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Abstract

Abstract

The preparation, testing and characterisation of catalysts for the total oxidation of two
volatile organic compounds (VOCs) have been studied. These two VOCs were
naphthalene and propane. Naphthalene was the main focus of this study.

CeZrO, with varied Ce:Zr ratios and preparation methods was investigated for the
total oxidation of naphthalene. These preparation methods were all precipitation methods
using different precipitating agents (urea, sodium carbonate and supercritical CO,). Zr
contents as low as 1 molar percent enhanced activity for both urea and sodium carbonate
precipitated catalysts compared to CeO,. A supercritical analogue was found to be less
active.

Pt/SiO, as a catalyst for naphthalene total oxidation was studied with a view to
optimise an existing impregnation technique. A Pt loading of 2.5wt% with a calcination
regime of 550°C for 12h in static air with a ramp rate of 5°C/min was found to be
optimal. These preparation conditions were found to increase the proportion of metallic Pt
which was found to exist as large crystallites with low dispersion. Other catalyst features
were probed in this study. The type of silica used as a support was changed to novel
hollow sphere silica then nanopore silica but no improvement in activity was found. Pt
was then substituted for Pd which again did not improve activity. It was found that the Pd
existed as Pd oxide hence Pd oxide is not as active for naphthalene oxidation as metallic
Pt.

The preparation of impregnated catalysts using non-aqueous solvents on so-called
'hydrophobic' materials was also investigated. These were tested for both naphthalene and
propane total oxidation. It was found that Pt and Pd based catalysts afforded the most
active catalysts. Several supports were studied which interacted with the impregnated
metals in different ways. This affected the nature of the impregnated metals and therefore
the activities of these catalysts. Some of the more active catalysts used supports that were
of a low surface area. A high surface area SnO, support was produced and impregnated
with Pd. The high surface area SnO, was found to be more active than the original

Pd/SnO; catalyst for propane total oxidation.



Abstract (Microfiche)

Abstract (Microfiche)

Catalysts have been tested for their activities towards the catalytic total oxidation of
naphthalene. It was found that CeZrO, catalysts were active for naphthalene total
oxidation. Experiments were undertaken in an attempt to explain this activity. The
preparation of an impregnated Pt/SiO; catalyst was investigated in a study to determine
optimal preparation conditions. These conditions included Pt loading, calcination regime
and silica type. The most active catalysts favoured predominantly metallic Pt crystallites
which were large and poorly dispersed. A Pd/SiO, analogue was also prepared for
comparative purposes. The preparation of impregnated catalysts with non-aqueous
solvents is also reported. The activities for the total oxidation of naphthalene and the total
oxidation of propane are reported. It was found that the strength of the interaction of the
impregnated metal with the support can play a role in a catalyst's activity for total
oxidation of hydrocarbons. The influence of support surface area was also probed for one
of these 'hydrophobic' catalysts, Pd/SnO, for the total oxidation of naphthalene and

propane.

xi



Chapter [ - Introduction
Chapter 1 - Introduction

1.1 Introduction

The focus of this study is to utilise heterogeneous catalysis as a means to reduce the
emission of two volatile organic compounds (VOCs). The reasoning for reducing VOC
levels is discussed. Although other techniques exist for emission abatement, justification
is given for using catalysis. Some background information on catalysis theory is given, as

is a review of the published literature available.
1.1.1 Volatile Organic Compounds and Their Environmental Effects

Volatile Organic Compounds (VOCs) are a class of chemicals which are known to
contribute to atmospheric pollution and are defined as substances of low volatility, which
can then be easily released into the atmosphere. For example chlorofluorocarbons (CFCs)
have been found to destroy ozone via a photochemical radical mechanism. The problem
was compounded by its widespread use in both commercial and domestic situations (as a
refrigerant). Relatively large release of CFCs resulted in sufficient depletion of ozone to
create a hole in the southern hemisphere. As a result, the use of CFCs was prohibited.
This prohibition had a positive effect on ozone levels as it has been reported that levels
will increase to eventually reach 1980 levels!). One other noticeable atmospheric

polluting effect is the formation of photochemical smog in urban settings'?).
1.1.2 Classes of VOCs

There are several classes of VOCs e.g. short chain alkanes, dioxins etc. One class in
particular creates the main basis of this project; polyaromatic hydrocarbons (PAHs).
These are all based on multiple ring molecules (naphthalene is the most simplistic PAHs
possible hence its use as a model PAH) and are regarded as being very difficult to destroy

via oxidation due to their high thermal stability®!.
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1.1.2.1 Why Study Naphthalene?

Naphthalene specifically has been identified as a constituent of wood burning stoves!*]
and diesel exhaust emissions®®. It has also been a by-product of some industrial
processes e.g. plastic production. Also, when one wishes to study the chemistry of PAHs,
naphthalene is an ideal candidate for study. It is the simplest PAH available. It also has
relatively low toxicity and is relatively cheap to purchase. This makes it ideal for R&D

use.
1.1.2.2 Why Study Propane?

Propane has been attributed to LPG based heating systems and has also been identified in

[9, 10]

vehicle emissions , especially as liquid petroleum gas powered internal combustion

engines are commonplace.
1.1.3 Current Legislation

Due to the polluting nature of VOCs, several legislative measures have been introduced.
Two of the most prominent of these are the Gothenburg Protocol of 1999 and European
Union Directive 2004/42/CE.

1.1.3.1 The 1999 Gothenburg Protocol to Abate Acidification, Eutrophication and

Ground-level Ozone

The 1999 Protocol was adopted in November 1999 by a number of European countries
including the UK. The USA and Canada have also signed the Protocol. The basis of the
Protocol was to establish lower emission ceilings (compared to 1990 figures) for four
groups of atmospheric pollutants; sulphur oxides (63% reduction), nitrogen oxides (NOx)
(41% reduction), VOCs (40% reduction) and ammonia (17% reduction). The target for
these reductions was 2010. For the UK specifically, 2555 thousand tonnes of VOCs were
produced in 1990. A reduction of 53% to 1200 thousand tonnes per year was agreed. The
sources of these pollutants were considered, e.g. VOC emissions from the paint/coating

industries and revised abatement levels set. For new pharmaceutical installations, for
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example, a limit of 5% of the solvent input can be emitted as NMVOCs (non methane

VOCs) was imposed.
1.1.3.2 EU Directives 1999/13/EC and 2004/42/CE

The 1999/13/CE directive considers the VOC emissions of EU countries, e.g. one EU
country’s VOCs emissions affecting the atmospheric quality of another EU country.
VOCs which are classified under particular risk phrases were postulated to be reduced or
replaced fully by less hazardous materials (if possible). Halogenated VOCs were limited
to 20mg/Nm? if the mass flow met or exceeded 100g/h.

In terms of other new emission ceilings, the values mirror that of the Gothenburg
Protocol already mentioned. For example, a maximum of 25g of solvent is allowed to be
emitted per pair of shoes manufactured.

In 2004, this Directive was additionally supplemented with the Directive
2004/42/CE. This Directive centred on issues concerning VOC emissions from
automotive refinishing and general paint products. The limits for paints were designed to
be introduced over a two stage implementation plan (stage 1 in 2007; stage 2 from 2010
onwards). For example, solvent based interior matt paints were limited to 400g/l of VOC
in 2007. This was then limited to 30 g/l in 2010. For automotive refinishing, the limits
were introduced in a single stage (2007). Topcoat paints, for example, were limited to

420g/1 of VOC content.
1.2 Routes for Treating VOCs

There are several possible routes for the treatment of VOCs. Some of these are outlined
here.

Thermal incineration. Thermal incineration is where the target chemical is
subjected to a high enough temperature to enable total combustion to occur. There are,
however, several disadvantages to this method. Firstly, very high temperatures (they can
be in excess of 1000°C) are required to achieve total combustion. This introduces a large
energy penalty, hence this method is neither particularly cheap or energy efficient. It is
also not a very selective technique in that many partial oxidation products are formed.
Some of these by-products, e.g. dioxins are extremely hazardous to human health and

their formation is not desirable.
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Absorption. Here, the VOC is absorbed by a liquid e.g. water and a centrifuge

based packed bed!'!. Commercial applications also exist worldwide. However, no
chemical change occurs during the absorption process. Therefore, a clean-up regime is
still required to treat the contaminated fluids.

Adsorption. Adsorption requires the VOC pollutant to be adsorbed on a suitable
solid material. Ceria has been reported to be a good adsorption material'?!. Activated
carbon has been reported to be effective for benzene adsorption'"®!. However, the same
problem of treating the contaminated adsorbent occurs as mentioned for absorption.

This technology could be useful for treating VOC contamination in areas where
thermal incineration would not be feasible by trapping the VOC then transferring the
adsorbed VOC to a separate facility for further treatment. However, this route can be time
consuming and the transportation of the adsorbed VOCs could be problematic (due to
health and safety concerns) or expensive (if a suitable facility is not local to the original
site where the VOCs were first adsorbed).

Biological treatment. Several technologies exist where microbes are used to
remove VOC effluents from gas streams, such as biofilters and bioscrubbers!™!. The exact
nature of these microbes does depend on the specific VOC and the reaction pathway to be
‘\1sed[15 1 Products tend to be simple hydrocarbons (i.e. methane!®)) or CO,.

Catalytic combustion. An alternative method is to lower the activation energy of
the combustion reaction by means of a catalyst. Another advantage of using a catalyst is
that it is possible to achieve very high or complete selectivity for a desired product. As
vastly reduced temperatures are required compared to thermal incineration, the energy
penalty is significantly reduced. This means that the use of catalysts to reduce
naphthalene emissions is the most suitable avenue to pursue, especially if these catalysts

can be produced economically and can be used over a large time scale.
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1.3  Introduction to Catalysis

1.3.1 Basic Concepts

Catalysts are an intrinsic part of everyday life; many substances used by mankind require
some form of catalysis at some point during its production, e.g. pharmaceutical
preparations, fine chemical synthesis, plastic production and environmental control.
According to some sources, approximately 90% of all chemical products require a
catalysed reaction!'”! with an annual turnover of approximately US$900 billion!"®.

