range of Au/α-Fe2O3 catalysts for CO oxidation at 298K and concluded that although 

metallic and cationic gold were present in the samples it was the presence of a 

significant fraction of cationic gold that was necessary for high catalytic activity80. 

Similar results have been obtained recently for Au/CeO2 and Au/SiO2 catalysts for low 

temperature CO oxidation: metallic gold exhibited a worse catalytic performance on 

both supports and achievement of the highest CO conversion at the lowest 

temperature was attributed to the presence of non-metallic gold. The higher activity 

of the ceria supported catalyst is thought to be due to stabilization of the cationic gold 

by the support81. The presence of both metallic and cationic species was detected on 

supported gold clusters on MgO which were active for CO oxidation82. However, in 

preparing a catalyst for preferential oxidation of CO in the presence of hydrogen, 

Landon et al. concluded that in order to obtain high selectivity it was necessary to 

remove the cationic gold so as to prevent the reverse water-gas shift reaction 

producing CO83. CO conversions of >99.5% were still obtained by a catalyst with 

relatively large (>5nm), purely metallic gold nanoparticles. In contrast to this, Wang et 
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al. investigated the active site for the water gas shift reaction over Au/TiO2 catalysts 

using FTIR and determined that metallic corner Au atoms were the dominant active 

site84. 

 

Cationic gold species, Au(I) and Au(III), have also been found to be important for a 

number of other reactions. Most notable of these is acetylene hydrochlorination, for 

which it has been reported that Au3+ is the active site for the reaction and Au0 is 

unreactive – as the subject of this project this will be discussed in more detail later in 

this chapter. The presence of cationic gold on the surface of Au/CeO2 catalysts for 

oxidative esterification of 1,2-propanediol was determined to be responsible for the 

lower activity, but higher selectivity to the desired product72. Presence of cationic gold 

was considered to be important in determining the  activity of zeolite-supported gold 

catalysts for intramolecular cycloisomerization of gamma-acetylenic carboxylic acids85, 

and Carrettin et al. demonstrated that cationic gold on the surface of Au/CeO2 was 

active for heterogeneously catalysed phenol synthesis86. 

 

1.2.7 Alkene/alkyne selectivity 

 

In both homogeneous and heterogeneous catalysis a unique selectivity of gold 

catalysts to reactions of alkynes is observed. Garcia-Mota et al. investigated this 

phenomenon and concluded that in homogeneous catalysis the effect is due to 

kinetics, whereas for heterogeneous catalysis the origin of the selectivity is 

thermodynamic87. DFT modelling was used to compare the adsorption of alkenes and 

alkynes on different gold species and the results indicated that for Au10 and Au19 

nanoparticles the selectivity is due to the selective adsorption and activation of C-C 

triple bonds – this does not occur for double bonds. Mascavage et al. investigated 

intra-molecular selectivity by investigating the addition of HCl to vinyl acetylene – the 

simplest molecule to contain both double and triple carbon-carbon bonds88. Mixtures 

of HCl and vinylacetylene in IR cells were monitored and the major products were 

both butadienes. They describe the reaction as being catalysed by water adsorbed on 
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the walls of the cell and cite computational studies89, 90 which found that a -complex 

of HCl is more stable with the triple bond than the double bond. 

 

The selectivity of gold to reactions with alkynes is also demonstrated in its use for 

partial hydrogenation reactions, to give the alkene product. Segura et al. describe DFT 

studies which show the better adsorption of C-C triple bonds to Au nanoparticle edges 

than C-C double bonds and confirm this by testing of Au/CeO2 catalysts for hydrogen 

of propyne/propylene mixtures, where selectivities of up to 95% were obtained91. This 

is supported by Lopez et al.92, who reported that for selective hydrogenation of 

acetylene the use of gold catalysts gives the same results as addition of CO to 

palladium catalysts in order to enhance the selectivity to the alkene product – the 

effect of the CO is thought to be the weakening of the adsorption of alkene bonds to 

the catalyst surface. 

 

1.3 Acetylene Hydrochlorination 

 

The industrial catalyst used for this process is traditionally mercury chloride, 

supported on activated carbon. However, the deactivation of such catalysts, which 

was being investigated in some detail in the mid-1980s2, 93, 94, is a significant problem 

and in addition to the decrease in activity, leaching of the mercury from the catalyst 

can be problematic due to its toxic nature. The resultant environmental issues with 

using mercury and the continued use of this process in areas where coal is a cheap 

and available resource, such as China, mean that a new catalyst is desirable.  

 

A study by Shinoda95 investigated the activity of a wide range of carbon supported 

metal chloride catalysts for acetylene hydrochlorination and correlated the activity 

with the electron affinity of the metal cation, divided by the metal valence. The 

correlation consisted of two straight lines and is shown in figure 1.7. 

 

Subsequently, considering that the reaction is most likely a two-electron process 

whereas electron affinity concerns a one-electron process, a study by Hutchings et al. 
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instead correlated the activity of supported metal chloride catalysts with their 

standard electrode potential3 and obtained a curve, shown in figure 1.8. Based on this 

curve it was suggested that since its standard electrode potential has a greater value 

than those metals investigated, gold should be the most active metal for this reaction; 

this was later confirmed4, 52 and is illustrated in figure 1.9.  

 

 

 

Figure 1.7: Correlation of activity for acetylene hydrochlorination with electron affinity/metal valence 

for a range of carbon supported metal chlorides95, 96. 
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Figure 1.8: Correlation of activity for acetylene hydrochlorination of carbon supported metal chloride 

catalysts with the standard electrode potential of the metal, Mn+ + ne-   M 3, 96. 

 

 

Figure 1.9: Correlation of initial acetylene hydrochlorination activity with standard electrode 

potential for supported metal chlorides including Au 4, 96. 
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Figure 1.10: Correlation of initial acetylene hydrochlorination activity of supported metal chloride 

catalysts  with the standard electrode potential of metal chloride salts: (RhCl6)3-, (RuCl5)2-, PdCl2, 

(PtCl6)2-, (IrCl6)3- and (AuCl4)- for the corresponding metals97. 

 

This correlation was further developed by Conte et al.97 where the standard electrode 

potential of the metal chloride salt was used, this is shown in figure 1.10.  

 

This further confirms the correlation of catalyst activity with standard electrode 

potential, although in this case the platinum is an anomalous point. This has previously 

been explained in terms of the extremely fast deactivation of platinum catalysts and 

the 4+ oxidation state of the platinum, which is unlikely to form complexes with 

alkynes96. 

 

In addition to the highest activity being observed from gold catalysts, another 

advantage is that they are found to have a much higher selectivity to the desired VCM, 

greater than 99.5%, whereas a secondary hydrochlorination reaction leading to the 

production of dichloroethane often occurs with other metals. Deactivation of gold 

catalysts is, however, still a problem and this was investigated in a study by Nkosi et 

al.52. It was determined that whilst leaching of the metal chloride from the support 

was the main contributor to loss of activity for a number of metals, this was not the 
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case for gold catalysts. The effect of reaction temperature on deactivation rate was 

investigated; it was observed that a minimum deactivation rate occurred at 100°C, 

indicating that two different deactivation mechanisms were occurring (figure 1.11). At 

temperatures of 60 – 100°C the deactivation was found to be due to deposition of 

carbonaceous residues on the catalyst surface, likely caused by polymerisation 

reactions, whereas at temperatures of 120 – 180°C it is attributed to the reduction of 

cationic gold species (Au3+ and Au+) to Au0. Although this suggests that 100°C may be 

the optimum reaction temperature, the activity at this temperature is considered to 

be too low and so a temperature of around 180°C continues to be used for catalyst 

testing. 

 

 

Figure 1.11: The effect of reaction temperature on the deactivation rate of Au/C catalysts for 

acetylene hydrochlorination 
52, 96

. 

 

 

A number of treatments were subsequently demonstrated to be able to regenerate 

the activity of catalysts which deactivated during testing at the higher temperature 

range (180°C) by re-oxidation of the gold51. Cl2, NO and N2O were all found to be 

effective in restoring catalyst activity, while previously it had also been shown that 

treatment with HCl could be used for catalyst reactivation98. The re-oxidation of the 
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gold to its cationic state in order to regenerate the catalytic activity is also supported 

by more recent work, where it was found by Conte et al. that treatment of a 

deactivated catalyst outside the reactor, by boiling in aqua regia, was able to do the 

same99. XPS and Mossbauer spectroscopy were used to identify the presence of Au3+ 

on the catalyst surface and correlate this with the observed activity. 

 

Investigation into bimetallic gold based catalysts for this reaction has also been carried 

out. A further study by Conte et al. investigated the effect of addition of a range of 

precious metals to the gold and while in some cases an enhanced initial catalyst 

activity was observed, it was concluded that the Au only catalyst was still the best 

option, largely due to the greater selectivity to the desired product that was 

obtained97. More recently, studies have reported high activity and selectivity from 

bimetallic catalysts, with copper100 and lanthanum101 the metals added to the gold. 

The conditions were optimised for the Au-Cu/C catalyst and both conversion and 

selectivity of greater than 99.5% were obtained; however, this used an extremely low 

gas hourly space velocity (GHSV) of 50 h-1
, compared to the GHSVs of 870 h-1 used in 

the studies of the monometallic gold catalysts102. For the Au-La/C catalyst a similarly 

high conversion and selectivity were obtained, also using a lower (but to a lesser 

extent) space velocity of 360h-1. In this case it was determined that the addition of the 

lanthanum stabilised the active Au3+ species, increasing the lifetime of the catalyst. 

 

The interest in the need for a new catalyst for acetylene hydrochlorination has also led 

to alternatives to gold based catalysts being reported. These include mechanically 

activated K2PdCl4, K2PtCl6 and K2PtCl4 salts103-105, ionic liquids106, Pt(II) complex 

solutions107, palladium based catalysts108 and a liquid phase rhodium catalyst109. 

 

1.3.1 Mechanism of acetylene hydrochlorination 

 

Kinetic studies of acetylene hydrochlorination found that the reaction is first order 

with respect to both acetylene and HCl51, and formation of a C2H2/Au/HCl complex has 

been suggested. Previous work has also suggested that the reaction may proceed via a 
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redox cycle involving the cationic gold species, although until recently little had been 

done to determine the mechanism of the reaction. Conte et al. now have, however, 

carried out a detailed investigation into the mechanism of the reaction102. Considering 

that catalyst deactivation occurs due to reduction of cationic gold species to the 

metallic state, the effects of the individual reactants on the catalyst were investigated 

since acetylene is known to be a reducing agent. A series of experiments involving 

sequential exposure of catalyst to the individual reactants both prior to and during 

reaction found that exposure to HCl enhanced the activity, whereas exposure to 

acetylene led to catalyst deactivation. This is illustrated in figure 1.12. In addition it 

was found that the activity of the catalyst increases upon increasing the HCl:C2H2 

ration in the reactant gas feed. 

 

 

 

Figure 1.12: Sequential flow experiments to evaluate the effect of each reactant for acetylene 

hydrochlorination over Au/C catalyst. Experiment A (): C2H2/HCl (2h)  He/Cl (2h)  C2H2/HCl (2h); 

Experiment B (): He/HCl (2h)  C2H2/HCl (2h)  He/HCl (2h); Experiment C ():C2H2/HCl (2h)  

He/C2H2 (2h)  C2H2/HCl (2h) and Experiment D (): C2H2/He (2h)  C2H2/HCl (2h)  C2H2/He (2h)
102

. 
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Due to the symmetric nature of acetylene, mechanistic data is unobtainable since 

each possible product (syn- and anti- addition and Markovnikov and anti-Markovnikov 

products) is identical. For this reason, experiments with substituted alkynes were 

carried out. It was found that activity was affected by steric hindrance of the 

substrates, with the observed trend in activity of acetylene (40%) > hex-1-yne (10%) > 

phenylacetylene (7%) > hex-2-yne (2%). These substrates are shown in figure 1.13. 

Further investigation of these reactions using deuterated substrates (DCl) led to the 

conclusion that the reaction proceeds via anti-addition of HCl across the carbon-

carbon triple bond.  

 

 

CH3

CH3

CH

CH

CH3

1 2 3
 

Figure 1.13: Substituted alkyne substrates used to investigate the mechanism of addition of HCl 

across the alkyne bond: 1) hex-1-yne, 2) phenylacetylene, 3) hex-2-yne.  

 

 

This result is important as it means that a typical Eley-Rideal mechanism, where only 

the acetylene is adsorbed on the gold surface and the HCl reacts with it directly from 

the gas phase, may be eliminated, since this would result in syn-addition. A reaction 

scheme in which a C2H2/Au/HCl complex is formed has therefore been suggested, 

using [AuCl4]- as the active site on the catalyst surface (figure 1.14). 

 

DFT calculations were carried out using C2H2, HCl and AuCl3 as the active site. It was 

found that the simultaneous coordination of C2H2 and HCl to the Au3+ centre was 

unlikely due to the instability of a pentacoordinated gold atom and it was suggested 

instead that the acetylene coordinates to the gold centre first then sequential addition 

of the chlorine and hydrogen occurs, from a HCl molecule that is hydrogen-bonded to 

a Cl ligand of the Au centre. The reaction pathway is shown in figure 1.15. 
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Figure 1.14: Proposed model for acetylene hydrochlorination over an Au/C catalyst involving 

formation of a C2H2/Au/HCl complex102. 

 

 

The mechanism of acetylene hydrochlorination catalysed at room temperature by the 

mechanically activated platinum and palladium salts is described by Mitchenko et 

al.110. The first step is -coordination of the carbon-carbon triple bond to the metal, 

then nucleophilic attack may occur from either the chlorine ligand of the complex or 

the HCl, leading to the cis- and trans- products respectively after protodemetalation. 

In this case they determine the catalytic active sites to be platinum (IV) complexes 

with a coordination vacancy, [PtCl5*], for the K2PtCl6 and platinum (II) acetylene -

complexes for the K2PtCl4 salt. In both cases the rate determining step is considered to 

be acetylene chloroplatination, involving a HCl molecule. This mechanism is similar to 

that proposed for the reaction over gold catalysts, in that they both involve 

coordination of the alkyne to the active site followed by interaction with a chloride 

species.  
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Figure 1.15: Reaction energy profile for acetylene hydrochlorination over Au/C catalyst, assuming 

active sites to be AuCl3 centres on catalyst surface. Energies are in kJmol-1 and transition states are 

denoted by ‡102. 

 

1.4 Project Aims 

 

Whilst a new catalyst for the reaction is desirable, studies so far have shown that 

monometallic gold based catalysts are the most promising due to their high activity 

and unique selectivity to VCM. Therefore in order to develop a suitable commercial 

catalyst, the aims of this project are: 

 

 to further understand the source of the activity of such catalysts  

 to investigate methods of producing such catalysts in order to increase 

gold dispersion and cationic gold stability 

 to investigate methods of minimising the deactivation of such catalysts.  
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2 Experimental Techniques 

 

2.1 Introduction 

 

This chapter will describe the techniques used in this project for catalyst preparation, 

characterisation and testing. These are as follows: 

 

 Preparation 

 Wet Impregnation 

 Deposition Precipitation 

 Sol Immobilisation 

 Acid Impregnation 

 Characterisation 

 X-ray Photoelectron Spectroscopy (XPS) 

 X-ray Diffraction (XRD) 

 Temperature Programmed Desorption/Reduction/Oxidation (TPD/R/O) 

 Raman Spectroscopy 

 Titrations 

 Testing 

 Reactor Conditions 

 Product Analysis 

 Gas Chromatography 

 

2.2 Catalyst Preparation 

 

A series of 1% Au/C catalysts were prepared via a range of methods, as described 

below. In all cases the carbon support used is Norit ROX 0.8, an activated carbon 

extrudate of 0.8mm diameter, provided by Johnson Matthey. 
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2.2.1 Wet Impregnation 

 

HAuCl4.3H2O (Aldrich, 5g) was dissolved in distilled water (250 mL). The resulting 

solution (2.2mL) was added to the activated carbon support (1.98g), sufficient water 

added to just cover the support, then the mixture was stirred at ambient temperature 

for 10 minutes. The sample was dried overnight (16h) at 110°C. 

 

2.2.2 Deposition precipitation (DP) 

 

HAuCl4.3H2O (Aldrich, 5g) was dissolved in distilled water (250 mL). A portion of the 

resulting solution (2.2mL) was made up to a volume of 10 mL with distilled water. 

Activated carbon (1.98g) was added, and the pH adjusted to pH9.2 via dropwise 

addition of a saturated solution of Na2CO3 (Fisher) in distilled water. The mixture was 

stirred at ambient temperature for 1h and the pH maintained at 9.2, then it was 

filtered, washed with distilled water  and dried overnight (16h) at 110°C. 

 

2.2.3 Sol Immoblisation 

 

HAuCl4.3H2O (Alfa Aesar, 25g) was dissolved in distilled water (1L). The resulting 

solution (1.632 mL) was added to double-distilled water (394mL) with stirring. PVA 

(Aldrich, 0.1g) was dissolved in distilled water (10mL) and the resulting solution 

(1.3mL) was added. Subsequently NaBH4 (Aldrich, 0.38g) was dissolved in distilled 

water (10mL) and the resulting solution (5mL) added. The solution was then stirred for 

30 minutes. The carbon support (1.98g) was added and the mixture was acidified to 

pH 2 using concentrated H2SO4. The mixture was stirred at ambient temperature for 

1h, then filtered, washed with distilled water (1.5L) and dried overnight (16h) at 

110°C. 

 

However, it should be noted that the carbon support was first ground to a powder 

before use in the sol immobilisation preparation. The method was attempted on the 

carbon extrudate but when the catalyst was filtered it was clear that the gold colloid 
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had not attached to the support surface as the filtrate was still red in colour. However, 

the sol immobilisation method has been used with other, powder carbon supports 

before e.g. Darco G601, graphite2 so it was decided to try grinding the extrudate to a 

powder (by hand, using a pestle and mortar), which proved successful. 

 

2.2.4 Acid Impregnation 

 

HAuCl4.xH2O (Alfa Aesar, 99.9% (metals basis), Au 49%, 40mg) was dissolved in aqua 

regia (3:1 HCl (Fisher, 32%):HNO3 (Fisher, 70%) by volume, 5.4ml) and the solution 

added dropwise with stirring to the activated carbon support (1.98g). Stirring was 

continued at ambient temperature until NOx production subsided, approximately 10 

minutes. The sample was dried overnight (16h) at 110°C. 

A number of variations on this method have been used, these are described in further 

detail in chapter 3, concerning the chemistry of aqua regia and its effect on catalyst 

preparation. 

