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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are an important class of volatile organic
compounds (VOCs) which pose enormous health and environmental threats. This
thesis investigates different catalyst formulations for the complete oxidation of

naphthalene (Np). a model PAH.

Low loadings of vanadium added during the impregnation step of catalyst preparation
were found to enhance the naphthalene oxidation activity of Pd-alumina and Pt-
alumina catalysts while higher loadings were detrimental to the catalysts’
performance. The promotional effect has been attributed to the presence of a low
concentration of a particular type of vanadium species which fosters the redox
behaviour of the binary system (Pd/V or Pt/V) coupled with the change in the active
metal (Pd or Pt) particle size (Pd or Pt dispersion). The presence of high
concentrations of crystalline V>Os species has been suggested to account for the lower
activity observed for Pd/V and Pt/V catalysts with vanadium loadings in the range of
6 — 12% and 1 - 12 % respectively. It is postulated that the mechanism of naphthalene

oxidation over Pd/V differs from the mechanism of oxidation over Pt/V catalysts.

The nature of support material was established to be crucial for the activity of Pt-
supported catalysts for naphthalene oxidation. The Pt dispersion, metal-support
interaction (MSI) and oxidation state of Pt varied as a function of the nature of
support and hence resulted in differences in the Np oxidation efficiency of five Pt-
supported catalysts with equal Pt loading but different supports. Low Pt dispersion
(high Pt particle size), weak MSI and metallic state of Pt favoured Np oxidation. SiO,

proved to be the best amongst five Pt supports investigated for Np oxidation.

A variation in the preparation method and preparation conditions of ceria affected the
surface area, crystallite size, oxygen defect concentration, morphology and surface
reducibility of the ceria catalyst and hence the Np oxidation activity. High surface
area, small crystallite size, and high oxygen defect concentration of CeO, favoured
the activity of the catalyst for Np oxidation. The best preparation methods in this
study were found to be homogeneous precipitation with urea (UR) and precipitation
with the carbonate (CR). Optimum preparation conditions for ceria (UR) were

established and a highly active nano-crystalline ceria catalyst for Np oxidation was

x1i



derived. The addition of low and high loadings of Pt during the precipitation of this
ceria (UR) catalyst resulted in less active naphthalene oxidation catalysts. The drop in
activity of ceria with Pt doping has been attributed to a strong metal support
interaction between Pt and ceria which limits the ease at which lattice oxygen is

consumed in the Mars-Van krevelen redox cycle.

Xiii



Chapter 1 Introduction

CHAPTER 1: INTRODUCTION

Volatile organic compounds (VOCs) make up major atmospheric pollutants. Due to the
severe health and environmental hazards associated with the emission of VOCs in to the
atmosphere, various research groups and laboratories [1-22] around the world have
concentrated interest in the development of catalysts with potential for effectively

converting VOCs in to more environmentally benign compounds like CO, and H,O.

In this thesis, previous and most recent work on the catalytic abatement of an important
group of VOC:s, called polycyclic aromatic hydrocarbons (PAHs) are discussed. Catalysts
used for the destruction of PAH and gas mixtures composed of PAH, CO and other
VOCs are reviewed. Naphthalene is used as a model PAH to investigate the effect of

different catalyst formulations on the total destruction of PAHs.

1.1 Volatile organic compounds (VOCs)

Volatile organic compounds (VOCs) are organic compounds that easily become vapours
or gases and as such are commonly found in our indoor and outdoor environment.
Examples of VOCs include methane, propane, perchloroethylene, formaldehyde,

benzene, toluene, and xylene.

Polycyclic aromatic compounds (PACs) such as naphthalene, phenanthrene and pyrene

make up a major class of VOCs. Two groups of PACs; polycyclic aromatic hydrocarbons
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(PAHs) and nitro-polycyclic aromatic hydrocarbons (nitro-PAHs) are known.
Naphthalene is the simplest. least toxic and most volatile PAH [24, 25] and as such has
been used in several research laboratories [2. 3. 4, 5. 6. 26. 27] as a model PAH to
develop catalysts with potential to effectively destroy PAHSs. In this thesis, the catalytic
oxidation of naphthalene is investigated in a bit to develop catalysts potentially useful in

PAH abatement catalytic systems.

1.1.1 Sources, Health and Environmental Hazards of VOCs

Various sources of VOCs and their health and environmental hazards have been reported

[24, 28-37].

1.1.1.1 Sources of VOCs

Sources of VOCs include:

Fuel (gasoline, wood, coal, and natural gas) combustion

Production, distribution and use of solvents, paints, upholstery, fabrics, adhesives,
carpets and cleaning materials.

- Biomass burning

- Industrial Processes

- Gas leakage

- Offshore oil and gas

- Petrol distribution
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- Forest

- Non-landfill waste treatment and disposal.

Figure 1.1 shows the estimated UK emission of VOCs by source category in 1998 [37].
The figure shows that, solvent use and road traffic represented the most important
sources. PAHs and nitro-PAHs have been identified in diesel emissions [26] while motor
vehicle emissions in general have been documented as one of the prime sources of VOCs

and PACs in Hong Kong [38].
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o Domestic
m Industrial processes
o Gas leakage
2% -1 20, o Offshore oil and gas
m petrol distribution
o Road traffic
m Solvent use
o evaporation
m Off-road sources
m Non-landfill waste treatment
and disposal

o forests

o Miscellaneous

Fig. 1.1 Estimated UK emission of VOCs by source category for 1998: adapted from

[371,

1.1.1.2 Health and Environmental Hazards of VOCs

While short term exposures to VOCs can cause eye and respiratory tract irritations, visual
disorders, fatigue and allergic skin reactions, prolonged exposures might result to cancer
and damage to the liver, kidney, and central nervous system.

VOCs react with NOx to form ground level ozone which together with other greenhouse
gases (e.g. CO2) account for global warming (one of the greatest environmental

challenges in this era).



Chapter | Introduction

1.1.2 Legislation against the Emission of VOCs

The health hazards associated with the emission of VOCs in to the atmosphere have led
to an increasing public concern for environmental protection and safety. Although there
are no stringent international restrictions for the level of most of these emissions, most
governments and organisations around the globe are setting up their own rules to cut
down the level of these atmospheric pollutants. The Comite European de Normalisation
has for instance suggested an emission standard of 2500. 100. and 150mg/Nm"” for CO.
total hydrocarbons, and particulate matters from boilers and wood stoves, for fuel supply

of 50-150 KW" [4, 39].

1.2 Technologies for the Control of VOCs

Increasing regional and international enforcement of environmental regulations has over
the years led to the development of technologies to combat atmospheric pollution by
destroying or removing VOCs. Methods such as biodegradation [40], high-energy
electron beam [41], ozonization [42], adsorption [43]. absorption [44], thermal
incineration [45] and catalytic oxidation [2. 3. 4, 5, 6, 26, 27] have been employed to cut
down the level of polycyclic aromatic hydrocarbons emitted in the atmosphere. In this

section, a number of such technologies used for VOC abatement are discussed.
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1.2.1 Absorption

It is a technique in which the VOC is recovered by absorption in a liquid. This generally
prevents the VOC from getting in to the atmosphere but does not destroy it. There is

therefore a storage or further treatment problem associated with the use of this technique.

1.2.2 Adsorption

In this technique, the VOC is removed or recovered by attachment (forms a gas film) on
the surface of a solid material known as an adsorbent. Tenax for example is a good

adsorbent for VOCs such as naphthalene.

Absorption and adsorption abatement techniques result in the generation of liquid and
solid waste which require further treatment. Adsorbers which make use of desorption to
recover the VOCs give rise to wastewater when the VOCs are condensed and separated
from the emission stream. This leaves an aqueous stream which can contain residual
VOCs. In a similar way, absorbers make use of a solvent to remove VOCs from a vapour
stream. This leads to the generation of wastewater when the used solvent is discharged to
a water treatment system. Solid or semi-solid sludge which commonly emanate from
absorption and adsorption VOC abatement systems require proper disposition or
recycling and as such make both methods to be uneconomical when compared to

alternative methods like catalysis.
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1.2.3 Biodegradation

Biodegradation has been widely used for the destruction of volatile organic compounds
[40, 46-48]. This technique involves the decomposition of VOCs in to smaller
compounds by microbial organisms. Biodegradation processes vary greatly, but in most
cases, the end product of degradation is carbon dioxide or methane. The type of microbial
organism required depends on the nature of VOC to be destroyed. The technique is a

major process in the natural attenuation of contaminants at hazardous waste sites.

1.2.4 Thermal incineration

Thermal incineration is the oldest and one of the most common methods employed for
the abatement of VOCs. It involves combustion of VOCs in air at temperatures as high as
1000 °C. The high temperature involved makes this method of abatement quite expensive
when compared to other lower temperature methods. The method equally presents very
little or no control over the nature of end products and as such can lead to the generation
of more toxic species. For example. phosgene (COCl,), chloroacetylene (C,Cly) and
radicals (CCI,CH and ‘CCl;) have been reported as highly toxic products emanating from

some clean-up processes [49].

1.2.5 Non-thermal Plasmas (NTP)

NTP processing is quite an emerging technology for the abatement of VOCs [50].
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Although the method might be less costly than thermal incineration (due to low
temperatures involved), there is still very limited control over the nature of products. The
major challenge of NTP processes is therefore how to deal with energy consumption and
control by-products. The basic principle of all NTP systems is the production of plasma
in which most of the energy is consumed in the production of high-energy electrons,
rather than gas heating. The bombardment of these free electrons with neighbouring gas
molecules results to ionization and dissociation of the molecules to form highly reactive
species like redox radicals which can spontaneously break down entrained pollutants in
the atmosphere. Highly oxidative and reductive radicals produced by these plasmas are
capable of attacking a great variety of pollutants, and in some cases can simultaneously
decompose multiple species. Two types of dielectric-discharge-driven NTPs: dielectric
barrier (silent) discharges and pulsed corona discharges have been reported for the
abatement of VOCs [51]. Both types are easy to operate at or above atmospheric pressure
and as such give rise to a high process throughput when compared to low-pressure NTPs.
Pulsed corona and electron beam reactors have been used for the treatment of various
VOCs [50]. This study revealed that electron beam processing is more energy efficient
than pulse corona processing for most of the VOCs studied. For CCly and other VOCs
requiring massive quantities of electrons for their decomposition, electron beam
processing significantly predominates. The decomposition of some VOCs depends on the
rate of reaction with the plasma-produced radicals and/or by the occurrence of back
reactions. In such cases, energy consumption can be kept at a minimum by making use of
elevated but non-combusting temperatures. The pathway for the abatement of CCl, as

reported by the above study [50] is summarized below.



Chapter | Introduction

1) Dissociative attachment of CCly to plasma-generated energetic electrons

CCly +e — ClI' +CCl; Rate determining step

2) Generation of electron-ion pair during plasma reaction

N2+e—>e+N3+

0,+e—e+0,

3) Charge exchange reaction of cations with background oxygen

N2++ 0O, = N, + 02+

4) Neutralization reactions

CI'+N;"— ‘Cl+N, Fast

Cl+0," —» Cl+0;, Fast

5) Scavenging reaction

‘CCl;+ 0, — CClLO; Fast
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In the absence of this reaction (5). energy input would have been wasted due to the

regeneration of the original pollutant in the following recombination reaction.

CCl+Cl — CCly

6) CCl;0; reacts with "Cl in a series of reactions to form phosgene (also a pollutant) as

main organic product. Cl, formed in the termination step below is another major product

of the decay process.

Cl+ClL.+M — ChLh+M

The energy consumed in step 2 above determines the energy consumed in the decay of

CCls by this process. Since step | is the rate determining step, the rate of CCls

decomposition can be written as:

-d[CCl,)/dt = K[CCla][e]

1.2.6 Catalysis

Catalysis is a destructive VOC control technique in which the VOC is oxidized in the
presence of a catalyst. Among the various methods proposed for controlling VOC

emission in to the atmosphere, catalytic oxidation of VOCs to more environmentally
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friendly CO, and H,O appears to be one of the most cost-effective. Apart from being
relatively less expensive (as use of catalyst ensures combustion at temperatures below
500-600 °C) than thermal incineration. it has a higher extend of selectivity to desired end
products than most of the other abatement methods. Despite the low temperatures and
higher level of selectivity, the use of a catalyst could as well result in the formation of
other toxic or undesirable by-products. This usually accounts for the mismatch between
the amount of compound combusted and the amount of carbon dioxide produced. Xiao-
Wen and co-workers have for instance identified and classified the intermediates derived
from naphthalene oxidation over 1%Pt/y-Al,O; in to three categories [1]. A good
oxidation catalyst must therefore be one that guarantees a lower level of toxicity and
excellent environmental protection. The design of a frugal and efficient oxidation catalyst
will thus represent a giant step towards the eradication of the health and environmental
problems associated with VOC emission. Such a catalyst should have a low light-off
temperature (temperature at which conversion changes from a low to a high value), high
thermal stability, large active surface area. long life- time (low deactivation tendency)

and capable of operating over a wide range of space velocities.

Thermal stability of most metal catalysts is often achieved by supporting them on
ceramic materials (mainly metal oxides). The mechanical properties of ceramics (as well
as many other materials) depend on their microstructure (which consists of size, shape,
and distribution of crystalline grains, bonding between grains and the segregation of any
impurities to the surface or intergranular regions) [52]. The method of synthesis in turns

governs the microstructure of a material. As such, variations in composition and general
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synthetic procedure/method often trigger changes in microstructure of metal oxide and

metal-supported catalysts and hence changes in catalyst properties and catalytic activity.

The main goal of this work as we shall see later is to investigate the effect of different
catalyst formulations on the oxidation of naphthalene (most abundant PAC identified in
diesel emissions [26]). This is done in a bid to develop efficient catalysts, potentially
useful for the control of emissions from diesel exhaust. wood-fired heaters and end of
pipe in industries. Although this thesis later concentrates on the catalytic combustion of

naphthalene, it is essential to look at the basic concepts that apply to all catalytic

reactions.

1.3 Oxidation Catalysis: Basic Concepts and theoretical Background

The concepts and theory of catalytic reactions have been covered in-depth in various

publications [53-58]. This chapter gives a brief summary of these concepts and the theory

governing catalysis.

1.3.1 Definitions

A catalyst is a substance which speeds up or retards the rate at which a chemical reaction

approaches equilibrium without undergoing any permanent chemical change. However,
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prolonged use of a catalyst can result to decrease in performance. The process involving

catalyst at work is termed catalysis.

Two main types of catalysis are known: heterogeneous catalysis in which catalyst and
reactants have different phases and homogeneous catalysis in which catalyst and
reactants have the same phase. Since this thesis dwells mainly on the catalytic oxidation
of gas-phase naphthalene or VOC over solid metal-supported or metal oxide catalysts, the
concepts discussed herein are mostly applicable to heterogeneous catalysis. Note
however that some of the concepts to be discussed might also apply for homogeneous

catalysis.

A catalyst’s activity refers to its ability to convert reactants to products while its
selectivity is its ability to convert reactants to a particular product. The lifetime of a
catalyst refers to how long it can maintain its activity while deactivation is a term use to
express the drop in a catalyst’s activity, selectivity or both over time. A catalyst’s light-
off temperature (LOT) is the temperature at which conversion or yield changes from a
very low value to a high value. In automotive catalysis it is considered as the temperature
at which conversion efficiency is 50 % (i.e. T50). For a catalyst to be successful in its
performance, it should be active. have optimum selectivity and an economic lifetime (low
deactivation tendency). The lower the light-off temperature and temperature of maximum

yield of product, the higher the selectivity of the catalyst.
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1.3.2 Catalytic Activity and Selectivity of Metal-supported Catalysts

The majority of catalysts investigated in this thesis (chapters 3 - 6) are metal-supported
catalysts (i.e made up of metal(s) supported on another material — mostly metal
oxides).The activity and selectivity of such catalysts are often provided by three

components; active component. support. and promoter (modifier).

1.3.2.1 Active Component

Active components are mostly metals, oxides/sulphides or aluminosilicates. In this
thesis, Pd and Pt are used as active components for metal-supported catalysts for
naphthalene oxidation. The main role of the active component is to speed up the rate at
which a desired chemical reaction approaches equilibrium by providing an easier

selective path for the reaction to follow.

1.3.2.2 Support

Ceramics (mainly metal oxides) are often used as supports for metal supported catalysts.

In this thesis Al,O3, TiO2, SiO,, SnO,, and CeO; have been employed as supports for a

variety of metals (mostly Pt and Pd). The main functions of the support include:

- Mechanical: Provide particle size, shape, strength and thermal stability
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- Textural: Provide high internal surface area, optimum pore shape and size and to
disperse the active component.
- Chemical: Modify the active component. stabilize the dispersion of the active

component and provide a bi functional activity.

1.3.2.3 Promoter (Modifier)

Modifiers modify the active component (e.g alloy formation) or the support. In chapter 3
of this thesis, vanadium has been used as a modifier for Pt/Al.O; and Pd/Al,O; catalysts
for naphthalene oxidation. The promoter increases the rate at which the reaction proceeds
by modifying the properties of the active component or support. Modifiers also help in

providing alternative easier routes for the catalytic process.

1.3.3 Chemical Thermodynamics and Kinetics of Catalysis

Chemical thermodynamics and chemical kinetics make up the most essential
considerations in the design of a chemical process. While thermodynamics deals with
whether or not a reaction will proceed (and to what extend if it does), kinetics has to do
with how fast the reaction will go. Both concepts are inseparable and must be put
together in order to achieve the best possible outcome. The thermodynamics of a system
is indicative of the maximum yield of product that can be attained under some specified
conditions. Irrespective of how fast a reaction might proceed, if the yield is low (small

equilibrium constant), the entire process is still not viable. On the other hand, it is
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absolutely of no use to have a large equilibrium constant (high yield), provided the
equilibrium is reached only extremely slowly. Process economics therefore requires both

high yield and speed of production.

1.3.3.1 Catalysis and chemical thermodynamics

For a chemical reaction to be plausible. the Gibbs free energy, G of that reaction must be
negative. While a positive value of G signifies a backward reaction, a zero value
represents an equilibrium condition. The change in Gibbs free energy for any system is

given by equation (1).

AG = AH - TAS (N

Where AH = enthalpy change, AS = entropy change and T = temperature

AG, AH and AS are called state functions because they are independent of the path of a
reaction and only depend on the initial and final state of the system. Thus, AG, AH and
AS for the oxidation of naphthalene (and all other reactions) must be the same for both
catalyzed and uncatalyzed reactions. Figure 1.2 illustrates that the enthalpy change is the
same for catalytic and non-catalytic exothermic reactions such as the combustion of

naphthalene.
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energy

ithout

activation energy v.ith
catalvst

enthalpy chans

progress of reaction

Fig. 1.2 Energy changes for catalyzed and non-catalyzed exothermic reaction (the

combustion of naphthalene).

1.3.3.2 Catalysis and chemical kinetics

As mentioned ecarlier, a catalyst is defined as any substance that will alter the rate of a
reaction without itself undergoing any change. Note however that prolonged usage and
temperature treatment often leads to loss in activity and/or selectivity. The primary effect
of most catalysts is to speed up the rate of a chemical reaction (increase the rate

coefficient of the reaction). The rate coefficient for a reaction is related to the temperature

17
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at which the reaction occurs as given by the Arrhenius equation, (2).

k — Ae-Ea\RT (2)

Taking In on both sides of equation 2 gives:

alnk = InA — E,\RT (3)

k = rate constant

A = pre-exponential factor or frequency factor
E, = activation energy

R = gas constant

T = temperature

E. can be obtained from a plot of InK against I\T. The gradient of the line increases with
increase in the value of E,. signifying a stronger temperature dependence of the rate
constant. A zero value of E, means that K is independent of T. The use of a catalyst
provides an alternative path with lower activation energy and as such ensures that a
reaction that will normally occur at very high temperatures can actually proceed at
relatively lower temperatures. J-L Shie et al. [27] showed that the use of a Pt/y-Al,03
catalyst accelerated the rate of naphthalene decomposition and lowered the reaction
temperature. While 95 % conversion was achieved at a temperature of 480 K (GHSV <
35.000 h™') in the presence of the catalyst. non-catalytic thermal oxidation gave the same

conversion at a temperature above 1000 K.
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1.3.4 Steps in a catalytic reaction

Like all other catalytic reactions, the oxidation of naphthalene and other VOCs in the
presence of a catalyst involves the following sequence of events:

a) Transfer of reactants in the gas phase to the surface of the catalyst

b) Adsorption of the reactants at the surface of the catalyst

¢) Chemical reactions between the reactants and the active sites of the catalyst

d) Desorption of products from the active sites of the catalyst

e) Transfer of products from the active sites into the gas phase

As indicated by the above sequence. adsorption and desorption are both very important
steps in a catalytic process. It is very common for one or both processes to control the
rate of a catalytic reaction. It is therefore important that we have a sound understanding
of these processes since they also form the basis for the quantitative measure of the

kinetics of catalyzed reactions.

1.3.4.1 Adsorption and desorption

Adsorption refers to the attachment of fluid at the surface of a solid. It can be physical
(physisorption — involving weak Van der-Waal forces between adsorbate and surface) or
chemical (chemisorption — in which bonds similar to covalent bonds are formed between
the adsorbate and substrate i.e. the solid surface). Desorption refers to the detachment of

the adsorbate from the surface in to the surroundings. While it is usually difficult to make
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a clear-cut distinction between physisorption and chemisorption, table 1.1 provides some

parameters that are often used to differentiate between these two processes.

Table 1.1 Differences between physical and chemical adsorption

Physisorption Chemisorption
Unselective Selective
No activation energy needed Small amount of activation energy
needed

No breakage of molecular bonds and | Bonds in adsorbed molecules can be
negligible changes in bond energies changed in strength (associative) or

broken (dissociative chemisorption}

Occurs at low temperatures which depend | Occurs at low temperatures which depend

on boiling point onE
Multi-layer adsorption possible Only monolayer adsorption possible
Weak Van der-Waal forces involved Covalent interactions involved

A schematic representation of the different ways in which CO can be adsorbed at the

surface of a solid is shown in figure 1.3.
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cC 0
C-0
C O
Molecule Physical Associative Dissociative Reaction and
approaches . . . . . absorption
adsorption chemisorption chemisorption
surface

Increasing interaction with metal surface

Fig. 1.3 Possible ways of CO adsorption at solid surfaces. Adapted from [54]

1.3.4.2 The Langmuir adsorption isotherm

For quantitative analysis of the rate of catalyzed reactions, it is usually useful to develop
a relationship between the amount of substance (reactant) adsorbed at the surface of the
catalyst and the vapour pressure above the surface at a given temperature. The variation
in surface coverage with pressure at a given temperature gives rise to an adsorption

isotherm. Such isotherms are very essential as:

1) They provide a good basis for quantitative description of the degree and strength of
adsorption of different molecules at the surface of a catalyst.

2) They form the basis for quantitative analysis of catalytic reaction rates.

3) They constitute the foundation for a useful method of measuring the surface areas of

catalysts as we shall see later in chapter 2.
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The Langmuir adsorption isotherm makes use of three principal assumptions;

a) Only monolayer adsorption is possible,
b) Assumes uniformity of surface and equivalence of all surface sites,
c) Adsorption of a molecule to a particular site is independent of the occupation of

neighboring sites.

Equilibrium exists between the free molecules and the adsorbed molecules as shown in
the equation below:

A(g) T S(surtacey > AS

For associative adsorption, the surface coverage, 9, is given by:

0 =KP/(1+KP)

For dissociative adsorption.

0= (KP)"® / (1+KP)"*

The equilibrium constant K = k,\ky. where k, and ky are rate constants for adsorption and

desorption respectively. P is the vapour pressure of Ay,

1.4 Review of catalysts used to date for naphthalene oxidation

Prior to the start of work reported in this thesis (October 2004) oxidation of naphthalene

and gas mixtures containing naphthalene had been attempted using a number of metal

oxide and metal-supported catalysts [1-5. 26. 39 and 59]. These studies revealed that
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noble metal catalysts were more active and less easily deactivated than metal oxide
catalysts [3]. They also showed that precious metal catalysts (Pd and Pt) were the most
active metal-supported catalysts (with Pt activity being predominant) [3 and 26]. CuO-
Pd/La-Al,O; catalyst had also been reported to be effective in the oxidation of
naphthalene [2]. Here, La was found to stabilize the y-Al,O; and as such helped in
maintaining the amorphous nature of the latter. The following sections summarize most
of the research patterning to the catalytic oxidation of naphthalene and naphthalene-

containing mixtures prior to October 2004.

1.4.1 Oxidative decomposition of naphthalene by supported metal catalysts

In this work [26]. the activity of six metal catalysts (1%Pt, 1%Pd, 1%Ru, 5%Co, 5%Mo
and 5%W on v-Al,03) were examined for the decomposition of naphthalene in a fixed-
bed reactor. The reaction rates were determined based on the amount of CO, produced
and on the conversion of naphthalene. The results obtained indicated that the latter was a
better measure for the activities of catalysts. The kinetic study of naphthalene oxidation
over 1%Pt/y-Al;O;3 in this study showed that the overall rate of the reaction was a
function of the concentration of reactants (naphthalene and oxygen) and could be
expressed using the Langmuir-Hinshelwood Kinetic Model. At temperatures over 140 °C
the rate of this reaction was greatly dependent on the amount of naphthalene adsorbed.
The reaction was found to be 1 order w.r.t Praphthaiene @and w.r.t Poy, it was found to

decrease with increasing reaction temperature.
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The catalysts prepared in this study were characterised by BET, XRD, TPD and TPR.

Some of the findings are summarised in this section.

1.4.1.1 BET results

Table 1.1 shows that catalysts synthesized in this work had surface areas close to but
lower than that of the alumina support. M/alumina catalysts showed surface areas in the

range 133-154 g/m* while the alumina support had a surface area of 178 g/m”.

Table 1.1 BET results

Catalyst Calcination Surface area Total pore volume
temperature (°C) (g\m?)
v-AlLO3 - 178 0.253
1%Pt on y-Al,O; 500 146 0.212
1%Pd on v-Al,0; 700 151 0.244
1%Ru on y-Al,O; 700 133 0.274
5%Co on y-Al,0; 700 154 0.265
5%Mo on y-Al,0; 700 140 0.242
5%W on y-Al,0O; 700 148 0.219
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1.4.1.2 XRD results

The XRD patterns recorded for catalysts in this study [26] are shown in figure 1.4. Broad
peaks were observed at 2theta values of 35, 45 and 67° in the XRD pattern of y-Al>Os.
These peaks reflected the high surface area and small crystallites of this material. The
primary peaks observed in the XRD patterns of the different catalysts were attributed to
the presence of y-Al,Os, thus suggesting that the metal oxides for 1%Pt/y-Al,03, 5%Co/
v-Al03, 5%Mo/y-Al>0;. and 5%W/y-Al,O5 were fairly well dispersed on the y-Al,O;
support. XRD peaks corresponding to Pd, and Ru-oxides identified suggested that there

were reasonably larger crystallites of PdO and RuO dispersed on the y-Al,Os support.
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1% PL>A120;.
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5% Co/>AL0~,
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HIPVIH

5% W/VA1X 3

20

Fig. 1.4 XRD patterns of M/AI20 3 catalysts

1.4.1.3 TPD results

From the TPD curves of naphthalene from the six catalysts (figure 1.5), it was seen that
naphthalene desorption from the Pt commenced at approximately 120 °C and attained a
maximum at 190 °C, whereas for the Pd catalyst, desorption went on almost at a constant
rate from 160-450 °C. This showed that naphthalene chemisorption was stronger on the
Pd catalyst. Just like the Pd catalyst, the Ru catalyst showed strong naphthalene

chemisorption as it retained some amount of naphthalene at higher temperatures (main
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peak at 200 °C with broad band). The Co catalyst showed weak naphthalene
chemisorption as there was complete desorption of naphthalene from this catalyst before
200 °C. The two non-precious metal catalysts (Mo and W) had desorption peaks covering
the range 150-500 °C. Naphthalene desorption from the W catalyst only started at about
260 °C (the maximum start point observed) and therefore indicated stronger naphthalene

chemisorption on the W catalyst.

N EFQ

pﬂ(‘b Q/O

S

0 1(X) 200 300 400 500 600

Temperature (°C)

Fig. 1.5 TPD curves for naphthalene from M/y-AhCh catalysts
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Based on the amount of CO, that was produced. the catalysts were grouped in to the

following three categories:

1) Pt and Pd catalyst: These were the most active among the six catalysts tested. Pt
activity was superior since it required the lowest temperature (300 °C) for
complete combustion of naphthalene.

2) Ru and Co catalyst: Ru catalyst showed slightly higher activity at low
temperatures (< 350°C) but was less active than the Co catalyst at temperatures
above 350 °C.

