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Abstract

The aim of this research involved preparation and optimisation of Pt/Al203 gauze
supported catalysts with high thermal stability and surface area with a well-dispersed
layer of Pt. Preparation involved nucleation/whiskering of an FeAl metallic alloy
substrate forming hair like crystal of A1203, followed by application of alumina washcoat
support onto the crystals. The washcoated substrate support was then impregnated with
an active phase material (i.e. Pt metal). Evaluation and characterisation of the metallic
substrate support (i.e. gauze material) onto which the alumina support and Pt were
impregnated were investigated with a view to developing, optimizing and scale up of the
process to pilot plant for commercial scale. Catalysts characterisation was carried out
using AAS, BET surface area (N2 physisorption) to determine metal loadings and surface
area of the substrate and alumina washcoat supports. Metal surface area, Pt dispersion
and metal particle size together with activity of the Pt supported catalysts were measured
using Pulse chemisorption and combustion activity techniques. In addition particle size
measurement of alumina (i.e. Puralox powders) employed in the washcoat support were
investigated using Malvern Mastersize Analyser, in a view to discover if a correlation
between surface area and thermal stability of the washcoat support existed. It was found a
smaller particle size washcoat solution produce a more thermally stable support material.
Finally the use of Scanning electron microscopy (SEM) and Energy dispersive X-ray
analysis (EDX) was used in the surface and subsurface characterisation of both the

whiskered gauze (including whiskering under different atmospheres and conditions) and
final Pt/AlI20 3prepared catalysts.

The . . L .
second area of research involved preparation and characterisation of various

PP rted and unsupported single metal oxide combustion catalysts as alternatives to the

' flens®e noble metal catalysts. The investigation reports on the potential use of

, JIU* unsuPported coball oxides for the combustion of methane. Particular
emPhasis is plac d

ciloi. . e On the role played by various thermal analysis techniques in the
WQiUion Of fn

¢ 01s which affect catalyst performance.

combined ther
analysis-mass spectroscopy techniques have been used to

"various support materials on the preparation and subsequent



combustion activity of supported cobalt oxide catalysts. Both techniques used involved
small sample masses in order to minimise temperature and pressure gradient throughout
the sample during reaction as the sample temperature was increased at a linear heating
rate. Temperature programmed reduction (TPR) techniques employed not only reveal
reduction, but also distinguish it from the adsorption (or evolution) of the H2 and the loss
of adsorbed water. The thermal induced decomposition of supported and unsupported
cobalt nitrate hexahydrate was studied using solid insertion probe mass spectrometer
(SIP-MS) system operating under high vacuum. The support material was found to affect
the decomposition process significantly. In particular, the decomposition of cobalt nitrate
dispersed on y-A”Os occurred via a markedly altered process in comparison with the
unsupported nitrate. The ZrC>2 and CeCx supports both exhibited a less pronounced
effects on the decomposition process. After calcinations of the dispersed cobalt nitrate
species, methane combustion activity was found to be much lower for the alumina-
supported samples relative to the other supports used. A combined temperature-
programmed reduction-mass spectrometry (TPR-MS) technique was used to elucidate a
correlation between the catalysts activity and reducibility. Constant thermal rate analysis

(CRTA) was also used to investigate the reduction of Co304/Ce02.

The main conclusion from the research found the use of cobalt as a viable alternative to,
noble metal combustion catalysts. Deactivation problems due to sintering of the active
C0304 phase and reaction with the alumina support forming inactive mixed oxides (i.e.
COAI204 spinel) were also establish. Cobalt oxide supported on ceria or zirconia as well
as cerium support were shown to be a highly active catalyst for the combustion of CHA4.
However, in both cases deactivation was observed upon exposure to the reaction mixture
which maybe associated with sintering or the conversion of C0304 to a less active CoO
phase. However, despite such problems with the existing formulation, research into the
use of C0304 may provide a greater understanding of the origins to low-temperature
combustion activity and design of new automotive exhaust applications in the drive to

develop new catalytic technologies.
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Chapter 1

Catalytic Oxidation of Hydrocarbons and

Thermally Stable Support Materials.



General Introduction

Catalysts are now an essential component of the chemical industry as without them many
reactions would proceed more slowly, or less efficiently. Catalysts are widely used in
reactions involving total and partial oxidation and can be classified as either

heterogeneous catalysts, homogeneous catalysts or biological catalysts.

Industrial oxidation processes over heterogeneous catalysts include the production of raw
materials, destruction of industrial waste, treatment of automotive exhaust gases,
production of fuels that power our engines and removal of environmental pollutants. The
use of heterogeneous catalysts provides many advantages over the use of alternative

processes (e.g. flame combustion) [1]:

* Reactions can be initiated at lower temperatures.

» The product and catalysts can be easily separated.

» It allows for better control of oxidation over a wider range of fuel - air ratios.

* Produces less emissions of hazardous material compared with flame combustion.

* In some cases, catalytic process can provide improved fuel efficiency.

The main disadvantages encountered with the use of these catalysts are (a) that the main
catalyst constituents (the noble metals Pt, Pd and Rh) are rare and expensive (b) the high
operating temperatures employed in the process can lead to poisoning and sintering of the
active phase. This can result in deactivation and reduced selectivity, (c) In the case of
supported catalysts, thermal degradation of the support material can produce a gradual

decline in performance (i.e. deactivation) [1, 14-15],

The main criteria required when producing an efficient combustion catalyst for any
process include high catalytic activity, high thermal stability and good resistance to
poisons. The latter criteria is of little importance when dealing with applications
involving high operating temperatures of 1100-1400°C, as at these temperatures common
poisons, such as sulphur and lead compounds, show little tendency to form stable
compounds with the catalysts surface due to their high volatility [14]. In addition, when

operating at such high temperatures, differences in specific activity of different materials



is negligible, thus high activity may not play a major factor in the selection of catalysts
[14]. This thesis is focused on the catalytic total oxidation of iso-butane and propane,
using alternative catalysts. The main part of the work involved investigation, preparation
and optimisation of a noble metal catalyst supported on metal gauze material. The second
part of the work involved the investigation of single metal oxide catalyst, namely cobalt,

as oxidation catalysts as an alternative to the noble metal catalysts.

The thesis consists of four chapters. Chapter one is a literature reviewoncatalytic
combustion, concentrating on the total oxidation of alkanes over noble metals,
perovskites and single metal oxides. Metallic supports are reviewed including whiskering
and washcoating. Chapter two details the analytical and characterisation techniques

employed in analysis of the Pt/A”Oa catalysts used in this study.

Chapter three comprises the bulk ofthe work carried out in this research project. It details
the preparation variables and characterisation results for the catalysts. The use of metallic
gauze as a support was investigated and its pre-treatment was optimised. An alumina
washcoat was added to the metal gauze and the preparation of this material was examined
in detail. The physical properties of the alumina materials (i.e. puralox powders SCFa-
250 and SCFa-140) using XRD is examined. Total metal content, surface properties and
propane combustion activity of both fresh and aged Pt/AkOa catalysts supported on FeAl
alloy gauze were investigated. Scanning electron microscopy with EDX-ray analysis was
used to analyse the morphology and nature of the substrate support. Theactivities of Pt

catalysts supported on AI1203 and on metallic gauze were compared.

The final chapter describes the preparation, characterisation and activity of CO0/AlI203
Co/Zr02 and Co/Ce02 catalysts involving BET surface area, surface analysis, thermal

analysis and propane activity measurements.



1.0 Introduction

Catalytic combustion has received considerable attention during the last decade as an
attractive alternative to conventional flame combustion for producing thermal energy [1].
It allows efficient and complete combustion of fuels at temperatures lower than that
achieved through conventional thermal combustion and without yielding undesired by-
products in the process, such as unbumed hydrocarbons, carbon monoxide, nitrous oxides
and particulates [2, 3], One of the most interesting and potential applications of catalytic
combustion is in the natural gas fuelled burners for gas turbine power generation [4].
Application of catalytic combustion in stationary and mobile systems has also shown
significant advantages in controlling pollutant emissions and provides a more efficient
use of energy sources. The lower operating temperatures in catalytic combustion preclude
the formation of toxic compounds such as nitrous oxides from nitrogen and oxygen. As a
result, this technology has been utilised in incinerators as catalytic combustion typically
operates at temperatures below 400°C. The main advantages offered by catalytic

combustion over thermal combustion are:

e Catalytic combustion can be carried out over a wide range of fuel to air ratio at
low temperatures;
e The use of low temperature results in significantly lower NOx emission levels

than would be achievable with conventional flame combustors.

The catalysts used for combustion are mainly noble metals (i.e. Pt, Pd and Rh or
combinations) supported on materials such as pellets, honeycomb ceramic monoliths,
parallel plates, filter pads and expanded metal gauzes or sintered metals. A particular
advantage of using precious metal catalysts in supported form is that the support
disperses the metal over a greater surface area allowing optimisation of the metal sites.
However, supported noble metal and simple metal oxide catalysts, are not resistant to the
high temperatures thus limiting their usage in high temperature applications [1, 14], As a
result, the development of new materials as supports to withstand these high temperatures

in a stream of gases is needed.



It has been found that structured catalytic materials, for example made from woven
fibres, or expanded metal such as gauze materials; present an innovative alternative in the
designing of catalyst supports for combustion reactors [6-10], These materials are used
because they combine mechanical elasticity and resistance to thermal stress under the

harsh operating conditions.

In the next section, the mechanisms involved in the catalytic combustion process will be

discussed with reference to kinetics of the gas phase reaction.



1.1 Principles of catalytic combustion

The aim of introducing a catalyst into the combustor is to carry out heterogeneous
oxidation on the surface of the catalyst. By suitable choice of a catalyst, one can ensure
that the activation energy for the heterogeneous reaction is much lower than that for the
purely homogeneous reaction. As a result, heterogeneous oxidation rates can be obtained
with fuel concentration and temperatures much lower than those needed for the

homogeneous reaction to occur.

Fig. 1.1: a schematic diagram of the catalytic combustor [1]

Fig. 11 shows a schematic diagram of a combustion catalyst system. The chemical
kinetics of importance in catalytic combustors involves both heterogeneous as well as

homogeneous reactions.

Fig. 1.2 below illustrates an observed rate for a heterogeneous catalytic oxidation reaction
as a function of temperature. At low temperature, the reactions are dominant on the
catalyst surface. Although the overall reaction can be controlled by the surface kinetics or
mass transfer, the reaction still occurs on the catalyst surface and is said to be surface
kinetically controlled (see region A, in Fig 1.2). As the temperature is raised, the bulk gas
temperature is high enough that the homogenous gas phase reaction and catalytic reaction

occur simultaneously. At this point the reaction is said to be heat and mass transfer



controlled (see region B, in Fig 1.2). In this region (B), the reaction rate increases
exponentially with temperature. Under these conditions any specific activity of a solid
catalyst becomes of secondary importance. At this point it was noted that reaction rate
was insensitive to temperature change. As the exothermic surface reaction proceeds, the
temperature increases to a point, where the bulk gas temperature reaches a maximum that
the gas phase reaction occurs simultaneously with the catalytic reaction and complete

combustion occurs (see region C, in Fig 1.2).

REGION C
CATALYTICALLY-SUPPORTED
REACTION

<
a
REGION B
2 MASS DIFFUSION
ﬁ— CONTROLLED REGION

REGION A
SURFACE KINETICS

TEMPERATURE

Fig. 1.2: Overall reaction rate vs. temperature for a typical reactor
used in catalytic combustion. Regions A, B, and C denote regimes of
heterogeneous Kkinetic control, mass transfer control and homogenous
kinetic control respectively or alternatively A: ignition; light-off; B:

mass transfer limitation; C: homogenous reaction. [1],

The substrate in the catalytic combustors has been found to initiate and stabilise the
combustion process. The surface reactions, coupled with the large thermal inactivity of
the bed, enable the catalytic combustor to have stable, high combustion rates over a range
of stoichiometric ratios. The low temperatures employed in the operations of catalytic
combustors to carry out combustion at low fuel concentration diminish the emissions of
toxic NOx. In reducing the combustion temperature, the emission of CO and
hydrocarbons generally increased. Several authors found that the rate of major reactions

responsible for the oxidation of CO -» CO2decreased as the temperature decreased [11].



In conclusion, it can be stated that at low temperatures the importance of the catalytic
component is a major factor, whereas the support determines the high temperature

behaviour.

In the next section, oxidation catalysts and a survey on the different metal groups (i.e.

noble metals and transition metal oxides) will be discussed briefly.



1.2 Introduction to Oxidation Catalysis

Catalytic oxidation, both partial and complete, is an important process for such reactions
as the partial oxidation of ethene and propene, ammoxidation of propene to acrylonitrile,
maleic anhydride production, production of sulphuric acid, and the oxidation of

hydrocarbons in automotive exhaust systems.

Industrial catalytic oxidation reactions are carried out at high reactant concentration over
a variety of supported metal catalysts. Some typical industrial catalytic oxidation

reactions are represented below.

2NH3 + 5/202 ------------ A 2NO + 3H2 Pt-Rhwire gauze 810 - 850°C

Hydrocarbon + 02 » C02 + H20 (Automotive exhaust) Pt-Pd-Rh on 400-600°C
cordierite or
mullite

For total oxidation a highly active, non-selective catalyst is required [15]. Basically two
types of conventional catalyst are used for oxidation reactions, namely noble metals and
metal oxides (supported and unsupported). Oxidation reactions have always been carried
out over either noble metals or transition metal oxides. Zwinkels and Jaras however,
reported that noble metals have been applied almost exclusively to complete catalytic
oxidation of hydrocarbons, whereas different transition metals have found application in
both selective (e.g. V205 and complete oxidation (e.g. C0304) [1]. The mechanism of
oxidation differs over noble metals and metal oxide catalysts. Also, different metal oxide

species may undergo an alternative oxidation reaction path to that of the parent oxide.

Metal oxide catalysts are defined as oxides of metals in groups Il1-B through 11-B of the
periodic table. These oxides are characterised by high electron mobility and positive
oxidation states. These catalysts are generally less active than the supported noble metals,
but are somewhat more resistant to poisons. This poison resistance may be due to the
high active surface of the metal oxides compared to the noble metal catalyst [13]. The
high surface areas of supported oxides play a primary role in the high oxidation activities.
Golodets divided the metal oxides by their stability [13]. Those forming the most stable

oxides (AH°298 > 65 Kcal/g-mole 0) are the alkali and alkaline earth metals, such as Sc,



Ti, Cr, Mn, the rare earth metals and the actinides, Ge, In, Sn, Zn, and Al. Those oxides
with intermediate stability (AH°29y = 40-65 Kcal/g-atom 0) include Fe, Co, Ni, Cd, Sb,
and Pb. Oxides that are unstable (AH°2%8 < 40 Kcal/g-atom 0) are the noble metals Ru,
Rh, Pd, Pt, Ir, Au, and Ag.

The classification of oxide catalysts by oxide stability suggests there is some optimum
level of metal oxygen interaction in oxide catalysts. This is because the catalytic activity
of a metal oxide catalyst is inversely related to the strength of chemisorption, provided
the adsorption is sufficiently strong for high surface coverage [14]. This suggests a

relationship exists between adsorption strength and catalytic activity.

Trimm and several authors, [12, 16-24] reported such a correlation between the rate of
hydrocarbon oxidation and adsorption strength. This correlation is represented in Fig 1.3
as a so-called volcano plot. This is due to the fact that catalytic activity of a catalyst is
inversely proportional to the strength of the chemisorption of the reactants on the surface
provided that the adsorption is sufficiently strong for the reactants to achieve high surface

coverage [14],



Adsorption Adsorption
Too Weak Too Strong

o/\o V!

oM

Parameter measuring strength
of adsorption

Fig. 1.3: illustrates the volcano plot of adsorption of reactants versus catalytic activity

[14].

The volcano plot diagram can be explained as follows: if the reactants are weakly
adsorbed, then only a small portion of the surface is covered and few intermediates can
be formed, resulting in low activity. However, if the reactants are strongly chemisorbed,
then the adsorbed species remain on the surface, resulting in deactivation of the catalyst

as the active sites are irreversibly covered (this is one definition of poisoning) [14].

Metal oxides catalysts can generally be divided into 3 groups in so far as catalytic
reactions are concerned [15]. These are n-type semiconductors, p-type semiconductors
and insulators. The basis for this classification was electrical conductivity, which is

related to their catalytic activity.

In n-type metal oxides, electrical conductivity arises by means of quasi-free electrons that
exist because of an excess of electrons present in the lattice. However, in general, n-type
metal oxides are not active towards oxidation. Spivey reported a notable exception in

vanadium pentoxide (V205 [15]. The p-type oxides are active oxidation catalysts with

10



electron deficient lattices and conduct electrons by means of positive holes. Insulators
have very low electrical conductivity due to the stoichiometric metal oxygen ratio in the
lattice and very low mobility of electron or positive holes mobility and are generally not

active, but have been used as catalyst supports [15].

The electrical and chemical properties of n-type and p-type conductors differ on heating
in air, the n-type loses oxygen and the p-type gains oxygen. Fierro and de la Banda
discuss quantitatively the behaviour of oxygen desorption on various metal oxides and
found that oxygen adsorption sites were more easily reduced on the surface of less stable
metal oxides [65]. Oxygen adsorption occurs more rapidly on p-type oxides, because
electrons are easily removed from the metal cation forming active species such as O'; on
n-type oxides, oxygen adsorption occurs on pre-reduced surface only, forming lattice
oxide ions OZ2. This difference leads to a profound difference in oxidation reactions.
Because adsorbed oxygen species are more reactive than lattice oxide ions, p-type oxides
are generally more active, especially for deep oxidation reactions. Bond demonstrated the
differences between these oxides catalyst, using the mechanism for CO oxidation [14], as

shown below (a) and (b).

On p-type oxides such as NiO, adsorbed O’ formed upon oxygen adsorption, reacts with

CO via:

(a) 02 +4Ni2+ 4Ni3+ +20 2

CO ( —>CO (ab)

[O Ni3+ + CO @ -> CO2@&p + Ni2

CO2 (ak) -> CO2 (9)

11



The mechanism of CO oxfdatfon occurs via lattice O2 on n-type oxides such as ZnO:
(b) CO+202->C0 + 2
Cox -»C02+ 02
Followed by oxide regeneration:
2e'+ Zn+—» Zn
Zn+02->2Zn2++ O2

The mechanism of reaction of base metals for oxidation of CO and hydrocarbons requires
the metal ions to assume more than one valence state and to participate in the reduction-
oxidation reaction. Sokolovskii stated two requirements regarding oxidation reactions on

solid oxide catalysts [26].

(a) For efficient oxidation the catalyst had to provide a high primary rate of oxygen
activation. Therefore, the catalyst had to be able to donate or accept electrons and
have a large number of active sites to coordinate molecular oxygen. He stated that
metal oxides with unfilled 3d configurations exhibited these properties.

(b) The catalyst must provide a slow transformation of active oxygen to lattice oxygen.
For this situation to occur the reactant composition and reaction temperature had to
provide a sufficiently low concentration of oxygen vacancies in the oxide in order to

decrease the rate ofthe active to lattice oxygen transition.

The oxides of transition metals have been found to be the most active of the simple
oxides for oxidation activity [27]. The activity of these metal oxide catalysts were
determined by the d-shell electron configuration [28]. Metal oxides with 3, 6 and 8 d-
electrons showed maximum activity, while minimum activity is seen for zero, 5 and 10
d-electrons. The transition metal oxides of Cr203 and C0304 show peaks of activity [29].
Mixtures of oxides have been reported to exhibit greater stability and activity compared

to single oxides [30, 31, 32], For example, Cr203-C0304 was found to suppress the

12



formation of nitrogen oxides from fuel-bound nitrogen. This is of importance in catalytic
combustion applications as the low specific activity and higher ignition temperature of
the metal oxides are a disadvantage. Among the oxides, only those that are refractory
and can maintain activity at high temperatures have potential applications as combustion
catalysts. C0304 has been the most active catalyst for the oxidation of CO and
hydrocarbons with NiO, Cr203 and CuO as promising alternative catalysts [1, 30, 33].
The binary transition metal catalyst of Cr203-Co304 supported on an alumina
washcoated ceramic support is active for the combustion of propane-air stoichiometric
mix [30, 33]. This catalyst under 400hrs operation at temperatures of up to 1100°C
showed significant resistance to deactivation [30, 33], Recently, considerable attention
has been focused on the use of perovskites as catalysts for high temperature applications
due to their high activity and considerable thermal stability and poison resistance [40-
46]. The use of monolithic perovskites [47, 48], have also received attention in low-
pressure drop systems such as automobile exhaust systems. For example, catalysts
comprising of La203-Cr203 perovskite structure and NiO appear to be promising even at
high temperatures [34]. These perovskite-based catalysts will be discussed in more detail
in section 1.3.2. The use of Pt-Pd based systems as oxidation catalysts is already well
developed. However, the use of noble metal based perovskite catalysts may offer an
economical alternative, which preserves the resources of the expensive noble metals. For
example, the noble metal catalysts are susceptible to poisoning in exhaust streams.
However, small amounts of Pt incorporated into perovskites can drastically improve
their poison resistance [49, 50]. Metal oxides catalysts typically have lower catalytic
activity and higher light off temperatures than noble metal catalysts. The use of traces of

noble metals has been reported to enhance the performance of base metal oxide catalysts

[15].

Catalytic combustion over noble metal catalysts has been the subject of extensive study
for several decades [1], Compared to base metal oxides, their application as oxidation
catalysts has been favoured, because of their higher specific activity. However, practical
limitations such as cost, limited supply, ease of oxidation and high volatility have
restricted their use. High temperature catalysts for hydrocarbon and CO oxidation are
generally made up with noble metals or base metal oxides. A general sequence of the
activity of noble metals for oxidation of hydrocarbons was reported as Ru, Rh, Pd, Os, Ir,

and Pt [15]. The noble metals mainly used for oxidation are defined herein as Pt, Pd, Ag,

13



and Au. These noble metals are often alloyed with the closely related metals Ru, Rh, Ir,
and Os, and they are usually supported on oxide supports, such as y-alumina or Si02 [1,

11, 15,35-37].

These metals can also be supported on metal gauze substrates coated with a high surface
area porous material, such as alumina washcoat. In most practical systems only Pt and Pd
and a few alloys are used because the temperatures employed in most oxidation catalytic
applications (e.g., catalytic incineration, automotive systems) can cause sintering,
volatility loss, and irreversible oxidation of the other metals. However, limited supply
and the resulting high cost of these metals minimises their use [38]. Infact Zwinkels et al.
[1] have reported the use of Pt and Pd as complete oxidation catalyst has always been
favoured. Theses metal catalysts have been reported as the most active towards oxidation

of arange of hydrocarbons [1, 23, 39, 51].

The high activity associated with these metals has been linked to their ability to activate
H2, 02 C-H, and O-H bonds. The Pd catalyst for oxidation of CO, olefins and methane
has been found to be more active than the Pt catalyst, while studies have shown similar
activity for aromatic compounds [38]. For the oxidation of higher hydrocarbons with C3
and greater, Pt catalysts are more active [38]. Oxidation over noble metals is generally
recognised to be structure sensitive process [16, 17, 20, 21, 34, 52-55]. Several papers
have reported combustion of light alkanes and aromatics, such as methane [55, 56],
propane [57], butane [58], heptane [59], and benzene [60] showing increased oxidation
turnover rates with increasing platinum particle size and greater ease of oxidation with
increasing carbon chain length. Methane has been found to be the most difficult
hydrocarbon to activate, while ethane, propane and butane are of intermediate difficulty
and the ease of oxidation increases for higher hydrocarbons. This has been reported to be
due to the ease of adsorption of the different hydrocarbons on the oxides and oxidised
metal surface [61]. Burch, Crittle and Hayes reported the strength of adsorption of the
saturated hydrocarbon was an indicator of the rate of combustion [62], The strength of
the C-H bond is not the only factor which influences the combustion process. An
additional factor is the “stickiness” of the molecule to the oxidised surface. Burch et al.
reported the adsorption of large molecules in a pre-dissociated form to be much more

effectively than for small molecules [61].

14



In general the higher molecular weight hydrocarbons were more easily oxidised than the
lower molecular hydrocarbons. Hydrocarbons of a given carbon number increased in
reactivity according to a series [63]: Aromatic < branched chains, alicyclic < normal

paraffin < olefinic < acetylenic.

Dywer stated a set of guidelines for the ease of oxidation of hydrocarbons, in order of

ease of oxidation [63].

> Aliphatic > Alicyclic > Aromatic.
> Cn> C4> C3> C2> Methane.
> Ethynes > Olefins > Saturated.

> Branched chains > Straight chains.

Typical catalysts for high conversion of particular hydrocarbons are shown in Table 1.1

[63].

Table 1.1: Characteristic catalysts for high conversion of hydrocarbons [63]

Catalyst Hydrocarbon

Platinum, Palladium Methane, pentane, isooctane, ethylene,
propene, acetylene, benzene, cyclohexane

Copper oxide Methane

Spinels (Co, Mn.) Ethylene, propene, isooctane, benzene,
cyclohexane,

In a review of catalytic oxidation on noble metals, Spivey [39] proposed that the
oxidation of hydrocarbons over noble metals followed either a Langmuir-Hinshelwood
type mechanism or an Eley-Rideal type mechanism. The Langmuir-Hinshelwood
mechanism involved reaction between the adsorbed reactant and adsorbed oxygen
molecules forming a new product. This mechanism was mostly found in oxidation
reactions with mixtures of different compounds and where competitive adsorption
occurred. For example, nucleophilic reactants such as olefins are strongly adsorbed on

metal surfaces [24]. Otto [55] stated that reactions governed by the Langmuir-

15



Hinshelwood mechanism could not take place on isolated sites and required a minimum
site ensemble, which may include sites on the support material. For example, the
hydrogen spillover reactions are predominantly consistence with Langmuir-Hinshelwood
mechanism. The Eley-Rideal mechanism was found in reactions involving olefin
compounds; the mechanism involved a reaction of the adsorbed oxygen with gas phase
reactant forming a new product. Equations 1 and 2 illustrate the Langmuir-Hinshelwood

and Eley-Rideal mechanism respectively.

le Aads Bak ™ ABads

2- Aads ~Bg ™ ABak

In the next segment of this chapter, the literature on the oxidation of methane and higher
alkanes over noble metals and metal oxides catalysts will be discussed. This discussion
will be divided up into two sections. The first section 1.3 deals with total oxidation over
noble metals, metal oxide and perovskite catalysts. Section 1.4 examines the total
oxidation of hydrocarbons, mainly focusing on the oxidation of propane over Pt catalysts
discussing the effect of various supports, metal loadings, surface area effects and particle

size.
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1.3 Total Oxidation of methane

The concentration of methane in the atmosphere is continuously increasing [102]. Since
methane has a much larger green house effect than carbon dioxide, the elimination of
methane emissions from natural gas engines and power plants as well as petroleum and
petrochemical industries by complete combustion to carbon dioxide is an environmental
necessity. The large reserves of methane in the form of natural gas has also been utilised
as an energy source because CH4 has the highest ratio of hydrogen to carbon and natural
gas has low levels of sulphur and nitrogen impurities. The production of energy by the

combustion of natural gas (CH4) is well established; see equation.

CH4+ 202—»C02+ 2H20 AH28=-191.8 Kcal/mol

Methane is the most inert and difficult hydrocarbon to activate, hence its oxidative
destruction by complete combustion at low temperatures is rather difficult and as such
requires the most active catalyst. The oxidation of methane over a series of noble metal
supported catalysts has been extensively investigated as a route to solving this problem.
The noble metal catalysts showed higher activity in the combustion of lighter
hydrocarbons [2-4] and methane [5-10] at low temperature compared with metal oxides

and perovskite catalysts [103].

1.3.1 Methane Oxidation on Noble metals

Anderson et al. tested the effectiveness of catalytic oxidation of methane over a series of
supported catalysts in a microcatalytic reactor [18, 66]. This device allowed screening of
the catalysts and provided information on the kinetics of oxidation. The catalysts were
prepared by impregnation of support materials with the aqueous solution of the metal
nitrate salt or chloride salts followed by drying and calcining at 250°C in air. They
reported that the activity of the metals or metal oxides per gram of active metal decreased
in the following sequence: Pt > Pd > Cr > Mn > Cu > Ce > Co > Fe > Ni > Ag. Palladium
and platinum supported on alumina were shown to be more active than the metal oxides

and silver. Coin and Haley [68] investigated the activity of noble metals supported on
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alumina towards methane oxidation and found the activity to decrease in the following
order: Rh > Pd > Id > Ru > Pt. Anderson et al [66] also compared catalytic activity of
palladium and platinum catalysts supported on alumina and found palladium to be more

active for the oxidation of methane.

Firth and Holland [69] investigated the Kinetics of the catalytic oxidation of methane on
Pd, Pt, Rh and Ir supported on alumina. The IR study was an attempt to gain information
of the effect of the electronic structure of the catalyst on the reaction. The catalysts
studied were prepared by depositing an active metal onto alumina by thermal
decomposition at 900°C of an aqueous solution of the metal salt. Before use, all the
catalysts were treated in a 12% methane-air mixture at 900°C to reduce any oxide to the
metal. The reactions on the alumina-supported metals were studied using a
microcalorimetric method. The activation energies for Pt, Rh and Ir at a CH4 partial
pressure of 0.02atm and oxygen partial pressure of 0.215atm were calculated to be 48, 27
and 17Kcal mol'lrespectively. The Pd activation energy was determined to be 12Kcal
mol'lbelow 290°C, while above 290°C the activation energy increased to 33Kcal mol“L
The observed increase in activation energy was recorded as being close to the heat of
formation of PdO at 20Kcal mol'1[24]. Cullis and Willatt suggested that the oxygen in

PdO was similar to the oxygen adsorbed at higher temperatures [71].

The kinetics studies suggested that the rate of methane oxidation was proportional to the
methane concentration (i.e. first order) but independent of oxygen concentration (i.e. zero
order) [71]. Firth and Holland [69], Mezaki and Watson [72] and Cullis et al. [73]
proposed a mechanism, in which the rate determining step in the reaction over the metals
was the interaction of CH4 with the chemisorbed oxygen. Based on this, Cullis and
Willatt [71] proposed a similar mechanism involving the reaction of methane with
strongly adsorbed oxygen. However, at lower temperature and partial pressure of oxygen,
some oxygen adsorption sites were vacant and thus competitive adsorption of methane
and oxygen became significant. Cullis and Willatts results indicated that methane might
be adsorbed on two types of reaction sites, one that adsorbs oxygen and one that cannot
adsorb oxygen. The measured activation energies were found to be proportional to the
Pauling bond energies of the oxygen metal-bond in the region where the oxygen order is

low. Therefore, it was assumed that with increasing bond energy values for surface

18



oxygen, one would expect decreasing catalytic activities. Firth and Holland [69] stated
that with increasing metal-oxygen bond energies, the activation energies decreased. This
conclusion was stated unlikely due to inaccuracies in the bond energy calculation;
besides, the high activation energies of the metals suggested a reaction mixture
composition that would cause oxygen retardation. Hence a direct correlation was found to
exist between bond energy of the metal-oxygen and the apparent activation energies for
the different metals (below 290°C) Fig 1.4, [69], Therefore, as the single metal-oxygen
bond increased the apparent activation energy decreased, implying metal-oxygen bond

formation in the reaction sequence.
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Fig. 1.4: Correlation between the activation energies for CH4 oxidation over different

metals below 290°C and the metal-oxygen bond strength [69].
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Cullis and Willatt [71] examined the Kinetics of methane oxidation using a pulse flow
microreactor technique on palladium and platinum catalysts supported on a number of
metal oxide materials in order to determine the mechanism of reaction and elucidate the
role played by the support materials in the oxidation. In particular, they examined the role
of oxygen adsorption. The effect of the particle size of the precious metal and
relationship between the metal and the support materials were also evaluated. The
reaction was studied in the temperature range 500 - 873K using a 10% v/v methane-
oxygen reactant mixture with CH4: 0 2ratios varying from 1/10 to 10/1. Cullis and Willatt
[71] suggested that under the conditions studied that homogeneous oxidation and
interparticle diffusion appeared absent and that the reaction rate was thought to depend
only on catalyst surface reaction. The precious metal catalysts studied were prepared by
adding aqueous solution of the required metal salt onto the powdered metal oxide,
followed by refluxing to remove water. The precious metal loading was varied between 1
to 40 wt%. The following supports were investigated y-AkC” SnC>2, SIC2, Th02 and
Ti02. The catalysts were characterised by N2 physisorption, H2 chemisorption,
transmission electron microscopy (TEM), X-Ray Photoelectron Spectroscopy (XPS) and

scanning electron microscopy (SEM).