The term catalysis was first used by J.J. Berzelius where catalysts are described as
materials which 'produce decomposition in bodies, and form new compounds into the
composition of which they do not enter'!" 11,

A contemporary definition of catalysis can be considered to be a process where a
substance enhances the rate of a given reaction but undergoing no net change itself. It
does this by offering an alternative pathway for a reaction to proceed which requires a
lower overall activation barrier (E,). A typical energy profile illustrating this is shown in
figure 1.1. In order to offer this alternative pathway, it may be necessary to form extra or
different transition state species from the non-catalysed reaction pathway. Also, the
energy changes/requirements of adsorbing and desorbing species onto the catalyst need to

be considered. If the standard Gibb’s free energy change of a reaction is considered, i.e.
—AG° =RTInK

It can be seen that one value of AG® will give only one value of K for a given
reaction. This means that if a reversible reaction is considered, the overall equilibrium rate
constant, K must contain rate constant terms for both the forward and the reverse reaction

in its expression, i.e.

_ k(Reverse)
k(Forward)

This is also true for a catalysed reaction at equilibrium. The expression for AG® is
the same regardless of if the non-catalysed or catalysed reaction is considered; therefore

the expression of the rate constant, K, must be the same for both the catalysed and non-
5
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1.3.3 Adsorption at a Surface

Knowledge of the mechanisms of adsorption and the opposite phenomena, desorption can
be crucial in understanding a particular catalytic reaction. There are several specific types
of adsorption/desorption mechanisms. Firstly, it would be best to understand what
adsorption and desorption entail.

Adsorption is the fundamental bonding of a species upon a surface. Depending on
the strength of adsorption, adsorbed species are not fixed to the surface. Phenomena such
as site hopping are possible.

There are two main types of adsorption based on the bonding nature of this
adsorption. They are physisorption and chemisorption®..

Physisorption is based on weak van der Waal type forces, therefore no molecular
bonds are created or broken. As a result they have no real activation energy and they are
relatively unselective. Due to the weak forces involved, multilayers of adsorbate
molecules can form. Adsorbed molecules can also ‘hop’ between active sites. This is
caused by the energy of physisorption being absorbed by the adsorbate lattice until there
is not enough energy for motion to occur any longer. This allows full adsorption onto the
substrate surface.

Chemisorption involves stronger molecular-surface interactions i.e. bonds are
created or broken. Due to this, an activation energy barrier exists and therefore
chemisorption occurs more selectively than physisorption. Fragmentation of the adsorbed
species can occur if there is a high degree of valency deficiency. Due to the activation
energy required, multilayer adsorption does not occur.

Desorption is where adsorbed products leave the surface of the catalyst/material.
Desorption can occur if the thermal energy of the adsorbed species is high enough and if

the dissociation energy of the adsorbed species is not breached.
1.3.3.1 Common Catalytic Mechanisms Employing Adsorption and Desorption

Langmuir/Hinschelwood®. For oxidation reactions, this mechanism is based on the
simultaneous adsorption of both the oxidant species and the reactant species. The products
then desorb simultaneously. Reactions occur on the adsorbate surface via site hopping as

described in the previous section.
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Chapter | - Introduction
1.5 Literature Review

1.5.1 Naphthalene Total Oxidation

A review was published in 2009 by Taylor and Ntainjua N. covering the work done to
date concerning previous work on naphthalene oxidation!??). The oxidation of naphthalene
as a component in the reactant gas stream and as the only VOC in the gas stream was
covered. However, this literature review will focus on the latter.

An investigation into Pt/MnOx catalysts for the total oxidation of naphthalene was
reported in 19972, Small loadings of Pt had a positive influence on the cataiytic activity
and this activity increased with increasing Pt loading. However, pure Pt catalysts were
more active. The reason for this was cited to be the encapsulation of Pt by MnOx.
Another observation was that high calcination temperatures (800°C) could produce more
active catalysts compared to a lower calcination temperature (500°C).

Some of the other earlier papers investigating the total oxidation of naphthalene
were published by Ferrandon et al.' 2* %%, These included Pt and Pd catalysts supported
on y-AlbO; which required temperatures of 288-395°C to achieve 50% naphthalene
giestmction[4]. Surface areas were reported to be as high as 150m*/g which were reduced
to 15m?g with high temperature hydrothermal treatment. Scanning Electron Microscopy
revealed the formation of alumina whiskers, which could be changed when the
preparation conditions were varied.

Ntainjua N. and Taylor described the work of Zhang et al.’> ** in some detail in
their 2009 review!??l. In 2003"), Zhang et al. studied 1% Pt, 1% Pd, 1% Ru, 5% Co, 5%
Mo and 5% W on y-AL,Os3. BET studies indicated that the metal impregnation caused a
reduction in surface area compared to the bare Al,O3 support. This was proposed to be
due to large metal particles filling the pores of the support. From XRD analysis, the
impregnated metals were found to be oxidised rather than metallic. In the case of Pd and
Ru, these M oxide crystallites were observed to be fairly large. In terms of activity, the Pd
and Pt catalysts were the most active, followed by Ru and Co and finally the least active
were Mo and W. Zhang et al. also discovered that the naphthalene consumption and the
CO; yields at a given temperature did not always correlate. This suggested that by-
product formation was occurring. Kinetic studies were also reported and the authors

reported that the Langmuir-Hinschelwood mechanism applied.

10
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28] where an attempt was

The following year, Zhang et al. released a second paper
made to probe the mechanistic details of naphthalene oxidation over 1% Pt/y-Al,O; and
5% Coly-Al,03. They reported that Pt caused a greater degree of by-product formation
due to the stronger chemisorption of naphthalene on Pt. The by-products were found to be
oxygenated and non-oxygenated polycyclic aromatic hydrocarbons (due to naphthalene
growth prior to decomposition), alkyl and oxygenated naphthalene derivatives (due to
methylation and dimerisation) and naphthalene decomposition fragments (due to the
formation of phthalic anhydride and subsequent oxidation). Since Co and naphthalene
experienced a weaker chemisorption interaction compared to Pt, Zhang et al. proposed
that a weaker adsorption favoured naphthalene oxidation.

The work of Zhang et al. led to a publication by Shie et al. in 20052"). In this
paper, 1% Pt/y-Al,O; was studied to optimise reaction conditions and to determine
mechanistic details. They showed that the Eley-Rideal mechanism with Arrhenius
behaviour fitted the pseudo-first order kinetic data. In terms of improving catalyst
activity, a relatively low GHSV of less than 35000h™ with 600vppm of naphthalene
produced a 95% CO, yield at approximately 150°C. A temperature of 727°C was required
to reach the same CO; yield if no catalyst was present.

. The next step was to try and improve the activity of the Pt/y-Al,O5 catalyst. Ndifor
et al. published a paper where the addition of V to Pt/y-Al,O3 catalysts were investigated.
The combination of V and Pd in the same catalyst was not a new one.

TiO, based catalysts were tested by Garcia et al. previously where Pd/V/TiO, was
compared to Pd/TiO, and V/TiO,. In that paper there is evidence that different cyclic
VOCs could give rise to different adsorption mechanisms. 0.5% Pd/3% V/TiO, was the
most active catalyst for the total oxidation of benzene. 0.5% Pd/TiO, was more active
than all investigated Pd/V/TiO, catalysts for the total oxidation of naphthalene at higher
temperatures (i.e. above 250°C).

Upon analysing the characterisation data for these catalysts (with respect to

naphthalene oxidation), it was found that
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1 Pd/V/TiO, catalysts underwent an increase in polyvanadate and V,0s species

compared to V/TiO,
Increasing the vanadium loading increased the CO chemisorption uptake
The catalyst surface area was reduced when the loadings of Pd and V were increased

The reducibility of V sites increased in the presence of Pd

W bW N

The inclusion of Pd increased the concentration of paramagnetic V** ions but the

vanadium oxide structures were not altered.

When the reactivity profiles for the total oxidation of naphthalene were
considered, it was found that V/TiO, did not give very active or selective catalysts. At
300°C, naphthalene consumption was noted to be 100% but the CO, yields were only
55% (approximately). This could be observed regardless of V loading. The authors
attributed this to a carbon balance deficit from naphthalene adsorption and by product
formation. In order to eliminate the effects of naphthalene adsorption, the reaction was
allowed to reach adsorption equilibrium. Analysis of the reaction by-products (where
naphthalene consumption was high but CO, yields were low) revealed substances such as
trimethyl benzene, benzaldehyde, phthalic anhydride and benzoic acid were present.

It was noted that there was a general trend between V content and naphthalene
c:onsumption; higher (3%) V loadings gave higher naphthalene consumptions. However,
this trend was not carried over to CO, yields. It was proposed that the oxidation
mechanism proceeded via nucleophillic attack to adsorb the naphthalene to the catalyst
surface. It then underwent electrophillic substitution to the total oxidation products.
However, it was found that naphthalene appears to be more easily adsorbed on the
catalyst surface than benzene but naphthalene was the more difficult to oxidise fully at
lower temperatures, possibly due to the formation of very stable oxygenated
intermediates.

If the most active Pd/TiO,, V/TiO, and Pd/V/TiO; catalysts were considered, it
was shown that whilst 3% V/TiO, gave higher naphthalene consumption than 0.5%
Pd/TiO,, the CO, yield was higher for Pd/TiO,. It had been previously reported that if
there is weak physisorption between the adsorbed naphthalene and the catalyst, the
oxidation of the second naphthalene ring can be oxidised more easily after the oxidation
of the first ring. Hence, it was postulated that V active sites produced stronger
naphthalene-catalyst bonds compared to Pd active sites. It was also stated that V active

sites had an affinity for attacking C-H bonds via selective nucleophillic oxygen species,
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producing partial oxidation products such as those noted above. Pd was postulated to
contain non selective electrophillic oxygen species, hence a higher CO, yield.

The paper published by Ndifor et al. on catalysts designed in a similar vein to the
paper by Garcia et al. above had a different outcome with respect to the total oxidation of
naphthalene. A small amount (0.5wt%) of V incorporated into 0.5wt% Pt/y-AL,O; was
found to enhance the activity for the total oxidation of naphthalene. Larger loadings of V
decreased activity compared to 0.5wt% Pt/y-Al,Os;. This decrease in activity was
identified to be due to the formation of crystalline V,0s for these higher V loadings (up to
12wt%). The addition of 0.5wt% V caused an easily reducible V species to be formed
(identified as a unique peak in TPR analysis). BET and CO chemisorption data also
indicated that both the textural properties and the Pt distribution were altered upon the
inclusion of V.

An advance was made during 2005/2006 when Garcia et al. reported the
comparison of various metal oxides for the total oxidation of naphthalene®®. These
oxides were Fe; O3, CoOx, CeO,, MnOx, CuOx, ZnO and CuZnO. Two different forms of
CeO, were reported, denoted CeO, and CeO, (U). The U designation refers to a co-
precipitation preparation using urea as the precipitating agent.

