
T h e  P r e p a r a t io n  a n d  I n v e s t i g a t i o n  o f  
S u p p o r t e d  H y d r o c a r b o n  O x i d a t i o n  C a t a l y s t s .

Michael Joseph Dreelan, B.Sc.(Hons). 
A Submission For The Degree of M.Sc.

Supervisor: Dr. Odilla Finlayson
School of Chemical Sciences 
Dublin City University 
Dublin 9
December 1989



D e c l a r a t io n

This thesis has not been submitted as an exercise for a degree of this or any 
other academic institution. The work described within this thesis is based 
on the authors own work.

Michael J. Dreelan



Page No

C o ntents

ABSTRACT in

CHAPTER 1 GENERAL INTRODUCTION TO CATALYSIS 1

1 1 Introduction 2-7
1 2 Preparation of heterogeneous catalysts 7-8
1 3 Catalyst Poisoning 9-10
14 Oxidation catalysts 10

CHAPTER 2 THERMAL STABILISATION OF ti-A120 3 11

21 Introduction 12-16
2 2 Experimental section 17-18
2 3 Results from surface area measurements 19-31
2 4 Discussion of results 32-34

CHAPTER 3 DISPERSION MEASUREMENTS 35

3 1.1 Introduction 36-43
3 1 2 X-ray line broadening 44
3 2 Experimental section 45-48
33 Results from chemisorption and X-ray line broadening

measurements 49-51
3 4 Discussion of Chemisorption and X-ray results 52-53

CHAPTER 4 CATALYTIC ACTIVITY MEASUREMENTS 54
4 1 Introduction 55-59
4 2 Experimental section 60-65
4 2 3 Activity measurements 66-67
4 3  1 Results from activity measurements 67-76
4 3 2 Catalyst deactivation investigations 76-78
4 4 Discussion of Activity measurements 79-85

CHAPTER 5 CONCLUSION 86-88
REFERENCES 89-94
ACKNOWLEDGEMENTS 95-96
PUBLICATION 97-104

11



A bstract

Alumina has been extensively used as a catalyst support material It exists in several 
different phases namely y, r], 8 ,0  and a

Phase transformations (eg  y -»  8 0 —> a) can occur at well defined temperatures
If transformations occur during catalyst use, then the activity of the catalyst can be 
reduced significantly.

In this project, the effect of addition of metals to ti-A120 3 was investigated in an effort 
to stablise the high surface area phase at high temperatures The following ions were 
added at 1 and 3wt% loadings’ Ba2+, Ca2+, Ce3+, Cs+, La3+ and Zr4*

In this investigation the order of the T|-A120 3 stablisation at 1270K was found to be as 
follows

La3+ > Ce3+ = Cs+ > Zr4* « Ba2+ -  Ca2+

Chemisorption measurements on Pt/n-Al20 3 catalysts, showed that the maximum 
dispersion of platinum (Pt) was obtained at a 3wt% loading. Catalyst samples 
containing this loading of Pt on tj-A120 3 were then prepared with the incorporation of 
either of the ions, La3+, Ce3+, Cs+ and Sn4+ The method of preparation of these samples 
was vaned by using either co-impregriation or step impregnation and the activity of the 
resulting catalysts was tested using the reaciton,

iso -  C4 H10 + 0 2 ------>  PRODUCTS

the most active catalyst sample was found to be lwt%Cs, 3wt%Pt/n-Al20 3 , having a 
catalytic activity of up to 10 times greater than a 3wt% Pt/n-Al20 3.
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GENERAL INTRODUCTION TO 

CATALYSIS
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1.1. INTRODUCTION

Catalysis is an ever growing area, and plays a major role in producing goods worth in 
excess of £50 billion each year. It is becoming an ever increasing area of research 
where much time and effort is being devoted to developing new catalytic material for 
commercial exploitation(l).

Catalysis can be simply defined as substances that alter the rate of 
thermodynamically feasible reactions without being used up themselves They are 
generally unchanged chemically at the end of the reaction, but they can be physically 
changed(2) A catalyst is usually specific in its action and if a reaction is reversible, 
both the forward and backward reactions are catalysed to the same extent In other 
words the position of equilibrium of the reaction is unaffected(3)

Catalysts have made possible the manufacture of new chemicals and the 
maintenance of established chemicals both at home and in industry e g the production 
and manufacture of synthetic fibres which are used in everyday fabrics and house hold 
goods(l)

The petroleum industry illustrates the major importance that catalysts play in 
everyday life Crude oil contains numerous different hydrocarbons It is the naptha 
fraction that is very important to the motonst If that fraction were removed via 
fractional distillation, a very inferior gasoline fraction would result However, with the 
introduction of a catalyst, the fractionation and hydrocarbon "cracking" process can be 
earned out far more efficiently and effectively resulting m a relatively substantial 
improvement m the gasoline fraction (3)

Catalysts have been used extensively within the automotive industry, in order to 
reduce the levels of carbon monoxide, nitrous oxides and unbumt hydrocarbons emitted 
as exhaust gases They lower the amount of these materials in the car exhaust system by 
oxidising the CO and hydrocarbons to CO2 and water and reducing the nitrous oxides to 
nitrogen and oxygen(3).