3) Mo and W catalyst: Both catalysts manifested the lowest activities encountered in

this study.

1.4.2 Naphthalene oxidation over 1%Pt and 5% Co/y-Al,Oj3: reaction intermediates

and possible pathways

The main aim of this study [1] was to reconcile the mismatch between the amount of
carbon dioxide produced and the amount of naphthalene decomposed during the
oxidation of naphthalene over Pt and Co supported catalysts. The fact that the amount of
CO; produced did not reflect the quantity of naphthalene consumed suggested that there
were probably products (other than CO, and H.O) produced during the catalytic
combustion process. Gas phase intermediates and those adsorbed on the surface of the
catalysts were identified and analysed so as to study the effect of different reaction

conditions. The results presented in this work confirmed that stronger chemisorption of
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naphthalene on the Pt catalyst led to the generation of more by-products whereas shorter
residence time resulted in the formation of other types of heavy PACs on the surface of

the catalyst. The identified intermediates were classified as:

a) Naphthalene-decomposed by-products with major fragments resulting from
naphthalene decomposition.

b) Naphthalene derivatives, which comprised of alkyl and/or oxygenated substituents.

¢) Polymerised PACs, which included heavy PACs with and without oxygenated

substituents.

According to this study. the total concentration of gas-phase intermediates was less than
100 ppb for 100 ppm supply of naphthalene. The fact that more intermediates resulted
from the use of the Pt catalyst (rather than the Co catalyst) suggested that naphthalene
oxidation over the Co catalyst involved relatively less complex pathways. The weak
adsorption of naphthalene on the Co catalyst favoured the complete combustion of

naphthalene.
Based on the findings of this study and a review of a number of reaction pathways, Xiao-
Wen and co-workers concluded that the following three pathways could be the genesis of

the three categories of intermediates mentioned above.

1) Naphthalene-decomposed intermediates originated mainly from the formation of

phthalic anhydride, followed by esterification and other oxidation processes.
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2) Methylation and dimerisation mechanisms were considered to be the prime
contributors for the production of naphthalene derivatives.
3) An initial growth of naphthalene prior to its decomposition during the catalytic
oxidation process. accounted for the formation of heavy PACs.
Figures 1.6, 1.7. 1.8 and 1.9 show reaction schemes. for the different pathways, through

which intermediates could be produced.

o O

{,4-vaphthalencdioue
® | 40, +0n
(©) Matic anhydride + Alkylated naphthalene
small hydrocarbons + addition reactions
° "L—’d) Benzaldehyde — Benzoic acid

o _@© Benzencdicarboxylic

acid radicals Phthalic acid esters

phtialic anhydride

Flg 1 6 Possible pathways of formation of various phthalates during naphthalene catlytic oxidation (according to Brickner and Baems
(1997). and Linstromberg and Baumgarten (1983)).

Taken from reference [1].
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Fig. 1.7 Potential methylation pathways for methylnaphthalene (taken from reference
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Fig. 1.8 Potential cationic intermediate pathway for dimerization of naphthalene (taken

from reference [1]).
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Fig. 1.9 Possible formation pathways of heavy by-products during catalytic oxidation of

naphthalene (taken from reference [1]).

32



Chapter | Introduction

The identification of intermediates and the derivation of possible originating routes,
therefore provide a useful basis for developing more efficient and safe catalytic systems

for pollution control.

Apart from the two studies already reviewed (section 1.4.1 and 1.4.2), all other studies
cited at the beginning of this section (1.4) do not specifically relate to naphthalene
abatement, rather, they have to do with the abatement of naphthalene-containing mixtures
(mostly comprised of CH,4, CO. naphthalene and other VOCs). A number of these studies

are briefly reviewed in the following sections.

1.4.3 Catalytic oxidation of organic compounds including polycyclic aromatic

hydrocarbons (PAHSs) from motor exhaust gases

In this work [59], a monolithic noble metal catalyst (Pt. Pd. Rh) was manufactured and
tested for the oxidation of VOCs and PAHs emitted with real exhaust gases from one-
cylinder spark ignition engine. The catalytic oxidation of VOCs was found to depend on
the engine load and air\fuel ratio. Under regulated engine work conditions, the catalysts
showed high activities as the PAHs were almost completely oxidised; only trace amount
of naphthalene was detected in the off-gases. Operating the motor without regulation
(shortage of oxygen) led to the generation of soot, which partially blocked and
deactivated the catalyst. Regeneration of the catalyst occurred as it regained its high

initial activity upon reinstallation of efficient engine regulation.
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The use of catalytic systems in motor vehicle exhaust must therefore be accompanied

with excellent engine regulation in order to yield maximum performance of such systems.

1.4.4 Application of metal-exchanged zeolites in removal of emissions from

combustion of biofuels

Pd, Pt, Pd-Pt/HZSM-5 and Pd/HZSM-35 catalysts were prepared and tested for the
conversion of gas mixtures containing CHy. C;H4, CO, naphthalene (model PAH), O,
CO,, H,0, and N, at temperatures between 120-600 °C [4]. The catalysts showed high
activities in the complete removal of model pollutants like CO and C3Hg. An increase in
the Pd content of the catalysts was found to affect the low temperature activity of the
catalyst in methane oxidation. Sulphur poisoning was found to deactivate the catalysts
while ageing of the catalysts in the reactant flow only affected the oxidation of methane.
The addition of Zr and La helped in improving the low temperature activities of freshly
prepared Pd, and Pd-P/HZSM-5 catalysts and stabilized the catalysts against

deactivation.
The XPS and 0,-TPD results showed that Pd was present as Pd* and Pd** on the freshly

prepared catalysts. The ageing of the catalysts favoured the less active PdOx species as

there was a decrease in the number of highly active Pd”" sites.
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1.4.5 An Investigation of the activity of Pd and Pd-Zr modified Y-zeolite catalysts

for the removal of PAH, CO, CH; and NOx emissions

Apart from metal oxide and metal-supported catalysts, zeolitic catalysts can also be
useful for the control of VOC emissions from car exhaust and wood-fired stoves. In this
study [5], Pd-Y- and Pd-Zr-Y-zeolite catalysts were prepared by ion-exchange of parent
NHj3-Y-zeolite, thermally pre-treated Y-zeolite and hydrothermally pre-treated Y-zeolite.
The activities of these catalysts were investigated in the conversion of gas mixtures
simulating the flue gases from combustion of biofuels and natural gas driven vehicles
(NGVs) at temperatures ranging from 120-800 °C. Freshly prepared Pd-exchange Y-
zeolite exhibited high activities in removal of model pollutants simulating emissions from
biofuel combustion and NGVs. The ageing of the catalyst (in the reactant flow and
through hydrothermal treatment) led to strong catalyst deactivation in methane oxidation
(evident by an increase in light-off temperature). The deactivation was less conspicuous
for CO and naphthalene oxidation. The de-alumination of the catalyst was the main
reason for deactivation as shown by changes in XRD patterns and strong decrease in the
zeolite activity. Thermal and hydrothermal pre-treatment of the parent zeolite prior to the
ion-exchange, yielded a less active catalyst. These catalysts suffered similar deactivation,
both due to de-alumination and migration of Pd from the ion-exchange site to the external
zeolite surface where they aggregated. Coating of the de-aluminated Y-zeolite with
colloidal alumina enhanced the activity of the catalyst in methane oxidation. This
however failed to stabilise the catalyst against deactivation. Both fresh and aged Pd-Zr-Y

catalysts proved fairly good activities in the removal of emissions from NGVs.
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1.4.6 Catalytic clean-up of emissions from small-scale combustion of biofuels

In this work [39]. a prepared knitted silica-fibre was used as support material for a
number of Pd-MeO (Me = Ni, Co. Cu, and Mn) catalysts. The activity of each of these
catalysts was investigated for the combustion of a gas mixture containing methane,
ethane. naphthalene, carbon monoxide. carbon dioxide. nitrogen and water vapour at
temperatures between 150-800 °C. The prepared catalysts showed high activities (high
combustion efficiencies) for CO, CH,4, C;H,. and CoHg. Combination of Pd and MeO
(Me = Ni, Co. Cu), with the exception of Pd-Cu catalysts, gave improved low-
temperature activities in methane combustion over freshly prepared catalysts. This
activity was superior to that of the Pd/silica-fibre catalyst. Combination of Pt and MeO
(Me = Ni, Co, and Mn), with the exception of the Pt-Ni catalyst, failed to improve the
low temperature activity in methane oxidation. Catalyst prepared by impregnation

showed higher activities than those prepared by consecutive impregnation.

Thermal treatment of the catalysts at 800 °C for 6 h led to deactivation, which was more
easily observed in methane oxidation. In addition to support and metal sintering, changes
in the nature of Pd-O species were considered a major cause of deactivation of the Pd-Ni-

containing catalysts.
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1.4.7 Catalytic abatement of emissions from small-scale combustion of wood: A

comparison of catalytic effect in model and real flue gases

In this study [3], the activity of precious metal catalysts were tested for the oxidation of a
mixture of CHj. naphthalene, CO. CO, and water vapour in a laboratory flow reactor.
The observed activities were compared with activities resulting from the oxidation of
CHa, C; hydrocarbons, benzene, and CO in real flue gases in a 15 KW wood-fired heater.
The noble metal catalysts exhibited higher activities in naphthalene and CO oxidation
than the metal oxide catalysts. In general. the Pt-based catalysts had a higher activity for
total oxidation of unburnt compounds (both for simulated flue gas and real flue gases)
from small-scale wood combustion than metal oxide-based catalysts. The metal oxide-
based catalysts equally showed stronger deactivation tendencies. The laboratory results
obtained in this study were found to correlate results from the use of real flue gases (from
a wood-fired stove). The only significant difference noticed between the two systems was
the formation of methane from higher hydrocarbons that occurred over the catalyst in the

wood-fired heater. This was particularly dominant at temperatures below 550 °C.

The findings of this work is powerful evidence to show that research in heterogeneous
catalysis aimed at decomposing toxic VOCs can go a long way to improve a wide variety
of catalytic systems such as in wood-fired stoves and as such make our environment more

conducive.
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Notice that most of the naphthalene catalytic oxidation studies reviewed in this chapter
(section 1.4) make use of y-Al-Oj; as support material for the metal catalysts used for the
destruction of naphthalene and naphthalene-containing mixtures. y-Al,O; is probably
chosen due to its high surface area and thermal stability. Zirconia and silica supports have
also been reported. To the best of my knowledge, there is no work reporting the use of
TiO,, SnO, and CeO, as metal catalyst- support for naphthalene oxidation. Part of the
work reported in this thesis (chapter 4) investigates the influence of different supports

(A1,03, SiOs, TiOa. SnO; and Ce0») on the activity of supported-Pt catalysts.

1.4.8 Recent Advances in the Catalytic Oxidation of Naphthalene

In this section, the most recent studies (2005-2007) reported for naphthalene catalytic

oxidation, are summarized.

1.4.8.1 Catalytic Oxidation of Naphthalene Using a Pt/Al,O; Catalyst

In this work [27], naphthalene is used as a model PAH to investigate the use of catalytic
oxidation (over a Pt/y-Al,O; catalyst) in decomposing PAHs. The relationships between
conversion, operating parameters and relevant factors like treatment temperatures,
catalyst sizes and space velocities are evaluated and a reaction kinetic expression is

postulated so as to give a simplified expression of the relevant kinetic parameters.
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The results obtained in this work revealed that the use of the Pt/y-Al,O; catalyst increased
the naphthalene decomposition reaction rate. It was possible to attain a high conversion
(over 95 %) at a moderate reaction temperature (480 K) and a space velocity lower than
35,000 h”'. In the absence of the catalyst. the same conversion was only attainable at a
temperature over 1000 K. It was equally observed that the Rideal-Eley mechanism and
Arrhenius equation can be sensibly applied to account for the data collected by using the
pseudo-first-order reaction kinetic equation with activation energy of 149.97 kJ/mol and

frequency factor of 3.26 x 10" s™".

1.4.8.2 Nano-crystalline Ceria Catalysts for the Abatement of Polycyclic Aromatic

Hydrocarbons

Nano-crystalline ceria catalysts were prepared by different precipitation routes and
evaluated for the catalytic oxidation of naphthalene (a PAH). The results of this study
[60] revealed that ceria prepared by precipitation with urea was the most active catalyst
for converting naphthalene to carbon dioxide. This catalyst demonstrated an activity of
over 90 % naphthalene conversion to carbon dioxide at 175 °C (100 vppm naphthalene,
GHSV = 25.000 h™') whereas ceria precipitated by a carbonate only showed a similar

conversion at 275 °C.

When compared with some known high activity catalysts (e.g. Mn,0O; and Pt/y-Al,0;) for
naphthalene decomposition, it was found that the urea precipitated CeO, was more

efficient for naphthalene total oxidation.
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It was also observed that at temperatures too low to yield any significant catalytic
activity, the adsorption capacity of the urea precipitated catalyst was quite higher than all
other catalysts studied. The Authors suggest that this high adsorption capacity of the
material gives it an added advantage as it can be used both as a catalyst and an adsorbent

for the removal of PAHs from waste streams.

1.4.8.3 Naphthalene Total Oxidation over Metal Oxide Catalysts

Metal oxide catalysts (CoOx. MnOx. CuO. ZnO, Fe-O;. CeO,. TiO; and CuZnO) were
prepared by a precipitation method and tested for the complete oxidation of naphthalene
[61]. The results revealed that the CeO; catalyst prepared by homogeneous precipitation
method with urea had the highest performance. This catalyst showed stable conversion

with 100 % selectivity to CO- with time-onstream at very low temperatures (175 °C).

The total oxidation of propane was also investigated using the same range of catalysts but
no correlation seemed to occur between naphthalene and alkane oxidation. It was
observed that redox properties were the main factors accounting for propane total
oxidation. On the other hand. the surface area and the strength of the bond between
adsorbed molecules and catalyst surface were equally considered determining factors

influencing naphthalene catalytic combustion.
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1.4.8.4 Complete Naphthalene Oxidation over Pd/V and Pt/V-supported catalysts,
Pt-supported catalysts, Nano-crystalline CeO; catalysts and Metal-supported CeO,

Catalysts
The work reported in this section has been explicitly elaborated in chapters 3-6. It is
shown that vanadium added during the impregnation step of catalyst preparation

promoted the activity of Pd and Pt- supported alumina catalysts in naphthalene oxidation.

The influence of support material on the activity of Pt-supported catalysts in naphthalene

oxidation was evaluated.

The influence of catalyst preparation conditions and preparation methods for Ceria

catalysts was studied for total naphthalene decomposition.

Metal-doped ceria catalysts were also prepared and tested for total oxidation of

naphthalene.

The results of the above studies are detailed in chapters 3-6.
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CHAPTER 2: EXPERIMENTAL

2.1 Introduction

In this chapter, the methods employed for catalyst preparation are detailed and theories
governing the different methods of characterisation are discussed. Characterisation

equipment specifications, characterisation methods and catalyst testing are also detailed.

2.2 Catalyst Preparation

Several catalysts were prepared and tested for the complete oxidation of naphthalene.
This chapter covers detail preparation methods/procedures employed for the synthesis of

the various catalysts tested for the complete destruction of naphthalene.

2.2.1 Preparation of Metal Supported Catalysts for Naphthalene Oxidation

2.2.1.1 Preparation of Pd/ y-Al, O3, Pt/y-ALL,O3, Pd/V/y-AL O3, and Pt/V/y-AlL O3

Pd/V/Al,0;, and Pt/V/AlLO; catalysts were prepared by dissolving a known amount of

metal salt (PdCl, — Aldrich 99% or hydrogen hexachloroplatinate (IV) hydrate. Aldrich

99.9%) in 100 ml of deionised water. The solution was heated to 80 °C and stirred

continuously. An appropriate amount of ammonium metavanadate (Aldrich 99+%) and

oxalic acid (1.59g, Aldrich 99+%) were added to the solution of the salt. y-ALO; (
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Aldrich 99+ %) was then added to the heated solution and stirred at 80 °C to form a paste.
This was then dried at 110 °C for 16 h. The catalysts had Pd loading of 0.5 wt%. Pt
loading of 0.5 wt% and V in the range 0.5-12 wt%. A similar method was used to
prepare Pd and Pt-supported alumina catalysts without vanadium. The catalysts were
finally calcined in static air at 550 °C for 6 h. The method used is called impregnation
(for catalysts containing a single metal species) and co-impregnation for vanadium-

modified catalysts.

2.2.1.2 Preparation of Pt/SiO,, Pt/SnO,, Pt/TiO; and Pt/CeO,

A method of impregnation similar to that used for the preparation of vanadium-free Pt-
supported alumina catalyst was used to prepare Pt catalysts supported on different
materials (Si02, SnO,. TiO», and CeO-). In each of these cases. alumina was replaced by
the appropriate support material to prepare 0.5 %Pt/SiO.. 0.5 %Pt/SnO,, 0.5 %Pt/ TiO,
and 0.5 %Pt/CeO, The raw materials were composed of 0.0432 g of hydrogen
hexachloroplatinate (IV) hydrate (Aldrich, 99.9 %). and 3 g of the appropriate support
(SiO, — Matrex Silica 60- Fischer Scientific Ltd, 99+ %. Tin (iv) oxide — 325 mesh, 99.9
% - Aldrich, TiO, — P 25, Degussa, and cerium (iv) oxide, Aldrich, 99.9 %). All Pt-

supported catalysts prepared had 0.5wt% of Pt.

Table 2.1 gives the complete range of metal-supported catalysts prepared and tested for

naphthalene oxidation.
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Table 2.1 Range of catalysts prepared by impregnation

Catalysts prepared

0.5 %Pd/Al,0O3

0.5 %Pd/0.5%V/Al,05

0.5 %Pd/1%V/A1,0;

0.5 %Pd/3%V/Al,O;3 ’ i

0.5 %Pd/6%V/Al-0;

0.5 %Pd/12%V/Al,0O,

0.5 %/PUAILO;

0.5 %Pt/0.5%V/Al>O;

0.5 %P/ 1%V/Al-O;

0.5 %Pt/3%V/Al,O;

0.5 %Pt/6%V/Al,0;

0.5 %Pt/12%V/ALLO;

0.5 %Pt/SiO-

0.5 %Pt/SnO;

0.5 %Pt/TiO>

0.5%Pt/Ce0O2
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2.2.2 Precipitation Methods for the Preparation of Crystalline Ceria for

Naphthalene Oxidation

2.2.2.1 Precipitation with urea: Urea Route (UR)

A homogeneous precipitation method involving the wuse of a cerium salt
[(NH4)2Ce(NO;3)q] and urea (H.N-CO-NH-,) as precipitating agent was used to prepare
ceria (CeO,) catalysts. A 1:3 ratio of (NH,).Ce(NOsz), and H-N-CO-NH, were
dissolved in 100 ml of deionised water. The resulting solution was stirred continuously
and heated to 100 °C to form a brownish gel-like solution. which was boiled and aged at
100 °C for 24 h. The final precipitate was obtained by filtering and complete evaporation

at 120 °C. The resulting yellowish solid was then calcined in static air at 400 °C for 10 h.

The above method had been reported [1] to be effective in obtaining an efficient nano-
crystalline ceria catalyst for naphthalene oxidation. In this study, the calcination
temperature, calcination time, aging time, and cerium salt:urea ratio were varied to
optimise the activity of the catalyst in naphthalene oxidation. The complete range of ceria

catalysts prepared by precipitation with urea is detailed in table 2.2.
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Table 2.2 Range of nana-crystalline ceria catalysts prepared by precipitation with urea

Catalyst Cerium Aging Time / Calcination Calcination
salt:urea ratio hours Temperature/ | Time/ hours
°C

CeO: 13 24 300 10
CeOy 1:3 24 400 10
CeOs 1:3 24 500 10
CeO» 1:3 24 600 10
CeO» 1:3 24 500 6
CeOs 1:3 24 500 3
CeOs 1:3 12 500 6
CeOs [:3 3 500 6
CeO: 2:1 24 500 6
CeO, I:1 24 500 6
CeOs 1:2 24 500 6
CeO, 1:4 24 500 6
CeO: 1:4 12 500 6

In later sections in this thesis CeO- catalysts prepared by UR shall be named as CeO,

followed by Ce salt:urea ratio. aging time. and calcination temperature/calcination time.

E.g. CeOs, 1:3.24 h. 400 °C /10 h.
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2.2.2.2 Precipitation with sodium carbonate: Carbonate Route (CR)

Ceria was also prepared using a precipitation method reported by T. Garcia et al. [1]. This
precipitation method involved using cerium nitrate and sodium carbonate. Here 20 g of
Ce-nitrate salt was dissolved and heated to 80 °C while stirring. 0.25M solution of
aqueous sodium carbonate was then added drop wise until a pH of 8.2 -9.0 was reached.
The solution obtained was stirred and aged at 80 °C for | h to obtain a paste. which was
then filtered and washed several times with cold and hot water to remove any nitrates and
sodium cations. The resulting solid was dried in an oven maintained at 120 °C followed
by calcination at 500 °C for 10 h in static air. The calcination temperature/time employed
in this synthesis (500 °C and 10 h) was different from the 400 °C and 3 h employed in the

literature [1].

2.2.3 Preparation of Ceria using Supercritical carbon dioxide: Supercritical carbon

dioxide Route (sc)

A CeO, catalyst prepared by Zi-rong Tang (PhD Student in Prof. Graham Hutchings
Research Group) using supercritical CO, was also tested for the complete abatement of
naphthalene. Here. the synthesis of the precursor scCeO- was performed using the
apparatus shown in figure 2.1. Supercritical (s¢) CO> was pumped to the reaction vessel
at pressures of up to 150 bar with the flow rate of 7 ml min™'. The whole system was held
at 40 C. Initially pure methanol was pumped through a fine capillary into the

precipitation vessel at a flow rate around 0.1 ml min™' for 25 min in co-current mode with
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supercritical CO2 in order to obtain steady-state conditions in the vessel. After the initial
period, the flow of liquid solvent was stopped and the solution of Ce(acac)3 in methanol
(13.33mg/ml) was delivered at 0.1 ml min'l flow rate. The system pressure and
temperature were maintained constant during the course of feeding the solution and CCb.
As the solution exited the capillary, the droplet and scCO: rapidly diffused into each
other, causing expansion, simultaneously reducing the solvent power. The solute was
precipitated rapidly. When all the solution had been processed. scCO: was pumped for a
further hour to wash the vessel in case the residual methanol condensed during the
depressurization and partly solubilized the precipitated powder modifying its
morphology. When the washing process was completed, the CO2 flow rate was stopped
and the vessel was depressurized to atmospheric pressure and the light green precipitate
was collected. Experiments were conducted for 20 h, which resulted in the synthesis of

approximately 0.7 ~0.8g of solid. The precursor was calcined at 400 °C for 2 h with the

ramp of 10 °C.

GC Oven

Starting Solution Filter
Solvent
P: HPLC pump +co,,

PV: precipitation vessel
BPR: Back pressure regulator

Fig. 2.1 Experimental setup for preparation of CeC2by Sc
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2.2.4 Preparation of Pt/CeO; by Homogeneous Precipitation with urea

Pt/CeO catalysts were prepared using a homogeneous precipitation method. with urea as
precipitating agent. Here a 1:4 mixture of cerium salt [(NH,;).Ce(NO3)q| and urea (H:N-
CO-NH:) (20 g cerium salt + 80 g of urea. both Aldrich and purity of 99+ %) were
dissolved in 200 ml of dionised water and stirred continuously at 100 °C . After aging
this mixture at 100 "C for 4 h. 0.2 g of hydrogen hexachloroplatinate (IV) hydrate
(Aldrich, 99.9%) was dissolved in 2 ml of deionised water and added to the resulting
brownish reaction mixture. The mixture was then further aged for 8 h to obtain a yellow
solid which was filtered and dried at 120 °C followed by calcination in static air at 500 °C
for 6 h (heating rate of 10 °C /min was used and final catalyst was allowed to cool in air).
The Pt/CeO> prepared as described herein was thus prepared from a raw material mass
ratio of 0.2: 20:80 Pt salt. cerium salt and urea respectively. In a separate experiment, the

Pt content in the final catalyst was increased by starting with same raw materials in ratio

of 1:20:80.
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2.3 Catalyst characterisation

2.3.1 Introduction

There is a vast variety of methods in industry and research laboratories used to
characterise heterogeneous catalysts. In this section. only the methods used for
characterisation of catalysts prepared in this work are discussed. These include atomic
absorption spectroscopy  (AAS). BET. CO chemisorption. XRD. laser Raman
spectroscopy. temperature-programmed reduction (TPR). thermal gravimetric analysis

(TGA). scanning electron microscopy (SEM) and XPS.

2.3.2 Theory of Atomic Absorption Spectroscopy

AA spectroscopy is a quantitative method of analysis which uses the absorption of light
by free atoms to measure the concentration of atoms in the gas-phase [2. 3. 4] and as such
is based on the Beer-LLambert Law:

A=abc ... (2.1

Where.

A = Absorbance

a = wavelength-dependent absorptivity

b = path length

¢ = analyte concentration.
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For experimental measurements transmittance (T) is often made use of.

T=V0 i (2.2)

Where,

lo= intensity of incident light

I = intensity of light after passing through the sample

The relationship between transmittance and absorbance is given by the equation (2.3).
p g 3 q

A = -logT =-logl/lo.................... (2.3)
Equation (2.1) shows that the amount of light absorbed is proportional to the analyte’s
concentration.

A schematic representation of an AA experiment is shown in figure 2.2.
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Lens Detector

Monochromator

Hollow cathode lamp Atomized sample
Readout Amplifier

Fig 2.2 Schematic representation of an atomic-absorption apparatus

Atoms or ions of the analyte in the sample are vaporized using a high-temperature source
such as a flame or a graphite furnace. While the flame can only atomise solutions, the
graphite furnace can atomise solutions in addition to slurries and solid samples. Light
from a source (usually the hollow cathode lamp of the element to be analyzed or laser)
passes through the sample to the detector. The absorption of light by the atoms of the
analyte results to their transition to higher energy levels. Since light absorption is
proportional to the concentration ofthe analyte, it can therefore be used to determine the
concentration of the analyte. The main function of the monochromator is to separate the
absorption line from any background light resulting from interference. As the light
passing through the sample and monochromator strikes the detector, a signal is
transferred from the detector to the computer which indicates the absorbance. The
variation in the atomization efficiency from the sample matrix and non-uniformity of
concentration and path length of analyte atoms make it difficult to apply Beer-Lambert
law directly to AA spectroscopy. Concentration measurements are therefore usually made

by first calibrating the instrument with a number of standards of known concentration. A
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calibration curve and the equation of a line are then used to determine the unknown

concentration on the basis of its absorbance.

2.3.3 Atomic Absorption Experimental Procedure

[n this work, standard solutions of V and Pd (5 ppm. 10 ppm. 20 ppm. 30 ppm. and 40
ppm) were prepared by diluting appropriate quantities of V and Pd AA standard solutions
(Aldrich) with water to make 100 ml solutions of each in a 100 ml volumetric flask.
Appropriate quantities of some Pd/V/Al,O; catalysts were then dissolved in aqua regia
(3HCI :1THNO3) and made up to 100 ml with deionised water in 100 ml volumetric flasks
to yield expected amounts of metal species. For each AA run. a sample was taken by an
aspirator tube in to the flame where it was vaporized before it absorbed light. After
calibrating the instrument with the prepared standard solutions for each metal under
investigation, the concentration of that metal in the solution of each catalyst was
determined by carrying out AA spectroscopy. The cathode hollow lamp of each element
(V and Pd) was used as excitation source for its investigation and vaporization was done
in air-acetylene flame. The detected signal was registered on the monitor and from the
calibration curve drawn for the standards: the computer automatically computed the
concentration of each metal in the solution of the catalyst. It is worth noting that only one

metal could be analyzed at a time.
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2.3.4 Theory of Brunauer-Emmet-Teller method

The Brunauer-Emmet-Teller (BET) method is widely used in research and industry for
the determination of surface arcas of solid state materials. The theory of this
characterization technique has been well elaborated by several authors [5-8). The
Langmuir isotherm discussed in chapter 1 is limited to the adsorption of a monolayer of
adsorbate. If the latent heat of vaporization of a system is significantly high compared to
the heat of adsorption. adsorption will occur at temperatures higher than the boiling point
of the adsorbate and the formation of multilayers becomes very unlikely. However, if the
heat of adsorption and the latent heat of vaporization are similar. a low temperature is
then required to bring about considerable adsorption in the first layer and under these
conditions. the probability of multiple layer formation becomes significant. The BET
isotherm takes in to account the formation of multilayers. It is actually an extension of the
Langmuir model. which takes in to consideration the physisorbed multilayers. This

isotherm relies on the following assumptions:

1) Each layer of adsorbate is considered to be a Langmuir monolayer and must be
completed before the next layer starts to form.