The activity of the support alone for the methane oxidation was assessed by exposing
them to the reaction mixture of CH4/02 or pure methane alone. They found that in the
temperature range studied that the Sn02 showed considerable activity, whereas the other
supports showed little activity. In the case of SnC>2, at 873K, 25% conversion in pure
methane stream (2.8x10'7 mol) was achieved and in a CH4/02 atmosphere at the same
temperature 100% conversion was obtained. The activity of the metal supported catalysts

for CH4 oxidation is shown in Table 1.2.
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Table 1.2
Activity of metal supported catalysts for CH4 oxidation [71].

Supported catalysts Reaction rate

i10-2 moI.s'Le'lof precious metal (10° mol.s'l.m‘z precious

metal)
623K 683K 623K 683K
2.7 Wt% Pd/Ti02 7.53 (1.65) 16.57 (3.64)  0.89 (0.20)  2.57 (0.57)
20 wt% Pd/Ti02 2.24 (0.77) 3.05 (1.05) 0.45 (0.15)  0.99 (0.45)
40 wt% Pd/Ti02 1-63 (......) 0.34 (--)
2.7 wt% Pd/y-A~Ch  13.72 (3.57) 21.56 (5.60) 2.17(0.56)  3.50(0.91)
11 wt% Pd/y-AbOs 6.42 (3.34) 0.64 (0.34) 1.33 (0.69)

3.0 Wt% Pd/Th02 2.21 (0.48) 4.99 (1.08)
2.7 Wt% Pt/Ti02 3.77 (0.34) 13.60 (1.36)
2.7 Wit% Pt/y-Al12C8 1111 (1.11)  18.29 (1.84)
10 wt% Pt/y-Al2C8  5.46 (----) 7.93 (-—)
3.0 wt% Pt/Th02 1.36 () 4.24 (~--)

Both the Pd and Pt metals in methane rich and oxygen rich atmosphere appeared to
exhibit increased activity when supported on oxide materials with large surface area, such
as Y-AlI203 An increase in metal loading on certain supports was also found to decrease
activity for the overall rate of methane oxidation in both reducing and oxidising
atmospheres. However, in the case of Pd metal the activity per unit mass and per unit area
decreased with increased loading. Similar results in methane rich atmosphere were
obtained for Pt. From Table 1.2, it can be seen in general, slightly lower rates of methane
oxidation were obtained with platinum than with palladium catalysts. In conclusion,
Cullis and Willatt stated that both the support and metal play a significant role in

determining catalytic activity.
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The influence of precious metal particle size on a number of supported catalysts were
also examined [71]. The metal particle sizes determined from TEM for given supports
were found to increase with metal loading, although the method of preparation was also
found to adversely affect particle size as well as the pretreatment temperature. Similar
particle size resulted in similar activity; for example a 2.7-wt% Pd/y-A”i* and Pd/TiCh
showed similar particle sizes and overall rate of methane oxidation. Similar results were
found for Pt. However, on pretreatment ofthe 2.7 wt% Pd/y-AkCh in flowing air at 823K
for 40 days, the average diameter of the metal particle size increased from 14nm to 80nm
with no apparent increase in catalytic activity towards methane oxidation under CH4rich
conditions. Therefore, Cullis and Willatt concluded that the rate of methane oxidation

was independent of particle size under methane rich conditions [71].

Cullis and Willatt [71] also studied the rate of methane oxidation as a function of
temperature (Fig. 1.5) for a number of Pd supported catalysts. They measured the rates of
methane oxidation in terms of production of oxides of carbon. From the log 10 plots a
sudden change in slope (i.e. transition temperature) was observed, which was found to
vary depending on the metal catalyst, support and the composition of the methane-
oxygen mixture. Platinum catalysts showed a sudden increase in activity at the transition
temperature. For example, on a 3.0 wt% Pt/Th02 catalyst, the methane oxidation rate
doubled between 642K and 647K; above this temperature all oxygen was reportedly
consumed. Over a 2.7 wt% Pt/y-A”Os catalyst the reaction rate increased by a factor of
eight between 610K and 673K. However, a more gradual transition occurred with
palladium catalysts and all the oxygen was reportedly consumed below the transition
temperature [71]. Cullis and Willatt proposed that a relationship between the apparent
activation energy and oxidation of methane in the presence and absence of oxygen
existed. Activation energies for a number of Pt and Pd catalysts were calculated. The
activation energies for Pt catalysts were higher than those for the Pd catalysts below the
transition temperature while the reverse was found to be the case above the transition
temperature. The activation energies over Pd catalysts in the low and high temperature
regions were 83 = 5to 95 + 6 kJ/mol and 23 + 3 to 45 + 2 kJ/mol respectively whereas
for the corresponding Pt catalysts, values in the low and high temperature regions were
116 = 4 to 108 = 3 kJ/mol and 24 + 2 to 19 + 2 kJ/mol respectively. In general, an

increase in metal loading was found to have little effect on the activation energies.
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Fig 15: Variation of rate of methane oxidation on Pd supported catalysts with

temperature, (a) (O) 2.7 wt% Pd/Ti02; (*) 2.7 wt% Pd/y-Al203; (b) (O) 20 wt%

Pd/ThO2; (+) 2.7 wt% Pd/a-Al20 3[71].

Cullis and Willatt [71] also examined the adsorption of oxygen by the precious metal
supported catalysts. As previously discussed, the adsorption of oxygen was found to vary
depending on: a) the % loading of the metals, b) nature of the support and c¢) temperature.
Fig 1.6 illustrates the effect of temperature on Pd supported surface. For example, Pd on
Y-AlI203 adsorbed roughly 100 times more oxygen than a corresponding platinum
catalyst, despite the fact that Y-AlI203 was found not to adsorb oxygen itself. The amount
of adsorption of oxygen by Pd supported on Th02 and TiCX2 was significantly less,
however, the oxides once formed appeared to be more stable. Therefore, oxygen
adsorption onto the catalyst surface was deemed an essential step in the methane
oxidation reaction. From this Cullis and Willatt [71] illustrated a direct correlation
between the oxygen adsorption by Pd supported catalysts and rate of methane oxidation

(see Fig 1.7) [71].
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Temperature K

Fig 1.6: Variation of amount of adsorbed 0 2 with temperature over supported palladium

catalysts. (0) 8.7 wt% Pd/Ti02(s) 1lwt% Pd/y-Al20 3(3) 5wt% Pd/Th02 [71],

From Fig 1.6 the optimum temperature for adsorption of oxygen onto the Pd/y-Al203
catalyst was 873K, but with increasing temperature the level of oxygen uptake dropped
dramatically. This in turn was found to have a detrimental effect on the methane
oxidation activity as it resulted in tightly bound oxygen, similar to that of PdO, which
was less reactive. The methane conversion (Fig 1.7) also showed an optimum activity at
775K suggesting some form of competition for oxygen between Pd to form the oxide and
CH4 to undergo oxidation. Therefore, Cullis and Willatt [71] concluded that optimum
activity for methane oxidation was only achieved when sufficient oxygen was adsorbed
from the gaseous reactant mixture onto a previously reduced surface. Cullis and Willatt
[71] suggested that Pd could adsorb oxygen into its bulk, thus providing an oxygen
reservoir, which could prevent the decomposition of the methane on the surface.
Anderson et al [74], Lee and Trimm [75] stated at low temperatures (800K), Pd exhibited
high activity towards the oxidation of methane. However, at temperatures between 800
and 1000K this activity was found to drop dramatically in low oxygen concentration.

McCarty [76] attributed this to the dissociation of highly active palladium oxide to the
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metallic form (i.e. palladium). Farrauto et al. proposed that this may be attributed to a
decrease in adsorption of oxygen by Pd above the transition temperature and thus

inhibited methane oxidation [32].

Temperature (K)

Fig 1.7: Variation of O2adsorption and methane conversion with temperature over a 2.7-
wt% Pd/Ti02 catalysts with variation in temperature and oxygen adsorption, (0) Oxygen

adsorption (¢) Methane conversion [71].

Cullis and Willatt [71] compared the rate of methane oxidation over platinum and
palladium and found that palladium was more active. This was attributed to the different
abilities of the Pd and Pt metals to adsorb oxygen [71]. As discussed above, palladium,
unlike platinum, can adsorb oxygen into the bulk structure, which provides a reservoir of
oxygen, thus preventing methane pyrolysis. In addition, platinum had a greater surface
area available for adsorption and subsequent pyrolysis of methane. A similar conclusion
by Schwartz and Wise stated catalytic properties of the metals varied with the degree of
oxygen coverage exhibited by the metals [77]. For Pd, sorption data [78] and
thermodynamic studies [79] indicated the existence of both a strongly bound oxygen

adsdrbate with high surface coverage and a metal oxide compound.
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Hicks et al [20] tested a series of supported Pt and Pd catalysts for the oxidation of
methane, to determine the effect of catalyst structure on the intrinsic activity of Pt and Pd.
They compared turnover frequencies for Pt and Pd supported on y-A”*Os, a-AIOOH,
ZrC2and 12-wt% YjO~IZxOi. The catalysts tested were prepared by ion exchange or by
incipient wetness impregnation on supports with the aqueous solution of the metal
chloride salt. The catalysts were then dried at 150°C overnight, followed by calcining in

air at either 500 or 700°C for 2hrs. The metal loading varied from 0.50 wt% to 2.3 wt%.

The reaction was studied in a fixed bed microreactor at 260-370°C in an oxygen rich
atmosphere [20]. A catalyst sample of between 0.05 and 0.2g was loaded into the fixed
bed reactor. On line gas chromatography equipped with Carbosphere packed column and
TCD was used to analyse the reaction products. Conversions were kept below 2% and
carbon dioxide was the only reaction product observed. The catalytic rate of the samples
were measured by heating in 50cm3min helium at 300°C, followed by reducing in
50cm3min flow of hydrogen for lhr at 300°C The reaction was found to be structure
sensitive over the supported Pt and Pd catalysts indicated by the intrinsic rates, which
varied by more than 5000 from the least active to the most active catalysts. The structure
sensitivity of the methane oxidation reaction was though to be related to the differences

in the reactivity ofthe adsorbed oxygen on the metal surface.

A strong correlation between the turnover frequencies and infrared spectrum for CO
adsorption was found. Two distinct phases of Pt were identified from the infrared
spectrum. These were dispersed Pt with a low turnover frequency at 2068cm'land a
crystalline phase with a high turnover at 2080cm’1 The activity of the dispersed Pt was
found to be 10-100 times lower than that of the platinum crystallites. This was attributed
to the dispersed phase being converted to Pt02, while the crystallite phase was covered
with more reactive adsorbed oxygen. The latter was found to decrease in concentration
relative to the Pt02 as the Pt dispersion increased. The phases formed depended on the
support material and method of preparation, rather than the degree of Pt dispersion. The
two phases were found to coexist on the Y-AlI203 supports, the highly dispersed phase
was stabilised by alumina and the crystalline phase interacted weakly with the support.
The zirconia support and low surface area inert alumina support did not stabilise the Pt

dispersed phase and Pt crystalline phases were formed.
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The turnover frequency for the methane oxidation over palladium was found to depend
on particle size and maybe site distribution on the metal surface [20]. Under the reaction
conditions studied, small crystallites supported on alumina were converted into dispersed
PdO, while large crystallites were converted into smaller crystallites with a chemisorbed
layer of oxygen. The methane oxidation activity of the dispersed PdO was 10 to 100
times lower than that of the small palladium crystallites. Hicks et al proposed that the
dispersed PdO on alumina was much less active than the chemisorbed oxide layer on Pd
and that oxidation breaks apart the palladium crystals exposing the oxide [20]. They also
found that the rate of oxidation increases with decreasing particle size and increasing

number of crystal imperfections.

Otto [55] measured the rates of methane oxidation over platinum catalysts. The reaction
was studied in a recirculation batch reactor and mass spectrometer with a reactant
mixture of 10 torr CH” 60 torr Oz and 600 torr Ar. The oxygen pressure used in the CHa4
oxidation was 3 times the required pressure. Platinum supported on y-alumina with
loadings from 0.03 to 30 % wt and Pt black samples were examined. Over Pt the
oxidation of methane was reported as first order with respect to CH4 and zero order with
respect to oxygen pressure in the range explored (2.5 < 0O2/CHa4 < 60). Platinum
supported on alumina was found to be structure sensitive for the oxidation of methane.
The turnover frequency was found to increase with Pt loadings reaching a maximum at
5wt% (i.e. TOF 5.3x10°3 s')) where particulate Pt particles were found. At higher
concentration between 10-100wt% (Pt black) loading a steep decline in reaction rates
were observed by Otto [55]. They attributed this decline to a substantial decrease in the
fraction of active Pt surface atoms with increasing particle size. From the TOF values
particulate Pt particles were shown to be 4 times more active than dispersed particles.
The structure sensitivity also reflected a change in the apparent activation energies. For
lower Pt concentration in which essentially all the Pt atoms were surface atoms,
activation energies of 35.2 +1.6 Kcal/mol were obtained. At higher concentration the
activation energies were found to decrease due to the presence of larger Pt atoms, these
larger particles were found to be more active due to the formation of subsurface atoms.
The activation energies for Pt black (unsupported Pt) were found to be similar to that of

the supported Pt at higher loadings (i.e. 30-100wt %). Therefore, Otto proposed that
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sintering of the platinum at these high concentrations may be responsible for the decrease

in the methane oxidation rates.

The effects of sample pre-treatment on the rate of methane oxidation over Pt/y-A*Oa
were also investigated by Otto [55]. The rate of oxidation was found to increase with
hydrogen pre-treatment and decrease with oxygen pretreatment. According to Yao et al.
[80] sintering of the Pt particles occurred in hydrogen atmosphere at temperatures
between 450-550°C, while oxygen treatment resulted in Pt redispersion. Fig 1.8 shows

the activity of a 0.4% Pt sample after different pretreatment conditions.

Figure 1.8: Changes in rate of CH4 oxidation on 0.4 wt. % Pt/y-A”Os caused by different
pretreatments. Pretreatment: (O) heated in oxygen at 500°C for over 20 h; (O) heated in

hydrogen at 500°C for 20 h; (O) heated in oxygen at 500°C for 20 h [55].

On exposure to hydrogen at elevated temperatures over prolonged time periods, an
increase in rate constant resulted, while exposure to oxygen under similar conditions
reduced the rate constant. Further exposure to hydrogen again caused an increase in
catalytic activity by a magnitude of 1 compared with initial runs. However, further

exposure failed to increase the rate constant values further.
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Otto noted that Pt sintering and redispersion was very slow and barely noticeable at
450°C and only became apparent at 500°C [55]. The total activity of the Pt particles was
found to increase with sintering in spite of the reduced Pt surface area, whereas
redispersion in oxygen, which increased Pt surface area, lowered the total activity. Thus,
Otto proposed that the total activity Pt was associated with the particle size and that the

reaction was structure sensitive.

In conclusion, the oxidation of CH4 over Pt/y-Al203 was found to be structure sensitive.
At least two different Pt entities with different oxidation states and particle size, termed
dispersed and particulate platinum oxide, were characterised from methane oxidation
kinetics. Otto also found that at higher Pt concentration the larger particles exhibited
similar kinetic characteristics as unsupported Pt black [55], Reaction Kinetics of the
oxidation of methane depended strongly on sample pre-treatment of the platinum since
oxidation tends to disperse Pt, while reduction caused sintering. The oxidation reaction
based on site density calculation and theoretical and empirical kinetics were found to be

inconsistence with an Eley-Rideal type mechanism.

Briot et al. [16] studied the impact of particle size on the oxidation of methane over
1.95wt% Pt/Al203 catalysts. Artificial ageing of the catalyst was achieved in a CH4:02:N2
mixture at 600°C for 14hrs and this pretreatment resulted in an increase in platinum mean
particle size. The catalysts were prepared by a wet incipient impregnation method of the
support materials (i.e. 8- AlI203 and y- Al203 mixture) with an aqueous solution of
H”PtCle acid. The catalysts were then subsequently dried at 100°C, followed by calcining
in N2 at 500°C and reducing in H2 at 500°C overnight. Activity measurements were
carried out in a continuous flow reactor with a 1:4:95 vol/vol/vol
methane/oxygen/nitrogen ratio mixtures at a flow rate of 6.3 dma3_1 The byproducts of
the oxidation reaction were analysed by gas chromatography. The catalysts samples
exposed to the reactant mixture at 600°C for 14hrs, followed by purging in N2 under
similar temperatures and finally cooled to room temperature were more active at
temperatures 300-450 than catalysts not subjected to this pretreatment. A comparison of
combustion activities for freshly reduced and aged samples versus temperature is

illustrated in Fig 1.9.
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Temperature (K)

Figure 1.9: CH4 oxidation rate versus temperature for fresh (A) and aged (B) Pt/A”CA
samples. Oxidation rate is expressed as moles CH4 converted /h/mole of introduced metal

[16].

The apparent activation energy for the CH4 oxidation in the above temperature range over
the untreated catalysts (i.e. freshly reduced) was ~100kJ/mol compared with 71kJ/mol
over the treated catalysts (i.e. aged sample). Briot et al. [16] found that an increase in
mean particle size of the Pt from 2 to 12nm occurred for samples that underwent this
ageing pretreatment. Thus, it was concluded that the larger Pt particles were more active

than smaller ones toward CH4 oxidation. Microcalorimetric measurements of the heat of

oxygen chemisorption, Qags, showed a small decrease in Qads as the platinum particle
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size increased. The larger Pt particles were also found to adsorb less oxygen. Briot et al.
proposed that the larger platinum particles were more active because the strength of the
Pt-0 bonds was lower on these particles, whereas a higher Pt-0 bond strength was
observed for smaller particles [16]. The authors also suggested that the increase in
activity on the large Pt particles were due to the present of facet and not spherical
crystallites as shown by TEM analysis. In conclusion, Briot et al. stated the reaction was

structure sensitive.

Briot and Primet [17] found in a subsequent investigation that a 1.95% Pd/A"C” catalyst
exhibited similar behaviour for methane oxidation. The reaction again was found to be
structure sensitive and the aged catalyst was more active than the fresh one, especially at
low temperature (i.e. <400°C). Ageing of the catalysts in the reaction mixture at 600°C
led to a decrease in metal dispersion, which resulted in an increase in activity compared
with the freshly reduced sample. The mean particle size of the Pd as measured using
transmission electron microscopy (TEM) was found to increase from 7nm to 16nm and
the turnover numbers increased by a factor of 20 on the larger Pd particles at 400°C. The
larger Pd particles were shown to be more active in adsorption of oxygen, which
paralleled the increase in rate of CH4 oxidation with particle size. A comparison of
combustion activities for freshly reduced and aged samples versus temperature is shown

for the Pd/AI203 catalysts in Fig 1.10.

31



200 300 400 S00

Temperature (K)

Figure 1.10: CH4oxidation rate versus temperature for fresh (A) and aged (B) Pd/Al203
samples. Oxidation rate is expressed as moles CH4 converted /h/mole of introduced metal

[17].

The apparent activation energy for CHa4 oxidation in the above temperature range over the
untreated catalysts (i.e. freshly reduced) was ~104kJ/mol compared with 74kJ/mol over
the treated catalysts (i.e. aged sample). Again it was observed as in the previous study on
Pt systems that the aged samples with larger particles were more active than the freshly
reduced samples. Briot et al proposed the increase in metal particle size is not solely
responsible for the changes in catalytic activity of the Pd catalysts [17]. Hicks and co-
workers [20] found that an increase in Pd particle size was accompanied with decrease in

turnover numbers for CHa4 oxidation. Thus, it was concluded that other factors may be



accountable for some of the activity, such as deposition of carbon causing active site
modification and restructuring of the surface under the reactant conditions employed.
Temperature programme oxidation investigations showed that palladium was in the bulk
PdO state for reaction temperatures of >400°C. The PdO was found to form
predominately on the larger Pd particles (16nm) compared with the smaller particles. In
summary, the presence of both methane and oxygen were required for the enhancement
of activity. Both studies concluded that catalytic oxidation of methane occurred over the
PdO phase formed during oxidation in an oxidising atmosphere (i.e. oxygen-rich

mixture); even ifthe catalysts were present in an initially reduced form.

Farrauto et al. investigated the high temperature oxidation of methane over Pd supported
on alumina using thermogravimetric analysis [32], They found that Pd/y-AbOs
decomposed in two distinct steps in air at one atmosphere depending on temperature,
agreeing with earlier work by Lieske and Volter [81]. At temperatures between 750°C
and 800°C the first step is believed to be the decomposition of palladium oxygen species
dispersed on bulk palladium metal designated (PdOXPd). The second decomposition
occurred in the temperature range 800°C and 850°C and behaved like crystalline
palladium oxide designated (PdO). Lowering the temperature below 650°C reformed the
PdO species. The reformed PdO species was found to be readily active towards methane
combustion at temperatures above 550°C. Farrauto et al. [32] attributed this to the ability
of the palladium oxide to adsorb oxygen, whereas above this temperature oxygen
adsorption was inhibited. This was found to be due to the reduction of the PdO species to

metallic metal.

A fresh 4%Pd0 /AI203 catalyst was heated in air at 20°C/min to give a thermogravimetric
profile of the sample. From the PdO profile a gradual weight increase was shown,
followed by an increase in oxygen adsorption between 570 and 600°C and continuing to
750°C similar to that reported on Pd metal [82]. This resemblance suggested that at low
temperatures the Pd metal chemisorbs oxygen and forms a PdO species, which at
increased temperature promoted oxygen chemisorption forming a (PdOXPd) species.
Farrauto et al. [32] suggested that once a skin forms, subsequent oxygen adsorption
above 570°C occurred forming a reservoir of oxygen in the bulk layer of Pd metal. Cullis

and Willatt [71], Turner and Maple [83] reported similar conclusions, suggesting two
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distinct types of oxygen residing on the surface, chemisorbed oxygen and a more strongly
bound oxide species. Baldwin and Burch [54] and Briot and Primet [17] proposed that
aged catalysts were more active at low temperatures for methane oxidation than fresh
samples. They proposed that this increased activity was due to the restructuring of the
PdO crystallites. Ruckenstein and Chen [86] proposed this restructuring of the PdO
crystallites, may be due to formation of pits and cavities by oxidation of the underlying

Pd metal exposed by migration of the PdO on to alumina.

Farrauto et al. [32] determined methane oxidation activity of PAO/AkOs catalyst as a
function of temperature. A fresh Pd/AI203 catalyst was prepared by impregnation (i.e.
incipient wetness method) of y-alumina support calcined at 950°C for 2hrs with a Pd
nitrate salt, followed by reduction with aqueous hydrazine, drying overnight at 120°C
and calcining at 500°C for 2hrs. The reaction was investigated in the temperature range
340 to 1000°C with a 1% v/v methane / air mix. Fig 1.11 shows a plot of methane

oxidation versus temperature.

Temperature (K)

Fig 1.11: Methane conversion versus temperature over a 4% Pd0 /AlI203; (--—---- ) heating,

(----) cooling, (m+m) baseline [32].
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Initial methane conversion during heat up is observed by the solid line at 340°C and at
430°C had risen by 30%, approaching complete conversion at 650°C due to PdO species.
At 700°C, the dotted line indicates a small but significant catalytic activity by alumina
for methane oxidation with no contribution from the palladium. They proposed this trend
in activity was due to the PdO being reduced to metallic Pd at this temperature. A sudden
restoration of activity was observed on cooling below 680°C with nearly 80% conversion
near 600°C. They attributed this to the reoxidation of metallic Pd to PdO species. In
conclusion, they determined the PdO species was an essential requirement for methane

combustion when the catalysts were held at temperatures below 680°C.

Ribeiro et al. [87] investigated the complete oxidation of methane over Pd/Zr02 and
PdSi02-Al203 in a fixed bed reactor under steady state conditions. The catalyst examined
were prepared by impregnation (i.e. incipient wetness method) the support materials with
an aqueous solution of the ammine nitrate and chloride salts, followed by calcining in air
at temperatures between 500 to 850°C. Under the conditions studied, turnover
frequencies for the methane oxidation varied from 2x102 to 8x102s"L In conclusion
Ribeiro et al. found that oxidation over palladium was structure insensitive under steady
state conditions [87]. The large variation in TOFs’ reported were attributed to the use of
partial activated samples. The product gases (i.e. CO2and H20) were found to inhibit the
oxidation reaction over the PdO species. This inhibition ability of H20 was thought to be
due to competitive adsorption between the CH4andT”~O for surface sites. They proposed
that the active PdO site may react at the surface to form Pd(OH)2, blocking CHa4
adsorption onto the PdO phase. The inhibition affect of the CO2 was more difficult and
hence a true explanation was unclear. Treatment of the catalyst samples in air at
temperatures below 827°C and at atmospheric pressure resulted in the formation of a
stable PdO active phase that formed a monolayer on the support material and exhibited

low activity.

Anderson and Tsai [88] using a flow microreactor system at a total partial pressure of 1
atmosphere investigated the oxidation of methane over a number of catalysts. A series of
eight different catalyst samples were studied, supported Cr203 on pummice, as well as
unsupported MgO, MgO/BaO, acidified ferric sulphate, H-ZSM5 and Pd supported on y-

Al203 and Si02 with or without charcoal. The reaction was investigated in the
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temperature range 495K to 791K with varying CH4/O2 molar ratios from 99 to 0.28. The
%CHa4 conversion varied from 19.1%, at a molar ratio of 1.68 CH4/O2 over Pd/charcoal,
to 1.2% over H-ZSM5 at a CH4/02 molar ratio of 8.35. The active phase surface area of
the catalysts and reaction conditions employed were not taken into account. Thus, no
comparison of catalytic activity for the reaction could be made. Anderson and Tsai made

no attempt to study the kinetics of the CHa4 oxidation reaction over the catalyst samples.

Seimanides and Stoukides [89] investigated the oxidation kinetics of CH4 on porous
polycrystalline palladium supported on yttria-stabilised zirconia. The Pd supported on
yttria-stabilised zirconia was prepared by depositing a few drops of Pd resinate solution
onto the support material, followed by drying at 100°C for 4hrs, calcining at 550°C for
ehrs and further heating to 650°C for 4hrs. The oxidation kinetics were studied in the
temperature range 450 to 600°C, at partial pressures between 1.23x10" and 7.85x10" bar
for CH4 and oxygen partial pressure between 0.24x10'2 and 6.83x10'2 bar. Under the
reaction conditions studied, homogeneous gas phase oxidation was absent. The rate of the
reaction at high Oz partial pressure was found to be independent of Oz partial pressure,
but at low oxygen pressure in the range 550-600°C the rate was found to be proportional
to Oz pressure. Under all the reaction conditions investigated, the rate was first order with
respect to CH4. Seimanides and Stoukides proposed that gaseous methane reacted with

chemisorbed atomic oxygen via an Eley-Rideal type mechanism.

At low temperatures Fujimoto et al. [90] examined the structure and reactivity of
PdOXZrCs; catalysts for the CH4 oxidation and compared it to Pdo ¥Al203. The catalysts
were prepared by incipient wetness impregnation of the support with an aqueous solution
of Pd(NH3)2(No 2)2/HNC>s, followed by drying in air at 373K for 24hrs. Pretreatment in
stagnant air at 773K for 24hrs was carried out on some samples. Other samples were
treated in 200-500cm3 rnin'1 flowing dry air at 773K for 24hrs. These two drying
procedures produced different initial methane reaction rates, but were found not to
influence steady-state turnover rates. Reaction and turnover rates were measured at 5%

methane conversion on all catalysts to ensure similar product concentration and inhibition

effects.
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The methane oxidation turnover rates of PdOx under steady state conditions were found
to increase with increasing crystallite size on the ZrC2 and AIl203, without significant
change in activation energies. At 553K CH4 oxidation turnover rates were observed to
increase from 0.030 to 0.179 s'lwith decreasing dispersion of the metal from 0.381 to
0.120. Ribeiro et al. [87] reported similar turnover rates under similar reaction conditions.
The variation in the turnover rates may be attributed to inaccuracies in the dispersion
values of the surface area PdO crystallites calculated from chemisorptive titration on the
catalysts reduced at low temperatures. Differences in turnover rates have also been
attributed to PdOx clusters with surface structures that vary with the identity of the
support and PdOx cluster sizes [20-21, 87]. Several other authors have reported
conflicting results. For example, Baldwin and Burch [53] found rates over Pd/Al203
varied by a factor of 100 with no direct correlation with PdOx crystallite size. Cullis and
Willatt [71] reported turnover rates were unaffected by crystallite size. However, Briot
and Primet [17] and Hicks et al. [20, 21] supported Fujimoto et al. [90] conclusion.
However, the reactivity observed on the alumina system was consistent with Fujimoto
results on the Pd0/Zr02 and Pd0/AI203 catalysts. Thus, it was found that the precursors
used in preparation of the Pd0/Zr02 catalyst were also found to affect structural changes

of the PdOxcrystallites and CH4 oxidation rates.

In conclusion, methane oxidation turnover rates appear to be related to changes in the
density and stability of oxygen vacancies on the PdOxcrystallite surface, as a result of the

observed crystallite size, temperature effects and decomposition of PdO to Pd metal.

Marti et al. [91] investigated the catalytic oxidation of methane under both reducing and
oxidising atmosphere over Pd supported on zirconia by oxidation of amorphous Pd]Zr3
metal alloy under different conditions. The catalyst samples were prepared from both
crystalline and amorphous alloys. A 5% Pd/Zr02 samples was prepared by impregnation
(i.e. incipient wetness method) of the zirconia with an aqueous solution of PACI4NH4),
followed by calcining in air at 773K for 2hrs and reduced in hydrogen at 573K for 2hrs.
A second Pd/Zr02 catalyst containing 25.6% loading was prepared with a molar ratio 1:3
of Pd/Zr by calcinations of a water-soluble hydroxide, preceded by reduction. The
catalyst was then prepared by a co-precipitation method, followed by calcining and
reduction in hydrogen as above. Both catalyst samples were crushed and sieved down to

150-500pm for catalytic testing. Under oxygen rich condition, the freshly reduced 5%
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Pd/Zr02 treated in the gas mixture at 723K for 2hrs, showed significant activity. This
activity was attributed to the dispersion of Pd. Marti et al [48] proposed the increase in
activity may be due to restructuring ofthe Pd oxide particles. The overall activities of the
catalysts prepared from PdjZr3were dependent on the activation conditions. The catalysts
prepared from PdiZr3 exhibited turnover frequencies twice as high as the corresponding
Pd/Zr02 prepared by conventional methods. For example, a turnover frequency of

3.3x10 " s' and a reaction rate of 1.41 kg h'/mol for a catalyst prepared from PdiZr3
amorphous alloy precursor fh sftu activation at 698K compared with values of 0.8x 10° s'*
and 0.17 kg h'Vmol for a 5 wit% Pd/ZrC>2 were obtained. Activation energies for the
catalysts prepared from Pd]Zr3varied between 87-97kJ/mol while 93kJ/mol was recorded
for 5-wt% Pd/ZrC>2. The catalytic test without activation pre-treatment of the amorphous
or crystalline PdjZr3 precursor showed almost zero activity for methane oxidation. This
was attributed to an intrinsically low surface area of the amorphous alloy precursor.
Activating pre-treatment in an oxygen-containing atmosphere at temperature above 570K
transformed the precursor into an active catalyst. Marti et al. proposed that structural
changes in the surface occurred forming an extremely large interfacial area between the

Pd and PdO phases and Zr02 [91]. Several authors draw similar conclusions in previous

studies [92, 93].
Catalytic activity under CH4 rich conditions was examined focussing on reaction
products. 3 catalyst samples were examined under reducing condition (Table 1.3); 5 wt%

Pd/Zr02,25.6 wt% Pd/Zr02 and the catalyst prepared from the Pd[Zr3alloy.