Jon Jakob Berzelius in 1836 is accredited with naming and defining catalysis. He 
proposed that the phenomenon involved the development of a force of affinity which 
came from the catalyst, and had an effect on the chemical activity of the reagents (3)
At the end of the nineteenth century, catalysis was receiving more and more attention 
Two of the most prominent chemists who have been accredited with the bringing 
together of catalytic science and technology were Paul Sabatier and Vladimir N 
Ipatieff. Sabatier found that, in the presence of nickel, some ethylene was converted to
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its analogue, ethane He then deliberately introduced hydrogen which resulted in a 
greater increase in the yield of ethane, with nickel acting as the catalyst (3)
By the year 1915 the physical chemist came to the forefront in the field of catalysis, 
which had been previously dominated by organic and inorganic chemists. The precise 
measurements by Irving Langmuir, of the absorbtion strength of various simple 
molecules on metals, gave rise to the concept of chemisorption (3)

The mechanism of a catalytic reaction may be explained as follows, the reactant 
molecules concerned must possess a minimum energy called an "activation energy", so 
that when the atoms or molecules collide they can react A catalyst offers an alternative 
reaction route, whose activation energy is much reduced, relative to that of the 
uncatalysed reaction (2)

Catalytic reactions proceed via a set of one or several intermediates, if a 
substance is to act as a catalytic material it must provide alternative energy pathways to 
the required products, that are lower than standard gas phase reactions (4)

Catalytic reactions are normally catagonsed into three main types namely
(a) heterogeneous,
(b) homogeneous, and
(c) enzymatic catalysis (3).

(a) Heterogeneous Catalysis
The reactants and products are m a different physical state than that of the 
catalytic material Usually the catalytic material is a solid, e g. the catalytic 
combustion of butane uses a platinum supported solid catalyst, while the reactants 
and products are both m the gas-phase (3, 5).

(b) Homogeneous Catalysis
These are processes m which the catalyst and reactants/products are dispersed in a 
one phase system, generally a liquid phase (3) e g the bromine catalysed 
decomposition of hydrogen peroxide, where all these materials are m the liquid 
phase

(c) Enzymatic Catalysis
These processes are found in biological systems, where the catalyst is a complex 
protein molecule called an enzyme (3)

, 1  i v
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As this investigation is primarily concerned with a heterogeneous catalytic system, it 
will be more closely looked at

There are five main stages within a heterogeneous catalytic reaction process. They are 
as follows (3):

(a) the diffusion of reactants to the surface of the catalyst,
(b) the chemisorpuon of those reactants,
(c) surface reaction occurring among those chemisorbed species,
(d) the desorption of the resulting products, and
(e) the diffusion of the resulting products from the catalyst's surface (Figure 1), note 
that the total energy change, AH, for the reaction is the same for both the catalysed and 
non-catalysed process, however, the activation energy is lower in the catalytic pathway

FIGURE 1
Energy changes associated with individual steps of a reaction 

(adapted from Bond (6)).

REACTION PATH

N on-catalytic pathw ay 
Catalytic pathway
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One tries to ensure that steps (d) and (e) are relatively more rapid than the rest, but 
unfortunately this may not be achieved in many cases (3).

The adsorption process may be one of chemisorption or physisorption.
A physisorbed species normally retains its original structure. Generally physisorption 
takes place first, paving the way for the chemisorption process to occur. The 
chemisorbed species can have substantial changes in their structure, especially between 
the adsorbed and desorbed compounds. In the majority of cases, the desorbed species 
may only be a fragment of the original molecule. At least one of the reactants must be 
chemisorbed before a reaction takes place (3).

Step (c) generally takes place via one or more elementary steps, during which the 
chemisorbed species react to produce new chemisorbed species. In step (d) the 
chemisorbed species desorbs, generally via associative desorption, to yield the final 
product.

In the majority of cases the mechanisms of homogeneous catalysis are far easier 
to elucidate than those of heterogeneous reactions. In homogeneous catalytic reactions, 
the reaction process proceeds via elementary steps involving simple intermediates. With 
heterogeneous catalytic processes, there is the contribution that the surface of the 
catalyst makes, and the intermediates formed can not be easily isolated.
It is extremely difficult to isolate a surface intermediate, produced via a heterogeneous 
catalytic process and as a result these particular types of processes present special 
difficulties, in the elucidation of the mechanism(s) involved (3).

Many techniques, however are now available to the surface scientist, and physical 
chemist as aids to help in elucidating such mechanisms e.g. scanning electron 
microscopy, transmission electron microscopy and X-Ray diffraction line broadening 
spectroscopy.

Heterogeneous catalysts may be divided into three generalised classes; (a) metals,
(b) non-metals (metal oxides and metal sulfides), and (c) salts and acids.
The primary role of type (a) catalysts is in hydrogenation and dehydrogenation 
reactions (7).

Hydrogenation reactions within heterogeneous catalytic systems, are among many 
that have been extensively investigated and as a result their mechanisms have been 
thoroughly researched (3). Hydrogenation and dehydrogenation reactions generally 
occur at relatively reduced or moderate temperatures (7).
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Metal oxide and noble metal catalysts, have been used to facilitate the oxidation 
of hydrocarbons e.g CH4, C4H10, C2H6, to CO2 and H2O Solid acids and salts have 
been used to carry out the following types of reactions; polymerisation and 
isomensation However they are not used in oxidation reactions

Extensive work has been undertaken in the past, to elucidate the characteristics of 
non-metallic catalysts, that govern their heterogeneous catalytic properties (7) One of 
the more accepted trends, is the role of d-shell electrons Many notable scientists 
including Pauling (1948) and Wells (1968), have observed, that while the electronic 
levels of the cations of transition metal oxides of the fourth penod are about the same, 
their catalytic activity vanes through maxima and minima. These maxima are generally 
associated with three, six and eight d electrons, while the minima occur at zero, five and 
ten d electrons The above observations ultimately led to the theory, that the observed 
variation in catalytic activity was due to differences in the catalyst's crystalline 
structure (7).