2) The heat of adsorption for the first layer. AHug is characteristic of the
adsorbate/adsorbent system.

3) Heat of adsorption for subsequent layers equals the heat of condensation. H, .

This implies that. AH; = AH>, = AHy = AHy = Alls=AH.= ....... ..
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The BET isotherm is generally represented by the equation 2.4.

O =C (P/Py)/ (1 -P/P,)[1+(C-1P/P,] (2.4)

Where.
O = Fraction of surface coverage
P = Equilibrium pressure over the solid

Po = Saturated vapour pressure of gas at temperature of experiment

C =exp[(AH, - AH,)/RT] (2.5)

Where H, = heat of adsorption in subsequent layers.

If AH, >> AH, . the BET isotherm reduces in to the Langmuir isotherm.

Considering © = V/V,,,

Where V = amount of gas adsorbed and V,, = monolayer coverage

Equation 2.4 can be written as:

V = V,CP/ (Po — P)[1 +(C - 1) (P/P,)] (2.6)

A plot of V against the relative pressure P/P, is called a BET isotherm.
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Equation 2.6 can be rearranged to give the linear BET equation. 2.4.

P/VP,-P)=1/V,C +(C-HP/V,CP, 2.7

Equation 2.7 is similarto Y = MX + C

Where Y =P/ V(P, - P) and X = P/P,,

The plot of Y versus X gives a straight line with gradient, M = (C - 1) / V,,C and
intercept, C=1/V,;,C

The useful region of the plot is only from 0.05 to 0.35 on the X-axis

The determination of the surface area is based on the following principle: A gas close to
its boiling point will concentrate (physisorb) at the surface of the solid at a pressure. P.
lower than its saturated pressure P,. From the monolayer coverage and the known cross
section of an adsorbing molecule. it is possible to determine the total surface area as

shown below:

If liquid N, is used for analysis. it implies that at its temperature. each N> molecule
covers about 16.2A°. From the value of molecules in a statistical monolayer,
Surface area.

mY/g =(Im* /107" A%)(16.2A7/N2)(6.023 x 107'N2/22400 cc-STP)( V. cc-STP/W . g)
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The BET technique involves the use of volumetric or mass devices to determine the
amount of gas adsorbed (V in cc-STP) as a function of relative pressure (P/P,) in the
range 0.05 - 0.35. The data is plotted according to the linear BEET equation to obtain V,

and C. from which the surface area can be calculated.

2.3.5 BET Experimental procedure

Catalyst surface areas were measured using multi point N. adsorption at 77K in
accordance with the BET method described above. For this. a micromeritics Gemini
instrument controlled by a computer was used. Samples were degassed at 120 °C before
dosing nitrogen gas in to the sample tube at 196 °C. For all experiments 110 mg of

powdered sample was used and an adsorption isotherm was measured.

2.3.6 Theory of CO Chemisorption

This technique is generally used to measure the metal dispersion on the support. It is
based on the fact that some molecules (e.g. CO) will only selectively adsorb on some
metal surfaces. The amount of CO absorbed is therefore proportional to the number of
metal atom present. The monolayer uptake. Nm (umolg™). is given by:

Nm = 44.6Vm, where Vm is the volume of monolayer.
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CO chemisorption analysis gives very useful parameters [active metal surface area
(ASA). metal dispersion (D) and the average particle size (d)] crucial for catalytic

activity.

ASA =Nm S Am/ 166

Where. Nm = number of adsorbed gas molecules. S = adsorption stoichiometry (M/CO)

and Am = cross-sectional area occupied by each active surface atom.

The metal dispersion (D) is defined as the fraction of metal atoms found on the surface of
metal particles. Atoms found inside the metal particles do not take part in surface
reactions and are thus wasted in relation to catalytic activity. D is expressed as a

percentage of metal atoms present in the sample.

D = Nm S M/100 L. where. M and . represent the molecular weight and percentage

loading of the supported metal respectively.

If ASA is known, a spherical particle shape can be assumed to estimate an equivalent

particle diameter, d.

d =100 L f/ASA x Z. where. L. = mass of supported metal. Z = density of supported

metal and f = particle shape correction factor (= 6 for spherical particles).
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2.3.7 CO Chemisorption Experimental Procedure

CO chemisorption was performed using Autosorb-1 Quantachrome equipment. For each
analysis involving a Pt-supported catalyst. the sample was first treated with He and H»
prior to CO uptake. The sample was degassed by flowing He through the sample while
heating to 120 °C (ramp = 20 °C min™"). At 120 °C He was flown for further 30 mins. The
sample was then reduced with H> while heating to 400 °C. At 400 °C. the sample was
treated with H» for further 2 h before evacuating for 3 h to remove any adsorbed H-. This

was followed by CO chemisorption at 40 °C.

For analysis involving a Pd-supported catalyst. the sample was also treated with He and
H. prior to CO uptake. The sample was degassed by flowing He through while heating to
140 °C (ramp = 20 °C min™'). At 140 °C. He was flown for further 30 mins before cooling
to 100 °C (ramp =20 °C min™'). This was followed by reduction with H at 100 °C for 2 h
before evacuating at 140 °C for 3 h. CO chemisorption then followed at 40 °C. 0.23 g of
sample was used for each CO chemisorption analysis. An adsorption stoichiometry of

M/CO = 1 was assumed [9] to enable calculation of the metal dispersion.

2.3.8 Theory of Powder X-ray diffraction (XRD)

The identification of inorganic materials that are non-molecular and crystalline is usually

done by powder X-ray diffraction (XRD) [10. 1] supplemented, where necessary, by
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chemical analysis. In addition to the identification of a material. the XRD technique also
gives information about the arrangement of atoms in a material [10-13]. The technique is
a rapid and non-destructive method widely used in Chemistry and Biochemistry to
determine the structure of a large variety of molecules. including inorganic compounds.
DNA. and proteins. Each crystalline solid has a unique XRD pattern. which can be used
as a ‘fingerprint’” for its identification. The powder patterns and crystallographic data for
most known inorganic solids are included in an updated version of the powder diffraction
file provided by the International Centre for Diffraction data. The usc of appropriate
search methods can therefore lead to quick and unambiguous identification of unknowns

in a sample.

X-rays are produced from the collision of high-energy charged particles (e.g. electrons
accelerated at 30,000 V) with matter. The resulting X-ray spectra usually compose of a
broad spectrum of wavelength known as white radiation and a number of fixed or
monochromatic wavelengths. White radiation formation occurs when electrons are
slowed down or stopped by the collision and some of the lost energy changes in to

electromagnetic radiation.

Most diffraction experiments make use of monochromatic X-rays produced from a
process different from the one described above. Here, a beam of electrons accelerated
through about 30,000 V is directed to a metal target, often Cu. Upon collision with the
target, the high-energy electron beam triggers the ionization of some of the Cu IS (K

shell) electrons. An electron then drops from the outer orbital (2p or 3p) to occupy the
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vacancy created. This electronic transition is accompanied by the release of energy.
which appears as X-rays. Since the transition energies have fixed values. a spectrum of
characteristic X-rays is formed. The transition from the 2p — Is orbital of Cu with a
wavelength of 1.5418 A is called Ka while the 3p — Is transition is termed KB and has a
wavelength of 1.3922 A. The Ka transition is more intense and occurs more frequently
than the K. This transition occurs as a doublet (Ko, = 1.54051 A and Ka- = 1.54433 A)
because it has slightly different energies for the two possible spin states of the 2p
electron, constituting the transition. relative to the spin of the Is orbital. In some X-ray
experiments such as powder diffractometry at low angle. diffraction by Ka; and Ka- is
not resolved. In such cases. a single line or spot is observed rather than a doublet. Other
experiments may show separate diffraction peaks. The removal of the weaker Ka, from

the incident beam can be used to obtain a single signal.

Once produced the monochromatic Cu Ka radiation (X-ray beam) is incident on to a
sample which diffracts (scatters or reflects) it. A detector picks up the diffracted X-rays
and the diffraction pattern consists of spots for single crystals and concentric circles for
powdered samples. These correspond to regions of constructive interference. For
constructive interference of the diffracted X-rays to be observed. the Bragg equation 2.8

must be satisfied.

2dsin® = nk (2.8)
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Fig 2.3 shows the schematic representation of the diffraction of an X-ray beam by a

crystal.

Fig 2.3 Schematic representation of diffraction by a crystal
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A computer connected to the XRD equipment automatically records the signal which
appears in the form of peaks of given intensities at given 20 values. Fig 2.4 shows the

XRD patterns recorded for two titania samples.

7000-1
6000-
5000-
4000 -

5 3000 -

2000 - Ti02-P25

1000 -
> .Ti02-325mesh

Degree 2Theta

Fig 2.4 Powder diffraction patterns for two TiC>2 samples

2.3.9 XRD Experimental Procedure

Powder X-ray diffraction was used to identify the crystalline phases present in the
catalysts synthesised in this work. For this, an Enraf Nonius PSD 120 diffractometer with
monochromatic Cu Ka source operated at 1.2KW (40KeV and 30mA) was used.
Powdered Samples were placed in the sample holder and rotated as X-rays struck the

sample. The experimental patterns were calibrated against silicon standard and by
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matching experimental patterns to the JCPDS powder diffraction file; the phases present
in the catalysts were identified. Traces software was used to determine the particle size

for some catalysts.

2.3.10 Theory of Laser Raman spectroscopy

The theory governing Raman spectroscopy has been extensively covered in the literature
[14-17]. C V Raman was the first to describe the Raman Effect after a successful
experimental demonstration in 1928. Because Smekal had earlier theoretically predicted
it. it is often referred in German literature as the Smekal-Raman effect. It results from the
interaction between the molecules of an irradiated sample with the incident radiation.
This interaction causes the exciting or incident light to be scattered. Most of the light is
scattered elastically (at the same wavelength as the incident light) while some of it is
scattered inelastically (at a wavelength different from that of the exciting light). The
elastic scattering is termed Rayleigh scattering while the inelastic scattering is called
Raman scattering. The difference in energy between the incident and the Raman scattered
light corresponds to the energy involved in changing the vibrational motion of the
molecule and is called Raman shift. When an excited molecule returns to a vibrational
level higher than its initial state. the spectral line has a shorter wavelength (and higher
frequency) than the incident radiation and is called Stokes lines. On the other hand. if a
molecule in an excited state (say v = 1) is moved to a higher unstable state by interacting
with the incident photon, the spectral line resulting from its decay to the ground state is

called an anti-Stokes line. Since most molecules reside in the ground state and not the
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excited state at room temperature. the Stokes lines are usually of higher intensity than the
anti-Stokes lines. Fig 2.5 illustrates the three scattering phenomena described above. The
Raman spectrum is a plot of the detected number of photons (intensity) against Raman
shift from the incident laser energy. Each Raman shifted signal observed in a spectrum

corresponds to a vibrational or rotational mode of'a molecule in the sample.
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Vitual state

ik

okes

Vibrational levels

Ground electronic state

Fig 2.5 Schematic representation of Rayleigh and Raman scattering (Stokes and anti-

Stokes)

2.3.11 Raman Spectroscopy Experimental Procedure

In this work, a Renishaw system - 1000 dispersive laser Raman microscope was used for
recording Raman spectra of catalysts synthesised. The excitation source used was an Ar
ion laser (514.5 nm) operated at a power of 20 mW. The laser was focused on powdered

samples placed on the microscope slide to produce a spot size of ca. 3 pm in diameter. A
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backscattering geometry with an angle of 180" between illuminating and collected

radiation was used for spectra collection.

2.3.12 Temperature Programmed Reduction (TPR)

Temperature-programmed reduction experiments are widely used in heterogeneous
catalysis to characterise the activation and the reactivity of catalysts [18-20]. In this
technique a sample of catalyst is heated continuously in a flow of reducing gas (typically
hydrogen) while the hydrogen consumption is being monitored. A temperature controller
is used to control and ensure linear heating rates while the reduction reaction between the
catalyst and the reducing gas is monitored by a very stable thermal conductivity detector.
The resulting signal appears on the computer monitor. The TPR profile (showing
hydrogen consumption versus temperature) obtained shows a peak or peaks unique to the

sample and thus acting as a “fingerprint” for its identification.

2.3.13 TPR Experimental Procedure

In this work. temperature-programmed reduction was carried out using either a
Micrometrics Autochem 2910 equipment (for M/V/alumina catalysts) or a TPDRO 1100
Series Thermo Electron Corporation instrument (for ceria-based catalysts) both equipped
with a TCD detector. Prior to treatment of each catalyst with the reducing gas (hydrogen),
the sample was pretreated by flowing Ar (20 ml min') through it while heating from 30-

110 °C (ramp rate of 20 ® min™'). The sample was then maintained at 110 °C for 45 mins
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before cooling to 30 °C. For reduction. the reducing gas employed was 10 % H, in Ar (20
or 50ml min™'). The temperature ranged from room temperature to 650 °C and a heating
rate of 10 °C min' was maintained for all catalysts under investigation. Catalysts masses

ranged between 50-110 mg depending on sample under investigation.

2.3.14 Theory of Thermal Gravimetric Analysis

Thermal gravimetric analysis involves the measurement ot changes in weight of sample
(resulting from chemical reactions. decomposition. solvent and water evolution, or
oxidation) as a function of temperature. Samples tested are usually samples of catalysts
which have not yet been calcined. Samples are treated thermally in a gaseous atmosphere

(air. H in Ar or nitrogen) depending on the calcination atmosphere.

2.3.15 TGA Experimental Procedure

Thermal gravimetric analysis (TGA) was performed using SETARAM 10013707

equipment. Approximately 20 mg of powdered sample was investigated in air using a

temperature range from ambient temperature to 800 °C and a ramp rate of 10°C min "'

2.3.16 Theory of Scanning Electron Microscopy (SEM)

SEM is a technique used as a complement for optical microscopy to study the texture,

topography and surface features of powders or solid pieces [10]. Pictures resulting from
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SEM instruments have a definite 3D quality due to the depth of focus of these
instruments. Unlike optical microscopy a scanning electron microscope uses electrons
rather than light to produce an image. The larger depth of the SEM field enables large
amounts of samples to be focused at one time. The images produced have a high
resolution (between lower resolution limit of optical microscopy (approximately | um)
and the upper practical working limits of transmission electron microscopy
(approximately 0.1 pm) or higher (approximately 10~ to approximately 107 pm). The
high resolution of the SEM allows for closer spaced features to be examined at high
magnification. The main advantages of SEM therefore include:

- Higher resolution

- Qreater magnification

- Larger depth of focus

- Easy sample preparation and observation

These advantages have made SEM a widely applicable microscopic technique in various

heterogeneous catalysis research and other research laboratories worldwide.

In the scanning electron microscope. a beam of electrons produced from an electron gun
travels vertically through the column of the microscope and as it goes past electro
magnetic lenses, it is focused to a small spot (50-100A in diameter) on the sample
surface. The electron beam scans the sample, rather like the spot on the television screen.
The interaction of the clectron beam with the sample results to the emission of both X-

rays and secondary electrons. Secondary electrons are used to produce an image of the
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sample surface which is displayed on a screen while X-rays are used for chemical
analysis. Some SEM instruments are furnished with a valuable additional feature which

allows for important elemental analysis of sample composition.

2.3.17 SEM Experimental Procedure

The particle size and morphology of powdered CeO. (UR) and Pt-supported catalysts
synthesized in this work were evaluated by scanning electron microscopy (SEM) using
EVO 40 Oxford instrument composed of an electron gun (with tungsten filament and
anode), two condenser or magnetic lenses. and a detector which analyses the secondary
electrons and X-rays emitted from the interaction of the electron beam and the sample.
Prior to turning on the electron gun. the SEM system was evacuated to 107-10° mBar.
Pictures of samples were taken at high and low magnification to observe both the nature
of particle and closer view of the surface. Figure 2.6 shows pictures of the EVO 40 SEM

equipment used.
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Fig. 2.6 (a) SEM Equipment

Energy Electron gun
dispersive X-ray Deflection coils
Detector system Aperture
(EDX) Scan coils

Condenser lens

Vacuum

Evertiart-Thomley chamber

type secondary
electron detector
(SED)

Sample stage

Back Scatter
Detector (BSD)
Variable Pressure

secondary electron

detector (VPSD)

Fig. 2.6 (b) Picture showing parts ofthe SEM equipment
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Retractable Back scattered electron detector
located directly above sample consisting of four
Individual diodes

8 bed sample holder

Fig. 2.6 (c) Internal view ofthe SEM equipment showing sample stage and back scattered

electron detector.

23.18 Theory of X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an electron spectroscopy technique which
measures the kinetic energy of electrons emitted when matter is bombarded with high-
energy X-rays [10]. The technique is used to determine energy levels in atoms and
molecules and is particularly useful for surface studies since electrons produced are not
very energetic (energy « 1KeV) and are easily absorbed by the solid matter. Hence, the

electrons can not escape from the solid unless ejected within 20 - 50 A ofthe surface.
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In XPS. X-rays (usually Mg Ka. 1254eV or Al Ka. 1487¢V monochromatic radiation)
interact with matter. leading to the emission of primary electrons which are detected. The

kinetic energy.

E. of the emitted electrons correspond to the difterence in the energy of

the incident photon (hv) and the binding energy. L1, of the electron.

EL=hv-E,

The kinetic energy and binding energ

-
&

v of each emitted clectron is characteristic of the
atom or element from which it is cmitted. Each atom can give rise to several
characteristic Ey, corresponding to the emission of electrons from different energy levels

in the atom.

Auger electron spectroscopy is a related technique in which secondary electrons are
detected. The emission of primary electrons from an atom A. results to the creation of
vacancies and the ionized atom is said to be in the excited state. A*". The decay of the
excited atom is accompanied by the drop of an electron to a lower energy level and
energy is evolved in this process. The energy evolved can be in the form of X-rays or can
be transferred to another electron in the same atom which is then ejected. Such secondary
ionized electrons are called Auger electrons. The XPS and AES process are summarized

in the equations below.

A + X-rays A"+ e (primary clectron)

A" A"+ hv (X-rays)

v
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A" R AT +e (Auger electrons)

The AES spectra are usually observed together with XPS spectra. showing the intensity

of ionized electrons against the energy of electrons.

2.3.19 XPS Experimental Procedure

XPS measurements were made using a Kratos Axis Ultra DLD spectrometer at Kratos
Analytical, Manchester UK. using monochromatic AlKa radiation. and analyser pass
energies of 160 eV (survey scans) or 40 eV (detailed scans). Binding energies were
referenced to the C(1s) peak from adventitious carbonaceous contamination. assumed to

have a binding energy of 284.7 eV.
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2.4 Catalyst Testing

2.4.1 Naphthalene Oxidation Process and Equipment

The flow diagram for the naphthalene oxidation catalytic system used for the work
reported in this thesis (chapters 3-7) is shown in figure 2.7. Figures 2.8 (a) and (b) show
a photograph of the actual equipment used for PAH oxidation. Naphthalene from the
naphthalene generator maintained at 30 °C flows with the aid of helium and mixes with
oxygen in the tube from the naphthalene generator. Depending on the positions of the
two-way valves. the reaction mixture can either flow through the bypass (for control
experiment) to the GC or through the reactor to the GC. Naphthalene oxidation occurs in
the reactor. The reactor is composed of a "4 inch o.d. stainless steel tube insulated with a
steel cover lined in the inside by quartz wool and furnished with a heating coil for
heating. The micro reactor tube is connected with a thermocouple to the reactor
temperature controller used to vary the reaction temperature. Products from the reactor
flow to the gas chromatograph (GC) where injection occurs and the products are
separated in two columns in the GC and detected by a thermal conductivity detector
(TCD) and a flame ionisation detector (FID). A computer connected to the GC records
signals detected by both detectors. The TCD shows peaks corresponding to air, CO and
CO> while the FID detects mainly the presence of naphthalene and possibly other

hydrocarbons (if present as by-products or intermediates).
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Fig. 2.8 (a) Photograph ofequipment used for total catalytic oxidation ofnaphthalene
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Fig 2.8 (b) Photograph showing clearly the reactor, GC and computer setup used for

naphthalene catalytic oxidation.
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2.4.2 Naphthalene Oxidation Experimental Procedure

The activity of each catalyst for naphthalene oxidation was determined using the fixed
bed laboratory micro reactor described earlier. Catalysts were tested in powdered form
using a " o.d. stainless steel reactor tube. The reaction feed consisted of 100 vppm
naphthalene in air. A total flow rate of 50 ml min™ was used and catalysts were packed to
a constant volume to give a gas hourly space velocity of 45 000 h' for all studies (except
otherwise stated). To do this. a bubble meter was used to measure the flow of gases
through the system and a calibration curve was derived relating the flow of individual

gases to numerical values on their mass flow controllers.

Analysis was performed by an on-line gas chromatograph with thermal conductivity and
flame ionisation detectors. In most cases. catalytic activity was measured over the
temperature range 100-300 °C in incremental steps. and temperatures were measured by a
thermocouple placed in the catalyst bed. Data were obtained at each temperature after a
stabilization time. Three analyses were made at each temperature to ensure that steady
state data were collected. The reaction temperaturc was increased and the same procedure
followed to determine each data point. An average of the three readings recorded at each
temperature was taken to determine the conversion and yield to CO2. There was an error
margine of within 0.1 - 2 % conversion (or CO2 yield) between the three readings at each

temperature. The activity of each catalyst tested was calculated based on:
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a)

b)

The fraction of naphthalene decomposed (naphthalene conversion) over these
catalysts as a function of temperature. This fraction represents the fraction of
naphthalene decomposed relative to the maximum amount of naphthalene from the
naphthalene generator prior to combustion. This maximum amount of naphthalene
was detected by doing a blank analysis through the bypass at a temperature low
enough to prevent naphthalene combustion.

The fraction of carbon dioxide generated (conversion to CO-) over these catalysts as a
function of temperature. This fraction of CO; represents the amount of CO; produced
during the catalytic oxidation relative to the maximum amount of CO; resulting from
the complete oxidation of naphthalene. To obtain the counts for the maximum amount
of CO,., some reported excellent naphthalene oxidation catalysts (Pt/Al,O3;) were
tested in the reactor at temperatures higher (300 — 600 °C) than temperatures (200 -
300 °C) at which 100 % CO- yield and complete naphthalene combustion are known
to be achieved over such catalysts. An approximately constant value of CO, count
was obtained for these catalysts between 300-600 °C This value was considered as

the CO; count corresponding to 100 % conversion to CO,.

Since it had been shown (see chapter 1) that conversion to CO, was a better measure of
activity than naphthalene conversion, most of the naphthalene oxidation catalytic data
reported in later sections of this thesis (chapters 3-6) make use of CO; yield and not
naphthalene decomposition. A comparison made between activity data based on CO,

yield and naphthalene conversion confirmed findings of the work reported in chapter |

(1.4.1).
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CHAPTER 3: NAPHTHALENE OXIDATION OVER VANADIUM MODIFIED

Pd AND Pt-ALUMINA CATALYSTS

3.1 Introduction

Pd/Al,05 and Pt/Al,O; catalysts have been extensively used for the oxidation of volatile
organic compounds (VOCs) and chlorinated VOCs [1-8] in a vast number of research
laboratories around the world. As mentioned earlier in chapter 1, Pd and Pt-supported
alumina catalysts feature among the best catalysts reported for the complete oxidation of
naphthalene. It is well known that the addition of modifiers to metal-supported catalysts
can have significant effects on the textural, crystallographic and catalytic properties of
these catalysts. A number of studies [9-15] have shown that the activity of supported-
metal catalysts such as Pd/Al,O; in the oxidation of short chain hydrocarbons can be
promoted by a variety of modifiers (V, TiO,, V,0s, La;03, CeO,, ZrO, and BaO). M.
Ferrandon and E. Bjornbom [16] have equally investigated Pd-alumina catalyst modified
by CuO/La for naphthalene oxidation. To date, there is not much in the literature on the
use of other modifiers to promote the activity of Pd and Pt-supported alumina catalysts

for naphthalene oxidation.

It has been demonstrated that the catalytic efficiency of a number of systems in alkane

and mono-aromatic compound oxidation can not be directly extrapolated to the complete

abatement of PAHs [17]. Hence, the influence of vanadium modifier on the activity of Pd
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and Pt-supported alumina catalysts can not be drawn from similar studies patterning to
alkane, benzene or toluene oxidation. The main purpose of the work reported in this
chapter was to investigate the catalytic effect of the addition of varying loadings of
vanadium to 0.5%Pd/Al,O; and 0.5%Pt/A1,O; catalysts for complete naphthalene
oxidation. Previous studies [8. 10. 11. 18] relating to the modification of Pd-alumina
catalysts by vanadium hold different schools of thought to account for the promotion in
alkane and mono-aromatic compound oxidation activity. Escando et al. [11] relate this
promotion to the interactions between Pd and V or a modification of the support
properties while Neyertz and Volpe [10] suggest a change in the Pd reducibility and
particle size. Contrary to both schools of thought, Vassileva et al. [18] proposed a redox
effect in which the activation of oxygen on the metal particles fosters the reverse
oxidation of V** and thus establishes a redox equilibrium in the redox process. Feirrera R.
S. G. et al. [8] attributed this promotion, for benzene oxidation, to the presence of high
amounts of V** and more importantly to the decrease in Pd dispersion as the vanadium
oxide content increased. In this chapter, characterization and naphthalene oxidation

activity data for V-modified Pd and Pt-Al,Oj; catalysts are reported.

Pd and Pt-supported alumina catalysts modified by vanadium were prepared by
impregnation, characterised (atomic absorption spectroscopy. BET, CO chemisorption,
XRD, Raman spectroscopy, and temperature-programmed reduction) and tested for the
complete oxidation of naphthalene (a model PAH). Detail descriptions of preparation
method, characterisation techniques and catalyst testing have already been discussed in

chapter 2.
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3.2 Atomic Absorption Spectroscopy Results for Pd/V/Al,O; Catalysts

Atomic absorption spectroscopy results are shown in table 3.1. It can be observed from
the results that experimental values for V concentration closely matched their expected
concentrations and the concentration increased with increase in vanadium loading. The
experimental Pd concentrations recorded were too low and did not match the expected
concentration. This might have been as a result of the presence of alumina in the catalyst
as the AA signal for Pd is suppressed in the presence of Al in an air-acetylene flame [19].
AAS results thus show that the method of synthesis employed in this work was
appropriate for the preparation of catalysts with varied V loading as specified in table 3.2.
Although the presence of Al made it difficult to quantify Pd by AAS, the fact that V
loadings were close to the expected amount indicates that true Pd loadings should be
close to the theoretical quantities. Hence, the preparation of metal-supported catalysts by

impregnation gives rise to catalysts with metal concentrations that reflect desired metal

loadings.
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Table 3.1 Table showing theoretical and actual concentrations (AAS experimental

values) of Pd and V in Pd/V/Al,Oj; catalysts

Catalyst Expected Experimental
Concentrations / ppm Concentrations / ppm

Pd \ Pd \%

0.5%Pd/0.5%V/y-Al,03 2.5 2.5 0.1 2
0.5%Pd/1%V/y-Al> O3 2.8 5 0.2 4
0.5%Pd/3%V/y-Al,03 2.5 15 0.1 11
0.5%Pd/6%V/y-Al>O; 2.5 30 0.1 22
0.5%Pd/12%V/y-A1>05 2.5 60 0.1 53

3.3 BET and CO Chemisorption Results for Vanadium-modified Pd and Pt-

supported Alumina Catalysts

Table 3.2 shows the BET surface areas and metal dispersions for catalysts synthesised in
this work. The BET results show that all catalysts had surface areas slightly lower than
the alumina support. There was a general decrease in surface area of the catalysts with
increase in metal loading. This could be attributed to the filling of micro-pores in the

support by particles of the metal species.
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Table 3.2 Chemical composition. BET surface area and metal (Pd or Pt) dispersion of

Pd/AL:Os. Pd/V/ALLOs. PUAL Oz and PUV/ALO; catalysts

Catalysts BET surface area / m2g-1 M (Pd or Pt) dispersion / %
Al Os 194 -
0.5%Pd/A1,0; 166 9
0.5%Pd/0.5%V/Al:O; 180 32
0.5%Pd/1%V/Al,O; 175 14
0.5%Pd/3%V/Al,O3 160 13
0.5%Pd/6%V/Al,O; 151 I
0.5%Pd/12%V/A1,O; 140 9
0.5%Pt/Al1,03 169 52
0.5%Pt/0.5%V/A1,0; 180 78
0.5%Pt/1%V/Al1,0; 185 62
0.5%Pt/3%V/Al,0; 169 59
0.5%Pt/6%V/Al,O; 164 57
0.5%Pt/12%V/Al-0; 149 54
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The M (Pd or Pt)/V/Al,Oj; catalysts showed a decrease in surface area with increasing V
loading. The difference in porosity is the major factor accounting for the difference in

surface areas observed between the catalysts and their support.