 

 

2.3 Catalyst Characterisation 

 

2.3.1 X-ray photoelectron spectroscopy (XPS) 

 

XPS is a surface-sensitive characterisation technique, used to analyse the chemical 

composition at the surface of a sample, and is therefore a frequently used technique 

for analysis of heterogeneous catalysts. It can not only reveal which elements are 

present, but also the oxidation state they are in. To carry out XPS analysis, a sample is 

irradiated with monochromatic X-rays under ultra high vacuum (UHV) conditions. This 

results in the emission of electrons (known as photoelectrons) from core energy levels 

of atoms; however only those from atoms at the surface are able to be detected as 

the mean free path of the electrons through the solid is comparable to only a few 

atomic distances (ca. 1-2 nm)3. Since the energy of the X-rays used is known, from the 
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measured kinetic energy of these detected electrons the binding energy of the atoms 

can be calculated using the following equation: 

 

              -          -       Equation 2.1 

 

Where h is the energy of the incident X-rays (h = Planck’s constant,  = frequency) 

and  is the work function of the spectrometer. This is the energy required to release 

the electron from the highest energy level, the Fermi level of the atom, and is the 

difference between the vacuum energy level and the Fermi energy level. This is 

illustrated in figure 2.1. 

 

 

Binding energies are unique to atoms of a particular element in a particular oxidation 

state and therefore its chemical environment. In turn this allows the species present 

on a sample’s surface to be identified. 

 

XPS spectra are usually presented as a plot of intensity (i.e. number of electron 

counts) against binding energy, with peaks occurring at binding energies characteristic 

of species present on the surface. These peaks are labelled according to quantum 

numbers of the level from which the electrons are emitted, e.g. the commonly used 

peaks for analysis of Au species are the Au 4f. Quantum number n refers to the core 

energy level, and is an integer ≥ 1. The orbital momentum l = 0,1,2,3... is denoted as 

Vacuum level  

Fermi level  

Ebinding 

Ekinetic 

Φ 

photoelectron 

X-ray 
hν 

Figure 2.1: Diagram to illustrate photoemission 
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s,p,d,f... and for each level with l≥1 the spin momentum s may be either +1/2 or -1/2 

(up or down), resulting in 2 sub-levels since the total momentum j = l+s. This leads to 

the presence of a doublet in the spectrum for electrons from such levels, again using 

Au as an example these are the Au 4f5/2 and 4f7/2 peaks, a typical XPS spectrum for this 

region can be seen in Figure 2.2 (this is a spectra of a 1% Au/C catalyst after a 

reduction treatment). Characteristic binding energies for these levels of metallic Au 

are 87.7eV and 84eV respectively. 

 

 

Figure 2.2: XPS spectrum of the Au 4f region of metallic gold. 

 

 

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra-DLD 

photoelectron spectrometer.  Samples were mounted in batches of 9 using 6mm 

diameter stainless steel stubs via doubled sided adhesive tape.  Analysis was 

performed at a typical base pressure of 1x10-9 Torr, using a monochromatic 

Aluminium X-ray source, operating at 120 W power (10 mA emission, 12 kV anode 

potential).  
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Survey scans were acquired at a pass energy of 160 eV and high resolution scans at 40 

eV.  All spectra were collected in Hybrid mode of operation, which utilises both 

electrostatic and magnetic lenses to increase sensitivity.  Charge compensation was 

achieved using the Kratos patented immersion lens system, which typically resulted in 

a shift of 2-3 eV lower energy for the photoelectron peak, therefore all spectra were 

calibrated to the C(1s) line for adventitious carbon at 284.7 eV. 

 

Data analysis was carried out using CasaXPS software. For quantification of Au3+/Au0 

species the Au 4f region was used, with two doublets of peaks fitted. The second peak 

of each doublet was constrained to have the same full width half maximum (FWHM) 

as the first, but have an area ¾ of the value and a position 3.7 eV higher, as this is 

typical of the Au 4f doublet. This peak fitting is illustrated in figure 2.3, which shows 

the spectrum of a 1% Au/C catalyst prepared by impregnation in aqua regia and dried 

at 110°C. The software then calculates the % contribution of each component from its 

peak area. 

 

 

Figure 2.3: XPS spectrum of the Au 4f region of a Au/C catalyst prepared by impregnation in aqua 

regia and dried at 110°C. 
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2.3.2 X-ray Diffraction (XRD) 

 

X-Ray Diffraction (XRD) is a non-destructive technique for analysis of the crystal 

structure of the bulk of a material. XRD can identify the crystallinity of a material, and 

also give information on the size of microcrystallites and the d-spacings and unit cell 

dimensions of a crystalline material. Since the wavelength of x-ray radiation is 

comparable to the periodic spacings in a crystal lattice, diffraction occurs as the x-rays 

are reflected by the crystal planes, which produces an interference pattern providing 

structural information about the sample4. 

 

XRD may be carried out on single crystals or powders. Of these, powder XRD is the 

most commonly used in the study of heterogeneous catalysts. It can be used to 

produce a fingerprint of a crystalline phase, of which there are large databases 

available that results can be compared to for identification, and is also useful for 

monitoring structural changes of a solid during a reaction, and providing information 

on particle size. Although powder XRD is less accurate in the determination of lattice 

parameters, it has the advantage that randomly distributed crystallites may be 

analysed, without the need for a single crystal. In contrast, single crystal XRD is more 

suitable for complete crystal structure determination, however this does require a 

crystal of sufficient size and quality which is difficult to obtain for heterogeneous 

catalysts intended for industrial application.  

 

XRD analysis is carried out by exposing the sample to a monochromatic x-ray source 

and detecting the resulting reflected (i.e. diffracted) x-rays. In powder XRD the sample 

is also rotated, to increase the probability that the reflected x-rays are detected. A 

diffractogram is a plot of intensity against the angle (2θ) at which constructive 

interference of x-rays is detected. A fundamental of XRD is the Bragg equation: 

 

n = 2d sin   Equation 2.2 
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Where n is an integer, λ is the wavelength of the radiation, d is the periodic spacing 

between planes of the crystal structure and θ is the incident angle of the radiation5. 

This equation is derived from the idea that constructive interference of reflected x-

rays will occur when they are in phase with each other - in order for this situation to 

arise the difference in the path lengths of waves reflected by adjacent planes must be 

a whole number of wavelengths – i.e. nλ. This is shown in figure 2.3. 

 

Perfect crystals give XRD reflections that are very sharp, however as crystallite size 

decreases below 100 nm, line broadening occurs. Line width is related to crystallite 

size by the Scherrer equation (equation 2.3), and this can be used to determine 

crystallite size from a diffractogram3. 

 

  
  

     
   Equation 2.3 

 

L is a measure of particle size (perpendicular to the reflecting plane), λ is the x-ray 

wavelength, β is the peak width (measured at half the height of the peak maximum 

and known as the full width half maximum, FWHM), θ is the angle between the beam 

and the normal on the reflecting plane and K is a constant (usually taken as 1) which is 

related to the shape of the crystallite. 

 

Figure 2.3: Diagram to illustrate Bragg’s law – the difference in path length between the two rays is 2dsinθ, 

which for constructive interference to occur must be equal to an integer multiple of the wavelength of the 

x-ray. 

d 
θ d sin θ 
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XRD was used for comparison of the size of the supported Au particles in Au/C 

catalysts prepared via different methods; reflections due to metallic gold are present 

at angles of 38 (111), 44 (200), 64 (220) and 78 (311) 2θ. The reflection due to the 

(111) plane, at 38 2θ, was used in the Scherrer equation to estimate the size of the 

metallic gold particles, since this was the most intense reflection. 

 

XRD analysis was performed on a (θ-θ) PANalytical X’pert Pro powder diffractometer 

using a Cu Kα radiation source operating at 40 keV and 40 mA.  

 

 

2.3.3 Temperature programmed desorption/reduction/oxidation 

(TPD/R/O) 

 

Temperature programmed desorption/reduction/oxidation (TPD/R/O) encompasses a 

range of temperature programmed techniques, which monitor a chemical reaction as 

temperature changes. TPD is used to investigate desorption of gases from a sample’s 

surface, which can be used to investigate features of a catalyst surface, for example 

the presence of acidic/basic sites, or the surface coverage of a particular gas of 

interest. The sample may be heated in an inert atmosphere and the desorption 

products detected, or the sample may first be subjected to treatment by a suitable 

gas, for example ammonia for investigating acidic sites on a surface, and then the 

desorption of this gas monitored. 

 

TPO/TPR is used to investigate the redox properties of a sample. In order to do this 

the sample is heated under a flow of the appropriate gas (oxygen for oxidation, 

hydrogen for reduction, usually ca. 10% in an inert gas), and the signal at a thermal 

conductivity detector (TCD) recorded. These work by measuring the thermal 

conductivity of two gas streams, the gas to be analysed and a reference (in this case 

the gas after it has passed the sample, and the original gas feed). Since the gases being 

analysed, i.e. oxygen and hydrogen, typically have different thermal conductivity to 

the inert gas (Ar), any change in their concentration will lead to a change in thermal 
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conductivity, which is detected and presented as an electrical signal. This shows the 

uptake of oxygen/hydrogen respectively, and therefore at what temperatures 

oxidation/reduction processes occur. TPR profiles are usually presented as a plot of 

detector signal against temperature, with peaks representing individual 

oxidation/reduction processes6.  

 

A vast amount of information may be obtained from TPO/R, for example in addition to 

the position of the peak maxima telling you about the thermodynamics of the 

reaction, the slope of the peaks tells you about the kinetics of the reaction, and the 

area under the peak directly relates to the amount of oxidised/reduced species.  

 

It is also possible to determine the kinetic parameters of these reactions. For example, 

the activation energy for a reduction reaction may be obtained from TPR analysis, 

from the shift of the temperature of the peak maximum (Tmax) that occurs when a 

sample is heated at different ramp rates. The relationship between Tmax and the 

heating ramp rate (β) is given by the Kissinger equation (equation 2.4); the activation 

energy  (and pre-exponential factor, A) can therefore be determined by plotting 

ln(β/Tmax
2) against 1/Tmax, which gives a straight line with gradient –Ea/R and intercept 

ln(AR/Ea)7. 

 

  
 

    
    

  

  
 

  

      
   Equation 2.4 

 

TPR was extensively used in this thesis for analysis of the Au3+ content of Au/C 

catalysts and for the determination of kinetic parameters - the Kissinger method as 

described above was used to find the activation energies and pre-exponential factors 

for the reduction of Au3+ in a hydrogen atmosphere for a series of 1% Au/C catalysts 

which contain cationic gold species (see chapter 4, section 4.4). TPD was also used, for 

analysis of the surface functional groups present on acid-treated carbons. 
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TPR analysis was carried out on a Thermo TPD/R/O 1100 Series. The sample (0.1 g) 

was heated up to 800°C at a ramp rate of 5 °C/min, under a flow of Hydrogen (10%/Ar, 

20 ml/min). For activation energy determination, heating ramp rates of 10, 15 and 20 

°C/min were also used. TPD analysis of the carbon catalyst support was carried out by 

heating the sample (0.1 g) up to 800 °C at a ramp rate of 5 °C/min, under a flow of 

helium (20 ml/min). 

 

2.3.4 Raman Spectroscopy 

 

Raman Spectroscopy uses the inelastic scattering of photons to investigate vibrations 

of chemical bonds in a sample. Vibrations are only Raman active if they change the 

polarisability of the sample, which usually means that the shape of the sample’s 

structure is changed. The technique involves exposure of the sample to a 

monochromatic light source, usually provided by a laser. The frequency of the 

scattered photons is measured and any change in frequency corresponds to a 

difference in energy between the vibrational energy levels of a sample, so can be used 

for identification of the bond vibrations taking place and therefore aid in structure 

determination3. 

 

There are a number of possible outcomes from the scattering of the radiation, 

depending on the vibrational energy levels involved. These are known as the Stokes, 

Rayleigh and Anti-Stokes bands and these are illustrated in figure 2.4.  

 

Figure 2.4: Diagram of scattering that leads to the Stokes, Rayleigh and Anti-Stokes bands. 

hν0 hν0 hν0 

Stokes Rayleigh Anti-Stokes 
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Rayleigh scattering is elastic, since the incident and detected photons are of the same 

energy, however the Stokes and Anti-Stokes scattering are inelastic, since the energy 

of the detected photons is either greater (Anti-Stokes) or less than (Stokes) that of the 

incident photons. The Rayleigh band in a spectrum is around 3 orders of magnitude 

larger than the stokes and anti-stokes bands, but does not provide any information 

about the sample. 

 

Raman spectroscopy is often used for analysis of oxides, since the frequencies of 

metal-oxygen vibrations tend to be in a suitable range3. This makes it suitable as an 

analytical technique in catalysis, since many industrial catalysts consist of oxides, or 

metal supported on oxides. However, Raman is also commonly used for structure 

determination of carbon materials, e.g. carbon nanotubes, and it is for this reason it 

has been used in this thesis. 

 

Raman Spectroscopy was used to investigate the structure of the activated carbon 

support of 1% Au/C catalysts. It was carried out on a Renishaw inVia Raman 

Microscope, using a laser of wavelength 514 nm at 100% intensity. 
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2.3.5 Titrations 

 

Titrations may be used to investigate the acidic and basic features of the surface of 

activated carbons. There are a number of methods which can be used; for example 

the Boehm method, which involves reacting the carbon with different bases known to 

react with different surface functional groups (i.e. NaOH will neutralise carboxyls, 

lactones and phenols, Na2CO3 carboxyls and lactones and NaHCO3 only carboxyls), 

then back titrating these basic solutions to find the change in concentration and 

therefore the amount of functional groups on the surface8. A more straightforward 

potentiometric titration may also be used, where the carbon is suspended in water 

and titrated with acid or base (HCl or NaOH). From the plot of pH against amount of 

acid/base added, the pKa of functional groups may be determined and therefore the 

functional groups identified. The amount of these groups present may also be 

calculated. This is done by differentiation of the plot, the peaks in this derivative plot 

then correspond to the end point of the titration with each functional group – the 

volume of titrant added at this point is known, so the number of moles and therefore 

the number of functional groups may be calculated. 

 

The methods used for titrations and analysis of the data will be discussed in more 

detail in the relevant results chapter (chapter 4). Typically, the sample to be analysed 

(0.1g) was suspended in deionised water (10ml) with stirring, and dilute (0.02M) HCl 

or NaOH as appropriate added step-wise (0.2ml) and the pH measured after a 

stabilisation time (e.g. 1 minute) after each addition. A plot of pH against volume of 

titrant added was then used to determine the end-point of each titration with a 

surface functional group (for quantification) and the pKa of the functional groups 

being titrated (for identification). Functional groups can be identified from titrations as 

fitting into 3 categories as determined by Boehm: carboxylic (pKa<6.37), lactonic 

(6.37<pKa<10.25) or (phenolic pKa>10.25). 
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2.4 Catalyst Testing 

 

2.4.1 Reactor Design 

 

The design for the reactor used for this project was provided by Johnson Matthey, a 

schematic diagram of the reactor being shown in figure 2.5, with a photograph in 

figure 2.6. 

 

 

Figure 2.5: Schematic diagram of the hydrochlorination reactor. 

 

The main body of the reactor which contained the catalyst bed was made of a 

modified glass reflux condenser (i.d. 6mm, length approx. 150mm), heated by 

circulating oil which was controlled by a Julabo ME-4 circulating oil bath. Prior to the 

catalyst bed there was a pre-mixer/heater in order to enhance the mixing of the 

reactant gas stream; this was made from a similarly modified reflux condenser, packed 

with 2mm glass beads which were supported by quartz wool. PTFE tubing was used at 

the reactor inlet and outlet, due to its inertness. In fact, in previous work where 

stainless steel tubing was used it was seen that reactions may take place on the 

reactor walls, for example oligomerisation and polymerisation9. In addition it reduces 
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the number of reactor components that may be damaged due to corrosion caused by 

the HCl. All of the gas inlet lines are fitted with a stainless steel bomb filled with 

molecular sieve to act as a drying agent to reduce moisture in the system. Flow control 

is by electronic mass flow controller, with the exception of the HCl, which uses needle 

valves and a PTFE rotameter. The HCl and acetylene lines are set up so that they may 

be purged with Argon. 

 

 

Figure 2.6: Photograph of the reactor used for acetylene hydrochlorination. 

 

2.4.2 Testing conditions 

 

Catalysts (150 mg) were tested in a fixed bed micro-reactor, as described above, under 

a flow of 5 ml/min acetylene (0.5 bar), 6 ml/min HCl (1 bar) and 10 ml/min nitrogen (1 

bar). The oil bath was set to a temperature of 185°C. SiC (2 x 2.5 g) was used to extend 

the bed length, above and below the catalyst itself, separated by quartz wool. These 

conditions, i.e. a gas flow of 21 cm3/min and catalyst volume of 1.7 cm3, give a gas 

hourly space velocity (GHSV) for the catalyst of 740h-1. These are the conditions used 

for all data reported, unless otherwise stated. The reactor and catalyst were purged 

before each reaction by pressurising then depressurising the system with argon (1.5 

bar) 5 times. Analysis was done by time-on-line gas chromatography, using a Varian 

450GC equipped with a flame ionisation detector (FID). The catalytic activity is 
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described in terms of percentage acetylene conversion (see equation 2.5). To obtain 

the value for blank acetylene counts, prior to each reaction a number of GC runs were 

recorded with the reactant gases bypassing the reactor, until a stable value was 

achieved (usually 3-5 runs were necessary). After reaction the HCl line and reactor 

were purged with argon overnight. 

 

                       

   
                                                  

                      
       

Equation 2.5 

 

2.4.3 Product Analysis 

 

2.4.3.1 Gas Chromatography 

 

Gas Chromatography (GC) is a commonly used technique for analysing gas mixtures, 

based on separation of the component gases. This is done by passing the mixture to 

be analysed (the mobile phase) through a stationary phase inside a column, which 

separates the components of a mixture by the strength of their interactions with the 

stationary phase. In GC the mobile phase is a gas and the stationary phase can be a 

solid, a chemically bonded phase or an absorbed liquid film10. The sample to be 

analysed is eluted by a carrier gas (an inert gas, such as helium), which continuously 

flows through the system. A stronger interaction between a component and the 

stationary phase will result in it taking longer to pass through the column. The time at 

which a component is detected is known as its retention time, tr, and can be used for 

qualitative analysis, if the retention time of a component is known for certain analysis 

conditions e.g. column type, temperature and pressure. When a component is 

detected it appears as a peak in the chromatogram; the area under the peak is 

proportional to the amount of the component present and so can be used for 

quantitative analysis. 
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There are a range of detectors that may be used with GC, for example two of the most 

commonly used are thermal conductivity detectors (TCDs) and flame ionisation 

detectors (FIDs). For analysis of the acetylene hydrochlorination reaction, a flame 

ionisation detector (FID) is used. The working principle of the FID is to burn the 

components to be detected in a flame (generated by burning hydrogen in air), which is 

positioned between two electrodes. Since the combustion of these components 

involves an ionisation process, the current between the electrodes changes when they 

are present (there is a baseline current resulting from the ionisation of the hydrogen). 