Blazowski et al (7) quote Dowden and Wells (1961) who explained the above 
relationship between catalytic activity and d-shell electrons by applying crystal field 
theory The catalytic activity of metal oxides positioned m the lower penods of the 
penodic table, have been found to exhibit similar trends as those of the fourth penod 
metal oxides However, group VIII metal oxides, of the fifth and sixth penods are open 
to reduction reactions leading to the production of the metal itself. It was found that 
vanation in catalytic activity with hydrocarbon type and operating temperature occurs 
with all metal oxides. Much work is still required to elucidate the relationship between 
the catalytic activity of metals and their electronic properties

A generahsed sequence of the catalytic activity of metals, for oxidation reaction 
involving hydrocarbons particularly CH4,has been given as, (7)

Ru, Rh, Pd, Os, Ir, Pt >Fe, Ni >Ta, W, Cr and Cu
For oxidation reactions, it has been found only the noble metals such as platinum, 
palladium and silver are relatively highly active (7).

The majonty of metals, operating in high temperature environments in the 
presence of oxygen are liable to either undergo bulk oxidation or form thick oxide 
layers on their surfaces In the case of methane oxidation, supported noble metals were 
found to be active at lower temperatures than metal oxides (7).

The oxides of cobalt, chromium and manganese have been found to be among the 
most effective metal oxide catalysts for complete hydrocarbon oxidation Platinum,
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palladium and silver have been found to show activity at relatively lower temperatures 
than the metal oxides However at temperatures in excess of 67OK, metal oxides have 
been found to be slightly less active relative to platinum, for these reactions (7)

1.2 PREPARATION OF HETEROGENEOUS CATALYSTS

Heterogeneous catalysts are mainly produced via one of three general processes, 
namely;

(a) impregnation,
(b) mixing, or
(c) precipitation.

All these methods involve the addition of a solution of the metal salt to the support 
material This is followed by the removal of the excess solvent and the 
reduction/calcination of the catalytic matenal (8).

Catalysts prepared via impregnation involve the addition of a solution of the 
metal salt(s) to the support matenal, after which time the solvent is evaporated 
The whole impregnation process may be repeated to increase the concentration of the 
catalytic agent(s). The proceedures used dunng the impregnation of the salts, can 
control the radial concentration distnbution of the metal in the catalyst This is required 
for a number of reasons (8) e g •

(a) the concentration of the catalytically active components should be greatest near 
the support's surface This facilitates a greater interaction between the catalytic 
active sites and the reactant(s)

(b) the catalytic matenal should be uniformly distnbuted throughout the support 
matenal, leading to a greater number of active sites rather than the localisation of 
them.

In the precipitation method, the catalytic matenal is precipitated, with the support 
matenal To facilitate the precipitation of the catalyst, two or more other solutions are 
mixed Binders, activators, cements and other agents may also be added However, the 
precipitation process can use much more of the catalytically active metal(s) than the 
impregnation process This may be acceptable if the species is relatively inexpensive, 
but not if it is relatively expensive The active metal can also be "caught" within the 
support matenal and as a result it will not be available for reaction, leading to wastage 
of the active metal (8)
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Once the support is impregnated, the resulting material must be dried to remove the 
excess solvent (8)

It has been found, that drying the prepared, catalytically active material at 
relatively lower temperatures and higher humidities, produce relatively better catalysts 
Unfortunately these types of drying conditions require long drying times and quite 
expensive dryers. Thus a strategy for drying the catalyst(s) is needed (8).

Normally drying is conducted in stages, the initial drying stage being earned out 
to remove surface moisture (this can be conducted relatively rapidly but must be 
carefully controlled) with the final stage requiring relatively severe conditions to ensure 
that the catalytic matenal has reached the required dryness (8)

After drying the sample it is then calcined. The calcination step differs from the 
drying step only in the tem perature at which it is conducted However during 
calcination, differences in the equipment used and the transformations that can occur 
within the catalyst can alter the properties of the catalyst i e , its activity, durability, 
mechanical strength and selectivity (8)

Drying normally occurs at temperatures slightly above 370K, but calcination 
takes place at temperatures in excess of 470K, in some cases even m excess of 1270K 
Not only are the chemical properties of the catalysts affected but also are their physical 
properties e g alumima which is used as a catalyst support matenal, can undergo the 
following physical changes

Y - AI2O3 ~ H 7 0 K  r  5.AI2O3  ~1470K ► < ^  a-A l20 3
I  rj-AhCte - — ^

The pore size and distribution can also be changed due to the temperature at 
which the calcination step is conducted, and thus can alter the performance and 
efficiency of the catalyst (8).

The thermal pretreatment pnmanly converts the compound(s) deposited into the 
active matenal. Stnngent controls must be earned out dunng the manufacture of the 
catalyst to ensure that not only a suitable catalyst is produced, but that it will have the 
desired properties that it was initially designed to have
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1.3 CATALYST POISONING

During the normal operation of a catalyst, it is prone to poisoning resulting from three 
main areas namely:

(a) chemical,
(b) thermal, and
(c) mechanical (9).

Thermal deactivation of the catalyst is generally difficult to separate from 
chemical deactivation This is due to the fact that many of the processes and/or 
phenom ena that occur show a certain  am ount o f dependence on the chem ical 
environment of the catalytic material (9).