) If the temperatures required for each catalyst to produce a 90% CO, yield are
considered, it was reported that the urea precipitated ceria required a temperature of
210°C. The next active catalyst was MnOx (250°C). ZnO was the least active (a
temperature of 340°C was required for a 90% CO; yield). The urea precipitated ceria was
also reported to have 100% selectivity to CO, as a 90% consumption of naphthalene was
observed at 210°C. The only other catalyst that displayed this behaviour was reported to
be CoOx (a temperature of 270°C was required for a 90% CO, yield and 90%
naphthalene consumption). All other catalysts (Fe;O3;, CeO,, MnOx, CuOx, ZnO and
CuZnO) were reported to achieve a 90% CO, yield at a higher temperature than 90%
naphthalene consumption (e.g. Fe;O; displayed a 90% naphthalene conversion at 295°C
whereas a CO, yield of 90% was reached at 300°C). This suggests that some by-products
were being produced®™ %],

It was reported that the urea precipitated ceria had one of the largest surface areas
of all the investigated catalysts (171m?%g). With the exception of ALO; (180m%/g), all
other surface areas were reported to be less than 90m?/g. Therefore it appeared that a high

surface area was a key requirement for an active ceria catalyst.
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If the reported Temperature Programmed Desorption (TPD) data is considered, it

was reported that a relatively low temperature was required to desorb naphthalene from
CeO, (U). It was suggested that naphthalene was bonded relatively weakly to ceria (U)
and that partial oxidation would be less facile, hence the 100% selectivity to CO,.

A further advantage of using ceria as a catalyst was the reduced cost of catalyst
preparation compared to supported precious metal catalysts®2,

As ceria was now known to be the most active catalyst for the total oxidation of
naphthalene, the focus was then turned to improving its catalytic activity. As previously
mentioned, the most active catalyst reported is that of urea precipitated ceria (CeO, (U)),
which was reported to afford a 100% yield of CO, at approximately 190°C. Two key
features of CeO, (U) were proposed to be a small crystallite size and a high surface area.
CeO; precipitated via aqueous sodium carbonate (CeO, (P)) was not as active as CeO,
(U), with 100% CO, yield at approximately 325°C. CeO, (P) had a larger crystallite size
(5.2nm compared with 4.7nm) and a smaller surface area (87m*/g compared with
171m?/g). It was also noted that CeO, (U) underwent a morphological change during
reaction by Garcia et al.; the globular/spherical morphology transformed into regular
prismatic forms during reaction. The CeO, (P) sample exhibited the same
globular/spherical morphology as CeO, (U) but this did not change during reaction'),
The authors proposed that defects within the prismatic forms upon which naphthalene
could adsorb could be responsible. They also proposed that the pore size distribution
could be ‘optimised’ so that naphthalene adsorption is maximised and that this effect was
not observed for other preparation methods!%.

When CeO; (U) was compared with other catalysts that were known to be very
active for the total oxidation of naphthalene, it was shown that CeO, (U) was the most
active. Now that CeO, (U) was established as the most active catalyst for the total
oxidation of naphthalene, the focus turned to improving and optimising the preparation
conditions of CeO, (U). This was investigated as part of a recent Ph.D. thesis®”. In that
thesis, the preparation of ceria was optimised and various characterisation techniques
were performed in order to determine what structural features were necessary for a
catalyst that was highly active for the total oxidation of naphthalene. The preparation
conditions (e.g. using a precipitation method with urea as the precipitating agent) were
discussed and it was proposed that a cerium salt to urea ratio of 1:4 with an ageing time of

24h, followed by drying then calcination at 500°C for 6h produced nanocrystalline ceria

that was the most active for the total oxidation of naphthalene. In terms of characterisation
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(via N, adsorption coupled with the BET method and X-ray diffraction using the Scherrer

equation) it was determined that a small crystallite size and a high surface area were
paramount for an active catalyst, which is in agreement with the published literature.

One other important key feature was determined to be the presence of surface
defects in the catalyst. Higher concentrations of surface defects were observed with larger
surface areas. Also, surface defects enable more catalyst molecules to be open to the
adsorption of naphthalene. This should lead to a greater number of successful reactions,
hence an increase in the reaction rate being observed. These surface defects were reported
to increase in number when urea precipitated ceria was used in a catalytic reaction.

One of the observations made during the study of ceria catalysts was that the
redox properties of the catalyst appeared to be important. This implies that the oxidation
reactions could proceed via redox mechanisms such as that proposed by Mars and van
Krevelen®!!. One of the main features of CeO, that benefits catalytic activity is that it is
an efficient store of oxygen and that its surface is easily reducible!®?.. In the literature,
there are examples of cerium zirconium dioxide catalysts that are a more efficient store of
oxygen than CeO,*3). The activity of CeZrO, for the total oxidation of naphthalene was
probed in 2008 by Bampenrat et al.'?!). They prepared catalysts via urea hydrolysis and
Ce*" nitrate. In terms of catalytic activity, it was reported that high Ce content CeZrO,
c\atalysts were more active than either CeO, or ZrO,. These more active catalysts
contained Ce:Zr ratios of 75:25 and 50:50. These catalysts reached naphthalene
conversions of 100% at approximately 600°C. Zr contents above 50% resulted in changes
in the catalyst reducibility, agreeing with previous studies that the catalyst reducibility
was an important factor.

The kinetics of the oxidation for the most active catalyst, Ce75Zr25 was probed
using the initial rates at a temperature where less than 20% naphthalene conversion was
observed. The data produced suggested reaction orders of approximately 0.5 with respect
to oxygen and naphthalene. The best fit was obtained by applying the Mars van Krevelen
rate expression to the data hence the proposal that the oxidation of naphthalene occurred
via the MvK mechanism.

Pt/SiO, was recently probed for its activity for the total oxidation of naphthalene
in a study by Edwin e al. amongst a wide range of catalysts consisting of 0.5wt% Pt
supported on a range of supports®*. Out of all the supports tested, the most active support

was SiO;.
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The supports tested in this study were SiO,, Al,Os, TiO,, CeO; and SnO,. When

they were tested for their activity for the total oxidation of naphthalene, all of the catalysts
were less active than urea precipitated CeO, (denoted as CeO, (U)) except for 0.5wt%
Pt/Si0,. This exhibited higher activity than CeO, (U) at low temperatures (i.e. below CO,
yields of 100%). When the CO chemisorption data was examined, it revealed that the less
active catalysts had higher Pt dispersions, larger Pt surface areas and smaller Pt crystallite
sizes compared with the more active Pt based catalysts (i.e. Pt/SiO;). Therefore it was
postulated that poorly dispersed, larger Pt particles were necessary for active catalysts for
the total oxidation of naphthalene. It was also suggested that since the more active
supported Pt catalysts (Pt/SiO; and Pt/Al;0;) were known to only have significantly
weaker metal-support interactions (due to their inherent non-reducibility) compared with
the other supports, strong Pt-support interactions were undesirable. XPS analysis also
revealed that metallic Pt was present in Pt/SiO; rather than an oxide.

SnO, was used as a support and exhibited the largest Pt crystallite sizes and the
least dispersion, despite being relatively inactive for the total oxidation of naphthalene. As
SnO, is hydrophobic, using an aqueous impregnation method would cause poor
deposition of Pt on the surface (poor surface wetting). This may have caused the Pt
particles to have more bulk-like behaviour rather than the ‘surface-like’ behaviour of
s;naller nanoscale particles. In short, the data presented in that paper may not represent
the true activity and characteristics of Pt/SnO, prepared to account for the hydrophobicity
of SnO,. It would be useful to repeat this study to see if a more active catalyst can be

prepared. This paper presents two potential avenues of research:

1 Optimisation of the Pt/SiO, catalyst preparation in a similar way to that
investigated by Edwin et al. with regards to ceria and naphthalene total oxidation.
2 Modification of the Pt/SnQ, catalyst preparation taking into account the
hydrophobicity of the SnO, support and its effect on metal

deposition/impregnation on the surface.
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1.5.2 Propane Total Oxidation

The total oxidation of propane has been reported several times in the literature, although
partial propane decomposition (e.g. dehydrogenation) has received more extensive
coverage. There are more examples to be found than that for naphthalene total oxidation.

One of the earliest published studies of propane combustion was published by
Yazawa and co-workers®®’]. The Pd oxidation state of Pd/Si0,-AlL 03 was studied. It was
found that in varying C3Hs:O, stoichiometric ratios, the oxidation states of the Pd varied.
It was found that more oxidative atmospheres gave rise to a greater proportion of the Pd
existing as Pd oxides. The authors reported that an optimum stoichiometric ratio was
found for optimum propane conversion and that the palladium was found in both the
oxidised and metallic states. It was reported that the Pd dispersion did not change with the
C3Hj: 0, stoichiometric ratio.

The activity of Pt/y-Al,O; towards propane oxidation was reported to be enhanced
by the promotion of SO, in propane oxidation®®). The effect was reported to be reversible,
although recovery to the original activities was reported to be slow after the SO, was
removed from the reaction. Water was reported to inhibit propane oxidation. These effects
could not be repeated for a Pt/SiO, analogue; no significant change in activity was
(;bsewed. Surface sulphates were observed on the Pt/y-Al,O3 catalyst which the authors
proposed allowed additional reaction pathways for propane oxidation to occur.

Yoshida et al. reported the catalytic activities and oxidation state of a variety of
promoted Pt catalysts on different supports (MgO, Al,O; and Si02-A1203)[37]. It was
found that the more acidic supports gave more active catalysts. In terms of Pt oxidation
state, the Pt catalysts that exhibited higher degrees of metallic Pt were the more active.
The degree of metallic Pt was controlled by the electrophillic or electrophobic properties
of the supports and the promoting additives used in the catalyst preparation. More
electrophillic supports and promoters gave rise to the formation of more metallic Pt. This
was proposed to be due to the Pt oxo-anion being stabilised by electrophobic cations.

Chambers and Cant reported that the introduction of NO in propane oxidation over
Pt/SiO; reduced catalytic activity!®®l. This reduction was observed with less than 1ppm of
NO in the gas stream. The rate of reaction was reported to decrease by a factor greater
than 20 when 1000ppm of NO was introduced into the gas stream. At lppm NO
concentration, it was observed that the NO adsorbs weakly on the catalyst surface under

reaction conditions. The authors attributed the decrease in activity to the cyclic oxidation
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of some of the NO to NO, followed by NO, decomposition on the propane oxidation

active sites.