Table 1.3: Detail of catalytic activity ofthree catalysts under CH4rich condition [91].

Catalysts Total CH4 Yield of
conversion (%) CO H2
(%) (%)
Pdjzr3 23.8 23.2 23.6
25.6% Pd/Zr02 24.7 24.2 24.5
5% Pd/Zr02 24.3 24.0 24.2

Reaction conditions: 16.64% CH4, 2.08% O2 and balance helium with the alloy sample

activated in situ at 623K.
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The major products ofthe reaction were found to be CO, H2, CO2, and H20. The catalysts
derived from the PdiZr¢ alloy showed a high selectivity towards CO2 compared to the
references catalysts. However, under reducing conditions at high temperatures 870K, the
catalyst showed selectivity for CO and H2 gases. This was attributed to the formation of

carbonaceous deposits at on the catalysts surface.

To date a detailed mechanism of the oxidation of methane on noble metals is not yet well
understood. Oh et al. [94] proposed a mechanism (Fig 1.12) based on methane
chemisorption and methane-deuterium exchange experiments investigated by other
authors [95, 96], They illustrated the dissociation of adsorbed methyl or methylene
radicals, as a result of abstraction of a hydrogen atom from chemisorption of methane on
the noble metals [95, 96], The adsorbed methane (i.e. methyl or methylene radicals)
subsequently interacts with the adsorbed oxygen. This was proposed to lead to direct
oxidation of the methane to CO2 and H20 as the main products or to formation of side
products, such as formaldehyde, methyl peroxide or methylene oxide intermediates. The

proposed mechanism for methane oxidation is given in Fig. 1.12.

CH4(g) HCHO(g)
CH, (ads) + O r
CH. (ads) or HCHO(ads)
CH '(adS) Decompose
+0
C02+ h2o CO(ads) + 2H(ads)

\ ‘

co@ + H

Fig 1.12: Oh et al. proposed mechanism for CH4 oxidation on noble metals [94],
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Under oxygen rich conditions (i.e. oxidising) the metal was fully covered with O2
because of competitive adsorption of oxygen, while under fuel-rich conditions (i.e.
reducing), the metal surface was fully reduced and was likely to be covered with
carbonaceous species, or in the case of partially reduced surface, the surface could be
covered with both carbonaceous and oxygen species. The above mechanism was
consistent with the results for methane combustion under fuel-rich conditions. This
suggested that under the reaction conditions examined an adsorbed formaldehyde
intermediate would rapidly decompose to CO and H, once formed, rather than desorb into
the gas phase as formaldehyde molecules. Based upon their reaction conditions, it was
thought the water gas shift equilibrium reaction may alter the product selective for the

methane oxidation over the noble metals.
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1.3.2 Methane Oxidation on Perovskites

The general formula of perovskite structures are A’A”B’B” 03, where A’ and A” are
lanthanides (such as La, Ce, Pr and Nd) and alkaline earth metals (Ba, Sr and Ca). The
transition metals (i.e. Co, Fe, Mn, Cr, Cu and V) and noble metals (Pt, Pd and Rh) are
usually incorporated in the B position [1, 97]. Perovskite based catalysts with noble
metals incorporated are quite active and have found application in low temperature
devices. Perovskites without noble metals in the structure have found applications in
exhaust gas clean up [101]. The catalytic activity of the perovskite systems have been
attributed to the B-site cation, whereas the thermal stability of the catalyst is due to the
lanthanide ions in the A-site position. LaCoC=3 structures have been reported to exhibited
comparable activity to Pt/Al203 catalysts at conversion up to TS [44], LaCoC=3 and
LaFeOs were found to be most active for methane oxidation at 530-630°C, followed by
LaMn03, whereas LaNiC=8 and LaRuC33 systems exhibited lower activity [22, 100].
Zwinkels et al. [1] proposed that varying the B ion in the ABO3is much more effective in
optimising the catalytic activity than incorporating different lanthanide metals in the
perovskite structure. The Lai.xSrxMn03 (where X = 0.2 or 0.4) was very active for
methane combustion. Several authors found Lai.xSrxMn03 supported on lanthanum
aluminate was more active in methane oxidation than a Pt/A”C” when both were
calcined over 600°C [127]. It was also found that the Pt catalyst achieved 100%
conversion at approximately 100°C lower than perovskite. Zwinkels et al. [1] proposed
that the active species in the oxidation over Pt was dissociated adsorbed oxygen, while in
the perovskite the weakly adsorbed oxygen species reacts at lower temperature. At high
temperatures the weakly bound oxygen to the oxide surface desorbs more easily than the
oxygen adsorbed on Pt. Consequently, lower surface coverage found on perovskite based

system suppresses the activity with temperature.

Ferri and Forni [98] investigated the oxidation of methane on perovskite based mixed
oxides. The perovskite catalysts, of general formula Lai.xA’xB03 were prepared via the
amorphous citrate method by adding an aqueous solution of starting nitrates to an
aqueous solution of citric acid in a molar ratio of 1:1. The resulting solution was
evaporated at 70°C, followed by drying in a vacuum at 70°C overnight. The catalyst was

then crushed and calcined in flowing air for 2hr at a temperature determined from TGA
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analysis. The perovskites examined in this study were Lai-xSrxCo03, where x = 0, 0.2 and

0.4, Lao.sSr0.2BO3 (B = Fe or Ni) and Lao0.9Sro0.iA’Co03 (A’ = Eu or Ce).

Activity measurements were preformed using a 40cm>min gas flow of CH4 (Te. 0.5 v/v.
% methane) in a nitrogen : air gas mixture. The effluent gases were analysed by gas
chromatography. It was found that for the Lai xSrxCo03 (where x = 0, 0.2 and 0.4)
catalysts, the maximum activity was attributed to the x = 0.2 system. For example, the
La 0.sSr 02Ni03 was more active than the La 0.sSr 02Fe0 3and La 09Ce 01C003 was more
active than the La o9 Eu 01C003. CO was never detected as a reaction product and
methane combustion occurred between 300 to 600°C. Temperature Programmed
Desorption analysis (TPD) showed that oxygen activation was possible at approximately
200°C, while activation of the hydrocarbon bond (C-H) was only possible above 300°C.
The lower temperature peak has been attributed to suprafacial adsorbed oxygen, while the
oxygen released around 500°C may be considered as coming from the bulk of the solid.
This occurred at ~500°C with suprafacial adsorbed oxygen being released at ~200°C.
This oxygen species occupies the inner vacancies created by substitution of the Sr for La
or by segregation of the La-containing phase as present in Co samples. At almost the
same temperature Ceoi-Co released a larger amount of oxygen with respect to EuQ.i-Co,
resulting in large amounts of oxygen being available for methane oxidation, as indicated
by TPD. In fact it has been shown that methane oxidation rate depends on CH4 partial
pressures only at lower temperatures, whereas at higher temperatures CH4 reacts with
oxygen supplied by the catalysts and coming from the bulk [70], Hence, the rate of

methane oxidation was found to increase with increasing bulk oxygen supply.

In conclusion, Ferri and Fomi found the most active catalysts to be that of

La 09Ce 0.1C003showing complete methane conversion at 500°C.

Marchetti and Fomi [99] also investigated the catalytic oxidation of methane over La
based catalysts of general formula Lai-xAxMn03 (A = Sr, Eu, and Ce), prepared using the
amorphous citrate technique by adding an aqueous solution of citric acid and the metal
nitrates in equal molar ratio. The catalysts were characterized by BET surface area (Carlo
Erba Sorptomatic 1800), X-ray diffraction (XRD) and X-ray photoelectron Spectroscopy
(XPS) methods. XRD analysis showed diffraction patterns with well ordered crystalline

perovskite structures for all of the catalysts studied.
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Activity measurements were carried out with 5% v/v CHt/Air gas mixture feed and the
balance nitrogen at a 40cm3min'ltotal flow rate. The by-products and reactant gases were
analysed by an on line gas chromatography with flame ionisation detector (FID).
Catalytic activity tests showed La 09U o0.iMnC>3 was the most active catalyst for the
oxidation of CH4. Catalytic tests on stream over 100 hr duration showed no variation in
catalytic performance, therefore it was concluded the perovskite exhibited good thermal

stability.

Temperature programmed Reduction - Mass spectroscopy (TPR-MS) was carried out on
Lai-xAXMnCb catalysts and results showed activity in the temperature range 400°C to
500°C and total conversion was achieved within 500-600°C range. Two trends were
observed for the effect of Sr substitution. At high temperatures, the activity varied in the
order LaMn03 > La 0.sSr 02MnO3 > La 06Sr 04MnC>3, while the reverse was true at lower
temperatures. La 06Sr 04Mn03 was the most active catalyst at low temperature; Marchetti
and Forni attributed this to the adsorbed oxygen on the surface [99]. At high temperature,
the LaMnC:38 catalyst was more active due to the excess oxygen present in the structure;
they attributed this to the availability of lattice oxygen at these temperatures. TPR-MS
analysis also confirmed the presence of two active oxygen species, (a) surface adsorbed
oxygen, which is active at low temperatures and (b) lattice oxygen, which is active at
high temperatures. The oxidation reaction examined here involved CH4 and surface
oxygen on the catalysts. As a result, TDS-MS analysis was preformed with all the
catalysts by monitoring the reaction products obtained by reacting CH4 and IR02 (reaction
conditions Imbar CILIiC” with the temperature raised from 50-550°C at 5°C min'l The
catalyst was first pretreated to remove moisture and impurities in a vacuo (<10‘6mbar) at
500°C. The sample was then activated with 1 mbar of 180 2. The TDS-MS experiments
showed a peak m/z = 44 for C02(C1802), indicating no direct reaction between gas phase
182 and CH4. However, the m/z = 36 (1802) and m/z = 32 (16C2) peaks suggest 18C2
replace oxygen on the catalysts surface (180s). This implies that an oxygen exchange
reaction occurs before the increase in catalytic activity. This can clearly be observed
when increasing the value of x in the series of Lai.xSrxMn03. By doing this it was found
an anionic vacancy was created and as a result the oxygen exchange reaction occurred
more readily [99]. Thus, explaining the high activity of this catalyst towards methane

oxidation.

43



1.3.3 Methane Oxidation on Metal oxides

Low temperature methane oxidation over a series of transition metal stabilized Zr02, pure
Zr02 and Mn-impregnated catalysts were examined by Choudhary et al. [102]. A series
of Cr, Mn, Fe, Co, Ni and Cu-stabilised Zr02 catalysts with a molar ratio of 0.25 Zr-
metal were prepared using co-precipitation method by mixing the metal nitrate with
aqueous solutions of zirconyl nitrate. The metal hydroxide was then co-precipitated out
of solution at pH 8 with a 25% aqueous tétraméthylammonium hydroxide with vigorous
stirring at 30°C, followed by washing with deionised water and drying at 110°C for 2h,
with subsequent calcining in air at 500°C for 8h and then 600°C for Ih. A pure Zr02
catalyst was also prepared for comparison work using the above procedure. A Mn-
impregnated ZrC2 catalyst was also prepared for study by incipient wetness method with
aqueous nitrate salt of Mn. The catalyst was dried and calcined as above. XRD analysis
showed a cubic structure for Mn, Co and Fe doped Zr02 catalyst and a monoclinic

structure for Mn-impregnated Zr02.

Activity measurements of all catalysts were measured with a 1% mol CHj/air mixture
between 300-600°C with in-line gas chromatograph for gas analysis. The Mn-stabilised
Zr02catalysts show the highest measured surface area and activity of all the samples (see
Table 1.4). From activity measurements, the stabilised cubic Zr02 catalysts of Co, Mn
and Fe exhibit greater activity in comparison with Ni-, Cu-, Cr-stabilised samples
towards methane combustion with complete conversion within the temperature range
studied. The Mn-impregnated sample did not reach complete conversion but in
comparison with the pure Zr02sample was quite active. The Mn-stabilised Zr02showed
the highest activity of all stabilised samples and is much larger than the Mn-impregnated
sample. Choudhary et al. [102] proposed the high activity was attributed to the transition
metal doping, which stabilised the Zr02 and thus drastically increased the lattice oxygen

atoms and the high oxygen mobility in the stabilised Zr02.
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Table 1.4: Methane activity and surface area measurements for a series of metal oxides

[102],

Catalysts Sam2g 1 t 50(°C) T90(°C)
Fe-stabilised Zr02 102 503 557
Co-stabilised Zr02 98 464 550
Mn-stabilised Zr02 105 450 545
Ni-stabilised Zr02 - -545 -
Cu-stabilised Zr02 - -530 -
Cr-stabilised Zr02 - -490 -

Mn-impregnated Zr02 - -560 -

Pure Zr02 - - -

Sa = Surface Area, Thq= Temperature for 50% Activity.

In summary, Choudhary et al. [102] found the enhancement of the lattice oxygen
reactivity resulted from transition metal doping of Zr02 which in turn created crystal
defects stabilizing the Zr02. This resulted in the formation of low coordinated lattice
oxygens and transition metal sites on the surface and both surface and bulk oxygen

mobility in the catalyst was increased.

Amone et al. [103] investigated the potential use of simple and mixed transition metal
oxides containing Co, Mn, Cr and Fe as methane combustion catalysts. They also tested
the use of Zn and Mg ferrite along with C0304 and y-Fe20 3 catalysts. The oxide catalysts
studied are listed below (Table 1.5). The catalysts were prepared by precipitation, while
the catalysts containing Zn and Mg ferrites were prepared as aerogels and C0304 and
y-Fe203 were commercially provided materials. All catalysts were reduced in flowing air

at 600°C with a 2 wt. % H2/Ar mixture at heating rate of 10°C min'1lup to 600°C.
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Table 1.5: XRD crystalline phases, specific surface areas and thermal properties of the

catalyst [103],

Catalysts XRD phase Sahiv1l Tonset(UC) Tnex(UC) Ea
(KJ/mol)
C0304 Normal Spinel 15 264 382, 470 83.6
Mn304 Random Spinel 24 187 385, 520 83.6
Cr20 3 Corundum 18 182 295, 470 83.6
y-Fe20 3 Non-stoichiometric 22 373 448, 535 83.6
Spinel

a-Fe203 Corundum 102 336 460, 520 83.6
CoCr204 ANormal Spinel 110 185 225 83.6
ZnFe2CH4 ANormal Spinel 27 284 - 125.4
Mgo.5Zno.5Fe204  Random Spinel 37 236 - 125.4
MgFe20 4 Anverted Spinel 56 248 - 1254

* Ea - Activation energy
*Sa - Specific surface area

ANormal spinel are spinel structures in which identical cations occupy the octahedral

sites, whereas inverted spinel have two cations sharing the octahedral sites.

From XRD results all samples exhibit a spinel structure except Cr20 3 and one of the
ferric oxides, which crystallize in the corundum structure. BET surface area analysis
reveals low surface area for the simple oxides of about 20m2g' 1except a-Fe203, while
mixed oxides exhibited higher surface areas. TG/DTA analysis on all samples except
C0304, Mn304 and y-Fe203 showed structural stability up to 1000°C. The reducibility of
the oxide samples was examined using TPR. The reductions for all oxides occurs in 2 or
more steps starting at quite low temperatures and complete reduction below 600°C for
the simple oxides of C0304, Mn304 and Cr203. Amone et al. [103] reported that all

reduction-oxidation reactions were reversible with the exception of the Fe based system.
The oxidation reaction was studied in a fixed bed quartz micro-reactor with a feed

composition of 0.4% CH4 and 10% 02 in a balance of N2. Complete conversion of

methane was achieved below 600°C with total selectivity towards COZ2 for all catalysts
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except y-Fezo03. The catalyst samples were allowed to cool down to room temperature
and retested. The results for the second cycle exhibited similar activity to the first cycle
apart from the Fe based samples, which gave rise to some loss in activity suggesting these
oxides undergo a deactivation under the reaction conditions. The CoCrzo04 catalysts
exhibited the highest activity of all the oxides. Arnone et al. [103] proposed that this was

due to the larger surface area compared with the other oxides of Co, Mn, and Cr.

The Kkinetics of the oxidation reaction was studied assuming the methane oxidation
followed a first order rate equation. Conversion rates of CHa4 ranging from 10 to 90%
were used to evaluate activation energies of the catalysts. The authors observed activation
energies of approximately 84KJ/mol for all single oxides containing Co, Mn, Cr and Fe
and for CoCr204. The mixed Fe oxides were also evaluated and higher activation energy
of 125KJ/mol was recorded. This was attributed to the dilution of theFe3+ with the

bivalent cation, which modified the methane oxidation mechanism.

In conclusion, all catalysts (i.e. simple and mixed oxides) were activated at a lower
temperature than the perovskite oxides [104] and the activity of the Cr2o03, Co30O4 and
MnsC+« were comparable to the noble metals [105] with 100% selectivity towards COz2.
The reaction mechanism for the oxidation of methane of the simple oxides also follows a

similar path regardless of the transition metal.

Green et al. [106] examined a series of cobalt based supported catalysts for their
effectiveness as methane combustion catalysis. The catalysts were prepared by incipient
wetness of the support material with an aqueous cobalt nitrate salt, followed by drying at
100°C overnight and calcining in air at 600°C for 4hrs. The supports examined were
Zr02 (SA51mV), Al20 s (SA 149m2g']), Tio 2 (SA1SOm'gl) and MgO (SA22.4mzg -

Metal loadings varied from 1-15 wt. % for the zirconium support oxide.

The influence of calcination temperature and its ability to resist sintering athigh
temperatures were examined for Co/Zr02 In this investigation, a 10% CoOXZr02 was
calcined at 1000°C for 4hrs and its activity tested for methane combustion at low
temperatures. The CHa4 oxidation reaction started at 550°C and complete conversion to

C02 was reached at 750°C. The activity of a 10% Co/Zr02 catalyst calcined at lower
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temperatures and Zr0O2 support under the same conditions were also determined and
showed higher activity than the Co/Zr02 catalysts calcined at 1000°C. Green et al. [106]
concluded the zirconia supported cobalt catalysts were very active and stable when
calcination and reaction temperatures were no more than 900°C. Calcining the catalysts
above this temperature for more than Ih was found to decrease the catalytic activity.
XRD pattern of the Zr02 exhibited sharp and some split peaks, which were due to large
particles of Zr02 being formed at the high temperatures and sintering of the Zr02 support,
or formation of new Zr02 phase. BET analysis revealed a decrease in surface area from
51.5m2g’%to 1.5m2g1 due to the sintering of Zr02 support. Raman spectra also revealed
no structure (surface state) difference between the Zr02 before and after calcination.
Therefore, Green et al. concluded the activity decrease was due to loss in surface area

[106],

The activity of the support materials for methane oxidation is shown in Fig. 1.13. The
Zr02 and Al2o03 exhibit the highest activity with complete conversion to C02 within a
temperature range of 600-650°C with A12Cs exhibiting greater activity. The Ti0O2 and
MgO supports were active above 600°C and complete conversion of methane occurred
over 700°C. Yang et al. proposed that the activity trend of the supports was due to the
oxygen mobility, acidity and thermal conductivity ofthe catalyst [107]. Hence among the
supports Ti02 and MgO exhibited high oxygen mobility and conductivity but lower
acidity than the Zr02 and Alzo3. Activity measurements were also determined over Co
supported catalysts with metal loadings of 10 wt. % (Fig. 1.14). The Co/Zr02 catalyst
showed the highest activity with complete combustion to C02 at 520°C. The Co/MgO
had lower activity but was more active than Ti02 towards methane oxidation. However,
among all the Co supported catalysts tested, the Co/A1203 exhibited the lowest activity.
From previous studies [108] the low activity of the Co/A1203 system was attributed to

metal support interaction forming an inactive catalytic species (i.e. CoA1204).
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Temperature (°C)

Figure 1.13: Catalytic activity of different supports for CH4 combustion: (a) Zr02 (b)
MgO (c) Ti02 (d) Al20 s [106],

Temperature (°C)

Figure 1.14: Catalytic activity of different supports for CH4 combustion: (a) 10%
Co/Zr02 (b) 10% Co/MgO (c) 10% Co/Ti02 (d) 10% Co/Al20 s [106],
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A range Co/Zro2 catalysts with metal loadings in the 1-15 wt. % range were tested. The
surface area determinations showed a decreasing surface area with increasing Co content.
The 1.0% Co catalyst exhibited the highest activity for CHa4 oxidation indicating that
although Co304 was the most active component for the oxidation, high metal loading can
be detrimental to the combustion of methane. Therefore, Green et al. proposed that a
synergism between the Co3z04 and ZrCs2 might play an important role in the methane
oxidation process. XRD, LR (Laser Raman), IR results and activity tests suggest that the
active site for the low content Co catalyst is the highly dispersed Cos04 promoted by
Zr02 and the active site for the high-content Co are the bulk Co3Oa4 particles. This highly

dispersed Co30a4 phase accounts for the increased activity for the 1% Co/ZrC>2.

In summary, Green et al. [106] found the low loading Co/ZrCs2 the most effective catalyst
for the combustion of methane. However, the catalytic activity decreases dramatically on
exposure to high temperature (1000°C) due to loss in surface area and forming of less
active bulk CosCx. The Co/TiCh was found to be less active due to the present of bulk
Co304 oxide. The Co/Al203 was found to be the least active containing poorly dispersed

Co030a.
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1.4 Total Oxidation of higher Hydrocarbons

The total oxidation of hydrocarbon follows the generalized reaction:
CnHane2+ (3n+ )72 02 ->nCO02+ (n+1) H2o

Several authors have reported the noble metals of Pt and Pd to exhibit higher catalytic

activity than the metal oxides for the deep oxidation of hydrocarbons (C2 to Cg)

[1, 109-113].

Morooka et al. [24] evaluated a series of metal and metal oxides catalysts for the
oxidation of propane in a flow system micro-reactor at atmospheric pressure with a feed
composition of 2-vol% hydrocarbon and 50-vol% 02 in a balance of N2. Values for both
activation energies and reaction orders along with reaction temperatures were given
(Table 1.6). Regardless of the catalyst employed selective conversion was achieved in
the oxidation reaction with CO2 being the only product formed. The activity trend

showing the order of decreasing catalytic activity as follows:

Pt > C0304> Cr203>Pd, Mn02> CuO > NiO > Fe203> Ce02> ThO02

Pt was nearly two orders of magnitude more active than Co3O4. However, it should be
noted the above data is only qualitative since differences in the surface area of the

samples were not taken into consideration.

The Kinetics of the propane oxidation reaction was also study and described by a power

rate law:

The reaction was found to be first order with respects to propane and independent of the

oxygen concentration.
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Table 1.6: The kinetic characterisation for the deep oxidation of propane over metal and

metal oxide catalysts [24]

Catalysts Temperature Log Ea Reaction orders Overall order
(°C) r* kcal/mol CsH8 m 02n M+n
Pt 220-260 -5.09 17.0 0.83 -0.09 0.74
Pd 337-368 -6.99 36.3 1.30 -1.60 -0.30
Co304 275-341 -6.76 245 0.94 0.30 1.24
023 283-341 -6.88 21.9 0.78 0.17 0.95
MnCs2 294-358 -7.01 28.3 1.01 0.00 1.01
CuO 309-363 -7.13 28.7 0.54 0.16 0.70
NiO 350-416 -8.33 26.2 0.89 0.40 1.29
Fe2C3 395-425 -8.83 35.9 0.68 0.22 0.90
CeCx 383-450 -9.21 27.8 0.67 0.25 0.92
ThO2 373-418 -9.26 368 - - -

r* {5 the reaction rate (molm'VJ at 300°C with 2/50-vol% CsHs/O2 mixture in balance

N2 calculated from the apparent activation energies.

Morooka et al. [24] examined the relationship between catalytic combustion activity and
heats of formation (AHo) of the metal oxides per unit oxygen atom (i.e. AHo represents
the heats of formation of the oxides or the number of Oz atoms present in the oxide
molecule) further. Figure 1.15 illustrates a correlation for propane oxidation in which
high values of AHo signified low combustion activity. Therefore the activity trend
observed above was in agreement with the correlation. Morooka et al. also hypothesized
that the oxidation reaction mechanism over the noble metals differed from that on the
metal oxides and the slow step depended upon the heats of formation [24]. In conclusion,
Morooka et al. proposed the slow step in the reaction mechanism for propane oxidation
was the adsorption of oxygen on the Pt and Pd metals and surface reaction between the

adsorbed hydrocarbons and adsorbed oxygen on metal oxides [24].
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aHo (kcal/O atom)

Figure 1.15: Relationship between the catalytic activity and AHo in the propane oxidation

reaction [24].

The kinetics of propane oxidation over Pt/y-Al2o3 and the influence of metal
concentration and particle size were investigated [112]. Catalysts were prepared using the
incipient wetness method by multiple impregnations with EAPtC” of the alumina support.
The metal loading ranged from 0.03 to 30 wt. %. The catalysts were calcined at 600°C,
followed by reduction at 400°C for 2h and subsequent heating in 02 at 500°C for 20hrs
for sample pretreatment. The reaction Kkinetics were studied under oxygen rich conditions
in a recirculation batch reactor with 1.5 mol% CsHs and 15 mol% Oz initial mixtures in
Ar carrier gas. Under the conditions studied, the reaction was first order with respect to
propane and zero order with respects to oxygen. Therefore they expressed the rate of

CsHs oxidation by the product of propane concentration Cp and the rate constant k.
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As the Pt loading was increased, larger particles sizes were formed with large amounts of
subsurface Pt atoms. The rate constant ki1 for the CsHs oxidation increased from
1.25x10'3 min'1 at a loading of 0.03% to 8.04xI0'3 min'1+ for a 30 wt% Pt catalyst
suggesting that propane oxidation was sensitive to particle size with increasing Pt
concentration, dispersion decreased and particle size increased [112]. The turnover
frequencies per Pt surface atom was determined from the chemisorption data and an
increase in activity yielding a k* value of 1.15x10"" min'1 for the highly dispersed Pt at
0.03 wt% was observed, which increased by a factor of 80 for the 30 wt% Pt to 9.20x1 Oz
min'l The apparent activation energy for the reaction remained constant at 22.1 + 3.4
kcal/mol over the particle size range studied. This indicated that the change in rate-
determining step was not associated with the change in CsHs oxidation rate with particle
size. Therefore oxidation on the larger particles was thought to be coupled with a change

in reaction site density.

Several authors [80, 114] have reported increasing Pt particle size due to sintering in
hydrogen above 500°C from previous TEM studies. The sintering was found to increase
the propane oxidation rate [112]. Redispersion of the sintered particles was also found by
treating the Pt sample under oxygen at 500°C [55, 80, 114-118], Sintering experiments
were carried out with highly dispersed Pt samples (i.e. 0.12 wt %). The sample was
pretreated in hydrogen at 500°C for 63hrs, this resulted in an increase in the rate constant
from 1.5x10:3 min-1to 4.6x10:3 min'1 [112]. As predicted, the rate changed on sintering,
which in turn varied with temperature and time exposure. The maximum rate constant of
10.3x10' min‘1 was determined following sintering at 800 C. Further sfntéring at
temperatures of 900°C was found to result in diminished activity due to a fraction of the

surface atoms being lost to the bulk.

In conclusion, the oxidation of propane over Pt/y-alumina was a structure sensitive
reaction apparent by a rate increase with particle size and followed a Langmuir-
Hinshelwood mechanism. Sintering and redispersion occurred with thermal treatment
under different gaseous atmosphere. The variation in particle size depended on Pt loading
and thermal pretreatment under a hydrogen atmosphere and in turn the propane oxidation
rate was limited by very large Pt particles indicated by the loss in surface atoms to the

bulk.
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Renken et al. [119] investigated the oxidation of propane over a series of Pd and Pt
catalysts supported on glass fiber, The glass fiber support (GF) used was prepared from
woven aluminoborosilicate followed by pretreatment in aqueous HC1 solution at 90°C,
this pretreatment resulted in an increased surface area of the support material from 2 to
275m2g'L The second support (SGF) used was a commercial woven form of chemical
composition of 97% SiC>2 used without sample pretreatment. Modification of the GF and
SGF supports by titania (TGF), zirconia (ZGF) and alumina (AGF) was made by wet
impregnation with an aqueous solution of the salts, followed by calcining in air. The
Pd/Pt catalysts with loadings in the range of 0.1-0.3 wt.% were subsequently prepared by
ion exchange or impregnation of the support materials in aqueous ammonia solution
(pHIO) of the Pt and Pd salts (i.e. H2PtCle and PdCy, followed by drying and calcining
in air at 450°C for Ih. Catalytic activities were measured on a 0.4g mass sample with a

varying fed concentration between 0.1-2.5 vol. % C3H8 and 1-30 vol. % Oo.

Propane oxidation over all the Pt supported catalysts tested exhibited higher activity than
the Pd samples even at metal loadings as low as of 0.05 wt. % with C02and H20 being
the only reaction products formed. Kinetics of the Pt/Pd propane oxidation was examined
in both oxidizing and reducing conditions. The reaction orders with respect to CsHs over
Pd was 0.5< n < 0.6 and positive with respect to O2, while over Pt the reaction orders
were n=Il, n= - 0.5 with respect to CsHs and O2z. The negative order with respect to
oxygen on Pt was attributed to adsorption competition between the CsHs and Oa2.
Therefore, under oxygen rich conditions propane oxidation rate over Pt decreased due to

inhibition by oxygen.

The morphology of fiber surface and the effect of modification by the oxides of Al20s,
TiCs2 and ZrCs2 on the metal dispersion were examined using TEM and HREM. Surface
modifications by the oxides were found to affect surface area and in turn influence
catalytic activity of the samples [119]. The BET surface area values measured for the
titania and zirconia modified supports gave the largest value for surface areas.
Modification of the support with titania (TGF) and zirconia (ZGF) increased catalytic
activity towards propane oxidation on both Pt and Pd catalysts, whereas support
modification with the alumina oxides showed no such effect on catalytic activity. The

increase in catalytic activity of TGF was thought to be due to small disordered crystallite
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phase of the Tio2 exposing a larger surface, thus allowing, a highly dispersed Pd/Pt
metal. Increasing palladium loadings from 0.1 to 0.3 wt. % lead to a proportional increase

in activity, thus indicating a constant Pd dispersion within this concentration range.

In conclusion, high specific surface area Pt/Pd supported on glass fibers were effective
combustion catalysts. Modification with titania and zirconia of the Pt/Pd support catalyst
was found to achieve propane conversion close to 100% at short residences times, the Pt
being more active than the Pd in total propane oxidation, showing ignition temperatures
of 200-220°C. TEM and HREM studies showed higher dispersion of Pt and Pd on glass

fiber surfaces.

Otto et al. [112] already evaluated the effect of Pt concentration and particle size on the
oxidation of propane over Pt/y-Alzo0s. Hubbard et al. [120] in a subsequent study
investigated propane oxidation activity as a function of Pt loading, metal surface area,
and temperature over Pt/Zro2 catalysts. The oxidation reaction was found to be
dependent not only on particle size but also support material. Catalysts with metal
loadings ranging from 0.02 to 1.5 wt.% Pt were prepared by multiple impregnation of the
support material with chloroplatinic acid followed by drying twice in air at 120°C for
2hrs in between impregnation step. The catalyst samples were then calcined at 600°C for
20hrs. Sample pretreatment carried out was kept constant with reduction in hydrogen at
400°C for 2hrs, followed by heating in oxygen at 500°C for 20hrs. In the study, a highly
crystalline monoclinic Zro2 support with surface area (5.5m’9g '1) was used and compared

with y-Al203 with a poor crystalline high surface area (85m2g'1) support.