Table 3.2 also shows the change in Pd and Pt dispersion with the addition of varying
loadings of V to the Pd and Pt-alumina catalysts. The Pd and Pt dispersion for catalysts
with 0.5 - 12 %V loading decreased with increasing V loading. This is analogous to the
decrease in Pd dispersion with increase vanadium oxide content reported in the literature
[8]. The table shows that the addition of vanadium to the Pd/Al,O; and Pt/Al,O; catalyst
enhanced the Pd and Pt dispersion and the dispersion decreased as the vanadium content
increased. Catalysts with 0.5 %YV yielded the maximum Pd and Pt dispersions whilst the
catalyst without vanadium and with 12 %V had the lowest Pd and Pt dispersions. Pt
catalysts had higher metal dispersion than Pd catalysts with the same vanadium loading.
BET and CO chemisorption results therefore suggest that the addition of vanadium
modified both the textural properties of the alumina support and the distribution of the

active metal (palladium or platinum).

3.4 XRD Results for Vanadium-modified Pd and Pt-supported Alumina Catalysts

The results of XRD analysis are summarised in table 3.3 and figures 3.1 (a) and (b).

These results revealed that except for catalysts with 12 %V loading. diffraction peaks

seen in patterns of all the other catalysts were representative of y-AlOs.
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The additional peaks observed in the patterns of catalysts with 12 %V loading were from

V-0s. which probably resulted from the dispersion of large crystallites of V,0Os on the

surface of the Al-O; support. The absence of diffraction from Pd or Pt in all catalysts and

from V in catalysts with lower V loadings can be attributed to a low concentration or the

presence of phases that are not detectable due to their high dispersion.

Table 3.3 Phases identified in XRD patterns of Pd/Al,O;. Pd/V/AIL.O;. PYALO; and

PUV/ALLO; catalysts

Catalysts Phases identified
0.5%Pd/A1,0; v-Al:0;
0.5%Pd/0.5%V/Al,O; v-Al20;
0.5%Pd/1%V/A1,03 v-A1203
0.5%Pd/3%V/Al,O; v-Al:O;
0.5%Pd/6%V/Al1,05 ¥-AlLO;

0.5%Pd/12%V/AlO;
0.5%Pt/Al,0;
0.5%Pt/0.5%V/Al,O;
0.5%Pt/1%V/Al>;0O;
0.5%P1/3%V/Al,03
0.5%Pt/6%V/Al,O;

0.5%Pt/12%V/Al1-0;

v-Al-0;. V20Os (Scherbinaite, syn)

V-0s (Scherbinaite. syn)
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3.5 Raman Results for Vanadium-modified Pd and Pt-supported Alumina Catalysts

Raman spectra recorded for Pd and Pt catalysts are shown in figures 3.2 (a). (b) and (¢).
From figures (a) and (c) it can be observed that all the catalysts showed major bands
corresponding to Al,O;. These bands occurred in the range 2000 - 4000 cm™. The
intensities of these bands decreased with increasing vanadium loading. The reflective
laser Raman technique is relatively surface sensitive and the decrease of the intensity of

the alumina peaks is consistent with increase in coverage of another phase over the

support.
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] 0.5%Pd/3%V/ALO,
. a
S 4
S //'/ |
> | 0.5%Pd/1%VIALO
g ] ﬂw’/ﬂv\’v«mj« ° 273
w -
= 4

ﬁ v’ ,‘\ 0.5%Pd/0.5%V/AIO,

i

i
i’—Fgﬂw”/,N,,~«~””"””““""‘"l“NL«N%*"'”’*JWkd e

T ' T T T T 1 T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

Raman frquency / cm’

Fig 3.2 (a) Figure showing Raman spectra recorded for Pd/V/ALLO;
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Fig 3.2 (a) shows that Raman spectra of Pd/V/Al-Oj; catalysts with 0.5 - 6 %V did not
indicate the presence of any vanadium species. However. it is likely that these catalysts
comprised of low concentrations of one or more of three types of vanadium species
reported in the literature [24-29] (i.e. isolated tetracoordinated vanadium species.
terminal V=0 stretching of polyvanadate groups and crystalline V-0s). Fig 3.2 (b) shows
Raman bands observed in the spectrum of the Pd catalyst with 12 %V. The most intense
band in its spectrum is centred at a Raman frequency of 980 — 1000 cm™'. which is close
to the value (997 cm™) reported as the Raman frequency for crystalline V.Os [25]. Bands
observed in Pd/V/Al,O5 catalyst with 12 %V (fig. 3.2 (b)) thus confirm the presence of

crystalline V.Os in accordance with XRD results.

Bands labelled in the Raman spectra of Pt/V catalysts (Fig 3.2 ¢) are based on a similar
argument as explained for Pd/V catalysts. The figure shows that polymeric V-species
were present in Pt catalyst with 3 %V whilst crystalline V-Os was the predominant V-
species in the catalyst with 12 %V. Although no Raman bands corresponding to V-
species were observed for most Pt catalysts with 0.5 - 6 %V, it is likely that they
contained lower concentrations of one or more of the three vanadium species discussed
for Pd/V catalysts. There is a degree of fluorescence experienced when using alumina

with an Ar ion laser. and hence identification of weak Raman features is hindered.
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3.6 Temperature-programmed Reduction Results for Vanadium-modified Pd and

Pt-supported Alumina Catalysts

Temperature-programmed reduction profiles for Pd/V/ALLO; catalysts are shown in figure
3.3 (a). 0.5 %Pd/6 %V/A1,05 gave 2 well defined TPR peaks (at approximately 150 °C
and 210 °C). Both peaks closely matched 2 of the 3 reduction peaks for 0.5 % Pd/12
%V/AL,O; (centred at 125. 150 and 200 "C). 0.5 %Pd/3 %V/ALO; only showed a single
well defined peak centred at 150 °C whereas catalyst with 0.5 %V did not show any TPR
peaks. The catalyst containing 1 %V showed a small unique peak at very low temperature
(centred at 60 °C). The three reduction peaks observed in catalysts with 3 — 12 %V are
most likely related to the reduction of three different vanadium species [21. 28-31]. The
TPR peak centred at 150 and about 200 “C increased with the vanadium loading and
probably represent the reduction of polymeric VOx species and V.0s crystallites,
respectively. The peak at 125 °C can be attributed to isolated low-coordinated vanadium
species. Small peaks observed at temperatures below 100 °C (at about 80 °C) in
Pd/V/Al,O; catalysts have been accounted for by the release of hydrogen in the
decomposition of palladium hydride species [26]. The single peak (centred at 60 °C)
unique to the catalyst with 1% V therefore relates to the release of hydrogen in the
decomposition of palladium hydride. Palladium reduction peaks. reported to occur at

temperatures below ambient [27] were not observed as 25-650 °C was used for analysis.
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Figures 3.3 (b) and (¢) show the evolution of TPR assays for P/V/Al-O; catalysts as the
vanadium content increased. TPR profiles for Pt/V/ v-Al1-0x catalysts (figure 3.3b) show
an increase in the intensity of reduction peaks with increasing vanadium loading. This
suggests an increase in the concentration of reducible V-species as the V loading was
increased. The absence of major reduction peaks common to both catalysts with and
without vanadium suggests that all reduction peaks observed for V-containing catalysts
correspond to the reduction of vanadium species. Catalysts with 6 and 12 %V both
showed two well defined peaks at 150 and 250 "C (fig 3.3b) whereas the 3 %V catalyst
only showed a single smaller peak (at 225 °C) which closely matched the most intense
peaks for catalysts with 6 and 12 %V. The fact that XRD and Raman results for the
catalyst with 12 %V mainly showed the presence of crystalline V.Os suggests that V,Os
was the predominant vanadium species in this catalyst. As such. the TPR peak (between
200 - 300 °C) common to catalysts with 3 — 12 %V can be attributed to the reduction of
V,0s. The assignment of the reduction peak at 150 °C is not clear. However, it probably
corresponds to highly dispersed vanadium species [21. 28 — 31]. Close examination of the
low loading 0.5 %V catalyst (fig 3.3¢) showed the presence of a reduction peak at 175 °C
which probably corresponds to either (isolated tetra coordinated vanadium species or
polymeric vanadium species). From the size of this reduction peak. it is clear that the

corresponding vanadium species was only present in low concentration.
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3.7 Naphthalene oxidation activity over Vanadium-modified Pd-supported Alumina

Catalysts

Figures 3.4 show the naphthalene conversion (a) and vield to CO. (b) obtained over

Pd/V/AL,O; catalysts.

Naphthalene conversion / %

100 160 200 250 300 350
Temperature / degrees ceicius

Fig. 3.4 (a) Activity of Pd/A1,O; and Pd/V/Al,O; catalysts in naphthalene oxidation.
—®- 0.5 %Pd/Al,O0; -=- 0.5 %Pd/0.5 %V/AlLO; —2 0.5 %Pd/I %V/Al>O,

=== 0.5 %Pd/3 %V/ALO; —*— 0.5 %Pd/6 %V/AILO; —®—0.5 %Pd/12 %V/A1-0;
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Fig. 3.4 (b) Selectivity of Pd/Al-O; and Pd/V/AL,O; catalysts in naphthalene oxidation

—- 0.5 %Pd/AL,O; -m- 0.5 %Pd/0.5 %V/ALLO; —* 0.5 %Pd/1 %V/Al,O;

=-x-- 0.5 %Pd/3 %V/ALLO; —*— 0.5 %Pd/6 %V/ALL,O; ——0.5 %Pd/12 %V/Al,O;

The difference between the trends presented in figures 3.4 (a) and (b) is evidence for the
mismatch between the quantity of naphthalene combusted and the amount of carbon
dioxide produced over Pd/V catalysts. Notice that naphthalene conversion did not match
the conversion to CO- at temperatures below 250 °C. This either suggests the production
of naphthalene intermediates (or partial oxidation products) similar to those reported in
the literature [32] or the non-equilibrium adsorption of naphthalene [33] at low
temperatures (see chapter ). Thus conversion to CO, and not naphthalene conversion

should be used to measure naphthalene and PAH catalytic activity. For this reason,
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naphthalene oxidation catalytic activity data is only reported in terms of conversion to

carbon dioxide in later sections of this thesis.

Figure 3.4 (a) shows that addition of V to the Pd/Al-O; catalyst enhanced the activity of
the catalyst at low temperatures (< 225 °C). At higher temperatures, the Pd/Al,Oj; catalyst
proved more active than the Pd/V/AL,Ox catalysts with 6 % and 12 %V loading but was
less active than those with V loading between 0.5 - 3 %. The high temperature (>250 °C)
activity of the catalysts with V loading ranging between 0.5 - 3 % was very similar. 0.5

%Pd/3 %V/A1,0; was most active while 0.5 %Pd/6 %V/Al1,0; had the lowest activity.

Figure 3.4 (b) shows that all the catalysts had very low yield to CO- at temperatures less
than 225 °C. Between 225 - 250 °C. the yield to CO-> decreased in the order: 0.5
%Pd/Al,03 > 0.5 %Pd/1 %V/AlLO; > 0.5 %Pd/0.5 %V/AlLO; > 0.5 %Pd/3 %V/Al,O5 >
0.5 %Pd/6 %V/Al,O; > 0.5 %Pd/12 %V/Al-Os. At temperatures above 250 °C, the
Pd/Al,O; catalyst had a higher yield to CO- than catalysts with 6% and 12%V loading

but yielded less CO; than catalysts with V loading in the range 0.5 - 3 %.

Catalysts with V loading between 0.5 - 3 % also had comparable yield to CO» over the
temperature range investigated. The similarity in activity and selectivity of these catalysts
could be due to their similarity in microstructure and nature of surface species as
suggested by XRD, Raman and TPR results. While the similarity in the XRD patterns of

these catalysts suggests that they had similar microstructures, the similarity observed
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between their Raman and TPR spectra suggests that they had similar vanadium species in
small concentrations. Hence the presence of a small concentration of a particular type of
vanadium species might have been responsible for the enhanced activity of these
catalysts. CO chemisorption suggested a decrease in Pd dispersion as the vanadium
loading increased while XRD. Raman and TPR results showed that the addition of 6 — 12
%V to the Pd/Al-O; catalysts was accompanied by the formation of crystalline V.Os on
the surface of the support. The redox chemistry of high concentrations of these vanadium
species coupled with the drop in Pd dispersion might have been responsible for the lower
activity demonstrated by these catalysts. Although it might be argued that catalyst
prtreatment prior to CO chemisorption might have change the active metal surface area
and size of catalyst tested for PAH oxidation (as catalyst did not undergo similar
treatment prior to testing). CO chemisorption results were used as qualitative evidence
for the variation of active metal dispersion with addition of varying V loading. The effect
of decrease in Pd dispersion with increase in vanadium loading on naphthalene oxidation
activity is not very consistent with the effect reported for benzene oxidation [8], in which
the decrease in Pd dispersion with increase in vanadium oxide content resulted to an
increase in catalytic performance. In this study. no significant difference in Np oxidation
activity was observed as the V loading increased (Pd dispersion decreased) from 0.5 —
3%. Higher V loadings (6 and 12%) vielded catalysts with lower Pd dispersion and lower
Np oxidation activity. The fact that the change in Pd dispersion with increase in V
content in this study does not correlate with results obtained for benzene oxidation [8]
therefore confirms previous research findings suggesting that catalytic activity in alkane

and mono-aromatic compound oxidation cannot directly be extrapolated to PAH
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oxidation [17]. Although the change in Pd dispersion upon addition of V is likely to
affect the Np oxidation efficiency. the enhanced catalytic performance in this study relies
more on the presence of small concentrations of some kind of vanadium species (V' or

v,

From the trend in activity observed upon addition of vanadium. it is probable that the
oxidation of naphthalene over Pd/V catalysts proceeded analogous to the Mars Van
Krevelen scheme reported for benzene oxidation over Pd-V,0s/Al;O; catalysts [34]. In
the absence of vanadium. naphthalene is oxidised in the redox cycle involving transitions
between Pd™* and Pd". The promotional effect observed for catalysts with low vanadium
loadings (0.5 — 3%) may have been because such vanadium loadings facilitate the
oxidation as it proceeds through a double cycle involving both transitions between V*
and V' and the Pd species transitions (between Pd™" and Pd"). At higher V loadings (6
and 12 %) surface Pd™" sites probably become covered by vanadium (evident in the drop
in Pd dispersion with increasing V loading) and the oxidation is performed to a greater
extent through a single cycle involving less active vanadium species (i.e. V> and V.
This explains the lower activity observed for catalysts with 6 and 12 %V relative to
catalysts with 0.5 — 3 %V and the catalyst without vanadium. The Mars-Van Krevelen

scheme for naphthalene oxidation is summarised in the following reactions:

a) Catalyst without vanadium.

CioHg + Pd** » CO,+ H,0 + Pd°
Pd’+ O, » Pd*
Overall reaction: C1gHg + O » CO; + H0.
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b) Low loadings of V

CioHg + V** » CO;+ H,O +V*

Pd®* + Vv* » Pd® + V¥

Pd® + O, > Pd*

Overall reaction: C4oHg + O3 » CO, + H,O

C) High loadings of V

CioHg + V** , COz+H,0+V¥
V¥ + 0, , v
Overall reaction: CigHg + O; » CO2+H0

3.8 Naphthalene oxidation activity over Vanadium-modified Pt-supported Alumina

Catalysts

The addition of 0.5 %V to the Pt/ y-Al,Oj; catalyst promoted the activity for naphthalene
total oxidation, whilst, the addition of 1 - 12 %V had a negative effect, suppressing

activity (Figure 3.5).
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Fig. 3.5 Activity of P/AlLO: and Pt/V/ALO; catalysts for naphthalene oxidation:
- (.5 %Pt/ALLO; -=- 0.5 %Pt/0.5 %V/ALO; -+ 0.5 %Pt/1 %V/AlLO; --%-- 0.5

%Pt/3 %V/AL,O3 —*— 0.5 %Pt/6 %V/Al.O; —®— 0.5 %Pt/12 %V/Al,O;

Catalysts containing | - 12 % V showed light-off temperature (LOT) of 200 °C and
temperature of complete Np combustion (T100) of 250 — 275 °C. whereas, the 0.5 %V
catalyst showed a relatively lower LOT (175 °C) and T100 (225 °C). It is postulated that
the enhanced activity of 0.5%Pt/0.5%V/ y-Al-O: compared to the Pt/ y-Al,O; and other
Pt/V/ y-Al,Oj; catalysts resulted from two factors. Firstly. the most active catalyst showed

a unique vanadium species that was identified by TPR. Secondly, the Pt dispersion
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appeared to have a crucial influence on the catalyst activity. The most active
0.5%Pt/0.5%V/ y-Al-O; catalyst had the highest Pt dispersion amongst all catalysts under
investigation. The relationship between the number of Pt surface sites exposed and
naphthalene oxidation rate is not a simple one. Although the 1-6 % V catalysts had
higher Pt dispersion than the catalyst without V they clearly were less active than the Pt/
y-Al,Oj catalyst. It is evident that the nature of the vanadium species that was present
with the Pt particles exerts a major influence over the catalytic activity. Consequently the
increased oxidation rate of naphthalene over the catalyst with 0.5 % V was due to a
combination of the dispersed Pt with the relatively facile reducible vanadium species
unique to the catalyst. This combination may promote activity by aiding the activation of
oxygen and/or the adsorption of naphthalene. Furthermore. it appears that the presence of
relatively large V.Os crystallites was detrimental to naphthalene oxidation: therefore. in

order to promote activity the form of the vanadium is critical.

Figure 3.6 and table 3.4 show that Pt/V catalysts were generally more active than Pd/V
catalysts. Although XRD. Raman and TPR results suggest that both Pd/V and Pt/V
catalysts had similar vanadium species, the activity results show a mark disparity in the
effect of vanadium loading on the activity of Pd/V catalysts compared to Pt/V catalysts.
While 0.5 — 3 %V promoted the activity of the Pd catalyst, only 0.5 %V enhanced the
activity of the Pt catalysts. Higher V loadings (1 - 12 %) did not yield a similar influence
on the activity of both sets of catalysts. It is likely therefore that the mechanism of
oxidation over Pt/V catalysts is different from the Mars-Van Krevelen scheme suggested

for oxidation over Pd/V catalysts. There is evidence in the literature [35, 36] that the
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oxidation of naphthalene over Pt catalysts occurs either via the Langmuir-Hinshelwood
scheme [35] or follows the Eley-Rideal mechanism [36]. It is therefore likely that
naphthalene oxidation over PU/V catalysts occurred via one of these mechanisms or a

combination of both.

120

-
(0] o
o o

Conversion to CO2/ %
»
o

100 150 200 250 300 350
Temperature / degree celcius

Fig. 3.6 Activity of Pd/V catalysts compared with activity of Pt/V catalysts with same
metal loading €= 0.5 %Pd/0.5%V/AlLO; -=- 0.5 %Pt/0.5 %V/AlLO; —* (.5

%Pd/1 %V/ALO; --x-- 0.5 %Pt/ %V/Al.Oy —=— 0.5 %Pd/3 %V/ALO; ——0.5

%Pt/3 %V/ALO;  --|-- 0.5%Pd/12 %V/AlLO; 0.5 %Pt/12 %V/ALO;
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Table 3.4 Light off temperature and complete naphthalene combustion temperature for

each catalyst investigated

Catalysts Light-off temperature / °C Temperature of complete
(LOT) CyHg combustion (T100) / °C
0.5%Pd/Al,0; 250 300
0.5%Pd/0.5%V/Al-O; 250 300
0.5%Pd/1%V/Al-O; 250 300
0.5%Pd/3%V/Al,0O; 250 300
0.5%Pd/6%V/A1,O; 275 350
0.5%Pd/12%V/A1,0; 275 350
0.5%Pt/ALLO; 200 250
0.5%Pt/0.5%V/Al>,O; 175 225
0.5%Pt/1%V/A1,0; 200 250
0.5%Pt/3%V/AlL,0O; 200 275
0.5%Pt/6%V/Al1,0; 200 250
0.5%Pt/12%V/Al1-0; 200 250
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Figure 3.6 and table 3.4 show that 0.5%P1/0.5%V/Al,O; was the best catalyst
investigated in this study. The activity of this catalyst is compared with some of the best

catalysts reported for naphthalene oxidation (table 3.5).

Table 3.5 Activity data for catalysts reported for naphthalene oxidation

Catalyst T10/°C | T50/°C | T90/°C GHSIV /h" | Reference

0.5%Pt/0.5%V/Al0; 160 178 225 45.000 This work
CeO, (urea)® 110 160 190 25.000 [41]
PUALO;" 135 170 210 25.000 [41]
PUALO; 169 185 202 25.000 [36]
Pt/ALO; 194 - 203 20.000 [35]
Pd/AL,O;5¢ 197 - 206 20,000 [35]
PYALO;° 194 204 310 20,000 [37)
Cu/Mn/V/ALO;® 180 207 - 20.000 [37]
2.0%Pd/HZSM-5° - 156 - 20.000 [38)
0.3%Pt/Silica fibre® 186 209 233 20.000 [39]
1.2%Pd-Zr-Y zeolite® - 135 - 20,000 [40]
CuO-Pd/La-AlL0;' - 270 - 23.000 [16]

100 vppm naphthalene, conversion based on CO- vield.
*600 ppmv naphthalene, 20.95 vol. % O-. conversion based on CO- yield.
‘100 ppmv naphthalene. 10 vol. % Oa. conversion based on CO- vield.

50 ppmv naphthalene, 200 ppmv CHy, 2550 ppmv CO. 12 vol. % COa. 10 vol. % O,. 0-
20 vol. % H,O, conversion in terms of naphthalene decomposition.

50 ppmv naphthalene. 200 ppmv CH,, 2500 ppmv CO. 12 vol. % CO-. 10 vol. % O, 12
vol. % H,0. conversion in terms of naphthalene decomposition.

'50 ppmv naphthalene. 200 ppmv CHy. 2550 ppmv CO, 12 vol. % COs. 10 vol. % Oa.
13.5 vol. % H,O. converseon in terms of naphthalene decomposition.

T10 — Temperature at which 10 % conversion or CO, yied is observed.
T50 — Temperature at which 50 % conversion or CO- yied is observed.

T90 — Temperature at which 90 % conversion or CO- yied is observed.
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Taking in to consideration the fact that activity usually drops with increase in GHSV.
coupled with the fact that conversion to carbon dioxide is a better measure for activity
than Np conversion. table 3.5 suggests that the 0.5 %V-modified Pt-alumina catalyst in
this study is one of the best catalysts researched for naphthalene oxidation. Only the
recently reported ceria catalyst [41] appears to be more active than or as active as the

latter.

3.9 Conclusions

It has been shown that the activity and selectivity of alumina-supported palladium and
platinum catalysts in naphthalene oxidation are promoted by vanadium added during the
impregnation step of catalyst preparation. The addition of vanadium modified the Pd and
Pt dispersion on the support while the nature of vanadium species was altered as the
vanadium loading increased. 0.5 — 3 %V loading enhanced the activity of the Pd/Al,O;
catalyst whereas 6 — 12 %V loading reduced its activity. Unlike the Pd-based catalysts,
only 0.5 %V was required to optimise the activity of the Pt-alumina catalyst. All other
vanadium loadings did not yield any significant positive effect. The promotional effect
has been attributed to the presence of a low concentration of a particular type of
vanadium species (for Pd-based catalysts) which fosters oxidation in a redox cycle and to
the presence of more easily reducible vanadium species coupled with the enhanced

number of platinum sites (for the Pt catalyst with 0.5 %V). On the other hand. the redox
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chemistry of high concentrations of crystalline V.Os has been suggested to account for
the lower activity observed for Pd/V and Pt/V catalysts with vanadium loadings in the
range | - 12 % for PUV catalysts and 6-12% for Pd/V catalysts. While the Mars-Van
Krevelen redox mechanism is suggested for oxidation over Pd/V catalysts, oxidation over
Pt/V catalysts is more complex and thought to proceced either via the Langmuir-
Hinshelwood mechanism. Eley-Rideal mechanism or a combination of both. PtV
catalysts were generally more active than Pd/V catalysts and 0.5 %Pt/0.5 %V/Al.O;

demonstrated the best Naphthalene oxidation activity amongst all catalysts investigated.
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CHAPTER 4: INFLUENCE OF SUPPORT ON THE PERFORMANCE OF
PLATINUM-SUPPORTED CATALYSTS FOR THE TOTAL OXIDATION OF

NAPHTHALENE

4.1 Introduction

Pt-supported catalysts 1, 2, 3 — see chapter 1] and vanadium-modified platinum-alumina
catalysts [4 - see chapter 3] are so-far the best catalysts researched for the complete
abatement of naphthalene. In all the above studies. y-alumina has been used as support
material. The extensive use of y-Al,O; as metal support can be attributed to its high
specific surface area, considerable thermal stability and low cost of production. Various
research groups [5-9] have demonstrated that other metal oxides (TiO-. ZrO- and SnO,)
were better metal catalyst supports than y-Al-Oj5 in the oxidation of hydrocarbons. In this
chapter, the use of Pt catalyst supports other than y-Al-Oj; for the complete oxidation of

naphthalene is investigated.

0.5%Pt catalysts supported on a variety of metal oxides (y-Al>Os. SiOa, SnO-. Ti0,, and
CeO,) were prepared by impregnation and characterised by BET, XRD, Raman
spectroscopy. CO chemisorption and XPS (see chapter 2 for details of preparation and
characterisation). The catalysts were tested in the fixed-bed laboratory micro reactor
described in chapter 2. Catalysts were packed to a constant volume and a total flow rate
of 50 ml min"' was maintained to give a GHSV of 45. 000 h™'. The characterisation and

catalytic activity data obtained are discussed in the following sections.
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4.2 Characterisation data for Pt Catalysts Supported on various Metal Oxides

The BET surface area data for supported-Pt catalysts (table 4.1) show that each catalyst

had a surface area similar to that of its support material. Hence the support material was

crucial in determining the surface area of each Pt catalyst. For some catalysts (Al,Os.

TiO,, and CeO,) the surface area decreased or remained unchanged with the

impregnation of Pt on the support whereas for others (SiO, and SnO,). there was an

increase in surface area with impregnation of Pt. The decrease in surface area

corresponds to the filling of micro pores in the support material. The porosity and size of

support particles relative to the size of Pt particles probably determined the surface area

of each catalyst.

Table 4.1 BET surface area for all supports and Pt-supported catalysts

Support or Catalyst BET Surface Area / ng"

Al>O; 103
0.5%Pt/Al,0; 102

TiO; 54
0.5%Pt/TiO; 44

SiO» 403
0.5%Pt/SiO; o 4e

SnO, 5
0.5%Pt/Sn0O; 12

CeOs I

0.5%Pt/CeO;
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The surface area of the Pt-supported catalysts decreased in the order: Pt/SiO> > Pt/ALLO;

> Pt/TiO> > Pt/SnO, > Pt/CeO.. The 0.5% Pt/SiO- catalvst showed a higher surface area

(about 4 — 40 times higher) than all other Pt-supported catalysts while the 0.5% Pt/CeO,

catalyst showed the lowest surface area.

XRD patterns for all supported-Pt catalysts are shown in figures 4.1 (a-¢). Table 4.2 gives

the crystalline phases identified and the crystallite sizes of the support materials and

corresponding supported-Pt catalysts.

Intensity / a. u.