Garcia et al. reported the use of vanadium modified Pd/TiO; catalysts for propane
total oxidation®®). It was reported that the co-impregnation of the V and Pd enhanced
catalytic activities, with 0.5% Pd/1.5% V/TiO, reported to be the most active. It was
found that Pd dispersion and surface site concentration decreased upon the addition of V.
A greater concentration of polymeric V species were observed in the presence of
palladium. The concentration of v species was found to increase in the presence of Pd,
thereby changing the redox properties of the catalysts and therefore affecting the
activities. The reducibility of these catalysts were also enhanced.

The effect of Nb modifiers in Pd/TiO, catalysts was reported by Taylor et al. in
20089, It was reported that the inclusion of niobium provided an increase in catalytic
activity. This was found to be due to an increase in oxygen mobility after Nb addition.
The nature of the Pd was also altered; oxidised Pd was observed. The activity was also
found to increase with increasing Nb and Pd loading. The most active catalyst was found
to be 0.5% Pd/6% NbyOs/TiO,.

The activities of Au catalysts on a variety of different supports were reported in
2006M*Y. CoOx was reported to be the most active catalyst out of the range tested (CoOx,
MnOx, CuO, Fe;0; and CeO;) with a Tso temperature of 180°C. CeO, and TiO, needed
temperatures in excess of 400°C to reach Tso. When Au was included in a co-precipitation
catalyst preparation, the activity of CoOx was enhanced. Au/CoOx achieved Ts at a
temperature of 165°C. An impregnated analogue was less active, where a Tsy temperature
of 220°C was reported. The inclusion of Au was found to enhance the reducibility of the
CoOx support.

Aw/CoOx was the subject of a TAP study in 20091*?). In that paper, it was reported
that the previous observation of Au enhancing propane total oxidation was repeatable.
The Mars-van Krevelen mechanism was reported to operate using isotopically labelled
oxygen in the catalyst testing experiments. The presence of Au was reported to enhance
the speed of cobalt oxide reoxidation. The Au catalyst contained a higher concentration of
oxygen vacancies which was the reason behind this increased reoxidation speed. It was
also proposed, in a separate work, that the redox properties of the catalyst was a key
feature in producing an active catalyst for propane total oxidation!?®].

Further work was reported with regards to Co oxide in propane combustion'*’!. A

nanocrystalline cobalt oxide catalyst was found to give 100% propane conversion at
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200°C. Pd/Al,O; was found to require a temperature of 450°C to display similar propane

conversions. The nanocrystallinity of the cobalt oxide was proposed to be the important
factor in enhancing catalytic activity by providing new catalytically active surfaces.
Another paper compared this nanocrystalline cobalt oxide as a bulk catalyst with the same
nanocrystalline cobalt oxide supported on alumina™*. The alumina supported cobalt oxide
was found to be less active than the bulk cobalt oxide for the total oxidation of propane.
The bulk cobalt oxides which had high surface areas were the most active and were the
most reducible due to low Co-O bond strengths and increased defect concentration.

Harrison et al. reported that the activity of tin (IV) oxide towards propane
oxidation was not improved with the inclusion of rare earth metals during a co-
precipitation preparation method!*?). However, Cr promoted SnO, catalysts were found to
be more active for propane oxidation than a commercial Pt/Al,O; catalyst.

Song et al. performed kinetic studies using a perovskite based catalyst!*s). The best
fit of the kinetic data was achieved by fitting the Mars Van Krevelen kinetic model to the
data. It was also observed that the addition of water and carbon dioxide to the gas feed
had an inhibiting effect, which corresponds with the observations of Skoglundh and co-
workers®®l. The Mars-van Krevelen mechanism was reported to operate in several other
works.

\ Heynderickx et al. proposed that propane oxidation operated via the Mars van
Krevelen mechanism using vanadia-titania catalysts on porous silica and non-porous
Si0,-ZrO, supports'*’). A similar conclusion with regards to the mechanism was reached
in a later paper[48], but for a different catalyst system (CuO-CeO,/y-Al;O3). A more
detailed kinetic study on CuO-CeO./y-Al,O3 was performed in another paper®). A
Langmuir-Hinschelwood mechanism gave the best fit to the activity data when CO, and
water are present in the reaction. The overall catalytic activity was reported to decrease
when water was present. The same effect was observed when CO, was present, although
the effect was less pronounced.

Another recent paper was published by Alexopoulos et al. who studied CuO-
Ce0,/Al,0; for the total oxidation of propane®. It was found that the Cu was oxidised
(Cu®") during the propane oxidation. If the catalyst was subjected to 2% C3;Hs/He and then
reoxidised in 10% O,/He, then the Cu was found to be in the metallic, +1 and +2
oxidation states in a two step mechanism. After reoxidation the Cu was found to be in the

+2 oxidation state hence the original state of the catalyst was recovered. The reoxidation
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of the catalyst was more facile than the reduction, indicating that the Mars-van Krevelen

mechanism operated.
1.6  Glossary; Basic Terminology

There are a number of phrases that can be used when discussing catalysis and catalytic
processes. Some of these are given here.

Active site. The portion of a catalyst surface where reaction actually takes place
e.g. CO oxidation occurs on the surface of Au nanoparticles and immediately at the
metal/support interface rather than on bulk Au particles or exclusively on the surface of
the support.

Promoter. A promoter is a substance which can be incorporated into a catalyst of
known activity in order to try and improve said activity. An example of this is the
incorporation of V in Pt/Al,O; catalysts to give Pt/V/AL,O; for naphthalene total
oxidation®").

Support. A support is a material which provides an ‘anchor’ for the active
component of a catalyst. The support can have an influence on the catalytic properties of
the active component(s). For example, the metal-support interaction (MSI) strength could
z;ffect a metal active site when exposed to high temperatures (i.e. the support could
encourage or prevent changes in metal crystallite size or the degree of sintering). Some
catalysts can be self supporting (e.g. CeO,).

Poison. A substance that inhibits catalytic activity by blocking the catalytic active
sites. This can include adsorption of gaseous poisons (e.g. sulphur) onto the active sites or
the formation of a solid film over the active sites e.g. catalyst coking.

Deactivation. Deactivation is the decrease in catalytic activity for a given catalyst.
This can be induced via the reaction atmosphere or physical damage to the catalyst
structure (e.g. repeated heat cycle treatment). It can also be propagated by using an active
site poison.

Inhibitor. An inhibitor is most commonly seen in biochemical situations,
particularly enzymes. For enzymes an inhibitor is a substance that will partially block
amino acid sites within the enzyme’s active site, preventing the binding of the original
target molecule. This sort of behaviour is found in a wide range of pharmaceutical

therapies.
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Impregnation. A catalyst preparation technique. A solution of metal salt (usually

aqueous, although the use of non-aqueous solutions has been reported) is stirred at a set
temperature (depending on the solvent used). The support material is then added and the
solution stirred for a given length of time. It is then dried and usually calcined/thermally
treated to give the finished catalyst. '

Co-precipitation. Another catalyst preparation technique. Usually performed in
aqueous conditions, this preparation can be used for self supporting catalyst synthesis. A
solution of starting material is refluxed with a precipitating agent for a set amount of time
at a set temperature. The solvent is then removed (e.g. by filtration) then the finished
catalyst is produced by calcination.

Calcination. A thermal heat treatment process used for ‘finishing’ a catalyst in an
oxidative atmosphere. Calcination can be used to remove solvent or starting material
fractions, change support morphologies or change active metal oxidation states. Samples
can also be treated in other atmospheres (such as He or H;) at elevated temperatures in a
similar fashion, although it would be incorrect to call these processes calcinations.

Light off temperature. This is the temperature/temperature range where catalytic
activity significantly increases from a low product yield to a much higher value.

Metal Support Interaction (MSI). The term used to describe the behaviour between
t};e metal clusters on the surface and the surface of the support. The strength of this
interaction could have beneficial or detrimental effects on catalyst activity, or could have
important mechanistic effects, e.g. Bond and Thompson’s CO oxidation model®®?.

Mass transfer™

. As described previously, catalytic mechanisms require the
diffusion of chemical species from the gaseous atmosphere to a catalyst-bound state. If
the rate of diffusion of the reactants to the catalyst surface is exceeded by the rate of
reaction from reactants to products, then the system is described as 'mass transfer limited'.
In other words, the activity of a catalyst would not be limited to how quickly adsorbed
species can react to form products, but by how quickly the initial adsorption onto the

catalyst can occur.
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2.1  Catalyst Preparation

2.1.1 Preparation of Cerium Zirconium Dioxide Catalysts via Urea Co-

precipitation

Urea (Aldrich, ACS reagent, 99-100.5%, 40g), distilled water (200mL) and the
appropriate amounts of ammonium cerium (IV) nitrate (Aldrich, 99.99+%) and zirconyl
nitrate hydrate (Aldrich, 99%) were aged with stirring in a round-bottomed flask for 24h
at 120°C. The resulting slurry was filtered, washed with deionised water and dried at
110°C overnight. This was followed by calcination in static air at 500°C for 6h with a

ramp rate of 10°C/min. The following catalysts were prepared:

e ZrO; (no ammonium cerium (IV) nitrate was used in this preparation)

e (Ce50Zr50

e (Ce60Zr40

o Ce70Zr30
e (Ce80Zr20
e (Ce90Zr10
e (Ce99Zrl

e (CeO; (no zirconyl nitrate hydrate was used in this preparation)

The Ce:Zr ratios relate to percentage atomic weights rather than wt% and these

catalysts are henceforth denoted NH,4-U.

2.1.2 Preparation of Cerium Zirconium Dioxide Catalysts via Carbonate Co-

precipitation

0.25M solutions of zirconyl nitrate hydrate (Aldrich, 99%) and ammonium cerium (IV)
nitrate (Aldrich, 99.99+%) (proportions were dependent on the desired Ce:Zr ratio) were
combined and heated to 80°C with stirring. Aqueous sodium carbonate solution (0.25M)

was then added dropwise until a pH of 8 — 9 was reached. This was then aged at 80°C

25



Chapter 2 - Experimental
with stirring for 1h. The precipitate was filtered, washed with distilled water then dried at

110°C overnight. The dried precursors were calcined for 3h at 400°C in static air with a
ramp rate of 10°C/min. These catalysts are henceforth denoted NH4-C.