Sample pretreatment as already demonstrated by Otto et al. [112] influenced catalytic
activity. Hubbard et al. found at pretreatment in Hz at 500°C increased the propane
oxidation rate over the Pt/Zro2 [120]. However, exposure of 0.10 wt. % Pt/Zr02 sample
to oxygen up to 600°C had no impact on the propane oxidation rate, whereas over the
Pt/y-A*Oa the oxidation rate was found to decrease due to redispersion [i112],
Redispersion under oxidising conditions at 500°C after 12hrs for Pt/Alz03 was shown to
occur readily provided chloride was present, whereas pretreatment up to 96hrs at 500°C
for Pt/Zro2 showed very little improvement in redispersion. They attributed this to lack

of metal support interaction on the Pt/Zro 2, which prevented redispersion of the Pt [120],

56



whereas redispersion for the Pt/AhC” occurred readily under oxidising conditions at
500°C provided chlorine was present as a result of metal interaction with the alumina

[55, 114-118],

The complete combustion of propane to CO2 requires only a 4 vol. % CsHs, air mixture.
Under the excess oxygen conditions used [120], the propane oxidation rate was described
by first order kinetics with respect to CsHs and independent of O2 concentration. The
Pt/Zr02 catalysts exhibited a constant value for the apparent activation energy of 17.8
+3.5 kcal/mol over the entire concentration range studied. This value agreed with
previously reported activation energies of 17-22 kcal/mol over Pt for oxidation of CsHs
[121, 122]. Therefore, changes in propane oxidation rate were attributed to changes in the
density of the active sites on the ZrC>. The average activation energy obtained on
Pt/y-Al203 was 22.1+3.4 kcal/mol [112]. Hence, the differences in activation energies
were within experimental error. The impact of Pt loadings on the propane oxidation rates
was evaluated in terms of rate constant, k. The value of k for the Pt/Zr02 was found to
decrease over the Pt concentration range studied by a factor of 20, from 152x10s to
6.55x1 O3. Therefore the rate constant was found to decrease with increasing Pt
concentration on the ZrCs2 support. The fastest rate occurred over lower metal loading
Pt/ZrC>2 samples with high dispersion and small particles [120], This increase in activity
was associated with surface roughness of the Zro2 support and the presences of step and
kink sites, since these sites favour catalysis to a greater degree than planar or terrace sites
on larger particles. A comparison of the specific rate constants as a function of metal

loading between the Pt/Zr02 and Pt/y-Al203 was made, (see Fig. 1.16) [120].
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Pt Concentration (mg/qg)

Figure 1.16: Specific rate constant for CsHs oxidation at 275°C per Pt surface atom

versus Pt concentration [120]. (¢) Pt/Zr02 (m) Pt/y-Al203

This figure describes turnover rate per Pt surface atom by dividing the dispersion into rate
constant. The maximum specific activity for the CsHs oxidation of the Pt/ZrC>2 was found
at the lower concentrations, while at the same concentration the y-Al203was found to be
at its lowest activity, two orders of magnitude less than the Pt/Zr02 [120]. The difference
in activity was attributed to the metal-support interactions on the Pt/y-Alzos resulting in
deactivation of the small Pt particles [112], whereas the activity of the Pt/Zr02 was not
affected by metal support interactions. This was attributed to the extremely inert nature of
the zirconia support. Based on previous studies [112] the impact of metal-support
interactions on the alumina was confirmed, in which it was found that at high
temperature, the small Pt particles supported on y-alumina were reduced compared to the
larger particles, which were observed to behave like bulk Pt [80, 112], This interaction
was not observed on the Pt/Zr02 sample due to the less reactive nature of the zirconia.
The reactive nature of the supports was confirmed from infrared data showing a CO
adsorption peaks for Pt on y-alumina [20, 120]. Infrared data showed two CO adsorption
bands at 2068cm'1 for the dispersed Pt on y-alumina and at 2080cm'1 for crystalline Pt,
whereas only one adsorption band at 2080cm'l was observed over the entire

concentration range on Pt/Zr02-
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1.5 Thermally Stable Supports Materials.

In this section thermally stable supports required in todays demanding field of catalytic

combustion, will be discussed, in relation to preparation and use as support materials.

Combustion catalysts have found application in automobile exhaust catalysts systems,
and gas turbines, with much higher operating temperature than in conventional catalytic
reactors. Therefore, the development of new types of catalyst supports with thermo-
chemical stability in atmospheres, containing oxygen and steam up to 1200-1300°C are
required for the chemical industry [1]. Therefore, in this section whiskering of expanded
metal based supports and how they provide the necessary mechanical strength will be
discussed. The application and development of a sufficiently large and stable surface area

support will also be discussed.
1.5.1 Whiskered Substrate Support

Whiskers are metallic or non-metallic filamentary small very thin single crystals with an
extremely large length to diameter ratio and are grouped into three different groups: 1)
wires, 2) fibers and 3) whiskers [136], As a result, of their minute size, they possess a
high degree of crystalline perfection both internal and external and are virtually flawless
and the small dimension minimises the occurrence of defects that are responsible for the
low strength of materials in bulk form. These properties are attributed to their
extraordinarily high tensile strength; they are also known to be the strongest materials
around today for use as catalytic support substrates. Whisker materials are composed of
graphite, silicon carbide and aluminium oxide. The mechanical characteristics of some of

these materials are listed in Table 1.7.
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Table 1.7: Characteristics of some whiskered reinforced materials. [136]

Material Specific Tensile Modulus
Gravity Strength Specific ~ Of Elasticity  Specific

psi X 106 Strength pSi X 106 Modulus

(MPa x 103) (psi X 106) (MPa x 103 (psi x 106)

Graphite 2.2 3 1.36 100 455

*(20) *(690)
Silicon Carbide 3.2 3 0.94 70 22

*(20) *(480)

Silicon Nitride 3.2 2 0.63 55 17.2
*(14) *(380)

Aluminum oxide 3.9 2-4 05- 10 60-80 15.4-20.5
*(14-28) *(415- 550)

*1 psi= 1.507436x105

Whiskers are well known to form on low melting point metals, such as Sn [137-145], In
[146], Cd [146-148], Pb [143], and Zn [147, 148] and their alloys. Whiskers of single
crystals are also grown on iron aluminium alloy metals with almost no defects. These

aluminium oxide whiskers can grow to a length of 0.5 inches, and have a tensile strength

0f960x10°3psi above 1371°C.

The iron-aluminium alloys have received significant research over the last two decades
due to their excellent thermal stability at high temperatures coupled with their unique
properties such as low density, good room temperature and high-temperature tensile
strengths [149-154]. Their excellent oxidation, corrosion and sulfidation resistance at
high temperatures have also been reported and their reasonable strengths at high
temperatures for use as structural materials [155-157], From literature studies it is clear
that whiskers are many times stronger than their bulk counterparts and oC-Al203 whiskers
are reportedly to process a strength of over 700 x 106 psi at temperatures as h(igh as
1560°C. This makes their application in automobile catalyst for emission control ideal,

since temperatures don’t exceed 1000°C.
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There are several methods by which whiskers can be grown including (a) stress-induced,
growth by evaporation - condensation, (b) chemical reduction, (c) vapour-liquid-solid

mechanism (VLS).

(a) Evaporation - Condensation method

Sublimation or evaporation of a source material, mass transport through the vapour phase
and condensation at the growth site causes whisker growth under low super saturation.
The high melting points and low vapour pressures used in this method have limited its

application to the growth of oxide whiskers. Webb et al. established a high temperature

induction furnace (Fig. 1.18) for growing aluminium oxide crystals as outlined [159].

Figure 1.18: High temperature induction furnace [159].
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Aluminium oxide whiskers formed in the cooler portion of the growth chamber when the
source material was heated to 1960°C. This has not been successful for many materials
because of the small whisker size, low population, extended growth times and

experimental difficulties encountered at the high temperatures employed in the technique.

(b) Chemical reduction method

Chemical reduction involved a reaction between a source material and an ambient gas
phase to produce a volatile species, vapour transport to the growth site and condensation

results in whisker growth under low supersaturation.

The apparatus consist of a tube furnace containing mullite, alumina or quartz tube, a
ceramic boat filled with the source material, for example, aluminium and a controlled
gas-flow system. In this system, the whiskers grow on the sides and top of the boat in
relatively large, furry deposits. Growth times vary from 0.5 to 20 hours depending on the
condition of the material. Whisker diameters range from submicron to lum and lengths

up to 10cm have been observed [160].

Webb and Forgeng [159] reported aluminium oxide whisker growth by passing wet
hydrogen over a boat filled with molten aluminium. The temperature range used was
between 1300 to 1450°C with operating times of 2 to 20 hours. These conditions resulted
in relatively large whisker deposits surrounding the boat with whisker lengths ranging

from 1to 30mm and hexagonal diameters of 3- 50um were obtained.

Brenner [160] preformed similar experiments by heating a porcelain boat filled with
aluminium to temperatures of 1250°C in a flowing stream of hydrogen and some of the
metal was oxidised to form a ‘insulate’ of whiskers over the top of the boat. According to
Brenner whiskers grew abundantly at these temperatures only in porcelain boats. The
diameters of the whiskers were reportedly in the range of a few microns up to 100um and

grew up to 1.5cm in length.
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(c) VLS crystal growth

Several authors [161] investigated crystal growth in the form of whiskers by the vapour-
liquid-solid mechanism. Such whiskers or filamentary crystals of a unique form have
been found to result from the anisotropic growth from the vapour. These crystals have a
lengthwise dimension that is orders of magnitude larger than that ofthe cross section. For
most filamentary crystals both the fast growth directional and directions of slow lateral
growth have small miller indices. The special growth form for a whisker crystal implies

that the tip surface of the crystal must be the preferred growth site.

Sears [162] suggested that whiskers contain a screw dislocation emergent at the growing
tip. Such an axial dislocation provides a preferred growth site and accounts for the
unidirectional growth. Price et al. [161] postulated that impurities arriving at the fast
growing tip face become buried while those arriving on the surface of the slow growing

lateral faces accumulate and thereby result in high aspect ratio whisker growth.

Frank’s [143] studies suggested that whiskers generally grow from vapour or metallic
deposits of gases or liquids on an aluminum film surface during heat treatments. Blech et
al. [163] suggested that whisker formation was due to thermal stress caused by the
difference in the thermal expansion coefficient between of the aluminium film and the
substrate. Several studies [164, 165] suggested that a fabricated aluminium metal suffers
mechanical stress and electromigration stress, resulting in hillocks (i.e. nodules) and
whisker formation on the film surface. Several authors [150-153] have investigated
whisker growth process on the metallic materials under various experimental conditions
(i.e. temperature, time and gaseous atmospheres) and they proposed that whisker
formation was due to the oxidation of the aluminium layer deposited on the metallic
material. Vaneman [152] found that although whiskers may be grown on an iron-
aluminium alloy without a low oxygen pretreatment, such a pretreatment was nonetheless
preferred, to ensure consistent oxide growth over the entire surface. Oxidation at a
temperature between about 870°C to 930°C for shours or longer was found to
substantially cover the foil surface with a protective layer made up of high aspect oxide

whiskers. Higher temperatures were reported to inhibit whisker growth probably due to

the formation of non-whisker oC-Al203 [153]. However, Vaneman [153] also reported the
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growth of whiskers to be improved by heating the gauze in air within the typical
temperature range (900-950°C) for a relatively short period of time (< 2 hours) to initiate
nucleation or growth of whiskers, and thereafter within a higher temperature range
(above 950°C) to continue the growth of the whiskers at an accelerated rate, thereby
reducing the processing time and expense involved in growing mature high aspect ratio
whiskers [153]. He also noted that simply heating above 950°C without the initial heating
step at the lower temperature resulted in the formation of non-whiskered Al203. Vaneman
[152] reported that the particular uppermost whiskering growth temperature was sensitive

to alloy composition.

Vaneman et al. [153] subsequently reported an accelerated method for growing oxide
whiskers on aluminium containing stainless steel foil. They found the foil surface could
be substantially covered with oxide whiskers on heating in air at initial temperatures of
900°C and then increasing the temperature to >900°C [153], They proposed that the
whiskers grown under these conditions were formed due to thermal and mechanical stress
caused by the high temperature employed in the whiskering process. This study also
revealed the presence of lumps of low aspect whisker (i.e. nodules) in some of the
samples whiskered under different conditions. Cadien and Losee [166] reported that
nodules seem to form frequently on aluminium films, and whiskers seem to form only in
certain specific samples or under specific treatments. Succo et al. [168] reported whisker
formation during aluminium alloy film deposition. The influence of environmental
factors has also been reported to affect whisker growth [145-147], Hazama et al.
suggested whisker growth at an accelerated rate occurred at elevated temperatures in a
vacuum environment [167], The reverse observations were found using an oxidising
atmosphere (i.e. with oxygen), during heat treatments that the nucleation and growth of
whiskers was suppressed [164], This indicates that the breaking of the aluminium surface
oxide and/or rearrangement through surface diffusion has a critical role to play in the
growth process of Al203 whiskers [164], Vaneman et al [153] as previously stated in an
early study found that when the foil was pretreated in a low oxygen atmosphere at
temperatures between 875°C and 925 °C improved whisker growth resulted. However,
he found that with initial heating at lower temperatures, whisker growth was initiated and

further temperature increases to temperatures in the range > 900 °C accelerated the

growth process.
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1.5.2 Washcoat Supports

A washcoat is a thin layer of porous and refractory material used to increase the surface
area of a low surface area support usually metallic alloy material. They usually consist of
high surface area (50 - 250m9g'l) oxides. For example, Al20s, Si02 Ti02 and ZrCs are
but a few together with bonding agents such as hydrous alumina, silica. It is important
that the hydrous oxide forms strong bonds between the washcoat components [169]. The
monolith substrate porosity and physical and chemical nature of the substrate surface play

a large part in ensuring washcoat adherence.

In preparation of washcoat support materials, properties such as hardness, particle size,
porosity, thermal expansion, are important in ensuring a high surface area support is
formed. The thermal stability is also important as the surface area is subjected to ageing
as operating temperature may exceed 1000°C. As a result, washcoats supports have been
produced incorporating elements such as alkali metal oxides, alkaline earth metal oxides
or rare earth oxides into the slurry mix, which act as surface area stabilisers. The
introduction of such elements in alumina washcoat supports have been shown to retard

the transition from the high surface area Y-Al203 phase to the dense lower surface area

a - Al20sphase up to temperatures above 1100°C [170].

The effect of particle size distribution of the starting powder and adhesion of y-Alzo3
washcoats onto support substrates and the condition that can ensure integrity and
endurance of the washcoat-substrate system under the severe operating conditions
encountered in catalytic systems was investigated [158]. Adhesion of the washcoat on
the support takes place by both mechanical mechanisms, such as anchoring and
interlocking of the washcoat particles as well as with the surface irregularities of the
support and via strong interfacial forces among the powder particles. Both of these
mechanisms are influenced by particle size of the deposited material. As a result, they
found that a certain threshold value around 5pm existed, below which the powder particle
size has to be reduced, for achievement of satisfactory washcoat adhesion with support

substrate.
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Agrafiotis and Tseteskou subsequently investigated the adhesion of alumina washcoats
with the aim of correlating the adhesion ability to the characteristics of the deposited
powders. They showed that adhesion was principally dependent on the particle size of the
deposited powders. Therefore, depending on the production method ofthe powders, some
powders had large agglomerates and hence showed poor adhesion characteristics. They
concluded in the study that particle size down to the order of 2-5 microns was necessary

in order to ensure adhesion comparable to that of commercial catalysts [176].

Dispersal alumina is an active agent used to achieve improved adhesion of the washcoat
and high dispersion of the active metal no matter what the concentration. Otterstedt et al.
[173] reported good dispersion between 88-91% with 0.61 wt. % Pt loading from
chemisorption over an alumina washcoat. The catalyst must also be able to withstand
erosion and abrasion under the severe operating conditions encountered in a catalytic
system. Therefore, it is essential that the support material processes a high thermal shock
resistance. Thus, the hardness of the support material must be controlled. A method for
producing a thermal shock resistant washcoated substrate involves introducing a
buffering solution to control the pH at a certain value resulting in the formation of a gel
within the washcoat mix. Formation of the gel prevents the washcoat from entering

microcracks in the substrate support.

Physical characteristics such as crystalline phase, surface area and porosity are of great
importance for the catalysts industry where a consistency and an unobtrusive nature of
the washcoat support is highly desired. These characteristic are of great importance for a
fluid and slurry bed reactions. Therefore porous alumina materials are used in the
washcoat support in order to overcome the increase in diffusion resistances of the catalyst
to the gas molecules during the catalytic process. These resistances are caused by
impurities in the fuel sticking to the edge of the particle pores making gas flow into the
catalyst somewhat difficult. The alumina processes a high degree of porosity, which
allows for an increased surface area for impregnation of active metal. The amount of
porosity is controlled by the technique of fabrication, starting material and the calcination
time and temperature. In order to get a very porous final product, a material that will bum

out during sintering is added during batch formulation [14, 169, 170, 174].
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The thermal expansion coefficient of the washcoat and support must be similar in order to
avoid washcoat-support separation. It must also maintain its surface area under the
desired reaction conditions and lifetime of the catalysts. Loss of activity may occur as a
result of loss of surface area caused by sintering (fusing together of atoms). This
phenomenon is also crucial in the washcoat whereby loss of efficiency of the catalyst
occurs due to active metal sintering [171]. Therefore alumina washcoat supports used for
such processes use an element providing high-temperature stability. This property is

important for the lifetime of the catalyst.

A problem associated with the high surface area alumina is its thermal stability as already
mentioned. The presence of lanthanum (La) improves the thermal stability ofthe alumina
washcoat support. This increase in stability can be related to the formation of lanthanum
aluminate (LaA"C”) with Y-Al20s through interfacial interaction [177, 178], The
addition of lanthanum also promotes better dispersion of the active metal and improved
its resistance to sintering [178]. Honiche [177] investigated the addition of lanthanum to
the alumina washcoat support as thermal stabiliser. Two different complex oxides with
aluminium, i.e. lanthanum aluminate (LaA103) and lanthanum hexa-aluminate (La-B-

Al1203), were examined and reported to bring about thermal stability.

Several patents have been lodged for producing thermally shock resistant washcoated
substrates. Beauseigneur et al. [179] patent relates to a method for improving the thermal
shock resistance of the washcoated substrate. They patented the addition of a buffer
solution into the microcracks and the micropores of a porous sintered body; the pH of the
buffer was selected so to result in gel formation on contact with the washcoat slurry.
Formation of the gel prevented the high surface area oxide (i.e. alumina) washcoat slurry
from entering the microcracks present on the metallic substrate. They found it was
essential to block the microcracks during washcoating in order to preserve a high degree
of thermal shock resistance. The washcoated slurry mix was then calcined at a

temperature and time sufficient to form the washcoated substrate.

Shelef et al. [171] patented a series of washcoat solutions both with and without lanthana
for an automotive catalyst system. The patent examined an Y-Al20s washcoat

incorporating lanthanum oxide in the method to form a barrier between the OSC
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components (i.e. ceria and praseodymia), which improved the preservation of both the
OSC and dispersion of the active phase. A series of Y-Al20s washcoat and lanthana
modified alumina washcoat solutions containing mixed phases of praseodymia and ceria
were prepared as follows. Solutions of the mixed phases were prepared by adding the
nitrate salts to dilute nitric acid (i.e. 25g to 500ml acid). The washcoat solution was
subsequently prepared by mixing a ratio of alumina and lanthana-modified alumina with
the mixed praseodymia and ceria phases, followed by calcining and ageing at temperature

ranging from 500-800°C over varying time frames.

The lanthana washcoat solutions were aged in a muffle furnace over 12hr periods at
800°C and 900°C to test for reducibility/stability. The washcoat solutions were examined
by temperature-programmed reduction (TPR) to determine reducibility of the alumina
washcoats (i.e. reducibility can be related to thermal stability). Shelef et al. reported that
from these results, addition of lanthana had little effect of reducibility of the alumina
washcoat at temperatures below 600°C. However, on ageing at 800 and 900°C, the
lanthana samples showed much greater reducibility below 600°C than alumina
washcoats. In conclusion, addition of lanthanum oxide preserves OSC in a more

reducible state.

Addiego et al. [181] investigated a method for producing a washcoated substrate for
automobile catalysts, The washcoats are made fundamentally of AO-A1203 structure
containing an ionisable compound of A, where A is Ba and/or Sr. The slurry washcoat
solutions were prepared by contacting the elements of A in ionic form with aluminum
oxide, followed by firing forming a homogeneously washcoat slurry with element A
distributed throughout the alumina. The substrate was subsequently washcoated with the
prepared Bao -Al20s washcoat slurry by contact with the substrate (metal) to form a
green coating, which was subsequently heat treated to form the washcoat substrate. The
washcoated system was then impregnated with an active metal followed by calcining
forming a highly dispersed catalyst. The high surface area washcoat allowed active sites,
especially metal to be preserved, thus increasing the catalysts lifetime. The washcoated
catalysts exhibited a high surface area (50mog‘]), which was resistant to si.nteri.ng on
repeated exposures to temperatures over 500°C. However, under catalytic reaction at

temperatures above 600°C, the surface area of Y-Al2Os decrease significantly. Therefore
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washcoat sintering had occurred resulting in loss of alumina surface area and adsorption
sites for the metal catalysts. This impacted on metal dispersion causing a decrease in

catalytic activity.

Addiego et al. also examined the impact of BaO %wt content in alumina washcoat and

calcinations temperature on surface area (Fig. 1.20).

CALCINATION TEMPERATURE / °C

Figure 1.20: Plot of surface area versus BaO content %wt in the BaO-

Al203 washcoat after calcining for 6 hrs at temperatures of 600°C-1000°C.

From the plot they found a decrease in surface area with increasing calcination
temperature and %wt. BaO content. In conclusion, temperatures above 800°C resulted in

loss in surface area of the washcoat solution.
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Chapter 2

Catalyst Preparation and Characterisation

Techniques.



2.0 Introduction

In this chapter, the preparation of Pt catalysts supported on alumina using chloroplatinic
acid (CPA) solution is detailed. The various surface and analytical techniques employed
in the characterisation of Pt/Al2Gs catalysts is also discussed. The techniques used for
characterisation were Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray
Fluorescence (EDX), Particle size analyser, X-ray Powder Diffraction (XRD), Atomic
Absorption Spectroscopy (AAS), BET Surface Area and Hz Chemisorption. The use of
Scanning Electron Microscopy in the investigation of the morphology of the gauze is
discussed in terms of theory of operation. Energy Dispersive X-ray analysis used in
determination of elemental composition within the gauze material, together with the
software and operational mechanism is also examined. An investigation into the
operation of the particle size analyser used in the determination of particle size of
alumina within the washcoat support material employed in the preparation of the
Pt/A”Oa gauze catalysts will be examined. In addition, the background theory on the use
of XRD, in determination of transition phase present in the puralox powder used in the

preparation of the alumina washcoat support is discussed.
Finally, the use of Atomic absorption Spectroscopy (AAS), BET surface area analysis

and H2 Chemisorption in characterisation of the final prepared Pt/Al20 3 catalysts will be

discussed in depth.
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2.1 Catalyst preparation

Platinum supported alumina catalysts are largely used in industrial processes, especially
in the field of reforming and are most commonly prepared by incipient wetness
impregnation technique of Y-Al20s support using an aqueous H2PtCls (CPA) precursor.
However, to date a unified picture of the chemical phenomena occurring during their
preparation has failed to emerge. The behaviour of chloroplatinic acid in solution has
been extensively studied [7]. It has been found [7] that the solution is a strong acid and

upon dissociation yields two protons per molecule according to equation 1.

H2PtCls «+ PtCI&' + 2H+ (1)

The remaining complex in aqueous solution undergoes ligand exchange with water

molecules, equation 2.

PtClg2 + H2 «m (PtClsH20)" + Cf )

This mono-aquo-chloro-complex can undergo further hydrolysis forming a weak acid

solution, equation 3.

(PtClsH20)' <> (PtCISOH)Z + H+ @3)

And it’s assumed that the substantial part of the platinum salt is present in solution as

(PtCISOH)2 [7].

91



On impregnation of an alumina support with CPA solution the alumina undergoes an acid
attack from the protons of the choroplatinic solution. The sites created act as strong
adsorption sites for the (PtCIsOH)2. The mechanism by which the platinum precursor salt
adsorbs onto the alumina support is shown Fig. 2.1 [s]. Following the impregnation,

catalyst activation is achieved by calcination.

2.
OH Cl Cl
FtCl/ 4 Al—> ¢c| pt — Ci + 0r 4-2H+
/ A\
0 0
AL Al

Fig 2.1. The mechanism of chlorine retention on a Pt-A”Oa complex [s].

It is observed from the mechanism, that the adsorption of one molecule of CPA occupies

four surface sites on the alumina in total (i.e. two by an oxyplatinum complex and two by

the 2 released chloride ions. This allowed for increased distribution of the active metal

component (i.e. Platinum) [e],
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2.2 Scanning Electron Microscopy ISEM)

In the 20th Century, the development of the electron microscope has helped to facilitate
the technique of micro - analysis, allowing a microscale view at the surfaces of solid

objects.

A SEM operates by scanning a beam of focused electrons (incident beam) across the
surface of the sample in a raster fashion. Interaction between the incident beam and the
sample generates secondary signals, which can be detected by appropriate detectors to
provide information about the sample. Using a detector designed to pick these secondary
electrons, an image of the sample can be formed [9, 10]. A schematic diagram ofan SEM

chamber is given in Fig. 2.2 [11],

scan
i electron gun generator
display
— condenser screen
* lenses (CRT)
specimen
scan ificati
coils magnification
control
) A.
specimen \ signal image
detector amplifier scan

Fig. 2.2: Schematic diagram of SEM chamber [11]
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The top of a SEM contains an electron gun with a filament, which is heated to approx.
2700K. Electrons are emitted from the filament and accelerated under a high voltage
down the electron optic column. The column focuses the beam using electromagnetic
lenses and forms a dimagnified image of the source, the filament. The beam passes

between two scanning coils, which enable it to be rastered across a selected area on the

surface of the sample.
Rastering can occur in various forms:

* A rectangular raster
* A single or repeated line scan

e Stationary spot

The electron beam interacts with the near surface of the sample to a depth of approx. a
few microns, forming an interaction volume, from which signals are generated. A
considerable number of incident electrons may escape from the specimen and are
collectively known as backscattered electrons. The specimen can be imaged using both
backscattered and secondary electrons, thus providing a starting point from which the

analyst can choose appropriate regions for analytical investigation [10].

2.3 Energy Dispersive X-ray Fluorescence fEDX)

Energy Dispersive X-Ray (EDX) analysis was used in conjunction with SEM. It is a
solid-state device that measures the energy of the incident x-rays. Each element exhibits a
characteristic x-ray emission spectrum. Identification is by comparison with reference
library of standard spectra. A schematic diagram of the Energy Dispersive Spectrometer
is illustrated in Fig. 2.3 [12, 13]. Characteristic x-ray emissions are formed upon an atom
stabilising itself after ionisation by the electron beam. When the beam has dislodged an
electron from an inner atomic shell, an electron from an outer shell will fill the vacancy.
The difference in energies between the initial and final states of the transitional electron

may be emitted as x-radiation. The various shells of an atom have discrete amounts of
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energy. It follows that their energy difference, emitted as x-radiation, is also a discrete
quantity and is characteristic of the atom from which it was released [3], see Fig. 2.4 [12,
13]. Differences in electron spin create slight differences in the energy between electrons
in the same shell and thus in the energy of x-rays emitted by electron transitions. Because
of the differing binding energy levels of the electrons around the nucleus, primary
electrons of a higher potential energy (electron volts - eV) are required to displace K-
shell electrons than are required to displace L-shell electrons, which is higher than that
required for M-shell electrons. Most of the commonly occurring elements produce K x-
rays in the 1.0 to 10.0keV region and as a result this is often a good place to begin when

attempting to identify peaks. These include both Ka and Kp energies. A spectrum may

also consist of La, Lp and Ly peaks.

Fig. 2.3: Schematic diagram of an Energy Dispersive Spectrometer [12, 13],
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Fig. 2.4: Allowed electronic transitions to generate electronic X-rays

[12, 13]

In the detector, analysis of X-rays according to their energy occurs. When an X-ray
strikes the Si(Li) crystal, which is kept at liquid nitrogen temperature and under vacuum,
electrons in the crystal each absorb a given amount of energy. The greater the energy of
the X-rays, the greater the number of electrons excited. The energy absorbed by the
electrons is then converted to an electrical signal, which is emitted and amplified. The
strength of the current from the crystal is proportional to the X-ray energy. The amplified
electrical pulses are then converted to digital form and fed into a multichannel analyser
(MCA) which sorts these signals and in effect counts the number of X-rays at each
energy level which strikes the crystal. This process occurs thousands of times to form a
histogram, known as an X-ray spectrum [12], showing the elements present and their
quantity. Data acquisition is extremely fast as well as accurate and therefore allows the
operator to acquire high quality spectra very efficiently. Typical x-ray acquisition rates of

up to 50,000 cps are possible and choice of resolution parameters enables the detection
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and quantification of low concentrations of elements. Quantitative analyses to within 1%

relative error or clear multi-element maps can be obtained in as little as 5 - 10seconds.

The software preloaded is Link ISIS on an S-3000N Hitachi SEM used in this study. It
has an extensive complement of hardware and software options and enabled the

following function to be preformed:

* Windows PC-based for speed and ease of use.

* Thin-window detector for high-resolution analysis of all elements down to and
including boron.

» Fast processor electronics (up tol5K counts per second) for fast acquisition of x-
ray maps and spectra.

» Software for qualitative and quantitative analyses using a variety of algorithms.

» Speed Map rapidly acquires multiple-element x-ray maps in minutes.

e Auto beam provides for collection of digital images and aids in the selection of
points for quantitative analysis or line profiles. It also provides for browsing
around an image for survey analyses, and for collection and analysis of stereo
images.

* IM-Quant, also known as Visilog (from Noesis Vision) provides a robust tool for
image processing and analysis.

« PCI software provides for the passive capture, archiving, annotation, and
redisplay of images.

e The system is integrated with the Hitachi for automatic control and reporting of
SEM parameters.

o Storage and recall of all data for comparison.
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2.4 Particle Size Distribution

There are many methods of particle size measurements in which the raw data are
collected in a number distribution format [14]. These methods range from simple sieves
to sedimentation techniques, electrical, light-sensing zone, electrozone sensing and
microscopy methods. In this study, the particle size distribution and mean diameters of
the alumina in the washcoat solution were determined using a Malvern Mastersiser S.

long bed version 2.19 particle size analyser.

Malvern Instruments incorporate low angle laser light scattering (LALLS), or laser
diffraction as it is more commonly known. The technology incorporated by Malvern
Instruments allows rapid measurement, exceptional reproducibility and an ability to
compare the results with other techniques. Particles in a wide size range, from sub-
micron to a few millimeters, are measured accurately and non-destructively, allowing
expensive or rare samples to be recovered. The instrument provides wide dynamic
particle range size measurements from 0.05 - 3500"m. Dry powders, liquid suspensions,
aerosols and emulsions can also be analysed with full quality specification, validation and
documentation. The Malvern Instruments come equipped with associated software to

perform the analysis and calculations.

The principle of operation involves a collimated Helium/Neon laser that passes through
the sample in a cell. Some of the light is reflected, refracted and diffracted from the
sample particles. The light materialising out from the sample is detected by a series of
photocells. The signal is subsequently manipulated by Fourier optics and a computer
displays the particle size distribution measurement tabulated and represented in graphical

format.
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2.5 X-Rav Diffraction fXRD)

Determination of transition phase in the starting material is an important stage in the
preparation of a thermally stable surface area support material. Powder X-ray Diffraction
(XRD) is one of the primary techniques used by solid state chemists to characterize such
materials. Powder XRD can provide information about crystalline structure (or lack
thereof) in a sample even when the crystallite size is too small for single crystal x-ray
diffraction [15].

In XRD, a three-dimensional structure is defined by regular, repeating planes of atoms
that form a crystal lattice. When a focused X-ray beam interacts with these planes of
atoms, part of the beam is transmitted, part is absorbed by the sample, part is refracted
and scattered, and part is diffracted. X-rays are diffracted differently, depending on what

atoms make up the crystal lattice and how these atoms are arranged [15, 16].