These changes in current are detected and quantified11. In view of this, FIDs are very 

suitable for use with organic chemicals, since they are easily combustible. There is a 

proportional relationship between the number of carbon atoms in the flame and the 

number of ions produced – the detector is mass-sensitive, since the signal output is 

related to the number of carbon atoms that pass through it10. This means that once a 

detector is calibrated, it may even be used to assist in product identification, since the 

number of carbon atoms in a molecule can be quantified. 

 

For analysis of the acetylene hydrochlorination reaction, chromatographic separation 

was carried out using a 6ft x 1/8”stainless steel column, with Porapak N packing. An 

isothermal temperature programme was used, at an oven temperature of 130°C. 

Helium was used as a carrier gas, at a column pressure of 18.9psi. Only two major 

components were observed in the GC trace, acetylene (tr =  1.3 minutes) and VCM (tr =  

6.4 minutes).  
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3 The Effect of Impurities in the Reactant Gas Stream 

 

3.1 Introduction 

 

Acetylene hydrochlorination requires the use of a corrosive reagent i.e. HCl in the gas 

phase and at high temperature. Therefore it is essential that a reactor is constructed 

that can withstand the problem associated with the use of such a reactant. A reactor 

was designed and constructed, and this chapter describes the testing that was carried 

out using this initial set-up.  

 

However, during the course of the project, the reactor used for acetylene 

hydrochlorination needed to be rebuilt, due to severe damage caused by corrosion of 

stainless steel components. In order to reduce the likelihood of further damage 

occurring, the HCl gas was changed from technical grade (N3, 99.9%), as used for 

reactions described in this chapter, to electronic grade (N5, 99.999%), as used for all 

reactions described in subsequent chapters, due to its higher purity and, most 

significantly, reduced moisture content. The effect that changing the quality of this 

reactant gas had on the results obtained is also reported in this chapter. 

 

3.2 Preliminary Testing 

 

Initial catalytic testing was carried out using a standard catalyst provided by Johnson 

Matthey (JM), referred to throughout this thesis as Au/C-JM, to evaluate whether the 

results obtained were comparable to those obtained by analogous tests carried out by 

JM. The reactor was also used to test a catalyst made and tested according to 

protocols used in previous work1 on this reaction to test reproducibility; these results 

are described in this section. 
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3.2.1 Benchmarking of JM catalyst 

 

Initially, for comparable conditions to those used in catalyst testing by JM, higher flow 

rates of the reactant gases and a larger amount of catalyst than those described in 

chapter 2 were used. These were 60 ml/min of HCl, 50 ml/min of acetylene and 100 

ml/min of nitrogen, using 1.5g of catalyst. The reactor was heated to the same 

temperature of 185°C. The testing results for four reactions using the Au/C-JM catalyst 

are shown in figure 3.1; although there is some spread in the data it can be seen that 

the same trend occurs – there is a steady deactivation of the catalyst from around 

80% down to around 40% over the 4 hour reaction time. This is consistent with 

previous work which demonstrates the deactivation of Au3+ containing catalysts2-4, 

attributed to the reduction of Au3+ to Au0, and is the expected result from the catalyst 

provided. 

 

 

Figure 3.1: Testing of Au/C-JM under high flow rate conditions:60 ml/min HCl, 50 ml/min C2H2, 100 

ml/min N2, 1.5g catalyst, 185°C. Each set of data (, , , ) is a fresh 1.5g from the same batch of 

catalyst. 
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Testing of the same catalyst was then carried out under milder, scaled down 

conditions – 6 ml/min of HCl, 5 ml/min of acetylene, 10 ml/min of nitrogen and 150 

mg of catalyst (the same temperature of 185°C was used). This was primarily for safety 

reasons, to limit the amount of VCM produced since it is a known carcinogen; 

however, it is also more economical as it significantly reduces the amount of catalyst 

that is needed for testing and the amount of the reactant gases used. However, in 

order to keep the catalyst packing and bed length in the reactor the same, the 

difference in the bed length was made up by using the carbon support, separated 

from the catalyst by quartz wool. The results can be seen in figure 3.2 and although 

the initial activity of the catalyst is slightly lower, at around 70%, overall the data 

obtained are similar to those obtained under the higher flow rate conditions and are 

consistent with the steady deactivation seen in previous work. The GHSV for the high- 

and low-flow testing conditions are calculated to have the same value, of 740 h-1, due 

to the reduction by the same factor of both the amount of catalyst used and the flow 

rate of the reactant gases, so the similarity of data observed is to be expected. 

 

 

Figure 3.2: Testing of Au/C-JM under standard conditions: 6 ml/min HCl, 5 ml/min C2H2, 10 ml/min N2, 

150 mg catalyst, using carbon support to extend the catalyst bed. 
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The above results, showing consistency with activities seen previously for similar 

catalysts and being as expected for the Au/C-JM catalyst that was provided, indicated 

that the reactor was suitable for use and fresh catalysts could be prepared and tested 

for comparison with this standard catalyst. 

 

3.2.2 Reproduction of catalyst preparation/testing from previous studies 

 

It was decided to make and test a catalyst according to the methods as described in 

previous work concerning Au catalysts for the hydrochlorination reaction1, with the 

aim of reproducing results recently obtained in a similar laboratory setting. A 1% Au/C 

catalyst was prepared by incipient wetness impregnation of powdered activated 

carbon (Darco 12-20) with a HAuCl4/Aqua Regia solution. The pore volume of the 

carbon was first calculated, by adding water dropwise to varying masses of carbon 

until a paste was formed and measuring the amount of water used, which enabled the 

correct volume of solvent for the preparation to be used. This value was found to be 

1.33 ml/g. HAuCl4 (0.080g) was dissolved in aqua regia (3:1 HCl:HNO3 by volume, 5.27 

ml) and this solution added dropwise with stirring to the carbon support (3.96 g) until 

a paste was formed. This was then dried overnight (18h, 110°C). The catalyst (200mg) 

was tested under gas flows of HCl 5ml/min, C2H2 5ml/min and N2 10ml/min at a 

temperature of 185°C; the results are shown in figure 3.3.  
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Figure 3.3: Testing data of 1%Au/C catalyst prepared by incipient wetness impregnation on Darco 12-

20 carbon support and tested under conditions used in previous work: 5 ml/min HCl, 5 ml/min C2H2, 

10 ml/min N2, 200 mg catalyst, 185°C. 

 

A different trend to that expected is observed, however, with an initial increase in 

activity which then stabilises, contrasting with the steady deactivation which is usually 

reported for such catalysts. Although there is a clear difference in the activity 

observed over the course of the reaction, when the initial activity of these catalysts 

under the same conditions is compared they have a similar initial activity: the catalyst 

prepared as described above shows 20% acetylene conversion, while in the previous 

work it is around 25%1. 

 

This catalyst was characterised by XPS since this is one of the most effective 

techniques for studying Au/C catalysts, in particular those used for the 

hydrochlorination reaction, as it provides information on the oxidation state of the 

gold which has been shown to be an important factor in determining the activity of 

these catalysts. The spectrum can be seen in figure 3.4 and shows two doublet signals, 

one for metallic gold at 84 and 87.7 eV and the other for Au3+ at 86.5 and 90.2 eV. The 
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signal at 86.5 and 90.2 eV is much larger, showing that the majority of the gold on the 

catalyst surface is present in the Au3+ form.  

 

 

Figure 3.4: Au4f XPS spectrum of 1% Au/C catalyst prepared by incipient wetness impregnation of 

Darco 12-20 with HAuCl4/aqua regia solution. 

 

This differs from the catalyst from the previous work in that the XPS spectrum of that 

catalyst showed the majority of the gold was present in the Au0 form, although the 

presence of Au3+ was indicated. 

 

The XPS of these catalysts shows that they are similar in regards to the oxidation state 

of the gold present on the surface, in that there is Au3+ present in both cases, however 

there is significantly more Au3+ in the catalyst prepared for this project. This could be a 

determining factor in the differences in activity observed, however, it is a possibility 

that this is not the only reason. Another contributing factor may be differences in the 

reactor set-up used. As described in chapter 2, the design for the reactor used for this 

thesis was provided by JM and is made largely of inert materials i.e. the reactor itself is 

glass and much of the tubing used is PTFE. In contrast, while the reactor used 

70 

120 

170 

220 

76 78 80 82 84 86 88 90 92 94 96 

In
te

n
si

ty
/A

.U
. 

Binding Energy/eV 

Au
0
 Au

3+
 



  Chapter 3 

58 

 

previously used a quartz tube to contain the catalyst bed, the majority of the rest of 

the tubing was made almost completely from stainless steel and so it is possible that 

the reactivity of this may have affected the observed activity for VCM production. For 

example, reactions on the stainless steel walls are possible which may affect the 

amount of the reactants that reach the catalyst. In addition, the methods of heating 

the reactors are different: previously a furnace surrounding the reactor tube was used 

whereas the reactor built for this project is heated by circulating hot oil around it. The 

reaction is known to be exothermic (H = -99 kJ/mol-1)5 and therefore the circulating 

oil may help to reduce the effect of the temperature increase, which may affect the 

catalyst activity. 

 

Whilst a complete reproduction of previous work was not achieved, results showing 

similar initial conversion of catalysts were obtained and with the expected results 

being produced from testing of the industrial catalyst in the reactor which is 

comparable to that used by the industrial sponsors it was decided that this was 

sufficient to begin new experiments. 

 

 

3.3 The Effect of Catalyst preparation method 

 

In the majority of previous work on Au/C catalysts for the acetylene hydrochlorination 

reaction, a catalyst preparation method involving impregnation in acid has been used2-

4, 6, 7. It is well known that the preparation method used can have a great effect on a 

catalyst’s structure and therefore its activity, as described in the introduction to this 

thesis. Therefore it was decided to prepare catalysts by a number of commonly used 

protocols, namely wet impregnation, deposition precipitation and sol immobilisation, 

and to test them for acetylene hydrochlorination. These catalysts are referred to as 

IMP, DP and SI respectively. All catalysts had a theoretical gold loading of 1% by 

weight. The conditions used were 6 ml/min HCl, 5 ml/min C2H2, 10 ml/min N2 and 150 
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mg catalyst at a temperature of 185°C. The carbon support was used to extend the 

catalyst bed, as described above (section 3.2.1). 

 

 

Figure 3.5: Activity of Au/C-JM () and catalysts prepared by IMP (), DP () and SI (). 

 

 

Figure 3.5 shows the activity of each of these catalysts, as well as that of the Au/C-JM 

catalyst. In contrast to Au/C-JM, which deactivates steadily over the course of the 

reaction, the other three catalysts show a different activity profile, with acetylene 

conversion actually increasing over the first 3 hours and then stabilising. This is similar 

to that seen for the incipient wetness catalyst discussed earlier in this chapter, 

however these results should not be directly compared due to the difference in the 

testing conditions used. Initially, the IMP and DP catalysts have the lowest activity, of 

around 20% conversion, whilst the SI catalyst has around 40%. These are much lower 

than Au/C-JM, the initial activity of which is around 70%, however it is important to 

note that after 3 hours reaction time, the activity of the SI catalyst is actually greater 

than that of Au/C-JM. 
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Characterisation of these catalysts was carried out by XPS and XRD, in order to obtain 

information about the oxidation state and particle size of the gold. The XPS spectra for 

each of the four catalysts are shown in figure 3.6. 

 

 

Figure 3.6: XPS spectra of catalysts prepared via different methods. 

 

 

These results indicate that for catalysts prepared by wet impregnation, deposition 

precipitation and sol immobilisation methods, only metallic gold is present since there 

is just one doublet present, at the characteristic Au 4f binding energies for metallic 

gold of 84 and 87.7 eV. However, for the Au/C-JM catalyst there are two doublets 

present in the spectrum, one at the same Au0 position and another, larger one at 

higher Au4f binding energies of approximately 86.5 and 90.2 eV, typical of Au3+. This 

shows that the majority of the gold is in the 3+ oxidation state; this has been 

quantified as 59%. Since the Au/C-JM catalyst is the most active of all the catalysts at 

the start of the reaction, this is consistent with previous work which has attributed 

deactivation of Au/C catalysts for the acetylene hydrochlorination reaction at the 

temperature used (185°C) to the reduction of Au3+ to Au0 4. However, there is a small 
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shift towards higher binding energy in the Au0 peak position for the sol immobilisation 

sample. This is likely to be due to particle size effects, since the sol immobilisation 

method is known to give gold particle sizes in the range <10 nm, in fact 1% Au/C 

catalysts prepared in a similar way to the SI catalyst were shown by TEM to have a Au 

particle size of 3.5 +/- 1.6 nm8. At this range shifts in binding energy may be observed9, 

with the positive shift observed for Au/C attributed to a final state effect, caused by 

charging of the particle during analysis10. 

 

XRD results are shown in figure 3.7 for all four catalysts, and for the carbon support as 

provided by JM. Reflections due to gold are present at 38, 44, 64 and 78° 2θ. However, 

these reflections can be seen only for the catalysts prepared by IMP, DP and SI 

methods and not for Au/C-JM, whose XRD pattern is comparable to that of the carbon 

support alone. This is to be expected since it is known from the XPS that very little 

metallic gold is present, so it is unlikely that the long range order necessary to produce 

a reflection will occur. It also suggests that if there are particles of metallic gold, they 

are very small (approximately 1-5nm, less than those prepared via the sol 

immobilisation method, since reflections are still visible in the XRD pattern of the SI 

catalyst) and highly dispersed.  
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Figure 3.7: XRD patterns for catalysts prepared via different methods: impregnation (IMP), deposition 

precipitation (DP) and sol immobilisation (SI), the Au/C-JM standard catalyst and the carbon support. 

The vertical lines show the position of reflections due to Au. 

 

From the width of the reflections due to gold on the other samples, it can be seen that 

the relative size of the gold particles is IMP>DP>SI, since narrower reflections arise 

from a larger crystallite size. These results are also as expected from literature 

concerning catalysts made by these methods11. Impregnation commonly gives large 

Au particle sizes due to the residual chloride which aids sintering during the drying 

process, whereas the high pH used during DP preparation means that more of the 

chloride is substituted by hydroxide and so when the mixture is washed more of the 

chloride is removed, minimising this effect12. Catalysts prepared by sol immobilisation 

typically have metal particle sizes of just a few nanometres13, 14. 

 

The Scherrer equation was used to calculate the size of the gold particles on each of 

the three catalysts prepared via alternative methods. This could not be done for the 

JM catalyst, however, due to the absence of reflections due to gold. The results are 

shown in table 3.1. 

 

Au 

IMP 

DP 

SI 

Au/C-JM 
Carbon Support 
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Sample 
FWHM of (111) reflection at 38° 

2θ 
Calculated particle 

size/nm 

IMP 0.474 22 

DP 0.611 17 

sol 2.193 10 
 

Table 3.1: Size of gold particles on catalysts prepared via different methods, as calculated using the 

Scherrer equation. 

 

The results from the catalysts prepared by alternative methods to impregnation in 

acid are of considerable interest, since before reaction they only contain metallic gold, 

yet still give significant initial activity (albeit lower than for Au3+ containing catalysts). 

This suggests that metallic gold may possibly also be an active site for acetylene 

hydrochlorination, and that if this is the case there may be particle size dependence, 

since the initial activity of these catalysts has an inverse correlation with particle size, 

i.e. the smaller the size of the gold particles, the higher the activity. Although this is 

not strictly observed for the DP and IMP catalysts, they both have a gold particle size 

which is much larger than the SI catalyst, and both have lower activity – the effect may 

simply not apply beyond a certain limit or there may be other contributing factors, for 

example particle morphology. However, it is likely that the mechanism for this 

reaction involves a redox cycle, as indicated by the correlation of activity with 

standard electrode potential and has been suggested previously3. It is therefore also 

possible that while the catalysts do not contain any Au3+ prior to reaction, the oxidised 

gold species are created in-situ under the reaction conditions - an excess of HCl is used 

and it has been shown previously that treatment with gaseous HCl is able to 

regenerate the activity of a deactivated catalyst, thought to be due to formation of 

oxidised gold3. It has also been shown that treatment with HCl prior to reaction leads 

to enhanced activity7. In this case, it could be that the amount of Au3+ generated by 

the excess HCl is sufficient to give the observed activity. This could also be a possible 

explanation for the initial increase in activity that is observed – as more Au3+ is being 

generated, the activity increases and then stabilises when Au3+ generation reaches an 

equilibrium with the reaction taking place.  
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Figure 3.8: XPS spectra of a) SI, b) DP and c) IMP catalysts after use. 

 

Characterisation of catalysts after reaction was also carried out by XPS and XRD. XPS 

spectra are shown in figure 3.8 and the reduction in intensity of the signal shows a 

large reduction in the amount of gold present on the surface for catalysts prepared by 

IMP, DP and SI. This could be due to remaining products on the surface of the gold 

particles, or polymerisation occurring and covering the gold on the surface, which is 

known to be a deactivation mechanism of these catalysts4. XRD, however, indicates a 

significant increase in the size of metallic gold particles, which suggests that sintering 

has occurred during the course of the reaction. This sintering could also lead to a 

decrease in intensity of XPS signals as observed, since if the same amount of gold is 

present in larger particles then a smaller amount of that gold is on the surface, and 

therefore within the detection limits of XPS. 
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3.4 The Effect of Higher Purity HCl 

 

The results described so far were obtained from catalyst testing using technical grade 

HCl gas. However, as described at the start of this chapter, due to damage caused by 

corrosion this was changed to a higher purity electronic grade, in order to reduce the 

level of moisture in the system. This section describes the effect of using this higher 

purity gas. 

 

Testing results for Au/C-JM, using electronic grade HCl and carbon support bed 

extension are shown in figure 3.9, with the technical grade data for comparison. It can 

be seen that there is a significant difference in the observed activity, perhaps the most 

interesting point being that there is no deactivation of the catalyst over the reaction 

time. In addition, the initial activity is greater, at almost 90%. 

 

 

Figure 3.9: Activity of catalyst JM M07565 using electronic grade () and technical grade () HCl gas. 
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The IMP, DP and SI catalysts were also tested using the electronic grade HCl, the 

results are shown in figure 3.10. As seen for Au/C-JM, there is a change from the 

activity that was seen previously; the activity is fairly stable, and there is no initial 

increase in activity observed. The initial activity is also higher than was observed using 

the technical grade HCl, with all three catalysts giving between 45 – 55% acetylene 

conversion. To understand the cause of these differences in activity, the impurities 

present in the technical and electronic grade HCl gases used were compared. These 

are shown in table 3.2. 