A third series of catalysts were produced which are denoted NIT-C. The
preparation method used is as described in the previous paragraph except that cerium (III)
nitrate hexahydrate (Aldrich, 99.99%) was used instead of the ammonium cerium (IV)

nitrate as described above.
2.1.3 Preparation of Cerium Zirconium Dioxide Catalysts via Supercritical Fluids

The supercritical CeZrO, was prepared by Dr. Bin Gao of this research group via the SAS
(supercritical anti solvent) method. Figure 2.1 (below) is a schematic of the apparatus
used for the sample preparation. Solutions of Ce(acac); (Aldrich) in MeOH (Fisher)
(concentration = 6.03x10° mol/mL) and Zr(acac)s (Aldrich, 98%) in MeOH (Fisher)
(concentration = 6.13x10"mol/mL) were combined. This solution was introduced into a
precipitation vessel via pumping through a fine capillary as part of a coaxial nozzle
system. At the same time CO, (BOC) was introduced into the precipitation vessel through
the outer part of the same coaxial nozzle via pumping using a HPLC pump. A CO,
pressure of 110bar and temperature of 40°C ensured that the CO, was kept in the
supercritical phase. The temperature was controlled by fitting the precipitation vessel into
a GC oven. The Ce/Zr/MeOH solution and supercritical CO, were flowed concurrently
for 16h at flow rates of 0.lmL/min and 10mL/min respectively. After this 16h period,
MeOH and supercritical CO, were flowed for 1h followed by supercritical CO, only for
1h. After collection of the product, it was calcined in static air at 500°C for 6h with a

ramp rate of 10°C/min to give the finished catalyst.
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2.1.4.2 Catalyst Calcination Temperature

The catalysts were prepared in the same fashion as above except that the calcination
temperature was varied (450°C, 550°C, 650°C and 750°C were investigated) and the
optimum Pt weight loading (from chapter 2.1.4.1) kept constant. |

2.1.4.3 Catalyst Calcination Process Time

These catalysts were prepared in the same fashion as the standard preparation except that
the optimum calcination temperature determined in the previous section was taken into
account. Calcination times of 3h, 6h and 12h were investigated. The optimum Pt weight

loading and calcination temperature were kept constant.
2.1.4.4 Catalyst Calcination Process Ramp Rate

These catalysts were calcined using a ramp rate of 5, 10 or 20°C/min using the optimum

conditions determined thus far.
2.1.4.5 Catalyst Calcination Atmosphere

Using the optimised calcination regime determined thus far, these catalysts were calcined

in either static or flowing air for the entire calcination procedure.
2.1.4.6 Nature of SiO; Support

After optimising the Pt weight loading, calcination temperature, timeframe, ramp rate and
atmosphere, the nature of the SiO, support was changed from the Silica 60A used thus far
to nanopowder SiO; (Aldrich, 5-15nm (BET), 99.5% metals basis). SiO, hollow spheres
which used this nanopowder as a precursor were also used as a support. The nanopowder
was used as supplied from Aldrich. The hollow spheres were prepared by Asuncion
Aranda using the following method®!.

Sodium silicate, Na;Si03.9H,0 (47.3g), was added dropwise into a nanosized
carbonate suspension (details in reference!®!) with stirring at 80°C within a 1h time period.
The pH was adjusted to 9-10 by use of 10wt% HCI solution. This solution was then
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stirred for 2h at 80°C. A molar SiO,/CaCOjs ratio of 1/10 was desired. After 2h, the solid

was filtered and washed with distilled water, followed by ethanol. This was then dried at
110°C overnight prior to calcination at 700°C for 5h in static air. The CaCOj3 template was
then removed by dissolving the composite in 10wt% HCI solution overnight. The gel was
then filtered and washed with distilled water and ethanol before being dried overnight at
110°C. The material was then milled to give the finished product.

2.1.5 Preparation of Pd/SiO; Catalysts

This preparation was identical to that reported in section 2.1.3 except that sodium
tetrachloropalladate (II) hydrate (Alfa Aesar, 99.95% metals basis, 30% Pd content)
substituted the hexachloroplatinate (IV) hydrate. The calcination regime used was based

on the optimum calcination determined using the catalysts synthesised in section 2.1.3.

2.1.6 Preparation of Hydrophobic Supporting Catalysts with Non-Aqueous

Solvents

The hydrophobic catalysts studied were initially prepared using a modified procedure that
waé described elsewhere!*®!. An appropriate amount of the metal acetylacetonate salt was
dissolved in its corresponding solvent (100mL) and stirred until the salt had dissolved.
The support was then added (3g) and the resulting slurry stirred at room temperature for
24h. The solvent was removed via rotary evaporation and the solid dried overnight. The
solid was then treated with flowing He (500°C, 2h, ramp rate = 10°C/min). The sample
was then treated with flowing air (350°C, 2h, ramp rate = 10°C/min) and flowing 5%
Hy/Ar (500°C, 2h, ramp rate = 10°C/min). These samples were allowed to cool after each
2h calcination period. The catalysts were then finished with flowing He (room
temperature, 30min).

The following starting materials, solvents and supports used are described in the
tables below. Different solvents were required due to the differing nature of the metal
acetylacetonate salts. Ag and Cu acetylacetonate are polar (in the case of Ag, very polar)
hence a highly polar solvent was required (i.e. DMSO which has a dielectric constant of
46.7). Ethyl acetate has a higher dielectric constant than toluene (6.02!") versus 2.38%))
and hence is more polar. Ni acetylacetonate is a relatively polar compound compared to

the Pd and Pt analogues; therefore a more polar solvent is required.
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2.1.6.1 Metal Salts Used in Preparations

Table 2.1. Metal salts and their corresponding solvents used in all preparations.

Salt Reaction solvent
Pd acetylacetonate (Aldrich, 99%) Toluene (Fisher, lab. reagent grade)
Ag acetylacetonate (Aldrich, 98%) Dimethylsulfoxide (DMSO) (Aldrich)
Cu acetylacetonate (Aldrich, 98%) Dimethylsulfoxide (DMSO) (Aldrich)
Ni acetylacetonate (Merck, > 98%) Ethyl acetate (Fisher, lab. reagent grade)
Pt acetylacetonate (Aldrich, 97%) Toluene (Fisher, lab. reagent grade)

2.1.6.2 Supports Used in Preparations

e Boron nitride (Aldrich, powder, ~1 micron, 98%)

e Silicon nitride (Aldrich, nanopowder, <50nm particle size (spherical), >98.5%
trace metals basis)

e Silicon carbide (Aldrich, nanopowder <100nm particle size)

e Tin (IV) oxide (Aldrich, 325 mesh, 99.9% trace metals basis)

The metal loadings were kept constant at 0.5wt%. The following catalysts were prepared:

e 0.5wt% Ni/BN o 0.5wt% Pd/SiC

e 0.5wt% Ni/SizNy e 0.5wt% Pd/Sn0O,
e 0.5wt% Ni/SiC e 0.5wt% Ag/BN

e 0.5wt% Ni/SnO, o 0.5wt% Ag/SizN,
e 0.5wt% Cuw/BN o 0.5wt% Ag/SiC

e 0.5wt% Cu/Si3N,4 e 0.5wt% Ag/Sn0O,
e 0.5wt% Cu/SiC o 0.5wt% Pt/BN

e 0.5wt% Cu/SnO, e 0.5wt% Pt/SizN,

e 0.5wt% Pd/BN e 0.5wt% Pv/SiC

o 0.5wt% Pd/SizNy e  0.5wt% Pt/SnO,
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2.1.6.3 Aqueous Analogue Preparation

An aqueous analogue of 0.5wt% Pd/BN was prepared using a similar technique described
in section 2.1.7. However the Pd acetylacetonate was substituted with tetrachloropalladate
(IT) hydrate (Alfa Aesar, 99.95% metals basis, 30% Pd content) and water was used as the
reaction solvent. The impregnation was performed at room temperature for 24h as in

section 2.1.7. The calcination regime also remained unchanged.
2.1.6.4 High Surface Area SnO; Support Preparation

The preparation of a high surface area SnO, support was also performed based on the
work of Wang et al.”’).

Di-n-butyltin dilaurate (Alfa Aesar, 95%) was dissolved in toluene (Fisher,
laboratory reagent grade) (100mL) with stirring. An appropriate mass of SiO, (Fisher,
60A pore size) was added. The resulting solution was aged with stirring for 24h at RTP.
Then solvent was then removed with rotary evaporation and dried at 120°C for 2h. It was
then calcined in static air for 4h at 600°C to give the finished support. A theoretical Sn
content of 16wt% was prepared. This support is henceforth denoted SnO,-SiO,.

2.2 Reactor Design
2.2.1 Naphthalene Oxidation
2.2.1.1 Reactor Schematic

The catalytic activities of the materials synthesised were probed using a laboratory micro-
scale reactor coupled with a gas chromatograph (Varian 3400 GC) fitted with inline
thermal conductivity and flame ionisation detectors. The analytes were separated using
OV-17 (naphthalene) and Carbosphere 80/100 mesh (O, and CO;) packed columns. A
schematic of the whole reactor is displayed in figure 2.2 and figure 2.3 is a photograph of
the reactor. The reactor was composed of a 0.25 inch O.D. 316 stainless steel tube which
was heated using a ‘clam shell’ type furnace. Helium and oxygen flows totalling 50

mL/min (20% O, content) and 100vppm of naphthalene were used. The catalyst was
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2.2.1.2 Sample Delivery

In order to separate the hydrocarbons produced (i.e. partial oxidation products) the
column temperatures would need to be altered in order to separate each hydrocarbon. For
example, phthalic anhydride can have a similar retention time to naphthalene and can also
be a partial oxidation product from incomplete (partial) naphthalene combustion''2,

The sample injection was controlled using a six port valve (denoted V1). A second
six port valve (V2) controlled gas flow through the two columns. The columns could
either be fitted in series (i.e. gas flow through both columns) or the second column (the
Carbosphere 80/100) could be bypassed through a 1/16 inch O.D. line fitted with a
restrictor valve in order to maintain equal gas flow throughout the system. A simple
representation of this is in figure 2.4. The valve schematics for each valve are presented in

figures 2.5 and 2.6.

Restrictor
o
Ll
Sample in —» : ’ O » To TCD/FID
ov-17 Carbosphere 80/100

Figure 2.4. Diagram of GC column set-up. The Carbosphere 80/100 column can be bypassed via a

pneumatic valve which is described in detail in figure 2.6.
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To OV-17 column To OV-17 column
Hein Hein
Out Out
Sample Sample
In In
Sample loop (500pL) Sample loop (500pL)
Fill Inject

Figure 2.5. Schematic of valve 1 in all possible positions; fill (+) and inject (-).

To TCDYFID To TCD/FID

Restrictor O Carbospherz 80100 ! Resttictor C Carbosphere 80/100

- From OV-17 columa From OV-17 column

Column in scrics

Column bypass

Figure 2.6. Schematic of valve 2 in both positions. Column bypass (+) allows gas flow through restrictor
bypassing Carbosphere column. Column series (-) allows separated gas mixture components to be analysed
via TCD and FID.

