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Synopsis

Gold has been previously overlooked as a catalyst, mainly because the metal has been
regarded as catalytically inert, and was tested as large aggregates, and not as nano-
crystallites. Large crystallites of gold do not exhibit significant catalytic activity, and
if they do, their activity is small compared with platinum group metals. The recent
interest in gold as a catalyst has been fuelled by the development of processes to

deposit gold on a catalyst support as nano-crystallites (Prati and Martra, 1999).

Gold catalysts with nano-crystallites on selected supports have been shown to exhibit
high activity for mainly redox reactions (Gluhoi, 2005; Hutchings, 2005). These
catalysts have recently been attracting attention as they can be used at near ambient

conditions, which allows for cheaper and more environmentally friendly processes.

Glucose yielding gluconic acid is an industrially important reaction (Biella et al.,
2002). Gluconic acid and its salts are used as water-soluble cleansing agents or as
additives in food and beverages which makes these products important in industrial
applications (Kirk-Othmer, 1995). Industrially, the aerobic oxidation of glucose is an
enzyme catalysed process. However, due to the low productivity of the glucose
fermentation process, the development of a chemical route is of interest. Gold
catalysis provides a promising alternative route which can be applied at mild

conditions.

Very little work has been done on gold catalysts prepared by ion-exchange, although
this method is well established for other supported metal catalysts. The potential
advantage of ion-exchange is that the average gold particle size on the support might
be smaller compared to that which can be achieved by the other preparation methods
such as deposition precipitation and co-precipitation. Many preparation methods in
gold catalysis use chloride containing precursors mainly HAuCls. Therefore ion-
exchange using a tetramminegold (III) nitrate (Au(NH3)4(NO3)3) precursor can offer a

further advantage in that there is no chloride present during catalyst preparation.

Two different carbon supports were used in this project: carbon nanotubes and

activated carbon. The catalysts were prepared using tetramminegold (I1I) nitrate at pH
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4 and 2 and HAuCl, at pH 0.8. Carbon nanotubes were boiled in nitric acid for 6 and
48 hours to introduce functional groups onto the surface as carbon nanotubes are

relatively inert.

The crystallite sizes obtained varied widely. The crystallite size distributions on the
carbon nanotubes were relatively wide with mean crystallite sizes ranging from 4nm
to 15nm. The smallest crystallites on each support were obtained using the
tetramminegold (III) nitrate precursor at a preparation pH of 4. A narrow crystallite
size distribution was obtained on the 6 hour acid treated carbon nanotubes with a
mean crystallite size of about 4nm. The largest crystallites were obtained using the
tetramminegold (III) nitrate precursor at pH 2 and the HAuCly precursor with mean

crystallite sizes between 10nm and 15nm.

The catalysts were active for glucose oxidation and for the most part, almost 100%
selective towards gluconic acid. However, smaller crystallites below 10nm in size
showed lower activity and there appears to be an optimum crystallite size of between

10nm and 15nm.
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Glossary

Active Site

Activity
Agglomeration
Deactivation

Dispersion
[so-electric point
Leaching
Macropores
Mesopores
Micropores

Precursor

Sintering

Support

A site onto which a molecule adsorbs and reacts to yield products
which then desorb (Heterogeneous catalysis)

A measure of how well the catalyst works for a given reaction.
Joining of crystallites to form a collection of crystallites

The process whereby the catalyst loses catalytic activity

Number of atoms at the surface of a metal crystallite divided by
the number of atoms in the crystal.

The point at which the net surface charge of a solid in an aqueous
solution is zero.

Process to remove the active metal species from the surface of a
catalyst support.

Pores in the size range >50nm

Pores in the size range 2-50nm

Pores in the size range <2nm

The substance from which the catalytically active metal species is
produced.

Joining of crystallites to form a single larger crystallite.

The substance onto which metal crystallites are deposited.



Gold Catalysis

Acknowledgements

Support and Assistance

[ wish to thank the following for their support:

Academic

Prof Eric van Steen

A/Prof Jenni Case

Technical

Dr Mohamed Jafter
Sean Carriem

Marc Wiist

Helen Divey
Susana Vasic

Kerry Horne

Bill Randall
Stephen Roberts

Financial

Mintek Pty Ltd / Project Autek

University of Cape Town post graduate funding office

Centre for Catalysis Research, Department of Chemical Engineering, University of

Cape Town

To the undergraduate students Tshepo Mashile and Lynsey McEwan for producing

the catalysts. Also to Glassmen Retreat for keeping some of their glass off cuts so I

could make my baffles. And lastly to the Parish of St Andrew for their kindness and

understanding throughout the duration of this project, especially when I miss Parish

Council meetings!



Gold Catalysis

1 Literature review

1.1 Properties of gold

1.1.1 Physical properties

Bulk gold is a bright yellow metal. Thin sheets of gold appear to be green or blue in
light. The colour of colloidal gold changes with crystallite size due to surface plasmon
absorption (coherent motion of the conduction band electrons caused by interaction
with an electromagnetic field) (Burda et al., 2005; Link and El-Sayed, 2000; Link and
El-Sayed, 1999). Colloidal gold may appear red for crystallites of about 100nm in size
and purple for crystallites of about 10nm in size (Burda et al., 2005; Link and El-
Sayed, 2000; Link and El-Sayed, 1999). Bulk metallic gold is one of the most ductile
and malleable of metals. It is also one of the densest metals with a density of 19.3
g/cm’. Only rhenium, platinum, iridium and osmium have a higher density. Bulk

metallic gold melts at 1064°C and boils at 2808°C.

Gold has only one naturally occurring isotope, "TAu. Gold has the electronic
configuration: [Xe] 4f'* 5d'° 6s'. Due to relatavistic effects, gold has an atomic radius
of 135pm which is slightly smaller than silver with a radius of 160pm (Gorin and
Toste, 2007; Schmidbaur et al., 2005; Bond and Thompson, 1999; Bartlett, 1998;
Bayler et al., 1996). Compared to silver, gold has larger nuclear charge (Z=47 for Ag
compared to 79 for Au). The increased nuclear charge results in higher velocity of the
s-electrons (Bartlett, 1998). One consequence of relativity is that the mass increases as
the velocity approaches the speed of light (Gorin and Toste, 2007; Schmidbaur et al.,
2005; Bartlett, 1998). This causes the s electrons and to a lesser extent the p electrons
to occupy smaller orbitals. The 6s orbital in a gold is therefore contracted hence the
smaller atomic radius. As the s electrons are more strongly bound, they shield the
nuclear charge from other electrons, consequently the d- and f-electrons are less
bound to the nucleus and occupy larger orbitals than if these effects were absent

(Bartlett, 1998).

The only stable crystal structure of metallic gold is face centred cubic and has a lattice

constant of 4.0781A (Bond and Thompson, 1999; Bailar et al., 1973).
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1.1.2 Chemical properties

Gold is the most eclectronegative metal and will not easily react with other
electronegative elements such as oxygen which explains its resistance to corrosion at
ambient conditions (Lagowski, 1983; Bond and Thompson, 1999). Another
consequence of this high electronegativity is the formation of anionic gold as in
CsAu. Both gold oxides Au,O and Au,O3; decompose on heating at 205°C and 160°C
respectively (Bailar et al., 1973) to form metallic gold as a further consequence of the
high electronegativity of gold. All salts of gold are unstable and decompose easily on

heating.

Gold has a higher electron affinity than oxygen. It readily forms alloys with other
metals (Bond and Thompson, 1999). Gold is also not affected by sulphuric, nitric or
hydrochloric acid and nearly all organic acids up to its boiling point. Gold will only
dissolve in a solution with an oxidising agent such as nitric acid, and a hydrohalic
acid, such as aqua regia. Gold also dissolves in alkali metal cyanides in the presence

of oxygen and in sodium thiosulphate solutions in the presence of oxygen.

Gold has lower second and third ionisation energies than the group 1A metals and can
therefore have oxidation states higher than 1 (Bond and Thompson, 1999). The +1
and +3 oxidation states are the most common. The +5 oxidation state exists in [AuFg]
(Bond and Thompson, 1999). Organogold compounds are also known, mainly for the
oxidation states +1 and +3 (Parish, 1997). These include ethene, propene, butadiene

and CO complexes (Bond and Thompson, 1999).

1.1.3 Catalytic activity of gold

Gold has long been regarded as catalytically inert as it was regarded as an unreactive
noble metal. Reactive molecules such as CO and H, do not adsorb on the surface of
bulk gold (Wolf and Schiith, 2002; Haruta, 1997). Only HCOOH, H,S and thiol can
adsorb on the surface of bulk gold (Haruta 1997). Haruta et al. (1989) discovered that
gold deposited as nanosized crystallites on selected supports exhibited high activity
for CO oxidation. Gold nano-crystallites display different properties to bulk gold: they
have a lower melting point and can adsorb CO, H, and O; (Choudhary and Goodman,
2002). Recent interest in gold as a catalyst has been fuelled by the development of

processes to deposit gold as nano-particles on selected supports.
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1.1.3.1 Activation energies
A significant property of gold catalysts is their low apparent activation cnergices for

CO oxidation (Haruta, 2004). The apparent activation energy is almost zero at
temperaturcs above 300K. Below 300K, the obtained activation energy ranges
between 20 and 40 kJ/mol. By comparison the activation cnergies for CO oxidation
for platinum group metals range from 50 to 170 kJ/mol. Platinum is more active than
gold but only at temperatures above S00K. Gold is 1 to 4 orders of magnitude more

active than platinum at room temperature (Haruta, 2004).

1.1.3.2 Crystallite size
As previously mentioned, Haruta et al. (1989) discovered gold nano-crystallites show

high activity for CO oxidation. Smaller crystallites were more active with the most
active catalyst having a mean crystallite size of 4.1nm. Choudhary and Goodman
(2002) also found the activity per surface gold atom (or turnover frequency) to be
very sensitive to gold crystallite size (Figure 1.1). They synthesised gold on titania
catalysts with mean particle diameters ranging from 2 to 6nm and found maximum
turnover frequency at an average crystallite size of 3.2nm. At 6nm, the turnover
frequency was significantly lower. This trend was confirmed by Wolf and Schiith
(2002). Haruta (2004) observed a sharp increase in the activity for CO oxidation with
decreasing crystallite size from Snm for gold on titania. A tentative explanation for
this observed size dependency was put forward by Phala and van Steen (2007). They
showed using molecular modelling that the strength of CO adsorption increases with
decreasing crystallite size. This may explain the observed behaviour, since weak
chemisorption leads to a low surface coverage and hence a low activity and strong

chemisorption may lead to inhibition.
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Figure 1.1: CO oxidation activity as a function of crystallite size for an Aw/TiO»/Mo
system (Choudhary and Goodman, 2002)

Recent work by Beeming and Bialek (2006) showed that gold crystallite size is also
important for glucose oxidation. Gold on zinc oxide catalysts with gold crystallites
larger than 10nm showed much lower activity than the catalysts with crystallites

below 5nm.

1.1.3.3 Nature of the support

The support material plays an important role in gold catalysis (Min et al., 2006;
Andreeva, 2002). It has been suggested that metal oxide supports stabilise small gold
crystallites (Wolf and Schiith, 2001; Bocuzzi ef al., 1998; Valden et al., 1998; Haruta,
1997; Haruta et al., 1989). For CO oxidation, it has been proposed that the reaction
takes place on the interface between the gold metal oxide interface and that the metal
oxide acts as a source of oxygen, with the oxygen adsorbed on vacant sites on the
metal oxide surface (Haruta, 2004; Choudhary and Goodman, 2002). However, there
is still no agreement on the role of the support in this reaction. It seems to be generally
accepted that CO is adsorbed on the gold crystallites (Choudhary and Goodman,
2002; Bond and Thompson, 1999).

Schubert et al. (2001) showed that reducible transition metal oxides were more active
than irreducible metal oxides such as Al;O; and MgO. They attributed this difference
in activity to the ability of the reducible metal oxides to adsorb molecular oxygen at

relatively low temperatures. They claimed that oxygen dissociates at the gold/support
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interface and reacts with the CO either on the gold particle or at the interface between

the gold particle and the support.

1.1.3.4 Active sites

The location of the active sites on gold catalysts is still debated. It has been suggested
that the adsorption sites on gold crystallites are edge, corner and step sites (Haruta,
2004), with the reaction zone at the gold/support interface (Haruta, 2004; Schubert et
al., 2001). These conclusions were reached as the decrease in the crystallite size
would lead to an increase in these adsorption sites, and gold/support interface (Haruta,

2004). However, the gold surfaces cannot be discounted.

1.1.3.5 Active species

The oxidation state of gold in active gold catalysts is still unclear and may differ for
various reactions. Some researchers argue that Au” and Au’" might be the active
species (Fierro-Gonzalez and Gates, 2007; Boyd et al., 2005). For the water-gas shift
reaction, a few studies have been carried out whereby the metallic gold is leached off.
The activity remained more or less unchanged for the water-gas shift reaction thus
suggesting cationic gold as the active species for this reaction (Fu et al., 2003; Fu ef
al., 2005). However, Kim and Thompson (2006) prepared gold on ceria catalysts and
reported that the unleached catalyst was significantly more active than the leached
catalyst. Contamination due to the NaCN leaching process was ruled out as the
sodium concentration for both the leached and unleached catalysts was very low.
These results suggest that metallic gold is the active species for the water-gas shift
reaction. Previous studies on the hydrochlorination of ethyne using gold catalysts
have revealed a reduction in activity with reduction of AU’ to metallic gold

suggesting AU’ is the active species for this reaction (Hutchings, 1996).

1.2 Gold catalyst preparation

Metal oxide supports are generally used in gold catalysis for CO oxidation, the
hydrochlorination of ethyne and NO reduction (Haruta, 2004; Hutchings, 1996).

Current applications of gold catalysts use predominantly metal oxide supports.
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However, carbon is commonly used as a support for gold catalysed liquid phase
oxidations of alcohols such as glycerol, glucose and propylene glycol (Beltrame et al.,
2006; Comotti et al., 2006; Hutchings, 2005; Onal et al., 2004; Biella et al., 2002;
Bianchi et al., 2000). Metal oxide supports have also been shown to be active for the
liquid phase oxidation of glucose (Baatz et al., 2007). The product from glucose
oxidation, gluconic acid, is used in the food and pharmaceutical industries and carbon

is therefore preferred as it is harmless if ingested.

1.2.1 Carbon as a support for gold catalysts

Carbon i1s a common support in heterogeneous catalysis. It exhibits many of the

properties required for a good support (Prinsloo, 2000; Rodriguez-Reinoso, 1998),

such as:

1. Resistance to acids and bases

il. Cheaper than conventional supports

111. The chemical character of the surface is easy to modify

iv. Carbon can be combusted to obtain the active metal species
V. It is easy to modity its pore structure

Many different types of carbon have been used to prepare supported catalysts:
graphite, carbon black, activated carbon, activated carbon fibres, carbon-covered
alumina, graphite intercalation compounds, glassy carbon, pyrolytic carbon, polymer-
derived carbon, fullerenes and nanotubes (Rodriguez-Reinoso, 1998). High surface
area carbon materials are usually preferred in supported catalysts (Rodriguez-Reinoso,

1998).

1.2.2 Carbon nanotubes as a support

Carbon nanotubes were discovered in 1991 by lijima. They have a unique structure
and behave differently to familiar catalyst supports such as alumina and other metal
oxides (Ma et al., 2006; Odom et al., 2000). The advantages of carbon nanotubes over
other carbon materials include high mesoporous structure, mechanical strength,
filterability and stability under oxidising and reducing conditions (Kleinsmidt, 2005;
Prinsloo, 2000).
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Sigle walled carbon nanolubes can be viewed as 4 graphene sheet rolled up to fivm a
tube (Odom et al., 2000); see Figure 1.2). They have high surface areas and mesopores
as opposed o micropores. Open wbes vield o gher surfuce ares and exhibit higher
activity for certain reactions than closed tubes (Prinsloe, 20000, The mesopores
reduce the transport himitations which can become a limiting factor with activated
carbon. Mesopores allow the reactants and products to ditfuse easily (Ma er al.,

2006), This 1s especially sigmficant in liquid phase reactions,

graphene shast

Fivure 1.2: [Mawram of 4 eraphene sheel and a sinele walled nenotube (Cdom e af | 20007

Multi-walled carbon nanotubes can be viewed as multiple sheets stacked on top of
each other rolled up forming the tube walls (Kleinsmidt, 2005), Depending on the
preparation method. mult-walled nanotubes can have a parallel or fishbone

arrangement { Kleinsmidt, 2005: Prinsloo, 2000; see Figure 1.3).
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Figure 1.3: Multi-walled carbon nanotubes: () Paralle] tvpe and (b} Fishbone tvpe
{Hoogenraad, 1995}
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Carbon nanotubes are hydrophobic and chemically inert (Ma et al., 2006). A process
to activate the surface is therefore needed. Treating the nanotubes with an oxidant is

the most common method (Ma et al., 2006).

1.2.3 Iso-electric point of the support

The iso-electric point of a solid material is the pH at which the net surface charge is
zero. At a pH above this point, the surface is negatively charged. At a pH below this
point, the surface is positively charged. Different carbons have different iso-electric
points and may vary widely depending on the type and source of the carbon due to the

presence of different surface groups (Table 1.1).

The pH of the solution is important during catalyst preparation as it influences the
amount of chloride adsorbed on the support when HAuCly is used as the precursor
(Oh et al., 2002). The amount of adsorbed chloride on the support depends on the iso-
electric point of the support and its adsorption capacity. The amount of chloride
adsorbed by Al,0;, which has an iso-electric point of 8, decreased rapidly as the pH
approached the iso-electric point of the support (Oh et al., 2002). Catalyst synthesis
should therefore be carried out at pH values at or above the iso-electric points of the

selected supports when a chloride containing precursor is used.