In X-ray powder diffractometry, X-rays are generated within a sealed tube that is under
vacuum. A current is applied that heats a filament within the tube; the higher the current
the greater the number of electrons emitted from the filament. This high voltage
accelerates the electrons, which then hit a target, commonly made of copper. When these
electrons hit the target, X-rays are produced. The wavelength of these X-rays is
characteristic of that target. These X-rays are collimated and directed onto the sample,
which has been ground to a fine powder (typically to produce particle sizes of less than
10 microns). A detector detects the X-ray signal; the signal is then processed either by a
microprocessor or electronically, converting the signal to a count rate. Changing the
angle between the X-ray source, the sample, and the detector at a controlled rate between

preset limits is an X-ray scan.

When an X-ray beam hits a sample and is diffracted, we can measure the distances

between the planes of the atoms that constitute the sample by applying Bragg's Law.
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nk - 2dSin6

Where: n = the order of the diffracted beam
X = is the wavelength ofthe incident X-ray beam
d = is the distance between adjacent planes of atoms (the ¢/-spacings)

G=is the angle of incidence of the X-ray beam.

Since X is known and s can be measured, the ¢/-spacings can be calculated. The
characteristic set of d-spacings generated in a typical X-ray scan provides a unique
"fingerprint” of the crystalline material present in the sample. When properly interpreted,
by comparison with standard reference patterns and measurements, this "fingerprint”

allows for identification ofthe structure [15, 16],

A Philips XRD diffractometer was used to determine the alumina transition phase present

in the puralox powders used in the preparation of the alumina washcoat support.

2.6 Catalysts Characterisation

2.6.1 Total Metal Content

Several analysis techniques, such as atomic absorption spectroscopy (AAS), and graphite
furnace atomic absorption spectroscopy (GFAAS), for determination of total metal
content have been described [17], Atomic absorption spectroscopy technique (AAS) is
the primary method used for the selective determination of metal content of a sample
[17]. Flame atomic absorption spectroscopy involves the combustion of the analyte
solution within an aerosol, followed by absorption of radiation by these atoms in their

vapour phase freed from their chemical surrounding. The sample is introduced into the
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flame by nébulisation providing a steady flow of aerosol into the flame. Atomisation of
the aerosol by the flame into free analyte atoms in the ground state occurs. The
temperature of the flame is controlled by the preset fuel/oxidant ratio. The free ground
state atoms are excited by radiation of a suitable wavelength emitted by a hollow cathode
lamp of the particular element being analysed. The spectral transitions necessary for
analyte determination are thus produced. The atomic absorbance spectrum ofthe element
consists of a series of resonance lines, all originating from the ground electronic state and
terminating in various excited states, the first line (i.e. energy levels) usually displays the
strongest absorptivity and gives the maximum sensitivity. Since the wavelengths of the
analytical resonance lines fall in the ultraviolet-visible regions of the spectrum, the most
common detectors in absorption spectroscopy are photomultiplier tubes. Unabsorbed
radiation passes through a monochromator that isolates the resonance line. A
photodetector measures the power of the transmitted radiation of the isolated resonance
line. The resultant intensity data is then recorded and displayed as analyte absorbance.

The analyte absorbance recorded and the concentration of the analyte of interest is then

related to the Beer-Lambert law.
The general Beer-Lambert law is usually written as A = sbc.
Where: A = measured absorbance.
s = is a wavelength-dependent absorptive coefficient,
b = is the horizontal path length of the radiation through the flame (cm),

¢ = is the concentration of absorbing analyte material (grams L'J).

Experimental measurements are usually made in terms of transmittance (T), which is

defined as: T =1/ 10,

Where: lo = is the initial light intensity.

| = is the light intensity after it passes through the analyte solution.

Therefore, the relation between A and T becomes: A = logio (I4l) = sbc.
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2.6.2 Derivation of the Beer-Lambert Law
The Beer-Lambert law can be derived from an approximation for the absorption
coefficient for a molecule. Lamberts law states that successive equal thicknesses absorb
equal fractions of monochromatic incident radiation [18]. As a result, an exponential
decrease in intensity of the radiation occurs as it passes through the layer. In
mathematical terms,

l=loek
Where lo is the incident intensity entering the sample, and | is the intensity of light
leaving the sample, 1 is the thickness of the absorbing sample and k is a constant

determined by the wavelength of radiation and nature of the sample. Converting to log to

the base 10 and rearrangement of the equation,

Logio N-= ki

Beers law deals with the concentration of an absorbing sample and leads to the following

equation [18],

Logio M-=k'C

By combining the two equations, Beer-Lamberts law may be expressed in the form,

LoglDy = A = bCl

The metal content of the prepared catalysts in this study were determined from a

calibration curve of absorbance versus metal concentration [17].
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2.6.3 BET Surface Area

Physical adsorption of an inert gas at low temperatures can be used to measure the total
specific surface area of catalysts and/or the distribution of pore sizes [19, 20]. The total
specific surface area of the catalyst is defined as the surface area per unit weight (m*g'")
[19]. The forces involved in adsorption may be strong, with activation energies and
specific electronic forces as in chemical bond formation (chemisorption) or weak
(physisorption) involving non-specific, long range Van der waals forces with no
activation energy. Physisorption of inert gas involving multilayer adsorption describes
the interaction between the solids and gases or liquids and gases with Van der Waals
forces. The interacting gases molecules and surface atoms both more or less retain their
identities, while chemisorption involves chemical adsorption of gas molecules on the
surface, resulting in atoms, ions and radicals forming chemical bonds on the surface. In

this case, the gas molecules lose their original identities.

The relationship at a given temperature between the equilibrium amount of gas adsorbed
and the pressure of a gas is known as an adsorption isotherm. A Type Il isotherm
describing monolayer and multilayer adsorption on heterogeneous catalysts is illustrated
in Fig. 2.5 [19].

103



Type Il Isotherm

multilayer formation

n,/mmoles

nm(monolayer coverage)

P Po

Fig. 2.5: Type Il Brunauer isotherm describing a monolayer-multilayer adsorption

isotherm on a heterogeneous substrate [19].

The adsorption isotherm, involving multilayer physical adsorption (i.e. physisorption) of
N2 on a surface is described by BET isotherm (i.e. Brunauer, Emmet and Teller extended
Langmuir's approach of adsorption of gases to multilayer adsorption). Although
adsorption of rare gases and N2 at low temperatures may lead to multilayer or
multimolecular adsorption on a solid substrate, in practise only monomolecular layer

coverage of the entire solid surface maybe derived via utilisation of the BET equation
[21-23].

il - Q- O]

p©

Where: ns= number of moles adsorbed on the surface under pressure P.
nm= number of moles ads6rbate required to achieve monolayer coverage.
Po = saturation vapour pressure of adsorbate at 77K.

C = constant (dependent on the heat of adsorption and liquefaction).
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At the saturation pressure (Po) monolayer coverage of the surface by N2 is achieved;
above Po (i.e. saturated vapour pressure) multilayer adsorption occurs. Langmuir
equation applies to each layer in the multilayer application, however, for the first layer
the heat of adsorption may have some specific value and for each subsequent layer it is
equal to the heat of condensation of the liquid adsérbate. Langmuir made a further
assumption in which evaporation and condensation can only take place from or on
exposed surfaces [19]. The BET equation solved many of these problems in the
interpretation of adsorption isotherms by plotting P/Po against P/ns (Po-P) giving a
straight-line of slope (C-1)/(nnC) and intercept of 1I/(nmC). Hence nmcan be calculated
and knowing the cross sectional surface area (16.2 X 10'20 m2 occupied by each N2

molecule, the total surface area can be calculated from the following equation.

Total Area = ANXA(N2)X nm

Where: Total area = effective surface area of the unknown.
A(N2
An

cross sectional area occupied by the N2

Particles/mole are units for Avogadros number.

The total surface area of the support materials and catalysts in this research project were
determined using Gemini Il 2375 surface area analyser (i.e. Gemini-Micromeritics BET

instrument) by physisorption of N2 gas at 77K.
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2.6.4 Metal surface area

The determination of metal surface area or the exposed number of surface atoms on
supported metal catalysts is of major significance, as it permits reaction rates to be
expressed in absolute terms [24]. Emmett and Brunauer developed specific chemisorption
to measure the areas of distinctly different chemical species exposed on the solid surface
[25]. This technique became very useful in characterising supported metal catalysts and

metal catalysts containing various promoters.

Metal surface area, catalyst dispersion and metal particle size can be measured from
selective chemisorption technique using specific adsérbate gases [21]. This is in contrast
to non-selective physisorption and the BET method used to measure the total surface area
of the entire solid. In selective chemisorption, only the exposed metal atoms on the
surface can bond with the adsdrbate gases, the metal atoms in the bulk are inaccessible to
the reactant adsOrbate gases. Measurements of specific surface area are made with a
known stoichiometric adsorption under conditions where adsorption of the reactant gas
occurs entirely or primarily on the metal surface. Therefore, it is important that the
selected adsorbate gas adsorbs on the metal and not on the support. Typical gases used in
selective chemisorption techniques are hydrogen (H2), carbon monoxide (CO) and
oxygen (Oz). For example, the chemisorption of hydrogen on Pt is rapid at ambient
temperatures and reaches complete monolayer coverage on the exposed Pt surface atoms.
The Hz selective chemisorption technique for measuring Pt specific area requires a series

of assumption to be made [21, 26].

e The H/Pt stoichiometry assumes that the average number of surface metal atoms
is associated with the adsorption of each adsdrbate atom or molecule (i.e. one
hydrogen atom is adsorbed by each surface Pt atom).

e The number of Pt atoms per unit area of the polycrystalline surface is equal to
1.25 x 1019 Pt particles/mz based on the surface consisting of equal proportions

of (111), (110), and (100) planes.
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» Physisorption on the metal and support surface is negligible; this is a reasonable
assumption for Hz, at room temperature or above.
* H2 chemisorption should occur without diffusion or dissolution of Hz in the

metal, for example metal-support Hz spillover, strong metal support interaction.

Therefore, the chemisorption stoichiometry must be known to allow the number of
surface metal atoms to be determined and hence calculate the metal surface area. The

metal surface area is denoted by:

Sr= nmxXmxAxn-~"'

Where, Spt= Pt Surface area.
Xm= chemisorption stoichiometry (i.e. the number of H2 molecules reacting
per surface Pt atom = 2.
nm = number of moles of gas adsorbed.
A = Avogadro’s constant = 6.023 x 10 atoms/mole of Pt.

ns = number of Pt atoms per unit area of surface (1.25 x 10lem2/atom).

They are many disadvantages to using chemisorption for measurements of specific
surface areas; for example, most adsorbent gases are non-specific, surface are sensitive to
impurities, after reduction residual Hz remains, dissolution of which can result in

formation of hydrides.

Chemisorption measurements have also lead to kinetic measurements termed turnover
number or turnover frequency (i.e. molecules converted per exposed metal atom per unit
time) denoted TON and TOF. Once the number of exposed metal atoms has been
determined, catalyst activity can be expressed in terms of activity per surface metal atom.
These turnover numbers can be used to compare oxidation activity of different catalysts

[27, 28],
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The metal dispersion, expressed as the number of metal surface atoms as determined
from chemisorption data over the total number of metal atoms as determined from AAS
and the metal surface area, can be readily calculated by estimating the stoichiometry of
the adsorption process and the average surface area occupied by the metal atom [21]. The

percentage metal dispersion is often represented by the following equation:

%D = P yi100%
PtT

Where, %Dmrepresents the percentage metal dispersion, Ptsand Ptt equals the number of
Pt surface atoms and total number of Pt atoms present as determined from AAS. This
measurement is of considerable importance in supported catalysts as it indicates the
availability of the active metal sites on the surface to reactant molecules in catalytic

reactions [21].

The average metal particle size can also be determined from the chemisorption
measurement data by assuming a shape for the metal crystallites [24]. Therefore, the

metal particle size may be estimated by the following equation [21].

D
d=

vPXSp,J

Where, D is the diameter of the metal crystallite [24], p is the density of Pt in g/cm at
room temperature and Spt is the metal surface area. Estimation of the mean particle size is
quite useful in catalysis as it enables properties such as metal-support interaction,
sintering and redispersion to be characterised. Other major techniques used in
determination of particle size are X-ray diffraction (XRD), Transmission electron

microscopy (TEM) and X-ray photoelectron microscopy (XPS) [21].
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In this study, selective chemjsorption using a Micrometrics Pulse flow technique with Hi
as the reactant adsorbate gas was used to measure the metal surface area, metal dispersion

and mean particle size of platinum on an alumina washcoated gauze.
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Chapter 3:

Preparation and Characterisation of Pt/AI20s
Gauze Catalyst



3,0 Introduction

In this chapter, the experimental preparation of a series of Pt/AhQj gauze catalysts is
described and compared to commercial catalysts. The metallic substrate support onto
which the alumina washcoat was impregnated is characterised and evaluated. Catalysts
were characterised using AAS, BET surface area (i.e. Nt physisorption) to determine
metal loadings and surface area of the substrates and washcoat supports is also described.
The metal surface area, dispersion and metal particle size of catalyst was determined by
12 chemisorption and these results related to catalysts activity for combustion reaction
will also be discussed with the aid of H2 chemisorption and combustion activity
techniques. In addition scanning electron microscopy (SEM) and energy dispersive X-ray

analysis (EDX) were used to determine optimum conditions for preparation of whiskered

gauze samples.
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3.1 Experimental

3.1.1 Gauze Pretreatment

A gauze sample supplied by an industrial sponsor was cut up into square sections ca.
l4cmxl4cm in size, with a scissors wearing PVC gloves. The gauze was then washed by
dipping it in acetone and left to drain, followed by rinsing in hot soapy water (ca. 40-
60°C). The hot soapy water residue remaining on the gauze was washed off under a flow
of cold running tap water and left sitting on a clock glass to drain. A final pre-treatment
to remove organic oils and remaining residue was preformed by dipping the gauze in
methanol, followed by shaking to remove the excess methanol. The sample was dried at
60°C overnight and further dried at 300°C for 1to 2 hours. Drying was in a muffle
furnace with a static air atmosphere. After cleaning, the gauze sample was whiskered at
varying temperatures over prolonged time periods in a muffle furnace. A list of gauze
samples prepared is given in Tables 3.1 and 3.2. For the whiskered gauzes - the letter T
in the sample code followed by a number in subscript and superscript indicates the time
in hours and temperature respectively of whiskering in the muffled static air furnace,
while the letter N represents whiskering in a nitrogen atmosphere within the muffle

furnace.

3.1.2 Washcoat Preparation

A series of alumina washcoat substrate supports, with sample codes 250A and 140A were
prepared containing SCFa-250 puralox (supplied by Condea Chemie Germany) and
SCFa-140 puralox (Condea Chemie Germany). The Puralox powders employed are high
purity activated aluminas, for product specification sheets see appendix. For the washcoat
supports the label 250A in the sample code indicates the presences of SCFa-250, while
the label 140A represents the presence of SCFa-140 puralox and superscript | denotes

insufficient grinding time of the washcoat mixture. All alumina washcoat supports were
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prepared by forming a slurry comprising of puralox powders, puralox suspension (25%.
w/v SCFa-250:H20, supplied by Condea Chemie Germany), puralox disperal (highly
pure, dispersible colloidal boehmite alumina supplied by Condea Chemie Germany) and
conc. HN o3 acid (BDH Laboratory Cone. 69%), the resultant slurry mix was then ground
for 5to e hours in a mortar and pestle. After grinding for 5-6 hrs at room temperature, the
viscosity of the slurry was measured using a Viscometer ELV-S to within a 310-340cp
range by diluting with milli-Q-water. The details of the alumina washcoat support

materials prepared in this study are given in Table 3.3.

Table 3.1: Detailed Whiskering Conditions for Metal alloy Gauze.

Sample Code Temperature C Atmosphere
% 900 900 Static Air
S 900 Static Air
t 1™ 900 Static Air
1% 900 Static Air
y 800 900 Static Air
y 3900 900 Static Air
1470 900 Static Air
Tg900 900 Static Air
P> 900 Static Air
T 24900 900 Static Air
T2 900 Static Air
Lo 900 Static Air
*Ti90ON 900 Nitrogen
*t£ 2000 900 Nitrogen
*t490h 900 Nitrogen
*t 69000 900 Nitrogen

Txy, where x denotes number of hours at y temperature in whiskering step.

* Samples whiskered over a specific time frame in stream of flowing N2 at 200mls/min.
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Table 3.2: Whiskering Details Employed in Accelerated Method.

Sample Code
T«

t 16

t,5*

Tal.

Tay/

Temperature °C
@925 for Vi hr
@960 for TA hrs
@875 for «2 hr
@960 for 1572 hrs
@900 for % hr
@940 for 151/4 hrs
@915 for %hr
@940 for 2 hrs
@960 for 4hrs
@925 for % hrs
@960 for 1hr
@990 for 2 hrs

Atmosphere

Static Air

Static Air

Static Air

Static Air

Static Air

*1In the sample code represents the varying temperature pretreatment employed through

out the whiskering process.

Table 3.3: Preparation details for Washcoat Supports Used in this Study.

Sample SCFa- SCFa-140

Code 250 Puralox
Puralox (grams)
(grams)

250A 40

140A1 40

140A 40

Puralox
Suspension

(mis)

80
80
80

Cone.

H N O 3 (Mis)

~2

*H20 represents the volume of water added to obtain the required viscosity.
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3.1.3 Washcoat application

After washcoat preparation, a series of the whiskered metallic substrate supports were
coated with the washcoat slurry mix by washcoating on both sides in the following
manner. Samples were prepared by (1) dipping one side of the whiskered gauze in the
washcoat slurry mixture, followed by (2) blow-drying with N2gas, (3) drying at 50-60°C
for 20 minutes and fired at 800°C for 15 minutes. Washcoating was repeated on the other
side of the whiskered gauze sample by repeating steps one to three above. Table 3.4 lists

the whiskered samples washcoated and the detailed quantities of both SCFa-250 and

SCFa-140 puralox powder and suspension used in the alumina washcoat support.

Table 3.4: Details of Washcoat Solution used to Coat Whiskered gauze support.

Sample Code

T4yuwr250A
Tr-250A
T 18U 250A
T6y00-140A
T 16ur140Al
T 24yur 250A

T2yur250A

SCFa-250

Puralox (grams)

40
40
40

40
40

SCFa-140

Puralox (grams)

40
40

Puralox

Suspension (mis)

80
80
80
80
80
80
80

1Denotes washcoat applied was insufficiently ground (i.e. X hrs grinding time).
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3.1.4 Catalyst Preparation

The catalyst metallic support (i.e. substrate) and support materials used in this study were
expanded metal gauze (industrially supplied), puralox powders, puralox suspension,
disperal (supplied by Condea Chemie) and conc. HN 03 Acid. The Impregnating solution
used in this study was a CPA based methanol solution (industrially supplied). Using the

above materials a series of Pt/y-A"Os gauze catalysts were prepared see Table 3.5:

Table 3.5: Details of Lab Prepared and Commercial Catalysts in this Study.

Sample Code Impregnation Pt Support
Method wt.%

Taywr250AP W 2.9 Al.Os washcoat
T8X0-250AP w 3.0 AL0 s washcoat
Ti6900-2 50AP W 3.2 Al:O: washcoat
T249r-250AP W 3.2 Al203 washcoat
Ti600-140AP W 3.5 Al O; washcoat
Ti600-140AP13 W 0.94 Al:Os washcoat
Cl Unknown 2.2 A1 Gs washcoat
C2 w 2.7 Al:O: washcoat

W represents incipient wet impregnation.

P u3 represents catalysts prepared with a 1in 3 dilution with methanol of the original CPA
solution supplied.

Cl and C2 are commercial catalysts supplied for comparison purposes with the Lab

prepared catalysts.

For each catalyst prepared, the letter T in the sample code followed by a number in
subscript and superscript indicates the time in hours and temperature respectively of
whiskering in the muffled static air furnace. The letter P in the sample code indicates the

presence of Pt, while the labels 250A and 140A are used to represent puralox powders
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present in the washcoat support. Samples were prepared by contact of the whiskered
gauze supports with the slurry solution of alumina washcoat. After washcoating the
samples were impregnated by dipping them in a CPA based methanol solution for
approximately 3 seconds, followed by drying at 45°C overnight in an oven and calcining

at 630°C for 15 minutes in muffle static air furnace.

3.2 Catalyst Characterisation

3.2.1 Ageing Test

All catalyst samples were aged in a static air muffle furnace set to 800°C for s hours. This
was the test to determine the stability of the catalyst over time. The samples were then
removed from the furnace and labelled for testing. Aged samples were investigated using
BET surface area, H2 chemisorption and combustion activity measurements. For
comparison purposes measurements of fresh catalyst samples (i.e. unaged) were also

examined.

3.2.2 SEM/EDX-Ray Analysis

To determine the appropriate whiskering conditions, samples whiskered at different
temperatures and time were characterised by SEM. The samples of whiskered gauze were
cut to approximately lcmxlcm in size and placed on a steel sample holder with a carbon-
based tape. Topographic images of different regions of the sample were obtained using a
S-3000N Hitachi SEM. Determination of elemental composition of the whiskered gauze
samples was carried using an Isis Oxford Energy Dispersive X-ray with preloaded Link
ISIS software. The samples analysed under SEM and EDX were from gauze samples

whiskered in muffle furnace for 14-32 hrs under static air and N2 atmospheres.
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3.2.3 X-Ray Diffraction

The phase of alumina present in the washcoat solution was determined by XRD analysis.
A Philips XRD diffractometer was used to record the X-ray diffraction (XRD) patterns of
two different grade alumina powders (i.e. Puralox SCFa-250 and SCFa-140).
Measurements were per-formed on ground samples in a rotating sample holder with a
CuKa cathode radiation source (x = 1.5418 A) operating at 50kV and 30mA. Sample

identification was achieved by comparison with a library database.

3.2.4 Particle Size Distribution

A Malvern Mastersizer S long bed V2.19 was used to determine the particle size
distribution of alumina in the washcoat solution. The samples (see Table 3.6) were
prepared by adding a few drops of washcoat solution to a beaker using a spatula and
dispersing in water and calgon, followed by stirring in an ultrasonic water bath for 5

minutes.

Table 3.6: Details of Washcoat Preparation

Sample Code Grinding Method Grind Times (hours)
250A* Ballmill 4
250A Mortar and pestle 5-6
140A1 Mortar and pestle 12-34
140A Mortar and pestle 5-6

* One sample obtained from ball milling 250A for 4 hrs.
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Using a lens with a range of 300RF mm, the sample was then flushed into the sample
cell. The cell stirrer was switched on to ensure a homogeneous suspension of the mixture.
The ultrasonic bath was used to ensure no particle agglomeration occurred. The particle
size was measured by laser diffraction and a scattering method. The instrumental

conditions used are summarised in Table 3.7.

Table 3.7: Instrumental conditions Used in Malvern Mastersizer.

Range Lens 300RF mm
Beam length 2.40 mm
Analysis model Polydisperse
Particle R.I. 1.7600, 0.0010

Dispersant R.I. 1.3300
Obscuration 6.2%
Residual 0.825%

Measurements and calculation were obtained from software computer system attached.

The results were displayed graphically on a computer.

3.2.5 Determination of Total Metal Content

A series of Pt standard solutions were prepared from a 1000ppm standard stock solution
(BDH, Spectrosol) as follows. A I00ppm Pt stock solution was prepared by dilution of
10cma aliquot of the 1000ppm in a 100cms volumetric flask with milli-Q water. This
solution was subsequently used to prepare the Pt standards within a linear concentration
range (i.e. 10-50ppm) by dilution of a fixed aliquot of the 10Oppm stock in a final volume
of 50cm3in a volumetric flask. 0.5cms3 of concentrated HC1 and 1cms of IOOOppm LaC”

solution (Sigma Aldrich) were added to each of the standard solutions to counter the

effects of interferences.
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Sample digestion was carried out by two different methods (i.e. B and C). In method B, a
known weight (typically between o.1-0 .29) of gauze catalyst finely cut was weighted out
in a Teflon beaker, followed by addition of ca. 20mls aqua regia. The solution was placed
on a hot plate with a magnetic stirrer and boiled. In method C, an additional step was
added, in which ca. 4mls HF (Riedel) was added prior to the addition of the aqua regia. In
both methods the samples were heated to boiling and boiled to near dryness (ca. 0.5-1.0
ml solution remaining). The residues remaining were then cooled and reconstituted with
2mls of conc. HC1 acid and 4mls of 1000ppm LaCls solution and filtered into 100ml
volumetric flask. After filtering, the beakers were washed out three times with milli-Q
water and the washings transferred to the flask. Finally, the solutions were made up to the

mark with Milli-Q water in a 100cms volumetric flask for analysis.

Each standard and sample was measured five times in the AAS, set up as summarised in

Table 3.8.

Table 3.8: Instrumental condition employed in the Perkin Elmer 3100 AAS

Lamp Source Pt - Hollow Cathode Lamp
Slit Width 0.7nm
Sensitivity High
Lamp Current 10mA
Wavelength (A) 265.9nm
Integration 1.0 seconds
Burner Head Single Slot
Fuel : Oxidant ratio Acetylene-Air 2:6 (Cu. Ft. hr')

For each catalyst sample three-repeated analyses were preformed on different parts of the

same sample and the average % loading calculated.
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3.2.6 Determination of Total Surface Area

Measurements of BET specific surface area of the washcoat supports and catalyst
samples were determined by continuous flowing N2 adsorption at liquid N2 temperatures
with He carrier gas using a Micromeritics Gemini Il 2375 surface area analyser V4.01.
The Gemini Il 2375 instrument uses a series of reservoir valves, transducer and servo
valves and comes pre-programmed with StarDriver software ready for analysis. A

schematic of the instrument pumping diagram used is given in Figure 3.2.

To determine the specific surface area with the Gemini Il 2375 an adaptive rate, static
volumetric technique of operation is used. This method adapts the rate at which gas is
delivered to the sample to the rate at which it is adsorbed. Each pressure point completely
equilibrates before the next point is taken. The Gemini as illustrated in Figure 3.2
contains two gas reservoirs, which are filled with equal volumes of an adsorptive mixture
of Nitrogen/Helium 42% V/V through a pumping system controlled by two reservoir
valves. From the reservoirs, the gas is dosed into the sample and balance tubes. A
transducer on the sample side monitors for the target pressure. As the sample adsorbs gas,
the pressure would tend to decrease in the sample tube. The use of the transducer causes a
fast response servo valve to hold the pressure constant. Transducer located between the
sample and balance tubes detects any pressure difference between the two tubes and
causes another servo valve to balance the pressures in both tubes. A third pressure
transducer monitors the pressure between the two reservoirs to determine the amount of
gas that is adsorbed on the sample. The helium passes through the balance and sample
tube for free space measurement to determine any slight differences in volume. The
balance tube essentially has the free space volume as the sample tube and therefore can
eliminate the free-space errors. The volume of nitrogen adsorbed on the surface of the
particles is then measured at the boiling point of nitrogen (-196°C) and the amount of
adsorbed nitrogen is correlated to the total surface area of the particles including pores in
the surface. The surface areas of the catalyst are calculated on the basis of the adsérbate
gas parameters (i.e. molecular area, density conversion and nonideality factor). The

Gemini 11l 2375 surface area analyser gives reproducible surface area result in the
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minimum run time (i.e. ca. 30 minutes). Sample data are automatically calculated and

displayed or printed in both tabular and graphical form for quick, easy interpretation [1].

Prior to measurements, the empty BET quartz tube was weighted out, followed by the
sample (typically between 0.1-0.2grams samples were weighted out) in the BET quartz
tube (supplied by Micrometrics). The sample was then degassed at 200°C under static
conditions overnight in a furnace supplied by Lenthon Thermal Design Systems Ltd.
After degassing, the sample and tube were cooled and reweighed. The final sample
weight was obtained by subtracting the initial weight of the empty quartz tube from the
tube and sample weight after degassing. The sample was then connected to the analyser
and the surface area measured. Each sample was analysed and an average reading taken

for two reproducible measurements.
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Vacuum  Nitrogen Helium
Valve Valve Valve

Figure 3.2: Schematic of a Plumbing diagram for a Gemini-Micrometrics BET [1].
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3.2.7 Determination of Metal Surface Area

Metal surface area measurements were carried out using a pulse flow H2 chemisorption

unit. A schematic representation of the Pulse Flow unit is shown in Figure 3.3.

Prior to analysis both (Ar and H2) gases were purified. Argon gas is firstly purified to
remove all contaminants present, such as N2, Oz, H2, CO and COz2. Purification was
achieved using a B.O.C. rare gas purifier by passage of Ar over (1) titanium granules at
700°C to remove N2 and 0 2 (2) a copper oxide furnaces at 450°C for the removal of H2
and CO and finally (3) a molecular sieve at ambient temperatures to remove moisture and
COz2. Hydrogen gas was also purified using a Johnson Matthew EP1 purifier unit by

passage over a Pd-Ag membrane alloy at 250°C.

After purification, argon was fed continuously over the catalyst sample and through both
sides of the Thermal Conductivity Detector (TCD). A volume of 0.053ml of H2 in a
stream of Argon was passed over the sample via an injection loop. The H2 was then
passed through the catalyst and through one side of the TCD. A proportion of this H2 was
adsorbed by the sample, resulting in the reduction of H2 detected on the other side of the
TCD. A chart recording with two peaks corresponding to amount of H2 present in the

loop and amount not adsorbed was obtained (Figure 3.4).

Figure 3.4: H2. Chemisorption before and after adsorption
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The difference between the areas of the two peaks indicates the quantity of H2 adsorbed

on the sample and can be used to calculate the metal surface area.

For analysis, the standard procedure used was as follows: a sample of catalyst
(typically o.1-0.2g) was weighed out in a clean dry quartz u-tube that was preweighed.
The u-tube was plugged with chemically treated glass wool (soaked in 2M NHO3 acid
and washing with eight litres of milli Q water and dried at 110°C in a furnace). The u-
tube was then connected to the chemisorption unit. The catalyst pretreatment conditions
prior to measurements were as follows: Argon at a flow rate of 40mls/min was passed
over the sample first at room temperature and then at increased temperature (i.e. 125°C)
using a furnace (supplied by Lenthon Thermal Design Systems Ltd.) mounted underneath
the sample tube. A 40mls/min flow rate H2 was then passed over the sample at 400° to
reduce it, followed by Argon at the same temperature to remove H2 from the active sites.
Flow rates were controlled by metering valves and measured using 250ml calibrated H2
and Ar flow meters (supplied by Cajon Systems Ltd.) and double checked with a bubble
flow meter. The sample was then cooled to room temperature under flowing Ar by

immersing the u-tube in a beaker of cold water (see Table 3.9).

Tabic 3.9: Prctreatnient conditions employed prior to analysis of catalyst samples

Gases Temperature (°C) Time (min)
Argon (Ar) 25 (R.T) 15
Argon (Ar) 125 60
Argon (Ar) 400 30

Hydrogen (H2) 400 20
*Argon (Ar) 400 40
Argon (Ar) 25 (R.T)) 5

* After each Chemisorption measurement Argon was passed over the sample at 400UC

for 40 minutes to remove chemisorbed Hz.
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The pre-treatment conditions employed in the chemisorption analysis were previously
tested and it was found that reduction at 400°C resulted in the highest H2 uptake [2].
After each measurement Argon was passed over the sample for 40 minutes to remove
chemisorbed H2 and analysis repeated. Three-repeated chemisorption measurements were

performed on every catalyst sample.

Figure 3.3: Schematic diagram of the Hz Pulse Flow Chemisorption Unit [2].
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3.2.8 Activity Measurements

The oxidation activity over different catalyst samples was determined by monitoring the
combustion of hydrocarbon with oxygen as a function of temperature using a continuous
flow apparatus. A schematic diagram of the activity unit is illustrated in Figure 3.5 [2].
Stoichiometric mixtures of hydrocarbon and oxygen were passed over the heated catalyst
samples. Mass flow controllers with ranges of 0-5cm®mif’ and 0-I00cm’mth * controlled
the flow rates. A 4-port switch valve allowed the reaction mixture to pass over the
catalyst sample or to bypass the sample to the gas chromatograph for a blank analysis to
check the ‘baseline’ hydrocarbon concentration prior to oxidation. The propane oxidation
over the catalyst sample was measured over a Porapak Q column using a Flame
lonisation Detector. A cold trap was constructed downstream of the sample on the
activity unit to trap and remove any water produced before reaching the GC. A thermal
conductive detector with a chemsorb 102 packed column was used to monitor the by-

products of oxidation (i.e. CO, and CO2 peaks).