Table 2.2. Valve event timings of sample injection and column switching.

Time (min) | Valve event X
Initial +1,-2
0.01 -1,-2
1.25 +1,-2
12.00 +1, +2
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Valve 1 controlled sample injection and valve 2 controlled the bypassing of the
Carbosphere column. (+) denotes filling the sample loop for valve 1 and bypassing the
Carbosphere column for valve 2. (-) denotes injecting the contents of the sample loop into
the column system for valve 1 and switching the Carbosphere column in series for valve

2.
2.2.1.3 Temperature Program

Using a Carbosphere column allows efficient and fast separation of O, and CO, at a
relatively low temperature (100°C). However, naphthalene and associated products need a
higher temperature in order to have acceptable retention times. Therefore the temperature

program given in the table below was used.

Table 2.3. Temperature program used for GC runs.

Time (min) | Temperature (°C) | Ramp rate (°C/min)
Initial 100 N/A
12.00 200 50
2.2.1.4 Data Analysis

Two detectors were employed to analyse gas quantity from a given reaction. These were
thermal conductivity and flame ionisation detectors (denoted as TCD and FID
respectively). Both detectors were fitted inline directly after analyte separation from the
column system. Due to the destructive nature of the FID, it was fitted after the TCD. For
this project, the TCD was used for detection of O, and CO, and the FID for hydrocarbon
detection.

A TCD is based on thermal conductivity changes of the analyte gas stream
compared to a reference flow (usually the gas is the same as the carrier gas within the GC;
in this case, He was used). A tungsten wire element at an elevated temperature will
undergo changes in its resistance as the thermal conductivity of the surrounding analyte
gas changes. This resistance (or a derivative measurement, such as voltage) can be
measured at a known electrical power as a function of time to produce a workable plot.
The analyte flow does not undergo any chemical change during the detection, so it is free

to be analysed by other detectors; in this case, a FID.
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A FID is based on combustion to analyse the gas flow; therefore it is the last
detector to be used. The analyte is ignited in an oxidative atmosphere, producing ionised
analyte and electrons. A current can then be produced if voltage is applied across the
burner and electrode. It is this current that is detected. FID is mass sensitive (i.e. the
number of C atoms is detected as a function of time) so the analyte flow rate has a small

effect on the detector’s measurements. The elution times were as follows:
Thermal Conductivity Detector

e ;. Elution time = 2 min (approx).

e (O,. Elution time = 9 min (approx).
Flame Ionisation Detector
e Naphthalene. Elution time = 14 min (approx).

MFCs were calibrated prior to performing any analyses. This was done by
producing a calibration plot of known (unitless) MFC values and the corresponding gas
flow this produced. This was produced for both helium and oxygen flows and it was

checked and updated if necessary throughout the course of the project.
2.2.1.5 Calculating CO; Yields

CO, yields were calculated using a reference catalyst that was known to give 100%
activity with 100% selectivity at a given temperature. The raw counts that this catalyst
gave were averaged over several runs to give a raw count that equalled a 100% yield of
CO,. This raw count was checked and updated (if necessary) periodically due to column

aging etc. The relationship for calculating this is thus simple:

Number of raw counts observed

100
Number of raw counts relating to 100% CO, yield *
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The vast majority of the catalytic data presented in this thesis is based on CO,
production/yields rather than naphthalene consumption. The reason for this is based on
reports such as the one published by Zhang et al.!"*! where naphthalene consumption and
CO; production did not correlate at lower temperatures. For example, the Pt catalysts
reported by Zhang et al. catalysed half of the naphthalene available (i.e. the naphthalene
consumption was 50%) at 200°C. However, very little CO, was measured (a 10% CO;
yield was reported to occur at 240°C). This suggested that partial oxidation was occurring
and GC-MS analysis revealed that several reaction pathways were operating and that
there was a number of partial oxidation products produced. Also, it could be assumed that
different catalysts will have different adsorption affinities towards naphthalene, i.e. the
interaction strength between a catalyst and adsorbed naphthalene varied from catalyst to
catalyst. This meant that as Mo and W based catalysts displayed stronger metal-solid
interactions (MSIs) than the other catalysts studied, the destruction of the second
naphthalene ring could be more difficult compared to a system where the MSIs are
weaker. Therefore, the Mo and W catalysts could produce a smaller number of total
oxidation products due to the partially decomposed naphthalene remaining adsorbed on
the catalyst surface. This could have increased the deficit between high naphthalene

corsumption and low CO; yields.
2.2.2 Propane Oxidation
2.2.2.1 Reactor Schematic

The total oxidation of propane was probed using a similar reactor to that described above
for the naphthalene total oxidation reactor. The specific schematic is in ﬁgure 2.7 and
figure 2.8 is a photograph of the reactor apparatus. The reactor was composed of 0.25
inch O.D. stainless steel tubing heated using a tubular Carbolite furnace. The temperature
of the catalyst bed was controlled via a thermocouple placed within the bed. 4000vppm of
propane was used in synthetic air (20% O, content, He make up gas) with a total flow of
50 mL/min. The reactor flow was analysed using a Varian 3800 GC fitted with inline
TCD and FID detectors. The reactor flow components were separated using Hayesep Q
(separated hydrocarbons and CO,) and Molsieve 13X (separated N,, CO and O,) packed

columns. The activities were tested over a temperature range of 100°C to 550°C.
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2.2.2.2 Sample Delivery and Temperature Program

The key point in designing the sample delivery program is that CO; can adsorb
irreversibly on the Molsieve 13X column (hence causing deactivation). Therefore the
Molsieve column needs to be bypassed during the elution of CO, to prevent it from
entering the column. The following tables show the temperature and valve switching

programs used during analysis.

Table 2.4. Sample injection and column switching timing programs for the propane oxidation reactor.

Time (min) | V1 (sample injection) | V2 (column bypass)
Initial Fill (-) Series (-)
0.01 Inject (+) Series (-)
1.00 Inject (+) Bypass (+)
2.00 Inject (+) Series (-)
5.00 Inject (+) Bypass (+)

Table 2.5. Temperature regime for a typical GC run for the propane oxidation reactor.

Step | Temperature (°C) | Rate (°C/min) | Hold time (min) | Total (min)
Initial 50 - 2.50 2.50
1 140 20 0 7.00
2 180 30 0 8.33
3 220 60 4.00 13.00

The following two figures detail the valve configuration for sample injection and
bypassing of the Molsieve 13X column. The set-up is very similar to that already

described for the naphthalene oxidation reactor above.
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Hein He in
To Hayesep Q column To Haycscp Q column
Oou Out
Sample Sample
In In
Sample loop Sample loop
Fill Inject

Figure 2.9. Sample injection valve (valve 1) in all possible configurations.

To TCDFID

To TCDFID

Restrichor & Molsieve 13X

Restrictor C Molsieve 13X

From Hayesep Q column From Hayvesep Q column

Column bypass Column in series

- 0 =+ ¢ - - -

Figure 2.10. Molsieve 13X column bypass control via valve 2.

2.2.2.3 Data Analysis

Prior to performing any analysis, the GC was calibrated for both gas flow and for
correlating raw counts (i.e. GC trace peak areas) to percentage CO; yields. Gas flow
calibration was performed as described in section 2.2.1.4. The latter calibration was
performed as described for the naphthalene total oxidation apparatus.

The GC was fitted with a TCD and FID in an identical set-up to that described for

the naphthalene oxidation reactor. The elution times were as follows:
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Thermal Conductivity Detector

e O,. Elution time = 1 min (approx).

e (CO;. Elution time = 1.5 min (approx).
Flame Ionisation Detector

e Propane. Elution time = 6.5 min (approx).
2.3  Characterisation

2.3.1.1 Brunauer, Emmett and Teller (BET) Isotherm for Surface Area

Determination

The BET isotherm is considered to be an extension of the Langmuir isotherm, i.e.

K=-—2
where k,

1+Kp
The Langmuir isotherm has several assumptions, one being that values of 6<1 are

considered, i.e. it only considers monolayer formation. The BET isotherm improves on

this by considering values of 6>1, i.e. multilayer formation. The BET equation if written

V,.C
Po
Po

It can be re-arranged to the following equation in the form of y = m x + ¢ (straight

to mimic the Langmuir isotherm is:

V=

line plot).
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P = 1 + c-ljp andc=exp(E‘-EL)
V(P —P)  Va€ \VaC A Do RT

where

p analyte pressure

v volume of adsorbed gas
Po saturation pressure

Vm molar volume of gas to form a complete monolayer (i.e. 6=1) at STP

E; heat of adsorption for monolayer formation

Ep heat of adsorption for multilayer formation (equals to the heat of liquefaction)
R universal gas constant

T temperature (in degrees Kelvin)

Hence a plot of — P and (£J should yield a straight line graph of intercept
v(P, —p) Po

0

1 and gradient(c—_l). With the value of v, known, it is possible to calculate the
V,.C v,.C

specific surface area using the relationship

S=(N)(v,)(A)

where
S specific surface area
N Avogadro’s number

Vi molar volume of gas to form a complete monolayer (i.e. 6=1) at STP

A cross sectional area of adsorbent gas (N, = 16A?)

S can then be divided by the sample mass used in the analysis to normalise surface
areas to units of m?/g. There are five general isotherm forms (type I through to type V)
and the BET isotherm is based on either the type II or type III isotherm, dependant on the
observed ¢ value"l. The type II describes a gradual monolayer formation followed by

increasing multilayer formation (i.e. the volume of adsorbed gas increases in an
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accelerated fashion) with increasing pressure up towards the saturation pressure, po. The
type II isotherm is the most common observed isotherm.
As the isotherm plots are based on pressure, multilayer formation is infinite as

there are an infinite number of multilayers possible for type II and III isotherms.

Type ll
Typel

Type Il /“;:/
TypeV /

Adeartred quantity
\

v

& tien (or pr
Figure 2.11. The 5 different types of adsorption/desorption isotherm as defined by Brunauer, Emmett and

Teller. Taken from reference!’®.
2.3.1.2 Experimental Procedure

As the BET isotherm is dependent on knowing the volume of gas adsorbed onto the
surface, recording the changes in adsorbate pressure is essential. It is therefore also
essential that the active sites on the catalyst are free from contaminants.