N, 0.5%Pt/A1203

L e

T
40 60 80 100

2Theta / degrees

Fig. 4.1(a) XRD patterns for Al,O; and 0.5%Pt/Al-0;
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Fig. 4.1 (b) XRD patterns for TiO, and 0.5%Pt/T10-
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Fig. 4.1 (¢c) XRD patterns for SiO- and 0.5%Pt/SiO-
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Fig. 4.1 (d) XRD patterns for SnO- and 0.5%Pt/SnO-
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Fig. 4.1 (e) XRD patterns for CeO; and 0.5%Pt/CeO-
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Table 4.2 Identified crystal phase for all supports and Pt-supported catalysts

l 1

Support or Catalyst | Crystal Phase 1
Al-O; ; v- Al;O;. defect cubic spinel L
0.5%PUAL O, v AOs. defect cubic spinel J‘
Ti0, | Ti0: ( rutile and anatase) both tetragonal j
0.5%Pv/TiO- i TiOs ( rutile and anatase) both tetragonal
SiO: | SiO;
0.5%Pt/SiO, ! SiO;
SnO; SnO, 1
00.5%Pt/SnO; L Sn0O- i
| |
CeO> | CeO-. cubic fluorite
0.5%Pt/CeO» CeO», cubic fluorite

The XRD patterns of all Pt-supported catalysts mainly showed the presence of the phase
present in the support (figures 4.1 a-d and table 4.2). The absence of Pt species phase(s)
can be attributed to the low Pt concentration or a high dispersion of the Pt species
phase(s) on the surface of the support. While XRD patterns for Pt/TiO, Pt/SnO,, and
Pt/CeO, (figures 4.1b, 4.1d, and 4.le respectively) perfectly matched patterns of their
respective supports. the patterns of Pt/SiO» and PVALO; catalysts (figures 4.1c and 4.1a
respectively), were slightly different from the patterns of their support materials. The
Pt/Al,0O5 catalyst did not show the peak at 26 value of 78 present in the pattern of the

alumina support. The peak at 20 value of ca. 45° in the pattern of the Pt/Al,O; catalyst
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was equally not exact as that in the pattern of the alumina support. The Pt/SiO, catalyst
showed a sharp XRD peak at 2 6 = 38" which was not present in the pattern of its support.
This peak probably corresponds to some sort of Pt species. XRD results thus show that
the addition of Pt to TiO.. SnO, and CeO: did not significantly modify the support

whereas Pt impregnation to Al;Oz and SiO> modified the support.

Figure 4.2 (a-d) illustrates the Raman spectra recorded for Pt-supported catalysts. Raman
spectra of SiO> and Pt/SiO. were not obtained due to strong fluorescence exhibited by
silica. The Raman spectra obtained for the other four Pt-supported catalysts mainly
confirmed the presence of the support material in accordance with XRD data. Raman
bands observed in the spectra of Pt/Al,Os. PU/TiO-. Pt/SnO, and Pt/CeO, thus represented
vibrations from bonds in Al,O;. TiOi. SnO- and CeO- respectively. No Raman bands
corresponding to Pt species were observed for the Pt/Al-O;, Pt/TiO,, Pt/SnO; and
Pt/CeO, catalysts and this was in agreement with XRD results. However, a shift (ca. 5 -
20 cm™ to the left) in the position of Raman bands was observed upon addition of Pt,
indicating some interaction between Pt and the metal oxide support. This shift was larger
for Pt/TiO» and Pt/CeO, (ca. 15-20 cm") compared to Pt/Al-O; and Pt/SnO, (ca. 5 cm'l).
The higher the shift in Raman frequencies of bands in the metal oxide. the stronger the
interaction between the oxide and the support. Hence Pt interacted more strongly with

CeOs and TiO; than with A1,O3and SnO-.
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Fig 4.2 (a) Raman spectra of Al,O; and 0.5%Pt/ Al,Oj;: Intensity (a.u.) and Raman

frequency (cm™).
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Fig 4.2 (b) Raman spectra of TiO> and 0.5%Pt/ TiO,
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Fig 4.2 (c) Raman spectra of Sn02and 0.5%Pt/ Sn02
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Fig 4.2 (d) Raman spectra of Ce02and 0.5%PtCeO2
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Table 4.3 Pt surface area, Pt dispersion. and Pt crystallite size of Pt-supported catalysts

Catalyst

Pt surface area® /

2 -1

T
1

Pt dispersion” / %

Average particle

size of Pt/ A

m’g
0.5%PUSnO: 0.1 3 189
|
0.5%PUSi O, 03 2 29
0.5%Pt/Al,0; T 52 109
0.5%Pt/CeO- 15 6l 9.4
0.5%PUTiO 17 68 8.3

* By CO chemisorption analysis. 230 mg of catalyst. 40 °C.

CO chemisorption results for the five Pt-supported catalysts are shown in table 4.3. The

results show that the Pt surface area, Pt dispersion and the average size of Pt particles all

varied as a function of the type of support. There appeared to be a decrease in particle

size and an increase in surface area of Pt as the Pt dispersion increased. Figure 4.3

illustrates that the surface area ot Pt was directly proportion to the Pt dispersion while the

average particle size decreased with increase in Pt dispersion. These three properties

(metal surface area, Pt dispersion and Pt particle size) varied as a function of support in

the order:

Pt/SnO,, Pt/SiO;, P/AL, O3, P/CeOs. PYTIO:

Increasing Pt surface area

Increasing Pt dispersion

Decreasing Pt particle size

v
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Fig 4.3 (a) Relationship between active metal (Pt) surtace area and Pt dispersion
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Fig 4.3 (b) Relationship between average particle size of Pt and Pt dispersion
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4.3 Catalytic Activity Results for Pt Catalysts Supported on various Metal Oxides

Figure 4.4 shows the influence of support material on the performance of the five Pt-

supported catalysts for Np oxidation.

100
90
80
X 70
d
O 60 ——0.5%Pt/AI203
[e]
T s -8 0.5%PUTiO2
-g —— 0.5%Pt/SiO2
g 40 =< 0.5%Pt/Sn0O2
8 30 —¥-0.5%Pt/Ce02
20
10
0

100 125 150 175 200 225 250 275 300

Temperature / °C

Fig. 4.4 Catalytic performance of Pt-supported catalysts in naphthalene total oxidation

(100 vppm Np, GHSV = 45.000 h™).

It can be observed from the activity results (figure 4.4) that 0.5 %Pt/SiO, showed a
considerably higher activity in Np oxidation than all other Pt-supported catalysts. This
catalyst gave a CO, yield of over 50 % at 100 °C and over 90 % at 200 °C (100 vppm

naphthalene, GHSV = 45,000 h™"). The activity of all catalysts investigated in this work
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decreased in the order: Pt/SiO> > Pt/Al-O; > Pt/SnO- > PUTiO» > Pt/CeO-. Notice that
Pt-supported catalysts composed of redox supports (CeO-. SnO, and TiO-) showed lower
Np oxidation efficiency than Pt catalysts supported on non-redox supports (SiO» and

AlLO3).

The catalytic performance of the best catalyst (0.5%Pt/SiO) in this work was evaluated
for naphthalene total oxidation in the temperature range of 100 — 300 °C in three
consecutive cycles and as a function of time on stream for a period of 48 h (see figures
4.5a and 4.5b). The catalytic performance remained unchanged throughout the three
cycles and the catalyst maintained its high (over 90 %) naphthalene conversion to CO;
during the 48 h on stream at 225 °C. Since catalytic activity is expressed as yield to CO,
and not Np conversion (figures 4.4 and 4.5). it can be concluded that the high activity of
0.5%Pt/Si0O; at low temperatures (150 — 175 °C) is due to complete oxidation and not
adsorption or partial oxidation. At lower temperatures (< 100 °C). Np tends to adsorb on

the surface of the 0.5%Pt/SiO» yielding Np conversions higher than the CO, yield.
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Fig. 4.5a Np oxidation activity of 0.5%Pt/SiO, obtained from three separate experiments
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Fig. 4.5b Effect of reaction time on Np oxidation activity at 225 °C
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Based on the differences observed in CO chemisorption data in this study and on the
basis of the influence of support on catalytic activity of metal-supported catalysts
reported in other studies [10 — 17]. the variation observed between the performances of
the five Pt-supported catalysts in Np oxidation can be related to three factors which all
depend on the nature or type of the support. These include:

1. Ptdispersion (Pt particle size).

2. Interaction between metal (Pt) and the support.

3. Oxidation state of Pt.

The naphthalene oxidation activity of the Pt-supported catalysts decreased in an order
almost analogous to the order established for Pt particle size. suggesting that the Pt
particle size was crucial in determining the Np oxidation efficiency of the Pt-supported

catalysts.

Np oxidation activity: Pt/SiO, > Pt/AL,O; > Pt/SnO, > Pt/TiO, > Pt/Ce0..

Pt particle size: Pt/SnO, > Pt/SiO; > Pt/A,O; > Pt/CeO, > Pt/TiO-.

Larger Pt particles (lower Pt dispersion) appeared to favour naphthalene oxidation. The
fact that 0.5%Pt/SnO, showed lower Np oxidation activity than Pt/SiO- and Pt/Al,O;
irrespective of the higher Pt particle size of this catalyst compared to the latter, suggests
the influence of other factors. This also explains why 0.5%Pt/TiO, showed lower Np
oxidation efficiency than 0.5%Pt/CeO. with higher Pt particle size. Figure 4.6 illustrates

the change in Np oxidation activity at 175 °C (expressed as yield to CO,) as a function of
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Pt dispersion. The plot shows that the Np oxidation activity generally increased with a
decrease in Pt dispersion. A decrease in Pt dispersion corresponds to an increase in Pt
particle size (figure 4.3b). Hence. it can be concluded that larger Pt particles favoured

naphthalene oxidation. This fact is further confirmed in figure 4.7.

80

70

CO2yield/ %
*

0 10 20 30 40 50 60 70 80

Pt dispersion / %

Fig 4.6 Effect of Pt dispersion on Np oxidation activity

Figure 4.7 shows that the turnover frequency (denoted by TOF. and defined as the
amount of Np oxidised per Pt site per unit time) increased with increase in Pt particle
size, thus confirming a strong dependence of Np oxidation on the size of Pt particles.
However, the influence of other factors can not be undermined. The effect of other

factors would explain why a catalyst with smaller Pt particles - higher Pt dispersion (12
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%), gave a carbon dioxide yield (74 %) twice as much as a catalyst with relatively larger

particles - lower Pt dispersion (3%). see figure 4.6.

TOF x 10 / mol site 's ™

0 50 100 150 200
Particle size /10 " m
Fig. 4.7 Relationship between Np oxidation turnover frequency (TOF) and Pt particle size

in Pt-supported catalysts

Strong metal-support interactions (SMSI) have been reported to account for the activity
and selectivity of Ru-supported catalysts for a number of reactions involving CO and N,
activation [10]. The nature of this metal support interaction was found to depend on the
nature or type of support. Whilst CeO- is known to interact very strongly with Pt [11],
SiO; has been found to only interact weakly with Pt [I12]. Since SMSI is mainly

associated with reducible supports [13-15], it can be concluded that whilst the CeO,,
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TiO; and SnO; supports in this study interacted strongly with the Pt metal, the SiO, and
Al>Oj; supports only interacted weakly with Pt. Based on the fact that the Pt/SiO- catalyst
(with weak MSI) was the most active while Pt/CeO- (with SMSI) presented the lowest
Np oxidation performance amongst all five catalysts investigated. it can be postulated
that SMSI was detrimental to the performance of the Pt-supported catalysts in
naphthalene oxidation. Hence. the strength of interaction between Pt and the support
varied as a function of the nature of support and this resulted in difterences in the Np
oxidation performance of the Pt-supported catalysts reported in this study. Pt can interact
with reducible supports by forming strong Pt-O-M bridges. For instance. it has been
shown [11] that Pt interaction with CeO, results to the formation of Pt-O-Ce bond (i.e.
MSI) which acts as an anchor and inhibits the sintering of Pt particles. thus favouring the
dispersion of small Pt particles. In this same study [11]. Pt was found to interact weakly
with Al,Os, resulting to movement and sintering of Pt particles on the surface of the
Al,Oj; support. This is consistent with results obtained for Pt dispersion (Pt particle size)
of Pt/CeO, compared to Pt/Al,Oj; in this work (i.e. Larger Pt particles were obtained by
using Al,O; as oppose to CeOs support). Hence it can be concluded that MSI in the
present work affected the size of Pt particles which was crucial for naphthalene oxidation.
In addition to having an effect on the dispersion of Pt or size of Pt particles, SMSI could
also affect the electronic nature ot the support and/or Pt and the ease of oxygen mobility.
Since the oxidation of Np over Pt-supported catalysts is known to occur by the Langmuir-
Hinshelwood mechanism [1] or the Eley-Rideal mechanism [2], it is likely that SMSI was
detrimental to the adsorption and/or diffusion of Np and/or O, on the surface of the

catalyst.

136



Chapter 4: Influence of support on the performance of Pt-supported catalysts for the total
oxidation of Np

In order to obtain information about the oxidation state of Pt, the Pt-supported catalysts
were analysed using XPS. Figure 4.8 shows the Pt(4f) spectra obtained; also indicated on
the figure are the expected binding energy values for Pt°, Pt2+ and Pt4+ species [16]. There
was a wide variation in the intensity and position of component bands between the
different catalysts (note that the Pt/AhC” spectrum was dominated by the AI(2p) core-
level peak), but only with Pt/SiCx2 was there any evidence for intensity at the binding
energy corresponding to Pt°. This is highlighted in figure 4.9 where the Pt(4f) spectrum
for Pt/CeC>2 has been subtracted from the spectrum for Pt/Si02, in order to remove the

Pt2+ component. The resulting spectrum consists of two doublets corresponding to Pt° and

Pt4+.

pt4+ Pt2+ Ptc

Pt(4f) I \1 I

\
1000 Pt/Ce02
AA
V.
800 - Vv ajd\, Pt/Ti02
% 600 1
Pt/Sn02
400 - Pt/A120 3
200 .
Pt/Si02

binding energy (eV)

Fig. 4.8 Pt(4f) core-level photoelectron spectra for the different supported Pt catalysts, as

indicated on the figure.
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Fig. 4.9 Pt(4f) spectrum for the Pt/SiO: catalyst, and the resulting difference spectrum

after subtraction of the Pt(4f) spectrum for the Pt/CeC>2 sample (which exhibits just Pt2+

species).

Since the best Np oxidation catalyst (Pt/Si02) was the only catalyst that manifested the
presence of metallic Pt (Pt°) it can be concluded that the presence of metallic Pt (as
opposed to oxidised Pt in the other catalysts) favoured Np oxidation. This is consistent
with work reported in the literature [17, 18] in which there occurred differences in the
oxidation state of Pt with the nature of support. Yazawa et al. [17] and Yoshida et al. [18]
showed that the oxidation state of Pt in Pt-supported catalysts was strongly dependent on

the nature of the support. Both groups of authors revealed that the activity of Pt-
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supported catalysts (for propane combustion [17] and selective reduction of NO by Ha
[18]) depended on the oxidation state of Pt. Metallic Pt proved to be more active in both
reactions than oxidised Pt. The occurrence of Pt in the metallic form was fostered by the
use of acidic supports like SiO. as opposed to basic supports like MgO. The non-
reducible supports (SiO> and Al>O3) reported in this work have a more acidic character
than all the three reducible supports (CeO.. TiO> and SnO»). It can therefore be suggested
that there was more metallic Pt in Pt/SiO> and Pt/ALO; catalysts than in Pt catalysts
supported on less acidic and reducible supports (CeO.. TiO> and SnO-). The basic and
redox properties of supports in the latter probably enhanced the presence of oxidised Pt
and hence accounted for the lower Np oxidation performance of these catalysts relative to
the Pt/SiO, and Pt/Al,O; catalysts which probably composed of more Pt in the metallic
state. The oxidised state of Pt in Pt/SnO.. coupled with the SMSI probably accounted for
the lower Np oxidation efficiency of this catalyst relative to Pt/SiO, and Pt/Al,O3 with
lower Pt particle sizes (higer Pt dispersion) than the former. It can be assumed that the
presence of metallic Pt fostered adsorption of reactants (Np and O.) and/or their diffusion
on the surface of the catalyst whereas oxidised Pt had a negative effect on adsorption
and/or diffusion of reactants (Np and O,) on the surface of the catalyst. This confirms the
findings that Np oxidation over Pt-supported catalysts followed either the Langmuir-
Hinshelwood mechanism [1] or the Eley-Rideal mechanism [2]. Since modification of the
electronic nature (increasing defects) of the support or Pt via means of SMSI and the
presence of oxidised Pt did not favour Np oxidation. it can be concluded that Np
oxidation over the Pt-supported catalysts did not follow the redox process (Mars-Van

Krevelen) reported in chapter 3 for Pd/V/Al,O5 catalysts.

139



Chapter 4: Influence of support on the performance of Pt-supported catalysts for the total
oxidation of Np

4.4 Conclusions

Pt-supported catalysts prepared by impregnation of a variety of support materials (TiOa,
Sn0Os, CeOs. AlLO3 and SiO:) with equal loading of Pt (0.5 %) have been tested for the
complete oxidation of naphthalene. The 0.5 %Pt/SiO- catalyst showed considerably
higher naphthalene oxidation efficiency than all other Pt-supported catalysts with equal
Pt loading. This catalyst (0.5 % Pt/SiO,) gave a CO, yield of over 50 % at 100 °C and
over 90 % at 200 °C. The differences in the performance of the Pt-supported catalysts
have been related to differences in Pt dispersion (Pt particle size). SMSI (interaction
between Pt metal and support) and oxidation state of Pt. which all depended on the nature
of support employed. Large Pt particles (low Pt dispersion). weak interaction between Pt
and support and the presence of Pt in the metallic state were found to favour the Np
oxidation performance of the supported-Pt catalysts. The optimum combination of these
properties was achieved in the use of SiO; as Pt support, hence making Pt/SiO- the best

naphthalene oxidation catalyst in this study.
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CHAPTER 5: INFLUENCE OF PREPARATION CONDITIONS OF NANO-
CRYSTALLINE CERIA CATALYSTS ON THE TOTAL OXIDATION OF

NAPHTHALENE

5.1 Introduction

Ceria is a material known to have versatile properties as a catalyst [1] and is certainly the
most significant member of the oxides of rare earth elements in industrial catalysis [2].
Ceria has potential for application in the removal of soot from diesel engine exhaust [3].
catalytic waste oxidation for the removal of organics from waste waters [4], and as a
component of combustion catalyst [S]. The ability of ceria to enhance the removal of
CO, hydrocarbons (HCs) and NOx makes it an inevitable component of high-
performance three-way catalysts (TWC) in automotive exhaust treatment. The
importance of CeO, in such TWC dwells mainly on its ability to act as an oxygen buffer,
storing/releasing oxygen due to the Ce'"/Ce’* redox couple [6-17]. In addition to acting
as an oxygen reservoir in TWC, ceria gives stability to the alumina support and maintains
a high surface area [18, 19]; it stabilizes the dispersed state of precious metals by
preventing them from sintering [20, 21] and promotes CO oxidation [22-24] and water-

gas shift reaction [25-27].

It is therefore clear that over the years, the excellent catalytic behaviour of ceria has
attracted immense attention in industry. With the ever increasing quest for pollution

control and environmental protection, various Physical Chemistry (Heterogeneous
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Catalysis) and Chemical Engineering research laboratories [1-27] have concentrated

much interest in developing ceria-based catalysts for VOC. CO and NOx control.

Several synthetic methods have been used for the preparation of CeO: nanoparticles.
These include hydrothermal [28. 29]. redox reaction [30]. sonochemical [31]. pyrolysis
[32], reverse micelles [33] and homogeneous precipitation methods [34-36]. The mild
synthetic conditions and relatively simple procedure involved in homogeneous
preparation gives it an advantage over the other synthetic techniques. T. Garcia et al. [37,
38] recently showed that a CeO, catalyst prepared by homogeneous precipitation with
urea (CeO, (UR)) was more effective than all best Pt/Al,Oz and metal oxide catalysts
reported for naphthalene oxidation. In this study. it is shown that naphthalene oxidation
activity of a CeO- catalyst prepared in a similar manner as reported by T. Garcia et al.
[37] can be optimized by varying preparation conditions (calcination temperature,
calcination time, aging time and cerium salt to urea ratio). Ceria catalysts were
synthesized (see chapter 2, section 2.2.2: table 2.2) and characterized by BET. XRD,
TGA, Raman spectroscopy. SEM and TPR as earlier described in chapter 2. All catalysts
were tested for naphthalene oxidation as described in chapter 2 (section 2.4). All

conditions remained the same as earlier discussed.

In the following sections, the characterization and naphthalene oxidation activity results

for nano-crystalline ceria catalysts prepared (under a variety of reaction conditions by

homogeneous precipitation with urea) are discussed in-depth.
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5.2 Effect of Calcination Temperature on Properties and Activity of CeO; (UR)

In this section, the influence of calcination temperature on the BET. XRD, Raman, SEM,

TPR and naphthalene oxidation activity of CeO- (UR) is detailed.

5.2.1 Effect of Calcination Temperature on Surface Area of CeO; (UR)

The influence of the calcination temperature of CeO, (UR) has been studied on the
oxidation of naphthalene. Thus the ceria precursor was treated at four different
temperatures (300. 400. 500 and 600 °C). Table 5.1 shows the surface areas of CeO,
catalysts calcined at different temperatures. The surface areas ranged between 85-120
m’g". Catalysts calcined at higher temperatures presented higher surface areas (120 and
115 m*g". for the samples calcined at 500 and 600 °C. respectively) than those calcined
at lower temperatures (85 m”g”' for both catalysts calcined at 300 and 400 °C). This could

be attributed to the presence of urea in catalysts calcined at 300 and 400 °C.

Table 5.1 Effect of calcination temperature on surface area of CeO. (UR) catalysts

Catalyst, Ce salt: urea ratio, aging time, Surface area® (ngT)
calcination temperature / calcination time
CeO», 1:3,24h,300°C /10 h 85
Ce0s, 1:3,24h,400°C/ 10 h 85
CeO.. 1:3,24 h,500 °C /10 h N 120
CeO-. 1:3.24 h, 600°C/10 h 115
|

Calculated using the BET method.
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TGA results (Figure 5.1) shows considerable weight loss between 250 - 450 °C. No loss
in weight was evident above 450 °C. Hence CeC>32 (UR) catalysts calcined at 500 and 600
°C had no urea present in them and as such had higher surface areas than similar catalysts
calcined at lower temperatures (300 and 400 °C). Calcination temperature is therefore
crucial in determining the surface area of a CeO: (UR) catalyst. Two factors seem to
determine the surface area: i) the increase of the calcination temperature, leading to a
decrease in the catalyst crystal size and the surface area (sintering effect); ii) the degree
of urea decomposition that drives to higher surface areas. Thus, it is necessary to search
for a compromise between both factors in order to maximize the catalyst surface area.

This fact is achieved at 500 and 600 °C.

Banoe mEsA.

Furnace Temperature / °C

Fig. 5.1 TGA results for a CeC>2 (UR) catalyst precursor made from 1:3 cerium salt to

urea ratio and aged for 24 h. Heating in air at a rate of 10° min'l
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5.2.2 Effect of Calcination Temperature on XRD Results of CeO, (UR)

Figure 5.2 shows the XRD patterns of the CeO. (UR) catalysts calcined at different
temperatures. It can be observed that irrespective of calcination temperature, the XRD
patterns of all catalysts are very similar showing diffraction peaks at 26 = 28.5, 33.1,
47.5,56.3, 59.1, 69.5, 76.7. 79.1. 88.5. 95.4 and 107.05". which are characteristic of the
cubic fluorite structured CeO-.. The figure confirms that variations in calcination
temperature did not yield any other phases apart from cubic fluorite CeO,. However, a
thorough observation of the pattern of each catalyst revealed differences in the crystalline
nature (evident in the differences in broadness of peaks and level of background noise in

XRD patterns) of CeOx.

\
IR MA\WJ‘W
iﬂMJhwuww‘;

~ T Y . v
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Intensity / a. u.

2Theta / degree

Fig.5.2 XRD patterns of CeO, (UR) catalysts calcined at different temperatures.

a: CeO-, 1:3,24 h. 300 °C/10 h, b: CeOa. 1:3. 24 h. 400 °C/10 h. c: CeOs, 1:3. 24 h, 500

°C/10 h, d: CeOa, 1:3, 24 h, 600 "C/10 h.
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It was equally observed (table 5.2) that variations in calcination temperature produced
subtle differences in crystallite size. The lowest crystal size corresponds to the catalyst
calcined at 500 °C (6.0 nm) whereas the other catalysts present crystallite sizes ranging

between 0.4-7.5 nm.

Table 5.2 Effect of calcination temperature on crystal structure and crystallite size of

CeO: (UR) catalysts

Catalyst, Ce salt: urea ratio, | Crystallite size® Identified crystal phase®
y | Cry rystal p

aging time, calcination (nm)

temperature / calcination time

CeO,, 1:3.24h,300°C/10h | 7.5 Cubic fluorite
Ce0-, 1:3,24 h,400°C /10 h 7.2 Cubic fluorite
Ce0.. 1:3,24 h,500 °C / 10 h 6.0 Cubic fluorite
CeOs, 1:3,24 h. 600°C/10 h 6.4 Cubic fluorite

*By XRD analysis.

5.2.3 Effect of Calcination Temperature on Raman Results of CeO; (UR)

Just like XRD patterns, Raman spectra for CeO, (UR) catalysts calcined at different
temperatures (Figure 5.3) were alike regardless of the calcination temperature. All four

CeO; (UR) catalysts showed a single Raman band centered at a Raman shift value of 460
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cm'l which is characteristic of CeC>2 vibrations (the triply degenerate TO mode). Other
less intense Raman bands typical of CeOi can be appreciated at ca. 272 and 595 cm'l

(doubly degenerate TO mode and non-degenerate LO mode, respectively) [39].

400°C

300°C
1000 800 600 400 200 0

free uency Jfcm 1

Fig. 5.3 Raman spectra of Ce02 (UR) catalysts calcined at different temperatures.

Table 5.3 shows the full width at half maximum (FWHM) of this characteristic Raman

band. Some authors [39, 40] have reported that the values of FWHM could be correlated

with both the average crystal size of ceria and the defect concentration in the ceria

structure. Thus an increase of the FWHM has been associated to a decrease of the

crystallite size and/or a higher amount of oxygen vacancies in CeC”. From table 5.3, an

inverse relationship can be seen between crystallite size and FWHM. It is therefore likely
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that there exist fairly similar amount of oxygen defects regardless of the calcination

temperature employed.

Table 5.3 Effect of calcination temperature on FWHM and crystallite size of

characteristic Raman band of CeO, (UR) catalysts

Catalyst, Ce salt: urea ratio, aging { Crystallite size” (nm) FWHM "(cm™)

time, calcination temperature / |
calcination time j

Ce0-,1:3,24h,300°C/10h 7.5 19.7

Ce0-, 1:3.24h.400°C/ 10 h 7.2 20.0

Ce0,, 1:3,24 h,500 °C /10 h 6.0 ‘ 22.5

CeO,, 1:3,24 h, 600°C/10 h 6.4 | 21,6

By XRD analyses

*Full width at half maximum of the CeO, line in the Raman spectra.

5.2.4 Effect of Calcination Temperature on SEM Results of CeQO; (UR)

Figure 5.4 shows the variation in particle size and morphology of ceria with calcination
temperature. From the micrographs. it is obvious that there occurred a change in particle
size and morphology as the calcination temperature changed from 300-600 °C. Although

it was difficult to measure the size of particles less than 40 um. it is obvious that there
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was a difference in particle size with calcination temperature. Particles of ceria calcined
at low temperatures (300 and 400 °C) exist more like individual irregular particles
whereas those of catalysts calcined at higher temperatures (500 and 600°C) tend to

agglomerate, forming larger blocks of irregular particles.

Signal A» SF 1 12 Fab 2007
Photo No « 13 140302

300 °C 400 °C

EHT « 5 00KV Signal A> SE1
Photo No » 126

500 °C 600 °C

Fig. 5.4 Effect of calcination temperature on scanning electron micrograph of CeCh (UR)

5.2.5 Effect of Calcination Temperature on TPR Results of CeC>2 (UR)

TPR assays for the ceria catalysts studied in this work (e.g. Fig. 5.5) mainly show two

reduction bands between ambient temperature and 600 °C. A small low temperature
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reduction peak centered at about 110 °C (LT peak) and a wide reduction band at higher
temperature, from 300 to 600 °C (HT peak) with two maxima centered at ca. 400 and 550
°C. respectively. The low reduction band is related to highly reducible surface ceria
species. whereas high temperature reduction peaks can be attributed to surface reduction
of capping oxygen [17, 40]. It must be noted that the reduction in the bulk of CeO, does
not take place in the interval of temperature studied, since it only occurs above 750 °C
[40, 41]. As discussed later, the hydrogen consumption for the low and high temperature
TPR peaks was found to fluctuate with preparation condition. The fact that these values
fluctuate with preparation conditions suggests differences in surface structure of the ceria
catalyst with preparation condition. In any case. these hydrogen consumptions are ca.

1.5% of the hydrogen consumption that would take place for the total reduction of CeO..