Table 1.1: Iso-electric points of different carbons

Support Iso-electric point (pH)
Activated carbon (coal based)™? 8.1
Activated carbon F400 (coal based)' 6.0
Carbon black (rice based)” 2.6
Carbon black (wheat based)” 33
Multi-walled carbon nanotubes’ 4.0

! Chingombe et al., 2005
? Qiu et al., 2008
* Liu and Gao, 2005

1.2.4 Preparation methods

It is relatively difficult to deposit gold as nanocrystallites on metal oxide supports as

gold has a lower melting point and low affinity for metal oxides compared with
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platinum and palladium (Haruta, 2004). This lower melting point is significant during

calcination/reduction as it may result in the sintering of gold crystallites.

The synthesis procedure has a significant effect on the size of the gold crystallites
obtained. The catalytic activity for gold catalysts can change dramatically while some

platinum catalysts appear to be independent of the preparation method (Haruta, 1997).

The most common methods of gold catalyst preparation are impregnation, co-
precipitation and deposition precipitation (Bond & Thompson, 1999). Ion-exchange
and liquid phase grafting have not been widely used for the preparation of supported
gold catalysts. The non-precipitation methods (ion-exchange, impregnation and

grafting) are summarised in Table 1.2.

1.2.4.1 Deposition precipitation

Deposition precipitation is currently the most commonly used method to synthesise
supported gold catalysts. The gold precursor is placed in a slurry containing the
support (Bond & Thompson, 1999; Ueda and Haruta, 1999). The support surface acts
as a nucleating agent. The gold precursor is precipitated out of solution on the surface
of the support and should lead to the majority of the precursor attaching to the
support. Using HAuCl, as the precursor, by increasing the pH the partially hydrolyzed
species reacts with the support to form Au(OH); on the surface (Bond & Thompson,
1999).

It has been shown that the catalytic activity of gold on metal oxide supports is
strongly dependent on the pH during preparation by deposition-precipitation and the
temperature of calcination (Wolf and Schiith, 2002). Haruta (1997) prepared gold
catalysts supported on TiO; by the deposition-precipitation method and reported that
the pH of the synthesis solution has a strong effect on the resulting size of the Au
particles. It was shown that catalysts with smaller Au particle sizes were prepared at
higher pH values. To illustrate this, mean Au particle diameters of about 10 nm were
obtained by deposition precipitation at pH 5 compared to diameters smaller than 4 nm
at pH values above 6. Similar results were obtained by Wolf and Schiith (2002) for
their gold on titania catalysts. Preparation at higher pH values resulted in catalysts

active at temperatures as low as -50°C for CO oxidation.



Gold Catalysis

NaOH and urea are typically used as precipitating agents in deposition precipitation.
Zanella et al. (2002) achieved higher gold loadings using urea than NaOH, although
the crystallite sizes obtained were more or less the same. Baatz et al. (2007) explained
the difference in the amount of gold deposited by the fact that using urea, the method
starts in an acidic medium and the pH is slowly and continuously raised allowing the
adsorption of anionic species on a positively charged alumina surface. Using NaOH,
the initial pH of the suspension is neutral and the support is much less positively

charged (Baatz et al., 2007).

Barkhuizen et al. (2006) developed an alternative deposition precipitation method
whereby the precursor (HAuCly) and the precipitating agent were added
simultaneously to the slurry containing the support thus keeping the pH constant. A
narrower crystallite size distribution was achieved with an improved loading

efficiency.

1.2.4.2 Impregnation

Impregnation is also a simple method of preparing gold catalysts. HAuCl, is the most
commonly used precursor (Solsona et al., 2006). The support is place in a precursor
solution such that all the pores of the support are filled (Li et al., 2006; Solsona et al.,
2006; Lee and Gavriilidis, 2002; Bond and Thompson, 1999). The slurry is agitated
and left to allow for impregnation to occur. The slurry is then filtered and washed to
remove any chloride ions. The resulting catalyst is then dried and calcined (Solsona et

al., 2006; Bond and Thompson, 1999).

Industrially, impregnation is the easiest way of producing a catalyst but the formation
of large crystallites and difficulty in removing the chloride ions are problems in this

method. (Li et al., 2006).

Baatz and Priile (2007) prepared gold on alumina catalysts by impregnation and
deposition precipitation which exhibited similar activity and small gold crystallites.
The crystallite sizes using these two preparation methods were the same at similar

gold loadings. The reason for this may lie in the fact that the impregnation catalyst
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they prepared was calcined in hydrogen, thus removing the chloride ions, whereas the

deposition precipitation catalyst was not.

1.2.4.3 lon-exchange

Ion-exchange is a process by which cations or anions arc exchanged with other
cations or anions on the surface of a support (Bond and Thompson, 1999). This
method is sometimes called strong clectrostatic adsorption (Miller ef al., 2006). This
method has not been widely used in the synthesis of supported gold catalysts. One
possible rcason is the limited number of gold complexes available. Known complexes
include gold cthylenediamine [Au(en)z]%, and ammines of gold [Au(NH;),]" and
[Au(NH3)4]3' (Bond and Thompson, 1999). Another possible reason for the lack of
utilisation of this method is that gold ammine complexes can form explosive
fulminating gold at high pH (Skibsted and Bjerrum, 1974). For preparing gold on
carbon nanotubes using tetramminegold (III) nitrate for example, the positively
charged Au(NH;);*" will exchange with a proton from a surface carboxylate group

(COOH).

lon-exchange has been used to prepare other supported metal catalysts such as
Cu/Si0,, Pd/SiO; and Pt/Si0, (Bonivardi and Baltands, 1990; Kohler ef al., 1987;
Kohler er al., 1987;). This method produces supported metal catalysts with a high
dispersion. Popp (2004) and Beeming and Bialck (2006) have prepared Au on ZnO
catalysts using ion-exchange. The gold complex used as the precursor was
tetramminegold (I11) nitrate. The precursor was dissolved in solution and the ZnO
support added. The agitated solution was then left to age for 24 hours to ensure
cquilibrium conditions (Popp, 2004). The slurry was then filtered, washed and dried

in the ambient air for 24 hours, then calcined.

The high dispersion that can be achieved with ion-exchange can be explained by the
inter-grain diffusion of the aminc species (Popp 2004; Goguet, 2000). This process
can occur either on the surface of the catalyst support or in the solution and can occur

at very low concentration and metal loading.

Using ion-cxchange to produce Au on ZnO, Popp (2004) obtained smaller mean

particle diameters compared with the deposition-precipitation method (2.5nm for ion-
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exchange, 3.2nm for deposition precipitation). Narrower particle size distributions
were also achieved with ion-exchange. Beeming and Bialek (2006) had great
difficulty in locating particles on the surface of the support during TEM analysis.
From the AAS results they obtained reasonable loadings (between 0.3% and 2%). It
may bc possible that very small Au crystallites were present on the support that could

not be scen by TEM.

1.2.4.4 Grafting

Grafting involves a gold complex in solution which reacts with the surface of the
support to form the precursor (Bond and Thompson 1999). Gold phosphine
complexes have been use in this method and attached to metal hydroxide supports

(Yuan et al., 1997).

This method can produce small gold crystallites (Yuan et al., 1997). The disadvantage
of this method is the dispersion obtained can be less homogeneous than other liquid

phasc preparation methods depending on the gold precursor and support material

used.
Table 1.2: Summary of non-precipitation methods
Method Impregnation Ion-exchange Grafting
Precursors HAuCl, mostly HAuCly, [Au(PPh;)|NO;,
used. KAu(CN),, Au(NH3)4(NO3); [Aug(PPh3)s](NO3)s
[Au(en),]Cl; less
common
Deposition Can be done by Support is added toa | The gold complex in
Technique adding just enough | solution of the solution reacts with

precursor solution
to fill the pores of
the support, or
larger volume may
be used from which
the solvent is
removed by

ol
evaporation

precursor, where gold
containing cations or
anions are cxchanged
with other cations or
anions on the surface

of the support

the surface of the
support forming some
other species which
may then be converted
to some other form
using

. . .12
calcination/reduction

Preparation

pH not controlled

pH of suspension

pH not controlled
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pH must be above or
below the iso-clectric
point of the support
for cationic and
anionic exchange

respectively

1.2.5 Calcination and reduction

The crystallite size is affected by calcining temperature, calcining time and the
reducing gas used. Increased calcination temperature leads to larger particles
(Zanclla and Louis, 2005; Wolf and Schiith, 2002). This sintering can occur at
relatively low temperatures owing to gold’s relatively low melting temperature when

present as nanocrystallites (Buffat and Borel, 1976)

Zanclla and Louis (2005) calcined their catalysts in both air and H,. H, gave smaller
particle sizes at a given temperature. They deduced that this was due to the chloride
ions being removed as HCI thus preventing particle sintering. Increased calcining time
is also expected to result in larger particle sizes (Zanella and Louis, 2005). The effect
of calcining time and temperature is also dependent on the support material and how it

interacts with the gold particles.

Gold loading is an important factor during calcination. Increased loading can lead to
increased agglomeration, resulting in much larger gold crystallites (Beeming and
Bialek, 2006; Wolf and Schiith, 2002). The cffect of calcining time and temperature
will be dependent on the support material and how it interacts with the gold

crystallites.

1.3 Deactivation of gold catalysts

An unfavourable characteristic of gold catalysts is their tendency to deactivate at
temperatures close to or above ambient conditions. Gold catalysts exhibit the same
types of deactivation as other supported metal catalysts such as platinum, nickel and

cobalt supported catalysts.
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The most common gold catalyst poison is chlorine. Chloride containing gold
precursors (for example HAuCly) are widely used in the preparation of these catalysts.
Chlorine poisons the catalyst by electrostatic interactions, blocking an active site.
Furthermore it promotes the agglomeration of Au crystallites at elevated temperatures
(Broqvist et al., 2004; Oh et gl., 2002). Work has been carried out to remove the
chlorine during preparation and the use of non-chloride containing precursors has
been investigated (Simakov, 2007; Beeming and Bialek, 2006; Bond and Thompson,
1999; Okumura er al., 1997).

Sintering occurs on gold catalysts at relatively low temperatures as gold nano-
crystallites have a relatively low melting point (Buffat and Borel, 1976). However this
only appcars to be a hindrance during calcining as most gold catalysed reactions take

placc at near ambient temperatures.

Although still debated, many studies claim that Au’ is not active and deactivation is a

result of Au*” and Au” being reduced to Au’.

A recent study by Lee ef al. (2007) found that Au/TiO; is sensitive to light. Light as
weak as that in a desk drawer with an intensity of 0.01 uW/cm? can cause Au/TiO; to
slowly dcactivate. Analysis of the catalysts revealed that the gold had been reduced to

gold metal and this is claimed to cause the deactivation. No sintering was observed.

Gold catalysts are less susceptible to metal leaching in liquid phase alcohol oxidations
comparcd to Pt and Pd catalysts (Mallat and Baiker, 2004; Prati and Rossi, 1998).
Prati and Rossi (1998) studicd the oxidation of diols on carbon supported metal
catalysts and observed metal leaching with the Pt and particularly the Pd catalysts.
This leaching resulted in a decline in activity and selectivity of the reaction products.

They detected no Icaching with the gold catalysts.

1.4 Characterisation of gold catalysts

Bulk gold chemisorbs poorly and may only chemisorb at low temperatures or at high

temperature if the process is activated (Bond and Thompson, 1999). Treating the bulk
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gold surface by making it rough improves chemisorption (Bond and Thompson,
1999). Nanocrystallites of gold will readily chemisorb Ha, O,, CO and NO due to the
increased presence of gold atoms with low coordination numbers (Dcbeila ef al.,
2005; Franceschetti et al,, 2003; Berndt et al.,, 2003; Bond and Thompson, 1999;
Shastri et al., 1984; Fukushima et al., 1979). CO chemisorption has been extensively
studied on gold catalysts owing to the extensively studied CO oxidation over

supported gold catalysts (Meyer et al., 2004).

Chemisorption can be used as a means of determining the average gold crystallite size
and dispersion. This has been studied using CO and O (Franceschetti er al., 2003;
Berndt er al., 2003; Shastri et al., 1984; Fukushima et al., 1979). The stoichiometry
used to calculate the average crystallite size is significant when comparing
chemisorption results to TEM and researchers have deduced the stoichiometry by
comparison with the TEM results. Fukushima e a/ (1979) found that using an Au:O
ratio of 2 (onc oxygen chemisorbing onto 2 gold atoms) at 200°C and below
corresponded well with the TEM data, but at 300°C an Au:O ratio of | was used in
order to correspond with the TEM data. The Au:O stoichiometry of 2 at 200°C was
also applied by Shastri ef a/ (1984) and Berndt er a/ (2003). Both obtained results in

good agreement with their TEM results.

1.5 Glucose oxidation

Glucose oxidation to gluconic acid is an industrially important reaction. Annual
worldwide production of gluconic acid is estimated at 60 000 tons (Onal et al., 2004;
Lichtenthaler, 2002). Gluconic acid is used as a water-soluble cleaning agent and as a
food additive (Biclla et al., 2002). It is also applied in the pharmaceutical, paper and
concrete industries (Baatz ef al., 2007; Onal et al., 2004).

1.5.1 Biochemical production process

Industrially glucosc oxidation is an enzymc catalysed process (Baatz er al., 2007;
Comotti et al., 2006; Ramachandran ez al., 2006; Onal et al., 2004; Biclla et al.,
2002). The most widely used method is a fermentation process using the fungus
aspergillus niger (Ramachandran et al., 2006). The rcaction takes place in an aerated

glucose solution at pH 5.5 and 30°C (Ramachandran et al., 2006; de Wilt, 1972).
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Glucose concentrations of up to 35wt-% arc used (de Wilt, 1972). Reactions take

from 10 to 30 hours (de Wilt, 1972).

This method is sensitive to contamination (de Wilt, 1972). The bioconversion of
glucose to gluconic acid also consumes a large quantity of oxygen compared to
heterogencous catalytic methods (Ramachandran er al., 2006; Biclla ef al., 2002; de
Wilt, 1972). Higher oxygen concentrations, therefore higher air or oxygen pressurcs

arc needed for greater productivity (Ramachandran er al., 2006).

1.5.2 Heterogeneous catalytic process

Glucose oxidation using Pt/C catalysts has been well studied (Dirkx and van der
Baan, 1981; de Wilt, 1972). However the seclectivitics achieved with platinum

catalysts were not as high as the industrial biological process (de Wilt, 1972).

Work done by Biclla et al. (2002) shows promising results for glucose oxidation using
carbon supported gold catalysts (Figurc 1.4). Biclla er al. (2002) prepared their Au/C
catalysts and tested them at pH values of 7, 8 and 9.5. The optimum pH conditions
were found to be at pH 9.5 as the Au/C catalyst was most active at pH 9.5 while
maintaining high (closec to 100%) selectivity towards gluconic acid. This optimum pH
was confirmed by other studics on gold catalysed glucose oxidation (Baatz and Prifie,
2007; Comotti et al., 2006; Onal et al., 2004). If the pH is too high, alkali promoted
reactions such as isomerisation, condensation, Cannizzaro and retro-Claisen arc
favoured. The Au/C catalyst was considerably more active than the Pt/C, Pd-Bi/C and
Pt-Pd-Bi/C catalysts with the Au/C catalyst achieving 100% conversion in less than

50 minutes with sclectivity close to 100% as shown in figure 1.4 (Biclla ef al., 2002).
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Onad e al (2004) prepared a Au/C calalyst for glucose sxidation and tested the cficel
of bath temperature and pH, They observed a decrcase in the reaction rate and
selectivity with increasing temperaturg, owing te the formation of side products such
as fructose (Figure 1.3). An analysis on the effect of gold crystallite surface arca on
the initiad reaction rate revealed an exponential merease in the inttial rate of reaclion

willl increasing surface area with only a shight increasc in the selectivity at pl] 9.3,

{Omal er al. (2004) also investigated the inMuence of catalyst concentration and initial
glucose concentration on the reaction rale. To ensure that mass wansker at the phase
boundaries could be neglected, they first examined the effects of stirring rate and
airflow rale on the reaction rate at 50°C and pll 9.3 over an AwC catalyst. They
found that by intensive stirring (200 rpm} and high velumetric tlow rate of air (1600
mlining, the overall reaction rale was nel lited by external  mass  ransfor
(diffusion). The intrinsic rate of glucenic acid formation was asyimptotically
dependent on calalyst concentration suggesting the rate liniting step 1s the surface
reaction. The initial rate of reaction does not depend strongly on the mitial glucose
comcentralions. [ adsorphion of glucose on the caralvst surface was the overall rate
limiting step, an mcerease 0 the mital glucese coneeniration should resull m a strong
increase in the reaction rate. As this is not observed here, the overall reaclion rate s

mosl likely fimited by the surlace reaction or deserption of gluconic acid. They also
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found that the selectivity wands gluconie acid decreased shghtly with increasing
ittial glucose concentration. They concluded that this decrease o selectivity 15
causcd by the increasing isomerisation of plucese (o fructose with an increasing initial

plucose concentration,
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Fipure 1.5: Formation of by-products inoglueese axidution at pH 7 and 9.5 as o Junclion of
temperitire over o A C calube s Ol ef al, 2004)

Beltrame et of (2006} studied the kinetics of glucose oxidaton, comparing 11 1o the
hielogical process, They found the biological and helerogencous calalytic process

have the same stulchivmelnc reaclion cqualion;
C{,H];_IU'.:\ + U'; 5 H‘]U —* Cﬁl‘l]]U‘? I Hg“.’-‘

Thiz reaction is fellowed by the decompositon of H-Oas They found the rate
determining step tor the hiological process is the oxidation of glucose by the enzyme
with the reaction erder with respeet to dissolved oxygen te be zero. For the gold
catalyst, the rate detcrmining step 15 also the oxidalion of glucose, however the rate (s

first order wath respect 10 dissolved exygen,

Supported metal catalysts for plucese oxidation are susceptible to peisoning by the

olucenate produced (Onal er wf, 2004, Biella er al, 2002). This occurs W a greater
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extent at lower pH as the amount of gluconate present is higher (Biclla ez al., 2002;
Abbadi and van Bekkum, 1995). The effect of this poisoning can be reduced
significantly by increasing the pH of the reaction solution and reducing the amount of
gluconate. As noted above, glucosc oxidation with gold catalysts is therefore normally
carried out at pH 9 or 9.5 (Mirescu and PriBe, 2007; Thielecke et al., 2007; Onal et
al,, 2004; Biella et al., 2002). Biclla et al. (2002) found that introducing a fresh
glucose solution appeared to restore most of the catalytic activity. However when the
catalyst was removed, washed and dricd, then reused, they observed a significant loss
in activity. An analysis of the catalysts revealed that some of the gold had becn
lcached; particularly the catalysts used in the pH 7 reactions. No leaching occurred on

the catalyst used in the pH 9.5 reaction but the crystallite size increased.