Analyses were performed using a Micromeritics Gemini 2360 analyser coupled
with a Micromeritics FlowPrep for sample pretreatment. The surface was first cleaned via

N, flow at 120°C for 45 minutes. A five point analysis was performed for each sample

L
between p = values of 0.05 and 0.35 (as the BET isotherm plot is only linear between

these two values[l6]). Each data point was obtained using N, as the analysis gas (assumed

surface area of 16A2 per molecule) at -196°C (i.e. the sample was immersed in liquid N>).
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2.3.2.1 Chemisorption for Metal Analysis!""}

The principal aim with undertaking chemisorption analysis is to determine the nature of a
supported metal in a given catalyst. This includes calculating parameters such as the
surface area of the active sites, the percentage dispersion and crystallite size of the
investigated metal. All of these calculations can be based on determining the amount of
gas required to form one complete chemisorbed monolayer.

The calculations focus on quantifying surface metal atoms. This is essential as the
active sites for reaction would be found at the surface rather than in the bulk of the metal
particle. Therefore, knowing the character of the active sites would be very useful in

explaining the observed catalytic activities.

2.3.2.2 Active Surface Area

The active surface area (ASA) corresponds to the number of metal active sites in a given

sample that can interact with the chemisorbing gas. The relationship is as follows

(N, )S)AL)

Active Surface Area (m?/g) = 166

where

Nm  number of gas molecules adsorbed on the surface
S adsorption stoichiometry

Anm active surface atom cross sectional area

The adsorption stoichiometry relates to how many surface atoms are covered by a

single chemisorbed gas molecule.

2.3.2.3 Metal Dispersion

The determination of the fraction of active metal atoms that are exposed to the surface can

be linked to the active surface area in the following expression:
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b~ N XOM)
100L

where

D Metal dispersion, i.e. the percentage of metal atoms in a metal particle that are
exposed at the surface

Nm  number of gas molecules adsorbed on the surface

S adsorption stoichiometry
molecular weight of investigated metal

L Metal loading within sample (represented as a percentage of the entire material

being investigated)
2.3.2.4 Crystallite Size

It is possible to use the data calculated above to determine the average crystallite size of a

given sample of metal particles using the following equation:

Average crystallite size = 100@O)(H
(ASA)Z)
where
N Mass of investigated metal
f Shape correction factor

ASA Active surface area
Z Density of investigated metal

The assumption that crystallites are generally spherical (and hence f=6) can give

the crystallite size based on the volume (determined by the mass and density of the metal)

and the surface area of the crystallite to give its crystallite size.
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2.3.2.5 Experimental Procedure

All chemisoprtion data were obtained using a Quantachrome ChemBET-3000 analyser.
The samples were pre-treated in H; at either 200°C or 400°C depending on the catalyst’s
calcination temperature for 1h. The samples were then exposed to 50uL pulses of analyte
gas at a specific temperature (or temperature range). The aim of the experiment was to
gradually chemisorb the analyte gas onto the active sites over a number of pulses in order
to collect as many data points as possible. The concentration of analyte gas that was not
chemisorbed was analysed using a thermal conductivity detector. It was from this TCD
profile that the required characterisation parameters were obtained.

For Pt and Pd, CO was used as the chemisorption gas at room temperature
following pretreatment in H, for 1 hour at an elevated temperature['s] (defined in the text

as necessary).
2.3.3.1 Raman Spectroscopy

When a sample is irradiated with electromagnetic radiation, photons can be emitted. This
is-termed emission spectroscopy. When the rotation-vibration character of a molecule is
irradiated, Raman emission occurs!'”).

Not all molecules are Raman active; there are some selection rules which must be
followed. For example, a molecule must possess no centres of symmetry in order to have
Raman active modes. Raman active species must also have a changeable polarisability.

When a molecule is irradiated, the interaction and the consequent scattering can be
put into one of two groups; elastic and inelastic scattering.

If the scattering is elastic, then the kinetic energy of the scattered photon is of a
similar energy to the incident radiation (hence the frequencies are similar). This
phenomenon is termed Rayleigh scattering. In terms of virtual energy states, it can be
considered as excitation to a higher virtual energy level from the ground state followed by
relaxation back to the ground state. This is described in figure 2.12.

If the scattering is inelastic, then a more significant change in the kinetic energy of
the scattered photon occurs. If the molecule loses energy (hence the scattered photon

gains kinetic energy) then anti-Stokes frequencies are observed. If the opposite applies
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(the molecule gains energy, the scattered photon loses kinetic energy) then Stokes

frequencies are observed. These are also described in figure 2.12.

v=0
Raylcigh Stokes Anti-Stokes

Figure 2.12. Pictorial representation of excitation and relaxation of molecular energy states possible during

Raman scattering.

Lasers are the most common source of incident radiation. The two main reasons

for this are

¢ a high intensity light source is required due to the amount of scattering being very
low
e a highly monochromatic light source is required as the change in incident to

scattered light frequencies can be small.
2.3.3.2 Experimental Procedure
Raman spectra were obtained using a Renishaw Ramascope fitted with a Spectraphysics

argon ion laser (A=514nm) at a power of 20mW. An Olympus BH2-UMA microscope

was used for laser focussing. Sample mass was unimportant.
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2.3.4.1 Scanning Electron Microscopy (SEM) and Backscattered Electron Detection
(BSD)

SEM involves the irradiation of a sample with an electron beam in order to produce a
topographical image. This can be used to identify morphological changes for example
between fresh and used catalysts.

Images are produced by using an electron beam with a diameter on the nanoscale.
This electron beam can interact with surface atoms and several effects can be observed,
depending on the strength of the electron beam. Some of these effects will be discussed
below.

Common electron beam sources are tungsten or LaBg cathodes. When the electron
beam interacts with the sample, scattering occurs immediately below the surface, known
as the interaction volume, which is teardrop shaped. The size of the interaction volume
depends on factors such as electron acceleration voltage. These scattered electrons then
travel from the interaction volume to the detector, where they are recorded.

When the electron beam interacts with the sample, the scattering can be elastic or
inelastic. Elastic scattering involves changes in beam trajectory with a negligible loss in
beam energy. High atomic number elements when irradiated with relatively low energy
electron beams give rise to elastic scattering!®’!.

Inelastic scattering involves a noticeable loss in kinetic energy as well as a change
in trajectory. Several inelastic scatterings can occur, but two of these are of particular
interest; secondary electron emission and core electron ejection.

Secondary electron emission occurs via conduction electron excitation, or the
ejection of conduction band electrons which are loosely bound. These can be used to
produce a topographical image using higher energy electron beams than normally used in
SEM imaging. Core electron ejection provides the basis for energy dispersive X-ray

analysis which is described in the next section.
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differences between the core and higher energy electron energies. When an atom is
irradiated with an electron beam, a core electron is ejected from the atom. If there are
higher energy electrons present within the shell then there is a tendency for one of these
electrons to relax to the energy level of the ejected core electron. The energy lost by this
relaxation is released as X-ray radiation (i.e. wavelengths of the order of xlO'lOm). As the
energy difference between the virtual energy states is element specific, this leads to

element specific X-ray wavelengths.
2.3.4.4 Experimental Procedure

Images were obtained using a Carl Zeiss EVO 40 scanning electron microscope fitted
with backscattered and secondary electron detectors. For image collection using these
detectors, variable working distances and probe currents were used. An EHT of 25KeV
was used for all sample imaging. All samples were mounted on carbon Leit adhesive
discs.

For EDX analysis, the same microscope was used. However, the working distance
was fixed at 9mm. An EHT value of 25KeV was used. High probe currents (up to 25nA)
were required in order for X-ray production to occur. The data was collected using an

Oxford EDX analyser coupled to the EVO 40 SEM.
2.3.5.1 Temperature Programmed Reduction (TPR)

In a temperature programmed reduction experiment, the analysed sample's propensity to
undergo reduction is measured as a function of temperature. Obviously, the sample must
be reducible in order for one to follow its reduction. It is of course, possible to follow the
opposite of this; the oxidation of a reduced sample as a function of temperature;
temperature programmed oxidation (TPO).

In physical terms, the oxide is reduced by flowing reducing gas (e.g. a Hy/inert gas
mixture) while systematically increasing the temperature of the sample. The initial
concentration of the reducing gas is known before the start of the experiment and any
subsequent decrease in this concentration is monitored during the temperature increase.
Thus, a plot of reducing gas concentration as a function of temperature can be produced.

A relatively large uptake of reducing gas by the sample at a given temperature indicates
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that the sample is easily reducible at that temperature. This information can then be
correlated with catalytic activity data in order to explain any observations for the activity

of a given catalyst (e.g. light-off temperature).

2.3.5.2 Experimental Procedure

A Thermo TPDROI1100 was used to obtain the temperature programmed reductions
presented in this text (unless otherwise stated). Samples were first pre-treated in flowing
Ar (a flow of 20mL/min was used) at 110°C for 45 minutes with a heating ramp of
20°C/min. For experiments, a temperature range of ambient to 700°C was used unless
otherwise stated. A 10% H,/Ar flow of 13mL/min was used with a heating ramp of
5°C/min. Approximately 100 - 110mg of catalyst was used per analysis.

2.3.6.1 Powder X-ray Diffraction (XRD)
XRD is a bulk sensitive technique where the crystal structure of a given material is

analysed. A crystalline material is considered to be made up of a regular arrangement of

atoms ordered in such a way to form planes as described in figure 2.14.

Figure 2.14. Reflection of X-rays in a crystalline solid as defined by Bragg’s Law

If electromagnetic radiation interacts with a crystalline substance, then reflection

of the incident light occurs. Using monochromatic X-rays, it is possible to have
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constructive and destructive interference of the reflected X-rays if reflections of X-rays on
more than one plane are considered. Constructive interference occurs if the wavelengths
of the reflected radiation have a difference of an integer number. Constructive
interference results in a signal, hence a response, being detected. The angle of the
monochromatic radiation and the crystal plane and the wavelength of the monochromatic

radiation are related by Bragg's Law;
nA = 2dsinf
where

n order of reflection, an integer number of path length differences between two
different rays in terms of complete wavelengths
wavelength of incident X-ray radiation
inter planar spacing
angle of diffraction between incident and scattered radiation (usually plotted as
20)

By observing the ratio of constructive to destructive interference as a function of
the angle of the radiation to the crystal plane, it is possible to create a pattern of the
amount of constructive interference as a function of angle. The patterns produced are
unique to the material; hence it is possible to build a database to use as a reference.