Flow rates prior to analysis were measured for both the C3Hg and Air with a bubble flow
meter. A stoichiometric mixture of CsHs in air (ratio 2:50ml/min approx) at a total flow
rate of 52cm3min‘l was passed over 0.3g of a heated catalyst sample on a sintered disc
mounted in a quartz glass u-tube. Lenthon Thermal Furnaces were used to heat the
catalyst samples. Unreacted propane at each temperature was measured by an online gas
chromatograph and the percentage conversion was calculated as loss of propane.
Repeated measurements were recorded until equilibrium was obtained and two analysis
runs were preformed on the catalysts. Prior to the second analysis run the sample was
allowed to cool down to room temperature and the analysis was repeated. The oxidation
reaction was investigated in the temperature range 100-300°C. The conditions employed

in the GC are summarised in Table 3.10:
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Table 3.10: GC Instrumental conditions employed in the analysis.

Instrument

Detector

Column

Carrier Gas

Fuel : oxidant Gases

Temperatures

Pye Unicam 4550
(a) Flame lonisation detector
(b) Thermal conductivity detector
(a) Porapak Q
(b) Chemsorb 102
Normal grade He, supplied by Air products
Flow Rate: 60cm3min'l
Hydrogen/Air
Flow Rates 0.75:0.6 Kg/cm2
Column: 200°C
Injector: 150°C
Detector: 200°C

The catalytic activity, as the percent CsHs reacted, was calculated in the following

manner. When the sample is bypassed, a peak corresponding to the initial amount of

C3Hg present is obtained. As the reactant gases are passed over the catalyst at high

temperatures a certain fraction (or all) of the propane reacts (i.e. oxidised), hence its peak

size and area is reduced. Therefore, by determination of the area of the propane peak

(after passing over the catalyst) and dividing it by the area of the peak representing the

initial amount of propane present (bypass), the percentage propane present is calculated

by multiplying by 100 and subtracting this value from 100 gives the % conversion.

Plotting these calculated % C3Hs conversion versus temperature allows the light off

temperature TS50 (i.e. temperature at which 50% conversion is achieved) and Too (i.e.

temperature at which 90% conversion is achieved) to be determined from the graph.
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Figure 3.5: A Schematic of a Catalysts Activity Unit for CsHs Combustion [2].
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3.3 Results and discussion

3.3.1 Characterisation of Whiskered Surfaces

Scanning Electron microscope Images (SEM)

Figures 3.6 (a) and (b) illustrates an unoxidised cleaned gauze sample imaged for
comparison work. Figures 3.7 to 3.16 show electron micrographs (i.e. SEM images)
displaying oxide layers of aluminium whiskers formed on gauze surface oxidised under

various conditions.

Fig 3.6(a) + (b) shows 2 high-magnification electron micrograph of a cleaned unoxidised
gauze sample surface. The gauze was imaged at 2.0K and 3.5K magnification, with a
working distance (WD) of 27.6mm and the scale bar was 10/j.m for (a) and 20|.im for (b).
The electron voltage acceleration employed in the scanning beam was 20.0kV. This
voltage was used in preference to a higher electron voltage, since higher voltages can
damage the sample. When imaging samples of a greater depth a higher electron voltage
may be used. No whisker formation was observed for the cleaned gauze sample, which
was expected. However, upon closer inspection, the micrograph displayed evidence of a
rough layer of film grain on the alloy. The layer appears roughly coated on the metal and
maybe attributed to the aluminium component of the alloy composition. Chapman et al
[3] illustrated a similar electron micrograph of an unoxidised surface of a Fe-Cr-Al foil
showing no whisker growth similar to Figures 3.6(a) and (b). EDX analysis of the
cleaned unoxidised gauze surface revealed the presence of iron as the bulk component on
the gauze surface, while chromium and aluminium are present in lower atomic percentage
to iron. Trace amounts of cerium and yttrium were also detected, however, the peaks
representing cerium and yttrium in the x-ray spectrum could just be due to background
noise. A quantitative elemental compositional analysis method was preformed to
determine the percentages of each element present. However, this was not very accurate
since calibration files had not been erected for these samples being determined and thus is

not included in my results.

131



Fig 3.6(a) + (b) shows 3.5K and 2.0K magnification electron micrograph ofa

cleaned unwhiskered expanded Gauze Surface.
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A series of pretreated gauze samples with varying whiskering times up to lhr at 900°C
(Table 3.1, Figures 3,7-3.9) were also examined and were found to exhibit no whisker
growth. In marked contrast, Figure 3.10 shows whisker growth in the form of nodules
scattered all over the gauze surface, illustrating initial whisker formation after 2 hrs
heating (sample T2900). Figure 3.11-3.12 show electron micrographs, which comprised of
dense immature whisker growth with occasionally scattered mature whisker formation to
the edge of the gauze surface (T390, T4900). This was in contrast to Figure 3.10, which
displayed a flatter oxide whisker growth (i.e. nodules). This was attributed to insufficient
whiskering time employed in the thermal pretreatment. Chapman et al [3, 4] illustrated
that the time required to grow whiskers of the desired size depended upon time and
temperature. They found substantially flatter oxide whiskers where produced between 1
to 4 hours whiskering time, between temperatures ranging from 870-900°C. They
declared that to obtain high aspect ratio whisker growth, oxidizing the FeAl alloy in
temperatures between 870-930°C for a time no less than s hours was required. Anything
less was found to form immature whiskers, which were reported unsatisfactory for

supporting or binding an alumina washcoat support [3, 4],

The electron micrographs of the oxides after shr treatment (Ts00) are shown in Figure
3.13(a) and consisted of well-developed oxide whiskers randomly oriented and
substantially covering the surface, agreeing with Chapman et al. findings. The whiskers
were also characterized by a high aspect ratio from the EDX analysis, which displayed a
much higher count for Al in marked contrast to whiskers formed in Figure 3.12 (T4900).
EDX analysis also showed the presence of iron and chromium. However, reduced peak
signals were obtained, which may have been due to the well-developed mature

aluminium oxide whiskers masking the iron and chromium peaks.

Figures 3.13(b), 3.14(a) and (b) showed electron micrographs of gauze samples
pretreated for 16 to 24 hours (Table 3.1). The resultant oxide shown comprised of densely
populated mature high aspect ratio whisker growth, which substantially covered the
surface. EDX analysis showed the presence of aluminium and oxygen, while iron and

chromium peaks were present to a lesser extent. Chapman et al. [4] investigated whisker
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growth over time frames of 8-24 hours at temperatures ranging from 870-930°C. They
found that whisker growth, resulting in generally large and mature high aspect ratio

whiskers, was maximized between 16 to 24 hours at temperatures around 900°C.

Figure 3.15(a) + (b) shows electron micrographs for a gauze whiskered for 32 hours,
(@) comprised of less well developed whiskers with patches exhibiting no whisker growth
and cracks forming between the whisker growth, whereas Fig. 3.15(b) consisted of some
well-developed mature high aspect ratio oxide whiskers covering the surface, but also
nodule whisker formation and cracks were observed. This may be due to the whiskering
time being increased beyond 24 hours; another factor maybe the formation of alpha
alumina, which is not suitable for whisker growth. In contrast to Figure 3.15(a) + (b),a
sample treated for 64 hours in Figure 3.16(a) showed regions of very well-developed
mature high aspect ratio whisker growth scattered on the surface, while Figure 3.16(b)
exhibited nodules scattered throughout the bulk of the surface and less significant smaller
whisker growth in comparison to the 32 hours whiskered sample. Chapman et al. [4]
reported beyond 24 hours, whisker growth was less well developed and produced

substantially fewer and flatter oxide whiskers.
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SE 14-Sep-00 S3000N WD27.7mm 20.01tV x1.2Kk 25uro

Fig. 3.7 (a) and (b) is a photomicrograph of T 24900, taken at 1200 x magnification of

a cleaned gauze oxidised for % hour at 900°C, showing no whisker growth.
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SE 14-Sep-00 S3000N WD27 .6mm 20 .OkV x4 .5k. IGum

Fig. 3.8 (a) and (b) is a photomicrograph of Ti/20taken at 4500 x magnification
of a cleaned gauze oxidised for Vi hour at 900°C, showing no oxide whiskers

formed.
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Fig. 3.9 (a) and (b) shows a photomicrograph of Tj90taken at 1500 and 3500 X
magnification of a cleaned gauze oxidised for 1 hour at 900°C, showing no

whisker growth.

137



Fig. 3.10 (a) and (b) shows a photomicrograph of t 200 taken at 4500 and 6000 x
magnification of a cleaned gauze oxidised for 2 hour at 900°C, showing nodule

formation.
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SE 14-Sep-00 SHOOON WD28 .0Onun 20.0kV x4.5Kk 10am

Fig. 3.11 (a) and (b) shows a photomicrograph of T30 taken at 4500 and 5000 x

magnification of a cleaned gauze oxidised for 3 hour at 900°C.
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SE 15-Sep-00 S3000NWD17.6mm 20.bkV (9 "ok * Sum

Fig. 3.12 (a) and (b) shows a photomicrograph of T,jooo taken at 4000 and

9000 x magnification of a cleaned gauze oxidised for 4 hour at 900°C.
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II-Apr-00 S3000N WD17.2mm 20.0kV x3.0Kk 10am

19-Apr-00 S3000N WD17.3mm 20. OJcV x3.5k IOum

Fig. 3.13 (a) shows a photomicrograph of T«90taken at 3000 x magnification of a
cleaned gauze oxidised for 8 hour at 900°C, while Fig 3.13 (b) shows a
photomicrograph of T]690 taken at 3500x magnification for a gauze whiskered

for 16 hours at 900°C.
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SE 19-Apr-00 S3000N WD17.4mm 20 D3cv“x3.5k " IOuri

SE 12-Apr-00 S3000H WD17.3mm 20. OkVv* x2 .5*k ’ 20um

Fig. 3.14 (a) shows a photomicrograph of Ti60taken at 3500 x magnification of
a cleaned gauze oxidised for 16 hour at 900°C, while Fig 3.14 (b) shows a
photomicrograph of T24900 taken at 2500 x magnifications for a gauze whiskered

for 24 hours at 900°C.
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19-Apr-00 S3000N WD17 .Omm 30.0kV x3.5k IOum
m m
BKO\ ~on f f r m h - - * -
SE 19-Apr-00 S3000K WD17.1nun 30.0kV x3.5k IOum

Fig. 3.15 (a) and (b) shows a photomicrograph of T3290 for different regions of the
whiskered gauze taken at 3500 x magnification of an cleaned gauze oxidised for 32

hours at 900°C.
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SE 19-Apr-01 S3QOON WD15.7mm 20 .0kV°jc3!oV "lOuni

SE 19-Apr-01 S3GOON WD15.7mm 20.GkV x1 Ok " 50um

Fig. 3.16 (a) and (b) shows a photomicrograph of Te490 for a whiskered gauze taken

at 3000 and 1000 x magnification of a cleaned gauze oxidised for 64 hours at 900°C.
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A series of whiskered gauze samples as described in experimental see Table 3.2 using an

accelerated method are shown in electron micrographs Figures 3.17-3.21.

Figure 3.17(a) + (b) Ts* shows electron micrographs of a gauze sample imaged at the
center and edge regions, Figure 3.17(a), a low magnification micrograph, comprises of a
oxide layer with well-developed mature high aspect ratio whiskers substantially covering
the gauze surface. The high magnification image in Figure 3.17(b) shows predominantly
mature high aspect ratio whisker growth with one or two occasional nodules of whiskers
randomly oriented on the surface and directed towards the center regions of the gauze.
Figures 3.18(a) show a low magnification electron micrograph of a whiskered sample
treated at 875°C for vi hr, followed by 960°C for 15'2. The resulting oxide consists of
predominantly well-developed mature high aspect ratio whiskers, which are in abundance
and substantially cover the gauze surface. Figure 3.18(b) shows a higher magnification
micrograph of the same region. Figure 3.19(a) and (b) illustrates an electron micrograph
of a sample whiskered over 15M hours using an accelerated method, the oxide layer

displayed a surplus of high aspect ratio whiskers substantially covering the surface.

For the purpose of comparison, a single temperature oxidation treatment as in Figure
3.13(a), sample Tg90 and (b), sample Ti690 were compared with an accelerated method
Figure 3.18(a) + (b), sample Ti6*. Comparable whisker growth was observed from Figure
3.18(a) + (b) for the accelerated method with that for a single temperature oxidation
treatment. The micrograph of sample Te~90 in Figure 3.20(a) whiskered under a range of
temperature for 6%hrs (i.e. 915-960°C) showed strong dense whisker growth, comprising
of mature high aspect ratio whiskers heavily colonizing the gauze surface. The formation
of such an oxide structure may be attributed to the shorter time period used to initiate
whisker growth, followed by increasing the temperature to facilitate accelerated whisker
growth. Vaneman et al. [5, 6] reported that whisker growth could be initiated by heating
in an air atmosphere for a shorter period insufficient to form mature whiskers, typically
less than 2 hours and preferably less than 15 minutes, followed by increasing the
temperature to 960-990°C to continue growth at an accelerated rate. Another electron

micrograph of gauze sample Tss000 Whiskered using an accelerated method is illustrated
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in Figure 3.21(a) + (b), showing mature whiskers formed to the edge of the gauze surface,
whereas poor whisker formation with slightly flatter whiskers growth (i.e. lumps or
knots) is observed in Fig. 3.21 (b). The flatter oxide whisker formation may be due to
formation of alpha alumina at the higher whiskering temperatures, which as mentioned
previously is unsuitable for whisker formation and/or the alloy composition. Vaneman et
al. [5, 6] found the formation of alpha alumina to be unsuitable for forming whiskers.
They also found that the particular uppermost whisker growing temperature might be
sensitive to alloy composition. For example, they found a typical commercial cerium-
containing alloy was covered with whiskers after treatment at temperatures up to 960°C,
but few scattered whisker growth occurred when heated to temperatures greater than

960°C.

Figures 3.22(a) + (b) and 3.23(a) + (b) show electron micrographs of gauze samples
whiskered under flowing N2 atmosphere. Figures 3.22(a) and (b) displayed an unoxidised
surface with no whiskers formation even after whiskering for 2 hours. This is in marked
contrast to the 2-hour sample whiskered in static air atmosphere, which consisted of
predominantly nodules scattered throughout the surface. An electron micrograph in
Figure 3.23(a) for the gauze sample whiskered after 4 hours in a N2 atmosphere reveals a
structure analogous to the 2-hour sample whiskered in static air. It was found only after 6
hours in flowing N2 that immature whisker growth occurred. This was most likely due to
the inert atmosphere, which prevents the whisker maturation process. Chapman et al
[3, 4] found high aspect whiskers were grown on Fe-Cr-Al foils by initially heating in an
inert atmosphere for short time periods. Thereafter, the foil was subjected to an air
atmosphere to continue whisker growth. After this treatment, they found a substantially
covered foil surface with mature high aspect ratio whiskers. Vaneman et al. [5] also
reported heating in a low oxygen atmosphere initiated whisker formation. While in
another study, Vaneman et al. [6] found that pre-treatment in a vacuum comprising of
low residual oxygen or in nitrogen atmosphere containing a controlled oxygen addition,
produced consistent whisker growth. Therefore, further work is required to investigate the
effects of whiskering for short time periods in an inert atmosphere and continuing

whiskering in an air atmosphere. The use of an accelerated method showed some good
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whisker formation in a shorter time period. However, more experimental work (11
methods for accelerated whiskering is required. From the work to date, whiskering at
900°C for 16 to 24 hours in a single oxidation treatment were found to produce the high

aspect whiskers substantially covering the gauze surface, which were suitable for

adhesion of a washcoat support.
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-, S . _—

21-Nov-00 S3000N WD27.4mm 10.0lcV x3.5k IOum

10-Auy-99 S3000N WD12.9mm 5.00KV xS.0k

Fig. 3.17 (a) and (b) shows a photomicrograph of Ts* whiskered gauze taken at 3500
and 6000 x magnification of a cleaned gauze, oxidised at 925°C for Ahr followed by

960°C for T/ihr.
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Fig. 3.18 (a) and (b) shows a photomicrograph of Tie whiskered gauze taken at 3500
x magnification of a cleaned gauze oxidised at 875°C for Vihr followed by 960°C for

15Vihr.
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21-Nov-00 S3000N WD27.3mm 20.0kV x2.5k  20um
Fig. 3.19 (a) and (b) shows a photomicrograph of Ti52 whiskered gauze taken at
1800 and 2500 x magnification of a cleaned gauze oxidised at 900°C for V*hr,

followed by 940°C for 15%hr.
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Fig. 3.20 (a) and (b) shows a photomicrograph of Tw/ whiskered gauze taken at
3000 and 4000 x magnification of a clean gauze oxidised at 915°C for A hr, 940°C
for 2hr and 960°C for 4hr.
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Fig. 3.21 (a) and (b) shows a photomicrograph of Ta// whiskered gauze taken at
4000x magnification of a cleaned gauze oxidised at 925°C for %hr, 960°C for Ihr
and 990°C for 2hr.
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SE 18-Apr-01 S3000N WD15.6mm 20 .0kV x |.5k 20um

Fig. 3.22 (a) shows surface morphologies of *Ti%00N gauze taken at 1500x
magnification of a cleaned gauze heated for 1 hour,

(b) *T2900N heated for 2hours at 900°C under flowing N2atmosphere.
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SE 23-Apr-01 S3000N WD27.4mm 20.0kV"x3.5k ° iolum

Fig. 3.23 shows surface morphologies of whiskered gauze taken at 1500x
magnification of a cleaned gauze (a) *T4900N, (b) *T6900N under flowing N2

atmosphere.
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3.3.2 Particle Size Distribution and its Effects on Surface Area

Particle size distribution measurements were preformed on 4 washcoating solutions
prepared by ball milling and grinding for varying times. The variation in particle size

distribution of alumina between ball milling and grinding was examined.

Figures 3.24-3.27 illustrates particle size distribution graphs for washcoat solutions with
mean particle size measured in the range D (v, 0.1) to D (v, 0.9) (see Table 3.11), where

D equals the characteristic diameter and v is the percentage volume of particles within a

defined size range.

Table 3.11: Particle size distribution measurements of various washcoat solutions

prepared.

Sample Code Preparation D(v,0.1) am D(v,05) xm D (v, 0.9) [xm
250A* Ball-Milled 4hr 1.73 16.15 51.71
250A Mortar&Pestle 5-6hr 2.15 26.10 74.39
140A1 Mortar&Pestle "AMAhr 1.62 9.44 38.19
140A Mortar&Pestle 5-6hr 2.09 21.36 53.05

Note v represents % volume underneath a particle size range.

Figures 3.24, 3.25 and 3.27 displayed bimodal particle size distribution after 4 hours
ballmilling or mortar and pestle grinding for 5-6 hours. In contrast, Figure 3.26 illustrated
a continuous particle size distribution for a washcoat solution prepared from inadequate
grinding up to &hr. The varying shape of the particle size distribution from bimodal to
continuous was thought to be attributed to the quantities of puralox powders and grinding
times employed in the washcoat. It was observed that puralox SCFa-250 alone in the
washcoat support with grinding times of 4-6hr, a bimodal distribution was obtained,
whereas a continuous distribution was achieved with mixed proportions of SCFa-250 and

SCFa-140 with grinding times of '/2-3ihr. The bimodal distribution was characterised by a
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high concentration of coarse particles, while a continuous distribution was characterised
by higher concentration of fine particles. Ferreira et al. [7] and Taruta et al. [8] showed
bimodal particle distributions for SiC and A120 3 by combining both fine and coarse
powders in an appropriate proportions and size ratio. Tari et al. found coarser alumina
powders exhibited a bimodal distribution, while a finer powder was characterised by a
continuous distribution [9]. Therefore, a bimodal distribution was found to form a closer
packing arrangement in the washcoat solution, which may or may not lead to larger

surface areas.

The surface areas were also found to be largely dependent on the powders used and this
will be discussed later in more detail. Agrafiotis et al. [10] examined the effects ball
milling on particle size distribution and reported formation of fine, uniform particle size
distribution with particle sizes less than 2p,m on milling AI(OH)3 for 312 hours. In
contrast, an y-AIOOH sample and a sol gel sample ball milled for 24 hours produced
larger agglomerates with particle sizes of I-5(j.m. They examined the impact on surface
area in comparison to a commercially available y-Al20 3 sample after calcinations at
600°C and 800°C and established that the powders from the precursor materials with
particle sizes in the nanometer-size showed high surface areas. They also concluded that
the smaller the particle sizes the better the adhesion of the washcoat solution to the

substrate support.

The average percentage volume of particle sizes measured for the 140Alwashcoat were
lower in contrast to the ballmilled 250A washcoat and the ground washcoat solutions of
250A and 140A. This was unexpected, but was thought to be attributed to the properties
of the two different grade alumina powders (i.e. Puralox) used and the grinding time
employed. However, it should also be noted the 140A samples have a larger particle size
than the 250A samples. This was attributed again to the different grade activated alumina

employed in the washcoat mixture.
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Distribution Type: Volume

Mean Diameters;

D[43]= 21.89um

Size

(um)

0227
0.258
0.292
0332
0.376
0,427
0.464
0549
0,623
0.706
0801
0,909
1.03

Volume

Under %
0.06
0.12
02
0.34
051
0.72
0.9
1.3
1,72
2.19
278
3,50
4,38

Result Statistics

Concentration = 0,0034 %Vol

D(v,01)= 1.73um
D[3,2]= 45Lum

Size
(um)
117
133
1.50
17
193
2.19
249
2.82
3.20
3.63
4.12
4,67
5.30

Volume
Under %
542
6.68
8,16
9.80
11.57
13.60
15.81
1811
20.48
22.86
25.25
27,56
29.80

Density5 1,000g/cub cm

D(v,05)= 16.15um
Span =3.095E+00

Size
(um)
6.01
6.82
774
8.77
9.95
11.29
12.80
1452
16.47
18.68
21.19
24,04
21.26

Volume
Under %
31.97
34.06
36.11
38.16
40.26
42.46
44.88
47,53
50.49
53.79
57.47
61,53
65.96

Specific S,A.= 1.3291 sq.m/g
D(v,09)= 5171 um
Unffonnity = 1.011E+00

Size Volume
(um) Under %
30,92 70.73
35.07 75.17
39.78 80.75
4512 85,45
51.18 89.68
58.05 9325
65.85 96.04
74,69 98.02
8471 99,23
96.09 99.87
109.0 100.00
100

80

JO

.10

150

.50

W

JO

20

10

0

1000.0

Figure 3.24: Particle size distribution measurement of a 250A* washcoat solution.



Reiult Statistica

Distribution Type: Volume Concentration = 0.0036 %Vol Density- 1.000 g/cub. cm Specific SA = 1.0762sq.m/g

Mean Diameters: D(v,0,1)= 2.15um D (v,0.5) = 26,10 um D (v, 0.9) = 74.39um

D[4,3] = 32.61 um D[3,2]= 5.58um Span = 2.768E+00 Uniformity = 8.863E-01
Size Volume Size Volume Size Volume Size Volume
(um) Under % (um) Under % (um) Under % (um) Under %
0.229 0.09 1.27 5.20 7.02 25.27 38.91 64.59
0.261 0.16 1.45 6.23 8.01 26.99 44.39 70.17
0.298 0.26 1.65 7.37 9.14 28.73 50.64 75.86
0.339 0.41 1.88 8.60 10.42 30.55 57.76 81.28
0.387 0.59 2.15 9.99 11,89 32.48 65.90 86.16
0.442 0.81 2.45 11.52 13.56 34.60 75.17 90.30
0.504 1.10 2.79 13.13 15.47 36.96 85.76 93.71
0,575 1.44 3.19 14.82 17.65 39.64 97.83 96.40
0.656 1.84 3.63 16,55 20.14 42,70 111.6 98.33
0.748 2.32 4.15 18.32 22.97 46.19 127.3 99.60
0.853 2.89 4.73 20.08 26.21 50.13 145.2 100.00
0.974 3.55 5.39 21.83 29.90 54.54
111 431 6.15 23.56 34.11 59.38

Partide Diareter (pn.)

Figure 3.25: Particle size distribution measurement of a 250A washcoat solution.
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Raiult Statistics

Distribution Type: Volume Concentrations 0.0034 %Vol Density® 1,000 g/cub. cm Specific S.A.= 1.3934sq.m/g
Mean Diameters: D(v,01)= 1.62um D(v,05)= 9.44um D(v, 0.9)= 30.19um
D[4,3]= 15.29um D[3,2]= 4.31um Span = 3.873E+00 Uniformity = 1.200E400
Size Volume Size Volume Size Volume Size Volume
(um) Under % (um) Under % (um) Under % (um) Under %
0.510 0.13 2.00 13.37 7.84 45.22 30.75 84.11
0.567 0.37 2.22 15.43 B71 47.92 34.16 87.08
0.630 0.71 247 17.61 9.68 50.65 37.94 89.84
0.700 117 2.74 19.88 10.75 53.43 42.15 92.34
0.777 1,77 3.05 2222 11.94 56.27 46.82 94.53
0.863 251 3,38 24.61 13.27 59.17 m 52,00 96.37
0.959 3.39 3.76 27.07 14.74 62.12 57.77 97.82
1.07 4.40 4.18 29.60 16.37 65.15 64,17 96,88
1.18 5.57 4.64 32.14 18.18 68.23 71.28 99.65
1,31 6,90 5.15 34.71 20.20 71,39 79.18 99.94
1.46 8.39 5.72 37.31 22.43 74.60 87.95 100.00
1.62 9.97 6.36 39.92 24.92 77.82
1.80 11.59 7.06 42.55 27.68 81.01
RrtideDiareter (on.)

Figure 3.26: Particle size distribution measurement of a 140Alwashcoat solution.
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R n ult Statistici

Distribution Type: Volume Concentration = 0.0045 %Vol Density = 1.000 g/ cub. cm SpecificSA= 1.0811 sq.m/g
Mean Diameters: D(v, 0,1)= 2,09 um D(v,0.6) = 21,36 un D(v,0,9)= 53.05umn
0(4,3]= 24.66um D[3,2]= 5.55umn Span * 2.386E+00 Uniformity = 7.547E-01
Size Volume Size Volume Size Volume Size Volume
(urn) Under % (urm) Under % (urn) Under % (urm) Under %
0.511 0.93 2.02 9.66 7.99 26.92 31.58 66.68
0.568 1.26 224 10.79 8,88 28.52 35.10 71.87
0.631 1.63 2.50 11.97 9.87 30.23 39.02 77.00
0.701 2.06 2.77 13.20 10.97 32,09 43,37 81.88
0.780 2.54 3.08 14.46 12.19 34.16 48.21 86.39
0.867 3.08 3.43 15.76 13.55 36.46 53.59 90.35
0.963 3.68 3.81 17.09 15.06 39.06 59.57 93,68
1.07 4.34 4.23 18.43 16.74 41.97 66.21 96.31
1.19 5.06 471 19.79 18.61 45.23 73.60 98.23
1,32 5.B5 5.23 21.16 20.69 48.84 81.81 9S.56
1.47 6.71 5.82 22.55 23.00 52.81 90.93 100.00
1.63 7.64 6.46 23.96 25.56 57.12
1.82 8.62 7.19 2541 28.41 61.74
Volume ()
0 100 1000.0
RartidkeDiareter (1)

Figure 3.27: Particle size distribution measurement of a 140A washcoat solution.
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3.3.3 XRD Analysis

The transition alumina phases present in the puralox powders (SCFa-250 and SCFa-140)
were determined from x-ray diffraction spectra using CuKa source {x = 1.5418 A) and
are shown in Figures 3.28 and 3.29. Fig. 3.30 illustrates the powdered XRD patterns for
1-Al203, Y-Al203 and a-AhQOj obtained from the powder diffraction library files [11]
From visual comparison between the powder diffraction pattern of the phase aluminas
and the XRD spectra taken of the two-puralox powders, they were no visual differences
in the peak position between the Y-Al203 and the XRD spectra for the puralox powders.
On overlapping the two spectra the location of the peaks were also shown to be
identically positioned. Therefore, the X-ray diffraction patterns in Fig. 3.28 and 3.29
revealed the presences of y-A"Oa phase in both the SCFa-250 and SCFa-140 puralox

powders.
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Intensity

Figure 3.28: Represent the X-ray powder diffraction spectra for a fresh alumina
powder (Puralox SCFa-250).



d
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Intensity

Figure 3.29: Represent the X-ray powder diffraction spectra for a fresh alumina

powder (Puralox SCFa-140).
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Relative Intensity I/lo

Figure 3.30: Powder X-ray Diffraction (XRD) Patterns of fresh alumina powder,

where (a) T1-Al1203, (b) Y-AlI203 and (c) and (X-Al203 [11]



3.3.4 BET Surface Area

The BET surface areas of the puralox powders (shown in Table 3.12) used in preparation
of the washcoat support were found to decrease in order SCFa-250 > SCFa-140. The
reduction in surface area was attributed to the particle size variation between the two
activated alumina powders (i.e. see appendix). The surface areas of the same samples
after air-ageing were redetermined and the surface area of the SCFa-140 puralox
exhibited thermal stability, whereas the SCFa-250 surface area was observed to decrease
further. A reduction of 15% for the SCFa-250 compared to mean value of 220m2(g for the
fresh sample was recorded. This decrease may be attributed to sintering or phase
transformation and encapsulation of some of the pores on the alumina surface. Chen et al.
illustrated that sintering due to the collapse of micropores and the phase transformation
into the more thermodynamically stable a-A 120 3 can account for the loss in surface area
of the y-Al20 3at high temperatures (i.e. >800°C) [12]. Horiuchi et al. also demonstrated
sintering as the main cause for the decrease in surface area of alumina [13]. They found
that at elevated temperatures the surface energy is minimised, resulting in surface area
reduction. Atom migration on the surface from the convex to the concave surface
resulting in the decrease in surface area due to the minimised energy was also calculated
by Horiuchi et al [13]. However, this does not explain the thermal stability of the SCFa-
140 support, since no other crystalline phase beside y-Al20 3was found in XRD spectra
of the puralox support (see Fig. 3.29). Nevertheless, the thermal stability may be

attributed to the particle size properties present in the SCFa-140 puralox powder.

The surface area of both fresh and air-aged washcoated whiskered substrate supports

(Table 3.13) were also determined and found to increase in the order:

Ti6900-140A < T4900-250A < T8N0-250A < T1800-250A < TN0-250A < T24900-250A.
All samples exhibited an increase in surface area with respect to whiskering with the
exception of the Ti6900- 140A sample. The increase in surface area was thought to be due

to the increasing whisker formation on the gauze samples. Chapman and Vaneman and co
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authors found that whisker growth improved adhesion of the catalyst impregnated
washcoat alumina support to the Fe-Cr-Al alloy gauze [3-6]. However, this did not
explain the apparently lower surface obtain for the Ti600-140A sample. It was
hypothesised the lower surface was related to the surface area properties of the starting

material (i.e. puralox powder SCFa-140) used in the preparation of the washcaot mix.

The air-aged samples measured were all found to decrease in surface area, whereas the
Ti6%00-140A exhibited thermal stability. The reduction in surface area was most likely
related to the sintering effect and phase transformation of the high surface area Y-Al203
to the more stable lower surface area a-A 12C3phase [12, 13], The thermal stability of the
surface area of the air-aged Ti6900-140A samples was thought to be due to (-A1203
thermodynamically stable phase present in the puralox powders. However, from previous
discussions and analyses of XRD results, the only crystalline phase present in the puralox
powders was found to be Y-AI203 phase. Hence, another factor was cited to be
responsible for the lower surface area and thermal stability of the sample. It was proposed
the physical properties, such as particle size, surface area and attrition resistances were
accountable. The present of the lanthanum oxide stabilizer in the puralox powder (see
appendix) used in preparation of the washcoat support was suggested to inhibit the
transformation or sintering from the high surface area to the low surface area alumina.
Ferrandon et al. [14] reported that when y-Al203 is subjected to temperatures 800°C or
greater phase transition occurs forming the more stable lower surface area a-A~Oa. They
stated that addition of stabilizes inhibited this phase transformation. They examined
alumina alone and doped with lanthanum and found the addition of the lanthanum oxide

inhibited loss of the surface area.