Thermal poisoning not only affects the support matenal e.g by causing phase 
transformations to low surface area phases, but can also affect the catalytically active 
sites by encouraging particle nucleation and growth This leads to a reduction in the 
specific catalytic surface area (due to the formation of larger particles) and ultimately a 
loss in catalytic activity (9)

During the operation of the catalyst, the catalytically active particles can become 
mobile at certain temperatures (depending on the components) These components then 
migrate over the surface and can form small metal clusters. As these clusters become 
larger they become increasingly able to attract more particles, thus leading to the 
growth of quasi-microscopic species, and an ever increasing reduction of the dispersion 
of these components resulting in nucleation and growth of these active metal particles 
This overall phenomenon is usually referred to as sintering (10)

Chemical deactivation usually results from impurity or self poisoning mainly due 
(in hydrocarbon oxidation reactions) to the formation of carbonaceous species which is 
not desorbed off the catalysts surface (9,11).

Impurity poisoning results from the interaction of impurities (either from the feed 
stock or from the catalyst itself), which can adsorb onto the catalyst site and interact 
with the catalyst components, and support matenal This adsorption process can be 
reversible or irreversible (9,12).

The adsorption of these poisonous species generally affects catalytic performance 
via competitive adsorption with the reactant species or by blockage of the catalytic 
active sites (9)
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TMechanical deactivation can result from direct mechanical damage to the catalyst 
material e .g :

(a) pelleted catalytic material in fluidized bed reactors can be damaged due to 
abrasion, and

(b) the use of fibrous catalysts m applications where the fibre may be crushed.

1.4. OXIDATION CATALYSTS

Catalysts for total hydrocarbon oxidation generally consist of an active noble metal e g 
platinum, supported on an inert support material e.g. A120 3. As well as having to be 
active initially, the catalytic materials must remain active over relatively long periods of 
time. Initial activity is normally achieved by distributing the catalytically active metal 
(Pt) extensively over the support material m such a way as to achieve a high dispersion 
of small platinum particles

However with use at high temperatures, the catalyst may lose some or all of its 
activity due to a loss in platinum and/or support surface area Generally it is desirable to 
inhibit such surface area losses in the support material, or at least to reduce its rate of 
change, so as to extend the life expectancy of such a catalytic material

It was due to such aims as trying to prevent catalyst support surface area losses 
during operation at relatively high temperatures (by the incorporation of certain metal 
salt additives) and to improve the catalyst's operating efficiency, that this research 
project was concerned with three main areas of investigation, namely.

(a) the investigation of the effect of addition of metal salts in the thermal stabilisation 
of TI-AI2O3,

(b) the effect of these metal additives on the catalytic activity, and
(c) to determine the activity of the resulting impregnated catalysts, m the oxidation of 

iso-butane.

This thesis consists of five main chapters, of which chapter one deals with a 
general discussion on catalysis with specific reference to heterogeneous catalyic 
oxidation of hydrocarbons

Chapter two is concerned with the thermal stablisation of T|-A120 3. Chapter three 
deals with the determination of platinum metal dispersions at several loadings on the 
support material, and chapter four is concerned with the iso-butane activity 
measurements, obtained from several prepared catalysts Finally chapter five gives the 
overall conclusions drawn from the results obtained m these investigations.
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CHAPTER 2
THERMAL STABILISATION 

OF r|-Al20 3
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2.1 INTRODUCTION

In this chapter, investigations into the use of metal salts to impart a thermal stablising 
effect on r|-Al20 3 were carried out. In our study TI-AI2O3 was to be used throughout as 
the catalysts support material. This investigation’s aim was to achieve a reduction of the 
rate of transformaion of T]-A120 3, being of relatively high surface area to a-A l20 3 which 
is a relatively low surface area material.

In a number of important industrial and commercial catalytic processes, 
temperatures as high as 1370K can be attained at the catalyst surface. This is 
particularly so in those processes employing catalysts for emission controls within the 
automotive industry (13).

It is at such temperatures, that catalyst deactivation processes can occur e.g. 
sintering of the catalyst’s active components and restructuring of the support material.

These processes can lead to a loss in catalytic efficiency, activity and a reduction 
in the catalyst’s life. The support material is not just used to provide a surface upon 
which the catalytic components may reside, but also a means by which they can be 
dispersed. It can also impart some thermal stablising effect in order to delay/reduce the 
process of sintering (14).

Among the many oxide support materials used for catalytic processes, transition 
aluminas have been widely used and investigated, as well as other stable oxides such as 
T i02 and S i02. The transition aluminas have been classified mainly into two groups. 
The first group containing the y- and T|-forms which contain hydroxyl species and 
secondly the 8- and 0- forms which are nearly dehydroxylated. They generally differ 
from one another in the ordering of the vacant sites in the cationic sublattice (13).

Several different phases of aluminas exist, i.e. y, r), 8, 0 and a  (15), and they can 
change from one phase to another under certain temperatures, the order of transition 
being as follows:

y  -»  8 -»  0 a

The only thermodynamically stable phase of the transition aluminas is the 
a-phase. Alumina is a very good support material for oxidation catalysts due to its 
inherent characteristics namely; inertness, chemical stability, large surface area, control 
of pore volumes and pore size distributions, acidic and basic properties (16). However 
the thermal instability of alumina is a problem at high temperatures. Transformations 
can occur between the above phases by successive dehydroxylation via the removal of
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water at high temperatures (Figure 2). The transformation from y-A120 3 to a-A120 3 is 
accompanied by a decrease in pore volume and also a decrease in surface area.

FIGURE 2
Phases of Alumina at Different Tem peratures (17)
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Factors such as particle size, heating rate, presence of impurities and ambient 
pressure have been known to effect the phase transformations of alumina (14).