2.3.6.2 Crystallite Size Determination via the Scherrer Method!*!!

The crystallite size of a given phase within a material can be quantified using the Debye-

Scherrer equation given below.
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b= d yyq cOSO

where

Be  peak width where B =By —Bay

Bobs overall peak width

Bgs  instrument line broadening component

k shape factor (e.g. cubic structures have a value of 0.899)
A wavelength of radiation used

dwa  crystallite size

0 peak position

The Scherrer equation relies on the phenomena of peak broadening as a function
of the observed crystallite size, i.e. broad peaks give rise to smaller crystallites. However,
the method does have its limitations. The FWHM of broad peaks (hence smaller
crystallites) can sometimes be difficult to accurately quantify as it is more difficult to
determine where the investigated peak begins and finishes, especially if the pattern has a
relatively low signal to noise ratio (SNR). Also, as uniform crystallites are considered,
there is an upper and lower limit on the crystallite sizes that the method can accurately
determine.

Both the instrument and the lattice strain within the crystalline system contribute
to line broadening along with the crystallite size. The effect of instrument broadening can
be quantified by use of a crystalline silicon standard which contains no lattice strain and a
large crystallite size (hence the resultant peak width is due only to instrument
broadening).

The lattice strain contribution to line broadening was calculated using the

following algorithm
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B

Lattice strain =
4 tan

where

B = V (Bobs2 - Bstdz)

0 peak position
Bobs  overall peak width

Bgg¢  instrument line broadening component
2.3.6.3 Experimental Procedure

Patterns were obtained using a PANalytical X’pert Pro diffractometer equipped with a Cu
Ka X-ray source. An analysis tension of 40kV and current of 40mA were used for all
analyses. Runs were performed between angles of 10 — 80°26 unless otherwise specified
in the text. The resultant patterns were compared against reference patterns contained in
the JCPDS database.

Crystallite sizes were also calculated using the same software package used for
running the diffractometer mentioned above. A highly crystalline reference silicon sample
was used to calculate peak broadening values. Hence a reference FWHM value of

0.0925°20 was used for all calculations.

2.3.7.1 X-ray Photoelectron Spectroscopy (XPS)

The principal aim of XPS analysis is the identification of metal oxidation states on the
surface of a material and their resultant energy levels. To do this, atoms are irradiated
with monochromatic X-rays producing weak electron ejection. The kinetic energy of
these ejected electrons can be measured to give the binding energy of an electron in a

given atomic orbital of a given element. The relationship is described as
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Epnong = Ex-ray ~ Exmerc

where

E snvong binding energy

Ey ray energy of incident X-ray photon
E «ETic kinetic energy of emitted electron

Each binding energy (and hence the Kinetic energy of an electron) is characteristic
of a given atom. As most elements contain several electron shells, there can be a set of
characteristic binding energies for one given element.

As with energy dispersive X-ray (EDX) analysis discussed earlier in this chapter,
X-ray irradiation can cause vacancies in core electron shells. This allows a higher energy
electron to relax to this core energy level and the excess energy needs to be released. This
can be released as an X-ray (as in EDX analysis) or transfer of the energy to another
electron in the same atom can occur. This can cause the electron to be ejected if the
transferred energy exceeds the binding energy of that electron. This second ejected
electron is known as an Auger electron and the detection of this second electron is the

basis of Auger Electron Spectroscopy (AES).

2.3.7.2 Experimental Procedure

Spectra were obtained using a Kratos Axis Ultra DLD photoelectron spectrometer fitted
with a monochromatic Al source (photon energy = 1486.6eV). Pass energies of 40eV
(high resolution scans) and 160eV (survey spectra) were used over an analysis area of
700x300 microns. All spectra were calibrated to C (1s) of adventitious carbon (binding

energy = 284.7eV).

55



24

10.

1.

12.

13.

14.

15.

Chapter 2 - Experimental

References

G. J. Hutchings, J. A. Lopez-Sanchez, J. K. Bartley, J. M. Webster, A. Burrows,
C. J. Kiely, A. F. Carley, C. Rhodes, M. Havecker, A. Knop-Gericke, R. W.
Mayer, R. Schlégl, J. C. Volta, M. Poliakoff, Journal of Catalysis, 208, (2002),
197-210.

J. F. Chen, H. M. Ding, J. X. Wang, L. Shao, Biomaterials , 25, (2004), 723-727.
J. F. Chen, Y. H. Wang, F. Guo, X. M. Wang, C. Zheng, Industrial & Engineering
Chemistry Research, 39, (2000), 948-954.

I. Kurzina, F. J. Cadete Santos Aires, G. Bergeret, J. C. Bertolini, Chemical
Engineering Journal, 107, (2005), 45-53.

G. Garcia Cervantes, F. J. Cadete Santos Aires, J. C. Bertolini, Journal of
Catalysis, 214, (2003), 26-32.

F. Monnet, Y. Schuurman, F. Cadete Santos Aires, J. C. Bertolini, C. Mirodatos,
Catalysis Today, 64, (2001), 51-58.

Handbook of Chemistry and Physics, 77th Edn., CRC Press, 1996, 6-157.
Handbook of Chemistry and Physics, 77th Edn., CRC Press, 1996, 6-166.

S. Wang, X. Ma, J. Gong, X. Yang, H. Guo, G. Xu, Industrial & Engineering
Chemistry Research, 43, (2004), 4027-4030.

A. Aranda, J. M. Lopez, R. Murillo, A. M. Mastral, A. Dejoz, 1. Vazquez, B.
Solsona, S. H. Taylor, T. Garcia, Journal of Hazardous Materials, 171, (2009),
393-399.

T. Garcia, B. Solsona, D. Cazorla-Amoros, A. Linares-Solano, S. H. Taylor,
Applied Catalysis B-Environmental, 62, (2006), 66-76.

T. Garcia, B. Solsona, S. H. Taylor, Applied Catalysis B-Environmental, 66,
(2006), 92-99.

X. W. Zhang, S. C. Shen, L. E. Yu, S. Kawi, K. Hidajat, K. Y. S. Ng, Applied
Catalysis A: General, 250, (2003), 341-352.

M. Khalfaoui, S. Knani, M. Hachicha, A. Ben Lamine, Journal of Colloid and
Interface Science, 263, (2003), 350-356.

C. Tien, Adsorption Calculations and Modeling (Butterworth-Heinemann Series

in Chemical Engineering), Butterworth—Heinemann, 1994.

56



16.

17.

18.

19.

20.
21.

Chapter 2 - Experimental

S. Brunauer, P. Emmett, E. Teller, Journal of the American Chemical Society, 60,
(1938), 309-319.

Quantachrome Instruments, Autosorb-1 Operating Manual, Quantachrome
Instruments, 2006.

British Standards Institute, BS 4359-4:1995. Determination of the specific surface
area of powders. Recommendations for methods of determination of metal surface
area using gas adsorption techniques, British Standards Institute, 1995.

D. A. Skoog, D. M. West, F. J. Holler, Fundamentals of Analytical Chemistry,
Seventh Edn., Saunders College Publishing, 1996.

R. D. Evans, The Atomic Nucleus, McGraw-Hill New York, 1955.

K. Bobzin, E. Lugscheider, M. Maes, P. Immich, S. Bolz, Thin Solid Films, 518,
(2007), 3681-3684.

57



Chapter 3 — CeZrO, Catalysts for Naphthalene Total Oxidation

Chapter 3 — CeZrQ, Catalysts for Naphthalene Total Oxidation

3.1 Introduction

One of the main features of CeO, that benefits catalytic activity is that it is an efficient
store of oxygen and that its surface is easily reducible!!!. In the literature, there are
examples of cerium zirconium dioxide catalysts which are a more efficient store of
oxygen than CeO0,!). The focus of this study is to ascertain whether this can be applied to
catalysts for the total oxidation of naphthalene.

Here, varying Ce:Zr ratios will be investigated using the preparation methods
described in Chapter 2. The first preparation method (co-precipitation using urea with
(NH4),Ce(NO3)s as the cerium source, denoted NHy4-U) has been previously reported to be
effective® for the production of active CeO, catalysts for the total oxidation of
naphthalene.

Another preparation method was also employed for comparative purposes. This
involved the use of sodium carbonate as the precipitating agent and is denoted NH4-C.
The same theoretical Ce:Zr ratios were prepared for all preparation methods.

The effect of preparing CeZrO, via precipitation using supercritical CO, as a
solvent was also investigated. Due to the length of time required to obtain sufficient
quantities of sample, only one CeZrO, ratio (Ce99Zr1) was investigated and compared
against the carbonate and urea precipitated catalysts. This was done to ascertain whether
observations made elsewhere!) comparing urea precipitated and supercritically

precipitated CeO, agreed with those made in this study.
3.2  Catalytic Activity
3.2.1 Catalyst Comparison

Figure 3.1 (below) shows the activity data obtained for the NH4-U series of catalysts.
Here, one of the most active catalysts is Ce99Zr1 (i.e. a Ce:Zr molar ratio of 99:1). The
majority of the catalysts seemed to experience mass transport limitations, which may have
limited activity at higher temperatures. There was no clear trend observed between Ce:Zr

ratio and activity. Pure ZrO, showed no catalytic activity. Higher Zr content catalysts
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Chapter 3 — CeZrQO, Catalysts for Naphthalene Total Oxidation

Figure 3.2 displays the catalytic activities of the same Ce:Zr ratio catalysts
prepared using sodium carbonate as the precipitating agent (i.e. the NH4-C series). A 1%
(molar) content of Zr increases the activity of CeO,. There is also a general trend for a
reduction in activity with an increasing Zr content. Again, pure ZrO, showed no activity.

Garcia et al. reported that carbonate precipitated CeO, was significantly less
active than urea precipitated CeO,"). However, if the activity plots of Ce99Zr1 prepared
using both precipitation techniques are compared, it can be seen that the temperatures
required to reach a CO; yield of 50% are very similar; 210°C. Garcia et al. suggested that
the NH4-U ceria could have structural benefits over NH4-C ceria, e.g. a pore size
distribution which maximises naphthalene adsorption in the case of the urea precipitated

ceria.
3.2.2 Time On Line (TOL) Studies and Stability Testing

The Ce99Zr1 catalyst prepared using both precipitating agents were subjected to a TOL
study for 48h at 300°C. The results for the NH4-U series are presented in figure 3.3.

Time on Line Study - NH,-U-99-1 (48h, 300°C)

100 . ; + — e o o L & T & 1+ 4 o . o N
ol W
80 -

70

60 -
50 1
40
30 -

Percentage CO, Yield

20
10 -

0 T T T T T
0 500 1000 1500 2000 2500 3000

Time (mins)

Figure 3.3. TOL study for NH,-U Ce99Zr1 for the total oxidation of naphthalene over a 48h period at
300°C. GHSV = 135,000h™", 100vppm naphthalene, total flow = 50mL/min. Error bars are + 6.7%.
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