The surface area of the TA"-M O Alsample prepared from insufficient grinding of the
washcoat slurry solution (shown in Table 3.13) was also measured and showed a lower
surface area of 17.5m2y"’ compared to the 22m2g 1 measured for the sample (Ti6900-140A)
ground for 5-6 hours. The decrease in surface area was attributed to the fine, uniform
particle size distribution of the puralox SCFa-140 in the washcoat slurry mix. The

reduction was also thought to be attributed to the alumina particle size in the washcoat
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suspension and its adhesion to the gauze substrate support. Grace et al. [15] stated the
alumina particle size should be ground down for at least 4 hours using a ballmill, and
remain in suspension for up to 4 hours with an optimum particle size of 1-I0fun.
Agrafiotis et al. [10] reported a correlation between adhesion ability of washcoat solution
and the particle size of the alumina powders. Bowker found higher surface area support
catalysts were usually prepared from small particles adhering to a refractory support

material [16],

Table 3.12: Surface Area of Puralox Powders used in Washcoat Supports.

Sample Code Surface Area (m79) *Surface Area (in /g)
SCFa-250 220 186
SCFa-140 146 140

* Determined after Ageing, at 800°C for 8 hours.

Table 3.13: Surface Area of Washcoated Substrate Supports.

Sample Code Surface Area Range *Surface Area Range
(m2g) (m2g) (m2g) (m2g)
T49,u-250A 27 25-29 20 19-21
T8X0-250A 38 36-40 33 32-34
T 16900-250A 46 44-48 38 36-40
T,6900-140A 22 21-23 21 20-22
T24900-250A 50 48-52 43 41-45
T32900-250A 46 44-48 37 36-38
Tie’-MOA1 17.5 175

* Determined after Ageing.
The surface areas of both fresh and aged catalyst samples after coating with Pt,

T80-250AP, TI16000-140AP, Ti6R00-250AP and T24900-250AP (Table 3.14) were also

determined and the same increase in order of surface areas were found. The specific
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surface areas of the alumina washcoat supports were unaffected by the addition of Pt,

which was thought may plug some pores on the alumina support [17].

The surface areas of the industrially supplied catalysts (Cl and C2) were measured for
comparison purposes. Results showed the surface areas of the CI sample were similar to
the Tg900-250AP and Ti690-250AP samples, whereas the C2 sample exhibited lower
surface areas in contrast to the CI, T8X00-250AP, TI1800-250AP and T24900-250AP

samples.
Table 3.14: Surface Area of Lab and Industrial Catalysts.

Sample Code Surface Area Range *Surface Area Range
(m2g) (m2g) (m2g) (m2g)

T&LI250AP 38 36-40 33 32-34
T,6900-140AP 22 20-24 21 20-22
T IB00-250AP 46 44-48 38 37-39
T2000-250AP 50 48-52 43 42-44
Cl 41 39-43 37 36-38

C2 28 26-30 23 22-24

* Determined after Ageing.

3.3.5 Total Metal content

The total metal content was determined by AAS analysis and results averaged from 3
sample catalysts (Table 3.15). The results were within £0.05% to 0.175% of experimental
error for all samples measured, Catalysts were digested using two different procedures B
and C (see 3.2.5). In general, no significant differences were observed between the two
digestion procedures (i.e. B and C). They only difference observed between the

digestions procedures were in the acid digestion of the gauze support. In method B,
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incomplete digestion of the gauze was observed, whereas in method C, complete

digestion of the gauze was observed.

Higher % Pt content was determined for samples Tis900-2 50AP and T24900-2 50AP in
contrast to the T8X0-250AP sample. The degree of washcoat application and level of
whiskering on the gauze of Ti600-250AP, T24900-250AP samples were thought to be
responsible. Chapman and Vaneman also reported well defined whisker growth allowed
for a thicker washcoat application than comparably less well-developed whiskered
samples [3-6], This in turn provided more suitable catalysts sites for the active material.
A variation in % Pt content determined from the result for samples T8%00250AP,
Ti6N0250AP and T2490250AP was also observed. These results may just be due to the
production procedure used in the catalyst preparation and this may account for the
inconsistency. For example, in the impregnation of the Pt, prolonged exposure of the
washcoated substrate (i.e. coated gauze support) could have resulted in increased quantity
of adsorbed Pt onto the surface. Olsbye et al. found that the amount of Pt deposited on

alumina was controlled by pH and contact time on both a- and y-phases [18].

The fresh sample T 18000-140AP13 had much lower % Pt content determined and showed
no variation in metal content. This was accounted for by the dilution of the impregnating
solution used in the preparation of the samples. The total metal content for the air-aged
samples did not change in comparison to the fresh samples. Any variation was considered
to be within experimental error. Flowever, the fresh samples upon visual inspection also
appeared lighter in colour after ageing. Pocoroba et al. [19] proposed that following on
work by Dalla Betta [20], that a change in colour of the fresh samples from black to a
light grey colour was in line with ageing and they proposed that some of the Pt metal was
evaporated off at the high temperatures encountered with ageing or a change in the
oxidation state of the Pt metal occurred [20]. However, more conclusive evidence is
required and further experimental analysis is required, for example XPS, to determine the

oxidation state of Pt present.
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Table 3.15: Evaluation of B and C Digestion Procedures.

C Digestion Procedure

Sample Code Pt Content determined *Pt Content determined
Wt.% wt.%
Tgyur250AP 2.95 2.9
Ti6no250AP 3.2 3.2
T,6HU140AP 3.5 3.4
T24PI-250AP 3.2 3.2
**Tiowo-140APIA 0.95 0.95
Cl 2.2 2.2
C2 2.8 2.8
B Digestion Procedure
Sample Code Pt Content determined *Pt Content determined
ca. wt.% ca. wt.%
T8XUu250AP 2.9 2.9
T]6wu-250AP 3.0 3.0
Ti6U0-140AP 3.2 3.2
T2-250AP 3.5 3.5
**TI6WH140APII 0.94 0.94
Cl 2.2 2.2
C2 2.8 2.8

* Aged samples at 800LC for 8hr, only one measurement made.
** Prepared from a 1/3 dilution ofthe CPA solution with methanol.

Cl, C2 commercially available samples.

The difference in the value for Pt content measured between nominal Pt catalysts (i.e.
2.8-3.2 wt. %), was determined to be approximately + 0.4 wt. %. This error was found to
be less for lower Pt content samples measured and higher for samples with loadings

above 3.2 wt.%.
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3.3.6 Metal Surface Areas

Hydrogen adsorption was measured volumetrically on several catalysts; the results are

shown in Table 3.16. For each catalyst sample, averages of 3 measurements were

recorded.

Table 3.16: H2Chemisorption Measurements for Catalyst Samples.

Sample code Metal Mean Pt Dispersion *Mean Pt ADispersion
Content  Surface Area % Surface Area %
Y%ow/w (m2g ") (m2g")
T8ULI250AP 2.9 0.67 9 0.58 7
Tieywr140AP 3.0 0.74 un 0.42 7
T 164°-250AP 3.2 0.89 13 0.62-0.72 10
T24d13250AP 3.5 0.89 14 0.63-0.75 1n
T B6u0-140APW 0.94 0.46 22 N/A N/A
Cl 2.2 0.82 16 0.76-0.79 13-14
C2 2.8 0.56 9 0.52-0.53 8

* Air-aged samples.
Pt Surface Areas and Dispersion values averaged from 3 measurements.
Cl, C2 commercially available samples.

N/A not determined.

For samples T8X00-250AP, T18000140AP, Ti600-250AP and T24900-250AP an increase in
metal surface area of 0.67m2g.1to 0.89 m2g™ with increasing total surface area and metal
loading was observed. Sample Ti6900-140AP was found to exhibit a slightly higher metal
surface area value to T800-250AP. This maybe attributed to the higher % Pt content in the
Ti6900-140AP sample.

The % Pt dispersion was found to increase with increasing metal surface area for samples
T8NR50AP, Ti6900140AP, T 1800250AP and T249250AP. Sample T,690140AP 13 showed
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an increase in dispersion with decreasing metal surface area. The impact on Pt dispersion
was found to vary with % Pt loading and total surface area for different catalyst samples.
For example, samples Ti69°°-250AP and T24900-250AP exhibited higher % dispersion in
contrast to Ti69°°-140AP. It was proposed the Pt distribution and dispersion were
dependent on the larger total specific surface area of the washcoats and lower total metal

content of Ti6%0-250AP and T24900-2 50AP samples.

Summers and Otterstedt [21, 22] stated that high surface area washcoat supports with
dispersal alumina achieve high Pt dispersion no matter what the Pt concentration.
Edmond et al. [23] also showed among the group of supports, that Pt dispersion increased

in the order:

Zr02<-Si02S Zeolite Y < Y203< Nb20os< Sio2/Al203 < Al203< Ti02.

They also observed that the ability of the support to disperse Pt on its surface does not
correspond with the surface area of the carrier. However, the Pt dispersion was observed
to be effectively dispersed on alumina support material [23], Another factor suggested the
reduction in Pt dispersion was attributed to Pt loading. Otto et al. showed from CO
chemisorption measurements, Pt dispersion decreased as the % Pt loading was increased
above 0.40% wt [24], They also found formation of larger particles with a larger portion
of subsurface atoms and attributed the reduction in Pt dispersion to the formation of large
Pt particles [24], Further evidence to support this theory was found with sample
Ti6900-140AP 13 which had smaller metal surface areas in contrast to Tg900-250AP,
Ti6900-140AP, Ti690°-250AP and T24900-2 50AP. This was attributed again to lower Pt
loading on the catalyst. An increase in dispersion was also observed as expected,
resulting in an increase in availability of active surface Pt. The commercial catalyst, Cl
was comparable to that of the Ti6900-250AP and T24900-2 50AP samples. However, a lower
metal surface area and a higher Pt dispersion were obtained for the Cl catalyst sample in
contrast to Ti6900-250AP and T249Q3250AP catalysts. This was attributed to the lower
metal loading on the Cl sample. The C2 sample exhibited lower metal surface area value

and % dispersion in contrast to the Ti6900-250AP, T24900-2 50AP and CI catalysts. It was
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proposed a combination of the total surface area of the washcoat and % Pt loading of the

C2 catalyst might have contributed to the decrease in Pt surface area and dispersion.

All catalyst samples air-aged showed a decrease in metal surface area with the exception
ofthe Cl aged sample, which appeared less effected indicating a more stable surface. The
effects on air-aged samples were attributed to sintering of the dispersed Pt at 800°C
forming larger Pt particles. The decrease in metal area may also be attributed to the fact
that only external Pt atoms (i.e. surface/exposed Pt atoms) are capable of H2 adsorption.
Stewart and Bowlden [25] found that with freshly impregnated catalysts, the ratio of H2
atoms adsorbed to the total Pt present was greater than one. They therefore concluded that
dispersed Pt adsorbs much more efficiently than large Pt crystallites or bulk platinum.
Several authors have reported sintering of alumina supported Pt (i.e. coalescence of
smaller Pt particles into larger particles) in an oxygen containing atmosphere above
500°C [24, 26-29]. As can be observed from the chemisorption results, a larger deviation
between measured values for both metal surface areas and dispersion occurs. A number
of factors may have contributed to this; one probable explanation may be experimental
error, either in the chemisorption measurements or in the determination of total metal
content. However, the former is unlikely since reproducibility was obtained for

chemisorption measurements of a Euro-Pt standard [35],

173



The average particle sizes of platinum were also measured from the chemisorption data

(see Table 3.17).

Table 3.17: Average Pt Particle Size for Prepared and Industrial Catalyst Samples.

Sample Code Pt Particle Size *Pt Particle Size
(A) (A)
T8yo0-250AP 113 133
T16u-140AP 98 221
Tieur250AP 88 126
T2491J250AP 86 121
Ti6ur-140AP1jj 59 N/A
Cl 72 77
C2 138 164

* Air-aged samples.
Pt Particle Diameter values averaged from 3 calculated measurements.
Cl, C2 commercially available samples.

N/A not determined.

The average Pt particle sizes of the fresh catalyst samples were found to increase with
decreasing Pt metal surface area and decreasing dispersion for T8UGT2490R50AP
samples. A marked increase in Pt particle size from the fresh to air-aged catalyst samples
was also observed. This was attributed to sintering of the smaller Pt particles into larger
particles. As already discussed, a severe loss of Pt surface area resulted when samples
were aged, which was expected to occur due to agglomeration of the smaller Pt particles
at the high temperatures in the air atmosphere of the muffle furnaces. Several authors
have contributed this to sintering of the Pt particles, which possess thermal energy at
these temperatures which enables them to move across the surface of the catalyst

resulting in agglomeration into large Pt particles [24, 26-27], Labalme et al. stated small
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Pt particles are not stable on alumina at elevated temperatures and tend to sinter leading

to particle size increases [30],

Sample Ti6e°-140AP showed the biggest increase in particle size, which indicated severe
sintering of the Pt atoms. This resulted from the low surface area washcoat used in the
catalyst preparation. The CI -catalyst samples illustrates the greatest resistances to
sintering, which may be attributed to its low Pt loading and high uniformed surface area

in contrast to all other catalyst samples.

3.3.7 Activity Measurements

Figures 3.31-3.37 illustrate the activity graphs for propane combustion as a function of
temperature for the various catalysts examined. From the activity plots, the light-off
temperatures T5 and T were measured (i.e. temperature at which 50% and 90%
conversion of a 4% V/V CsHg/Air mixture was achieved); the results are shown in Table

3.18

Table 3.18: Temperatures (°C) of 50% and 90% Propane Conversion over Catalyst

Samples
Sample Code Fresh Air-aged Fresh Aged
T50(°C)  T90(oC) Tso (°C)  TD(°C) Figures  Figures
TONG250AP 180 215 166 200 3.31 3.31
T I6ms-140AP 206 221 186 198 3.32 3.32
Ti6no-250AP 147 212 133 189 3.33 3.33
T240u-250AP 177 223 160 220 3.34 3.34
T 16/0-140APIA 233 251 - - 3.35
Cl 220 275 152 198 3.36 3.36
C2 265 308 170 193 3.37 3.37
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Fig. 3.32: A Plot of C3HS oxidation rate versus temperature for TIg90°-140AP sample
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Fig. 3.35: A plot of CsHs oxidation rate versus temperature for fresh Ti6900-140AP I/3samples
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The shape of the activity curves for the fresh catalysts displayed a two step activity curve
(i.e. sigma shape) with a slow initial activity step analogous for all catalysts measured,
followed by a brisk rise in activity evident from the Tso value. Complete conversion was
achieved with a second step process from the light-off temperature within a narrow
temperature range (see Fig 3.31-3.37). The curves obtained for the air-aged samples
showed a similar one step activity trend prior to Tio, followed by light-off and complete
conversion within a small narrow temperature range. Sample Ti6%°-140AP13
fresh along with Ti69°-140AP sample (both fresh and aged) exhibited different activity
shape curves. In contrast, they were found to resemble the activity curve trends as
displayed by the air-aged catalysts. The support materials used and effects of ageing were

thought responsible for the shape variations in the activity curves.

Comparison of the light-off temperatures (TS)) for the various fresh catalysts investigated

showed the following trend in activity.

TiEBr250AP > T200°250AP > T8R50AP > TI69140AP > Cl > T18°°140API3 > C2

The light off temperatures (Tso) were in the range 180-265°C. A similar activity trend
was observed for Teo with the exception of Ti6%°-140API3 catalyst the order was as

follows.

Ti6250AP « TEOP250AP > T I 140AP « T2A°P250AP > T 180°140AP13> Cl > C2

The values were within a slightly greater temperature range of 212-308°C.

From the activity data presented in Table 3.18 and the activity curves, the fresh catalyst
samples showed a rapid increase between 100-150°C for samples Ti®00-250AP,
T20-250AP, T&-250AP, while CI, C2, TI6Xr-140AP, Ti6Ar-140API3 displayed
activity at 200-250°C, but all samples were subsequently slow to reach 100% conversion.
The presences of two or more types of Pt surface atoms (i.e. species) were thought to be

responsible or may be attributed to some form of interaction between the Pt crystallites
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and the support, which alters the strength of the metal-carbon bond. The higher Pt
concentration of the catalyst as determined by AAS was also thought to contribute to the
higher catalytic activity of T&800-250AP, T 18000-140AP, T18°°-250AP and T200°-250AP in
comparison to the CI, C2 and Ti6900-140API3 samples. Hubbard et al. [31] showed that
the specific rate of propane oxidation over Pt/y-Al203 increased with increasing Pt
concentration. They also stated that small highly dispersed Pt crystallites supported on
alumina undergo a metal-support interaction resulting in deactivation of the small Pt
particles. Otto et al. [24] also noted an increase in propane oxidation with increasing Pt
concentration. They attributed these larger Pt particles formed with a substantial amount

of subsurface Pt atoms on increasing Pt concentration.

After air-ageing, all the catalyst samples were found to exhibit increased catalytic activity
in contrast to the fresh samples. The conversion goes rapidly to 100% as illustrated from
the activity curves (Figures 3.31-3.37). For example, the Tso values for Cl and C2
catalysts were lower by 70°C and 95°C respectively relative to the freshly calcined
samples. Larger Pt particles (as calculated from chemisorption data) in the aged samples
indicated catalytic activity was enhanced on large Pt particles in contrast to smaller more
dispersed Pt particles. Hence, it was proposed the oxidation of propane was a structure
sensitive reaction. Labalme et al. reported small Pt particles were not stable on alumina at
elevated temperatures and tend to sinter leading to particle size increases [30]. Several
authors also reported similar results suggesting the oxidation of propane was more active

on larger Pt crystallites than highly dispersed Pt [24, 26, 32-34],

Complete combustion of propane was reached at a temperature of 220°C for all catalysts.
The catalytic activity of the Ti6®°-140AP sample was observed not to increase
substantially on ageing. From chemisorption data, the Pt particle size measured for
Ti6AP140AP was substantially larger than for any other catalysts measured. Therefore, it
was suggested a loss in activity for Ti6P°140AP occurred due to excessive sintering of
the Pt. Otto et al. [24] reported sintering of Pt supported on alumina caused an increase
in activity for CsHs oxidation, but found that extreme sintering resulted in considerable

loss of surface metal and subjugated the advantage of increase in site activity. In
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agreement with this observation, other authors found propane oxidation over Pt/y-A~Ch
to be a structure sensitive reaction [24, 32], since a change in the turnover frequency with
the Pt particle size was observed. The propane oxidation rate was observed to increase
substantially with particle size. Nevertheless, it was found that excessive sintering was
detrimental to the activity, as the surface fraction becomes too small [33]. Therefore, the
sintering of Pt particles on the T]6900-140AP catalyst suggests that other species other

than surface metal atoms must be considered as active, such as:

e Species containing Pt in oxidised state,

e Participation of oxygen species from the support.

Activity may be attributed to the presence of dispersed platinum oxides (PtO, PtCx),
which can be formed during ageing in air [24, 32, 33]. Edmond et al. [23] observed from
oxidation of CO over Pt that very small Pt crystallites exhibited lower activity; in contrast
they found the specific rate to increase sharply with increasing particle size but then
decrease and level off at a certain crystallite size. They attributed this to the fact that
smaller particles chemisorb reactant molecules more powerfully than larger particles.
Thus, the strong adsorption of CO on small Pt crystallites may render it difficult for
oxygen to adsorb or displace the CO adsorbed molecule. Although several literature
reviews have found hydrocarbon oxidation to increase with larger Pt particle size, the
catalytic activity of the air-aged C2 sample with larger Pt crystallites was less active in
contrast to Cl aged, with half the particle size. Therefore, it may indicate other types of
Pt surface atoms are involved. In agreement with this observation, several authors
[24, 30, 32] stated the oxidation of propane might involve other active species, such as Pt
in an oxidised state and/or participation of an oxygen species from the support other than

the large Pt particles.



3.4 Conclusion

A series of Al203 washcoat supported Pt gauze catalysts were prepared in an attempt to
obtain characteristics and performances similar to the Cl catalyst and C2 catalyst. Each
individual step during the preparation was evaluated and characterised. The following

conclusions were reached.

Oxidising alloy gauze at 900 to 990°C results in growth of a mature oxide surface layer
chiefly composed of Y-Al203 with EDX analysis showing a small percentage of
chromium and iron detected. The use of higher temperatures (i.e. >900 °C) caused
accelerated whisker growth. It was also observed that temperatures greater than 960°C

for prolonged periods resulted in the formation of alpha alumina whiskers.

From analysis of the micrographs of the whiskered gauzes under the whiskering
conditions of /i-4hrs, s, 16, 24, 32 and 64hrs, it was observed that at the 16 - 24hrs stage,
the whisker growth was optimised. The n-2hr samples gave little or no whisker
formation with an image similar to that of precleaned gauze. However, it can be
concluded that initially the whisker growth occurs in the form of immature low aspect

ratio whiskers (i.e. nodules) and from this point on, growth into mature whiskers occurs.

The effect of whiskering under a nitrogen flow in contrast to a static air atmosphere was
also studied to determine the impact of atmosphere on whisker growth. The results under
a nitrogen atmosphere showed no detectable improvement in whisker growth on the
gauze. Comparison of micrographs for whiskered samples within 1-4 hour range under
static air produced whiskers of higher aspect to those whiskered under a nitrogen

atmosphere.
In addition, the effects of whisker growth on catalyst preparation were investigated.

Whisker growth was found to protect the metal substrate from further oxidation at the

elevated temperatures. The whiskers were also found to improve adhesion of the
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washcoat alumina support to the alloy gauze. The mature whiskers of high aspect ratio
formed after 16-24 hours were found to retain a thicker washcoat application than
comparably less well developed whiskered samples. The measured surface areas of these
washcoated samples revealed larger surface area values. These larger surface area
catalysts in turn provided more suitable catalyst sites for the Pt metal and produced
higher metal surface, better dispersion, smaller Pt particle size, and lower temperatures

for Tso conversion rates.

The use of different grade alumina powders in the washcoat preparation was studied to
determine the impact on surface area properties of the gauze catalysts using particle size
distribution measurements, XRD and BET surface area analysis. The lower surface area
puralox powder used in the preparation produced lower surface area catalysts, but was
found to be thermally stable at elevated temperature. The higher surface area puralox
material produced high surface area catalysts but didn’t exhibit thermal stability in
contrast to the lower surface area puralox. XRD analysis on both the puralox powders
revealed the presence of only one phase y-A"C”. Particle size measurements revealed the
presence of a bimodal distribution for both the low and high surface area puralox with
ballmilling and grinding between 4-6 hours, whereas a continuous distribution was
observed for the low surface area puralox with insufficient grinding. From this
continuous distribution a more uniform packing of the particles was observed. However,
the effects of grinding and altering the composition of the low and high surface area

powders were found to impact on surface area properties and its thermal stability.

In summing up, the following conclusions may be made. For the purposes of
washcoating, mature whiskers of high aspect ratio are most appropriate for bonding a
washcoat support for the type employed in combustion catalysis. In accord with this
statement, Pt supported on 16 or 24-hour whiskered alumina washcoated gauze were
shown to be highly active catalysts for the combustion of propane and similar in

characteristics and performance to the commercial catalyst.
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Chapter 4:

Preparation and Characterisation of Co/Al20s3,
Co/Zr02 and Co/Ce02 Catalysts.



4.0 Introduction

Catalytic combustion of methane and other lighter hydrocarbons is receiving
considerable attention in the chemical industry with the aim of producing new
solutions for reducing emissions of air pollutants. In particular, the interest in new
materials for high temperature applications [1], such as gas turbines, domestic heaters,
and for exhaust gas treatments, especially VOC [2] for removal of unburned
hydrocarbons, has boasted research in this area. Compared to thermal combustion
processes, the presence of a catalyst gives better control of oxidation over wider
fuel/air ratios, it lowers the operating temperatures, which results in reduced
emissions of nitrous oxides and also provides improved energy recovery giving a
more efficient use of fuel [3], The most widely used catalysts are noble metals of Pt
and Pd, transition metal oxides (e.g. C0304) and mixed oxide systems (e.g. perovskite
oxides, COAI204, CIIAI204 and NiAIl204) [4], The intrinsic activity of noble metals is
known to be higher than that of simple metal oxides for hydrocarbon oxidation so
their use as combustion catalysts is normally favoured [5], For example, in
automobile catalytic convertors a mixture of noble metals (Pt, Pd and Rh) stabilised
on an Al203 support is used to clean up exhaust emissions with Pt and Pd being the
most active ingredients for the combustion of the hydrocarbons to CO2 and H20.
However, the depletion of Pt and Pd reserves and the associated rise in cost of the
precious metals means the discovery of cheaper, more abundant alternatives for
catalytic combustion applications is of prime importance in the chemical industries.

The current investigation reports on the potential use of supported and unsupported
cobalt oxides for the combustion of methane. Particular emphasis is placed on the role
played by various thermal analysis techniques in the elucidation of factors which

affect catalyst performance.

Since the concentration of methane in the atmosphere is rising, its elimination via
catalytic conversion to carbon dioxide, which has a lesser greenhouse effect, is
becoming increasingly important [6], Methane is the most inert and difficult
hydrocarbon to oxidise by combustion at low temperatures. World-wide efforts to find

less expensive alternatives to the expensive noble metal catalyst for this process are
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being made [6-8]. Early studies on the use of simple metal oxides tested for the
oxidation of paraffins including methane [5, 9, 10]. More recently, the potential of
cobalt as a viable alternative to, or additive in, noble metal combustion catalysts has
been highlighted [11-14], Deactivation problems exist due to sintering of the active
C0304 phase and reaction with the alumina support forming inactive mixed oxides
(i.e. COAI204 spinel). However, despite such problems with the existing formulation,
research into the use of C0304 may provide a greater understanding of the origins to
low-temperature combustion activity. This is particularly important in terms of
automotive exhaust applications in the drive to develop new catalytic technologies to
reduce ‘cold-start’ emission problems [12], Such difficulties relate to the fact that a
large proportion of the uncontrolled emissions from cars fitted with catalytic
convertors stem from the first few minutes of driving when the catalyst has not yet
reached a temperature at which it can operate effectively. Hence, there is a need for
the development of catalytic materials that start to convert pollutants at lower

temperatures thereby reducing the emissions of toxic nitrous oxides.

It is known that the support material employed for the dispersion of the noble metal or
metal oxide active species can have a significant effect on the methane combustion
activity of the dispersed species [9, 15]. On evaluation of a wide variety of supported
and unsupported oxides, Anderson et al. [9] reported that the C0304 was the most
active catalyst for the combustion of methane. However, when impregnated on an
alumina support, performance was found to be lower than a range of other supported
oxides. This deactivation was explained in terms of a possible formation of COAI204
spinel structure. Strong interactions of dispersed Co species with the alumina support
materials have been widely reported to cause a decrease in the catalytic activity of
supported C0304 combustion catalyst [12, 16]. In the present study, a variety of
different materials (e.g. alumina, ceria and zirconia) have been employed as supports
for cobalt oxide catalysts, in an attempt to determine the importance of the support

material on catalytic activity for methane combustion.

Solid-insertion probe-mass spectrometry (SIP-MS) was used to study the
decomposition of the catalyst precursor species on the various support materials. The
advantages of using this technique for the study of thermally induced decompositions

have been previously described [17]. In brief, a combination of small sample mass,
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which reduces temperature gradients and high vacuum (10"%a), which minimises
diffusion problems and the possibility of back reaction between the solid product and
evolved gases. This makes the technique (i.e. SIP-MS) highly suitable for the study of
calcination or decomposition processes. This is the first example of an application of

the technique in the study of catalyst preparation.

A temperature programmed reduction (TPR) - mass spectrometer (TPR-MS)
technique was employed for the characterisation of the oxide catalysts formed
following calcinations of the precursor in air with the aim of defining a correlation
between redox properties and catalytic activity. The use of a mass spectrometer as the
detector for TPR studies allows for direct simultaneous monitoring of H2 uptake and
H20 evolution, providing a greater insight into the reduction process relative to the
more commonly used thermal conductivity detectors which monitor only H2uptake as
a function of temperature [18] or the use of a hygrometer to monitor H20 evolution

but which provides no information on 112 uptake [19],

A major advantage of using a mass spectrometer is, therefore, the ability to reveal the
evolution or adsorption of H2, (i.e. where no H20 is evolved) and the drying of the
samples (i.e. where no H2 is consumed) and to clearly distinguish these processes
from reduction where there is a simultaneous decrease in hydrogen and increase in

water vapour.

In addition to the use of conventional linear heating rate TPR, the reduction of
supported cobalt oxide was also studied under constant rate thermal analysis (CRTA)
conditions. In constant rate- temperature programmed reduction (CR-TPR), the rate of
reduction is regulated to maintain a constant rate of reactant consumption or product
formation by controlling the sample temperature appropriately. This approach is
capable of producing higher resolution of overlapping events, allowing easier
quantification of reduction events while the shape of the temperature profile obtained

provides an insight into the reduction mechanism [19].
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4.1 Experimental

4.1.1 Catalyst Preparation

Unsupported cobalt oxide samples (CoO and C0304) were supplied by Aldrich.
Supported cobalt oxide samples were prepared by a wet impregnation technique using
aqueous solutions of Co(N03)26H20 (BDH, laboratory reagent, >97% purity). The
powdered support materials used were y- Al.Os (supplied by Condea), Zv0- (Aldrich,
99%), CeC=2 (Sigma, 99.9%) and Ce02 (prepared by Co-precipitation method). The
Ce02 Co-precipitated support was prepared by dissolvinglO grams of cerium nitrate
tetra-hydrate in 25 ml of water. Then 10 mis of ammonia solution (35% V/V) was
added and the precipitate formed was left overnight. The precipitate was then filtered
with distilled water until the filtrate was clear of chloride ions (silver nitrate test). The
filter cake was then dried overnight at 45°C and 110°C. The support was calcined in a
static air furnace at 600°C for 6 hours to produce the oxide.

Impregnation was achieved by dissolving an appropriate amount of the nitrate salt in
9 cm3 of H20 followed by addition of 3g of the support material. After mixing for 90
minutes, excess water was removed using a cold trap (liqguid N2- toluene) rotary
evaporator. Samples were then dried at 45 °C overnight and at 110 °C for 8 hours. An
alternative method of preparation was using ethanol as our solvent and removing the
excess using a normal rotary evaporator set-up. Calcination of supported nitrate
samples to produce cobalt oxide(s) was achieved in a static air muffle furnace at either
400 °C or 600 °C for 1 hour. The level of cobalt in the supported samples prepared
was nominally 5 wt. % or 15 wt. % based on the amount of the nitrate employed in
the impregnation step, y - Al-Os supported Pt and Pd samples, containing a nominal
noble metal loading of 0.5 wt. %, were prepared by impregnation of the support with
solution of H2PtCIeH20 and PdCI2 respectively. After drying, calcination was

performed by heating at 630 °C in static air for 15 minutes.
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4.1.2 Catalyst Characterisation Techniques

The specific surface areas of catalysts were determined by N2 adsorption at -196
degrees Celsius according to the BET method using a micromeritics Gemini

instrument. X-ray diffraction (XRD) spectra were obtained using CuKa (k = 1.5418

(o]
A) radiation in order to allow identification ofthe crystalline phases present.