 

 

Figure 3.10: Activity of Au/C-JM () and catalysts prepared by IMP (), DP () and SI () using 

electronic grade HCl. 

 

Whilst there are large differences in the amount of a number of impurities, the most 

significant difference is the hydrogen impurity, unspecified for electronic grade but 

350ppm in technical grade. Although there is a much larger difference in the amount 

of nitrogen present in the two gases, nitrogen is added to the reaction stream as a 

diluent, so this can be considered to be of negligible importance. Since hydrogen is a 

reducing agent and the previous deactivation of the catalyst was attributed to 
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reduction of the Au3+, it was considered that this could be a key factor in the activity 

differences. Therefore, it was decided to run a reaction with the addition of hydrogen 

to the reactant gases, by using a 10% H2/Ar mixture in place of the nitrogen diluent, 

the results of which are shown in figure. 3.11. 

 

Impurity 
Technical Grade (N3) 
Concentration/ppm 

Electronic Grade (N5) 
Concentration/ppm 

Moisture 10 1.5 

O2 125 1 

N2 500 2 

CO2 15 5 

H2 350 - 

THC 
(Total Hydrocarbon) 

- 1 

Table 3.2: Impurities in technical and electronic grade HCl. 

 

 

Figure 3.11: Activity of Au/C-JM using electronic grade HCl under standard conditions () and with 

hydrogen (10%/Ar) added to the gas stream (). 
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It can be seen that the activity is lower when hydrogen is added to the reactant gas 

stream, by around 20% acetylene conversion. However, it would be expected that if 

the change in activity after using a higher grade HCl was due to the hydrogen impurity, 

a far more severe drop in activity would be seen since the amount of hydrogen used in 

the hydrogen addition experiment is in great excess of the hydrogen impurity found in 

the HCl. Deactivation of the catalyst as seen previously may also be expected, yet does 

not occur. Therefore the presence of the hydrogen impurity may be a contributing 

factor to the difference in activity, but cannot be the sole cause. Other impurities that 

may be responsible are oxygen and moisture. The effect of the moisture cannot be 

investigated, due to the potential damage to the reactor from corrosion, although it 

may be possible to investigate the effect of oxygen by using air instead of the nitrogen 

diluent. However, it has been shown that treatment with air may be used to 

regenerate the activity of a used catalyst that has deactivated, via removal of 

carbonaceous deposits on the catalyst surface rather than oxidation of the gold3, 

which is contradictory to the possibility of a deactivating effect on the catalyst. 

 

3.5 Activity of the Carbon Support 

 

Since under the milder testing conditions the carbon support, which was thought to 

be inert for the acetylene hydrochlorination reaction, was being used to extend the 

catalyst bed length, it was necessary to determine if this was in fact the case. This 

became of particular importance once a number of catalysts with low Au loadings had 

been tested and found to have significant activity; this section describes the 

experiments involving the low Au loadings and the subsequent testing of the activated 

carbon support. 

 

3.5.1 Catalysts with low Au loading 

 

It was decided to investigate the activity for acetylene hydrochlorination of catalysts 

with a gold loading of lower than 1%, following the attempted sol immobilisation 
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preparation on carbon extrudate as described in chapter 2 (experimental). As the 

mixture was still red in colour after the support had been added, the gold sol had not 

been adsorbed onto the support – the mixture was filtered to recover the extrudate 

and after drying overnight this was tested as a catalyst. The original reactor set-up, 

with technical grade HCl, was used and the results are shown in figure 3.12; it can be 

seen that after 3 hours reaction time the activity has stabilised, with an acetylene 

conversion of around 20% obtained. 

 

 

Figure 3.12: Activity of carbon extrudate recovered from an unsuccessful sol immobilisation catalyst 

preparation. Testing was carried out using the original reactor set-up, with technical grade HCl. 

 

 

 This is comparable to the initial activity of the 1% Au/C DP and IMP catalysts and so it 

was decided to make some catalysts of very low gold loadings, since if they are active 

this has a potential benefit to industry due to the lower cost of such a catalyst. 

Catalysts were prepared by wet impregnation (in H2O), with calculated gold loadings 

of 0.1 % and 0.005 %. The testing results are shown in figure 3.13 and were obtained 

using the original reactor set-up, with technical grade HCl. Each of these catalysts 
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displays a similar activity, with an initial acetylene conversion of 10% which then 

slightly increases then stabilises at close to 20% acetylene conversion. The small 

difference in activity between these catalysts and those with 1% gold, and the 

significant activity still observed when the Au loading was known to be extremely low, 

indicates that the Au may not be the only source of activity, and so the activity of the 

carbon support was investigated. 

 

 

Figure 3.13: Activity of catalysts prepared with low Au loadings: 0.1% () and 0.05% ().Testing was 

carried out using the original reactor set-up, with technical grade HCl. 
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tested, although it should be noted that this was carried out on the new reactor set-up 
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45% is seen which confirms the suspected activity of the carbon. This is in fact higher 

than would be expected given the previous results and shows that the change in the 

grade of HCl used may enhance the activity of the carbon support as well as that of 

the gold containing catalysts. This activity is similar to that of the metallic gold 

containing catalysts under the same conditions (see figure 3.10), and so it was decided 

to find a different material to extend the catalyst bed length. Silicon carbide (SiC) was 

tested and found to be inert for the reaction, with no acetylene conversion observed, 

and so was chosen to be used instead of the carbon support to extend the catalyst 

bed length for future testing. 

 

 

Figure 3.14: Activity of the carbon support, using a carbon bed extension. Testing was carried out 

using the new reactor set-up, with electronic grade HCl. 

 

 

Testing data for the carbon support, using a SiC bed extension, is shown in figure 3.15. 

An activity of around 10% acetylene conversion is observed, which is possibly due to 

the presence of trace amounts of metals such as aluminium or potassium that are 

commonly found in carbon materials. 
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Testing of the four catalysts (Au/C-JM, SI, DP and IMP) was then carried out using SiC 

instead of the carbon support for the catalyst bed extension; these results are shown 

below in figure 3.16 and are those used in Chapter 4 for discussion of the effect of 

catalyst preparation method. The activity for each sample has decreased by at least 

10% conversion, showing that the use of the carbon support to extend the bed length 

in the reactor was indeed affecting the results.  

 

 

Figure 3.15: Activity of carbon support using SiC bed extension. Testing was carried out using the new 

reactor set-up, with electronic grade HCl. 
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Figure 3.16: Activity of Au/C-JM () and catalysts prepared by IMP (), DP () and SI (). Testing was 

carried out using electronic grade HCl and SiC bed extension. 

 

3.6 Conclusions 

 

This chapter has detailed the initial stage of the project, which involved the building of 

the reactor for acetylene hydrochlorination and initial experimentation which led to 

the testing conditions being optimised for the work which the following chapters are 

based on. 

 

Two key discoveries that were made during this initial testing are the activity of the 

carbon support and the effect of the purity of the reactant gases used. The activity of 

the carbon support, although relatively low at around 10 – 15%, is significant in terms 

of the activity that is observed for 1% Au/C catalysts. It is also important as the carbon 

support was being used to extend the catalyst bed length in the reactor, which 

affected the observed activity of the catalysts being tested under these conditions. 

The cause of this activity is also something that could be investigated further; 

activated carbon frequently contains metal impurities and it is known that many 
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metals are able to catalyse the hydrochlorination of acetylene, so it would be of 

interest to remove these impurities, for example by acid washing, and test if it is the 

presence of these metals, or perhaps a feature of the carbon itself such as surface 

functional groups that leads to the activity.  

 

The change from technical grade to electronic grade HCl in order to reduce the 

damage caused by moisture impurities had the added effects of both increasing the 

acetylene conversion that was observed and changing the reaction profile, in that 

steady deactivation of the Au/C-JM catalyst no longer occurred. While the cause of 

this is as yet uncertain it is likely to be in part due to the lower hydrogen content, 

since addition of hydrogen to the reaction led to a lower activity, but did not exhibit 

the severe drop in activity that should be expected if it were solely responsible for the 

differences that are observed. The other impurities that differ significantly between 

the two gases are moisture and oxygen, however, whilst investigating the effect of 

moisture is undesirable due to the aforementioned corrosion problems, the effect of 

oxygen is something that could be investigated further.  

 

Interesting results were obtained from testing catalysts prepared via different 

methods, with catalysts known to contain only Au0 showing a different activity profile 

to any seen previously, initially increasing in activity and then stabilising, while the 

Au/C-JM catalyst displayed the same steady deactivation as reported previously for 

such catalysts which are known to contain large amounts of Au3+. Perhaps most 

significantly after 3h reaction time the catalyst prepared by SI was more active than 

the standard provided by JM, due to the initial increase in activity of the former and 

deactivation of the latter. 
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4 Chemistry of Aqua Regia and its effect in the 

preparation of Au/C catalysts 

 

4.1 Introduction 

 

It has been shown that for acetylene hydrochlorination, the activity of carbon-

supported metal chloride catalysts can be correlated with the standard electrode 

potential of the metal1 and as a result of this, gold-based catalysts have been shown 

to be the most active2. A further benefit of using gold catalysts for this reaction is that 

they show a much higher selectivity (>99%) to the desired product, VCM. This was 

illustrated in a recent study by Conte et.al. where bimetallic catalysts were 

investigated for acetylene hydrochlorination and the selectivity was found to decrease 

with addition of increasing amounts of another metal to the gold3. For these reasons, 

monometallic gold catalysts remain the focus of this project. It is known that 

preparation of 1% Au/C catalysts via an impregnation method using HAuCl4 dissolved 

in aqua regia produces catalysts which contain a significant amount of Au3+ (ca. 30-

40%) and have good activity for the gas-phase hydrochlorination of acetylene1, 4. It has 

been shown that this Au3+ is key to the activity of the catalysts5 and that the aqua 

regia could be an important factor in producing this cationic gold, since deactivated 

catalysts have been treated by boiling in aqua regia and regeneration of both Au3+ and 

activity is observed6. Therefore a detailed investigation into the preparation of Au/C 

catalysts and how this affects their activity for the acetylene hydrochlorination 

reaction was carried out. The effect of the use of aqua regia during preparation in 

particular was investigated in some detail. 

 

All catalyst testing reported from this point onwards was carried out under the 

standard conditions as described in Chapter 2. 
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4.2 The Effect of catalyst preparation method 

 

4.2.1 Catalysts prepared by alternative methods 

 

As described in Chapter 3, catalysts were prepared by a number of different methods 

and tested for acetylene hydrochlorination, for comparison with catalysts made by 

impregnation in acid as are typically used for this reaction. It was found that catalysts 

prepared by IMP, DP and SI are less active than Au/C-JM (a catalyst provided by 

Johnson Matthey of which preparation details are undisclosed due to confidentiality, 

though it is known to have been prepared by impregnation in acid) although they still 

have a significant activity, with initial acetylene conversions of around 15%, 30% and 

35% respectively (figure 4.1).  

 

 

Figure 4.1: time-on-line activity for 1% Au/Catalysts prepared by different methods – SI (×), DP (), 

IMP () and Au/C-JM () 

 

Characterisation of these catalysts by XRD and XPS is described in detail in chapter 3 

(section 3.3). It was found that the majority of gold on the surface of Au/C-JM is in the 

3+ oxidation state, whereas in the IMP, DP and SI catalysts only metallic gold is 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 60 120 180 240 

A
ce

ty
le

n
e 

C
o

n
ve

rs
io

n
/%

 

Time/minutes 



  Chapter 4 

78 
 

observed. The Scherrer equation was used to determine the size of the metallic gold 

particles on these catalysts from their XRD patterns and as expected the relative gold 

particle size was IMP>DP>SI. These observations suggest that whilst Au3+ has been 

shown to be responsible for the activity of Au/C catalysts for acetylene 

hydrochlorination, metallic gold may also be an active site. 

 

4.2.2 Further Investigation of Sol Immobilisation Method 

 

Since the catalyst prepared using the sol immobilisation technique gave the best 

activity of those not made by impregnation in acid, the preparation method was 

investigated in a number of ways in order to enhance the activity of this material. A 

catalyst was prepared omitting the addition of NaBH4, the reducing agent, to see if any 

Au3+ could be obtained on the Au particles and lead to an increase in activity. Also, it 

has been seen for other reactions using gold catalysts prepared by sol immobilisation 

that removing the protective PVA ligands can improve catalyst activity7 and it has been 

shown that the activity of Au-Pd/C catalysts for benzyl alcohol oxidation and H2O2 

production can be enhanced by thermal treatment at 200°C, with this being attributed 

to partial removal of the PVA ligands8. A sample of catalyst prepared using the 

standard sol immobilisation method was therefore calcined (200°C, 3h, ramp rate 

10°C/min). In addition, a sol immobilisation catalyst was prepared on a titania support.  

 

The activity of these catalysts is shown in figures 4.2 – 4.4. All of the above catalysts 

made by sol immobilisation show a similar initial activity of around 20% acetylene 

conversion, which is lower than that observed for the standard SI catalyst. The 

calcined catalyst shows an initial decrease in activity, which stabilises at around 15% 

conversion and then increases again after four hours to reach a similar conversion to 

its initial activity by the end of the reaction, however, both the catalyst prepared 

without using NaBH4 and the one prepared on a titania support steadily deactivate 

during the reaction time, although the deactivation of the titania catalyst is much 

larger: after 4 ½ hours only around 3% conversion is obtained. This suggests that the 

interaction of the gold with the support may be an important factor in the catalyst 

activity. 
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Figure 4.2: Activity of 1% Au/C catalyst prepared using sol immobilisation method, without the 

addition of NaBH4. 

 

 

 

Figure 4.3: Activity of 1% Au/C catalyst prepared by sol immobilisation, calcined for 3h at 200°C. 
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Figure 4.4: Activity of 1% Au/TiO2 catalyst prepared by sol immobilisation. 

 

 

It is known that the morphology of gold nanoparticles can vary depending on the 

support that is used, for example greater wetting being observed for titania than 

carbon resulting in particles which are less spherical in shape and have a greater area 

of contact with the support9. This difference in shape may affect the activity of the 

catalysts, for example due to different possible locations of active sites at particle 

edges or their interaction with the support at the perimeter of the particles. If a small, 

undetectable amount of Au3+ were present on the catalyst, its location and reactivity 

might therefore be different for the different supports. In addition, the large amounts 

of oxygen present in titania may react to form gold oxide, quenching the active sites. 

The activity of the 1% Au/C catalyst prepared by sol immobilisation is not enhanced by 

either the omission of the NaBH4 during the preparation, or the calcination of the 

catalyst. This could be due to a number of reasons, for example perhaps without the 

NaBH4 metallic Au nanoparticles of sufficient size are not formed. Also the removal of 

the PVA ligands may not have as significant effect as hoped as they could also be 

vulnerable to attack under the acidic reaction conditions, and therefore removed 

during reaction anyway. 

0 

5 

10 

15 

20 

25 

30 

0 50 100 150 200 250 300 

A
ce

ty
le

n
e

 C
o

n
ve

rs
io

n
/%

 

Time/minutes 



  Chapter 4 

81 
 

Although it is of interest that catalysts known to contain very little Au3+ do show 

activity for the acetylene hydrochlorination, by far the highest activity was observed 

for the catalyst provided by JM, prepared by impregnation in acid, so it was decided to 

focus on this type of preparation and investigate it further, with a view to catalyst 

optimisation. 

 

4.3 The effect of variations in the acid impregnation method 

 

As described previously, it is known that preparation of Au/C catalysts by 

impregnation in acid produces catalysts containing a significant amount of Au3+, which 

is thought to be the main active site for the acetylene hydrochlorination reaction. In 

order to gain further understanding of this effect, with the aim of producing higher 

activity catalysts, a number of experiments were carried out. Catalysts were prepared 

in the typical way (described in detail in chapter 2), using aqua regia as an 

impregnation solvent for HAuCl4, and the drying temperature was varied. The effect of 

using the component acids of aqua regia, HCl and HNO3, individually was also 

investigated, as well as different ratios in the acid mixture. 

 

4.3.1 The effect of drying temperature 

 

Testing of a 1% wt Au/C catalyst prepared via impregnation in aqua regia and dried at 

110°C gave an activity profile different to any seen previously: initial low activity (ca. 

15%) followed by an increase in activity after around 3 hours’ reaction time (figure 

4.5). One possible explanation for this was that since the reaction temperature is 

higher than the catalyst drying temperature, Au nanoparticles may be forming during 

reaction, and although Au3+ is the active site these nanoparticles may also be a 

contributing factor to activity if, as suspected, a redox cycle is involved. Consequently, 

1% Au/C catalysts were made by the same method but dried at a slightly higher 

temperature of 140°C. An increase in activity was still observed and so a drying 

temperature of 185°C, equivalent to the reaction temperature, was used. These 

results are also shown in figure 4.5. An increase in activity during the course of the 

reaction was again observed, and as yet this activity profile is unexplained. It may be 
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due to a number of factors, including the formation of nanoparticles, or perhaps in-

situ oxidation of Au0 to Au3+ over the course of the reaction, due to the excess of HCl 

present in the reactant gas stream, leading to an increase in activity. 

 

 

Figure 4.5: Activity of 1% Au/C catalysts prepared by IMP in aqua regia, dried at 110°C (), 140°C () 

and 185°C (). 

 

 

Of the three drying temperatures used, 140°C gives the catalyst with the highest 

activity. This could be explained as previously by the formation of nanoparticles at 

higher temperatures contributing to the activity. However, it has been shown that on 

heating, activated carbon is able to reduce metal oxides to their metals, for example in 

the case of cobalt10 and nickel11, so it is also likely that it is able to reduce the gold 

precursor to metallic gold; this competing effect of the reduction of gold by the 

carbon support, which may be increased at higher temperatures, could reduce the 

amount of cationic gold present and cause the formation of metallic particles that are 

too large, leading to the lower activity observed for catalysts dried at 185°C. This 

would agree with the activity of the catalysts prepared by SI/DP/IMP in water as 
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reported earlier in this chapter, suggesting there may be a particle size effect if there 

is activity due to metallic gold particles.  

 

The XPS spectra of these catalysts are shown in figure 4.6. It can be seen that for the 

catalyst dried at 110°C the majority of the gold is in the 3+ oxidation state, due to the 

larger signal at the higher binding energies of 86.5 and 90.2 eV. At drying 

temperatures of 140°C and 185°C, however, the size of this signal is greatly reduced, 

although still visible, and the size of the signal due to metallic gold, at 84 and 87.7 eV, 

has increased. 