The effect of cation additives as dopants has been investigated by some 
researchers (18,19,20) in an effort to stablise the y-Al20 3. These additives exert an 
influence on the kinetics of the transformations to low surface area aluminas.
These dopants can accelerate or inhibit these phase transformations.

Generally it is of great benefit to minimise the rate of transformation, and to 
understand the mechanisms involved in such a process. It is the understanding of such 
processes, that ways of preventing them can be obtained (13,19,20).
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A number of attempts have been made to develope mathematical expressions 
from postulated gaseous adsorption mechanisms in order to determine the surface area 
of a particular sample using the adsorption properties of a specific gaseous adsórbate 
These mathematical expressions must fit the various experimental isotherm curves, 
when a gaseous adsórbate is adsorbed onto an adsorbent (21).

One of these mathematical isotherm equations which is most frequently used was 
due to Brunauer, Emmett and Teller (BET). The model proposed by BET is the most 
frequently used for surface area measurements employing N2 gas as the adsórbate and 
hehum as the earner (21)

The theory of Brunauer, Emmett and Teller allows for multilayer adsorption on 
non-porous solid surfaces, that other models may not take into account, e g the 
Langmuir isotherm (21)

The BET equation is denved by balancing the rates of evaporation and 
condensation for the number of vanous adsorbed molecular layers The theory assumes 
that a charactenstic heat of adsorption, AH, applies to the first monolayer adsorbed 
while the heat of liquefaction AHl of the the gaseous adsórbate applies to adsorption in 
the second and subsequent layers (21).

The BET equation is usually wntten m the form;
P 1 (C-l)P

V ( P o - P )  V m C  V m C P o  ( l )

where.
(a) V  is the volume (at standard temperature and pressure) of a gas adsorbed at a

particular pressure P,
(b) P o  is the saturation pressure, which is the vapour pressure of liquified gas at the

adsorbing temperature,
(c) V m  is the volume of gas (at STP) required to form an adsorbed monomolecular

layer, and
(d) C is a constant, which is related to the energy of adsorption.

Equation (i) can be rewntten in the form

(P/P0)/V[l-(P/Po)] = l/(VmC) + [(C-l)/(VmC)] (P/Po) (n)
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The surface area, S, of a sample knowing the monolayer adsorbed gaseous volume, Vm 
(at STP) can then be calculated from

S = VmLX /  Y (111)
Where*
(a) L is Avogadro’s number,
(b) X is the area of one adsorbed gaseous molecule, and
(c) Y the molar volume of the gas.

In single point surface area measurements, the constant C in equation (11) is generally a 
relatively large number and as a result equation (u) can be approximated closely to

(P/P„)/V[l-(P/Po)] = (1/Vm) [(1/C) + (P/P.)] (iv)

The term l/(VmC) of equation (iv) is also generally small, therefore equation (iv) can be 
further reduced to’

(P/P„)/V[1-(P/P.)] = (1/Vm) (P/Po) (v)

on simplifying equation (v), it becomes,
Vm = V[l-(P/Po)] (vi)

and on substituting euqation (vi) into equation (111) the following equation is obtained
S = VLX [l-(P/Po)]/Y (vn)

It is using equation (vu) that the surface area of a sample can be easily determined 
once the volume, V, of the gaseous adsórbate is measured and the appropriate values for 
the other variables are incorporated

The BET equation reduces to the Langmuir equation at low pressures and the model 
can also be applied to a system where porous solids are used as the adsorbent (21)

Thus for nitrogen gas adsorbed from a gaseous mixture of 30 mole% nitrogen and 
70 mole % helium at liquid nitrogen temperatures the values in equation (vn) are 
arrived at as follows

The volume V of gaseous material (i.e. N2) adsorbed is determined mstrumentally 
at the prevailing atmospheric pressure. This volume, V, must be multiplied by the 
following ratios:
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273 2°K “ (Atmospheric Pressure, mmHg)---------------------------------  x ------------------------------------------
(Room Temperature, °K) 760mmHg

in order to convert it to standard conditions (1 e. 0°C  and 760 mmHg)

The equation for a 30mole%N2/70mole%He gaseous mixture adsorbed at liquid 
nitrogen temperature is given by the following expression;

where

S = \

(a) s
(b) V
(c) A.P.
(d) R.T.
(e) SATP
(f) L
(g) X

(h) Y

'  273 2 X

i ■

A P X ' L x X ' X ’ 1 - (%N2/100)X a  p  '

, R T , , 7 6 0 , .  Y . SATP.

the surface area m (m2),
the volume of nitrogen adsorbed,
the prevailing atmospheric pressure in mmHg,
room temperature in degrees Kelvin,
the saturation pressure of liquid nitrogen m mmHg,
6 023 x 1023 molecules/g - mole,
area of the solid surface occupied by one adsorbed nitrogen 
molecule, and
is the molar volume of gas at standard temperature and pressure, 
(22414cm3/g-mole).
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2.2 EXPERIMENTAL SECTION

PREPARATION OF ALUMINA

The form of alumina used, in this area of investigation was ^ that used during
dispersion measurements.