TPR-MS experiments were performed on supported and unsupported cobalt oxide
samples using a reduction atmosphere of 5 % hydrogen in helium at a flow rate of 50-
cm3 min'l Supported samples were analysed after calcinations at 400 °C. After
passage through the sample bed (30-50 mg) the effluent gas stream passed into the
source chamber of the VG Micromass 7070HS mass spectrometer via a jet separator.
The MID unit was used to directly monitor the following ions; m/z = 18(H20), m/z =
17 (H20) and m/z = 2(H2) and m/z = 1 (H2) as the sample was heated up to 850 °C.
Conventional TPR experiments were performed using a linear heating rate of 10 °C
mini. CR-TPR was performed using maximum heating and cooling rates of + 10 °C
min‘land - 10 °C min"], respectively, with the heating rate varied between these
limits in order to maintain a constant pre-selected water evolution rate (i.e. reduction

*
1. The software and instrumentation used for data

rate) of ca. 7 x 10 3 mg IhOmin"
acquisition and control in CRTA-MS experiments have been described in detail

previously [17],
4.1.3 Combustion Activity

Catalytic activity for the combustion of methane was monitored as a function of
temperature using a continuous flow apparatus. A stoichiometric mixture of methane
in air (ratio: 1:10) at a total flow rate of 33cm® min” was passed through 0.3 g of the
catalyst sample held on a sintered disc in a quartz u-tube. As the sample was heated,
unreacted methane was monitored at specific temperatures, within the range 20-600
°C, by in-situ gas chromatography (Schimadzu GC-14A) using a packed Poropak Q
column and a flame ionisation detector. At each furnace temperature, the effluent

stream leaving the sample was monitored for at least 15 minutes until equilibrium was
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attained. After a first cycle of tests (Run 1) all catalysts were cooled to room

temperature and re-tested (Run2).

4.1.4 Decomposition Analysis

The decomposition process of unsupported cobalt nitrate hexahydrate was studied by
simultaneous TG-DSC (STA) using a Stanton Redcroft STA 625 instrument. The
sample (IOmg) was placed in an aluminium crucible and heated at 10 °C min'1from
room temperature to 600 °C in an air atmosphere.

The decomposition of supported and unsupported cobalt nitrate samples was also
studied using the SIP-MS system, which has been described in detail previously [17].
The SIP consists of a cylindrical microfurnace (12mm x by 5 mm) positioned at the
end of a water-cooled stainless steel rod which can be located, via airlock valves,
directly into the source chamber of a VG Micromass 7070HS mass spectrometer.
Important instrumental features include sample temperature measurement via a
thermocouple (type k, chrome-alumel) located at the base of the sample holder to
place it in virtually direct contact with the sample itself. The SIP can be heated to
1000 °C and sample masses are typically less than 10 mg. Linear heating rate
experiments were performed using 10 + 0.3 mg of sample at various heating rates of
between 1 and 10 °C min'L The mass spectrometer is a sensitive and stable double-
focusing magnetic sector instrument which was operated in “peak selected” mode
with a MID (multiple ion detector) unit operated in field switching mode to allow
direct monitoring of five ions; m/z = 18 (H20), m/z = 30 (NO), m/z = 32 (O2) and m/z
= 44 (N20 or CO2 and m/z = 46 (NO2). lons were monitored consecutively for a
period of 500 ms each as the SIP temperature was increased from room temperature to

600 °C.
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4.2 Results and Discussion

4.2.1 Decomposition Analysis

Figure 4.1 illustrates thermo-analytical curves obtained for the unsupported nitrate

using simultaneous TG and DSC.

T/°C

Fig. 4.1: Simultaneous TG-DSC curves of the decomposition of Co(N03)2.6H20
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The overall weight loss observed corresponds to conversion to C0304 as the product
of decomposition. The weigh loss below 200 °C can be accounted for by loss of water
of crystallisation, along with a small amount of adsorbed water. Subsequent
decomposition evolving NOXx species and yielding the oxide product occurred in a
single endothermie step between ca. 210- 280 °C. In agreement with previous studies
[20, 21], SIP-MS data showed that water evolution was almost complete prior to the

onset of the nitrate decomposition see Figure 4.2 below.

ST\ poVI|tluIO\|

Fig. 4.2: SIP-MS profile of the decomposition of Co(No3)2eH20 at a linear heating
rate of 6 °C min'l showing the evolution of H2 (A) and NOx (B) species as a

function of temperature.
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The decomposition of bulk metal nitrate can occur with or without concomitant
dehydration [20]. In the case of cobalt nitrate, Cseri et al. [20] reported that loss of
water occurred in a preliminary step separate to the main decomposition to the oxide.
However, as found in the current study, this H20 release was not completed prior to
the onset of NOx evolution as shown by TG-DTG-DTA-MS experiments performed
using a heating rate of 6 °C min'lin flowing N2 atmosphere [20], Similarly, Mansour
[21] reported that the decomposition proceeded to CO0304 as the final product in
flowing air with decomposition completed at 280 °C. The nitrate hexahydrate was
found to undergo melting at 75 °C followed immediately by dehydration to produce
cobalt nitrate monohydrate and again nitrate decomposition began prior to completion
of the dehydration process [21],

The effect of the support on the nitrate decomposition process was investigated in the
current work using SIP-MS to follow the evolution of NO* species as a function of
temperature. Results obtained for the unsupported and supported (5 wt. % Co)
samples using a linear heating of 6 °C min’l are compared in Figures 4.3-4.6. A
marked effect of the support on the decomposition profile was observed. For the
unsupported sample (Fig 4.3), most of the decomposition occurred in a single peak
within a temperature range of 150-300 °C with a maximum rate of evolution of NOx
species at 230 °C. In the case of the zirconia (Fig. 4.4) and ceria (Fig. 4.5) supported
materials, decomposition occurred over much broader temperature ranges of ca. 150-
400 °C. The most marked difference between supported and unsupported samples was
observed for the alumina-based system with decomposition being split into two
separate processes with peak temperatures of 355 °C and 465 °C, based on the NO

evolution profile, and completion of decomposition was delayed until 600 °C (Fig.

For all samples investigated, peaks corresponding to the evolution of NO, NO2 and
N20 species were observed in the decomposition profiles. Whiles the mass
spectrometer response for m/z = 44 could be associated with residual CO2 in the
source chamber, where peaks in the response were observed simultaneously with the
evolution of other nitrogen oxides it is considered that the response is associated with

N20. See figures 4.3-4.6 below.
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Fig. 4.3: SIP-MS profile of the decomposition of Co(No3)z2.6ll20 at a linear heating
rate of 6 °C min'] showing the evolution of O2 and NO* species as a function of

temperature. (A)- O2; (B) - NO2; (C) - NO.
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Fig. 4.4: SIP-MS profile of the decomposition of Zro2-supported Co(No3)2.6ll20 at a
linear heating rate of 6 °Cmin'l, showing the evolution of Oz and NO species as a

function of temperature. (A) - O2; (B) - NO2; (C) - NO; (D) - N20.
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Fig. 4.5: SIP-MS profile ofthe decomposition of Ce02-supported Co(N03)2.6H20 at a
linear heating rate of 6 °C min'l showing the evolution of 02 and N 0 Xspecies as a
function of temperature. (A) - 02, (B) -N02; (C) -NO; (D) - N20.
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Fig. 4.6: SIP-MS profile of the decomposition of Al203-supported Co(N03)2.6H20 at
a linear rating of 6 °C min"1 showing the evolution of O2 and NOX species as a

function of temperature. (A) - O2; (B) -NO2; (C) - NO; (D) - N20.
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4.2.2 Catalysts Characterisation

Table 4.1 summarises the BET surface areas measured for supported and unsupported

cobalt oxide samples and for the support materials themselves.

Table 4.1: BET Surface Area of supported and unsupported catalysts.

Sample Co content, (mass %) Surface Area (m'g :)
(M) ~ 8

C0304 - 23

1>(). - 5

Col/zZrCjy 5 4

Ct'of - 33

Co/CeO> 5 22

SM* - 215

Cu/Al/h 5 191

Due to the high surface area of the Y-Al203 support, a higher dispersion of supported
Co species will be expected relative to the Ce02 and ZrC>2-based systems. XRD
patterns obtained for samples with 15 wt. % Co showed the presence of C0304
crystallites on all support materials after calcinations at 400 °C.

TPR profiles of supported samples are shown in Figure 4.7-4.9 on pages 16 and 17
illustrating H2 uptake (m/z = 2) and H20evolution (m/z = 18) as a function of sample
temperature. The relative areas of the H2 uptake and H20 evolution peaks could not
be compared quantitatively due to the use of a jet separator inlet which, due to mass
discrimination effects, resulted in a much smaller proportion of the H2 (compared to
H20) content of the product gas entering the source chamber. However, it is apparent
from Figures 4.7-4.9 that H2 uptake and H20 evolution occurred simultaneously in the
reduction peaks observed.

For the 15-wt% Co/Zr02 sample (Fig. 4.7), two overlapping peaks are apparent with

maxima at 312 °C and 357 °C. Both peaks can be associated with the reduction of
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cobalt oxide species as the support showed no reduction peaks within this temperature
range. Arnone et al. [13] reported a similar TPR profile for unsupported Co3Os
containing two overlapping peaks (maxima 382 °C and 470 °C) which was explained
in terms initial reduction from the average oxidation state of 2.7+ (Co0s0 4) to 2+(Co00)
followed by subsequent reduction from the 2+ to metallic oxidation state to metallic
product. Complete reduction to Co° was confirmed by XRD carried out after TPR up
to 600 °C at IOmin'1 [13]. Meaningful comparison of peak temperatures with those
found in the current study is difficult due to variations in experimental conditions [19]
and known differences in the reducibility of supported and unsupported metal oxides
[22]. The TPR profile for 15 wt. % Co/Ceo2 in the current study (Fig 4.8) also shows
two overlapping peaks at temperatures of 305 °C and 352 °C, which again may be
attributed to a two-stage reduction of CozO4 to metallic cobalt via CoO. A higher
temperature reduction peak observed at above 700 °C can be attributed to some
support reduction, as was confirmed by TPR experiments on the pure support
material.

For the 15-wt. % Co/Al203 sample, a more complicated TPR profile was produced
(Fig 4.9). The initial H20 evolution peak below 100 °C maybe associated with
adsorbed water on the high surface area support material as it decreased considerably
in size when the sample was dried overnight at 110 °C in flowing Helium. It is known
from numerous previous investigations [23-25] that Y-Al20s supported cobalt oxide
catalysts comprise mainly of two types of cobalt-containing phases namely (i) surface
phases of Co bonded to the support which are relatively difficult to reduce and which
prevail at lower Co concentrations and on higher surface area supports, and (ii) a
more easily reducible Co30Oa4 phase which appears above a Co concentration of ca. 2
wt. %. The former phases include cobalt aluminates such as CoAl204 formed when
Co ions occupy tetrahedral positions in the Al203 lattice during preparation, and
overlayer Co3+ and Co2+ species [23-25]. On this basis, the peak at 350 °C in Fig 4.9
maybe attribute to the reduction of CosOs4 phase while the higher temperature
reduction feature (up to > 800 °C) is most probably associated with the reduction of
one or more phases involving strong interaction of dispersed Co species with the
support material formed during catalyst preparation. Formation of such phases, which
might also explain the retarded thermal decomposition of y-AhOs-supported cobalt

nitrate (see Fig 4.6), was difficult to ascertain from the XRD patterns obtained
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because of the broad nature of support peaks observed and the highly dispersed
(and/or X-ray amorphous [24, 25]) nature of the species involved.

In linear heating rate TPR profiles, difficulties can exist with the resolution and hence
guantification of overlapping reduction events [19, 24] with supplementary techniques
such as XRD often required to elucidate on the steps observed [26]. For example,
Amoldy and Mouligan [24] reported that only one reduction peak was observed for
bulk Co3Oa4 in a linear heating rate TPR profile with evidence for two stage reduction
coming solely from the fact that the peak was broader than that obtained in the profile
for CoO under the same experimental conditions. A less pronounced lack of
resolution of overlapping peaks in the current study means that exact quantification of
the two events involved in the reduction of Co3O4 crystallites supported on ZrCs2 and
Ceo2 is difficult to achieve from the linear heating rate profile obtained (see Figures

4.7 and 4.8).
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Fig. 4,7: TPR profile of 15 wt. %Co/Zr02 at a linear heating rate of 10 °C min'l
Sample size = 42mg. (A) - Hz2; (B)-Hz20.
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Fig. 4.8: TPR-profile of 15wt%Co/Ce02 at a linear heating rate of 10 LC min'l Sample
size = 34 mg. (A) - H2, (B) - H20O.
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Fig. 4.9:TPR- profile of 15 Wt.% CO0/AI203 at a linear heating rate of 10 °C min'l
Sample size = 40mg. (A) - H2; (B) - 1120.
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In order to provide greater resolution and an improved quantitative insight in to the
reduction process, the reduction of the Ce02-supported sample was studied under

CRTA conditions. Fig 4.10 shows a CR-TPR profile obtained for 15-wt. % Co/CeC”.

>h,m / minute

Fig. 4.10: Illustrates CR-TPR profile for the reduction of 15-wt. %Co/Ce02- Sample

size = 33mg.

The temperature trace shows how the sample temperature was continuously altered to
maintain, as far as possible, the constant pre-selected rate of reduction. It can be seen
that the rate of H20 production was maintained at an approximately constant level
throughout the reduction of cobalt oxide occurring in temperature rate of 220 °C - 400
°C. As for the linear heating rate profile (Fig. 4.8), the reduction feature at higher
temperatures in Fig 4.10 is again attributable to support reduction.

Figure 4.11 compares the approximate oc (extent of reaction) versus temperature (T)
profiles for the reduction of cobalt oxides in a 15 wt. % Co/Ce02 catalyst under linear
heating (Fig 4.11(A)) and CR-TPR (fig 4.11(B)) conditions. In both cases, the
reduction feature associated with the support material in not shown (i.e. oc = 1 refers
to completion of cobalt oxide reduction only). The profiles obtained under CR-TPR

conditions were found to be somewhat dependent on sample preparation and
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experimental parameters. Under the conditions employed to obtain the profile in Fig
4.11(B), it is apparent that reduction proceeds at a lower temperature in the CR-TPR
experiment. This is due to the fact that the target reduction rate was considerably
lower than the maximum rate of reduction achieved in the linear heating experiment.
No distinct resolution of the two reduction events is apparent in the (°c) versus (T)
curve obtained in the linear heating experiment (Fig 4.11(A)). However, under the
CR-TPR conditions employed a change in the nature of the heating regime required to
maintain a constant of reduction is apparent after<«= 0.25. This indicates that the
reduction of CosO4 proceeds ina step-wise manner possiblyinvolving complete

conversion to CoO prior to subsequent reduction to metallic Co as follows:

Co304 + H2 » 3 CoO + H20 Step 1

3Co0 +3H2 > 3 Co + 3 H20 Step 2

With step 1 accounting for 25% of the total H20 production. The unfamiliar shape of
the oc versus T profile in Fig 4.11 (B) can be explained in terms of the kinetic
mechanism of each reduction step and the effect which the mechanism has on the
heating regime required as follows:

The change in shape of oc versus T profile in Figure 4.11 (B) after the reduction is ca.
25% complete suggests that the mechanism of reduction in Steps 1 and 2 are different.
The Kkinetics of solid-state reactions such as gas-solid reactions are generally
interpreted in terms of Kkinetic models categorised as involving either diffusion-
controlled, boundary-controlled or nucleation-controlled processes and each of these
three classes of mechanism produces a characteristic cc versus T curve shape in
CRTA experiments [17, 27]. In Figure 4.11 (B), it is seen that below cc = 0.25 the
temperature has to increase continuously to maintain the pre-selected constant rate of
H20 evolution indicating that step 1 (i.e. reduction of CosO4 to CoO) followed a
phase boundary controlled mechanism (‘n-order’ expression) where nucleation or
diffusion are not the rate-controlling factors [17, 27], In contrast, the ‘u-shaped cc
versus T curve seen at oc > 0.25, corresponding to subsequent reduction of CoO to Co,

is characteristic of a nucleation and/or autocatalytic reduction mechanism [19, 22, 27].
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Fig.4.11: Represents a oc vs. temperature profile for the reduction of 15-wt. %

Co/Ce02 under (A) linear heating and (B) CR-TPR conditions.
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4.2.3 Activity Measurements

Preliminary tests, performed under the same conditions as the catalytic tests, but
without any catalyst, showed that homogenous reactions are negligible under the
experimental conditions investigated.

The results of catalytic activity for unsupported CosO4 and CoO are shown in Figures
4.12(A) and 4.12(B). Both catalyst gave almost complete conversion of methane
(>99%) within 600 °C. Co30a4 (Fig 4.12 (A)) was found to be more active than CoO
(Fig. 4.12(B)) with equivalent levels of conversion achieved at lower temperatures on
the former phase. In a review of the principles of oxidative catalysis, Sokolovskii [28]
noted that the most active metal oxide combustion catalysts, including cobalt oxide,
bind oxygen at a fast rate to produce a high concentration of reactive negatively
charged species on the catalyst surface. Finocchio et al. [29] also predicted that the
mechanism of hydrocarbon combustion over metal oxides, including Co3O4, involved
surface nucleophilic lattice oxygen species. Arnone et al. [13] reported a relationship
between the catalytic activity of metal oxides in methane combustion and catalytic
reducibility with availability of surface lattice oxygen believed to significantly affect
catalytic properties. Therefore, increased activity for Co3Oas relative to CoO is not
unexpected in the light of its increased reductibility at lower temperatures and the
higher surface area of the CosO4 sample. On re-testing the unsupported oxides in Run
2, both showed a loss of activity (see Fig 4.12(A) and Fig 4.12(B)) suggesting that
both undergo deactivation under the reaction conditions. This may be attributable to
sintering of the active phase (which has been previously reported to occur on heating
of Co30a4 to 600 °C [21]) resulting in a lower surface area available for adsorption or
reaction of gaseous components [12], The BET surface area of the CoO and Co30a4
samples decreased by 63% to 3 m2 g'1 and by 43% to 13 m2 g'l, respectively, upon
testing in the reaction mixture for Runs 1 and 2. In the case of Co30a4, deactivation
may also have been related to conversion to less active CoO phase at temperatures
above 450 °C [13], A plot [Fig 4.13(A) and 4.13(B)] of methane conversion versus
time for both bulk Co304 and CoO shows this trend in deactivation. However, the
deactivation for the unsupported CoO is less pronounced than the CosOa4 phase. This

maybe attributed to the bulk properties of Co3O4 and CoO, which show reduction of
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the C0304to CoO at temperature of <500 Kelvin whereas the second reduction step
which produces metallic cobalt occurs in a much wider temperature range (623-873

K). The presence of Co0O, as well as C0304, was indicated in the XRD pattern of the
C0304 sample obtained after testing in Runs 1 and 2.

Combustion Activity of Cod) 4catalyst Run 1and Run 2

co

Corvan

Temperature C

Combustion Activity of CoO catalyst Runl & Run2

Temperature °C
Fig 4.12(A) and 4.12(B): Above represents a graph of the CH4 conversion as a

function of temperature for both bulk C0304 and CoO.
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Fig 4.13(A) and 4.13(B) shows plots of CI 14 conversion as a function of time for both
bulk C0304 and CoO.

Combustion Activity ofCo,0, catalyst overa 10%V/V mixture of CH,/Air @ 425C for Shrs

Time (hours)

Combustion Activity of CoO catalyst over a 10% V/V mixture of CH/Air @ 425°C for 8hrs

Time (hours)
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Table 4.2 reports the temperatures (TS values) at which methane conversion exceeded
50% over the various supported and unsupported samples tested. TS values for
AIl203-supported Pt and Pd catalysts are also sown for comparison purposes. This
temperature is usually denoted the ‘light-off temperature and is of particular
importance in relation to the ‘cold-start’ emissions problem in automotive exhausts

discussed above [12].

Table 4.2: Temperature of 50% CH4 conversion for cobalt catalysts

Sample Metal content (mass %)  Caiciination Temperature (°C) I (°C)

Run 1 Run2

Pr/Ai-l)) 05 630 ~470 17s
Pd/AWQs or 630 330

Co/ 100 >\00

Co-/,iOm 5 400 390 425
Co/AlXh 5 600 0
(VZroj 5 600 490 '00
Co/CeQj 5 600 4i0

Co/AU'3; 15 400 ><:nu ->00
i'o/Zr0O, 400 195 al'o
] r inO |
*'n.Oi )

(D " i'iu j50
CoO* fion ~40 53>

The most active supported catalyst tested was 0.5 wt. % Pd/AI203 which achieved
50% conversion at a temperature of 330 °C (see table 4.2). Higher activity for Pd
relative to Pt for the combustion of methane has been related to the different abilities

of the two metals to adsorb oxygen [30-32], In the current study, both Co/ZrC>2 and
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Co/CeC>2 samples, which were calcined at 400 °C prior to testing, showed higher
activity than Pt/AbO;, although it should be noted that the concentration of metal
(wt.%) was 10 to 20 times higher in the case of the cobalt samples tested. Considering
the support materials in the absence of cobalt, CeC2 support [Fig 4.14(A) and
4.14(B)] below showed some combustion activity at higher temperatures within the
range investigated in line with previous observations that it is an active methane
combustion catalyst at elevated temperatures [33], However, T3 was considerably
lower in the presence of Co, particularly for Run 1 (see Table 4.2) during which CeCx2
did not contribute to the light-off activity (i.e. conversion at T50) of the supported Co
catalysts tested since on its own it shared no combustion activity at or below 400 °C.
During Run 2, a methane conversion of 5% was achieved over CeC3 at the light-off
temperature of the 15 wt. %Co/Ce02 sample indicating that the majority of light-off
performances for this sample is related to the presence of cobalt. In the case of both
ZrC2and Al203 supports, no appreciable activity existed below 500 °C.

It is known that the use of A1203 as the support medium can significantly decrease the
activity of cobalt-based combustion catalyst [9, 23]. From Table 4.2 it can be seen
that ZrC>2 and CeC> supported samples were considerably more active than the
corresponding AIl203 supported catalyst. This is further illustrated in Figure 4.15
below which compares results for the conversion of methane as a function of
temperature up to 500 °C over supported cobalt catalysts containing 15 wt.% Co

The lower activity for the high surface area A*C”-supported sample is most probably
attributable to the formation of a spinel COAI204 phase or other inactive surface
species involving intimate contact between highly dispersed Co and surface Al203
sites [23, 26] as indicated in the TPR profile.

Previously a correlation between the ease of catalyst reducibility and methane
combustion activity has been proposed with oxides reduced at a lower temperature
giving rise to a mechanism with a lower activation energy [13], A similar correlation
exists in the current study for supported oxides with alumina-supported samples
which required particularly high temperatures of reduction in TPR experiments (see
Figure 4.9) showing poorest performance in catalytic tests (see Table 4.2).

From table 4.2, it can be seen that for supported cobalt oxide catalysts, exposure to the
stoichiometry air-methane reaction mixture during Run 1 generally resulted in
decreased light-off activity during subsequent testing in Run 2. As discussed above,

this also was the case for the unsupported cobalt oxides with possible explanations for
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the deaclivation including sintering of the active phase during testing or conversion of
an active C0304 phase to less active CoO when exposed to temperatures above 450 °C
[13]. A 5 Wt. % Co/ZrC=2 catalyst calcined at the higher temperatures of 600 "C was
considerably less active than a corresponding sample calcined at 400 °C which again
is probably associated with such sintering or phase conversion phenomena causing
decreased activity after exposure to the higher temperatures. This shows that, even in
the absence of alumina, the possibility of catalyst deactivation during operation must
be considered if cobalt oxide is to become a viable commercial alternative to, or
addictive in, noble metal combustion catalysts. The potential of employing higher

surface area CeO? and ZrO? materials will be investigated in a further study.

Combustion activity of Ce02Sigma aldrich support over a 10% V/V Of CH air

Temperature °C

Fig. 4.14(A): Represent a plot of methane conversion as a function of temperature for

a CeC2support (sigma Aldrich, 99.9%)
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Combustion activity of CeO, (prepared by co-Precipitate inctliud) support over k 10% V/V Of ClI™air

Temperature °C

Fig. 4.14(B): Represent a plot of methane conversion as a function of temperature for

a CeC2support (prepared via co-precipitate method).

100 Comparison of combustion activity of 15% Co/supported catalyst
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40
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20- CdAl,03
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0 -+ n— T
O 50 100 150 200 250 300 350 400 450 500 550
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Fig. 4.15. Represents a plot of CH4 conversion as a function of temperature for

supported Co (15 Wt.%) catalysts, (A) C0/Z2102 (B) Co/CeC=2and (C) C0/AI203
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4.3 Conclusions

SIP-MS was used to determine the effects of different support materials on the
thermal decomposition of cobalt nitrate hexahydrate under linear heating rate
conditions. Compared to the unsupported nitrate completion of the decomposition
process was delayed until higher temperatures for all the supported samples analysed.

In particular, dispersion of Co(No3)2.6H20 on Al203 had a pronounced effect on the
decomposition profile observed while Zr02 and CeCsz supports resulted in more subtle
changes to the decomposition profile. This was attributed to strong interactions
between cobalt ions and the high surface area Al20s3- support material during
preparation. TPR-MS profiles also indicated the presence of an intimate metal-support
interaction upon calcinations of AhC”-supported cobalt nitrate in air, which had a
strong detrimental effect on the activity for methane combustion. For Ce02 and ZrCs
supported samples, TPR profiles were consistent with a two-step reduction of Co3Oa4
via CoO to metal. CR-TPR indicated that the first step of the reduction followed a
phase-boundary controlled mechanism while the second step proceeded via nucleation
or autocatalytic mechanism. Cobalt oxide supported on ceria or zirconia as well as
cerium support were shown to be a highly active catalyst for the combustion of CHa4
although in both cases deactivation was observed upon exposure to the reaction
mixture which maybe associated with sintering or the conversion of Co3Oa4 to a less
active CoO phase. Experiments to determine the extent of deactivation of these
catalysts over long periods of exposure in the reaction mixture were analysed using a
pulse microcatalytic technique to measure the % methane conversion Vs time.
Deactivation of the active phase was observed during their exposure time to the

reaction mixture.

This work has been published, the application of CRTA and linear heating
thermoanalytical techniques to the study of supported cobalt oxide methane
combustion catalyst, Thermochimica Acta 379 (2001) 163-175.

M. J. Tiernan, E. A. Fesenko, P. A. Barnes, G. M. B. Parkes and M. Ronane
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Appendix

High purity activated aluminas

Puralox Powders - aluminium oxides (gamma-delta-theta phase).

Chemical / Physical
Properties
Al20 3%
Na20 %
La2U3 %
L.O.l. %
Loose bulk density [g/1]
Packed bulk density [g/l]
Particle size (dso) [[J.m]
Surface area (BET)** [m"g-1]
Pore volume [ml/g]

Pore size radius [nm|

Thermal stability:
Surface area: Aged
24H/1100°C [nrg 1
Surface area: Aged

24h/1 100°C [m V'l

** Figures show the range of surface areas (£ 10m2g")

Puralox

SCFa-250

98
0.002

2

500-800
800-1000
20

210

0.35-0.50
4-10.0

15

Puralox
SCFa-140L3
95
0.002
3
2
500-700
700-1000
30
140

0.50

80

40



Appendix A:

Calculation of Total Surface area by Physisorption of N2 was determined from the BET

equation as follows,

(9
k {p0- p)\ ' V «l

Using a Gemini Il 2375 surface area analyser (i.e. Gemini- Micromcritics BET

instrument) with in built software programme containing all the necessary data as read

below.

Set-up Conditions

System options

Language - English

Instrument ID. - Blank

Date/Time - Set

Sample ID. - Set

Sample Weight - Set

Saturation pressure (Po) - 760mml Ig
Correction Volume - +0.000 @ STP

Analysis Conditions

Evaluation Time - 3.0 minutes
Free Space - Previous
Sample Density - Blank

Pressure table - Replace



First Relative Pressure - 0.0500 P/Po
Last Relative Pressure - 0.3000 P/PO
Number of Data Points measured - 5
Analysis Mode - Scan

Equilibration Time - Blank

Scan Rate - 10

Report Options

Transmission Format - Single Column

Area Points measured from - 0.400 P/Po

Area Points measured to - 0.3100 P/Po

BET Multipoint Measured - Yes

Reported Langmuir - No

Total Pore Volume-None

N2 Molecular area - 0.162 (Nm)2(i.e. 16.2 x 10')
Density Conversion - 0.0015468

Non-ldeality Factor - 5.0% / atm

From this data programmed into the Gemini Il 2375 surface area analyser, a linear plot
of P/Po against P/ns(Po-P) giving a of slope (C-I)/(nnC) and intercept of 1/(nnC). Hence,
the surface area of the catalyst can then be obtained by multiplying the number of N2
molecules (required for monolayer coverage) by the exact surface area of one N2

molecule (0.162nm2). So the overall formula for calculating the surface area becomes:

Surface area = nm (6.023x1023). (1.62x10'19m2) )

The value obtained from this equation is related to the weight of sample used, to get the
specific surface area, this value is represented per unit weight as m2g". This equation has
become the standard one for determining surface areas, usually with N2 at 77K as the

adsorbate. However, the region of fit is not very great, the linear region of a plot lies



between a partial pressures of 0.05 and 0.3. This deviation is such that the best-fitted BET

equation predicts too little adsorption at low pressures and too much at high pressures.



Appendix B:

Calculations of Pt Surface Area, % Dispersion and Particle Size from Ib Chemisorplion

Data:

Pt Surface Area

Spt= nmx X mxAx.n-' @

Where, S? = Pt Surface area.
Xrl - chemisorption stoichiometry (i.e. the number of Ih molecules reacting
per surface Pi atom = 2.
nm = number of moles of adsorbed gas by the catalysts.

A = Avogadro’s constant = 6.023 x 1023 atoms/mole of Pt.

ns = number of Pt atoms per unit area of surface (1.25 x 10Km2atom).

( PeakAreaX - PeakAreal"
Vads (ml) =
\ PeakAreal :

x 0.053 2

Where, Peak area | is prior to chemisorpUon, Peak area 2 is after chemisorption and

0.053mls is the loop volume (cm?3).

- * AN
Wad’ mi% @ STP (cmsg I§: Vads(ml) 273 R.P 3)

Vadsg !IS.T.P = volume of H2 adsorbed per gram of catalysts sample at standard

temperature and pressure

final catalysts sample weight

o
-
I

room temperature (keivins)



R.P. = atmosphere pressure (mmHg)
Nm(molesg-)= v ~s.T.p.122414 (@)

Where 22414 = volume occupied by one mole of gas al standard temperature and

pressure S.T.P (cm3mole").

Substituting equation nminto equation 1gives us §=h

Spt (m 2Pt/g Catalyst) = = = — eeeeemecmmeeeeee ©)

This equation (5) was used to calculate the Pt surface area in the catalysts.

% Metal Dispersion

Dispersion is the ration of the total number of surface atoms to the total number of metal
atoms present. Therefore the % metallic dispersion, %Dm maybe calculated by the

equation:
%Dm= PtgPtt x 100 (6)

Where, Pts is the number of Pt surface atoms and Ptt is the total number of Pi atoms

present.

Using the previous equation derived above, an equation for Ptscan be derived and Ptscan

be calculated as follows,

Pt«= (VIK,g-'ST.P/224\4)(Xnx A) (7)



Ptt is calculated from the total metal content determined by AAS. The number of grams

Pt per gram catalysts is given by,

(1g/100) %w/wx %Pt (8)

Then convert one gram of Pt into the number of Pt atoms by,

Alm = 6.023 x 102/m 9)

Where, m = 195.1 g/mole (i.e. molecular weight of Pt metal). Hence, combining equation

8 and 9 gives us Ptt.

Ptt (atoms/g catalyst) = (0.01 x % Pt) (6.023 x 10231 95.1) (10)

Now combining the equation of Ptsand Ptt gives us %Dm,

(Vallg 'S.T.P x2x6.023x 108/22414) _ n _ AU
% (D m )= A 0T D= x100% (11)
(0.01 X %/Vx 6.023x1023) VW
x 100
195.1

Average Mean Pt Particle Diameter

The mean particle size of Pt can be calculated by making an assumption that the Pt

particles are spherical in shape.
D=6 x (volume)/ (surface area) (12)
Where, D = the diameter equation of a sphere,

Now after calculation the diameter of a sphere, the average diameter of the Pt particle can

be calculated using the equation,



D (A) = 6 x 104215 x Spt) or d (A) = (D/p X SM) (13)

Where, 21.5 is the density of Pt in gem"3at R.T., and SH is the Pt surface area in m2g 1 of
Pt.