 

 

 

Figure 4.6: XPS Au4f spectra of catalysts prepared by impregnation in aqua regia and dried at a) 

110°C, b) 140°C and c) 185°C. 
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4.3.2 The effect of the acid used for impregnation: contribution of HCl and 

HNO3 

 

 

4.3.2.1 Preparation of catalysts using HCl and HNO3, and the effect of drying 

temperature 

 

Catalysts were also prepared in concentrated hydrochloric acid (36%) and nitric acid 

(70%), in order to investigate the effects of the constituent parts of the aqua regia 

solvent. Again samples were made using drying temperatures of 110°C, 140°C and 

185°C, for comparison to the results obtained using aqua regia. Figures 4.7 - 4.9 

compare the activity of the catalysts made in HCl, HNO3 and aqua regia, at each drying 

temperature.  

 

 

Figure 4.7: Time on-line activity of 1% Au/C catalysts prepared in Aqua Regia (), HCl (•) and HNO3 

() and dried at 110°C. 
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Figure 4.8: Time on-line activity of 1% Au/C catalysts prepared in Aqua Regia (), HCl (•) and HNO3 

() and dried at 140°C. 

 

 

Figure 4.9: Time on-line activity of 1% Au/C catalysts prepared in Aqua Regia (), HCl (•) and HNO3 

() and dried at 185°C. 
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Of all nine catalysts, the most active was the one prepared in aqua regia and dried at 

140°C. However at both 110°C and 185°C the catalyst prepared in nitric acid was the 

most active of the three solvents used. The activity of the catalysts prepared in HCl is 

lowest at the highest drying temperature, this could be due to the known effect of 

chlorine aiding mobilisation of Au particles12, aiding the sintering process.  

 

XRD analysis of the catalysts dried at 140°C was carried out, the results are shown in 

figure 4.10. It can be seen that the only catalyst for which reflections characteristic of 

metallic gold are observed is the one prepared in HCl. This again is likely to be due to  

the presence of a large amount of chlorine, which aids the sintering process of the 

gold, leading to larger size particles on the catalyst surface. Otherwise, it seems that 

preparation by impregnation in acid, as seen previously, leads to catalysts with a 

smaller gold particle size than other methods and the presence of Au3+, both of which 

contribute to the absence of particles large enough to produce reflections due to 

metallic gold. These results are consistent with the XRD analysis of the Au/C-JM 

catalyst, which was prepared by impregnation in acid and does not show any 

reflections due to gold, with the XPS spectra showing that a significant amount of the 

Au was present in the 3+ state.  

 

XPS of these catalysts shows the presence of both Au0 and Au3+ species in all samples, 

however as the drying temperature is increased, the amount of Au3+ detected 

decreases (see figures 4.11 – 13). The catalysts dried at 110°C in fact contain more 

cationic than metallic gold (in the region of 64 – 68% Au3+ for all three acids), whereas 

for those dried at 140°C and 185°C significantly more metallic than cationic is 

observed (ranging from 12% Au3+ for the HNO3 catalyst dried at 185°C to 40% for the 

aqua regia catalyst dried at 140°C). Quantification of the amount of Au3+ present is 

shown in table 4.1.  
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Figure 4.10: XRD patterns of 1% Au/C catalysts prepared in a) HCl, b) HNO3, c) aqua regia and dried at 

140°C and d) Au/C-JM. 

 

 

Figure 4.11: Au 4f XPS spectra of catalysts prepared in aqua regia, HCl and HNO3 and dried at 110°C. 
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Figure 4.12: Au 4f XPS spectra of catalysts prepared in aqua regia, HCl and HNO3 and dried at 140¨C. 

 

 

 

Figure 4.13: Au 4f XPS spectra of catalysts prepared in aqua regia, HCl and HNO3 and dried at 185°C. 
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Acid/Drying 

Temperature 
110°C 140°C 185°C 

HCl 67.5 28.9 30.3 

Aqua Regia 64.7 40.5 21.5 

HNO3 66.2 34.9 12.8 

Table 4.1: Quantification of the percentage of the Au detected by XPS which is present in the 3+ 

oxidation state. 

 

4.3.2.2 The effect of the composition of a HCl/HNO3 mixture used in catalyst 

preparation 

 

As described above, at a drying temperature of 140°C, the catalyst prepared using 

aqua regia is more active than those prepared using either individual acid. In view of 

this, and since aqua regia is a mixture of HCl and HNO3 (with a HCl:HNO3 ratio by 

volume of 3:1), a range of catalysts were produced by the acid impregnation method 

as previously described, using solvents with varying HCl:HNO3 ratios. These are 

expressed in terms of HNO3 volume fraction, having values between 0 and 1. All 

catalysts showed the same trend of increasing activity with reaction time, the testing 

results can be seen in figure 4.14 and the conversion at the end of 5 hours reaction 

time is compared in table 4.2. The catalyst with the highest activity after 5h is still the 

aqua regia (3:1) catalyst, HNO3 volume fraction 0.25. 

 

It can be seen from table 4.2 and the plot of this data in figure 4.15 that although the 

catalyst prepared in aqua regia leads to the highest activity after 5h (73% conversion), 

there does not seem to be a clear trend directly relating the composition of the acid 

mixture used in a catalyst’s preparation to its observed activity. For this reason, 

characterisation of these catalysts was carried out in order to investigate the effect 

that the acid has on the proposed active sites – Au3+ species – for example the amount 

generated and its redox properties. 
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Figure 4.14: activity of catalysts prepared by impregnation in acid mixtures of varying HCl:HNO3 

ratios, described by volume fraction of HNO3: 0 (), 0.1 (), 0.25 (), 0.33 (), 0.5 (), 0.65 (), 0.75 

(), 0.9 (-), 1 (). 

 

 

HNO3 volume 
fraction 

Final activity: 
% acetylene conversion after 

5h 

0 43.1 

0.1 42.5 

0.25 72.9 

0.33 56.7 

0.5 39.8 

0.65 64.9 

0.75 57.3 

0.9 55.5 

1 37.1 
 

Table 4.2: The activity after 5 hours reaction time of catalysts prepared using different ratios of 

HCl:HNO3 as a solvent for impregnation of HAuCl4. 
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Figure 4.15: Activity of catalysts after 5h with the volume fraction of HNO3 of the acid mixture used to 

prepare them. 

 

 

4.4 TPR analysis of Au/C catalysts 

 

Since it is known that the reduction of Au3+ is an important factor in the deactivation 

of Au/C catalysts such as these, it was decided to use TPR analysis to investigate this 

process. The samples were heated to a temperature of 800°C at a ramp rate of 

5°C/min, under a flow of 10% H2/Ar (20 ml/min). Two main features can be seen in the 

TPR, these are reductions at a temperature of around 250-300°C and around 600°C. 

The lower temperature reduction is attributed to reduction of Au3+, since this feature 

only occurs for catalysts which are known to contain Au3+, while the higher 

temperature reduction is thought to be due to oxygen containing functional groups on 

the surface of the carbon. This is supported by literature in which TPR signals at 

temperatures greater than 500°C have been attributed to decomposition of oxygen-

containing surface functional groups on carbon13, 14. TPR profiles of catalysts prepared 

in HCl, HNO3 and aqua regia and dried at 140°C are shown in figure 4.16.  
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Figure 4.16: TPR profiles of catalysts prepared in HCl (green), HNO3 (blue) and aqua regia (red), dried 

at 140°C, and the as-provided carbon support (black). 

 

Baatz et al. used TPR to investigate a series of 0.3% Au/Al2O3 catalyst precursors, 
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solvent used15. The precursor with the highest reduction temperature was that 

prepared using 2M HCl, with a reduction temperature of 234°C. These results are 

consistent with our attribution of reductions occurring around 250°C to reduction of 

Au3+, with the differences in reduction temperature likely to be due to the different 

species present in the impregnation solutions used, the different supports and the 

methods used. Gil et al. also observed reductions at a similar temperature for Au/C 

catalysts and attributed them to reduction of Au3+ 16. 

 

The reductions at higher temperatures are likely to be due to functional groups on the 

carbon, since the carbon support as-provided shows one reduction feature, at 

approximately 650°C. The areas of the reduction peaks observed for the acid-treated 
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to its strong oxidising nature. These reductions also occur at different temperatures 

where different acids were used, in fact there are two distinct reductions of the aqua 

regia catalyst compared to larger single reductions for the individual HCl and HNO3 

prepared catalysts. This could be due to different functional groups being present on 

the surface depending on which acid was used; the effect of the acid on the carbon 

support is described in detail later in this chapter. 

 

TPR analysis was carried out on the series of catalysts prepared using different acid 

ratios and the Au3+ reduction peak was integrated in order to compare the amount of 

cationic gold present in each case. Figure 4.17 shows the relationship between HNO3 

volume fraction and integration of Au3+ reduction, a curve is obtained which shows a 

maximum amount of Au3+ at the 0.65 volume fraction. It is known that HNO3 is a good 

oxidiser, so it would be expected that a larger amount of HNO3 in the preparation 

would give a higher amount of oxidised gold species. However this is not the case, and 

so it seems likely that the higher amount of chlorine present from the HCl is able to 

stabilise the oxidised Au3+ species better.  

 

 

Figure 4.17: Plot of integration of the Au
3+

 reduction in the TPR profile vs. the volume fraction of 

HNO3 used in the catalyst preparation. 
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However, it is important to note that the catalyst containing the most Au3+ is not the 

most active, and a similar curve is not observed when activity is compared to nitric 

acid volume fraction. This suggests that although the presence of Au3+ is known to be 

an important factor in catalyst activity, there must be other contributions involved. 

For example, the location of the Au3+ could also be important in determining its 

activity – it may be that for catalysts which are found to contain more cationic gold 

but are less active than expected, it is not in the right place. 

 

The activity for each of the catalysts after 5h was compared to the temperature at 

which the Au3+ reduction peak in the TPR occurred; this is shown in figure 4.18. The 

catalyst with the most reducible Au3+, i.e. the lowest reduction temperature, is in fact 

the most active (0.25 HNO3 volume fraction), showing that not only the presence of 

Au3+ species is important, but the reducibility of these species could be crucial in 

determining catalyst activity. This may be related to the idea of a redox cycle being 

involved in the reaction – the transition between oxidation states would be more 

facile given a more easily reducible Au3+ species. There is a general trend that a higher 

reduction temperature gives lower activity, with the exception of a peak-like shape 

near the middle of the graph, which occurs where the catalyst had the largest amount 

of Au3+. To see how the reducibility of the catalyst was related to the composition of 

the acid used in the preparation, a plot of reduction temperature against volume 

fraction of nitric acid was produced, this is shown in figure 4.19. A curve is obtained 

with a minimum at a volume fraction of 0.25, the most active catalyst. This shows that 

initially, the reducibility of the catalyst increases with the amount of nitric acid used in 

its preparation, however above a volume fraction of 0.25 this trend is reversed. It 

could be that the reducibility of the cationic gold species is affected by the functional 

groups present on the carbon surface, which it is able to interact with if its location is 

the gold-carbon interface, and which in turn are dependent on the acids used in the 

catalyst preparation. For example, the presence of surface functional groups may 

activate the reduction of the gold up to a certain point, beyond which the interaction 

with the gold becomes too strong and the reduction is inhibited. 
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Figure 4.18: final activity of catalysts compared to the temperature at which the peak maximum for 

the reduction of cationic gold occurs in TPR. 

 

 

Figure 4.19: Plot of the temperature of the peak maximum for the Au
3+

 reduction from the TPR vs. the 

volume fraction of HNO3 used in the catalyst preparation. 
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Further information can be extracted from TPR analysis; by varying the ramp rate of 

the heating it is possible to determine the activation energy of a reduction reaction 

using the Kissinger Equation (as described in experimental chapter 2). The TPR profiles 

and Kissinger Plot for the Au/C-JM catalyst are shown in figures 4.20 and 4.21. This 

process was carried out on a number of catalysts: those prepared in HCl, Aqua Regia 

and HNO3 and dried at 110, 140 and 185°C in addition to Au/C-JM. The TPR profiles, 

tabulated data, Kissinger plots and calculations for the remainder of these catalysts 

are contained in Appendix 1, the values obtained for the activation energies and pre-

exponential constants are given in table 4.3. 

 

Figure 4.20: TPR profiles of JM catalyst M07565 at heating ramp rates of 10 (short dashes), 15 (long 

dashes) and 20 (solid line) °C/min. 

 

Ramp 
Rate 
(β) 

Temperature of Peak 
Maximum/°C 

Temperature of Peak 
Maximum/K (T) 

ln (β/T2) 
1/T  

(x10-3) 

10 300 573 -10.4 1.74 

15 321 594 -10.1 1.68 

20 335 608 -9.82 1.64 
 

Table 4.3: Table of data for Kissinger plot for Au/C-JM. 
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Gradient = -5690.3 = -Ea/R  Ea = 47309 J/mol 

Intercept = -0.4734 = ln (AR/Ea)  A = 3544 

(R = 8.314 Jmol-1K-1). 

 

Figure 4.21: Kissinger plot for Au/C-JM. 

 

Sample 
Activation Energy, 

Ea/(kJ/mol) 
Pre-exponential Factor 

(A) 

Au/C-JM 47.3 3544 

HCl IMP, dried 110°C 43.3 1348 

HCl IMP, dried 140°C 53.6 11624 

HCl IMP, dried 185°C 71.8 853386 

HNO3 IMP, dried 110°C 43.0 1219 

HNO3 IMP, dried 140°C 54.2 15999 

HNO3 IMP, dried 185°C 45.0 1600 

Aqua regia IMP, dried 
110°C 

56.8 32509 

Aqua regia IMP, dried 
140°C 

50.4 7701 

Aqua regia IMP, dried 
185°C 

39.6 755 

 

Table 4.4: Activation Energy and pre-exponential factor A for the reduction of Au3+ in a series of 1% 

Au/C catalysts. 
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Comparing the values obtained for the activation energy with the observed activity of 

the catalysts after 5 hours produces a curve, with maximum activity seen at around 

48kJ/mol (figure 3.22). The expected trend would be that the lower the activation 

energy for Au3+ reduction, the more active the catalyst. However, the decline in 

activity at lower activation energies suggests that there may be a threshold below 

which the gold is too reducible to be active, i.e. it will completely reduce and sinter 

into large particles rather than perhaps become involved in a redox cycle, which as 

mentioned previously could be a possible mechanism for this reaction. It should be 

noted, however, that the conditions differ between the TPR analysis, since this is 

reduction in H2, and reaction, where the reactant gases C2H2 and HCl are present. 

While the TPR analysis is therefore not directly applicable to the reaction situation, it 

does still provide a useful model. 

 

Figure 4.22: Plot of activity after 5h reaction time against activation energy for a series of 1% Au/C 

catalysts. 

 

As seen above, the pre-exponential factor, A, for the reduction of Au3+ to Au0 has also 

been determined from the TPR data and resulting Kissinger plots. A plot of lnA vs Ea is 

known as a ‘compensation plot’17, such a plot for the reaction under investigation is 

shown in figure 4.23. A straight line is obtained, which shows that compensation does 
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occur for the reduction of Au3+ in hydrogen for these catalysts. This indicates that 

there is a common factor linking the number of collisions with the activation energy, 

which is likely to be the amount of Au3+ present in the right chemical environment.  

 

Figure 4.23: Compensation plot for a series of 1% Au/C catalysts. 

 

 

4.5 The Effect of Alternative Solvents used in Impregnation 
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impregnation of HAuCl4 on activated carbon. Other common laboratory acids, 

sulphuric and acetic acid, were used, as well as a base (NaOH) and an alternative 

chloride source (bleach, NaOCl). The results are shown in figure 4.24. All catalysts 

show some activity; however, in all cases it is relatively low (a maximum of around 

30% conversion is observed) and fairly stable. The large increase in activity as seen for 
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Figure 4.24: Alternative solvents used for impregnation – NaOH (), NaOCl (), sulphuric acid () and 

acetic acid (). 

 

 

4.6 The effect of acid treatment on the carbon support 

 

A number of techniques have been used to investigate the effect of acid treatment on 

the activated carbon used as the catalyst support, including TPR/TPD, Raman 

spectroscopy and titrations. It is known that acid treatment of carbons can affect the 

functional groups present on the surface, for example treatment with concentrated 

HNO3 leading to the presence of carboxylic acid groups18, and it is thought that this 

may have an influence on the catalyst since these groups could provide nucleation 

sites for gold nanoparticles19. Acid treatment was carried out as follows: The acid (e.g. 

HCl, 32%, Fisher, 5.4 mL) was added drop-wise with stirring to the carbon extrudate 

(1.98 g) and the mixture stirred at room temperature for 10 minutes. This mixture was 

then dried overnight (16 h) at 140°C. This was done to be analogous to the catalysts 

prepared by impregnation of HAuCl4 using acid as a solvent, i.e. equivalent 

preparation but excluding the source of the gold. Therefore this acid treatment is not 

considered similar to acid washing treatments that are commonly used for carbon 
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supports, e.g. by stirring the carbon in a dilute solution of HCl for several hours before 

filtering and washing thoroughly, in order to remove impurities. Portions of the carbon 

support as provided were treated using HCl (32%), HNO3 (70%) and aqua regia (3:1 

HCl: HNO3 by volume). 

 

4.6.1 Temperature Programmed Characterisation of Acid Treated Carbons 

 

TPR analysis of the catalysts as described previously shows different TPR profiles at 

the higher temperature region, ca. 600°C, for catalysts prepared in different acids. So 

TPR of the acid treated carbons was carried out, for comparison to that of the 

untreated carbon. It can be seen from figure 4.25 that all three acid treatments cause 

oxidation of the carbon surface, as the area of the reductions that occur in the higher 

temperature region are larger than for the untreated carbon.  

 

 

Figure 4.25: TPR profiles of acid treated carbons, using HCl (green), HNO3 (blue) and aqua regia (red), 

and the untreated carbon (black). 
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From the size of the reduction peaks it can be seen that the strongest oxidant is HNO3, 

then aqua regia, then HCl. This is as would be expected due to the strong oxidising 

nature of HNO3 – the more that is used, the greater the effect. It is also of note that 

the reduction peaks for all three acid treated carbons have a similar initial slope, yet 

the peak maxima occur at different temperature positions. Only the peak maximum 

for the HNO3 treated sample is in a similar position to that of the untreated carbon - 

for the aqua regia and HCl the peak maxima occur at lower temperatures. However, 

the higher temperature reduction features seen for the acid treated carbons are 

different to those for their corresponding catalysts (as shown earlier in figure 4.16), 

most noticeably for the aqua regia samples, where two distinct reductions are 

observed. This suggests that the gold may be interacting with one of the species 

present on the surface and increasing its reducibility. 