A recent study on gold catalysts using glucosc oxidation was carried out in a flow
reactor (Thielecke er al., 2007). They used a CSTR to test an Auw/AlOs catalyst at pH
9. The catalyst was tested over 70 days and exhibited no loss in activity or selectivity
therefore making it suitable for industrial applications. However, alumina may not be

suitable for food or pharmaceutical applications.

1.6 Objectives of this study and hypotheses

The aim of this study is to prepare gold catalysts on activated carbon and on carbon
nanotube supports using the ion-exchange mcthod and to test these catalysts using
glucose oxidation. The experiments were designed in order to test the following

hypotheses based on what has previously been noted in literature.

Gold particle sizes will be affected by the pH during preparation and the loading
obtained.

Increasing the pH may result in higher loadings depending on the concentration of
anchoring points for ion-exchange to take place. Higher loadings may however lead to

increased particle sizes due to agglomeration.

Gold on carbon catalysts prepared by ion-exchange will be an effective catalyst for

glucose oxidation.
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Gold on carbon catalysts prepared by other methods such as deposition precipitation
have been shown to be active for glucosc oxidation. lon-exchange has the potential to
produce highly dispersed small gold crystallites on a support (Baatz et al., 2007,
Comotti ez al., 2006; Onal et al., 2004; Biella et al., 2001).

Gold particles below 10nm are active for glucose oxidation
Larger particles of gold are not active for glucosc oxidation. Below this size, they will
exhibit significant activity for glucose oxidation. Larger crystallites above 10nm in

size will not be active for glucose oxidation.
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2 Experimental

2.1 Preparation of gold catalysts

2.1.1 Preparation of tetramminegold (IIT) nitrate (Au(NH;)4,(NO3);)

Au(NH;3)4(NOs); was prepared following the method described by Skibsted and
Bjerrum (1979). A supersaturated solution of 95g NH4NO; in 70ml de-ionised water
was prepared. To assist the dissolution of the NH4NO3, the solution was agitated and
heated slightly. 10 ml of a gold solution (HAuCly) containing 50g-Au/l,
corresponding to 0.5g of gold, was added to the NH4NO; solution and the resulting

mixture was stirred at room temperature.

The glass beaker was then immersed in a bucket of ice until the temperature of the
solution registered 0°C (Figure 2.1). A pH probe was inserted and an aqueous, 2.5wt-
% NHj solution was added drop-wise to the ice-cooled mixture, with simultaneous
stirring. The dark yellow solution began to turn light yellow and a small amount of a
white precipitate started to form at about pH S. The pH was adjusted until the pH of

the solution registered 7. The following reaction occurs:
HAuCl; + 3 NH4NO; + 4 NH3 — Au(NH;3)4(NOs); + HCl + 3 NH4Cl

Beaker was covered with laboratory film (Parafilm) and aged for 24 hours at room

temperature to allow for further precipitate to form.

The adjustment of the pH during the preparation of Au(NH;3)4(NO3); needed to be
exercised with caution as the tetramminegold (III) ion (Au(NH3)43+) hydrolyzes
rapidly in alkaline solution which results in the formation of fulminating gold
(Skibsted and Bjerrum, 1974). Fulminating gold is orange-brown, amorphous, highly
explosive and shock sensitive. In the event of a fulminate forming, acid (such as
HNO;3) can be added to dissolve it as the tetramminegold (III) ion is stabilized in acid

solution and the hydrolysis 1s slow.
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Figure 2.1: Preparation of tetrnmminegald (T nitrate {Beeming and Bialek. 2006)

After 24 hours, the white precipitate was filtered through a Buchoer llask. High
quality Advantee No.2 (40301H174) filter paper was used to.ensure good filtration and
o minimise the accumulation of filter paper in the dry product at a later stage. About
20ml of ¢chilled ethanol (99.9% ) was used as the washing fTuid. The produet was dried
overnight at room temperature. The salt was subsequently analysed with atomic

adsorption spectroscopy (AAS) W determine 11 gold coatent.

2.1.2 Activation of the fishbone carbon nanotube support

‘The fishbone carbon nanolubes supplicd by Sasol were hoiled in nitric acid in order to
activate the surface by introducmy [unctional groups, 2.5g of carbon nanotubes were
added to 300mi 55wt-% nitric acwd in a S00ml conical Mask. A condenser was [itled
inte the neck of the tlask. The slurry was boiled under continuous stirring (300rpm)
{or 6 hours or 48 hours, Subsequently the nanotubes were fllered off and dried in an
oven at 150°C overnigiil, The mass of the boiled samiple was recorded and compared

to the 3tial mass,

2.1.3 Preparation of gold on carbon nanotubes and activated carbon

SU8ml of a Immol] wiramminegold (IIT) nitrate solution is prepared in a conical
flask. 2g of carhon nanotubes or activated carbon (Norit) are added 1o the solution and
the pH adjusted. The solution was stirred for 24 hours and subsequently filiered and
washed wilh de-iomised waler, The pll of the tetranuminegold (1) nitrate solutions
and HAuCL solutions was chosen based on the zetd potential measurements carried

out on the support and the so-clectric point obtained. The catalysts prepared using
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tetramminegold (III) nitrate were prepared at pH 2, 4 and 6. The catalysts prepared

using the aurochloric acid precursor were prepared at pH 0.8.

Some of the catalysts produced were initially calcined in air at 200°C for 2 hours.
These catalysts were later reduced in hydrogen at 200°C for 6 hours, with a 1 hour
ramp up from 25°C and 1 hour ramp down to 25°C. Other catalysts produced were all

reduced in hydrogen at 200°C for 6 hours.

2.2 Characterisation of materials

2.2.1 Atomic adsorption spectroscopy (AAS)

2.2.1.1 AAS analysis on tetramminegold (III) nitrate

The gold-containing tetramminegold (II1) nitrate product was digested in acid to allow
for elemental analysis. 10 ml of concentrated HCl was added to about 0.1 g of the
solid product in a 100 ml conical flask. 10 ml of concentrated HNO; was
subsequently added. The flask was agitated until the dissolution of the gold particles
was complete. 25 ml of de-ionised water was added and the flask was gently heated
and agitated until vapours were observed. The contents were filtered through a
Buchner flask to remove any solid impurities and the filtrate was transferred to a 50

ml volumetric flask and diluted. About 5 ml of this solution was used for Au analysis.

2.2.1.2 AAS on preparation solutions

The filtrate from the catalyst preparation was made up to 1000ml in a volumetric
flask. A 10ml sample was taken for AAS analysis to determine the concentration of
gold in the solution in order to obtain a gold mass balance for the catalyst preparation.

The loading on the catalyst was determined from the gold uptake from the solution.

2.2.2 Zeta potential

The zeta potential of the treated and untreated fishbone carbon nanotubes and
activated carbon was measured using a Malvern Zeta-Sizer Nano ZS on a 1M KCI
background. 1g of carbon nanotubes or activated carbon was placed in 100ml de-
ionised water. pH adjustment was made using HClI and KOH solutions with

concentrations of 1M, 0.1M and 0.01M, starting from low pH moving to high pH. The
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equilibration time lor the pif was 48 hours. The pH was remeasured prior to the zeta
polential measurement. The zeta potential of activated carbon was also measured

using the same procedure.

2,23  TEM analysis

The activated carbon, treated and untreated carbon nanotubes were analysed using a
Leo 912 clectron microscope. This was vsed to view changes in the physical structure
of the nanolubes. Five images for each sample were obtained. The diameters and the
wall thicknesses of the tubes were measured using the freeware Imagel@© software

package.

Transmission electron microscopy (TEM) was also used 1o measure the size of the
gold crvstallites. A JEOL JEM-1200EX 11 electron microscope was bsed, With TEM,
a crystallite size distribution can be measured. [1 also allows one 1o obtain inlormation

on the gold crysiallite shape (Bond and Thompson, 19949),

The sizes of between 100 and 200 gold ervstallites were measured Lo obtain a particle
size distribution and a mean particle diameler. The crystallites did not appear 1o be
spherical and were measured’ along the crystallite’s longest axis as indicated by

particle (a) and particle (h) in figure 2.2,

Figure 2.2: Measurement of gold crystalliles [rom THM images {Beeming ancd Bialek, 2006)

2.2.4 N, physisorption
N> physisorption was performed on the untreated and acid treated carbon nanotubes as
well as the activated carbon psing a Tristar 3000, A BET analysis was carricd out at

77K. A BIH pore size distribution was determined lrom the data.
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2.2.5 Hg pycnometry

The mercury pycnometry was conducted on an Autopore II 9220. About 0.3g of
sample was used for each analysis. Activated carbon, untreated carbon nanotubes, 6hr
and 48hr boiled carbon nanotubes were analysed. A mercury contact angle of 130°
and surface tension of 485dyn/cm was assumed. The pore diameters were obtained

assuming the pores are cylindrical.

2.2.6 Infrared spectra

The infrared spectra of the activated carbon, treated and untreated carbon nanotubes
were recorded using a Nicolet 5700 FT-IR with the Smart-OMNI Transmission
accessory. A wafer containing 0.1wt-% carbon nanotubes or activated carbon was
prepared by adding about 2mg of carbon nanotubes to 2g of KBr, crushed using a
marble mortar and pestle and pressed at 20 tons pressure into a tablet of Imm in
thickness. The measurement was carried out using 1000 scans at a resolution of 8cm'™
at wavelengths from 400 to 4000cm™ under N flow. An XT-KBr beamsplitter and a
DTGS-TEC detector were used.

2.2.7 Raman spectra

The Raman spectra of the carbon nanotubes were obtained using a Thermo Electron
NXR FT-Raman module with a HeNe laser. As with the infrared spectra, 0.1wt-%
carbon nanotube KBr wafers were pressed at 20 tons pressure. The thickness of the
wafers pressed for the Raman spectra are 2mm. Thinner wafers and wafers pressed
with higher carbon nanotube concentration exhibited excessive heating therefore
thicker wafers with lower carbon nanotube concentrations were used. All analyses
were carried out using a laser power of 0.5W using an InGaAs detector and an XT-

KBr beamsplitter. 1000 scans were recorded at a resolution of 16cm™ for all analyses.

2.2.8 O; chemisorption on catalysts

O, chemisorption was performed on the catalysts on a Micromeritics ASAP 2020C.
About 0.25g of sample was used for the analyses. The catalyst was subjected to flow

in H> and heated to 200°C at a rate of 5°C/min and held at 200°C for 16 hours. The H,

was then evacuated for 2 hours and the sample cooled to the analysis temperature. A
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leak test was subsequently performed. Further evacuation is performed for another 10
minutes followed by the O, chemisorption analysis. Analyses were carried out at
35°C and 200°C at pressures between 0.lmmHg and 650mmHg. From this data the

average crystallite size and dispersion were determined.

2.2.9 Glucose oxidation

Glucose oxidation was used as the test reaction for the catalytic activity of the
catalysts. The experimental setup is illustrated in figure 2.3 and figure 2.4. A 1 litre
round bottomed boiling flask was used as the reactor. The flask contains 5 necks: one
large neck in the middle and 4 smaller 24/29mm necks on the sides. The large neck is

required for the Heidolph RZR-1 overhead stirrer.

400ml of de-ionised water was first added to the reactor. The reactor was immersed in
a water bath which was then placed on a hot plate. The water bath is agitated at
400rpm to ensure the temperature is uniform throughout the bath. The catalyst is
added first and the resulting aerated slurry agitated for 3 hours. An aeration rate of
800ml/min synthetic air was used. This was followed by the addition of the glucose

powder to the solution and the titration was started.

Glucose oxidation produces gluconic acid. To maintain the pH, a Schott Alpha Plus
TASO autotitrator was used. The pH probe and doser from the autotitrator are placed
in the smaller necks along with the temperature probe, gas dispersion tube (porosity 2)
and baffles. The autotitrator measures the pH and doses the reaction mixture with

0.05M NaOH to maintain the pH at a constant 9.5.



Gl Catalysis

Figure 2.3 Glucose oxidution reactor

Betore testing of the gold catalysts, the reaction was tested with an Lngelhard 2% Pt
on activaied carbon catalyst, This catalyst was used to establish the presence of miss
transfer linitations. The reacion was tested at agitation speeds between 600 and 2200
rpm and acration rates hetween 100 and 1000mY/min. Aeration rates were controdled

via 4 necdle valve and medsured using a bubble column.
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2.2.10 HPLC characterisation of glucose oxidation products

The reaction mixture was filtered to remove the catalyst. The filtrate was made up to
500ml in a volumetric flask and a sample taken. The samples were analysed using
high performance liquid chromatography (HPLC) with a Bio-Rad Aminex® HPX-
87H ion exclusion column (300mm x 7.8mm) with 9um packing. The analysis was
carried out at room temperature using a 0.01M H,SOy solution as the mobile phase.
Two detectors were used: ultraviolet (UV) and refractive index (RI). The UV detector
is needed to detect the gluconic acid and the RI detector is required to detect all other

reactants and products.

Standards of 3 known concentrations were produced. The surface areas under the
peaks and retention times were evaluated and used to characterise the reaction
products. Standards using the following possible reaction products were produced:

Maltose
Sorbitol
Fructose
Mannose
Sucrose
Glycoaldehyde
Oxalic Acid
Gluconic Acid
Glucose

2.3 Safety

Gold chloride, ammonia, ammonium nitrate, nitric acid, and sodium hydroxide are all
used in this experiment, and all are toxic. Not much is known about tetramminegold
(III) nitrate, but this was assumed to be toxic for safety reasons. Lab coat, safety
glasses, and gloves must be worn when working with these materials. All experiments
must take place in a fume cupboard, as the vapours of these chemicals are irritants.

Skin contact with these chemicals must also be avoided.

Gold chloride is the least harmful of these materials, however caution must be taken.
Gold chloride is also light sensitive, and must therefore be stored in a non-transparent

container.
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One of the biggest safety concerns in this experiment is the possible formation of
fulminating gold. Fulminating gold is highly explosive and shock sensitive. If the pH
is too high when the tetramminegold (III) nitrate is present, the fulminate will form.

However, the fulminate can be dissolved just by adding an acid such as nitric acid.

The other chemicals used are mainly irritants, and their vapour must not be inhaled,
and skin contact should be avoided. However, the nitric acid is a strong oxidising
agent, and will burn the skin, causing 2™ or 3™ degree burns on short contact. In case
of skin contact, one must immediately wash the affected area with water. Gloves
should be worn when handling nitric acid. Ammonia is also a potentially harmful or
even fatal substance. Inhalation of this gas may be fatal. It is soluble in water, and

will form a corrosive solution.
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3 Results

3.1 Preparation of tetramminegold (III) nitrate

Tetramminegold (III) nitrate was produced in three batches in order to prepare the
catalysts (Table 3.1 and Figure 3.1). The purity achieved as measured by AAS
analysis on the solid product was nearly 60% except for the third attempt where a
purity of only 30% was achieved. The main impurity in the tetramminegold (III)
nitrate is most likely ammonium nitrate from the preparation. The variation in purity
is most likely due to the filtering stage. Ammonium nitrate is very soluble in water
and has a solubility of about 190g per 100ml water at ambient conditions. During
filtering, differing amounts of ammonium nitrate in the filter cake will be exposed to
different amounts of water for each preparation. The tetramminegold (I1I) nitrate is
washed with chilled ethanol in a wash bottle. Ammonium nitrate is also soluble in
ethanol, but with a solubility of about 4g per 100ml ethanol. The filter cake is not
washed in exactly the same way and is also used to remove precipitate from the side
of the Buchner funnel therefore the amount of ethanol passing through the bulk of the

filter cake may be different for the three preparations.

The gold which does not end up in the tetramminegold (III) nitrate ends up in the
filtrate. This may be unreacted HAuCly or dissolved tetramminegold (II1) nitrate. The
gold mass balance presented in figure 3.1 shows that not all gold could be accounted
for. Some of the gold may have been lost during preparation due to spillage or to parts
of the beaker wall that were not washed properly or inaccuracy in the AAS sample

preparation or measurement.