The fibre material in mat form was initially acid washed with 0 1M HC1 at a rate of 
25mls/g, and then it was washed with milli-Q water until no further chlonne was found 
in the wash. The presence/absence of chlonne was verified by AgNOs 1 e ,

AgNOs + Cl' — > AgCl i  + N 0 3 - 

the AgCl produced if chlonne was present was a white precipitate

The support matenal was treated with HC1 to remove any inorganic contaminants 
The mat matenal was then dned in an oven, m air at 340K for 24 hours, after this time 
the matenal was ground to powder form using a mortar and pestle Samples of this 
powder were then impregnated with vanous cations at 1 or 3wt% loadings For each 
impregnation, 25mls of methanol solvent per gramme of alumina sample was used to 
dissolve the metal salt This volume of solvent represented an excess of solution of the 
salts when added to the alumina powder The metal salts were all of G PR  grade and 
were as follows,

BaCb 6H2O, CaCh.6H20, Ce(N03)3 6H2O, CsCl, LaCh 7HzO, and ZrOCL 8H2O

The impregnated powder was then rotary evaporated at 340K for one hour to 
remove the methanol Finally each sample was then air dned at 370K for 12 hours

After drying all samples were calcined m a muffle furnace at 1270K for vanous 
lengths of time.

Approximately lg  of sample placed in a porcelain crucible, was heated in the 
furnace from room temperature to 1270K at a rate of 250K h r 1 and fired at 1270K for 
lengths of time varying from one to 42 hours After finng, the samples were cooled to 
room temperature pnor to surface area measurements Specific details on the samples 
prepared are given in Table 1.
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SURFACE AREA MEASUREMENTS

Surface area measurements were earned out usmg the Micromentics Pulse chemisorb 
2700 instrument. A sample of known weight was placed in a “U” tube The sample was 
outgassed in argon at 370K for half an hour followed by 520K for one and a half hours 
pnor to testing For specific sample preparation steps refer to Table 2.

Surface area measurements were determined by B E T Nz single point adsorptions 
at liquid N2 temperatures from a 30mole%N2/70mole% He mixture.

Quantities of N2 adsorbed and desorbed by the sample were monitored using the 
thermal conductivity detector m the instrument

After adsorption, each sample was heated to room temperature and the desorption 
peak was observed Each sample was subjected to a minimum of three 
adsorption/desorption cycles, 1 e after the desorption peak was obtained, the sample 
would be cooled again to liquid nitrogen temperatures, and adsorption of the nitrogen 
monitored again. This was followed by heating to observe the desorption peak etc. The 
average results from the nitrogen adsorption measurements are reported in Table 3, the 
average results from desorption measurements m Table 4 and the overall average results 
between the adsorption and desorption measurements in Table 5 Differences of less 
than 6% were observed between adsorption and desorption peaks, where as successive 
adsorption peaks agreed to within 3%. All adsorption/desorption measurements were 
corrected to S T P .

Table 6 gives a summary of the percentage decrease in the surface area of each of 
the samples after 20 and 40 hour heat treatments at 1270K

Subsequent to this work, multipoint surface area determinations were earned out on 
samples of ti-A120 3 , both acid washed and untreated (22) It was found from single 
point determinations on the untreated sample of ti-A120 3 that the surface area was 
154m2/g. This value agreed closely to the value obtained for the same sample using 
multipoint determinations (1 e. S = 156m2/g) Samples of ri-Al20 3 which had been 
previously treated by acid washing also gave similar values for surface area when 
measured Thus it is assumed that by both single and multipoint techniques, single point 
determinations give reasonable accurate values for surface areas in comparison to the 
multipoint method.
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2.3 RESULTS FROM SURFACE AREA MEASUREMENTS

The results obtained from surface area measurements are given in Tables 3 to 7 
inclusive and illustrated graphically in Graphs 1-6.

It can be seen from the results that the surface area of the untreated alumina sample 
decreased rapidly over the initial 5 hour heat treatment and the rate of decrease is still 
significant after 42 hours A 22% decrease m surface area occurred over the first five 
hours while over 42 hours a total decrease of 36% was observed -  this corresponds to a 
final surface area of 113m2g 1 compared to the initial reading of Yl%u&gA

All of the samples tested suffered some loss in surface area with calcination and that 
loss was most significant over the first 5-7 hours of heating (see Table 7). The rate of 
surface area loss decreases sharply in all cases after this initial 5-7 hour period with La, 
Cs and Ce samples showing little change after this time.

All of the doped alumina samples have a lower surface area than the untreated 
alumina after equivalent heat treatment up to 20 hours After that period of heating, the 
aluminas with lwt%La, lwt%Ce and 3wt%Ce have surface areas of equal or greater 
magnitude than the unmodified alumina Clearly the presence of the cation initially 
decreased the surface area of the alumina. The rate of loss of surface areas is less for all 
of the doped aluminas compared to the untreated alumina sample, indicating some 
degree of thermal stablisation of the alumina was achieved by the addition of dopant

The rate of decrease in surface area varied depending on the dopant material 
Generally the rate of decrease was greatest over the first 5 hours, and decreased up to 
42 hours In the case of lwt%Ca, 3wt%La and lwt%Ba additions, the rate of surface 
area loss increased with prolonged heating to 42 hours, while 3wt% Cs addition 
resulted m a constant rate of surface area loss over the complete time range

After 20 hours at 1270K, a 23% loss in surface area was observed for 3wt%Ca and 
lwt%Zr sample and these were not calcined any further From the table of surface area 
loss, it is apparent that lwt% additions of La, Cs and Ce greatly reduce the rate of loss 
of surface area giving the final surface areas of 128m2g 1, lOSn^g1 and 115m2g 1 
respectively after 42 hours, calcination Untreated alumina had a final surface area of 
lO m 2̂ 1 after 42 hours calcination
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T A B L E  1  
S A M P L E  P R E P A R A T I O N

