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ABSTRACT

The first examples of gold as the catalyst of choice were the hydrochlorination of
acetylene using gold on carbon catalysts and the oxidation of carbon monoxide, both
identified around 20 years ago. From that time most research interest has been focused
on the use of gold as a catalyst for oxidation reactions, whereas although gold can be an
excellent electrophilic agent is some of its oxidation states, few studies are available
which display this.

Chlorinated organic compounds are widely manufactured in industry for the production
of chemicals that can be used as solvents, glues, anaesthetics, and precursor for plastics.
However, the usual industrial conditions applied make use of high pressure and
temperature. By focusing attention on the production of commodities like vinyl chloride
monomer, and chloroethane we have seen that these kinds of products can be obtained
under mild conditions when gold is used as a catalyst, and with high selectivity.
Moreover, a tuneable effect can be obtained using different supports, or gold oxidation
states.

Although gold as a catalyst for the hydrochlorination of acetylene is known, no literature
is available on the effect of adding another metal, either as a bimetallic or an alloy
system, on final activity. For this reason, the effect of adding metals such as Pd, Pt, Ru,
Rh, Ir has been investigated. Gold alone gives the most stable performance. However,
when Au/Pd is used an initial promotional effect is observed. Although this effect is not a
long term effect, it has been possible to detect an influence of the gold oxidation state
and to identify clearly the gold oxidation state responsible for the hydrochlorination of
acetylene and the mechanism of catalyst deactivation.

Using carbon as a support, only carbon-carbon triple bonds are reacted and ethylene is
unreactive. For this reason selectivity to vinyl chloride monomer in excess of 99% is
achieved. This particular behaviour has been explained by postulating the formation of a
C,H,/AwHCI complex, and this hypothesis is supported by the use of deuterated reagents

and molecular modelling investigations.



Abstract iv

However, we have shown that this effect is unique to carbon, and other supports are
largely ineffective. Surprisingly, ZnO as support produces a catalyst that is inactive for
acetylene but active for the hydrochlorination of ethylene. Both Au supported on carbon
or different metal oxides are ineffective as oxychlorination catalysts. In fact the formation
of ZnCl, has been identified under reaction conditions, and it can be an active catalyst for
the hydrochlorination reaction of double C-C bond containing substrates.

In addition the solid state phase transition of a vanadyl orthophosphate species ©-VOPO4
has been investigated during n-butane oxidation. This solid phase has, up to now,
received little attention due to the difficulty in obtaining it in a pure form and because it
exists only at high temperature. It has been possible to demonstrate that reagents like n-
butane, acetic acid, and CO are able to induce a phase transition of ®-VOPO, to 3-
VOPO,, and this is possible by removal of surface lattice oxygen, but preserving the
polymorph nature of the two phases.
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SUMMARY

The low temperature CO oxidation is described and discussed, using doped Aw/TiO,
catalysts. It has been possible to demonstrate that the presence of trace amounts of nitrate
over Aw/TiO; can lead to enhanced and long term activity improvements, which are 20-
30% better than the undoped catalyst.

In addition hydrochlorination of acetylene using gold and bimetallic gold based catalysts
using Pd, Pt, Rh, Ir and Ru on carbon is described. It has been possible to identify an
enhanced initial activity for catalysts containing a small amount of Pd and Ir, and a long
term enhanced stability when Rh is used, while metals such Pt and Ru do not give
reproducible results or increased activity.

Investigations on reaction mechanism of hydrochlorination have been carried out using
different triple C-C bond containing substrates, deuterated reactants and molecular
modelling investigations. All the collected data suggest a reaction mechanism via
alkyne/AwWHC] complex, and this can explain the exceptional selectivity of gold
catalysts.

Moreover, hydrochlorination and oxychlorination of double C-C bonds containing
substrates using Au/ZnO catalysts have been studied. It has been possible to observe that
the reaction is not catalysed by gold, but by ZnCl, formation on the catalyst surface, and
it has been possible to obtain more efficient catalysts by dispersing ZnCl, on silica, and
the catalyst is effective for hydrochlorination only.