 

TPD was also carried out on the acid treated carbons, by heating under a flow of 

helium and recording the resulting TCD signal. The results can be seen in figure 4.26. 

Desorption temperatures due to particular functional groups were taken from the 

literature20 and are shown in table 4.5. 
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Figure 4.26: TPD profiles of carbon support as provided (black) and after acid treatment with HCl 

(green), HNO3 (blue) and aqua regia (red). 

 

 

Temperature range/°C Functional Group Decomposition product 

100 - 400 Carboxylic acid CO2 

400 - 450 Carboxylic anhydride CO, CO2 

500 - 800 Lactones CO2 

700 - 800 Phenols CO 

900 - 1100 Ethers/carbonyls/quinines CO 

 

Table 4.5: Temperature of desorption of CO and CO2 due to carbon surface functional groups.  

 

The TPD shows that all of the acids used lead to an increase in oxygen containing 

functional groups on the surface of the catalyst. As is seen from the TPR, the TPD also 

shows that nitric acid treatment leads to the highest amount of oxidised species. From 

the values taken from the literature, it can be seen from the TPD that the most 

prominent groups on the carbon surface are carboxylic acid and lactone groups. 
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4.6.2 Raman Characterisation of Acid Treated Carbons 

 

Raman spectroscopy can be used to analyse the structure of carbon materials21, and 

so was used to see if there was any significant difference between the acid treated 

carbons and the untreated sample. The spectra can be seen in figures 4.27 – 4.30. The 

spectra of all samples are similar in shape, with features occurring around the same 

wavenumbers, which unfortunately does not reveal much about the effect of the acids 

on the carbon. The features at around 1575 cm-1 and 1355 cm-1 are known as the G-

band and D-band respectively22; The G-band is due to crystalline graphite type carbon 

structure, resulting from vibration of sp2 atoms, while the D-band may be used as a 

measure of structural disorder, and arises from defects in the graphite structure, for 

example the edges of planes. The disorder of a carbon material may be quantified 

using the D/G ratio of peak sizes23.  

 

 

 

Figure 4.27: Raman spectra of the as-received carbon support. 
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Figure 4.28: Raman spectra of HCl treated carbon. 

 

 

Figure 4.29: Raman spectra of HNO3 treated carbon. 
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Figure 4.30: Raman spectra of aqua regia treated carbon. 

 

It can be seen from the Raman spectra that although intensities of the spectra vary 

somewhat, even within one sample, all of the carbons analysed show the same 

features, of the D- and G-bands as described above. The D/G ratio was calculated for 

all the above spectra, this is shown in table 4.6.  

 

Sample D/G ratios 
Average D/G 

ratio 

JM carbon 2.1 2.14 2.06 2.1 

HCl treated carbon 2.11 2.04 2.05 2.07 

HNO3 treated 
carbon 

2.11 2.13 2.18 2.14 

Aqua Regia treated 
carbon 

2.03 2.02 2.00 2.02 

 

Table 4.6: D/G ratios for Raman spectra of as-provided and acid-treated carbon supports. 

 

Similar values were obtained for all samples, indicating that the acid treatment of the 

carbon support does not significantly alter its bulk structure, and the effect of the acid 
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appears to be purely on the surface. This further enhances the idea of the importance 

of the functional groups on the catalyst surface. 

 

4.6.3 Acid/Base Titrations of Acid Treated Carbons 

 

Titrations may be used to identify and quantify acidic/basic functional groups present 

on the surface of activated carbons. Titrations were carried out by suspending the 

carbon samples in water and measuring the pH, then adding small amounts of dilute 

HCl/NaOH as appropriate, measuring the pH after a stabilisation time. The results of 

these titrations for carbons as-provided, and after treatment with each of the three 

acids (hydrochloric, nitric, aqua regia) can be seen in figures 4.31 – 4.34. 

 

Figure 4.31: Titration of carbon as supplied (0.1 g) with 0.002M HCl, added in 0.2 mL portions, pH 

measured after 1 minute of stirring. 
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Figure 4.32: Titration of aqua regia treated carbon (0.1 g) with 0.002M NaOH, added in 0.2 mL 

portions, pH measured after 1 minute of stirring. 

 

 

 

Figure 4.33: Titration of HNO3 treated carbon (0.1 g) with 0.002M NaOH, added in 0.5 mL portions, pH 

measured after 1 minute of stirring. 
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Figure 4.34: Titration of HCl treated carbon (0.1 g) with 0.002M NaOH, added in 0.05 mL portions, pH 

measured after 1 minute of stirring. 

 

The end points of the titrations can be used to quantify the amount of a particular 

surface group that is present, whilst the flat sections of the graph are used to 

determine the pKa of the functional groups, which allows them to be identified. The 

amount of acid was varied for each sample in order to provide a plot of sufficient 

number of points to determine end points. As described in Chapter 2, it has been 

shown that carboxylic groups have pKas in the range <6.37, lactones 6.37 – 10.25 and 

phenolic >10.2524. Therefore, from the titrations shown above, the functional groups 

present on the surface of the carbon before and after acid treatments can be 

identified and quantified to some extent, the results are shown in table 4.7.  
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is that the untreated carbon is in fact basic. Also, there are two visible end points in 

the titration of the untreated support, but only one clear endpoint can be seen in each 
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(approximately 12), suggesting that these may also be pKas of functional groups. These 

pH values are all in the range 7.5 – 9.5, which is indicative of pKas of lactone groups. 

For the nitric acid and aqua regia treated samples, there is initially a very slow increase 

in pH, which may be due to the presence of functional groups. The pH at this point is 

around 3.5 – 4, which indicates carboxylic groups. The hydrochloric acid treated 

sample, however, has a steep curve initially which resembles an end point. Although 

on the suspension of the carbon in water the lowest pH that was reached was 5.8, the 

position of this apparent end point is such that it occurs at a similar pH to those for 

the other acid treated samples. This suggests the possibility of the presence of 

carboxylic acid groups. The presence of carboxylic and lactone surface functional 

groups as suggested by titrations of the carbon correlates with the TPD results above, 

which also suggest that carboxylic and lactone groups are the main functional groups 

present on the surface of the catalysts.  

 

Sample pKa 
Functional 

group 
Volume at end 

point/mL 
Amount/(mol/g) 

Aqua regia 
treated 

3.8 
8.2 

Carboxylic 
Lactone 

3.01 
- 

6.02x10-5 

HNO3 treated 
3.5 
9.7 

Carboxylic 
Lactone 

7.60 
- 

1.52x10-3 

HCl treated 
<6.37 

7.8 
Carboxylic 

Lactone 
- 
- 

- 

 

Table 4.7: Functional groups present on the surface of acid treated carbons, as determined by 

titrations. 

 

Quantification of functional groups is not feasible for the possible lactone groups, 

since there is no end point, or for the possible carboxylic groups on the HCl treated 

sample, since the titration appears to begin during the end point. However 

quantification of possible carboxylic acid groups on the aqua regia and HNO3 treated 

samples is possible and is shown in table 4.7. As illustrated by the TPR/TPD data, these 

values confirm that the nitric acid treatment generates a larger amount of surface 

functional groups than the aqua regia treatment. 
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4.7 Acid Treated Carbons as a Support 

 

A series of catalysts were prepared by impregnation in water, on the acid treated 

carbons. This was done to investigate the interaction of the gold with the surface 

functional groups created by the acid treatment, and how much of an effect this may 

have on the catalyst activity, since they may be possible nucleation sites for gold 

nanoparticles on the carbon surface. The testing results are shown in figures 4.35 – 

4.37, compared with the activity of the corresponding catalysts prepared in acid (dried 

at 110°C). 

 

 

Figure 4.35: Activity of catalysts prepared in HNO3 () and prepared in water on an acid treated 

carbon support () 
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Figure 4.36: Activity of catalysts prepared in HCl () and prepared in water on an acid treated carbon 

support (). 

 

 

Figure 4.37: Activity of catalysts prepared in aqua regia () and prepared in water on an acid treated 

carbon support () 
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It can be seen that for each of the acids used, both catalysts have a similar level of 

activity initially, however by the end of the reaction time the catalyst prepared in the 

acid has a significantly higher activity than the one prepared in water, on the acid 

treated carbon. The greatest difference in activity is seen for the nitric acid set of 

catalysts. The activity of the catalysts prepared in water stays roughly constant, 

whereas the activity of those prepared in acid begins to increase after 2-3 hours 

reaction time. This shows that although the acid does have a significant effect on the 

carbon surface, in terms of the functional groups present, while this may be a factor in 

how the gold interacts with the surface of the catalyst support, it seems that the effect 

of the acids on the gold itself is the more significant factor in determining the activity 

of the catalyst. 

 

4.8 Conclusions 

 

Consistent with previous work, it has been demonstrated that 1% Au/C catalysts 

prepared via impregnation of HAuCl4 in an acid solvent contain a significant amount of 

Au3+ and are by far the most active for acetylene hydrochlorination, when compared 

to catalysts prepared by other commonly used methods.  

 

It has been shown that using aqua regia as a solvent in the catalyst preparation 

produces more active catalysts than either of its constituent acids, nitric acid and 

hydrochloric acid, alone; this is considered to be due to the combination of the 

oxidising effect of the nitric acid and the stabilising effect of the chloride from HCl 

leading to a greater amount of Au3+.  The drying temperature used in preparation of 

catalysts was also found to influence the amount of Au3+, with increasing temperature 

generally leading to a decrease in the amount of Au3+ detected. However, it has been 

found that there is not a direct correlation between the amount of Au3+ present on a 

catalyst and its activity, leading to the idea that the presence of Au3+ alone is 

insufficient for good activity, but it must also be in the correct chemical environment. 
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Since a possible mechanism for the reaction may be a redox cycle involving Au3+, 

characterisation of catalysts was carried out by TPR. This was found to be a useful 

technique for analysis of Au3+ containing Au/C catalysts such as those used in this 

work, since it is able to provide information on both the Au species and the carbon 

support. There is a significant amount of information that may be obtained from TPR, 

for example quantification of reducible species and determination of kinetic 

parameters for the reduction reactions. TPR results have also shown that the 

reducibility of the Au3+ in these catalysts is a key factor in their activity, since the most 

easily reducible catalyst (i.e. the one for which the reduction of Au3+ occurred at the 

lowest temperature) was also the most active. 

 

The effect of the acid on the carbon support was investigated, and it was found that 

treatment with acids leads to an increase in the oxygen containing functional groups 

present on the carbon surface, in particular carboxylic and lactone groups. Of the 

three acids used, HNO3 was the most strongly oxidising, followed by aqua regia and 

then HCl, as would be expected. Catalysts were prepared by impregnation in water on 

each of the acid treated carbons and all were found to have low activity, suggesting 

that while the acid used in the catalyst preparation does significantly alter the carbon 

surface, it is the effect on the gold itself that is responsible for the differences in 

activity observed. 
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5 The Significance of Au3+ in the Hydrochlorination of 
Acetylene  

 

 

5.1 Introduction 
 

It was concluded in previous work that Au3+ is most likely to be the active site for the 

acetylene hydrochlorination reaction using carbon-supported Au catalysts, since 

catalyst deactivation occurs with reduction of Au3+ to Au0 1. However, the results 

obtained so far suggest that Au3+ may not be the only species responsible for the 

observed activity, since catalysts containing metallic gold only have also shown higher 

activity for this reaction than the carbon support alone (see chapter 3, effect of 

preparation method). It was also observed that catalysts containing the most Au3+ 

were not the most active (see Chapter 4). It has  been suggested that a redox cycle 

between gold in different oxidation states (Au3+, Au+, Au0) could be a possible 

mechanism for this reaction2. With a view to improving catalyst design, some 

systematic oxidation and reduction studies of various Au/C catalysts have been carried 

out in an attempt to determine the true importance of the Au3+ species. 

 

5.2 Nitric Oxide Oxidation Treatments 

 

Previous work on catalyst reactivation has shown that addition of nitric oxide (NO) to 

the reactant gas stream can regenerate catalyst activity for the acetylene 

hydrochlorination reaction2. This is illustrated in figure 5.1. It can be seen that there is 

a steady decrease in activity without the NO, then when it is added to the reactant gas 

stream there is a steady increase in activity, although the original HCl % conversion is 

not reached during the two hour time period of exposure to NO. This increase in 

activity is thought to be due to oxidation of metallic gold to Au3+ by the nitric oxide, 

and so XPS was used to investigate this hypothesis. Experiments were then carried out 

in which the nitrogen diluent was switched to a NO/N2 mixture during the reaction, to 

investigate the possibility of in-situ oxidation of the catalyst. Pre-treatment of the 

catalyst with NO was also investigated. 
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Figure 5.1: Time on line data for acetylene hydrochlorination to show the effect of addition of NO to 

the reactant gas stream2. 

 

  

5.2.1 XPS of catalysts in a nitric oxide atmosphere 

 

A catalyst sample provided by Johnson Matthey, Au/C-JM, was exposed to an 

atmosphere of dilute NO in nitrogen (500 ppm) and XPS spectra recorded after 

exposure at room temperature of 30 minutes and 1 hour, also at a temperature of 

150°C after 1 hour. These spectra can be seen in Figure 5.2. It is important to note that 

to use the sample in the XPS cell, it was necessary to form it into a disc. This was to 

avoid disturbance of a powder sample both when the vacuum was applied and then 

when the gas atmosphere (in this case the NO) was added. The only method by which 

a suitable disc could be made was to grind the sample to a powder, and then mix it 

with graphite, to act as a binding agent and prevent the disc falling apart after 

pressing. However, it is known from XPS analysis that this catalyst contains a greater 

amount of Au3+ than Au+0, yet only metallic gold was detected in the Au 4f region of 

the XPS spectrum of the disc. Therefore it appears that the cationic gold was reduced 
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to metallic gold on the surface of the disc via the above process. The XPS spectrum of 

a mixture of ground catalyst and graphite shows that Au3+ is still present, so the 

reduction of the gold is most likely to occur due to the pressing of the disc, rather than 

solely the addition of graphite, although it is known that carbon is able to act as a 

reducing agent3.  

 

 

Figure 5.2: XPS spectra of Au/C catalyst after exposure to NO. 

 

 

After exposure to NO, however, around 20% of the original amount of Au3+ was 

detected. This was found to be independent of both the duration of the exposure time 

and the temperature of the sample, since a similar amount of Au3+ was detected after 

thirty minutes and one hour, both at room temperature and after heating to 150°C. 

This XPS analysis of the catalyst shows that NO is indeed capable of oxidising Au0 to 

Au3+, and that this is likely to be the cause of the regeneration of activity as described 

previously. 
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5.2.2 Reactions using nitric oxide in the reactant gas stream 

 

Since it has been shown in principle that an oxidising agent such as NO is able to 

regenerate a significant amount of the original Au3+ of a catalyst after it has been 

reduced, this was then applied under reaction conditions. In order to try and improve 

catalytic activity by in-situ addition of an oxidising agent, reactions were carried out 

where the nitrogen diluent in the reactant gas stream was switched for a dilute (500 

ppm) NO/nitrogen mixture between two and four hours reaction time. Initially the 

switching experiment was done using the Au/C-JM catalyst; the results are shown in 

figure 5.3. No significant enhancement in activity was observed during the addition of 

the NO and so a higher concentration NO gas mixture was used, since the first one 

(500ppm) was a lower concentration than that used in the previous work. A 4200ppm 

mixture was used, to be consistent with the experiment described in the previous 

work, and similar results to the 500ppm mixture were obtained.  

 

 

Figure 5.3: Au/C-JM, NO switching reactions using 500ppm () and 4200ppm () NO/N2. 

 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 60 120 180 240 300 360 

A
ce

ty
le

n
e 

C
o

n
ve

rs
io

n
/%

 

Time/minutes 



Chapter 5 

120 

 

It was thought that this lack of effect could be due to the catalyst already containing a 

large amount (approximately 59%) of Au3+ on the surface (as observed from XPS) and 

therefore the oxidising effect of the NO not making a large enough difference to the 

amount of Au3+ present. To investigate this, catalysts known to contain only metallic 

gold were tested with the addition of NO for part of the reaction, as before. The 

catalyst prepared by sol immobilisation also showed no significant enhancement in 

activity due to NO addition, for both the concentrations of NO used (500 and 4200 

ppm), these results compared to activity under standard conditions can be seen in 

figure 5.4.   

 

 

Figure 5.4: 1% Au/C Sol Immobilisation tested under standard conditions (), and switching reactions 

using 500ppm () and 4200ppm () NO/N2. 
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can display an increase in activity for a number of reactions when their stabilising 

ligands are removed5. Therefore catalysts prepared via DP and IMP methods were also 

tested (using only the 4200 ppm NO/N2 mixture), since these are known to have 

metallic Au particles with exposed surfaces. These results are shown in figures 5.5 and 

5.6 respectively. However, yet again, no significant enhancement in activity is 

observed.  

 

 

Figure 5.5: 1% Au/C DP, under standard conditions () and switching reaction using 4200 ppm NO/N2 

(). 
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Figure 5.6: 1% Au/C IMP under standard conditions () and switching experiment using 4200ppm 

NO/N2 (). 

 

Whilst no significant improvement is seen in the activity of any of the above catalysts 

when NO is added to the gas stream, it is important to note that in the original work 

the increase in activity is from approximately 2 – 10% HCl conversion. This is a lower 

activity than is observed for the catalysts used in the above experiments. In addition 

an increase in activity this small may not be noticeable within the experimental error. 

Another important factor to be considered at this point is the difference in the set-up 

of the reactors used for the previous NO work and this project, in particular the 

control of gas flow. Whereas electronic mass flow controllers are now used (with the 

exception of the HCl, due to the likelihood of damage to the equipment caused by 

corrosion), previously needle valves would have been used which may have led to the 

possibility of an initial ‘blast’ of NO which could have a different effect to a steadily 

controlled gas flow. Whilst this effect may be small, it is nevertheless significant that 

there is a large difference in the reactor set-up and that this could contribute to the 

differences in the results obtained. 
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5.2.3 Reactions using a nitric oxide pre-treatment of the catalyst 

 

The experiments involving switching the nitrogen diluent in the reactant gas stream 

for a NO/N2 mixture did not show the increase in activity that might be expected, and 

one possible explanation for this is that perhaps competitive adsorption with the 

reactant gases present may be preventing the NO from having the desired effect on 

the gold particles. Therefore, NO pre-treatment of catalysts before reaction was also 

used. This means that the catalyst was subjected to similar conditions to those after 

which the oxidation of Au0 to Au3+ was observed by XPS, i.e. exposed to an 

atmosphere of NO/N2 only. In addition, a similar sample to that used in the XPS was 

used: The catalyst Au/C-JM was ground to a powder, mixed with graphite and pressed 

into a disc, then this disc was re-ground to a powder and tested for acetylene 

hydrochlorination. Another sample prepared in the same way was tested but with an 

NO pretreatment. The catalyst was heated to 185°C under a flow of NO/N2 (500ppm, 

10 mL/min) for 2 hours, then the hydrochlorination reaction carried out as normal. 