M ETAL/
t |-A 120 3

M ETAL SALT 
USED

W EIG H T OF 
METAL SALT 

USED

W EIG H T O F 
TI-AI2O 3 

USED

DURATION OF 
SAM PLES 

CALCINATION AT 
1270K IN  HOURS

lw t% B a B aC h.6H20 0.0208g 1.0300g 1,3,5,7,20,42
3wt% Ba BaCl2.6H20 0.0570g 1.0947g 1,3,5,7,20,42
lw t% C a C aC k.6H20 0.0544g 1.0015g 1,3,5,7,20,42
3wt% Ca CaC h.öH iO 0.1744g 1.0702g 1,3,5,7,20
lw t% Z r Z1O C I2.8H2O 0.0368g 1.0288g 1,3,5,7,20
3w t% Zr Z r0 C k 8 H 2 0 0.1125g 1.0675g 1,3,5,7,20,42
lw t% L a LaC b.7H20 0.0269g 1.0191g 1,3,5,7,20,42
3wt% La LaC b.7H20 0.0812g 1.0083g 1,3,5,7,20,42
lw t% C s CsCl 0.0139g 1.0152g 1,3,5,7,20,42
3wt% Cs CsCl 0.0366g 1.0256g 1,3,5,7,20,42
lw t% C e Ce(N0 3)3.6H20 0 .0318g 1.0320g 1,3,5,7,20,42
3wt% Ce Ce(N 0 3)3.6H20 0.1006g 1.0625g 1,3,5,7,20,42
t]-A120 3 --- --- --- 1,3,5,7,20,42

T A B L E  2
S A M P L E  P R E T R E A T M E N T  P R I O R  T O  T E S T I N G

OUTGASSING W ITH  ARGON: 
FLOW  RATE: 30mls/m in

OUTGASSING W ITH  70m ole% /30m ole%  He/N2 
FLOW  RATE: Helium: 10.5mls/min 

N itrogen: 4.5m ls/m in

STEP

1

2

3

DURATION

30mins

90mins

30mins

TEM PERATURE

290K

520K

290K

STEP

4

DURATION 

60m ins

TEM PERATURE

290K

NOTE: A fter step 4 sam ples w ere cooled to liquid Nz temperatures for Nz adsorption. After 
measurem ent, the sample was then heated to room  tem perature for N 2 desoiption.
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T A B L E  3
N 2 A D S O R P T I O N  M E A S U R E M E N T S  

-  S U R F A C E  A R E A  D E T E R M I N A T I O N S

SAMPLE 
ANALYSED 
% X on T|-A120 3

erroiilO m ^SURFACE AREA (m2/g) 3
CALCINATION TIME (Hr ) 

AT 1270K

0 Hr lHr
1 3Hr 5Hr 7Hr 20Hr 42Hr

lwt%Ba — 149 139 136 132 130 113
3wt%Ba — 130 128 123 . 114 _ , 111 - 100
lwt%Ca — 149 137 131 127 123 102'-
3wt%Ca — 114 103 97 97 87 —
lwt%Zr — 148 143 -? 140 133 ' 114 —
3wt%Zr — 140" ' 135 135 - 116 . 121 121
lwt%La — 131 129 127 127 127 128 , ~
3wt%La — 128 '* 129 126 _ 124 _ 121 98 -
lwt%Cs — 120.?'' 110 112 109 110 109
3wt%Cs — 132' 127 1 128 " 124 120 107 '
lwt%Ce — 125 ’ 124 , 120 114 112 116 ’
3wt%Ce — 149 139 129 127 117 114 "

ti-A120 3 178. 161 153 139. 137 130 ;; 113 fe-
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TABLE 4
N i  D E S O R P T I O N  M E A S U R E M E N T S  

-  S U R F A C E  A R E A  D E T E R M I N A T I O N S

SAMPLE 
ANALYSED 
% X on t]-A120 3

erron+lOm^iiSURFACE AREA (mVg) y
CALCINATION TIME (Hr) 

AT 1270K

0 Hr lHr 3Hr 5Hr 7Hr 20Hr 42Hr

lwt%Ba __ 150 139 137 132 130 112
3wt%Ba — 130 128 124 116 111 100
lwt%Ca — 149 137 130 126 123 101
3wt%Ca — 113 103 96 96 88 —

lwt%Zr — 148 141 142 132 113 —

3wt%Zr — 140 135 133 123 118 120
lwt%La — 128 . 127 127 127 125 128
3wt%La — 127 130 125 123 121 97
lwt%Cs — 117 109 112 109 109 107
3wt%Cs — 131 125 127 124 118 107
lwt%Ce — 126 126 120 115 113 115
3wt%Ce — 148 141 , 129 127 121 114

T1-A120 3 177 160 152 138 137 128 113
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T A B L E  5
A V E R A G E  S U R F A C E  A R E A  I N  m 2 / g  

B E T W E E N  A D S O R P T I O N / D E S O R P T I O N  M E A S U R E M E N T S

SAMPLE 

% X on T|-A120 3

AVERAGE SURFACE AREA (mVg)
errorilOm ^

CALCINATION TIME (Hr) 
AT 1270K

0 Hr lHr 3Hr 5Hr 7Hr 20Hr 42Hr

lwt%Ba — 149 139 136 132 130 113
3wt%Ba — 130 128 123 115 111 100
lwt%Ca — 149 137 130 127 125 102
3wt%Ca — 114 103 97 97 87 —
lwt%Zr — 148 142 141 ' 132 114 —
3wt%Zr — 140 135 134 120. 120 121
lwt%La — 129 128 127 127 126 128
3wt%La — 127 130 126 123 , 121 97
lwt%Cs — 119 110 112 109 109 108
3wt%Cs — 131 , 126 128 124 119 107
lwt%Ce — 126 125 120 . 115 112 115
3wt%Ce — 149 140 129 127 . 119 114