Finally, a phase transitions between two different vanadyl orthophosphate, ®-VOPO,
and 8-VOPOy, and their correlation with n-butane oxidation, are described and discussed.
It has been possible to identify a chemically induced fast solid state transition triggered

by removal of surface lattice oxygen.
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Chapter 1: CATALYSIS BY GOLD AND VANADIUM PHOSPHORUS OXIDES

1.1 Introduction

This chapter is focused on the description of gold chemistry with specific examples of
oxidation, hydrochlorination and oxychlorination reactions, as well as the uses and the

properties of vanadium phosphorus oxides towards oxidation reactions.

Both gold and vanadium have been used for heterogeneous catalysis applications, as a
consequence, elements of catalysis by surfaces, metal cluster structure, role and effect of
supports and catalyst preparation techniques are described

1.2 General aspects of catalysis by gold

Gold has been considered for long time a metal without any particular catalytic activity.
However, although this can be true for bulk material, when gold is used in clusters of
nanometer size range, it can display surprising catalytic activity [1, 2].

One of the main reasons considered for the absence of activity for gold as a catalyst was
the absence of oxidation of the bulk material. In fact, the only characterized oxide of gold
is Au,0;, but this oxide present a small formation enthalpy of —19.3 kJ mol™ and it is best
obtained by heating Au(IIl) hydroxide at 150 °C [3] and it decomposes to the elements
above160 °C [4], whereas oxygen does not react with bulk gold up to the decomposition
temperature of the oxide. Nevertheless, when gold clusters are used, gold can be an
excellent oxidation catalyst, and probably, the most investigated example is CO oxidation
to CO, that can occur at temperatures as low as —73 °C [1]. In order to evaluate the role of
promoters, this reaction has been investigated in this thesis (chapter 3).

Another parameter generally used to explain the absence of catalytic properties of bulk
gold is its electronic configuration, [Xe] 4f'* 5d'° 65, and the extremely high value of the
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first ionisation potential 888 kJ mol”'[5]. In addition, the electronegativity value of 2.54,
and the standard electrode potential of 1.38 V for the reduction of Au(IIl) to Au(0) are the
highest for all the metals. If this last parameter is used as a term of comparison to
evaluate the performance for the hydrochlorination reaction of acetylene among different
metal chlorides, gold is able to display the highest conversion values [2]. Investigations
into the effect of the simultaneous presence of a second metal with gold for the
hydrochlorination reaction have been carried out (chapter 4) as well as new proposal for
reaction mechanism (chapter 5).

Further important reactions that are possible to carry out using gold catalysts are:
selective oxidation of propene to propene oxide [6], water gas shift reaction [7], NO
reduction [8], selective hydrogenation of acetylene [9]. In addition, a gold based catalyst
is nowadays considered the best catalyst for the industrial manufacture of vinyl acetate
monomer [10], this catalyst is a bimetallic system comprising gold/palladium and its
success helped to promote interest in the use of gold as an effective catalyst for industrial
applications.

However, although the considerations given above can be useful to explain some
properties of gold as catalyst, many other aspects are still unclear. Further factors like:
particle size, type of support, structure, preparation methods, and promoters are crucial to
obtain a good catalyst. In fact, all these factors are important for every supported metal
catalyst, but in the case of gold their importance is higher. It is well known that small
variations in the method of synthesis can cause the difference between an excellent and a
poor catalyst, and this aspect has been demonstrated from a great number of experiments
[11,12]. In order to better understand the behaviour of gold as a catalyst, some effects of
these parameters are discussed in more detail in the following paragraphs.

1.2.1 Gold cluster size effect

In catalysis, the term cluster is used to identify aggregates of atoms where the bulk solid,










































































































































































































































































































































































































































































































































































































































































































