3
® 500°C
2z
2
7]
s 400°C
-t
£
300°C
T M T v T T M T T T T T v
0 100 200 300 400 500 600 700

Temperature / °C

Fig. 5.5 Hydrogen temperature programmed reduction profiles for CeO, (UR) catalysts

showing effect of calcination temperature (110 mg of sample, 20 mL min T H,, 5°C min’

)
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Figure 5.5 illustrate the effect of calcination temperature on the TPR profile of CeO:

(UR) catalysts. All four catalysts calcined at different temperatures (300-600 °C) showed

the high temperature reduction peak covering the range 300-600 °C. Table 5.4 shows that

hydrogen consumption for the HT peak ranged between 216-280 pumol/g. This variation

in hydrogen consumption can be related to the formation of slightly different surface

structures of CeO,, although in all cases the hydrogen consumed in the TPR experiment

only means a 1-2% of the hydrogen consumed if CeO, were completely reduced to Ce

(0). It can also be observed in figure 5.5 that catalysts caicined at 500 and 600 °C also

showed LT peak, which is higher in the case of the catalyst prepared at 600 °C

Table 5.4 Effect of calcination temperature on hydrogen consumption by CeO; (UR)

catalysts during TPR

Catalyst, Ce salt: urea ratio, aging H; H, Total H,
time, calcination temperature / consumption | consumption consumption
calcination time (nmoleg)at (nmoleg™) at (pmoleg")a
LT* HT*
Ce0,, 1:3,24 h,300°C /10 h 0 280 280
Ce0,, 1:3,24 h,400°C /10 h 0 216 216
Ce0,, 1:3,24 h,500 °C /10 h 9 248 257
Ce0,. 1:3,24 h, 600 °C/10 h 22 205 227

“By TPR analysis. 1 10 mg of sample. 20 mL min "' Ha, 5 °C min™'.
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5.2.6 Effect of Calcination Temperature on Activity of CeO, (UR) for the Total

Oxidation of Naphthalene

Figure 5.6 shows the effect of the calcination temperature on the catalytic activity
(expressed as yield to CO») achieved for naphthalene oxidation. The reason for using the
COas yield is that naphthalene is a polyaromatic molecule. which can easily be adsorbed
onto the surface of high surface area materials, which may lead to over estimation of the
catalytic oxidation activity as discussed earlier in chapter 2. Moreover, it should be taken
into account that the use of total naphthalene conversion may also lead to erroneous
conclusions due to the formation of by-products [see chapter 2]. Therefore, the yield to

CO; and not the total conversion of naphthalene is used to establish the catalytic activity.

All four catalysts calcined at different temperatures were tested in two separate
experiments and in both cases, similar activity results were obtained (see figure 5.6a and
5.6b). The catalyst calcined at 500 °C was the most active. This could be attributed to the
high surface area/low crystallite size of this catalyst relative to the other catalysts. Notice
that ceria catalysts calcined at 500 and 600 °C had considerably higher activities than the
catalysts calcined at lower temperatures. TGA results suggested that catalysts calcined at
300 and 400 °C probably still contained urea. which resulted in lower surface areas and

hence lower naphthalene oxidation activities.
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Fig. 5.6 (a) Plot showing the effect of calcination temperature on the activity of CeO,
(UR) catalyst for naphthalene oxidation (Experiment 1). All 4 catalysts were prepared
from 1:3 cerium salt to urea mixture, aged for 24 h and calcined at different temperatures

for 10 h. @ 300 °C: m 400 °C: A 500 °C: and X 600 °C.
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Fig. 5.6 (b) Plot showing the effect of calcination temperature on the activity of CeO,

(UR) catalyst for naphthalene oxidation (Experiment 2).
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The higher activity demonstrated by catalysts calcined at higher temperatures (500-600
°C) might also be related to the presence of more intense low temperature TPR bands that
correspond to more easily reducible surface species. The difference observed between the
morphology of catalysts calcined at high temperatures and those calcined at low

temperatures could also account for the difference in catalytic activity.

Figure 5.7 shows that catalysts calcined at 300-600 °C did not show any considerable
deactivation after prolonged treatment in the reaction flow at 300 °C whereas the catalyst
precursor (before calcination) suffered considerable deactivation after 12 h in the reactor
at 300 °C. The deactivation of the latter might be related to the influence of a high

amount of un-decomposed urea present in the catalyst.
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Fig. 5.7 Thermal treatment of CeO, (UR) in reactor at 300 °C for 24 h.
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Table 5.5 shows the effect of calcination temperature on the rate of naphthalene oxidation
per unit surface area of ceria catalyst at constant temperature (210 °C). It can be observed
that the catalysts calcined at different temperatures (300-600 “C) showed rather different
specific naphthalene oxidation rates. This fact suggests that surface area is not the only

factor governing the activity of catalysts calcined at different temperatures.

Table 5.5 Effect of calcination temperature on naphthalene oxidation per unit surface area

of ceria catalyst at 210 °C

Catalyst, Ce salt: urea ratio, aging time, ryp“
calcination temperature / calcination time [mol mZsec’']
Ce0.,1:3,24 h,300°C/10h 1.2
CeO,, 1:3,24 h,400°C /10 h 1.2
CeO,, 1:3,24 h, 500 °C /10 h 2.0
CeO0,, 1:3,24 h, 600°C/10 h 2.0

*Naphthalene oxidation per unit surface area of ceria catalyst at 210 °C

5.3 Effect of Calcination Time on Properties and Activity of CeO; (UR)

Since 500 °C has been shown as the preferred calcination temperature, the influence of
the calcination time on the properties and Np oxidation activity of CeO, (UR) calcined at
500 °C has been studied. Characterization and catalytic activity results for these catalysts

are elaborated in this section.
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5.3.1 Effect of Calcination Time on the Surface Area of CeO, (UR)

BET results (table 5.6) showed that CeO, (UR) catalyst calcined for 3 h presented a very
low surface area (33 m*g’"). Conversely. catalysts calcined for 6 and 10 h showed higher
and similar surface area (120-125 mg’"). with catalyst calcined for 6 h having the highest
surface area (125 ng']) amongst the three catalysts. The lower surface area of the
catalyst calcined for 3 h can be related to the lack of time to completely remove the urea,

thus preventing the formation of small crystal size ceria structures.

Table 5.6 Effect of calcination time on BET surface area of CeO, (UR) catalysts

Catalyst, Ce salt: urea ratio, aging time, Surface area® (ng") !

calcination temperature / calcination time ’[

Ce0>, 1:3,24 h. 500 °C /10 h 120

Ce0,, 1:3,24h,500°C /6 h 125

Ce0a. 1:3.24 h.500°C /3 h

(U'8)
(OS]

®Calculated using the BET method.

5.3.2 Effect of Calcination Time on XRD Results of CeO, (UR)

Just like the calcination temperature did not show any significant effect on the XRD

patterns of the CeO> (UR) catalysts. the modification of the calcination time also did not
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yield any major differences in the crystalline phases detected (Figure 5.8). In this way.

XRD patterns only showed peaks representative ot the cubic fluorite ceria.

1
—
- 4
© 4
~
> -
=
2 ] c
()
- -
£
- b
W

2Theta / degree

Fig. 5.8 XRD patterns of CeO, (UR) catalysts calcined at 500 °C for: (a) 10 h, (b) 6 h and

(c) 3 h. All three catalysts were prepared from 1:3 Ce salt/urea mixture and aged for 24 h.

Table 5.7 shows that CeO, crystallite sizes are in the range 6.0-19.2 nm. CeO, catalyst
calcined for 3 h, with the lowest surface area (33 m°g’"), had the highest crystallite size
(19.2 nm) whereas CeO> catalysts calcined for 6 and 10 h with significantly higher and
similar surface areas (125 and 120 m”g™' respectively) had considerably lower crystallite
sizes (7.5 and 6.0 nm respectively). It is clear therefore that by changing the calcination

time used for synthesis of the reference catalyst (10 h), it was possible to tune the
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crystallite size of the CeO; (UR) catalyst. XRD data reveal a dependence of crystallite

size of CeO- (UR) on the calcination time.

Table 5.7 Effect of calcination time on crystal size and phase of CeO- (UR) catalysts

[ Catalyst, Ce salt: urea ratio, ? (Tryétallite—s'ize"‘ Identified crystal phase®
aging time, calcination | (nm)
temperature / calcination time E
Ce0-.1:3.24h.500 °C /10 h | 6.0 Cubic fluorite
Ce0s. 1:3.24 h.500°C /6 h " 7.5 | Cubic fluorite }
Ce0:. 1:3.24 h.500°C /3 h 1 19.2 | Cubic fluorite J
i

*By XRD analysis.

5.3.3 Effect of Calcination Time on Raman Results of CeO; (UR)

Raman spectra for CeO- (UR) catalysts (figure 5.9) show that the calcination time did not
produce significant changes in the Raman bands. All three catalysts mainly showed the
characteristic Raman band for CeO- vibrations. Table 5.8 however indicates a change in
the FWHM of this Raman band with calcination time. Whilst catalysts calcined for 6 and
10 h have Raman bands with similar FWHM (22.5 and 23.5 cm“). the CeO, (UR)
catalyst calcined for 3 h with the highest crystallite size (19.2 nm) showed a slightly

narrower Raman band (FWHM = 20 cm™). As it has previously been mentioned, these
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values can be correlated with both the average crystal size of ceria and/or defect creation

in the ceria structure.

1000 800 600 400 200 0

frecuency /cm 1

Fig. 5.9 Raman spectra of CeC>2 (UR) catalysts calcined at 500 °C for 10, 6 and 3 h.

By comparing the FWHM values of the three ceria catalysts, it cannot be conclusively
propose that differences in the amount of oxygen vacancies occurred, since XRD data

showed the expected trend in the crystallite size for these catalysts.
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Table 5.8 Effect of calcination time on FWHM of characteristic Raman band of CeO»

(UR) catalysts

Catalyst, Ce salt: urea ratio, aging time, FWHM*cm™)

calcination temperature / calcination time

CeO-. 13.24h.500°C/6h »s
CeO-. 1:3.24h.500°C/3h 20.0 B

|
[
l
CeOs. 1:3.24h.500 °C /10 h o k 235
|
H
I

“Full width at half maximum of the CeO, band in the Raman spectra.

However. on trying to correlate the FWHM values with the CeO- crystal size for most of
the CeO- catalysts. see Figure 5.10. different trends depending on the calcination time
can be detected and the lower the calcination time. the higher the FWHM value. In fact. it
can be pointed out that in the case of the catalyst calcined for 3 h, the FWHM is
remarkably higher than expected if the average crystal size is the only affecting factor
and therefore. the concentration of oxygen vacancies in the ceria surface of the sample
calcined for 3h seems to be much higher than in the other catalysts. It apparently looks
that the higher the calcination time the lower the amount of oxygen vacancies in the ceria

structure.
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Fig. 5.10 Relationship between FWHM and crystallite size of CeO, (UR) catalysts

5.3.4 Effect of Calcination Time on SEM Results of CeO; (UR)

Figure 5.11 shows the SEM images for catalysts calcined at 500 °C for 10, 3 and 6 h. The
figures reveal a change in particle size and morphology with calcination time. Catalysts
calcined for 10 and 6 h demonstrated a mark similarity in morphology (dense irregular
particles of varying sizes <40pm to approximately 400um). The morphology of these two
catalysts varied greatly from that of catalyst calcined for 3 h (porous irregular particles
most of which ranged between 40 to approximately 200pum). This difference in
morphology exhibited by the latter is consistent with its very low surface area and large

crystallite size (from XRD analysis) relative to catalysts calcined for 10 and 6 h. Notice
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that particles of these catalysts tend to agglomerate, forming larger lumps of irregular

particles.

Signal A-SEI Dal* 12 F*b 2007 Signal AmSE 1 . 12
Photo No « 125 Tim* 13.0732 ignal AmSE Oat* 12 Fab 2007
Photo No = 129 Tan* 132106
100 pm Signal A = SEI

Photo No =130

Fig. 5.11 Scanning electron micrographs of CeO: (UR) catalysts calcined at 500 °C for

10, 6 and 3 h. All three catalysts were prepared from 1:3 Ce salt/urea ratio and aged for

24 h.
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5.3.5 Effect of Calcination Time on TPR Results of CeO, (UR)

TPR profiles of catalysts calcined at 500 °C for 10 h, 6 h and 3 h are shown in figure
5.12. Similar TPR profiles were observed for these catalysts. although the intensity of the
reduction bands is lower in the catalysts heat treated for 3 h. A relationship between H,
consumption and the surface area can be observed (table 5.9). Catalysts with higher
surface areas showed higher hydrogen consumption. This suggests again that the ceria
species reduced until 600 °C are surface species. Notice that the catalyst calcined for 3 h

did not show the LT TPR peak present in the catalyst calcined for 6 and 10 h.
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Fig. 5.12 Hydrogen temperature programmed reduction profiles for CeO, (UR) catalysts
showing effect of calcination time. Conditions: 110 mg of sample, 20 mL min "' H,,

heating rate of 5 °C min”".
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Table 5.9 Effect of calcination time on surface area and H- consumption (TPR) of CeO,

(UR) catalysts
Catalyst, Ce salt: urea | Surface area” H; H; Total H,
ratio, aging time, (ng") consumption | consumption consumption
calcination (p.moleg")at (umoleg'l) at (pmoleg'l)b
temperature / LT" HT"
calcination time
CeO-, 1:3,24 h, 500 120 9 248 257
°C/10h
Ce0s. 1:3,24 h. 500 °C 125 18 212 230
/6h
Ce0,, 1:3,24 h, 500 °C 33 0 62 62
/3h

“Calculated using the BET method.

"By TPR analysis. 110 mg of sample. 20 mL min ~' H,. 5°C min™'.

5.3.6 Effect of Calcination Time on Activity of CeO; (UR) for the Total Oxidation of

Naphthalene

Figure 5.13 shows the variation of the catalytic activity (expressed as yield to CO;) in

naphthalene oxidation with calcination time. The highest activity was obtained for the

catalyst heat treated for 6 h. The order of activity was as follows: 6h > 10h> 3h.

Therefore, it would be needless to calcine CeO> (UR) catalyst for 10 h, since a shorter

calcination time (6 h) resulted in a more active catalyst. CeO; (UR) calcined for 3 h was

the least active, probably due to the lower surface area, although it might also be related
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to its unique porous morphology and the absence of the low temperature (50-160 °C)

peak in its TPR profile.
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Fig 5.13 Effect of calcination time on the activity of CeO. (UR) catalyst for naphthalene
oxidation. All 3 catalysts were prepared from 1:3 cerium salt to urea mixture, aged for 24
h and calcined at 500 °C for different times (10, 6. and 3 h). Calcination time: A 3h; m 6

h; @ 10 h.

LT TPR peak observed in CeO, (UR) catalysts synthesized in this work have been
assigned to the reduction of highly reducible surface species. Whilst this LT peak could
be observed in the TPR profiles of CeO, (UR) catalysts calcined for 6 and 10 h, TPR

profile of the catalyst calcined for 3 h did not show this peak; this explains the lower
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activity of the latter relative to catalysts calcined for 6 and 10 h. The highly reducible

surface species present in these two catalysts facilitate the oxidation of naphthalene.

Table 5.10 shows the effect of calcination time on the rate of naphthalene oxidation per
unit surface area at 175 °C. The catalyst calcined for 3 h (with the lowest surface area)
gave a rate of naphthalene oxidation per unit surface area of ca. 3 times higher than
catalysts calcined for 6 and 10 h. According to these data. the surface area plays an
important role in the catalytic activity since the higher the surface area the higher the
catalytic activity. However, the specific activity is remarkably higher in the catalyst heat
treated for 3 h, so other factors apart from the specific area, should be taken into account.
As explained earlier, it can be tentatively proposed that the concentration of oxygen
defects could be another important factor to explain the activity of the ceria catalyst, as
the sample calcined for 3 h, which showed the highest concentration of oxygen defects
(see figure 5.10), was the catalyst with the highest specific activity. This might also be

related to its unique porous morphology discussed earlier.

Table 5.10 Effect of calcination time on Np oxidation rate over CeO, (UR) catalysts

Catalyst, Ce salt: urea ratio, aging time, era
calcination temperature / calcination time
[mol m'2~sec"]
Ce0,, 1:3,24 h, 500 °C /10 h 2.0
CeO,, 1:3,24 h.500°C /6 h 2.3
Ce0,, 1:3,24 h.500°C /3 h 7.0

*Naphthalene oxidation per unit surface area of ceria catalyst at 210 °C

168



‘hapter 5 Influence of preparation conditions of nano-crystalline ceria catalysts on the total oxidation of

5.4 Effect of Aging Time on Properties and Activity of CeO; (UR)
The influence of the aging time on CeO- (UR) was studied for catalysts calcined at 500

°C for 6 h. Characterization and Np oxidation activity data of catalysts aged for 3, 12 and

24 h are reported in this section.

5.4.1 Effect of Aging Time on BET Surface Area of CeO; (UR)

Table 5.11 shows that no remarkable differences in BET areas were appreciated. although
CeO, (UR) catalyst aged for 3 and 12 h presented slightly lower surface areas (113 and

112 m°g” respectively) than the catalyst aged for 24 h (125 m°g™).

Table 5.11 Effect of aging time on BET surface area of CeO, (UR) catalysts

Catalyst, Ce salt: urea ratio, aging time, Surface area® (ng'l)

calcination temperature / calcination time

Ce0,, 1:3,24 h,500°C/6h 125
Ce0,, 1:3,12h,500°C /6 h 12
Ce0,, 1:3,3 h, 500 °C/6 h 113
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5.4.2 Effect of Aging Time on XRD Results of CeO, (UR)

XRD patterns of ceria catalysts aged for three different durations (24. 12 and 3 h) were

all alike (figure 5.14) representing the presence of cubic fluorite ceria.
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Fig. 5.14 XRD patterns of CeO, (UR) catalysts aged for 24, 12 and 3 h.

a: CeO,, 1:3, 24 h, 500 °C/6 h, b: CeO,, 1:3, 12 h, 500 °C/6 h, c: CeO-, 1:3, 3 h, 500 °C/6

h.

Table 5.12 shows that the crystallite sizes of these 3 catalysts increased with the aging
time (7.5, 6.2 and 5.8 nm for aging times of 24, 12 and 3 h, respectively). Surprisingly, an

inverse relationship is observed between surface areas and crystallite sizes.
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Table 5.12 Effect of aging time on surface area and crystallite size of CeO, (UR)

catalysts

Catalyst, Ce salt: urea ratio, aging

Surface area® (m’g”)

Crystallite size”

time, calcination temperature / (nm)
calcination time
Ce0-.1:3,24h,.500°C /6 h 125 7.5
CeO>, 1:3,12h,500°C /6 h 112 6.2
Ce0,. 1:3,3 h, 500 °C/6 h 113 5.8

*Calculated using the BET method.

*By XRD analysis.

5.4.3 Effect of Aging Time on Raman Results of CeO, (UR)

Just like Raman spectra of other ceria catalysts discussed earlier in sections 5.2 and 5.3,

Raman spectra recorded for catalysts aged for different times (figure 5.15) were alike

showing a single band representative of CeO, vibrations. Table 5.13 shows that this

characteristic Raman band was only slightly broader for the catalyst aged for 3h and 12 h

(FWHM = 23.5 and 23.2cm™) than catalyst aged for 24 h (FWHM = 22.5). These values

show that the aging time mainly affects the CeQO, crystalline size rather than the

concentration of oxygen defects.
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Fig. 5.15 Raman spectra of CeO, (UR) catalysts aged for 24. 12 and 3 h

Table 5.13 Effect of aging time on crystallite size and FWHM for Raman band of CeO;

(U) catalysts
Catalyst, Ce salt: urea ratio, aging time, Crystallite size® FWHM "(cm™)
calcination temperature / calcination time (nm)
Ce0,, 1:3,24 h, 500°C /6 h 7.5 22.5
Ce0,. 1:3.12 h. 500°C /6 h 6.2 23.2
CeO,, 1:3,3 h, 500 °C/6 h 5.8 23.5

®By XRD analysis

®Full width at half maximum of the CeO- band in the Raman spectra.
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5.4.4 Effect of Aging Time on SEM Results of Ce02 (UR)

The change in particle size and morphology of the ceria catalyst with aging time is
illustrated in figure 5.16. The figures show a variation in morphology with aging time.
Particles of catalysts aged for shorter time (3-12 h) showed higher porosity than the
catalyst aged for 24 h. The three catalysts under consideration showed particle sizes in
the range of approximately 40-400pm. Particles < 40 pm were visible although these

could not be measured accurately.

3h

Fig. 5.16 Scanning electron micrographs of CeCf (UR) catalysts aged for 24 h, 12 h and

3 h
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5.4.5 Effect of Aging Time on TPR Results of CeO, (UR)

TPR profiles of ceria catalyst aged for different times are shown in Figure 5.17. It can be
observed that the three catalysts have similar profiles. where both 1LT and HT peaks can

be distinguished. Only a slight change in the position of peak maxima and range covered

was observed. when the aging time was varied.
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Fig. 5.17 Hydrogen temperature programmed reduction profiles for CeO> (UR) catalysts
showing effect of aging time. TPR conditions: 110 mg of sample. 20 mL min ! H,,

heating rate of 5 °C min™".
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Table 5.14 shows that all three catalysts gave slightly different values of total hydrogen

consumption (222-250 pmoleg). This variation in hydrogen consumption can be

attributed to the formation of subtle different surface structures as the aging time was

varied.

Table 5.14 Effect of aging time on TPR hydrogen consumption of CeO- (UR) catalysts

Catalyst, Ce salt: urea ratio,
aging time, calcination

temperature / calcination time

H;
consumption

(nmoleg™) at

H;
consumption

(pmoleg") at

Total H,

consumption

(pmoleg™)"

LT? HT?
Ce0,, 1:3,24 h.500°C /6 h 18 212 230
Ce0,. 1:3.12h.500°C /6 h 19 203 222
Ce0:. 1:3.3 h. 500 °C/6 h 20 230 250

. |
“By TPR analysis, 110 mg of sample. 20 mL min TH. 5°C min,

5.4.6 Effect of Aging Time on the Activity of CeO, (UR) Catalyst for the Total

Oxidation of Naphthalene

Figure 5.18 shows the evolution of the catalytic activity for naphthalene oxidation

(expressed as yield to CO,) with reaction temperature for CeO: catalysts aged for

different durations. The optimum aging time for catalyst preparation was found to be 12

h. The catalyst aged for 12 h had an activity slightly higher than that aged for 3h. These

catalysts were dramatically more active than the ceria catalyst aged for 24 h. in spite of
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the smaller specific surface area of the formers. Therefore. it is obvious that catalysts

were being over-aged using a 24 h aging time. as the catalytic activity of CeO, catalyst

was remarkably higher with a 3 h aging time.
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Fig. 5.18 Plot showing the effect of aging time on the activity of CeO, (UR) catalyst for
naphthalene oxidation. All 3 catalysts were prepared from 1:3 cerium salt to urea
mixture, aged for different durations (24, 12 and 3 h) and calcined at 500 °C for 6 h.

Agingtime: A 3h:m 12 h; e24h

Table 5.15 shows the effect of aging time on the rate of naphthalene oxidation per unit

surface area at 210 °C.
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Table 5.15 Effect of aging time on surface area. crystallite size and naphthalene oxidation

rate of CeO- (UR) catalysts

Catalyst, Ce salt: urea ratio, aging Surface area® Crystallite [ I'Np
time, calcination temperature / (ng") size” (nm) [mol m'z-sec"]
calcination time
Ce0-.1:3,24 h. 500°C /6 h 125 7.5 23
Ce0,, 1:3.12h.500°C /6 h 112 4.1 4.2
Ce0,, 1:3,3 h, 500 °C/6 h 113 5.9 4.2

“*Calculated using the BET method.
"By XRD analysis.

“Naphthalene oxidation per unit surface area of ceria catalyst at 210 °C

No straightforward explanations can be made according to results presented in table 5.15.

However, it can be tentatively proposed that two important reactions can be involved

during the aging of the cerium salt with urea. Firstly, the unreacted urea is decomposing

yielding OH", NH," and CO,. according to reaction (1). During this step. both the pH of

the solution and the particle size of the precipitate were gradually increasing as the

reaction proceeded [42].

H,N;-CO-NH, + 3H.O & CO, + 2NH,” + 20H

(M

Ce(NH,): (NO3)o + k HaNa— CO - NHa + (1.5k — 6) 02 > CeO, + (4+k) N2 + k CO- + (4+2 k) H,0  (2)

Secondly, the combustion of the cerium salt with the remaining urea takes place

according to equation (2). During this second step. it has previously been reported that

the combustion of cerium ammonium nitrate salt in the presence of urea favors the

agglomeration of CeO, particles [43]. Thus during the preparation method, it can be
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assumed that the second reaction would be predominant at low aging times, as an excess
of urea was used (Ce-salt/urea = 1/3 molar ratio), and the hydrolysis of urea would be
prevalent at high aging times. These facts could explain the unexpected relationship
between surface areas and CeO» particle size. Whilst long aging times are favoring larger
crystallite sizes with a low level of agglomeration, short aging times are driving to
smaller crystal particles with a higher degree of agglomeration. This is clearly shown in
the SEM images of these catalysts (figure 5.16). Catalysts aged for shorter times (3 and
12 h) showed higher degree of porosity (probably due to aggregation of small particles)
than the catalyst aged for a longer time (24 h); less porous, dense, and irregular particles
(lower agglomeration of large particles).Therefore, it can be concluded that the high
catalytic activity achieved by the samples aged for 3 and 12 h can be due to their lower
particle size and/or to the concentration of oxygen defects. rather than to a higher specific

surface area.

5.5 Effect of Ce Salt/Urea Ratio on Properties and Activity of CeO; (UR)

It has been established in sections 5.2, 5.3 and 5.4 that a calcination temperature of 500
°C, calcination time of 6 h and an aging time of 24 h are appropriate in achieving highly
active Np oxidation CeO, (UR) catalyst. In this section, the influence of Ce salt/urea ratio
on the properties and activity of a CeO. (UR) prepared using the above mentioned

conditions is evaluated.
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5.5.1 Effect of Ce Salt/Urea Ratio on BET Surface Area of CeO; (UR)

BET results (table 5.16) show that these catalysts had surface areas in the range 92-128
m’g’. Catalysts with cerium salt to urea ratios of 2:1. 1:1 and 1:2 had fairly similar
surface areas (92-94 mg™') while 1:3 and 1:4 ratios yielded catalysts with higher surface

areas (125 and 128 m:g'] respectively).

Table 5.16 Effect of cerium salt to urea ratio on BET surface area of CeO, (UR) catalysts

Catalyst, Ce salt: urea ratio, aging time, calcination Surface area® (ng")
temperature / calcination time
Ce0-,2:1,24h.500°C/6h 94
Ce0,.1:1.24 h, 500 °C 6h 94
Ce0,,1:2,24 h. 500°C /6 h 92
Ce0>, 1:3,24 h,500°C /6 h 125
CeO0,. 1:4, 12 h, 500 °C/6 h 128

®Calculated using the BET method.

5.5.2 Effect of Ce Salt/Urea Ratio on XRD Results of CeO, (UR)

Similar to all other catalysts investigated in this chapter, XRD patterns of CeO, (UR)

prepared from varying cerium salt to urea ratios (figure 5.19) showed peaks at 26 values

characteristic of cubic fluorite ceria.
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Fig. 5.19 XRD patterns of CeO, (UR) catalysts prepared from different cerium salt to
urea ratios. a: CeO,, 2:1, 24 h, 500 °C/6 h, b: CeO,, 1:1, 24 h, 500 °C/6 h, c: CeO,, 1:2,

24 h, 500 °C/6 h, d: CeO», 1:3.24 h, 500 °C/6 h, e: CeO-, 1:4, 24 h, 500 °C/6 h.

Detailed examination of the background noise and broadness of peaks in the individual
patterns suggested subtle differences in the crystalline nature of these catalysts. CeO;
(UR) catalysts derived from cerium salt to urea ratios of 2:1, 1:1, and 1:4 showed
similarity in their crystalline nature and were slightly more crystalline than catalysts
prepared from 1:2 and 1:3 ratios of cerium salt and urea. The crystallite sizes of these
catalysts (table 5.17) only varied slightly (6.6-7.6 nm). While catalysts with a ratio of 1:2
cerium salt/urea had the highest crystallite size (7.6 nm), CeO, (U) catalyst prepared from

1:4 Ce salt/urea yielded the lowest crystallite size (6.6 nm).
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Table 5.17 Effect of cerium salt to urea ratio on crystal size and phase of CeO, (UR)

catalysts
Catalyst, Ce salt: urea ratio, aging Crystallite size” Identified crystal
time, calcination temperature / (nm) phase’
calcination time
Ce0,,2:1,24 h,500°C /6 h 7.3 Cubic fluorite
Ce0, 1:1,24 h, 500 °C 6 h 7.2 Cubic fluorite
Ce0,,1:2,24h,500°C/6h 7.6 Cubic fluorite
Ce0,, 1:3,24 h, 500 °C / 6 h 7.4 Cubic fluorite
Ce0-,1:4, 12 h, 500 °C/6 h 6.6 Cubic fluorite

“By XRD analysis.