The results are shown in figure 5.7. 

 

Figure 5.7: Activity of a mixture of Au/C-JM and graphite that had been pressed into a disc, under 

standard conditions () and with a NO pretreatment (). 
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No significant enhancement in activity was seen due to the NO pre-treatment. The 

activity of each of the samples is quite similar, in places where there is a large 

variation in activity this is most likely to be due to fluctuation of HCl pressure, which 

occasionally occurs and can affect the activity – it has been shown previously that an 

excess of HCl increases the activity of similar catalysts whereas an excess of acetylene 

decreases the activity6. The TPR profiles of the catalyst/graphite mixture before and 

after pressing into a disc and then grinding the sample back to powder are shown in 

figure 5.8.  

 

 

Figure 5.8: TPR profiles of catalyst Au/C-JM mixed with graphite, before (green line) 

and after (red line) pressing into a disc, and of graphite (black line). 
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more pronounced feature at around 350 °C. This shows that the sample after mixing 
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graphite, which has a similar profile to that of the carbon support, with only a small 

reduction feature at around 600°C. 

 

Overall, despite showing that in principle NO may be used to oxidise Au0 to Au3+, 

attempts to utilise this to increase catalyst activity have been unsuccessful. This may 

be due to the interaction of the NO with the catalyst under the reaction conditions 

used. Au based catalysts have been used in the reduction of NO, which is an important 

aspect of exhaust cleansing7-9, so it is known that NO will adsorb and interact with Au 

nanoparticles. Investigations into the adsorption of NO on Au have therefore been 

carried out, for example Bukhtiyarov et al. found that decomposition of NO occurs on 

steps and defects of Au particles, but not on a clean (111) plane, and that these 

adsorbed N atoms may be stable up to temperatures of 470K10, which is equivalent to 

197°C and therefore similar to the reaction temperature of 185°C used for acetylene 

hydrochlorination. It could therefore be the case that the NO does oxidise the gold, 

but the effects are counteracted by blocking of the active sites by NO or derived 

species. Carbon materials have also been used for reduction of NO11, so another 

possibility is that the NO could be reacting with the carbon support, rather than (or as 

well as) the gold particles and so the effect on the gold is lessened. 

 

5.3 Cerium (IV) Sulphate treatments 

 

As a clear oxidising effect of NO on the reduced surface of the catalyst disc used for 

XPS analysis was observed, yet did not produce the expected increase in activity when 

used in the testing of catalysts, other oxidation methods were investigated in order to 

determine whether simple oxidation treatments of Au/C catalysts before use may 

increase activity for acetylene hydrochlorination. Cerium (IV) is widely used in 

aqueous solutions as an oxidant in quantitative analysis3 and so was considered a 

good choice for oxidation treatment of catalysts. The cerium (IV) sulphate (Ce(SO4)2) 

salt was used. Initially, a catalyst prepared by impregnation in aqua regia and dried at 

110°C was treated with cerium sulphate and then tested under the standard 

conditions for acetylene hydrochlorination. To carry out this oxidation treatment, a 
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portion of the catalyst was stirred in a saturated solution of Ce(SO4)2 for 1h, then 

filtered under vacuum, washed with deionised water and dried overnight (16h) at 

110°C. Figure 5.9 shows the activity for the treated and untreated catalysts, there is a 

clear consistent increase in activity after the oxidation treatment, with the treated 

catalyst giving an additional ca. 40% acetylene conversion.  

 

Figure 5.9: 1% Au/C catalyst before () and after () cerium (IV) sulphate oxidation treatment. 

 

TPR of the catalyst after oxidation treatment with cerium (IV) sulphate (figure 5.10) 

shows additional sharp reduction peaks at higher temperature. These are most likely 

to be due to reductions of cerium species, and indicate that there are some residual 

cerium containing species on the catalyst even after washing. XPS of the oxidised 

catalyst confirms that cerium species are present on the surface, since signals at 

binding energies of around 885 eV were observed after the oxidation treatment and 

these are in the Ce 3d region. In addition, the reductions attributed to functional 

groups on the carbon are altered, with the reduction at 450°C disappearing and the 

reduction at 550°C increasing in intensity, indicating that the treatment has affected 

the carbon. Changes to the reduction attributed to gold are also observed, with a 

double peak now being seen where the first peak maximum occurs at a lower 
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temperature than for the untreated sample: 226°C compared to 265°C. XPS analysis of 

the Au4f region is shown in figure 5.11 and the presence of Au3+ is observed. However, 

the intensity of the signal is perhaps the opposite of what would be expected: it 

indicates that there is now less Au3+ present compared to the amount of metallic gold. 

This suggests that the increase in activity does not arise from an increase in the 

amount of Au3+ present due to oxidation by the cerium sulphate. It may be due 

instead to the observed increase in reducibility of the Au3+, which was found in the 

previous chapter to be of importance. 

 

Figure 5.10: TPR profile of 1% Au/C catalyst before (blue line) and after (red line) oxidation treatment 

with cerium (IV) sulphate. 
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Figure 5.11: XPS spectra of 1% Au/C catalyst a) before and b) after oxidation treatment with cerium 

sulphate. 

 

 Since treatment with cerium sulphate proved successful, in that the activity of the 

catalyst was greatly increased after treatment, the same treatment was used on other 

catalysts: one prepared by impregnation in water (IMP), one prepared by 

impregnation in aqua regia then subjected to a reduction treatment (heating under 

hydrogen) and the standard catalyst, Au/C-JM. This was in order to investigate the 

difference in the effect of the cerium sulphate on catalysts which contain different 

amounts of cationic/metallic gold. Figures 5.12 – 5.14 show the TPR profiles of each of 

these cerium sulphate samples compared to those of the original, untreated catalysts. 
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Figure 5.12: TPR profile of 1% Au/C catalyst prepared by IMP in water, before (solid line) and after 

(dashed line) cerium sulphate treatment. 

 

 

Figure 5.13: TPR profile of 1% Au/C catalyst prepared by IMP in aqua regia then reduced by heating 

under hydrogen, before (solid line) and after (dashed line) cerium sulphate treatment. 
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Figure 5.14: TPR profile of Au/C-JM catalyst, before (solid line) and after (dashed line) cerium 

sulphate treatment. 

 

 

It can be seen in each case that the cerium sulphate treatment has a significant effect 

on the catalysts. For all three samples an additional sharp reduction is seen at around 

700°C. Reductions around 750°C are known to occur due to bulk ceria, CeO2
12, and so 

this feature may be due to reduction of Ce4+ species. There is also a larger reduction 
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functional groups on the carbon support, indicating that the cerium sulphate 
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with the TPR profiles of the cerium sulphate treated catalysts, the TPR profile of the 

cerium sulphate salt itself is shown in figure 5.15.  

 

 

Figure 5.15: TPR profile of cerium (IV) sulphate salt, Ce(SO4)2. 

 

 

There is a peak at 700°C which corresponds with the sharp reduction feature in the 

treated catalysts, although the signal intensity is much lower for these samples. This is 

consistent with features at this temperature being due to the reduction of Ce4+ as it 

would be expected for a lot less of this reducible species to be present on the treated 

catalyst, compared to the cerium sulphate salt. There are also reduction features in 

the TPR of the cerium sulphate salt which are no longer present in the treated catalyst 

samples, those at ca. 450°C and 750°C. It is therefore likely that the species leading to 

these reduction features are those that are reduced in the oxidation of the catalyst. 

 

These other cerium sulphate treated samples have not been tested for acetylene 
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is responsible for the increase in activity observed. It is possible that the changes to 
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the oxidation state/reducibility of the gold, the oxidation of the carbon support or the 

presence of residual cerium species may be involved. Many metals are able to catalyse 

the acetylene hydrochlorination reaction13; however, the standard electrode potential 

for the reduction of Ce3+ (-2.336) is lower than that of Au3+ (1.498)14 and so it should 

not be as active. However, the standard electrode potential for the reduction of Ce4+ 

to Ce3+ has a value of 1.72 which is higher than for the gold and therefore it could be 

expected that the presence of Ce4+ may lead to an increase in activity, as observed. 

 

 

5.4 Catalyst Regeneration via oxidation by acids 

 

In previous studies on catalyst reactivation for the acetylene hydrochlorination 

reaction it has been shown that activity of a 1% Au/C catalyst which has deactivated 

during the reaction can be restored to an extent by boiling in aqua regia15 . It was 

decided to further investigate acid treatments of reduced catalysts, as a simple way of 

regenerating catalyst activity by oxidation to form Au3+ species. 

 

A catalyst prepared in aqua regia and dried overnight at 140°C was heated at 550°C 

for 3h in a 5% H2/Ar flow at a ramp rate of 10°C/min. Figure 5.16 shows the activity for 

the fresh and reduced catalysts. The fresh catalyst shows the usual activity profile, 

with a steady increase in acetylene conversion to around 70%, however the reduced 

catalyst shows a much lower activity of around 10-20% conversion, similar to that of 

the carbon support alone. The TPR of both these catalysts can be seen in figure 5.17 

and shows that after reduction both the gold species and the carbon surface 

functional groups have been reduced. The XPS spectra of the Au 4f region of the fresh 

and reduced catalysts are shown in figure 5.18 and confirm that Au3+ has been 

reduced to Au0. 
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Figure 5.16: catalytic activity of an Au/C catalyst prepared by impregnation in aqua regia, before () 

and after () reduction treatment. 

 

 

 

Figure 5.17: TPR profiles of an Au/C catalyst prepared by impregnation in aqua regia, before (red line) 

and after (black line) reduction treatment. 
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Figure 5.18: XPS spectra of a) 1% Au/C catalyst prepared by impregnation and dried at 140°C and b) 

the same catalyst, after reduction treatment. 
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oxidised gold species by the Cl- ions which are present in these two acids, but not the 

nitric acid. The Au 4f XPS spectra of the three catalysts treated with acid after 

reduction are shown in figure 5.21. The signals due to metallic gold are clearly visible, 

however no significant increase in the signal due to Au3+ is observed.  The high activity 

obtained by catalysts which appear to have virtually no Au3+ from XPS analysis, 

although reductions attributed to this species are present in the corresponding TPR 

profiles, again indicate that whilst the presence of Au3+ generally leads to good 

catalytic activity, there is not a direct link between the amount of cationic gold present 

on a catalyst’s surface and its activity. 

 

 

Figure 5.19: Catalytic activity of catalysts treated with HCl (), HNO3 () and aqua regia () after 

reduction treatment. 
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Figure 5.20: TPR profiles of catalysts treated with HCl (green), HNO3 (blue) and aqua regia (red) after 

reduction treatment. 

 

 

Figure 5.21: XPS spectra of the Au 4f region for the reduced 1% Au/C catalyst, after treatment with a) 

aqua regia, b) HCl and c) HNO3. 
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5.5 Sequential oxidation/reduction treatments 

 

A catalyst prepared by impregnation in aqua regia and dried at 140°C was subjected to 

sequential reduction and oxidation treatments. Reduction treatment consisted of 

heating the sample at 550°C for 3h (ramp rate 10°C/min) under a flow of 5% H2/Ar. 

Oxidation treatment was stirring in a minimum amount of aqua regia (3:1 HCl:HNO3 

by volume) at ambient temperature for 10 minutes (i.e. until NOx production 

subsided) followed by drying overnight at 140°C. A number of reduction and oxidation 

treatments were carried out, producing the catalysts labelled F (fresh), R, R/O, R/O/R, 

R/O/R/O and R/O/R/O/R, where O indicates an oxidation treatment and R a reduction 

treatment, as described above. Testing data for these catalysts is shown in figure 5.22. 

The fresh and oxidised samples all show a similar activity profile, with an initial low 

activity which then gradually increases and then stabilises at a good activity of 

approximately 60% after 5 hours reaction time, although the increase in activity 

during reaction occurs at a different time for each. All of the reduced catalysts have a 

low, stable activity of around 10%. 

 

Figure 5.22: Catalytic activity of a series of Au/C catalysts following sequential reduction/oxidation 

treatments: fresh (), R (), R/O (), R/O/R (), R/O/R/O () and R/O/R/O/R (). 
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TPR profiles for each of the catalysts are shown in figure 5.23. The profile shapes are 

similar for the fresh and oxidised samples, and for the reduced samples, showing that 

both the gold and carbon support are oxidised after oxidation treatments, and 

reduced after reduction treatments, and that this is repeatable. This can be 

considered to be further experimental evidence of the correlation between oxidation 

state and activity in Au based catalysts for the hydrochlorination of acetylene.  

 

 

Figure 5.23: TPR profiles of a series of Au/C catalysts following sequential reduction/oxidation 

treatments: fresh (orange),R (dark blue), R/O (red), R/O/R (green), R/O/R/O (purple) and R/O/R/O/R 

(light blue). 
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90.2 eV, this is shown in figure 5.25. 
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Figure 5.24: XPS spectra of Au/C catalysts, fresh and subjected to a sequence of oxidation and 

reduction treatments: a) fresh, b) R, c) RO, d) ROR, e) RORO, f) ROROR. 

 

 

Figure 5.25: XPS spectrum of the Au4f region of the fresh catalyst and those after oxidation 

treatments: a) fresh, b) RO, c) RORO. 

 

0 

500 

1000 

1500 

2000 

2500 

3000 

3500 

4000 

4500 

80 82 84 86 88 90 92 94 96 

In
te

n
si

ty
/A

.U
. 

Binding Energy/eV 

a 

f 

e 

d 

c 

b 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

80 82 84 86 88 90 92 94 96 

In
te

n
si

ty
/A

.U
. 

Binding Energy/eV 

a 

c 

b 

Au3+ Au0 

Au0 



Chapter 5 

140 

 

The XPS analysis correlates with the TPR profiles for these catalysts, showing that the 

oxidation treatments do oxidise metallic gold to Au3+, although only a small amount. 

However, a fairly high activity of around 60% acetylene conversion is seen for these 

catalysts after 5h reaction time, although the initial activity is low and this does 

increase during the course of the reaction. These data are important because they 

show that despite the correlation between reduction/oxidation and activity, i.e. that 

the presence of Au3+ is important in order to have good activity, only a very small 

amount of Au3+ is sufficient. Therefore it is likely to be the dispersion and location of 

the Au3+ that is important in determining activity, rather than the presence of the 

species alone. 

 

5.6 Conclusions 
 

The aim of this chapter was to investigate the effect of oxidation and reduction 

treatments on Au/C catalysts, in an attempt to further the understanding of the 

source of the activity of these catalysts, with a view to improving the catalyst design. 

The premise of Au3+ being the most active site for the reaction is supported by the 

results obtained, with catalysts after oxidation treatments repeatedly showing higher 

activities for the acetylene hydrochlorination reaction and reduction treatments 

lowering the activity of the catalysts to a similar level as that observed from the 

carbon support alone. Presence of Au3+ after oxidation was confirmed by TPR and XPS 

analysis, whilst TPR also showed that the surface of the carbon support was oxidised. 

 

In-situ oxidation by co-feeding NO in the reactor did not show a significant increase in 

catalytic activity as has been reported previously, although the theory that the NO 

oxidises the Au0 to Au3+ has been confirmed by XPS. Treatment of catalysts pre-

reaction by heating under a NO/N2 gas flow also did not lead to any significant 

increase in their activity. Therefore although it has been successfully used before, in-

situ oxidation of catalysts cannot be seen to be an effective method of enhancing 

catalyst activity using the current reactor design. 
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Oxidation treatments of catalysts outside of the reactor, however, have been shown 

to be an extremely effective way of enhancing catalyst activity. Treatment with cerium 

sulphate was particularly successful in increasing activity for this reaction, with 

approximately an additional 40% of acetylene conversion observed. Although whilst 

the oxidation of Au0 to Au3+ due to the treatment was observed, the effect of the 

residual cerium species on the catalyst is not fully known at this point. Simple 

treatments at room temperature with concentrated acids were able to regenerate the 

activity of catalysts which had been subjected to a reduction treatment, it was 

observed that this acid treatment had re-oxidised a small amount of gold to the 3+ 

oxidation state. 

 

The results described in this chapter show that the presence of Au3+ is indeed 

important in order to have a good catalyst activity. However, as suggested in the 

previous chapter, the presence of Au3+ alone is not responsible for this activity, since 

catalysts with a very small amount of the oxidised species have displayed a higher 

activity than catalysts containing a larger amount of it. As observed again from the 

TPR, the reducibility of the oxidised species is also a key factor, with catalysts 

containing more easily reducible species giving higher activity. In addition, it could be 

that the location and dispersion of the oxidised species is important.  

Another observation is that oxidation of the gold species is accompanied by oxidation 

of the carbon support, and the effect of this on activity is currently unknown. Since the 

carbon support itself shows some activity for acetylene hydrochlorination, its 

contribution to the overall catalyst activity merits further investigation. Likewise, the 

effect of the residual cerium on catalysts after oxidation treatment would be worth 

investigating in more detail as it may provide a route to a new, more active catalyst. 
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6 Conclusions 

 

6.1 Data obtained using the initial reactor set-up 

 

Catalyst testing for acetylene hydrochlorination was initially carried out on a reactor 

set-up which used technical grade HCl. Under these conditions, testing of catalysts 

prepared by methods other than impregnation in acid gave unusual activity profiles: 

the initial activity increased steadily and then stabilised after around three hours 

reaction time. Most notably, the SI catalyst was actually more active than Au/C-JM 

after 3 hours of reaction due to the deactivation of the latter. Characterisation by XPS 

and XRD showed that the SI, DP and IMP catalysts contained only metallic gold, which 

is thought to be inactive for this reaction, and that there is some correlation between 

activity and Au particle size. Due to the corrosive nature of HCl in the presence of 

moisture, however, it was necessary to change to using electronic grade HCl, due to its 

higher purity and consequent lower moisture content. 

 

During this initial testing phase, two key discoveries were made: 

 The effect of the purity of reactant gases on the catalyst activity 

 The activity of the activated carbon catalyst support 

 

The use of higher purity HCl gas changed the activity of the Au/C-JM catalyst in two 

ways: there was an increase in % acetylene conversion and the steady deactivation 

during the course of the reaction was no longer observed. Comparison of the 

impurities in the HCl gases used led to the consideration that the difference in the 

hydrogen impurity was most likely to be the cause of the deactivation due to the 

possibility of it reducing the Au3+, which has been shown to be the cause of 

deactivation at the reaction temperature used1. However, this cannot be the sole 

reason for the observed change in activity since an excess of hydrogen compared to 

the amount from the impurity was added to the reaction and whilst a lower activity 

was observed, the deactivation as observed previously did not occur. Changing the 

purity of the gas also affected the activity observed for catalysts prepared by other 
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methods, i.e. SI, DP and IMP, with a fairly steady level of conversion obtained 

compared to the previous initial increase and then stabilisation. The conversion at the 

end of the reaction time was similar in both cases for the SI catalyst, but significantly 

enhanced for the DP and IMP catalysts. 