Table 3.1: Tetramminegold (III) nitrate production

Preparation No. 1 2 3
Mass Au from HAuCl, (g) 0.5 0.5 0.5
Mass TAGN produced (g) 1.35 1.43 2.19
Au content of TAGN produced (%) 25.0 24.7 14.7
Au content of pure TAGN (%) 43.7 43.7 43.7
Purity of TAGN produced (%) 57.2 56.4 33.7
Au recovery from HAuCl, (%) 67.7 70.6 64.6
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3.2 Support characterisation

3.2.1 Suvpport treatment

Carbon nanotubes are relatively anert (Rosca er al.. 2005). In order to activate the
surface, Tunctional groups need to be added o the surface. This can be done hy
treating the nanotubes in an oxidising agent. Scparate haiches of untreated carbon
nanotubes were boiled in 55wl-% nitric acid for 6 and 48 hours. The pH of the
solutions both before and after treatment was measured and was less than zero for all
cases sugeesting the concentration of pitric acid in the slurry remained relatvely high
therelore even after 48 hours the nitric acid s stll oxidising the surface of the
nanotubes (The pH calculated for S5wi-% mitric acid (11,7M) assuming complete

dissociation 18 about =17,

The mass of the carhon nanotbes before and after treatment was recorded (Table
3.2y After 6 howrs treatment, only 4 small amount of carbon was lost. After 4% hours
treatment, aboul a quarter of the mass ol carbon nanotubes was lost. The reaction of
nitrie acid with carbon can explain the Joss of carbon as curbon dioxide which ¢an

proceed via the following 2 reactions (Parkes. 1960):
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C + 4HNO; — CO; + 4NO; + 2H,0
3C +4HNO; — 3CO; + 4NO + 2H,0

Table 3.2: Mass loss during treatment of carbon nanotubes in HNO;

Sample | Initial Mass | Final Mass| Loss
g g %
Blank 1.9800 1.9750 0.3
6 hours 2.5200 2.4756 1.8
48 hours 2.5177 1.9028 24

3.2.2 Transmission electron microscopy (TEM)

TEM images of the treated and untreated carbon nanotubes were obtained in order to
view the physical effects of the nitric acid treatment. Untreated, 6 hour and 48 hour

acid treated nanotubes, along with activated carbon were analysed.

The images clearly show the fishbone structure of the tubes for all the carbon
nanotubes (Figure 3.2). Outer diameters range from 60 to 80nm. The 6 and 48 hour
acid treated nanotubes appeared to have a more pronounced fishbone structure with
each fishbone plate protruding out slightly more than the untreated nanotubes. There
did not appear to be a significant difference in the fishbone structure of the 6 and 48

hour acid treated nanotubes.

A significant portion of the untreated nanotubes appeared to be closed (Figure 3.3). It
is however unclear from the TEM images whether the nanotubes are closed on one
end or both ends as the tubes are relatively long and the images show only part of a
single tube in most cases. After 6 hours acid treatment a much smaller portion of the
nanotubes appeared to be closed and after 48 hours acid treatment, very few
nanotubes appeared to be closed. This suggests the nitric acid has removed the carbon

covering the ends of the nanotubes.

A significant number of the untreated nanotubes appeared to have an outer layer of
what appears to be amorphous carbon which does not form part of the structure

(Figure 3.4). This extra layer is about the same thickness as the wall of the nanotubes
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in the case of the untreated nanotubes. It is unclear from the images whether or not
this layer covers the ends of the nanotubes. The thickness of this layer appears to be
reduced with the acid treatment. After 48 hours acid treatment, this layer was not seen
in the TEM images. This is most likely from the action of the nitric acid and the

reaction of nitric acid with carbon removing this layer.

For a number of tubes, the diameter is not constant and many bends and deformations
were secn particularly on the 48 hour acid treated nanotubes (Figure 3.5 and Figure
3.6). Figure 3.5 shows an individual fishbonc plate detaching from a nanotube. A
larger portion of the 48 hour acid treated nanotubes appeared to be breaking apart
compared with the 6 hour acid treated nanotubes. Figure 3.6 shows an agglomeration
of amorphous carbon which could be a result of the destruction of the nanotube
structure from the action of the nitric acid. Agglomerations of amorphous carbon werc
scen in other TEM images of the 48 hour treated nanotubes. However, this was not
scen in the TEM images of the 6 hour treated nanotubes. It appears that between 6 and

48 hours, the nitric acid has begun to destroy the nanotube structure.

The nanotube diameters and the wall thicknesses were mcasured using the TEM
images. This is difficult to measure as a single nanotube is not uniform and the
diameters and wall thicknesses vary across the length of the tubes. A large standard
deviation is associated with the gecometric mean diameters given in table 3.3. It may
be difficult to draw any conclusions from this data. The treated nanotube walls were
expected to be thinner however from the data this docs not appear to be the casc. It is
possible that part of the nanotube structure is destroyed leaving only the thicker walls

to be measured.

Activated carbon was also analysed (Figure 3.7). The TEM images of the activated
carbon appcear as a collection of sheets. This was expected as activated carbon is made

up of graphene layers.
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Figure 3.2: TEM imuges of untreated and treated carbon nanolubey
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Figure 3.3: TEM unape of intreated carbon nanatubes showimy closed and open tubes

nanotube wall

TULH1ITY

(a) b}
Figure 3.4; |LM unages of (a); untreated nanowbhes and {b): 6 hour treated nancmbes showing an

extea laver covering the surfhee of Lhe nanotubes
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Fizure 3.5: | LM image of 48 hour treated nanolubes showing the destructuion of the nanofube

struciune

Fizure 3.6; TEM npage of 48 hour treated nanombes showing the formation of amorphoas carbon
{A) and kinks tn the nanorubes (B)
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Figure 3.7: 1LM unage of activated carbon

Tabhle 3.3: Carboen nanombe digmeters and wall thickness

Mean outer | No of tubes | Mean inner | Nooof wbes | Mean wall

diameter measured diameter measared thickness

L iJ i
ant nin nm nm um win

Untreated 34 24 34 2% 5 33 32 20
f howr acid treated A0 14 19 2% 12 18 22 I3
48 hoor acid treated frd i) 2% 32l s 3l 31 14

3.23 Hg pyvenomelry

Pore diameters from 3nm to 18000nm were analysed. The untreated carbon nanotubes
showed the lowest total pore area of 34m’/g and the largest average pore diameser of
373nm. The 6hr treated nanotubes have a total pore area of 2421112.-’; with an average
pore diameter of 134nm, about one thind ol the pore diameter of the untreated
nanotubes, The porosities of the nanotubes were between 70 and 80% with the & hour

actd treared nanutubes viclding the highest porosity of 80%.

The 48 hour beiled nanotubes contained a smaller pore arca of g6mp. The average
pore diameter according o this analysis 1s smaller than the 6 hour nanowbes, but the
porosity 15 significantly lower than the 6 hour nanotubes at 72% The skeletal density

of the 48 hour nanotubes is 1.56v/ent’, higher than the § hour nanotubes with a
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skeletal density of 0.5 lg/em’. One possible reason for this increase could be a resull

of the destruction of the nanotube structure and Lhe formation of amorphous carbon,

Figure 3.8 shows the pore size distribulion using mercury pycnometry. The
disadvantage of Hg pyenometry is the fact thal very small pores in the microporous
region are not characterised as very high pressure is required for the mercury to
penettate the pores. It the pores are ink bottle shaped, the mercury may not penetrate
certain pores at all. With N, physisorption, il is possibie 1o analvee muoch smaller
pores. The nanotubes appear to show ant increased proportion of pores hetween
1000nm and 3000nm. This is larger than the diameter of the naootubes and is

probably caused by the paps between indrvidual nanotubes.

The activated carhin has a smaller average pore diameter than the nanotobes. The
porosity is much lower at 60% . The pore size distribuitan tor activated carbon (Figure
3.9) shows a large proportion ol the pores in activated carbon are in the
microporous/mesoporons region. Only a smatl portion of the pores are bigger than
LOnm. There is a sharp increase in the prapettion of pores above 1000nm which is

maost likely due o gaps between particles of activated carbaon.
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Figure 3.8: Mereury pyenometry pore stee disiribnliion for carhon ranotubes
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Figure 3.9 Mercury pyenometry pore stze disiribution for activated carbon

Table 3.4: Mercury Pyenometry Duata

Tutal Average
Total Pore Intrusion Pore Skeletsl

Aren ¥olume Vismecier |Duolk Density]  Pensity Porosity

meig mlig e wom? ziom? g
Lotreated CNT 34 32 A7 0,25 (AL 17
fhr hoibed CNT 242 g .13 010 5] Al
A%hr hoiked CNT s 1 1.7 [CRAE) HES .30 T2
Activated Carbon 2% 1.5 AR vt 3% 95 ol

3.2.4 N, physisorption
The BET analysis was carricd oul at 77K using Nz Untreated, 6 hour and 48 hour

acid treated nanotubes were analysed along with activated carbon.

The BIT surtace arca for the untreated carbon nanotubes was 46m’/g (Table 3.5).
After boiling the nanotubes in nitric acid, the BET surface arca almost doubles 1o
80m™g for both the 6 and 48 hour acid trealed nanotubes. The doubling of the BUT
surface area could he a resuli of the opening of Lhe nunotubes with tteament in nitric
acid. A possible reason for the acid treated nanotubes having the same BET surfuce
arga could he the [act that a targe majority of the nanotubes are in [act open atter 6

[10HLrs,
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The BET surface arca for the activated carhon is much higher than the carbon
nanolubes (1230m7g). This was expected as activated carbon is well known for its

microporous structure (Rodriguez-Reinoso, 1998),

Figure 310 and figore 3.11 show the BIH pore size distribution for the carbon
nanatubes and aclivated carbon respectively. This shows that the activated carbon has
a lareger portion of pores between | and [nm compared to the carbon nanotubes, The
distributions for the nanotubes are similar. The nanotubes have a higher proportion of

pores between 16 and 4U0nm as the tube diameters are in this range.

The average pore diameter for the untreated nanotubes is 27nm (Table 3.5). This
almost doubles 10 44nm and 41nm for the 6 and 48 hour acid treated nanotubes. A
passible reason for this is the fact that the nanotubes-are opencd wilth treatment
allowing adsorption on the inside ol the tube. As the tubes have a relatively large
diameter, this would resull in an increase in ihe average pore diameter. This is further
illustrated by the pore volume obtained which Lriples with treatment. The activated
carthon yielded an average pore diameter of 6nm, much smaller than the pore

diameters [or carbon nanotubes as expected.
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Vigure 3.10: The BIII pore size distribution for untreated, 6 howr and 48 boor boiled carbon nanotuabes
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Table 3.5: BET surface area for the carbon nanotubes
BET Surf: 2 Average Pore
i Pore Volume "L,m”" i
Area Diameter
m'fg emi'fg nm
Unreated carhon nanotubes 45 0.3 27
& hour Lreated carbon nanotibes st 1.1 dd
4% hour treated carbon nanatibes bl [ A} 41
Aclivaled carbon 1230) {18 i

3.2.5 Raman spectroscopy

The Raman spectra of the carbon nanotubes (Figure 3,120 show three characteristic
peaks at 2370cm’, 1600cm™ and 1290em™. The 48 hour boiled nanotubes also
revealed a peak al 170cm™ (Figare 3.13). A peak at about 3400cm ' was scen and was
cansed by the heating of the carbon nanotube KBr tablet hy the laser. The [ull Raman

spectrum of the carbon nanotuhes is presented in the appendix (Ligure 6.7,

The peaks around 1600cm ' coerespond to the (G-hand of the nanetubes, This refers Lo

the displacement of atoms tangenl to the tube. This is one of the characteristic peaks
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ol carbon nanotubes (Jorio ef al.. 2003; Rosca ef af., 2005; Tiws e al., 2007), This G-
band (or langential mode) is observed for graphite al about the same wavelength
(Jorin er af.. 2003), However, unlike eraphile, the peak lov carbon nanotabes is
actually made up of 6 peaks (Jorio er af., 2003). These 6 peaks are not all visible n
Figure 3.12. There are two intense peaks which give the obsevved signal (Joria er af.,
2003). One of the peaks is caused by atmmic displacements along the tube’s axis. The
other peak which oceurs at slightly  lower frequencies is caused by alomic

displacement in the circumterential direction (Joria e af.. 2003 ).

The peak at 1300cm ' represents the D-hand of the carbon nanotubes. This refers tw
the disorder induced mode of carbon nanotubes (Jovio er al., 2003; Maultzsch er al.,
2001). For most single-walled nanotubes, the D-band signal is much smaller than the
(G-hand signal (Tilus e al., 2007 Jorio et al., 2003: Brown er af.. 2000). However.
large D-band peaks compared with G-band peaks could indicate the presence of
amorphous carhon (lerrari and Roberison, 2000). The peak at 2570c¢m™” represents a
2" arder D-band ( Brown et al.. 20000,
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L. 1.00 | — 6hr CNT
g
= —48hr CNT
g 080
= f '
= 060t M |
= i
3 040t LJ’
A =
020 F |
0.00 ' l : '
2400 1900 1400 900 400

Raman Shift [cm'l}

Figure 3,12: Raman speotra lor unireated and acid treated carbon panotubes between 270k b
400cm™
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The small peak at [Ttlem ' for the 48 hour acid treated nanotubes in figure 3.13
represents the so-called radial breathing mode in carbon nanotubes. This refers o the

atomic vibration of carbon atoms in the radial direction (JTorio ef af., 20613).
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Figure 313 Raman spectrum of <8 hour acid treed carbon nanotubes between Raman shifts of
LUK e’ and 100 em™

Table 3.6 shows the - and G-band frequencies and the relative intensitics ol Lhe 1)-
band to the G-band. Tor most single-wakled nanotubes. the intensity ot the 13-band
signal is much smatler than the G-band signal (Titus er af., 2007: Jorio er al., 2003;
Brown ef al.. 2000). Large D-band peaks compared with G-band peaks coukl indicale
the presence of amorphous carhon or sp’ hybridisation on the surface due 1o the
presence ol functional groups (Ferrari and Robertson. 20000, The large D-hand peak

[or the untreated nanotubes indicales the presence of amorphous carbon.

From fipure 3.12. the I)-band peaks for all the nanotubes are larger than their
respective G-band peaks. Wilh increased hoiling time. the relative intensitics of these
peaks (D-band 1o G-band) increases (Table 3.6). This may indicate the conlinuous

formation of amorphous carbon or Lthe lormation of functional groups.
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The increased D- to G- band intensity ratio for the 6 and 48 hour treated nanotubes
compared to the untreated nanotubes might also be explained by the increased

presence of sp3 hybridisation on the surface due to the presence of functional groups.

Table 3.6: Table of D- and G-band frequencies and relative intensities of carbon nanotubes

D-band | G-band | Relative Intensities
cm’ em” Ip/I¢
Untreated nanotubes 1287 1591 1.06
6hr boiled nanotubes 1290 1586 1.18
48hr boiled nanotubes 1288 1600 1.31

3.2.6 Infrared spectroscopy

The infrared spectra of the activated carbon, untreated, 6 hour and 48 hour nanotubes

were collected on a Nicolet 5700 FT-IR with the Smart-OMNI Transmission

accessory.

The infrared spectra for the untreated and treated carbon nanotubes showed peaks at
1600cm™". This is assigned to the stretching mode of carboxyl groups on the surface.
After 48 hours treatment, the concentration of these groups increased. This was

expected as untreated carbon nanotubes are relatively inert and were treated in boiling

nitric to introduce functional groups onto the surface.
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Figure 314: Intrared spectrum of 8 howr acid reated carbon nanotubes

3.2.7 Zeta potential

The zeta potential of the 10wi-% suspensions in a (L IM KCI agueous solution were
measured in o Malvern Zetasizer Naneg 28 a0 257°C, Dilate solations of HCOT and KOH

were used for pH adjustment.

The iso-clectric point of the untreated fishbone nanotubes is at pH 2 (Figure 3.15).
Adler reatment by boiling in nitric acid for 6 hours and 48 hours, the iso-clectric point
shifls t0 a pH of 1. There does not appear W be a difference in the iso-clectric point
Tor the 6 and 48 hour acid (redated nanotubes, At pH values above 3, the zeta potential
of the 48 hour acid treated nanotubes shows a marked step-wise decrease suggesting
the mereased concentration of a particulac functionsl group on the surface. The
untreated and 6 hour acid treated nanotubes do not appear o show this behaviour

possibly suggesting a lower concentration of this functional groug.

The 1so-electric of activated carbon is al a pH ol about 2, the same as the untreated
nanotubes. The zeta potential ot activated carbon shows different behaviour to that of
the carbon nanotubes, Comparing the carbon manotubes o the activated carbon, onty
the 48 hour acid treated nanotubes showed a more negative surlace charge at pH

values shove the 1so-electric (IMgure 3. 15 and Figure 3.16).
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One of the most distinctive features of the zeta potential of activated carbon (Figure

3.16) s the sharp increase in the zeta polential around the iso-electric. Below the iso-

electric the zeta potential is bigher thun the carbon nanotubes al the equivalent pH.

This may suggest an increased concentration of one lunctional group on the surlace of

activated carbon. With increasing pH. the seta of activated carbon does not appedr (o

proceed stepwise.

)
o R e

Zeta Potential (mV)
S

_?{} 1 1 1 1 1 1 ] 1 1

O Urtreated Manotuhes # Ghr reared nanolubey

|5 S0 B G R 2 G
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Figure 3.15: Zeta potential of onircated amd treated carbon nanotubes
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Figure 3.16: Zeia podential of activated carbon

3.3 Catalyst characterisation

3.3.1 Gold loadings
The gold Ivadings were obtained by dissolving the pold oft the surtace of the carbon

using agud regia and the resulting filirate was analvsed using AAS.