5.5.3 Effect of Ce Salt/Urea Ratio on Raman Results of CeO; (UR)

Raman spectra recorded for the five catalysts with varying Ce salt/urea ratio (figure 5.20)

were all alike, showing the single characteristic Raman band for CeO, vibrations.
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Fig. 5.20 Raman spectra of CeO, (UR) catalysts prepared from different cerium salt to

urea ratios.

Table 5.18 shows a great variation in the FWHM of the characteristic Raman band with
the change in cerium salt/urea ratio. Since the crystallite size only varied slightly with the
change in this ratio, it can be assumed that an increase in FWHM corresponds to an
increase in the concentration of oxygen defects. Ceria catalysts prepared from cerium
salt/urea ratios of 2:1 and 1:4 showed considerably higher FWHM values (28.6 and 28
cm” respectively) than the other three catalysts. The FWHM of the five catalysts

prepared from varying Ce salt/urea ratios decrease in the order: 2:1 > 1:4 > 1:1 > 1.3 >
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1:2. A comparison between the FWHM values and crystallite sizes of the five catalysts
suggests that the concentration of oxygen defect decreased in the order: 1:4 > 2:1> 1:| >
1:3>1:2.

Table 5.18 Effect of cerium salt to urea ratio on crystal size and FWHM of Raman band

of CeO, (UR) catalysts
Catalyst, Ce salt: urea ratio, aging time, FWHM? (cm™) Crystallite size”
calcination temperature / calcination [nm]
time

Ce0,,2:1,24h,500°C/6h 28.6 7.3
Ce0,,1:1,24 h, 500 °C 6 h 23.8 7.2
Ce0-, 1:2,24h.500°C/ 6 h 19.6 7.6 n
Ce0,, 1:3,24 h,500°C /6 h 23.0 7.4
Ce0,, 1:4, 12 h, 500 °C/6 h 28 6.6

“Full width at half maximum of the CeO» line in the Raman spectra.

*By XRD analysis.

5.5.4 Effect of Ce Salt/Urea Ratio on SEM Results of CeO, (UR)

The SEM images of catalysts prepared from varying Ce salt/urea ratio (figure 5.21)
revealed a dependence of morphology and particle size of ceria on the Ce salt/urea ratio.
The figure shows a great variation in the morphology of these catalysts with Ce salt/urea
ratio. Catalysts with 2:1 and 1:1 ratios of Ce salt/urea showed some similarity in

morphology (composed of circular particles; all of which had fairly similar sizes for the
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(S

same catalyst). However, particles in the catalyst with 2:1 ratio appeared to be smaller
and showed higher degree of agglomeration than those in catalyst with 1:1 Ce salt/urea
content. Particles in the latter existed as small circular particles with a very low degree of
agglomeration. Catalysts with 1:2 and 1:3 Ce salt/urea content showed large irregular
shaped particles which acted as centres of aggregation for smaller particles. The catalyst
with Ce salt/urea content of 1:4 showed a rather unique morphology; comprised of fairly
uniform-sized tiny particles with some larger particles dispersed in it. The small size of
the particles in the catalyst with 1:4 ratio relative to the other four catalyst agrees with the

lowest crystallite size ofthe former as calculated by XRD analysis.

ot T "0 &grA*SCI

o 0
152310 PhotoNo 5244

1:3 1:4
Fig. 5.21 Scanning electron micrographs of CeC>2 (UR) catalysts prepared from varying

Ce salt/urea ratios.
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5.5.5 Effect of Ce Salt/Urea Ratio on TPR Results of CeO, (UR)

Catalysts prepared from different cerium salt to urea ratios showed both the low and high

temperature TPR peaks (figure 5.22).

Intensity / a.u.
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Fig. 5.22 Hydrogen temperature programmed reduction profiles for CeO- (UR) catalysts

showing effect of cerium salt to urea ratio. TPR conditions: 110 mg of sample, 20 mL

min "' Hy, 5 °C min™".

It was observed (table 5.19) that the total hydrogen consumption for these catalysts varied

between 186-239 umoleg™'. This variation was reflected in the variation of hydrogen
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consumption both at LT (4-29 umoleg™') and HT (169-235 pmoleg™). The total hydrogen
consumption increased as the Ce salt/urea ratio was changed from 2:1 to 1:4. The
variation in hydrogen consumption with cerium salt to urea ratio probably represents the
formation of slightly different surface structures of ceria as the Ce salt/urea content is

varied. This is consistent with differences observed in the SEM images of these catalysts.

Table 5.19 Effect of cerium salt to urea ratio on hydrogen consumption (TPR) of CeO,

(UR) catalysts
Catalyst, Ce salt: urea H; consumption H; consumption Total H,
ratio, aging time, (pmoleg") at LT" (p.moleg'l) at consumption
calcination temperature / HT? (pmoleg™)?
calcination time

Ce0,,2:1,24h,500°C /6 h 10 176 | 186
Ce0,, 1:1,24 h, 500 °C 6 h 29 169 198
Ce0,, 1:2,24 h,500°C /6 h 15 189 204
Ce0,, 1:3,24 h,500°C /6 h 18 212 230
CeO,, 1:4, 12 h, 500 °C/6 h 4 235 239

“By TPR analysis, 110 mg of sample, 20 mL min "' H,, 5 °C min™".
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5.5.6 Effect of Cerium Salt to Urea Ratio on Activity of CeO, (UR) Catalyst for the

Total Oxidation of Naphthalene

Figure 5.23 shows the effect of the ratio of starting materials (cerium salt and urea) on the
activity of CeO> (UR) catalyst in naphthalene oxidation. The activity of CeO, (UR)
prepared from a cerium salt to urea ratio of 1:4 was slightly higher than those from 1:1
and 2:1. The CeO-. 1:4 catalyst equally showed an activity considerably higher than
CeO,, 1:2 and 1:3. 1:4, 1:1 and 2:1 ratios of cerium salt to urea resulted in more efficient
naphthalene oxidation catalysts than the 1:3 ratio employed for the synthesis of the

reference catalyst.
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Fig. 5.23 Effect of Ce salt/urea ratio on the Np oxidation activity of CeO, (UR) catalyst
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CeO; (UR), 1:4, 24 h, 500 °C / 6 h had the highest surface area (128 m°g") , lowest
crystallite size (6.6 nm) and about the highest concentration of oxygen defect amongst
catalysts with varying cerium salt to urea ratios and this probably accounted for the
higher activity. No clear correlations could be made between naphthalene oxidation
activity and BET surface area. crystallite size or hydrogen consumption during TPR.
However, it was observed that Naphthalene oxidation activity increased with an increase
in FWHM (figure 5.24). Ceria catalysts with higher values of FWHM and hence higher
oxygen defect concentrations (prepared from cerium salt/urea ratios of 2:1, 1:4 and 1:1)
showed considerably higher naphthalene oxidation activities than catalysts with lower
FWHM values or lower oxygen defect concentrations (prepared from 1:2 and 1:3 Ce
salt/urea ratios) over the temperature range investigated. It is therefore obvious that the
concentration of oxygen defect was a major factor determining the activity of ceria
catalysts prepared from varying cerium salt to urea ratios. The differences in catalytic
activity can also be linked to differences in morphology as SEM images of the five
catalysts showed a mark variation in the morphology with cerium salt/urea ratio. This
was consistent with the variation in surface structure as suggested by differences in
hydrogen consumption during TPR. The variation in morphology and oxygen defect
concentration with Ce salt/urea ratio therefore appear to be the major factors accounting
for the differences observed in Np oxidation activity. High surface area of CeO, also

seems to favor the oxidation of naphthalene.
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Fig. 5.24 Relationship between FWHM and naphthalene oxidation activity (yield to CO»)

at 175 °C

Figure 5.25 shows the effect of cerium salt to urea ratio on the rate of naphthalene
oxidation per unit surface area of catalyst at 175 °C. The figure reveals that the
naphthalene oxidation rate per unit surface area of catalyst decreased in the order: 2:1 >
1:1 > 1:4 > 1:2 > 1:3. CeO, (UR) catalysts with cerium salt to urea ratios of 2:1, I:1,
and1:4 showed considerably higher naphthalene oxidation rates per unit surface area than

catalysts with 1:2 and 1:3 ratios.
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Fig. 5.25 Effect of cerium salt to urea ratio on the rate of naphthalene oxidation per unit
surface area of ceria catalyst at constant temperature (175 °C). 1: CeO-, 2:1, 24 h, 500
°C/6 h, 2: CeO-, 1:1, 24 h, 500 °C/6 h, 3: CeO», 1:2, 24 h, 500 °C/6 h, 4: CeO,, 1:3, 24 h,

500 °C/6 h, 5: CeO,, 1:4, 24 h, 500 °C / 6 h. Values of rate are x 107"

The concentration of oxygen defects for the five catalysts increased in an order (1:4 > 2:1
> 1:1 > 1:2 > 1:3) that reflects the order discussed for the rate of naphthalene oxidation. It
is therefore obvious that changes in the concentration of oxygen defects with the cerium
salt to urea ratio resulted in differences in the naphthalene oxidation rate. Catalysts with
high oxygen defect concentrations (higher FWHM of Raman band) gave higher
naphthalene oxidation rates compared to catalysts with low oxygen defect concentrations

(see figure 5.26). Ceria catalysts with 2:1 and 1:1 cerium salt to urea ratios demonstrated
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a mark disparity in naphthalene oxidation rate per unit surface area irrespective of their
similarity in surface area (94 m°g’). This suggests that surface area was not the only
important parameter determining the rate of naphthalene oxidation for this set of
catalysts. Hence oxygen defect concentration and morphology of the ceria catalyst
prepared from varying cerium salt to urea ratio were crucial in determining the rate of

naphthalene oxidation.
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Fig. 5.26 Relationship between FWHM of Raman band of CeO, (UR) catalysts and Np

oxidation rate at 175 °C
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5.6 Effect of GHSV on the activity of CeO,; (UR) catalysts for Naphthalene

Oxidation

The activity results reported herein suggest that the optimum preparation conditions for
CeO; (UR) catalyst for the total oxidation of naphthalene include: a cerium salt to urea
ratio of 1:4, 2:1 or 1:1, aging time of 12 h, calcination temperature of 500 °C and a
calcination time of 6 h. The use of some of these optimum preparation conditions (ratio
of 1:4, aging time of 12 h, calcination temperature/time of 500 °C/6 h) yielded a CeO,
(UR) catalyst with a relatively high surface area (126 ng'l) and small crystallite size (5.4
nm). Figure 5.27 shows that the activity of a CeO, (UR) catalyst prepared using these
optimum preparation conditions decreased with increase in GHSV at constant
temperature. The catalyst gave a 100 % naphthalene conversion and a carbon dioxide

yield of over 90 % at 175 °C (GHSV = 25,000 h™).
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Fig. 5.27 Plot showing the effect of GHSV on the activity of CeO, (UR) prepared using

optimum preparation conditions.

- 125°C, -=- 150°C, -+ 175°C.

5.7 Summary of the activity of CeO; (UR) catalysts for Naphthalene Oxidation

In this chapter a detailed study of catalysts based on CeO- prepared using urea has been
carried out for the oxidation of naphthalene. A similar preparation method has been
described to be very efficient in naphthalene oxidation at moderate temperatures and with
a high adsorption capacity at low temperatures. Thus. by employing urea during the
synthesis procedure, higher reaction rates have been reported compared to conventionally

prepared CeO; catalysts [37, 38].
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It has been demonstrated in this chapter that preparation conditions are of significant
importance to obtain highly active catalysts. Depending on the conditions employed the
catalytic activity can vary by a factor until 3. However, it would be desirable to know the

parameters that determine this catalytic performance.

Figure 5.28a plots the CO. yield obtained at 225 °C with different CeO, (UR) catalysts
prepared in this work versus their surface area. High surface areas seem to be positive to
achieve high conversions although the relationship is not as direct as mentioned. In fact, a
catalyst with a surface area of 33 m’g’ gave a conversion similar to other catalysts with

higher surface areas (ca. 120 ng'l.).

Figure 5.28b represents the variation of catalytic activity with crystallite size. The
relationship again is not a straightforward one. It is worth noting that the catalyst with
the largest crystal size yielded the highest naphthalene oxidation rate, showing the
influence of other factors. Figure 5.28c shows a plot of the catalytic activity versus the

full width at half maximum of the Raman band at 464 cm™".
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Fig. 5.28 Influence of a) surface area, b) crystal size of CeO, and ¢) FWHM of Raman
band on the catalytic activity. Note: Catalytic activity at a reaction temperature = 225°C.

Reaction conditions as described in chapter 2. Catalytic activity expressed as yield to

CO..

A more reasonable relationship is observed in this case as the higher the FWHM the
higher the catalytic activity. The FWHM has been associated to the presence of oxygen

defects and/or the crystal size of ceria. Since no clear correlation was evident between
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crystallite size and Np oxidation activity. it can be concluded that the FWHM was more
related to the oxygen defect concentration than to the crystallite size of ceria. Note
however that the crystallite size and oxygen defect concentration were both very crucial

in determining the activity of the ceria catalyst for naphthalene oxidation.

5.8 Conclusions

It has been shown that the activity of a CeO-, catalyst prepared by homogeneous
precipitation with urea in naphthalene total oxidation can be optimized by varying the
preparation conditions (calcination temperature, calcination time, aging time and cerium
salt to urea ratio). A variation in these conditions resulted to differences in surface area,
crystallite size, oxygen defect concentration (FWHM of characteristic Raman band),
morphology and reducibility of the CeO, (UR) catalyst. A combination of high surface
area, small crystallite size and high oxygen defect concentration was found to favor the
activity of the CeO, catalyst in naphthalene oxidation. Optimum preparation conditions in
this study included: a cerium salt to urea ratio of 1:4, 2:1 or 1:1, aging time of 12 h,
calcination temperature of 500 °C and a calcination time of 6 h. CeO, catalyst prepared
from these optimum preparation conditions yielded 100 % naphthalene conversion and

over 90 % CO, yield at 200 °C (GHSV = 45,000 h™").
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CHAPTER 6: CERIA AND Pt-LOADED CERIA CATALYSTS FOR TOTAL

OXIDATION OF NAPHTHALENE

6.1 Introduction

In chapter 5, it has been shown that preparation conditions can be varied to improve the
activity of a ceria catalyst prepared by homogeneous precipitation with urea [CeO, (UR)]
for naphthalene oxidation. In this chapter, ceria catalysts. prepared using other methods,
are compared with the best CeO, (UR) catalyst for total naphthalene oxidation. T. Garcia
et al. [1] showed that CeO, (UR) was a better naphthalene oxidation catalyst than CeO,
prepared by precipitation with the carbonate [CeO, (CR)] and CeO; prepared by a redox
reaction with H,O, [CeO> (H20,)]. In this chapter characteristics and naphthalene
oxidation catalytic data for CeO, (UR), CeO, (CR) prepared in a slightly different way as
reported by T. Garcia et al. and CeO, prepared using supercritical carbon dioxide
(scCe0,) are compared. The CeO, (UR) catalyst was prepared using the optimum
preparation conditions derived in chapter 5. The catalyst was made from Ce salt/urea
ratio of 1:4, aged for 12 h and calcined at 500 °C for 6 h. This CeO, (UR) catalyst was
equally compared for naphthalene complete oxidation with a Pt-loaded CeO, (UR)

catalyst prepared in a similar manner as the CeO; (UR) catalyst.
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6.2 Influence of Preparation Method of Crystalline Ceria Catalysts for the Total

Oxidation of Naphthalene

In this section, properties and naphthalene oxidation activity of ceria catalysts prepared
by four different methods (homogeneous precipitation with urea [CeO. (UR)],
precipitation with the carbonate [CeO, (CR)]. using supercritical carbon dioxide
[scCe0O;] and a commercially available ceria catalyst [CeO, (Aldrich)] are evaluated.
CeO; (UR), CeO, (CR) and scCeO,, were prepared as detailed in chapter 2. The method
used for the preparation of the commercial ceria catalyst. CeO, (Aldrich). is unknown.
Characteristics and naphthalene oxidation activity for these catalysts are reported in the

following sections.

6.2.1 Influence of Preparation Method on Characteristics of Crystalline Ceria

Catalysts

Ceria catalysts derived from the four methods mentioned above were characterized by

BET, XRD, Raman spectroscopy, SEM and H,-TPR.

Table 6.1 shows the BET surface areas of the four ceria catalysts. The surface areas
varied greatly (11-126 ng") with preparation method. Whilst CeO, (UR) had a surface
area (126 m°g"') considerably higher than the other three catalysts, the commercial
catalyst showed the lowest surface area (11 ng") amongst the four catalysts. Surface

area decreased in the order: CeO; (UR) > CeO, (CR) > scCeO; > CeO, (Aldrich). Hence
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the method of ceria preparation played a very important role in determining the surface

area of the catalyst.

The use of different starting materials and preparation conditions could be used to explain
the differences in surface area observed. For instance, calcination temperature and time
has been known to determine the surface area of CeO, [2]. It is therefore likely that the
calcination conditions contributed significantly to the variation in surface area with
preparation method. While the CeO, (UR) catalyst was calcined at 500 °C for 6 h,
scCe0, and CeO, (CR) were calcined at 400 °C for 2 h and 500 °C for 10 h respectively.
Notice that CeO, (UR) and CeO, (CR) calcined at a higher temperature (500 °C) and for
a longer time (6-10 h) than scCeQO> (400 °C for 2 h) both had higher surface areas (126
and 105 m’g"' respectively) than the scCeO, catalyst (surface area = 31 mg"). High
calcination temperature and longer calcination time probably led to the complete removal
of any un-decomposed starting materials (e.g. urea or carbonate) or undesired derivative
of the starting materials from the ceria pores. Although the calcination temperature for
the commercial CeO, (Aldrich) catalyst is unknown, it can be inferred based on the above
argument that this catalyst (with the lowest surface area) was either calcined at a lower or
higher temperature/duration than the other ceria catalysts. Very high calcination

temperatures can result in the collapse of the porous structure and sintering.
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Table 6.1 Effect of preparation method on BET surface area of Ceria catalysts

Catalyst BET Surface Area®/ m’g’
CeO, (UR) 126
CeO, (CR) 105
scCeOs 31
CeO- (Aldrich) 11

? By BET method

The XRD patterns for the four ceria catalysts are shown in figure 6.1. The figure suggests

that all four preparation methods led to the formation of the same cubic fluorite ceria

phase.
ﬂ
]
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Fig. 6.1 XRD patterns of ceria catalysts prepared using four different preparation

methods.
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It is obvious from the broadness of the peaks observed in the XRD patterns that the
commercial CeO> (Aldrich) catalyst was considerably more crystalline than the other
three CeO; catalysts. This is reflected in its remarkably higher crystallite size (determined
using the Scherer method) relative to the other ceria catalysts (see table 6.2). It has been
reported that high crystallinity of ceria can be induced by a high calcination temperature
of the ceria precursor [2, 3, 4]. However, a short calcination time favors incomplete
removal of less crystalline (more amorphous) components (e.g carbonate) derived from
the starting materials and this result in lower crystallite size of ceria [2]. It can therefore
be concluded that the preparation of the commercial ceria catalyst which had the highest
crystallite size and lowest surface area. involved higher calcination temperature and/or
longer calcination time than the other three ceria catalysts (UR. CR, sc) synthesized in

this study.

Table 6.2 shows the variation in crystallite size of ceria with preparation method. There
occurred an inverse relationship between surface area and crystallite size. CeO, (UR)
with the highest surface area (126 ng") had the lowest crystallite size (5.4 nm) while the
commercial CeO, (Aldrich) catalyst which showed the lowest surface area (11 ng") had
the largest crystallite size (> 100 nm). This inverse relationship observed between
crystallite size and surface area is probably due to differences in calcination conditions
(temperature and time). Both factors probably affected the surface area and crystalline
size of ceria in a similar manner as discussed earlier. Note however that the relationship
between calcination conditions and properties (crystallite size and surface area) of the

four ceria catalysts is note very direct, suggesting the influence of other factors. It is
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therefore likely that the differences in the nature of starting materials and reaction
conditions used to yield the ceria precursor were equally very important contributing
factors. The nature of the precursor determines the ease with which ceria is derived and
hence the effect of calcination conditions on properties of ceria. Some precursors might

require severe or mild heat-treatment than others to achieve similar properties of ceria.

Table 6.2 Effect of preparation method on crystallite size and surface area of ceria

catalysts
Catalyst Calcination Calcination | BET Surface | Crystallite
temperature time (h) Area®/ m’g’ size” / nm
O
CeOs (UR) 500 6 126 5.4
CeO; (CR) 500 10 105 6.1
scCeO; 400 2 31 6.3
CeO; (Aldrich) unknown Unknown | 11 > 100
* By BET method |

® By XRD analysis

Fig 6.2 shows that the Raman spectra for all four CeOs catalysts were alike irrespective
of the preparation method. The main Raman band observed at ca. 460 cm’' corresponds

to CeO, vibration. Table 6.3 shows that the FWHM of this characteristic Raman band

varied with preparation method.
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Fig 6.2 Raman spectra of Ceria catalysts prepared using three different methods (UR, CR,

sc and commercial Aldrich)

The FWHM of the main Raman band for the four ceria catalysts decreased in the order:
Ce02(CR) > Ce02(UR) > scCe02> CeO: (Aldrich). CeO: (UR) and Ce02(CR) showed
fairly similar values of FWHM which were considerably higher than the FWHM for
scCe02and Ce02 (Aldrich). As discussed earlier in chapter 5. an increase in FWHM can
be related to a decrease in crystallite size or an increase in the concentration of oxygen

defects.
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Table 6.3 FWHM and crystallite size of ceria catalysts prepared from varying methods

Catalyst FWHM *[cm™] Crystallite size” / nm
CeOs (UR) 28 54
CeOs (CR) 29.5 6.1
scCeO» 19.6 ' 6.3
CeOs (Aldrich) 17.1 > 100

R
*Full width at half maximum of the CeO; line in the Raman spectra.

®By XRD analysis.

By comparing the FWHM and crystallite sizes of the four catalysts (table 6.3), it can be
concluded that the concentration of oxygen defects was fairly similar in the CeO, (UR)
and CeO, (CR) catalysts and this was considerably higher than in the scCeO- and CeO,
(Aldrich) catalysts. The CeO, (Aldrich) catalyst with a marginally higher crystallite size
appears to have the lowest concentration of oxygen defect. It has been reported that
incompletely calcined ceria particles have highly activated surfaces due to oxygen
vacancies [3, 5, 6]. This suggest that in addition to influencing the surface area and
crystallite size, the differences in calcination conditions also affect the amount of oxygen
vacancies in ceria catalyststs prepared from varied methods. Ceria prepared by UR, CR
and sc showed higher FWHM and considerably lower crystallite sizes than the
commercial ceria (Aldrich) catalyst, suggesting higher concentration of oxygen defect in
the former. This again, implied that there was more incompletely calcined ceria particles

in CeO, (UR), CeO, (CR) and scCeO; than in the commercial CeO (Aldrich) catalyst.
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Hence, higher calcination temperature and/or time were employed in the synthesis of the

latter than the former.

Figure 6.3 shows that different preparation methods resulted in ceria catalysts with
differences in particle size and morphology. Hence the preparation method is crucial in

determining the particle size and morphology of a ceria catalyst.

Signal A = SEI Date 19 Feb 2007
Photo No 3 245 Time 11 38-19

Ce02 (Aldrich)

Fig. 6.3 Scanning electron micrographs for ceria catalysts showing effect of preparation
method on morphology. Black regions represent carbon from the circular disc used to

mount the sample on the sample holder.
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TPR assays of ceria catalysts prepared using the four different preparation methods are
shown in figure 6.4. While CeO, (UR), CeO- (CR) and scCeO, showed both the LT and
HT peaks in the regions 75-150 °C and 250-600 °C respectively, the commercial CeO,
(Aldrich) catalyst only showed a very small HT peak in the range 300-600 °C. As
discussed earlier in chapter 5, the LT peak has been attributed to highly reducible surface
ceria species, whereas the HT peak has been related to surface reduction of capping
oxygen. The reduction of scCeO, at HT was completed at a lower temperature (250-500
°C) than the other CeO, catalysts. scCeO, and CeO, (Aldrich) showed considerably less

intense HT TPR peaks than CeO- (UR) and CeO, (CR).
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Fig. 6.4 Effect of preparation method on hydrogen TPR profile of ceria catalyst (110 mg

of sample, 20 mL min "H,, 5°C min™)
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Table 6.4 shows the variation in hydrogen consumption at LT and HT with preparation
method. The total hydrogen consumption decreased in the order: CeO, (UR) > CeO»
(CR) > scCeO; > CeO; (Aldrich). The total hydrogen consumption was proportional to
the surface area of the ceria catalyst (see table 6.4). CeO, (UR) and CeQO; (CR) with
marginally higher surface areas than the scCeO, and CeO, (Aldrich) showed
considerably higher hydrogen consumption than the latter. This confirmed earlier
suggestion that the LT and HT TPR peaks observed were mainly due to reduction of
surface species. It can therefore be concluded that CeO, (UR) and CeO, (CR) with higher
surface areas presented more surface capping oxygen, which consumed more hydrogen
during the TPR experiment, than the other two ceria catalysts. This observation is
consistent with TPR data reported in the literature [7, 8] in which high surface area CeO,
and Au/ CeO, catalysts showed higher hydrogen consumption than low surface area

Ce0s and Au/ CeO; catalysts.
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Table 6.4 Effect of preparation method on hydrogen consumption by CeO, catalysts

during TPR
Catalyst H, H, Total H, BET Surface Total H;
consumption ti i
pI consumption consumption Area®/ ng.l consumption
(nmoleg )at (pmoleg™') at (pmoleg™)*
LT HT* per m’
CeO; (UR) 4 235 239 126 1.90
CeO; (CR) 3 199 202 105 1.92
scCeO, 9 64 73 31 2.35
Ce0; | 0 57 57 [ 5.18
(Aldrich)

By TPR analysis, 110 mg of sample, 20 mL min " H,, 5 °C min".

®By the BET method.

If surface area is the only factor determining the total amount of hydrogen consumed, the

total hydrogen consumption per m” (table 6.4) should be the same for all four catalysts

but this is not the case here. There exist an inverse relationship between surface area and

total hydrogen consumption per m-, in the sense that, lower surface area ceria catalysts

(sc and Aldrich) showed higher total hydrogen consumption per m? than higher surface

area ceria prepared via UR and CR. This suggests that apart from forming ceria catalysts

with significant differences in surface area, the four preparation methods resulted in the

formation of different surface structures. This is clearly evident in SEM images shown in

figure 6.3.
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6.2.2 Influence of Preparation Method on the Naphthalene Oxidation Activity of

Ceria Catalysts

Figure 6.5 illustrates the evolution of naphthalene oxidation activity of ceria with
preparation method.

100
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- CeO2 (CR)
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—>€— CeO2 (Aldrich)

60

40
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o .
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Fig. 6.5 Effect of preparation method on the activity of ceria catalyst for the total

oxidation of naphthalene, 100 vppm Np, GHSV = 45000 h™'.

Ceria catalysts prepared using UR and CR showed similar activities in naphthalene
oxidation. The activities of these two catalysts were considerably higher than the activity
of scCeO, and the commercially available CeO, (Aldrich) catalysts. The higher activity
of CeO, (UR) and CeO; (CR) can be related to higher surface areas, smaller crystallite
sizes and higher oxygen defect concentrations relative to the other two catalysts. BET

results showed that CeO, (UR) and CeO; (CR) had higher surface areas (126 and 105
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ng" respectively) than scCeO, and CeO- (Aldrich) which had surface areas of 31 and 11
ng'l respectively. XRD analysis also showed that the latter had higher crystallite sizes
(6.3 and > 100 nm for the sc ceria and commercially available ceria catalysts
respectively) than ceria prepared by UR and CR. Raman results showed that the
concentration of oxygen defects was also significantly higher in ceria catalysts prepared
via UR and CR than the commercial catalyst and catalyst prepared using supercritical
carbon dioxide. High surface area, small crystallite size and high concentration of oxygen
defects therefore favored the activity of the ceria catalysts in naphthalene oxidation. The
above properties of ceria were determined by the nature of starting material, reaction
conditions for preparation of the ceria precursor and the calcination conditions. The
optimum characteristics of ceria for Np oxidation were achieved in catalysts prepared via
UR and CR. TPR data suggested that high surface area CeO, (UR) and CeO, (CR) had
more reactive surface species like capping oxygen than the lower surface area scCeO»
and CeO; (Aldrich). The higher amount of these reactive surface species in the former is

reflected in their higher Np oxidation activity and rate (see table 6.5).