 

The activity of the carbon support alone was found to be around 10 – 15% acetylene 

conversion, which constitutes a significant contribution to the activity of the Au/C 

catalysts. The cause of this activity is not understood, although it is thought that it 

could be the result of trace metal impurities, which are often present in such 

materials, acting as a catalyst. Another possibility is that functional groups on the 

surface of the carbon may be active sites for the reaction. Activated carbon can be 

used as a catalyst for a number of reactions, for example the oxidative 

dehydrogenation of ethylbenzene (ODE), dehydration of alcohols, SOx and NOx 

oxidations and various hydrogen peroxide reactions, and it is often the surface 

functionality that is the source of the activity2. In fact it has been shown that for a 

Norit ROX 0.8 carbon catalyst, which is of the same type and supplier as the support 

used in this project, the active sites for the ODE reaction are carbonyl and quinone 

functional groups on the surface3. 

 

6.2 Chemistry of Aqua Regia and its influence in the preparation 

of Au/C Catalysts 

 

Since catalysts prepared by the typical method of impregnation in acid were found to 

be the most active, the preparation method was investigated in some detail. The use 

of different acids (aqua regia, HCl and HNO3) as impregnation solvent as well as 

variations in the drying temperature were found to affect the amount of gold present 

in the 3+ oxidation state, however it was found that this did not directly correlate with 

the observed activity, suggesting that perhaps formation of gold particles of sufficient 

size is necessary to provide the right chemical environment in order for the cationic 

gold to function as an active site. However, if the extent of the gold reduction is too 
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great i.e. larger gold particles are formed and further Au3+ is reduced, the activity is 

poor. 

 

The aqua regia catalyst dried at 140°C was found to be the most active of all those 

tested, so catalysts dried at this temperature were investigated further. A series of 

catalysts was prepared using different HCl: HNO3 ratios and it was found that mixtures 

of the two acids lead to catalysts containing more Au3+ than either acid individually – 

this is likely to be a result of the ability of HNO3 to oxidise gold, forming Au3+ species, 

whilst the chloride present due to the HCl is able to stabilise them. 

 

Although it has not been commonly used in previous work on this topic, TPR was used 

as a technique to investigate the reduction properties of Au/C catalysts, since this has 

been shown to be a key factor in the deactivation of catalysts used for acetylene 

hydrochlorination. A large amount of information was able to be obtained from this 

technique, about both the gold and the carbon support, including kinetic parameters 

for the reduction reactions taking place. These results enabled the reducibility of the 

Au3+ species to be highlighted as a factor in determining the activity of catalysts, which 

further supports the idea of a redox mechanism. 

 

Analysis via a range of methods illustrated that the acid used in the impregnation 

modifies the surface of the carbon by creating oxygen containing functional groups, 

these were determined to be carboxylic acid and lactone groups. However, testing of 

catalysts which were prepared by impregnation in water on acid-treated carbons 

indicated that it is the effect of the acid on the gold, rather than the carbon surface, 

that is more important in determining a catalyst’s activity.  

 

6.3 The Significance of Au3+: Oxidation and Reduction 

Treatments of Au/C Catalysts 

 

A number of studies involving oxidation and reduction treatments of Au/C catalysts 

were carried out and the results provided further evidence that the presence of Au3+ is 
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required for catalysts to have good activity. Reduced catalysts consistently showed a 

low activity of around 10% acetylene conversion, comparable to that of the support 

alone, while simple oxidation treatments with concentrated acids were able to 

regenerate the previously observed activity. Characterisation by XPS and TPR 

correlated this activity with the presence of Au3+. However, these treatments also 

oxidised the carbon surface leading to the presence of oxygen containing functional 

groups. The effect of such groups on activity has not been investigated in detail, 

although results from the previous chapter suggest that the effect of the acid on the 

gold rather than the carbon is more significant during the catalyst preparation so it is 

reasonable that the same would apply in this case. 

 

Oxidation using cerium (IV) sulphate was also found to be an effective way of 

enhancing catalyst activity, with characterisation by TPR and XPS suggesting that this is 

likely to be due to an increase in the reducibility of the Au3+. However, the presence of 

residual cerium species on the catalyst surface was also detected and the effect of this 

is as yet unknown. 

 

Oxidation of a catalyst in-situ by addition of NO to the reaction, however, did not 

prove successful, neither did exposure of a catalyst to NO prior to reaction, despite NO 

being reported to regenerate catalyst activity previously4. XPS studies were able to 

show that exposure to NO did in fact increase the amount of Au3+ present on a 

catalyst surface, however, it could be that this Au3+ is not in the right location to be an 

active site, as the other results obtained and discussed here suggest is necessary. 

 

6.4 Summary 

 

Overall, it has been demonstrated that the previously stated theory of Au3+ being the 

active site for Au/C catalysed acetylene hydrochlorination holds true. The use of aqua 

regia in catalyst preparation is thought to produce the best catalysts due to the 

combination of the oxidation properties of HNO3 with the ability of chloride supplied 

by the HCl to stabilise the cationic species. However, it is not a simple relationship 
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whereby a catalyst which contains a greater amount of this species is more active. 

Indeed, catalysts in which the majority of the gold (65%) was found to be in the 3+ 

oxidation state were less active than others in which it was only around 40%. 

Extensive characterisation by TPR has suggested that the reducibility of the Au3+ is also 

a key factor governing the activity, indicating that the location of the Au3+ on gold 

nanoparticles, rather than merely its presence, is important. The carbon support is 

also of significance, as it has been shown to be active itself, with around 10% 

conversion observed. 

 

The sensitivity of this reaction to the reactor set-up used has also been demonstrated, 

with an increase in the purity of a reactant gas leading to a great difference in the 

results obtained. In addition, reproduction of previously published work has been 

attempted with different results obtained, this may be in some part due to differences 

between the reactors and methods used. 

 

6.5 Future Work 

 

The work done in this project could be continued in a number of ways, in order to 

provide further insight into the activity of Au/C catalysts for acetylene 

hydrochlorination: 

 

6.5.1 Chapter 3 

 

The underlying cause of the difference in activity observed using different purities of 

HCl gas was not determined. Whilst hydrogen is likely to contribute to the effect, due 

to its reducing nature, adding an excess relative to the original impurity back into the 

reactant gas stream did not reverse the changes as might be expected. However, TPR 

characterisation of catalysts shows that reduction of Au3+ in hydrogen occurs at 

temperatures of around 250 – 300°C, supporting the idea that it is not the hydrogen 

that is responsible for the changes observed. Other significant differences in 

impurities were oxygen and moisture; whilst the effect of moisture is not suitable for 
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investigation due to the corrosive nature of HCl in the presence of water, the effect of 

oxygen could be investigated, for example by replacing the nitrogen diluent with air. 

Also of note is that the nitrogen used as a diluent was not of as high a purity as the 

other gases used, and although molecular sieve traps were used to eliminate as much 

moisture as possible, the effect of these potential impurities is unknown and could be 

of interest, given that the amount used is greater than that of the HCl. 

The source of the activity of the carbon support is also uncertain; experiments could 

be carried out to ascertain this, for example by acid washing to remove metal 

impurities which may be acting as a catalyst, or by treating the carbon in a number of 

other ways to modify the surface functionalities present which may also have an 

effect. 

 

6.5.2 Chapter 4 

 

Whilst a combination of XPS, XRD and TPR have been useful tools for characterising 

Au/C catalysts in terms of the amount of Au3+ present and relative gold particle sizes 

on different catalysts, utilising microscopic techniques such as TEM could also provide 

valuable information. Since it has been shown that not only the presence of Au3+ is 

important, but also its location, it would be of great interest to investigate the particle 

size, shape and dispersion in more detail, and this would be achievable using such 

techniques. 

 

A number of alternative solvents were used in the catalyst preparation by 

impregnation, none of which gave a catalyst with activity as good as that obtained by 

HNO3/HCl/aqua regia. However, it is thought that it is the contribution of oxidising 

and stabilising properties of the nitric and hydrochloric acids that lead to sufficient 

amounts of Au3+, so it could be of interest to experiment with combinations of these 

solvents to see if the amount or reducibility of the Au3+ may be improved, for example 

by using different oxidising agents or sources of chloride. 
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The effect of the acids on the carbon surface was investigated, however, whilst it was 

shown that the effect of the acid on the gold is more important in determining a 

catalyst’s activity, the effect of the carbon surface functional groups on activity was 

not investigated. The different acid treated carbons could be tested for comparison 

with the untreated carbon, this also ties in with further investigations to determine 

the source of the carbon’s activity as mentioned for the previous chapter. 

 

6.5.3 Chapter 5 

 

The treatment of a catalyst with cerium sulphate led to a significant enhancement of 

its activity, with approximately an additional 40% acetylene conversion observed. 

Since this was the most effective of any of the treatments, it warrants further 

investigation. From the results presented it appears that the enhancement may be 

due to the treatment facilitating reduction of the cationic gold species, as observed by 

TPR analysis. In addition, for catalysts where no cationic gold was observable prior to 

the treatment, it was detectable after indicating that the oxidation treatment can 

generate Au3+. Unfortunately these catalysts were unable to be tested so it would be 

of interest to do so, in order to ascertain the activity of the Au3+ created by the cerium 

sulphate treatment.  However, it is also clear that there is some residual cerium 

present on the catalyst surface after treatment and as yet the contribution of this to 

the observed effect is unknown. It has been shown that when ceria, CeO2, is used as a 

support for Au catalysts prepared by sol immobilisation, cationic gold species are 

present on the surface and these catalysts have an enhanced selectivity in liquid phase 

oxidation reactions5. If, as suggested, the ceria is capable of stabilising the Au3+ it 

could be interesting to test Au/CeO2 catalysts for acetylene hydrochlorination. 

Furthermore, similar observations have been made for Au/La2O3 materials, which 

were also shown to stabilise cationic gold6 so investigating other similar (i.e. 

lanthanide series) metal oxide supports may be of interest. 

 

In addition, Au/C catalysts such as those used in this project could be investigated for 

other alkyne substrates, for example phenylacetylene, with a view to use in the fine 
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chemicals industry. Other types of substrates could also be investigated, for example 

catalytic hydrochlorination of glycerol to produce dichloropropanols is of interest7 and 

Au/C catalysts are able to catalyse other glycerol oxidation reactions8. 
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Appendix 1: TPR data for determination of activation 

energy of Au3+ reduction 

 

The catalysts for which activation energy was determined using the Kissinger method 

as described in Chapter 2 are: 

 Impregnation in HCl, dried at 110, 140, 185°C 

 Impregnation in HNO3, dried at 110, 140, 185°C 

 Impregnation in aqua regia, dried at 110, 140, 185°C 

 Impregnation in aqua regia, dried at 110°C, after oxidation treatment using 

Ce(SO4)2 

 Catalyst provided by Johnson Matthey, M07565 

All of the above are 1% Au/C. The TPR profiles used and Kissinger plots obtained are 

shown below, with the exception of the JM catalyst as this data can be found as an 

example in Chapter 3. 

Impregnation in HCl 

Drying Temperature 110°C 

 

Figure 26: TPR profiles run at heating ramps of 5 (black), 10 (red) and 20 (green) °C/min. 
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Ramp rate 
(β) 

Temperature of peak 
max./°C 

Temperature of peak 
max./K (T) 

ln (β/T2) 1/T 

5 272 545 -10.99 0.001835 

10 295 568 -10.38 0.001761 

20 343 616 -9.85 0.001623 

 

 

Figure 27: Kissinger plot for catalyst prepared by impregnation in HCl, dried at 110°C. 

 

Gradient = -5206.2 = -Ea/R  Ea = 43284 J/mol 

Intercept = -1.3515 = ln (AR/Ea)  A = 1347.6 
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Drying Temperature 140°C 

 

Figure 28: TPR profiles run at heating ramps of 5 (black), 10 (red) and 15 (blue) °C/min. 

 

Ramp rate 
(β) 

Temperature of peak 
max./°C 

Temperature of peak 
max./K (T) 

ln (β/T2) 1/T 

5 281 554 -11.02 0.001805 

10 314 587 -10.45 0.001704 

15 328 601 -10.09 0.001664 

 

 

Figure 29: Kissinger plot for catalyst prepared by impregnation in HCl, dried at 140°C. 

Gradient = -6443.9 = -Ea/R  Ea = 53575 J/mol 

Intercept = 0.5899 = ln (AR/Ea)  A = 11624 
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Drying Temperature 185°C 

 

Figure 30: TPR profiles run at heating ramps of 5 (black) and 20 (green) °C/min. 

 

Ramp rate 
(β) 

Temperature of peak 
max./°C 

Temperature of peak 
max./K (T) 

ln (β/T2) 1/T 

5 280 553 -11.02 0.001808 

20 327 600 -9.80 0.001667 

 

 

Figure 31: Kissinger plot for catalyst prepared by impregnation in HCl, dried at 185°C. 

Gradient = -8634.9 = -Ea/R  Ea = 71791 J/mol 

Intercept = 4.5934 = ln (AR/Ea)  A = 853390 
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Impregnation in HNO3 

Drying Temperature 110°C 

 

Figure 32: TPR profiles run at heating ramps of 5 (black), 10 (red) and 20 (green) °C/min. 

 

Ramp rate 
(β) 

Temperature of peak 
max./°C 

Temperature of peak 
max./K (T) 

ln (β/T2) 1/T 

5 271 544 -10.99 0.001838 

10 300 573 -10.40 0.001745 

20 344 617 -9.85 0.001621 
 

 

Figure 33: Kissinger plot for catalyst prepared by impregnation in HNO3, dried at 110°C. 
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Gradient = -5170.4 = -Ea/R  Ea = 42986.71 J/mol 

Intercept = -1.4447 = ln (AR/Ea)  A = 1219.267 

 

Drying Temperature 140°C 

 

 

Figure 34: TPR profiles run at heating ramps of 5 (black), 10 (red) and 15(blue) °C/min. 

 

 

Ramp rate 
(β) 

Temperature of peak 
max./°C 

Temperature of peak 
max./K (T) 

ln (β/T2) 1/T 

5 275 548 -11.00 0.001825 

10 302 575 -10.41 0.001739 

15 322 595 -10.07 0.001681 
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Figure 35: Kissinger plot for catalyst prepared by impregnation in HNO3, dried at 140°C. 

 

Gradient = -6515.9= -Ea/R  Ea = 54173.19 J/mol 

Intercept = 0.8983 = ln (AR/Ea) A  = 15999.31 

 

Drying Temperature 185°C 

 

 

Figure 36: TPR profiles run at heating ramps of 5 (black), 10 (red) and 20 (green) °C/min. 
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Ramp rate 
(β) 

Temperature of peak 
max./°C 

Temperature of peak 
max./K (T) 

ln (β/T2) 1/T 

5 278 551 -11.01 0.001815 

10 316 589 -10.45 0.001698 

20 350 623 -9.87 0.001605 

 

 

 

Figure 37: Kissinger plot for catalyst prepared by impregnation in HNO3, dried at 185°C. 

 

Gradient = -5410 = -Ea/R  Ea = 44978.74 J/mol 

Intercept = -1.2181 = ln (AR/Ea)  A = 1600.233 
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Impregnation in Aqua Regia 

Drying Temperature 110°C 

 

Figure 38: TPR profiles run at heating ramps of 5 (black), 10 (red), 15 (blue) and 20(green) °C/min. 

 

Ramp rate 
(β) 

Temperature of peak 
max./°C 

Temperature of 
peak max./K (T) 

ln (β/T2) 1/T 

5 270 543 -10.98 0.001842 

10 300 573 -10.40 0.001745 

20 324 597 -9.79 0.001675 

15 318 591 -10.06 0.001692 
 

 

Figure 39: Kissinger plot for catalyst prepared by impregnation in aqua regia, dried at 110°C. 
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Gradient = -6826.5 = -Ea/R  Ea = 56755.521 J/mol 

Intercept = 1.5607 = ln (AR/Ea)  A = 32508.84 

 

Drying Temperature 110°C, Cerium (IV) Sulphate treated 

 

 

Figure 40: TPR profiles run at heating ramps of 5 (black), 10 (red) and 20 (green) °C/min. 

 

Ramp rate 
(β) 

Temperature of peak 
max./°C 

Temperature 
of peak max./K 

(T) 
ln (β/T2) 1/T 

5 258 531 -10.94 0.001883 

10 284 557 -10.34 0.001795 

20 321 594 -9.78 0.001684 
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Figure 41: Kissinger plot for catalyst prepared by impregnation in aqua regia, dried at 110°C, treated 

with cerium sulphate. 

Gradient = -5783.7 = -Ea/R  Ea = 48085.68 J/mol 

Intercept = -0.0161 = ln (AR/Ea)  A = 5691.328 

 

Drying Temperature 140°C 

 

 

Figure 42: TPR profiles run at heating ramps of 5 (black), 10 (red) and 15 (blue) °C/min. 

 

 



  Appendix 

163 

 

Ramp rate 
(β) 

Temperature of peak 
max./°C 

Temperature of peak 
max./K (T) 

ln (β/T2) 1/T 

5 268 541 -10.9774 0.001848 

10 296 569 -10.3852 0.001757 

15 317 590 -10.0522 0.001695 

 

 

Figure 43: Kissinger plot for catalyst prepared by impregnation in aqua regia, dried at 140°C. 

 

Gradient = -6061.8 = -Ea/R  Ea = 50397.81 J/mol 

Intercept = 0.2393 = ln (AR/Ea)  A = 7700.666 
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Drying Temperature 185°C 

 

 

Figure 44: TPR profiles run at heating ramps of 5 (black), 10 (red) and 20(green) °C/min. 

 

Ramp rate 
(β) 

Temperature of peak 
max./°C 

Temperature of peak 
max./K (T) 

ln (β/T2) 1/T 

5 252 525 -10.9174 0.001905 

10 288 561 -10.3569 0.001783 

20 326 599 -9.79479 0.001669 

 

 

 

Figure 45: Kissinger plot for catalyst prepared by impregnation in aqua regia, dried at 185°C. 
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Gradient = -4768 = -Ea/R  Ea = 39641.15 J/mol 

Intercept = -1.8426 = ln (AR/Ea)  A = 755.2752 

 

 

 

 

 

 

 