The catalysls prepared on activaled carbon yielded higher loadings than the carbon
nanotubes. The catalysts prepared using he tetramminegold (IH) nitrate precursor
vielded higher loadings when prepared al ptl 4 than at plI 2. The 6 hour acid treated
nanolubes were he exceplion. where Lhe loadings were more or kss the same
probihly as a result of the surface charge of the nanotubes bemg relatively similar a
pH 2 (-HimV) and pH 4 (-T6mV) for the 6 howr acid treated nanolobes whereas the 48
hour acid reated nanolubes and the activated carhon surtace charges change
significantly between pH 2 and pH 4 (Figure 3.15). The highest loadings were
achicved with the HAuCly precursor on all the sapports, particularly the 48 hour acid

treated carbon nanotubes and the activated carbon.
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Table 3.7: Gold loadings

Catalyst] Support Precursor Prep:::lation Loading
%
1 6hr CNT | Au(NH;)4(NO;); 0.66
2 6hr CNT | Au(NH;),(NO;); 0.70
3 6hr CNT HAuCl, 0.8 1.25
4 48hr CNT | Au(NH;),(NO;); 0.69
5 48hr CNT | Au(NH;)4(NO3); 2 0.58
6 48hr CNT HAuCl, 0.8 2.39
7 Activated C | Au(NH;),(NO;); 4 2.19
8 Activated C | Au(NH;)4(NO;); 2 1.71
9 Activated C HAuCl, 0.8 2.61
33.2 TEM

3.3.2.1 Fresh catalyst

The TEM images of the prepared catalysts were analysed using Image]J©. The gold
crystallites were measured along their longest axis. For some of the catalysts
analysed, very few crystallites were found. A sample TEM image is shown in figure

3.18.

The catalyst prepared on 6 hour treated nanotubes at pH 4 using tetramminegold (III)
nitrate yielded smaller crystallites compared to the catalyst prepared at pH 2 using the
same precursor and support. Similar results were obtained on the 48 hour acid treated
nanotubes. From figure 3.17, it appears that the catalyst prepared at pH 2 might
actually have smaller crystallites. However, the catalyst prepared at pH 2 does contain
a number of crystallites above 30nm in size unlike the catalyst prepared at pH 4. The
catalysts prepared at pH 2 on both the 6 and 48 hour treated nanotubes gave larger
mean crystallite sizes. For the 6 hour treated nanotubes the crystallite size increased
from 4.6nm to 9.8nm and for the 48 hour treated nanotubes the crystallite size

increased from 8.5nm to 10.3nm.
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The catalysts prepared on activated carbon showed very large crystallites with mean
crystallite sizes of over 150nm. The catalyst prepared at pH 2 using tetramminegold
(IIT) nitrate showed the largest crystallites with a mean crystallite size of 302nm.
Some of the crystallites were as large as 450nm. The catalyst prepared at pH 4
showed much smaller crystallites with a mean crystallite size of 157nm. There is a
large error associated with the crystallite sizes measured on the activated carbon
(Table 3.8). This may not be an accurate reflection of the size of the crystallites
present. Only crystallites that can be seen on the TEM photographs are measured. For
the activated carbon, very few crystallites were found. For the catalyst prepared using
HAuCly as the precursor, only 2 crystallites were found, one of which was over

1000nm 1in size.

The catalysts prepared using HAuCly as the precursor showed much wider crystallite
size distributions (Figure 3.17 and Table 3.8). There is no crystallite size distribution
for the catalyst prepared using HAuCly on activated carbon as only two crystallites
were found using TEM. Other crystallites may have been present but were not seen.
These catalysts were prepared at pH 0.8 on all the supports. The catalyst prepared on
the 48 hour treated nanotubes showed a larger mean crystallite size of 14.4nm
compared with 8.1 for the 6 hour acid treated nanotubes, the same trend as observed

on the catalysts prepared with tetramminegold (III) nitrate.

The reason for the wide distribution could be explained by the presence of chlorine
(Oh et al., 2002; Bollinger and Vannice, 1996). All of the catalysts were first calcined
in air for 2 hours. They were subsequently reduced in hydrogen for 6 hours. Normally
catalysts prepared using HAuCly are calcined and reduced in hydrogen to remove the
chlorine as HCI to yield smaller crystallites (Zanella and Louis, 2005). During the 2
hour calcination, it is possible that the chlorine promoted the sintering of the gold.
Another possible reason for the wide distribution might lie in the fact that pH 0.8 is
very close to the iso-electric point of the carbon nanotubes. This will result in fewer
anchoring points available for the anionic gold (AuCly) to attach to compared to if the
pH was lower and further away from the iso-electric point. This will result in the same

effect as observed with the catalysts prepared with tetramminegold (III) nitrate.
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Figure 3.17: Crystallite size distributions of produced catalysts

Tahle A8: Mean gold erystallile siees ohtained from TEM

. Preparation Hean. g DT
Catalyst| Supporl Precursor Crystallite| o | crystallites
pH Size measured
nm
| 6h ONT | AuiNHi (NG s 4 4.6 il 245
i Bh ONT | AulINH3 b NOY D, 2 gk 56 43
3 6h CNT HAuCl, (.8 8.1 6.0 230
4 48h CNT | AufNH; ) {NOh ) 4 8.5 30 3o
5 48h CNT | Au(NH; ) (N2 2 1.3 3.6 725
fi 48h UNT HauCl, .8 14.4 229 104
7 Activated €] AutNH;(NO1), 4 157 52 140
k Activated C] AuNH; )N 2 anz 107 a6
9 Activated HAuCI, (.8 1313 /42 2
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Figure 3,18: TEM imupe of a pold on carbon nancube catalyst {Catalyst 2}

3.3.2.2 Catalyst after glucose oxidation

The crystallite sizes were charactensed  alter glucose oxidation using TEWL
Signiticant crvstallite growth was observed for the catalysts produced on the 6 hour
treated nanotubes (Table 3.9). This growth could have been caused by gluconic acid.
Gluconic acid 15 a chelating agent in alkaline conditions (Rumachandran ef af | 2006).
Its effect on gold (s unelear. It 1s possible thal some ol the very small gold crystallites

may have been dissolved and redeposited on larger erystallites.

The gold may have been present in the form of the precursor tetramminegold (111)
nitrute. This is soluble and may have dissolved and redeposited on larger crystallites.
The catalysts were reduced in hydrogen for 6 hours at 200°C and tetramminegoldd (111)
nitrate may slowly start decomposing at temperatures as low as 120°C (Beeming and
Bialek. 2006). Theretore the presence ol tetramminegold (1T) nitrate on the catulysts

15 unlikely given its unstable nature,

Prado-Burguete er af. (198Y) investigated the effects of functional groups sintering

and agglomeration and found that C—0 groups seemed to act as anchors for their




Gold Catalysis

platinum crystallites and carboxylic groups (-COOH) seemed to promote sintering
and agglomeration. On the 6 hour treated nanotubes, the concentration of functional
groups such as C=0O on the surface is most likely lower than on the 48 hour treated
nanotubes. The crystallites could therefore be more mobile during the reaction and
could agglomerate. The catalysts on the 6 hour treated nanotube support showed
significant crystallite growth whereas the catalysts produced on the 48 hour treated
carbon nanotube support did not show significant crystallite growth suggesting the
gold crystallites on the 48 hour treated nanotubes were more anchored. However, this
may be due to the fact that larger crystallites were present on the 48 hour acid treated

nanotubes initially.

No crystallites were found on the used activated carbon catalysts using TEM. It is
possible that the crystallites were removed from the surface of the support during the

reaction leaving colloidal gold as the active species.

Table 3.9: Mean crystallite sizes for fresh catalyst and used catalyst after glucose oxidation

Preparation Mean. Mean‘
Catalyst| Support Precursor Crystallite | ¢ | Crystallite| o
PH | Gize (fresh) Size (used)
nm nm

1 6h CNT | Au(NH;),(NO;); 4 4.6 3.1 8.9 6.2

2 6h CNT | Au(NH;)4(NO;)s 2 9.8 5.6 15.6 10.0

3 6h CNT HAuCl, 0.8 8.1 6.0 9.4 10.2

4 48h CNT | Au(NH;)4(NO3), 4 8.5 39 10.8 4.8

5 48h CNT | Au(NH;)4(NOs); 2 10.3 5.6 8.9 4.9

6 48h CNT HAuCly, 0.8 14.4 22.9 12.2 17.7

7 Activated C| Au(NH;),(NOs), 4 157 82 * *

8 Activated C| Au(NH;),(NO;); 2 302 107 * *

9 Activated C HAuCl, 0.8 1313/42 * *

* no crystallites found using TEM

3.3.3 Oxygen chemisorption

In order to verify the TEM results, oxygen chemisorption was performed on the
catalysts at 200°C. O, chemisorption was suggested as a means of characterising the
gold crystallite size and dispersion on a catalyst by Berndt et al (2003). Negative

volumes adsorbed were recorded for some of the catalysts and some of the catalysts
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had a very Jow oxygen uptake and only the catalysts with small erystallites (<Snm)
showed pood oxygen uptake. Only the carbon nanotube catalysts showed this
hehaviour, This may be partly down to the fact thal the densily ol the nanotubes is
low and only a small mass could be placed in the apparatus (0.07¢2 in some cases). It
could also he explained hy the fact that larger gold crystadlites will begin to behave

like bulk gold which does not chemisorh oxyeen,

A dual Langmuir isotherm was fitted to the gold on carbon nanotube chemisorptinn
data. The carbon papotube catalysts and the activated carbon appeared Lo (ollow two
different adsorption processes {Figure 3.19). The gold on carbon nanowbe catalvsis
appear (o show an almeost constant amount of adsorbed oxyeen at Tow pressure. This
mdicates the quick saturation of strongly adsorbed oxveen. Weakly adsorbing oxygen
only becomes noticeable at high pressures. For the activated carbon, there is a rapud

increase in oxygen al Jow pressure lollowed hy slower ineréase at higher pressures.
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Figure 1% Oxveen chemisorpaon isotherms for a gold on carbon nanotube catalyst (Catalyst 1) amd
a cold on actvated carbom canalyst (Caalvs 7)

since the strong adsorption of oxygen at low pressure means the adsarption strength

cannot be determined accurately. the following isotherm was used:




Gold Catalysis

K7. m
v, =V, +V, >Po, (1)

m,] m,Z'-_m
1+K, Po,

where V| and V; are the volumes of the monolayers on the gold crystallites and the
support surface respectively, K is the adsorption constant for the support, po; is the
oxygen pressure and m is the order of adsorption for the support. A dual isotherm was
fitted to the activated carbon data:

K, -pgz Kz-p(’an
"+ K .py "I K,pl

Vo, =

(2)

where K, is the adsorption constant for the gold and n is the order of adsorption on the

gold.

The parameters were calculated and the results are presented in table 3.10. For the
gold on carbon nanotube catalysts, n was more or less equal to one and was set to one.
From the volume of the monolayer on the gold crystallites (V,.1), a crystallite size and
dispersion were calculated based on the calculated parameters (Table 3.11). The gold
on carbon nanotube catalyst crystallite size and dispersion were calculated based on a
Au:O ratio of 1:1. Based on the statistical analysis of the parameters (95% confidence
interval), only the monolayers for catalysts 1 and 4 have a relatively small confidence
interval. All the other catalysts have large confidence intervals particularly the gold
on activated carbon catalysts. For the gold on activated carbon catalysts the
uncertainty is a result of adsorption of oxygen onto the activated carbon (Dastgheib
and Karanfil, 2004). The rapid increase in oxygen adsorbed at low pressure for the
gold on activated carbon catalysts could be a result of oxygen adsorption on the

activated carbon.

The gold on activated carbon catalysts yielded the highest dispersions and smallest
crystallites compared to the gold on carbon nanotubes based on the oxygen
chemisorption results. These results are based on the monolayer volume obtained. The
monolayer volume obtained for the activated carbon catalysts did have a large
confidence interval and the dispersions and crystallite sizes are based on the
monolayer volume. It is unclear whether or not the adsorption was taking place only

on the activated carbon, only the gold or both at low pressure. Based on the results of
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adsorbing oxygen at low pressure. This will result in an underestimation of the size of
the gold crystallites on the activated carbon. Comparing the results obtained from
TEM and O chemisorption for activated carbon (Table 3.12), the gold crystallite size
calculated from O, chemisorption is significantly smaller than TEM. Diamcters
calculated from TEM ranged from 157nm to 300nm and 0.6nm to 3.3nm for O,

chemisorption.

The chemisorption results for catalyst 1 (catalyst prepared on 6 hour treated nanotubes
using tetrammincgold (HI) nitrate at pH 4) and catalyst 4 (catalyst prepared on 48
hour acid trcated nanotubes using tetrammincgold (III) nitrate at pH 4) showed a
crystallite size comparable to that obtained with TEM (Table 3.12). Assuming
dissociative chemisorption the diameters calculated for catalysts 1 and 4 are 5.4nm
and 8.3nm respectively. These values are very close to the mean crystallite sizes of
4.6nm and 8.5nm obtained using TEM. It might be suggested that the adsorption on
the gold crystallites is dissociative. However no conclusions can be drawn from the
other catalysts as the crystallite sizes measured from TEM and chemisorption are not

comparable.

Owing to the uncertainty with the chemisorption results, all further calculations used

the gold crystallitc sizes measured using TEM.
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Table 3.10: Oxygen chemisorption paramters

95% 95%
Catalyst 1 confidence Catalyst 3 confidence
interval interval
Vi em’STPVg| 0081 00086 | V., em’(STPYg| 0016  0.0043
Vo, em’STPVgl 030 00238 | V., em’STPYg| 0.14  0.0148
K, mmHg' 0.014 0.0044 K, mmHg' 0.010 0.0036
Error 4.93 Error 9.01
95% 95%
Catalyst 4 confidence Catalyst 5 confidence
interval interval
Voo em'(STPVg| 0055 00045 |V,, em’(STPYg| 0.009  0.0113
Vo, em’STPYgl 021 00193 | V,, em’STPVg| 053  0.0959
K, mmHg' | 0007 00021 | K, mmHg' | 0003 00014
Error 4.60 Error 14.02
95% 95%
Catalyst 7 confidence Catalyst 8 confidence
interval interval
Vo em’(STPYg| 1.07 055 | Vay em’STPYg| 0.52 0.51
K, mmHg' | 046 0.27 K, mmHg' | 024 0.33
n 2.04 1.49 n 1.76 1.95
V,, em’(STPYg| 81.7 154 | V,, em'(STPyg| 8 242
K, mmHg' | 00015 00013 | K, mmHg' | 00003  0.0003
m 0.75 0.19 m 0.98 0.26
Error 1.79 Error 2.12
95%
Catalyst 9 confidence
interval
V., em’(STPyg| 229 1.01
K, mmHg' | 048 0.37
n 1.12 0.63
Vno ecm'STPVg| 86 44
K, mmHg' | 00006  0.0003
m 1.04 0.17
Error 1.54
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Table 3.11: Dispersion and gold crystallite size from O, chemisorption

Catalyst | Loading | Dispersion | Crystallite Size

% Yo nm
1 0.7 11 5.4
2 0.7 - -
3 1.3 1.1 52
4 0.7 7.0 8
5 0.6 1.4 43
6 2.4 - -
7 2.2 92 0.6
8 1.7 55 1.1
9 2.6 18 33

Table 3.12: Mean gold crystallite sizes from TEM and O, chemisorption

) No of Mean Crystallite 95%
Mean Crystallite ) )
Catalyst . (1] crystallites Size from confidence
Size from TEM . . .
measured chemisorption interval
nm nm

1 4.6 3.1 245 54 0.6

2 9.8 5.6 43 - -

3 8.1 6.0 230 52.0 14.0

4 8.5 3.9 301 8.3 0.7

5 10.3 5.6 725 42.9 53.8

6 14.4 22.9 103 - -

7 157 82 140 0.6 0.3

8 302 107 66 1.1 1.0

9 234 899 2 33 1.5

3.3.4 Glucose oxidation

3.3.4.1 Preliminary runs

The glucose oxidation runs were initially carried out using a Engelhard 2% platinum

on activated carbon catalyst and the World Gold Council 0.8% gold on activated

carbon standard catalyst. Initially tests were performed to assess mass transfer

limitations in glucose oxidation.

Reactions were carried out at 50°C. The introduction of baffles into the reactor was

evaluated (Figure 3.20). The conversion observed after 5 hours increases significantly

by the introduction of baffles. This indicates the presence of external mass transfer
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limitations. The agitation rate was then varied between 600 and 2200rpm. The
conversion increased with increasing agitauon (Figure 3.21) There was a smaller
inerease in conversion from 180GOrpm o 2200rpm. It 15 possible that at 2500rpm Lthe
conversion will be the same as the conversion at 2200rpm. Reactions were
subsequently performed at 357°C in order 1o slow down the reaction kinetics. The
haftles were then widened from a width of 10mm o 20mm. The conversion afler 5
hours increased from abouat 30% 1o 40% suggesung mass transfer limiations were
still preseat with the 10mm halfles (Figore 3.22),

The presence of extemnal mass ransfer milations was then ested 4t 35°C with the
(18% gold on activated carbon World Gold Council standard catalyst due to limited
supply of the platinum catalvst. The existence of oxygen mass transfer Hmitations was
studied. 0.2g of the World Gold Council standard catalyst was tested. This mass was
then halved to 0.1g and the conversion measured, The conversion using 0.1g of

catalyst was just over half that when {1.2g was vsed.
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Figure 3.2 Gluycose oxudation with 3252 2% P catalyst ar 50°C with and withour battles
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3342 Testing of produced catalysts

All the catalysts produced were tested @t 35°C at an agitation rale of 2200rpm wilh

three 20mm widih glass bafttes. (g of cach catalyst was used for the reaction.