Table 6.5 shows the relationship between the specific activity (rate of Np oxidation) at
175 °C with the surface area. crystallite size and FWHM of Raman band. It can be
observed that the rate of naphthalene oxidation was directly proportional to the surface

area and FWHM and inversely proportional to the crystalline size of ceria.
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Table 6.5 Effect of surface area. crystallite size and FWHM of Raman band on NP

oxidation rate

Catalyst rnp X 107 Surface area | Crystallite size | FWHM (cm")
(moles s"m'z) (g m'z) (nm)
CeO; (UR) 6.2 126 54 28
CeOs (CR) 6.1 105 6.1 29.5
scCeO, 5.8 31 6.3 19.6
CeO; (Aldrich) 2.8 I > 100 17.8

rnp - Np oxidation rate

The variation in the specific activity of ceria with surface area suggests the relevance of
other factors in determining the Np oxidation activity of the ceria catalysts. Notice that
the specific activity was fairly similar for catalysts prepared using UR and CR,
suggesting that surface area was the main reason for the differences observed in the Np
oxidation activity of these two catalysts. This is quite reasonable since these two catalysts
showed fairly similar crystallite sizes (6.1-6.2 nm) and concentration of oxygen defect
(FWHM = 28-29.5 cm™"). The effect of differences observed in the morphology of these
catalysts can however not be undermined. The inverse relationship observed between
crystallite size and Np oxidation rate suggest that small crystallite size of ceria favored
the Np oxidation activity of the ceria catalyst. On the other hand, the fact that Np
oxidation rate was directly proportional to the FWHM (associated with concentration of
oxygen defect) reveals that a high concentration of oxygen defect is needed to achieve

high naphthalene oxidation activity for a ceria catalyst. Although surface area, crystallite
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size and concentration of oxygen defect were quantifiable parameters found to relate to
the naphthalene oxidation activity, it should be noted that the differences observed in the
morphology of these ceria catalysts with preparation method could also contribute
immensely in influencing the naphthalene oxidation activity of the ceria catalysts. This
would explain why scCeOs showed a Np oxidation rate almost as high as the UR and CR
ceria catalysts irrespective of the fact that this catalyst had a relatively very low surface
area, fairly similar crystallite size and lower concentration of oxygen defects than the UR

and CR ceria catalysts.

The naphthalene oxidation activity of the CeO, (CR) catalyst reported in this work was
considerably higher than that of a similar catalyst reported in the literature [1]. T. Garcia
et al. showed that the activity of a ceria catalyst prepared via the UR was considerably
higher than the activity of a ceria catalyst prepared using the CR. Contrary to the above
findings; naphthalene oxidation activity results reported in this study showed that the
activity of the ceria catalyst was similar irrespective of whether the UR or CR was
employed. The CR ceria catalyst investigated in this study was prepared using similar
conditions (except for calcination temperature and calcination time) as the CR ceria
catalyst reported in the literature. The calcination temperature/time for the ceria catalyst
prepared by precipitation with the carbonate (CR) in this work was higher (500 °C/10 h)
than calcination temperature/calcination time used for the preparation of the catalyst
reported by T. Garcia et al. (400 °C/3 h). Higher calcination temperature/time employed
in this work resulted in a ceria (CR) catalyst with a significantly higher surface area (105

ng") , higher reactive surface species like capping oxygen, than the ceria (CR) catalyst
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reported in the literature (surface area = 87 m’g’) and hence higher naphthalene
oxidation activity of the former. It is likely therefore that the high calcination temperature
and longer calcination time employed in this work led to complete removal of carbonate
from ceria pores. Lower calcination temperature/time employed by T. Garcia et al.
probably resulted in a ceria catalyst which contained some amount of carbonate in the
ceria pores and thus had a lower surface area. The morphology of the CR ceria in this
work differed considerably with the morphology of the ceria (CR) catalyst reported by T.
Garcia et al. and as such confirms the dependence of morphology of ceria on calcination
conditions as seen earlier in chapter 5. This difference in morphology also probably
contributed to the difference in the Np oxidation activity observed between the CR ceria

catalyst in this work and that reported in the literature [1].
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6.3 Influence of Pt-doping of Nano-crystalline Ceria Catalysts in the Total Oxidation

of Naphthalene

In chapter 5 it was established that optimum preparation conditions for the preparation of
ceria catalyst by homogeneous precipitation with urea [CeO (UR)] included a cerium salt
to urea ratio of 2:1, I:1, or 1:4. ageing time of 12 h and a calcination temperature and
time of 500 °C and 6 h. In the first part of this chapter (section 6.2), it has been shown
that a CeO; (UR) catalyst prepared from a combination Qf some of these conditions (1:4
Ce salt/urea ratio, aged for 12 h and calcined at 500 °C for 6 h) was a better naphthalene
oxidation catalyst than ceria prepared using supercritical carbon dioxide as well as a
commercial ceria catalyst. In chapter 2 the preparation of Pt/CeO, (UR) catalysts
composed of 1:4 cerium salt to urea ratio was reported. Optimum ageing and calcination
conditions for the preparation of CeO, (UR) were used to prepare two Pt/CeO, (UR)
catalysts with varying Pt loadings. The composition of the Pt-ceria catalysts were in the
ratio of 0.2 g Pt salt: 20 g cerium salt: 80 g urea [denoted Pt/CeO, (UR), 0.2:20:80] and
1.0 g Pt salt: 20 g Cerium salt: 80 g urea [denoted Pt/CeO, (UR), 1:20:80]. In this section
(6.3) the effect of adding Pt during the preparation of CeO, (UR) catalyst for the total
oxidation of naphthalene is evaluated by comparing characterization and naphthalene
oxidation activity data of the CeO- (UR) catalyst (prepared from 1:4 Ce salt/urea ratio,
aged for 12 h and calcined at 500 °C for 6 h) with data obtained for the two Pt/ CeO,
(UR) catalysts mentioned above. The results obtained are presented in the following

sections.
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6.3.1 Surface and Structural Studies of CeO, (UR) and Pt/ CeO, (UR) Catalysts

Table 6.6 shows the BET surface areas obtained for CeO, (UR) and the two Pt/CeO, (UR)
catalysts. The results show that the addition of Pt resulted to a decrease in the surface
area of the ceria catalyst. The Pt-free CeO, (UR) catalyst showed a higher surface area
than both Pt/CeO, (UR) catalysts. During the preparation of the Pt/CeO, (UR) by
precipitation, Pt can interact with CeQO; in two ways: It can be incorporated in the bulk of
ceria or dispersed on the surface. SEM images (figure 6.6) reveal that this interaction
between Pt and ceria favors the agglomeration of particles. While the Pt-free ceria
catalysts was composed of very tiny dust-like particles with some larger particles
dispersed in them, the Pt/ceria catalyst showed relatively larger particles which seemed to
emanate from the agglomeration of smaller particles. This thus explains the decrease in

surface area with the addition of Pt.

Table 6.6 Effect of Pt addition on the surface area of CeO, (UR) catalyst

Catalyst BET Surface Area®/ m’g’
CeO; (UR) 126
Pt/CeO; (UR), 0.2:20:80 96
Pt/CeO, (UR), 1:20:80 95
? By BET method
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Fig. 6.6 SEM micrographs for Ce02 (UR) and Pt/ Ce02 (UR)

CO chemisorption results confirmed that there was Pt dispersed on the surface of Ce02in
Pt/Ce02 catalysts. The catalyst with a lower Pt content (Pt/Ce02, 0.2:20:80) yielded a
higher Pt dispersion (42 %) than the catalyst with a higher metal content (Pt/Ce02,
1:20:80, Pt dispersion = 25 %). The Pt surface area increased while the Pt particle size

decreased as the Pt dispersion increased.

The effect of Pt addition on the microstructure of ceria was evaluated by XRD analysis.
XRD patterns of Ce02 (UR) and the two Pt/Ce02 (UR) catalysts are illustrated in figure
6.7. Ce02 (UR) and both Pt/Ce02 (UR) catalysts all showed major XRD peaks
characteristic of cubic fluorite ceria. In addition to the peaks representative of the ceria
phase, both Pt/Ce02 (UR) catalysts showed two very sharp peaks at ca. 38 and 65 0 which
were both absent in the pattern of the Pt-free ceria catalyst. Both peaks have been

assigned to the presence of some Pt species (crystalline Pt or mixed Pt-Ce02 phase),
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hence confirming the dispersion of crystallites of Pt on the ceria surface in accordance
with CO chemisorption results. It is obvious from the peak sizes and the level of
background noise that the addition of Pt during precipitation led to Pt/CeO, (UR)

catalysts that were quite less crystalline than the CeO, (UR) catalyst.

1 R
SI F ML
HE o M A A it : Wt T
. . , , , 20 a0 60 80 100
20 40 60 80 100 120 heta / degrees
2Theta / degrees
CeO, (UR), Ce0O; (UR), 0.2: 20: 80
5] | Pt A ot
]
20 40 60 80 100

2Theta / degrees

CeO; (UR), 1: 20: 80

Fig. 6.7 XRD patterns of CeO (UR) and Pt/CeO; (UR) catalysts

The crystallite sizes of CeO, (UR) and Pt/CeO, (UR) catalysts calculated by XRD
analysis using the Scherer equation (table 6.7), revealed a considerable decrease in
crystallite size with the addition of Pt. The Pt-free CeO, (UR) catalyst showed a

considerably higher crystallite size (5.4 nm) than the Pt/CeO, (UR) catalysts (crystallite
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sizes of 2.6 and 3.3 nm for catalyst with low and high Pt loading respectively). Based on
BET and SEM results, it is likely that these very small crystallites in Pt-containing ceria
tend to cluster together, forming larger particles which lead to a decrease in surface area.
There is no or relatively low degree of aggregation of larger crystallites in the Pt-free
ceria catalyst.

Table 6.7 Effect of Pt addition on the crystallite size of CeO, (UR) catalyst

Catalyst Crystallite size”/ nm
CeO: (UR) 5.4
Pt/CeO; (UR), 0.2:20:80 2.6
Pt/CeO, (UR). 1:20:80 3.3

? By XRD analysis

6.3.2 Raman Results for CeO; (UR) and Pt/CeO; (UR) Catalysts

Raman spectra recorded for CeO, (UR) and Pt/CeO; (UR) catalysts are shown in figure
6.8. All three catalysts showed the main Raman band at 460 em”’ characteristic of CeO;
vibrations (triply degenerate TO mode). Other less intense Raman bands typical of CeO,
were observed at ca. 272 and 595 cm™ (doubly degenerate TO mode and non-degenerate
LO mode, respectively). The Pt/CeO, (UR) catalysts showed an additional Raman band
at ca. 690 cm™' and this was most intense for the catalyst with a higher Pt content. The
assignment of this band is not clear but it is likely that it relates to vibration of some Pt

species in accordance with CO chemisorption and XRD results. The interaction of Pt with
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ceria is known to form Pt-O-Ce bond [9] which could be responsible for the above

mentioned Raman band in the Pt/Ce02 (UR) catalysts.
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Fig.6.8 Raman spectra for Ce02 (UR) and Pt/Ce02 (UR) catalysts

Table 6.8 shows that the FWHM of the main Raman band varied only slightly with the
addition of Pt to the Ce02 (UR) catalyst. Since the crystallite size decreased considerably
with increase in FWHM it can be concluded that the change in FWHM observed upon
addition of Pt is more related to the decrease in crystallite size than to the oxygen defect
concentration. However if the concentration of oxygen defect changes, it can be inferred

based on the FWHM values that the Pt/Ce02 (UR) catalysts would be more defective

than the Ce02 (UR) catalyst.
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Table 6.8 Effect of Pt addition on the FWHM of Raman band and crystallite size of CeO;

(UR) catalyst
Catalyst FWHM *[cm™| Crystallite size” / nm
CeOs (UR) 28 54
PUCeO; (UR), 0.2:20:80 3 26
Pt/CeO, (UR), 1:20:80 29.5 3.3

Full width at half maximum of the CeO; band in the Raman spectra.

®By XRD analysis.

6.3.3 TPR Results for CeO, (UR) and Pt/CeO, (UR) Catalysts

Figure 6.9 shows the evolution of the TPR profile of the CeO, (UR) catalyst with the
addition of Pt. The CeO, (UR) catalyst showed a LT peak centered at 110 °C and HT
peaks at 390 and 470 °C while the Pt/CeO, (UR) catalyst with lower Pt content

(0.2:20:80) only showed a single intense peak centered at 290 °C.

223




Chapter 6 Ceria and Pt-loaded Ceria Catalysts for Total Oxidation of Naphthalene
Pt/Ce0, (UR), 1:20:80

Pt/CeO; (UR), 0.2:20:80

-
[=]
o
(=]

pratog bbb e bed b b b b 4

800

(=2
o
o

Ce0, (UR)

Signal (mV)
-3
3

200
0 2 2
o
'200: [—T—r—T'TTT_r_T_rTT“(»] T ]417f LI O A A B A 'l‘[ T e T LA G [ rr‘rr( 'rl'I’T'—l

0 100 200 300 400 500 600
Temperature / °C

Fig. 6.9 Hydrogen TPR profiles for CeO, (UR) and Pt/CeO, (UR) catalysts

The Pt/CeO, (UR) catalyst with higher Pt content (1:20:80) showed an intense peak at
lower temperature (190 °C) and a considerably less intense peak that coincided with the
intense peak for the other Pt/CeO, (UR) catalyst (at 290 °C). The TPR results therefore
show that the addition of Pt to the CeO, (UR) catalyst resulted to a decrease in the
reduction temperature of the most intense TPR peak. This suggests that the Pt/CeO, (UR)
catalysts were more susceptible to reduction by hydrogen than the CeO, (UR) catalyst.
This can be attributed to the effect of hydrogen spillover (surface diffusion of activated
hydrogen) on the Pt particles dispersed on the surface of ceria. Hydrogen and small
molecules like methanol are known to dissociatively adsorb on Pt easily [10-13]. This
dissociative adsorption results in the formation of very reactive atomic hydrogen species

which can easily reduce ceria. In the Pt-free CeO, (UR) catalyst the hydrogen spill over
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effect does not occur, leading to reduction of the CeO, (UR) catalyst to be completed at
higher temperatures than the Pt/CeO, (UR) catalysts. Pt/CeO, (UR), 0.2:20:80 and
1:20:80 yielded higher hydrogen consumption per m® (2.7 and 2.3 pmole m™
respectively) than the CeO, (UR) catalyst (1.9 pmole m™). Thus, confirming that the Pt-
doped ceria had more surface oxygen species than the ceria catalyst. This equally
suggests that the addition of Pt resulted to the formation of slightly different surface

structures of ceria.

6.3.4 Effect of Pt-doping on the Activity of a Nanocrystalline CeO; (UR) catalyst for

the Complete Oxidation of Naphthalene

Figure 6.10 shows the effect of doping the CeO, (UR) catalyst with Pt on the activity of
the ceria catalyst in naphthalene oxidation. The CeO, (UR) catalyst showed higher
activity in naphthalene oxidation than both Pt/CeO, (UR) catalysts. Hence, the addition

of Pt to the CeO, (UR) catalyst led to a decrease in activity.
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Fig 6.10 Naphthalene oxidation activity of CeO, (UR) and Pt/CeO, (UR) catalysts

showing the influence of Pt addition, 100 vppm Np, GHSV = 45000 h™'.

In chapter 5 and the first part of chapter 6 (section 6.2), it was shown that high surface
area and small crystallite size of ceria favored the activity of ceria catalysts in
naphthalene decomposition. Although Pt/CeO, (UR) catalysts had lower surface areas
(95-96 m°g’") and considerably lower crystallite sizes (2.6-3.3 nm) than the CeO, (UR)
catalyst (with surface area of 126 m°g"' and crystallite size of 5.4 nm) the latter proved to
be a more effective naphthalene oxidation catalyst than both Pt/CeO, (UR) catalysts.
Hence it can be assumed that the interaction between Pt and CeO, was more crucial in
determining the activity of each Pt/CeO, (UR) catalyst than the surface area and

crystallite size of the catalyst. TPR results suggested that the Pt/CeO, (UR) catalysts were
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more easily reduced by hydrogen than the CeO, (UR) catalyst. Np oxidation activity data
did not reflect the TPR data. The effect of hydrogen spillover facilitates the reduction of
Pt/CeO, (UR) catalysts by hydrogen. Naphthalene is a large polycyclic aromatic
molecule and is not likely to adsorb on to the surface of Pt in a similar manner as
hydrogen. Unlike the effect of Pt in this work, Au has been found to promote the activity
of ceria catalysts for the oxidation of VOCs [2]. The enhanced activity of the Au/ceria
catalyst was attributed to the ability of gold particles to weaken the Ce—O bond, thus
resulting in the increase in the mobility or reactivity of lattice oxygen which is involved
in the oxidation of VOCs via the Mars-Van Krevelen mechanism. Contrary to the effect
of Au on ceria, Imamura et al. [13] have shown that Pt interacts very strongly with CeQ,
making it possible for the formation of Pt-O-Ce bond (which in this study could be
accounted for by the presence of dispersed Pt as indicated by CO chemisorption results
and the presence of additional Pt species XRD peaks at 35 and 65° and an additional
Raman band at 690 cm™ in the XRD patterns and Raman spectra of the Pt/CeO, (UR)
catalysts) and the penetration of Pt in to the bulk of CeO,. It is therefore possible that this
strong interaction between Pt and CeO. leads to the formation some species that limit the
ease at which naphthalene is reduce in the redox cycle. It has been reported [2] that the
oxidation of VOCs over CeO, and Au/CeO, catalysts occurs via the Mars Van-Krevelen
Mechanism in which oxygen from the lattice is used. Naphthalene oxidation over the
CeO, (UR) catalyst therefore followed the Mars-Van Krevelen mechanism. The
interaction between Pt and CeO, limits the ease with which the lattice oxygen is
consumed in the redox cycle. This makes the CeO, (UR) catalyst more active in

naphthalene oxidation than the Pt/CeO; (UR) catalysts. The above explanation has also
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been used [14] to account for a decrease in activity of a ceria catalyst for the oxidation of
ethanol on addition of noble metals like Pt. The addition of Pt suppressed the oxidation of
ethanol to acetate at ambient temperature since there were fewer surface oxygen atoms

available for the oxidation.

Np oxidation over the Pt-doped ceria catalyst in this study probably followed a
mechanism different from the Mars-Van Krevelen mechanism or a combination of this
mechanism and other(s). As discussed earlier in Chapter 3, Np oxidation over Pt-
supported catalysts proceed via the Eley-Rideal mechanism, Langmuir-Hinshellwood
scheme or a combination of both. It can be postulated that Np oxidation over the Pt/ceria
catalysts followed a more complex scheme which could involve a combination of the
Mars-Van Krevelen mechanism and one or both of the other mechanisms mentioned
above. This resulted in the lower Np oxidation activity exhibited by the Pt-doped ceria
catalysts relative to the pure ceria catalyst which oxidized naphthalene effectively in a

less complex scheme (Mars-Van Krevelen cycle).

6.4 Conclusions

Ceria catalysts were prepared using three different methods and tested for the complete
oxidation of naphthalene. The results obtained for the synthesized ceria catalysts were
compared with those derived using a commercial ceria catalyst. The preparation method
affected the crystallite size, surface area, oxygen defect concentration and morphology of

the ceria catalysts and this resulted in differences in naphthalene oxidation activity. High
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surface area, small crystallite size and high oxygen defect concentration were found to be
favorable for the oxidation of naphthalene. The best ceria catalysts in this study were
ceria prepared by homogeneous precipitation with urea [CeO, (UR)] and ceria prepared
by precipitation with the carbonate [CeO, (CR)]. The commercial ceria catalyst [CeO,
(Aldrich)] and ceria prepared using supercritical carbon dioxide (scCeO,) showed
considerably lower activities. Pt-ceria catalysts prepared by homogeneous precipitation
with urea were also evaluated for the complete oxidation of naphthalene. It was observed
that the addition of Pt to the CeO, (UR) catalyst was detrimental to the efficiency of the
catalyst in naphthalene oxidation. This has been related to a strong interaction between Pt
and CeO, which tends to hinder the ease at which lattice oxygen is used up for

naphthalene oxidation in the Mars-Van Krevelen redox cycle.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS

Volatile organic compounds such as polycyclic aromatic hydrocarbons (PAHs) emitted
into the atmosphere pose enormous health and environmental threats. Fuel combustion
and industrial processes account for a great deal of PAH and VOC emissions. In this
thesis, various catalyst formulations based on oxides and two precious metals (Pd and Pt)
have been investigated for the complete oxidation of naphthalene which is a model PAH.
This was done in a bid to develop catalysts potentially applicable for the effective
destruction of PAH and possibly other VOCs from fuel-combusting devices and end-of-
pipe in industries. To date, there is very limited work in the literature patterning to the

catalytic oxidation of PAHs.

The influence of the addition of varying loadings of vanadium modifier to Pd/Al,O; and
Pt/Al,O; catalysts known to be effective for Np oxidation was investigated. Low loadings
of V (0.5 % for Pt catalysts and 0.5-3% for Pd catalysts) promoted the activity of both
catalysts for Np oxidation whilst higher loadings (6-12% for Pd/V and 1-12% for Pt/V
catalysts) were detrimental to the’ activity of these catalysts. The enhanced activity for
catalysts with low V loadings has been related to the redox chemistry of a low
concentration of some kind of V species and the modification of the metal (Pd or Pt)
dispersion while high concentrations of crystalline V2Os species accounted for the drop in
the activity of the catalysts with higher V loadings (6 and 12% for Pd catalysts and I-
12% for Pt catalysts). While the Mars Van Krevelen redox mechanism is suggested as the

mechanism for Np oxidation over Pd/V/ALO; catalysts, the oxidation over Pt/V/Al,O3
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catalyst is thought to follow the Eley- Rideal mechanism, the Langmuir Hinshel-wood

kinetics or a combination of both.

Since a strong promotional effect has been observed for the use of V as modifier for both
Pd and Pt-supported alumina catalysts, it is likely that the use of other modifiers such as
Nb, W and possibly other metal oxides (e.g CeO,, ZrO;) might also promote the activity
of these metal-supported alumina catalysts for naphthalene oxidation. It is recommended
that other modifiers be used as there is a possibility of generating better Pd/X/A1,0;3 and
Pt/X/Al,0; catalysts, where X is a modifier, to deal with the emission of PAHs and

VOCs from fuel combusting devices and end-of-pipe in industry.

From the study reported above and in the literature (sce chapter 1) it was deduced that Pt-
based alumina catalysts showed superior naphthalene oxidation efficiencies over Pd-
based alumina catalysts. As such, various supports (SiO,, TiO2, Al,O3, CeO,, and SnO,)
were investigated for their effectiveness as support materials for Pt catalysts for Np
oxidation. In this study, SiO, proved to be the best Pt catalyst support for naphthalene
oxidation. For Pt-supported catalysts with equal metal loading, the Pt dispersion varied
with the nature of the support used. The differences observed between the Np oxidation
activity of these Pt catalysts was related to the differences in the metal dispersion and this
depended mainly on the type of support used. Large Pt particles (low Pt dispersion)
promoted the activity of the Pt-supported catalysts for Np oxidation. It was postulated
that SMSI and metallic state of Pt which are characteristic of the use of reducible and

acidic supports respectively, influenced the Np oxidation efficiency of the Pt-supported
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catalysts. Weak MSI and zero oxidation state of Pt achieved via the use of non-reducible
and acidic supports (alumina and silica) were thought to favor the Np oxidation
performance of these Pt catalysts. The optimum Pt dispersion, MSI. and oxidation state of
Pt for Np oxidation was achieved by using SiO, as support material for the Pt-supported

catalyst.

CeO, is a material known to have been extensively used as an additive in TWC for
exhaust treatment due to its excellent redox properties and ability to act as an oxygen
reservoir. Preparation methods and conditions for crystalline CeO, catalysts were studied
for the complete oxidation of naphthalene. A variation in the preparation method affected
the surface area, crystallite size, morphology and reducibility of the ceria catalyst and
hence the Np oxidation activity. High surface area and small crystallite size of CeO;
favored the activity of the catalyst for Np oxidation. The best preparation methods in this
study were found to be homogeneous precipitation with urea (UR) and precipitation with
the carbonate (CR). A wvariation in the preparation conditions (calcination
temperature/time, aging time and Ce salt/urea ratio) of the CeO, (UR) catalyst resulted in
variations in the surface area, crystallite size, particle size, morphology, oxygen defect
concentration and surface reducibility of the CeO, (UR) catalyst. The variation in the
above properties of this CeO, catalyst led to the differences in the Np Oxidation activity
of the CeO, (UR) catalysts. High surface area, small crystallite size and high oxygen
defect concentration of the CeO, (UR) catalyst were also found to favor the naphthalene
oxidation activity of this CeO, (UR) catalyst. Optimum preparation conditions for Np

oxidation included: Ce salt/urea ratios of 2:1, 1:1, and 1:4, calcination temperature of 500
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and 600 °C, calcination time of 6 h and an aging time of 12 h. Although homogeneous
precipitation with urea produced the most active naphthalene oxidation ceria catalysts,
precipitation of ceria using carbonate (CR) and CeQ-, preparation involving the use of
supercritical COx (sc) also gave reasonably high naphthalene oxidation efficiencies. It can
be proposed that the crystallite size, surface area, morphology and oxygen defect
concentration of ceria (which were crucial for the efficiency of the ceria catalysts for Np
oxidation) could also be tuned to achieve higher naphthalene oxidation rates by
optimizing the CR and sc methods of preparing CeO,. It would thus be worth carrying
out a detailed study to investigate the effect of the variation in preparation conditions of
CeO; (CR) and scCeO, catalysts for naphthalene oxidation. Preparation parameters to be
considered for the CR include: reaction temperature, calcination temperature/time, aging
time, and pH of the Ce nitrate + carbonate mixture. For the sc method, possible variable
parameters include: the temperature of the system, pressure, flow rates and calcination

conditions (temperature and time).

The influence of doping the CeO, (UR) catalyst with Pt was also studied. The addition of
Pt during the precipitation of the CeO, catalyst with urea resulted in the drop in the
activity of CeO, (UR) catalyst. The decrease in the activity with Pt doping has been
related to a strong interaction between Pt and CeO: which leads to the formation of Pt-O-
Ce species that interferes with the ease of oxygen uptake from the CeO lattice during the
Mars-Van Krevelen (M-V K) mechanism. Whereas Np oxidation over pure ceria
followed the Mars-Van Krevelen mechanism, it is postulated that the oxidation of Np

over the Pt/CeQ; catalysts involved a combination of the M-V K and other mechanisms.
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Since SMSI is suggested as the main reason for deactivation of ceria on doping with Pt, it
would be worth studying the influence of other dopants (e.g. Au, Co, Ni, Cu, Fe). It can
be assumed that if any of these metal dopants or others interacts with ceria such that the
Ce-O bond is weakened, then, oxygen abstraction during the M-V K cycle will be

relatively easier and this might enhance the efficiency of ceria in Np oxidation.

Catalysts synthesized in this work yielded complete naphthalene oxidation at appreciably
lower temperatures (175-225 °C) than temperatures reported for the best catalysts
researched for Np oxidation (see chapter 1). CeO> (UR) and 0.5%Pt/SiO, were the best
catalysts in this study. yielding complete Np conversion and 100 % CO, yield at 175-225
°C (100 vppm Np, and GHSV = 45000 h™"). The 0.5%Pt/SiO; catalyst showed a LOT

lower than all catalysts in this study and in the literature (chapter 1).

To the best of my knowledge, the following catalysts [0.5%Pt/0.5%V/Al,03, CeO, (UR),
CeO, (CR) and 0.5%Pt/SiO,] reported in this thesis are currently the best catalysts that
have been researched for the complete oxidation of naphthalene, a model PAH. However,
it is not certain whether similar or better oxidation efficiencies can be achieved if these
catalysts are used for the oxidation of other VOCs and higher PAHs like phenanthrene,
pyrene and xylene. Detail reaction sequence(s) and mechanism(s) of Np oxidation over
these catalysts are still to be understood. It is recommended that the oxidation of other
VOCs and higher PAHs (e.g. Phenanthrene and pyrene) be studied using
0.5%Pt/0.5%V/A1,03, CeO, (UR) prepared using optimum preparation conditions, CeO,

(CR) and 0.5%Pt/SiO,. It will also be of great importance to carry out detailed
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mechanistic studies (e.g. by infra-red spectroscopy, use of tap reactor) of PAH oxidation
over these catalysts. Pt/V/A1,0;, CeO, (UR), CeO> (CR) and 0.5%Pt/SiO, catalysts
prepared in this study are worthy of further research and application in catalytic systems
for PAH emission control from fuel-combusting devices and treatment of PAH and
VOC:s from industrial emissions. Note however that the method of fabrication, forming or

molding of these catalysts will also be critical for their effectiveness in such applications.
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