The catalysts produced using the HAuCly precursor were more active than the
catalvsis produced vsing the tetramminegold (IIT) nitrate precursor (Figures Figure
3.24, Figure 3.25, Figure 320 and Table 3.13). This was followed by the
letramminegeld (I1) nitrate precurser prepared al pH 2 and the catalysts prepared at
pH 4, This was unexpected as smaller erystallites were expected 1o be more active for
glucose oxidation. Despile the large cerystallites seen in TEM, the catalysts prepared

on activaled carbon were active for glucose oxidation.

The calalysts prepared on the 48 hour acid treated nanotubes showed a higher
conversion after 5 hours oxidation compared to the 6 hour acid treated nanotubes
(Figure 3.27, Figure 3.28. Figure 3.29 and Table 3.13). This may he due w the
hydrophohic natare of carbon nanotubes. The 48 hour acid treated nanttubes

dispersed more easily in ihe reaction mixture compared to the 6 hour acid treated
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nanotubes. The most active carbon nanotube catalyst tested was the catalyst prepared

using the HAuCly precursor on the 48 hour acid treated nanotubes.

The catalysts produced using the HAuCly precursor showed the highest activity
compared to the catalysts prepared using tetramminegold (III) nitrate (Figure 3.27,
figure 3.28 and figure 3.29). The catalysts prepared on the 48 hour treated nanotube
support were the most active catalysts for all the preparation conditions used. The
activated carbon catalysts showed activity comparable to the 6 hour treated nanotubes.
This was unexpected as the activated carbon catalyst contained much larger

crystallites than the nanotube catalysts.

The most active catalysts were prepared on the 48 hour acid treated nanotubes (Figure
3.27, Figure 3.28 and Figure 3.29). The catalyst prepared using HAuCly was the most
active. For the catalysts prepared on the 6 hour treated carbon nanotube support, the
catalyst prepared at pH 2 using tetramminegold nitrate was more active than its

HAuCly equivalent (Figure 3.27 and Figure 3.28).

The catalysts prepared at pH 2 using tetramminegold (III) nitrate were more active on
all the supports. This was unexpected as the pH 4 catalysts contained smaller
crystallites. There may be a crystallite size effect where larger crystallites are more

active.

[t was also noted that the increase in conversion with time appeared to slow down for
all the catalysts. This may have been caused by the poisoning of active sites by the

gluconate ion or the growth of the gold crystallites.
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Table 3.13: Table of conversion achieved alier 3 hours

Preparation (:Dmrcrs_iﬂu
Catzbysi] Support Precursor after 5
pH

hours
L&

| BiLCNT | AWNHLLINO, ) 4 515
2 6 ONT | ANHLNO, . . 045
3 ah CNT ILAuC, 0.3 B3
AR CNT | AuiNH L NCk ), 4 672

3 480 ONT | AnrNHL N0, 2 11,65
] A8h ONT ITAuC 0.8 131
7 | Activated €] AwNHLNOS, 4 St
8 Avtivated O] A NHL NG = 42
4 Activated HAuCl, R Li3, 6

16
== (Catalvst |
—&— Calalyst 2
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Figure 3.24:  Oilucose oxudation using catalvsts prepared on & hour acud treated carbon nanotubes
(22 Wi, 3570, 001 ¢ AwfC catalyal, 3 20iom baliles)
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Figure 3.25: Glucose oxidalon using catalysts prepared on 48 bour acid wreated carbon nanotubes
(2200rpm, 35°C. 0.1g Aw/C caalyst, 3 20mm baffles)

16
= Catalyst 7
& Calalyst 8
§ 12 | = Catalyst 9 |
2
o
E u b
L
-
=
=
o o4k
ﬂ L i 1 L 1
{ 50 100 150 200 250 3030

Time (min)

Figure 3.26: Cilucise oxidation using catalysts prepared on activated carbom (2200rpm, 35°C, 0.1
A/ catalyst, 3 20w balTics)
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Figure 3.27: (lucose exidation using caalysts prepared with the HAuCL precursor (2200mm, 357C,
0. 1g AwC catalyst, 3 20mm haffles)
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Figure 3.28; Glucose oxidation using calalysts preparced wath the retramminegold (I nitrate precursor
at pH 2 (2200rpm, 35°C, 0.1 Ao/C catalyst. 3 20nm baffles)
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Figure 3.29: Glucose oxidaiion using catalvsis prepared wath the tetramminegold (TIT) nitrate precursor
al pH 4 (2200rpm. 357C, 0.1z Aw/C catalvst, 3 20mm baifles)

3.34.3 Analysis of reaction products

The analysis of the reaction products was performed wsing HPLC. Sample
chromatograms are given in figure 3,30, Figure 3.31, Figure 3.32. A chromatogram of

an RI signal is gien in the appendix.

The gluconic acid peak i the UV chromatogram is used to caleulate the conversion af
the glucose to gluconic acwd. The glucose peak in a RI chromatogram includes the
gluconic acid, This may miroduce some inusccuracy when Lhe glucose concantration is
calculated, The conwribution of the glucomic acid signal in RI s calculated amnd 18
subtracted 10 obtain the glucose concentration. The accuracy of this calculation is
unclear. The relative contributions in RT may vary with concentration. /A standard was
produced containing a mixture of glugose and gluconic acid. However, the gluconic
acid split into its various torms and numerous peaks were observed, 1L is known

gluconic ucid may exist as 2-keto- and S-kelo-ghuconic acid (Berndt ef af.. 2004).

The selectivity for the catalysts was very good excepl for catadyst 2 (calalysl prepared
on 6 hour treated nanotubes using the tetramminegold (II) nitvate precursor at pH 2).

No ghuconic acid was formed. However another unidentified acid was Tormed. For 2
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of the most active catalysts 6 and 7. another unidentified acid was lormed. Catalyst 6

way aboul 58% selective and catalyst 7 was about Y5% selective towards gluconic

acid.
Table 3.14: Table of the selectivity of the cutalysts to gluconic acid
Catalyst Precursor Support Preps;;‘ ton Conversion | Selectivity
e %
] AUNH)((NOs b2 | 6 hour ONT 4 5,15 100
2 AWNH; (NG | 6 hour CNT 2 943 0
3 HAuCI, f hour CN'F (.5 628 100
4 AUNH{NO: ) | 48 hour ON'T 4 6.72 100
5 Au(NHLIANGs b |48 howr ONT 2 165 100
3 HAuCly 48 hour CNT (& L3, 14 a8
7 AW NHNOsK | Activated C 4 51T 100
8 AufNIiz (NOgY; | Achvated O 2 692 100
9 HAuCl, Activaed € 0.8 10,96 95
(L2
Cluconic acid
0.008 F
-
Cmem
7!
= :
= bl
€ ||
0.004 el k\
| Injection
|
U 1 1 L i L
{J 5 10 15 20 25 30

Time {(min)

Figure 3.30: UV signal for the analysis of the glocose oxtdaton products for catalyst 7
{ Teramminegold (11T} nirale precursor ou activated carbon at pil 4)
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Figure 3.31: [TV signal for catalvst & (Catalyst prepared oo 48 Lour treated nanotabes asing [TAuCL)
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Figure 3.32: 1TV signal for catalyst 4 (Catalysy prepared en aciivated carbon wsing [TAaCL )
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4 Discussion

4.1 Carbon support

4.1.1 Acid treatment

As carbon nanotubes are relatively inert, they were treated in concentrated nitric acid
in order to introduce functional groups onto the surface. The introduction of
functional groups such as carboxylic groups made the carbon nanotubes less
hydrophobic which is vital as they were tested using a liquid phase reaction. The
nitric acid treatment not only introduced functional groups onto the surface, but it also

modified the nanotube structure to a degree.

The bulk density of the 48 hour nanotubes obtained from Hg pycnometry is
0.43g/cm’, higher than the 6 hour nanotubes with a bulk density of 0.13g/cm’
indicating the presence of less porous material. Evidence of amorphous carbon was
seen in the TEM images of the 48 hour treated nanotubes which would explain the
decrease in the total pore area and porosity (Figure 3.6). The density of graphitic
carbon is 2.09g/cm’. The bulk density of the 48 hour boiled nanotubes of 0.43g/cm’
would suggest that amorphous carbon is being formed. The 48 hour boiled nanotubes
also gave the lowest volume of mercury intrusion of all the nanotubes signifying the

presence of less porous material (Table 3.4).

Part of the loss of mass during the acid treatment is a result of the removal of the
amorphous carbon layer seen in the TEM images. The actual loss of carbon nanotubes
would therefore be less than the results suggest. It is suggested that this layer has in
effect protected the carbon nanotube structure from breaking apart and forming
amorphous carbon itself. The wall thicknesses of the carbon nanotubes were measured
using the TEM images. There was no significant difference between the untreated and
48 hour boiled nanotubes. However the 6 hour treated nanotubes had thinner walls. It
is proposed that the fishbone nanotubes break apart once the walls reach a certain
thickness from the action of the nitric acid, thus weakening the tube structure. After 6
hours treatment many of the nanotube walls were thinner, but did not appear to be
breaking apart. From the TEM images, very little evidence was seen for the

destruction of the nanotube structure, whereas for the 48 hour nanotubes, this was



Gold Catalysis

seen in abundance. It is suggested that the 48 hour treated nanotubes have a similar
wall thickness to the untreated nanotubes because only nanotubes with thicker walls

would be left behind. The tubes with thinner walls are preferentially destroyed.

A BET analysis was also performed on the nanotubes. With treatment, the BET
surface arca almost doubles from 45m”/g for the untreated nanotubes to 80m?/g. This
can be explained by the opening of the nanotubes during treatment. From the TEM
images, a large portion of the untreated nanotubes appeared to be closed. For the 6
hour treated nanotubes, a very small portion of the nanotubes appeared to be closed.

No closed nanotubes were seen in the TEM images of the 48 hour treated nanotubes.

The BET surface area for untreated carbon nanotubes of 45m?/g is low compared to
the values obtained in literature. Values of close to 1000m’/g have been quoted in
literature (Ning et al., 2005). This more than likely down to the fact that the higher
values quoted in literature are for nanotubes with much smaller diameters. With tube
diameters of about 60nm, the surface area will be considerably lower than some of the
nanotubes with diameters of a few nanometers. Figure 4.1 shows some of the values
obtained in literature. The solid line represents the surface area obtained assuming
cylindrical geometry and open tubes using the skeletal density of the untreated carbon
nanotubes from Hg pycnometry. The BET surface areas obtained in literature are

closely linked to the tube diameter.
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Figure 4.1: Comparison of BET surtace areas of the nanotubes used (A — untreated. B — 6 howr acid
treated, C — 48 hour acid treated} and those obained an literature (1 — Ning et af., 2005; 2
— Lee et of, 2005, 3 — Ning ¢t al, 2005; 4 — Niu and Wang, 2008, 5 — Jiang ind Zhac,
2004, 6 — Niu and Wang, 200083, The solid ling represents the surface are caleulated using
the diameter of the tibes assuiing cylindrical geometry, closed tubes and a skeletl

density of 1.08z/cm”

Pore size distributions were Gbtained from hoth N physisorption and Hg pycnometry.
Comparing the average pore diameters. the diamelers obtained from Hg pycnomelry
were much larger than that obtained from N; physisorption. This is because mercury
cannot penctrate very small pores. unless under very high pressure. N physisorption
has the ability o penctrate much smaller pores and therefore give & more accurate

description of pores in the micro- and mesoporous region (Leofanti er al., 1998).

The results obtained from these (wo analysis techniques did not follow the same
trends. For example. according to Heg pyvenomeliry, the average pore diamater of the
carbon mpanotubes decreased atter treatment, whereas N; physisorption results suggest
that the average pore size increased. The increase m pore size in the Ns physisorption
results was caused by the nitric acid (reatment opening the closed manotubes, thus
exposing & large hollow in many of the tubes that were previously closed. As some of

the munotubes are quile large with inner diameters as big as SUnm, this explains the
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increase in average pore size. For the Hg pycnometry, the mercury will initially
penetrate the spaces and gaps in between individual nanotubes could be quite large
hence the big deviation from the N, physisorption results for the untreated nanotubes.
For the treated nanotubes, the opening of the nanotubes allowed the mercury to
penetrate the nanotubes, resulting in the decrease in average pore diameter. This is
further illustrated by the fact that the mercury intrusion volume for the treated
nanotubes is considerably higher than the intrusion volume for the untreated

nanotubes (Table 3.4).

The pore size distributions obtained using N, physisorption and Hg pycnometry were
combined. Hg pycnometry is used to characterise large pores up to about 15000nm
and was therefore used to characterise larger pores. N> physisorption was used for
smaller pores. Hg pycnometry is used for meso- and macropore charaterisation and N,
physisorption is not a suitable technique in the macroporous region (Leofanti et al.,

1998).

The combined pore size distributions for the carbon nanotubes followed similar
trends. There was an increase in the proportion of pores above 20nm. This is in the
region of the inner diameters of the carbon nanotubes. This increase was larger for the
treated nanotubes due to the opening of the tubes with treatment. The combined pore
size distribution for the activated carbon showed a greater proportion of pores in the

microporous region as expected due to activated carbon’s microporous nature.

A single combined pore size was calculated by combining the mercury intrusion
volumes and the BJH pore volumes along with their respective pore areas over the

appropriate pore size ranges (Table 4.1).

The results obtained for the nanotubes showed a much larger pore size compared to
the pore sizes obtained with the individual methods. From table 4.1, the volume
contribution from Hg pycnometry was quite large compared to the BJH pore volume.
Due to the structure of the carbon nanotubes, the mercury will intrude into the spaces
in between individual nanotubes thereby inflating the intrusion volume for larger

pores. The combined mean pore sizes for the nanotubes are actually much larger than
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the diameters of the actual tubes. The mean pore size obtained for activated carbon

was comparable 10 the pore s1ze obtained by the individual methods,
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Figure 4.2:  Combined BIH and Hg pyenometry pore size distribution for carbon nanctubes

1.5

—
L}

dvpinrJdlng(d p{:-re)

[:] i L A b g a4l i L i 4 i s 53l L 'l | T B |

.1 I 10 100

Pore diameter {(nm)

Figure 43: {'ombined pore size distribution for activated carbon
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Table 4.1: Combined mean pore size

BJHP
JH Pore Hg Pore BJH Pore Hg pore Mean Pore
Surface surface .
volume volume Diameter
Area area
2 2 3 3
m/g m'/g cm’/g cm’/g nm
Untreated carbon nanotubes 46 5.1 0.2 2.9 692
6 hour treated carbon nanotubes 76 16.7 0.3 7.0 1244
48 hour treated carbon nanotubes 74 13.1 0.2 1.2 774
Activated carbon 826 1.4 0.8 0.8 11

4.1.2 Changes to the surface chemistry of the nanotubes

The infrared spectra of the carbon nanotubes were taken to characterise the effect of
the nitric acid treatment on the surface of the nanotubes. The infrared spectra of the
nanotubes revealed one characteristic peak at 1650cm™. This is assigned to the
stretching mode of carboxylic groups on the surface. The intensity of this peak was
greatest for the 6 hour treated nanotubes and slightly lower for the 48 hour treated
nanotubes. The intensity of this peak for the treated nanotubes was significantly
greater than the untreated nanotubes suggesting the treatment in nitric acid did

introduce functional groups onto the surface.

The zeta potential of the untreated and treated nanotubes was also measured. The iso-
electric point of the untreated fishbone nanotubes is at pH 2 (Figure 3.15). This low
iso-electric point suggests that the functional groups responsible for charging the
nanotubes are acidic in nature (Kongolo et al., 1997). After treatment by boiling in
nitric acid for 6 hours and 48 hours, the iso-electric point drops to a pH of 1 indicating
the addition of more acidic groups. There does not appear to be a significant
difference in the iso-electric point for the 6 and 48 hour boiled nanotubes. At pH
values above 3, the zeta potential of the 48 hour nanotubes is much lower than 6 hour
acid treated carbon nanotubes. This indicates the presence of additional acidic

functional groups on the surface of the 48 hour nanotubes.

With increasing pH, the zeta potential of the 6 and 48 hour nanotubes appears to
proceed stepwise (Figure 3.15). This indicates the presence of more than one
functional group on the surface as these functional groups should dissociate at

particular pH values. It has been suggested in literature that the acidic functional
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groups present on carbon nanotubes are hydroxyl (-OH) and carboxyl (-COOH)
groups (Liu and Gao, 2005). These steps are more pronounced for the 48 hour
nanotubes further suggesting the increased concentration of one of these functional
groups on the nanotubes, most likely the carboxylic groups based on the infrared

spectra.

It was also noted during the experimental work that the carbon nanotubes used were
hydrophobic. This behaviour has been observed in literature (Rosca et al., 2005). The
introduction of functional groups onto the surface makes them less hydrophobic
allowing easier dispersion in solution. A consequence of this is that a catalyst
precursor in solution will have easier access to the solid support surface from the

solution.

4.2 Catalysts produced

4.2.1 Chemistry of Preparation

The catalysts were produced using ion-exchange with the aim of producing small and
well dispersed gold crystallites with a narrow crystallite size distribution. The
crystallite size distribution was obtained using TEM. A mean crystallite size was

acquired using O, chemisorption and compared with the TEM results.

Small gold crystallites were obtained on the catalyst prepared on 6 hour acid treated
carbon nanotubes at pH 4 using tetramminegold (I1I) nitrate. The mean crystallite size
is 4.6nm (Table 3.8). Almost all the crystallites measured were below 10nm in size (

Figure 3.17). Using the same precursor and support at pH 2, the mean crystallite size
is 9.8nm. The crystallite size distribution is also not as narrow as the catalyst prepared
at pH 4. At pH 2, the zeta potential for 6 hour treated nanotubes is about -10mV and
at pH 4 it is about -16mV. At pH 4, there will be more anchoring points for the
positively charged gold ammine complex (Au(NH3)s*") to attach to on the surface of
the nanotube. This should allow for greater dispersion of gold on the nanotube
surface. At pH 2, there are fewer anchoring points and therefore more cationic gold
will attach to a single anchoring point. This will explain the larger crystallites

obtained using ion-exchange at pH 2 and the wider crystallite size distribution.
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Comparing catalysts using the 6 and 48 hour treated nanotube supports prepared at pH
4 with tetramminegold (11I) nitrate, the 6 hour treated nanotubes have a much smaller
mean crystallite size of 4.6nm compared to 8.5nm for the 48 hour treated nanotubes.
The 48 hour treated nanotubes have a much lower zeta potential at pH 4 of about -
50mV, compared with -16mV for the 6 hour treated nanotubes. This gives the 48 hour
acid treated nanotubes far more anchoring points for the cationic gold to attach.
During calcination and reduction, the gold on the 48 hour acid treated nanotubes has
most likely sintered. The increased concentration of anchoring points means these
anchoring points are closer together. The result of this is the gold will sinter during
calcination and reduction, forming larger crystallites. However, the functional groups
present on the surface of the nanotubes plays a role in the sintering process and are

discussed later.

The catalysts produced on the 48 hour acid treated nanotubes showed larger
crystallites in TEM compared to the 6 hour acid treated nanotubes. This is most likely
due to sintering during calcination and reduction. The 48 hour treated nanotubes have
a lower zeta potential at pH 2 and pH 4 compared to the 6 hour acid treated
nanotubes. This means the concentration of anchoring points is higher at a given pH
and they are therefore closer together. This will result in the sintering of the gold
crystallites at elevated temperature. However the loadings of the 6 and 48 hour acid
treated nanotube catalysts prepared using the tetramminegold (III) nitrate precursor
are very similar. This may suggest there is another effect which is causing the gold

crystallites to sinter on the 48 hour treated nanotubes.

Prado-Burguete et al. (1989) looked at the effect of oxygen containing surface groups
on their activated carbon support on platinum crystallite dispersion after impregnation
and sintering during reduction. They found that the increased concentration of
carboxylic groups on the carbon surface gave a more homogeneous dispersion due to
the decrease in hydrophobicity. However the carboxylic groups also promoted
sintering during reduction. They also found the less acidic groups such as oxygen

(C=0) are responsible for the anchorage of the platinum crystallites.

The increased concentration of carboxylic groups on the surface of the 48 hour treated

nanotubes will also explain the larger mean crystallite sizes obtained after reduction
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compared to the 6 hour treated nanotubes. The relative concentrations of the
carboxylic groups compared to the oxygen groups are unknown, however from the
zeta potential results, it might be concluded that the carboxylic groups are in much
greater concentration on the 48 hour acid treated nanotubes due to the significant step
wise decrease in zeta potential with increasing pH compared to the 6 hour acid treated

nanotubes (Figure 3.15).

The activated carbon support showed very large crystallites with mean crystallite
sizes of over 150nm (Table 3.8). When the loading is considered, the large crystallites
could simply be the result of sintering during calcination and reduction. The loadings

on the activated were higher than the carbon nanotube catalysts (Table 3.7).

4.3 Glucose oxidation

The catalysts produced were tested with glucose oxidation in a batch reactor.
However, before testing commenced, an Engelhardt 2% Pt/C catalyst and the World
Gold Council standard catalyst 0.8% Au/C were tested to evaluate the presence of any
mass transfer limitations. The produced catalysts were then tested at 35°C with an
agitation rate of 2200rpm and an air flow rate of 800ml/min, with the assumption that
the activity would be sufficiently low to avoid the influence of external mass transfer

limitations.

4.3.1 Effect of crystallite size

For the catalysts prepared using the tetramminegold (III) nitrate precursor, the
catalysts prepared at pH 2 with the larger crystallites showed greater activity than the
catalysts prepared at pH 4 with the smaller crystallites. The most active catalyst
produced with the tetramminegold (III) nitrate precursor was prepared at pH 2 on the
48 hour treated nanotubes. Considering only the crystallite size, it appears that the
catalysts with larger crystallites in the region of 10nm to 15nm are more active than

smaller crystallites.
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For the glucose oxidations runs, the same mass of catalyst (0.1g) was used
throughout. Therefore, the mass of gold present in each reaction was different. From
table 4.2 considering each support, the supports with the higher gold loadings were
more active with the exception of the 6 hour treated nanotubes. More gold present in
the reactor means more active sites and higher activity. However, larger crystallites
means less gold surface area and lower activity. In order to quantify the catalytic
activity, the rate constants were calculated using first order kinetics and subsequently

the rate constant per unit surface area of gold was evaluated.

The surface area of gold available for adsorption during reaction will have an effect
on the activity of the catalysts. Greater gold surface area will yield more active sites
for the reactants to adsorb therefore increasing activity. Table 4.2 shows the rate
constants expressed per unit surface area of gold actually present in the reactor. The
specific surface area of gold on each catalyst was calculated from the crystallite sizes

obtained from TEM and the gold loading on each catalyst.

For the nanotube catalysts, the conversion achieved after 5 hours oxidation appears to
pass through a minimum with increasing gold surface area (Table 4.2 and Figure 4.4).
The conversion then increases with increasing surface area. The activated carbon also
showed similar behaviour and also passed through a minimum. The activity of the
activated carbon catalysts was comparable to the carbon nanotubes catalysts. It is
possible that the activated carbon catalysts contained similar crystallite sizes to the
carbon nanotubes catalysts. The gold crystallites on activated carbon were found with
great difficulty in TEM and its possible that the smaller crystallites were simply not

seen.

Considering the data for the nanotube catalysts, the activity was expected to increase
with increasing surface area of gold. The activity did increase with gold surface area
except the activity of each support appeared to pass through a minimum. This may

suggest there is a crystallite size effect and there may be an optimum crystallite size.
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Tahle 4.2: Tahle of plucose conversion achieved afier 5 hours and the specific surface area of
gold per unit mass catalvst
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Figure 4.4: Glucoss conversion aller 5 hours ve, speaific surlace area of gold per gram of catalyst
used in the reaction

4.3.2 Kinetic modelling
In order to evalvate the catalytic activity, lhe reaction was initially modelled
according 1o the Eley-Rideal mechamsm as suggested by Beltrame er al, (2006):
c.. Kear Ko Canta Lon
1+ K G
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where Cay, Cg and Coy are the concentrations of gold, glucose and oxygen
respectively in the reaction mixture. The parameters k., and K¢ are the kinetic
coefficient of the rate determining step and the adsorption constant. When the
parameters were fitted to the data, the adsorption constant Kg became very small and
the inhibition term in the denominator tends to one. Therefore the reaction was
modelled using first order kinetics:

r=k-Cg

where k is the first order rate constant. The rate constants were evaluated using non-
linear regression. The rate constants are expressed per unit surface area gold present

on the catalyst in table 4.3.

The most active catalyst per gram gold present on the surface of the support was the
catalyst prepared using the HAuCly precursor on the 6 hour treated nanotubes
(Catalyst 3). The next most active catalyst was also prepared using the HAuCly
precursor, this time on the 48 hour acid treated nanotubes. Considering individual
supports, the most active catalysts prepared were prepared using the HAuCly
precursor. This was unexpected as the crystallites were generally larger than the
catalysts prepared using the tetramminegold (III) nitrate precursor at pH 4. The least
active catalysts on each support were the catalysts prepared using the tetramminegold

(IIT) nitrate precursor at pH 4 even though these catalysts contained the smallest

crystallites.
Table 4.3: First order rate constants
Preparation . Mean' Conversion
Catalyst] Support Precursor Loading | Crystallite after 5 k Error
pH Size hours

% nm % | hlga | h g

1 6h CNT | Au(NH;)4(NOs), 4 0.7 4.6 5.15 0.12 0.002
2 6h CNT | Au(NH;)4(NO3), 2 0.7 9.8 9.45 0.22 0.002
3 6h CNT HAuCl, 0.8 1.3 8.1 6.28 0.36 0.003
4 48h CNT | Au(NH;)4(NO3); 4 0.7 8.5 6.72 0.16 0.001
5 48h CNT | Au(NH;)4(NO;); 2 0.6 10.3 11.65 0.29 0.002
6 48h CNT HAuCl, 0.8 2.4 144 13.1 0.33 0.005
7 Activated C | Au(NH;)4(NO;), 4 2.2 2344 5.17 0.11 0.003
8 Activated C | Au(NH;)4(NO3), 2 1.7 157.5 6.92 0.16 0.001
9 Activated C HAuCl, 0.8 2.6 3024 10.96 0.26 0.002
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The most active catalyst was expected to be the catalyst with the smallest crystallites.
The catalyst with the smallest crystallites was not the most active (Table 4.2 and
Figure 4.4). From the data, considering only the gold crystallite size, there seems to be
an optimum point at a crystallite size of between 10nm and 15nm. It is possible that
smaller crystallites could adsorb the glucose molecule quite strongly and therefore the
molecule will not desorb as easily. If the crystallites are too large, they may not
adsorb the reactant strongly enough thus slowing the rate of reaction. For the catalysts
produced on the 6 hour treated nanotubes, a mean crystallite size lower than 8nm
showed lower activity and the mean crystallite size above this point also showed
higher activity. The same can be said for the catalysts produced on the 48 hour treated
nanotubes. The lowest crystallite size obtained was 8.5nm which showed the lowest
activity per unit area gold. The other two catalysts contained larger crystallites which

showed higher activity.

The catalysts produced on activated carbon contained much larger crystallites
according to the TEM. These catalysts were active for glucose oxidation and therefore
may contain a significant number of crystallites of a similar size to the carbon
nanotube catalysts as discussed earlier. It is difficult to draw any conclusions from the
data obtained for the activated carbon catalysts due to the uncertainty of the crystallite
size obtained from TEM (Figure 4.6). If the crystallite sizes obtained from TEM are
accurate, the rate per unit area gold is much higher than the carbon nanotube catalysts.
[t is possible that the activated carbon is adsorbing oxygen based on the oxygen
chemisorption results. The glucose may be reacting with this adsorbed oxygen on the

activated carbon surface therefore inflating the rate constant.

The World Gold Council standard catalyst (0.8% Au/C) has a mean crystallite size of
9.6nm and showed slightly higher activity than the catalysts produced. An optimum
crystallite size of about 8nm has been observed in literature for a gold on activated
carbon catalyst for the liquid phase oxidation of ethylene glycol (Bianchi ez al., 2000).
This is relatively large for a gold catalyst as for other such as CO oxidation, smaller
crystallites are desired (Choudhary and Goodman, 2002). For the carbon nanotube
catalysts using glucose oxidation as the reaction, the optimum appears to be between

[0nm to 13nm.
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5 Conclusions

The gold crystallite size was affected by the pH and the support used during
preparation. Smaller crystallites were obtained using a preparation pH of 4 compared
to pH 2. The catalysts prepared using the HAuCls precursor contained the largest
crystallites. This is most likely caused by sintering during calcination and reduction

due to the presence of the chlorine.

The catalysts produced using ion-exchange were active for glucose oxidation. lon-
exchange did produce very small and highly dispersed gold crystallites especially on
the 6 hour acid treated nanotubes at a preparation pH of 4. The surface groups present
on the support appear to affect the size of the crystallites obtained after calcination
and reduction. More acidic functional groups such as —COOH seem to promote

sintering during calcination.

The smaller gold crystallites were not as active as the larger crystallites for glucose
oxidation. Crystallites below 5nm in size were not as active as crystallites between
5nm and 15nm in size. There appears to be optimum point of between 10nm and

15nm for the catalysts prepared on carbon nanotubes.

Oxygen chemisorption was attempted on the catalysts. However the crystallite sizes
could not be determined with any degree of accuracy. Activated carbon appeared to
adsorb oxygen. Oxygen chemisorption on the supports should be carried out in order

to determine the oxygen uptake on the supports.
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6 Appendices

Appendix A: Support treatment and characterisation

Sample calculation for nanotube wall thickness

Using the untreated nanotubes:

Number of tubes measured for outer diameter: NTubes outer = 34

Number of tubes measured for inner diameter: Ntupes inner = 35

Tube Diameters:

Outer Inner

Diameter Diameter

dOD dlD

nm nm
67.43738532 | 31.35330296
60.07958716 | 36.21867882
75.78669725 | 40.25649203
60.61307339 | 117.0444191
1589731651 | 37.45740319
56.65555556 | 27.52121771
48.71481481 | 24.21494465
45.20925926 | 27.00645756

37.03703704

2752121771

50.95925926

27.14760148

54.46481481

25.1798893

64.68240741

28.22324723

44.54074074

19.01845018

41.37777778

33.32564576

104.7564815

30.34501845

9381111111

15.01752768

51.92592593

22.29335793

59.28796296

26.09225092

90.34814815

18.92804428

51.86018519

28.29889299

48.52037037

17.74446494

21.11481481

19.72140221
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72.06759259 | 19.91420664
5011111111 | 23.62730627
63.9962963 38.7998155

41.77962963

31.98339483

52.05833333

24.83948339

50.39259259

27.42804428

72.60092593

23.06273063

60.32037037

21.51660517

65.375 | 28.29889299
49.5 | 29.53505535
64.2037037 | 25.84686347

72.73055556

25.1798893

27.13191882

26.25461255

27.9197417

23.35608856

18.92804428

21.61531365

44.35701107

33.92066421

56.93450185

7.935424354

42.01199262

48.92804428

52.83302583

7.380073801

17.81642066

147601476

19.74261993

38.22601476

21.21771218

29.75

33.26199262

Finding the geometric mean diameters:

Rgz r\]/(l + dl)(l + d2) (1 + dn) -1

Where:
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R,  Geometric mean diameter
n Number of tubes measured

d Diameter of a single tube

The wall thickness was calculated as the geometric mean outer diameter less the

geometric mean inner diameter

Outer Diameter Inner Diameter Wall Thickness
Count (n) 34 55
Geometric mean (nm) 58.33633 26.68678 15.82478

BJH pore size distribution calculation from N, physisorption data

Thickness of the adsorbed layer remaining on the pore walls is given by:

o=

13.99

0.034 — log]
. - log| —
Py

Where:
t Thickness of adsorbed layer

t=

P/Py Relative pressure

The pore radius is calculated as follows:

o2 __[zy‘u.cos(e)}
Pg) L RT(r-v

Where

Y Liquid surface tension

Y Molar volume of condensed adsorptive

0 Contact angle between solid and condensed phase
R Universal gas constant
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T

T

temperature

Pore radius assuming cylindrical pores

Data for N, physisorption on untreated carbon nanotubes:

Average Pore

Incremental

Pore Volume

Diameter dD (dv)

nm nm cm3/g d(In(V)) d(In(V))/dD

1400.3 140.03 0.146396 -1.92144
1106.8 110.68 29.35 0.009432 -4.6636471 | 0.158897687
1043.4 104.34 6.34 0.006044 -5.1086892 | 0.805786946
1009.5 100.95 3.39 0.004937 -5.3109974 | 1.566665906
934 93.4 7.55 0.010684 -4.539008 0.60119311
8133 81.33 12.07 0.015467 -4.1690466 | 0.34540568
685 68.5 12.83 0.016859 -4.0828706 | 0.318228421
566.9 56.69 11.81 0.018404 -3.9951872 | 0.338288505
464.6 46.46 10.23 0.018691 -3.9797132 | 0.389023769
383.9 38.39 8.07 0.016254 -4.1194162 | 0.510460501
318.8 31.88 6.51 0.012598 -4.3742172 | 0.671922766
264.5 26.45 5.43 0.009431 -4.6637531 | 0.858886398
2163 21.63 4.82 0.007578 -4.882506 | 1.012968043
171.9 17.19 4.44 0.006583 -5.0232647 | 1.131365926
136.7 13.67 3.52 0.005063 -5.2857961 | 1.501646615
110 11 2.67 0.004119 -5.4921449 | 2.056983095
85.9 8.59 241 0.004501 -5.4034557 | 2.242097794
64.4 6.44 2.15 0.004757 -5.3481381 | 2.487506075
49.1 491 1.53 0.003459 -5.6667757 | 3.703774999
38.7 3.87 1.04 0.002922 -5.835487 | 5.611045159
31.2 3.12 0.75 0.004179 -5.4776833 | 7.303577727
27.5 2.75 0.37 0.002511 -5.9870742 | 16.18128162
2.6 0.15 0.001007 -6.9007797 | 46.00519777
241 241 0.19 0.003151 -5.7600354 | 30.31597587
21.8 2.18 0.23 0.001431 -6.5493818 | 28.47557295
19.9 1.99 0.19 0.000426 -7.7610712 | 40.84774322
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Mercury pycnometry calculations

The pore diameters are calculated as follows:

Do —4-y -cos(0)
P
Where:
D Pore diameter
Y Surface tension of mercury (485dyn/cm)
Contact angle (130°)
P Applied pressure

The bulk density of the sample was calculated as follows:

Wi

Poulk =
Vp ~ VHe

pou  Bulk density
Wi Mass sample
Vo Volume of empty penetrometer

Vhe Volume of mercury
The skeletal density of the sample is given by:

W

Pskeletal = V.-V

Where:
Paelet  Skeletal density
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W, Mass sample
V. Volume of penctrometer less the volume of the mercury
v Total volume of mercury fifling the pores

And the porosity of defined as foilows:

Plhulk
LI

Porosity = | |
Fukeletal ;

The total pore area is calculated as {pllows:

Where Dy, 18 the mean pore diameler,
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Appendix B: Preparation of tetramminegold (III) nitrate

TAGN preparation 1 - Gold balance

GOLD IN: Liquid volume: HAuCl4 10
Au conc: HAuCH4 (g/1) 50

Total Au in (g) 0.50

GOLD OUT: Mass TAGN in AAS sample (g) 0.0552
Liquid volume of AAS sample (ml) 70.0

AAS result: Au conc in liquid sample (mg/1) 197.0

Au content of TAGN (wt%) 2498

Mass TAGN produced(g) 1.355

Total Au in TAGN produced (g) 0.3384

Liquid volume filtrate (ml) 145

AAS result: Au conc in liquid sample (mg/1) 578

Total Au in filtrate (g) 0.08381

Total Au out (g) 0.422

TAGN preparation 2 - Gold balance

GOLD IN: Liquid volume: HAuCl4 10
Au conc: HAuCl4 (g/1) 50

Total Au in (g) 0.50

GOLD OUT: Mass TAGN in AAS sample (g) 0.0542
Liquid volume of AAS sample (ml) 70.0

AAS result: Au conc in liquid sample (mg/1) 190.89

wt% Au in TAGN 24.65

Mass TAGN (g) 1.432

Total Au in TAGN produced (g) 0.3529

Liquid volume filtrate (ml) 143

AAS result: Au conc in liquid sample (mg/1) 1209.98

Total Au in filtrate (g) 0.17303

Total Au out (g) 0.526
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TAGN preparation 3 - Gold balance

GOLD IN: Liquid volume: HAuCl4 10
Au conc: HAuCH4 (g/1) 50

Total Au in (g) 0.50

GOLD OUT: Mass TAGN in AAS sample (g) 0.0474
Liquid volume of AAS sample (ml) 70.0

AAS result: Au cone in liquid sample (mg/1) 99.80

wt% Au in TAGN 14.74

Mass TAGN (g) 2.193

Total Au in TAGN produced (g) 0.3232

Liquid volume filtrate (ml) 140

AAS result: Au conc in liquid sample (mg/1) 889.81

Total Au in filtrate (g) 0.12457

Total Au out (g) 0.448

Appendix C: Preparation of gold on carbon catalysts

Catalyst 1 preparation - Gold balance.

Loading
aim:

5 wt%

Preparation
pH:

Precursor: TAGN

GOLD IN: Mass TAGN 0.5999
wt% Au in TAGN 2498
Total Au in (g) 0.150

GOLD
OUT: Filtrate

Liquid volume of filtrate (ml) 1500
AAS result: Au conc in liquid sample (mg/1) 98.9
Total Au in filtrate (g) 0.1484
Ethanol wash
Liquid volume of ethanol wash (ml) 28.5
AAS result: Au conc in liquid sample (mg/1) 6.84
Total Au in ethanol wash (g) 1.95E-04
Catalyst
Mass catalyst in AAS sample (g) 0.104
Liquid volume of AAS sample (ml) 45
AAS result: Au conc in liquid sample (mg/1) 11.84
Au content of catalyst (wt%) 0.514
Mass catalyst produced (g) 1.421
Total Au in catalyst (g) 0.007
Total Au out (g) 0.156
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Catalvst 2 preparation - Gold balance.

Preparation

Loading o 0, 2
aim: pH:

Precursor: TAGN Support: 6h nanotubes

GOLD IN: Mass TAGN 0.4862
wt% Au in TAGN 2498
Total Au in (g) 0.1215

GOLD
OUT: Filtrate
Liquid volume of filtrate (ml) 985
AAS result: Au conc in liquid sample (mg/1) 123.0
Total Au 1n filtrate (g) 0.1212
Ethanol wash
Liquid volume of ethanol wash (ml) 254
AAS result: Au conc in liquid sample (mg/1) 9.34
Total Au in ethanol wash (g) 2.37E-04
Catalyst
Mass catalyst in AAS sample (g) 0.0998
Liquid volume of AAS sample (ml) 45
AAS result: Au conc in liquid sample (mg/1) 14.94
Au content of catalyst (wt%) 0.674
Mass catalyst produced (g) 1.762
Total Au in catalyst (g) 0.012
Total Au out (g) 0.133
Catalyst 3 preparation - Gold balance.
Lozrding S wi% Preparation )
aim: pH:

Precursor: HAuCl4 Support: 6h nanotubes

GOLD IN: Vol HAuCl4 (ml) 5
Au content of HAuCl4 (g/1) 50.0
Total Au in (g) 0.25

GOLD
OUT: Filtrate

Liquid volume of filtrate (ml) 385
AAS result: Au conc in liquid sample (mg/1) 538.0
Total Au in filtrate (g) 0.2071
Ethanol wash
Liquid volume of ethanol wash (ml) 12.6
AAS result: Au conc in liquid sample (mg/1) 354
Total Au in ethanol wash (g) 4.46E-03
Catalvst
Mass catalyst in AAS sample (g) 0.0798
Liquid volume of AAS sample (ml) 45
AAS result: Au conc in liquid sample (mg/1) 17.05
Au content of catalyst (wt%) 0.961
Mass catalyst produced (g) 3.813
Total Au in catalyst (g) 0.037

Total Au out (g) 0.248
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Catalyst 4 preparation - Gold balance.

Loading

Preparation

5 wt% 4
aim: pH:

Precursor: TAGN Support: 48h nanotubes

GOLD IN: Mass TAGN 0.4004
wi% Au in TAGN 24.65
Total Au in (g) 0.099

GOLD
OUT: Filtrate
Liquid volume of filtrate (ml) 893
AAS result: Au conc in liquid sample (mg/1) 65.4
Total Au in filtrate (g) 0.0584
Ethanol wash
Liquid volume of ethanol wash (ml) 9.6
AAS result: Au conc in liquid sample (mg/1) 24.5
Total Au in ethanol wash (g) 2.35E-04
Catalyst
Mass catalyst in AAS sample (g) 0.085
Liquid volume of AAS sample (ml) 45
AAS result: Au conc in liquid sample (mg/1) 14.23
Au content of catalyst (wt%) 0.752
Mass catalyst produced (g) 1.963
Total Au in catalyst (g) 0.015
Total Au out (g) 0.073
Catalyst 5 preparation - Gold balance.
Loz.lding 5 Wi% Preparation )
aim: pH:

Precursor: TAGN Support: 48h nanotubes

GOLD IN: Mass TAGN 0.4199
wt% Au in TAGN 24.65
Total Au in (g) 0.104

GOLD
OUT: Filtrate

Liquid volume of filtrate (ml) 877
AAS result: Au conc in liquid sample (mg/1) 71.0
Total Au in filtrate (g) 0.0623
Ethanol wash
Liquid volume of ethanol wash (ml) 17.5
AAS result: Au conc in liquid sample (mg/1) 209
Total Au in ethanol wash (g) 3.66E-04
Catalyst
Mass catalyst in AAS sample (g) 0.062
Liquid volume of AAS sample (ml) 45
AAS result: Au conc in liquid sample (mg/1) 20.7
Au content of catalyst (wt%) 1.498
Mass catalyst produced (g) 1.826
Total Au in catalyst (g) 0.027
Total Au out (g) 0.090
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Catalvst 6 preparation - Gold balance.

Loa.lding S wi% Preparation 1
aim: pH:

Precursor: HAuCl4 Support: 48h nanotubes

GOLD IN: Vol HAuCl4 (ml) 5
Au content of HAuCl4 (g/1) 50.0
Total Au in (g) 0.25

GOLD
OUT: Filtrate
Liquid volume of filtrate (ml) 380
AAS result: Au conc in liquid sample (mg/l) 4713
Total Au in filtrate (g) 0.1791
Ethanol wash
Liquid volume of ethanol wash (ml) 9.8
AAS result: Au conc in liquid sample (mg/1) 13.9
Total Au in ethanol wash (g) 1.36E-04
Catalyst
Mass catalyst in AAS sample (g) 0.1009
Liquid volume of AAS sample (ml) 45
AAS result: Au conc in liquid sample (mg/1) 52.3
Au content of catalyst (wt%) 2.341]
Mass catalyst produced (g) 2.743
Total Au in catalyst (g) 0.064
Total Au out (g) 0.243
Catalyst 7 preparation - Gold balance.
Lo:?ding 5 W% Preparation 1
aim: pH:

Precursor: HAuCl4 Support: AC

GOLD IN: Vol HAuCl4 (ml) 385
Au content of HAuCl14 (mg/1) 538.0
Total Au in (g) 0.21

GOLD
OUT: Filtrate

Liquid volume of filtrate (ml) 387
AAS result: Au conc in liquid sample (mg/1) 33.8
Total Au in filtrate (g) 0.0131
Ethanol wash
Liquid volume of ethanol wash (ml) 13.0
AAS result: Au conc in liquid sample (mg/1) 4.65
Total Au in ethanol wash (g) 6.05E-05
Catalyst
Mass catalyst in AAS sample (g) 0.0602
Liquid volume of AAS sample (ml) 45
AAS result: Au conc in liquid sample (mg/1) 32.91
Au content of catalyst (wt%) 2.460
Mass catalyst produced (g) 3.671
Total Au in catalyst (g) 0.090

Total Au out (g) 0.103
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Catalyst 8 preparation - Gold balance.

Preparation

Loz?dmg S Wi% 4
aim: pH:

Precursor: TAGN Support: Activated Carbon

GOLD IN: Mass TAGN 0.4056
wt% Au in TAGN 14.70
Total Au in (g) 0.060

GOLD
OUT: Filtrate
Liquid volume of filtrate (ml) 895
AAS result: Au conc in liquid sample (mg/1) 0.12
Total Au in filtrate (g) 0.0001
Ethanol wash
Liquid volume of ethanol wash (ml) 13.4
AAS result: Au conc in liquid sample (mg/1) 0.71
Total Au in ethanol wash (g) 9.51E-06
Catalyst
Mass catalyst in AAS sample (g) 0.118
Liquid volume of AAS sample (ml) 45
AAS result: Au conc in liquid sample (mg/1) 2598
Au content of catalyst (wt%) 0.989
Mass catalyst produced (g) 1.546
Total Au in catalyst (g) 0.015
Total Au out (g) 0.015
Catalvyst 9 preparation - Gold balance.
Loztding S wi% Preparation ,
aim: pH:

Precursor: TAGN Support: Activated Carbon

GOLD IN: Mass TAGN 0.4092
wt% Au in TAGN 14.70
Total Au in (g) 0.060

GOLD
OUT: Filtrate

Liquid volume of filtrate (ml) 888
AAS resuit: Au conc in liquid sample (mg/l) 2.6
Total Au in filtrate (g) 0.0023
Ethanol wash
Liquid volume of ethanol wash (ml) 20.3
AAS result: Au conc in liquid sample (mg/1) 0.08
Total Au in ethanol wash (g) 1.62E-06
Catalyst
Mass catalyst in AAS sample (g) 0.0995
Liquid volume of AAS sample (ml) 45
AAS result: Au conc in liquid sample (mg/l) 26.66
Au content of catalyst (wt%) 1.206
Mass catalyst produced (g) 1.643
Total Au in catalyst (g) 0.020

Total Au out (g) 0.022
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Sample TEM images of the catalysts

Catalyst 1:

Catalvst 2:
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Catalyst 3:

Catalyst 4:
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Catalyst 5:

Calalyst 6:
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Catalyst 7:

Catalvst 8:
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Catalyst Y:

Gold erystallite size distribution calculations

No. (Npartictes) 245
Mean nm 4537033
o nm 309859
Number of particles in 2 nmbin - Ngy  — 30

Calculating the frequency:

~

~Bin 20

= [0K) Jo0 = R 1645
245

NPunticles 24

F(x)=

Lug Normal Distribution Caleulations

‘The log normal prohability density is given by:

:
=l ) oae)”
2.p°

fixl = e

X

where:

u - scile parameter
i shape parameter
X particle size
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The parameters o and B were estimated by comparing to the measured data, and
minimising the error using Microsoft Excel© Solver using Newton’s method.

Oxvgen chemisorption calculations

The following dual isotherms were fitted to the data as discussed in the results
section:

K,.p,,
VOZ :I/m,l+l/m,2'1+K p. (1)
2-Po
K, pg, K,.p,
0.

Vo, = Vst Ve T )

The parameters K; and K, were estimated by comparing to the measured data, and
minimising the error using Microsoft Excel© Solver using Newton’s method.

From the volume of the monolayer obtain on the metal surface (Vy,, ) dispersion was
calculated using the following equation:

_ . VMM y
Dispersion = — 100

Vstd Leat

Where:

Vi Monolayer volume on metal surface

n n=1 for associative chemisorption and n=2 for dissociative
chemisorption

MM, Molecular mass of gold

Vad Standard molar volume of the gas

Leat Catalyst loading

The diameter in nm was then calculated using the following equation:

6 Lcat'Vstd X

Diameter =
NA V™ PAy
Where
X Gold surface atoms per unit area
Na Avogadro’s number

PAu Density of gold
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Appendix D: Catalytic testing with glucose oxidation

Evaluation of the rate constants

First order kinetics was assumed in order to evaluate the rate constants:

I‘G([) = kCG(t)

Where

G Rate of consumption of glucose at time t
k First order rate constant

Cg Concentration of glucose at time t

The rate constants were calculated in Polymath© using non-linear regression using
the Levenberg-Marquardt method and the concentration data was fitted to the

following equation:

Co(0 = Cgpe XY

Where

Coo Initial concentration
t Time

Analyvsis of Reaction products with HPLC

For the analysis of the HPLC data, the peak areas were analysed in order to determine
the concentration of the reaction products. Standards of possible reaction products

were produced and tested. A sample calculation is given below:

Retention
Substance Mass | Volume| Concentration| Time |[Channel Area
g 1 g/l M min UV RI
Glucose (monohydrate) 0.0118] 0.05 ]0.236] 0.0012 10.91 RI - | 69070
Glucose (monohydrate) 0.1036| 0.05 |2.072] 0.0105 10.91 RI - | 546483
Glucose (monohydrate) 0.2088 | 0.05 |4.176] 0.0211 10.91 RI - 1137176




Gold Calalysis

5
e I I
E:
2 3}
=
E
E 4L
= 2
]
=
o 1k
ﬂ o i i i 1
( 2000000 00000 OO0 ROO0O0 10000 1200000

Area

Figure 6.8: HPAL calibration curve for plucese standards

A straight line was titted to the dara. From the peak arca and the slope of the line, the
coneentration can be caleulated:

i = A0 HI o x ART

wiiere Coense 15 the concentration of glucose and Agg is the area of the glucose peak
in BRI This method was also used tor the other possible reaction products such as

eluconic acid and tructlose.
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Appendix E: Ethics Form



EBE Faculty: Assessment of Ethics in Research Projects

Any person planning to undertake research in the Faculty of Engineering and the Built Environment at the University of
Cape Town is required to complete this form before collecting or analysing data. When completed it should be submitted
to the supervisor (where applicable) and from there to the Head of Department. If any of the questions below have been
answered YES, and the applicant is NOT a fourth year student, the Head should forward this form for approval by the
Faculty EIR committee: submit to Ms Zulpha Geyer (Zulpha.Geyer@uct.ac.za; Chem Eng Building, Ph 021 650 4791).
Students must include a copy of the completed form with the thesis when it is submitted for examination.

Name of Principal Researcher/Student: %(\ %E cMING Department: CHEM(CAL EM&;NEEMUG—

~

If a Student: Degree: MSCCE_vs> Supervisor: E. van gTEEM
3. Case

If a Research Contract indicate source of funding/sponsorship:

Research Project Title: SYMTHE&S aod Canractesanon oF  (CagRow SuUPPORTE]
Gord CATALYSTS PREPARED &Y fow- Excrawee

Overview of ethics issues in your research project:

Question 1: Is there a possibility that your research could cause harm to a third party (i.e. | YES
a person not involved in your project)?
Question 2: Is your research making use of human subjects as sources of data? YES
If your answer is YES, please complete Addendum 2.
Question 3: Does your research involve the participation of or provision of services to | YES
communities?

If your answer is YES, please complete Addendum 3.

@ 3@ @)

Question 4: If your research is sponsored, is there any potential for conflicts of interest? YES
If your answer is YES, please complete Addendum 4.
If you have answered YES to any of the above questions, please append a copy of your research proposal, as well
as any interview schedules or questionnaires (Addendum 1) and please complete further addenda as appropriate.

I hereby undertake to carry out my research in such a way that

o there is no apparent legal objection to the nature or the method of research; and

s the research will not compromise staff or students or the other responsibilities of the University;

e the stated objective will be achieved, and the findings will have a high degree of validity;

¢ limitations and alternative interpretations will be considered;

» the findings could be subject to peer review and publicly available; and

o | will comply with the conventions of copyright and avoid any practice that would constitute plagiarism.

Signed by:

Full name and signature Date

Principal Researcher/Student:

z,q_/n/LcsoS
B.A. Bzemive

This application is approved by:

Supervisor (if applicable):

HOD (or delegated nominee):

Final authority for all assessments with NO to
all questions and for all undergraduate
research.

Chair : Faculty EIR Committee

For applicants other than undergraduate
students who have answered YES to any of the
above questions.