ti-A120 3 178 161 152 139 137 129 113
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T A B L E  6  
D E C R E A S E  I N  S U R F A C E  A R E A S

r

SAMPLE 
% X on ti-A120 3

% DECREASE IN SURFACE AREA 

CALCINATION TIME (Hr) AT 1270K

After 20 Hr After 42 Hr

lwt%Ba 13% 24%
3wt%Ba 14% 23%
lwt%Ca 17% 32%
3wt%Ca 23% —
lwt%Zr 23% —
3wt%Zr 15% 14%
lwt%La 3% 0%
3wt%La 5% 23%
lwt%Cs 8% 9%
3wt%Cs 9% 18%
lwt%Ce 10% 8%
3wt%Ce 20% 23%

TI-AI2O3 28% 36%
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T A B L E  7  
S U R F A C E  A R E A  L O S S

SAMPLE 
INVESTIGATED 
on t|-A120 3

INITIALS A* 
in

m2g 1 
Í10m*íj e r ro r

RATE S A LOSS*** 
1-5 Hours 
m 2g 1h r 1

RATE S A LOSS*** 
5-20 Hours 

m 2g i h r 1

RATE S A LOSS *** 
20-42 Hours 

m 2g !hr1

TÌ-AI2O3 161** 5 52 0 65 0 76
lwt%La 130 0 73 0 05 000
lwt%Ce 126 145 0 50 0 00
lwt%Cs 119 172 018 0 06
lwt%Zr 148 169 183 N A f
lwt%Ba 150 3 21 040 0 81
lwt%Ca 149 4 61 0 50 102
3wt%La 128 046 0 30 108
3wt%Ce 149 4 93 0 67 0 22
3wt%Cs 132 093 0 56 0 55
3wt%Zr 141 160 095 000
3wt%Ba 130 164 0 81 0 52
3wt%Ca 114 4 23 0 63 N A f

NOTE
* Initial Surface area after 1 hour heating at 1270K
** The surface area of alumina prior to heating is 178m2g i , which gives a decrease in

surface area over the first 5 hours of heating of 7 8m2g-ihr-i
*** Rate loss of surface area between 1 and 5 hours heating, between 5 and 20 hours or 20 to

42 hours heating at 1270K
t  Results not available
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2.4 DISCUSSION OF RESULTS

Thermal dehydration of alumina to the stable a-A l20 3 form, results in the formation of 
the following transitional aluminas at the temperatures indicated (23).

Y-A120 3 8-A1A I27ok e and a-A l20 3 i f  ok cc-A120 3

tj-A120 31120K 0-Al2O3“Jok a-A120 3

The results presented here do not suggest that a-A l20 3 has been formed and it is 
more likely to be the transitional 0-Al2O3 phase that is present at the temperatures used 
Detailed X-Ray analysis by Burtin et al (18) showed that the decrease in surface area of 
y-Al20 3 corresponds to the sequence given below,

y — ► 5 — — ► a

The 0- and a-A l20 3 phases are of markedly lower surface areas than y-, r\- or 8- 
A120 3 (15) Gitzen(15) quotes results of Wakao and Hibino from 1962 which suggest 
that the transition temperature of y- to a-A l20 3 could be reduced by up to 250K by the 
addition of metal oxides in quantities between 1 to 10%. They suggest that the larger 
the metal ion of the oxide, and the higher the vapor pressure of the oxide, at the 
transformation temperature of the alumina, the greater the reduction on the transition 
temperature.

The results show that the initial surface area (after one hour calcination at 1270K) 
of the doped aluminas is less than the undoped alumina sample. Schaper et al (24) 
showed that even heating to 723K causes a gradual decrease m surface area with 
increasing lanthanum oxide content; the greatest stability being achieved at lmol% 
LazOs addition. From the results obtained here, the addition of small amounts of dopant 
is more effective as a long term thermal stablizer than larger amounts i e. the rate of 
decrease in surface area for each dopant is less m the case of lwt% additions than 3wt% 
addition after 5 hours heat treatment -  except for Zr. However the opposite effect is 
seen for the initial five hour heating time l e 3wt% additions result in a slower decrease 
in surface area than lwt% additions (except for Ce)

A study of Ni on y-A120 3 (25) shows that Ni delayed the transformation to a-A l20 3 

at 1220K for 16 hours, but then a rapid transformation occurs. An explanation is 
advanced where the delay occurs until the diffusing Ni arrives at gram boundaries, 
nucleation sites are formed at the gram boundaries and a rapid transformation to the 
a-phase then occurs
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The loss of initial surface area after 1 hour calcination from these results, was 
independent of the concentration of the dopant added The addition of 3wt%Ce and 
3wt%Cs decreased the surface area less than lwt% additions of the same cations, while 
the opposite was true for Ba2+, Ca2+ and Zr4* ions There was no significant difference 
between lwt% and 3wt% La additions in initial surface area determinations.

Cations have been classified as accelerators or inhibitors for the thermal 
transformation into a-A l20 3 Lanthanum has been classified as an inhibitor (19,24,26, 
27). In a survey of cation additives by Burtm et al (18), In3+, Ga3+, Al3+ and Mg2+ were 
found to be accelerators for the phase transformations, while Zr4*, Ca2+, Th4+ and La3+ 
were inhibitors Nortier et al (20) suggest the same ions as inhibiting additives (Zr4+, 
Ca2+, Th4+ and La3+) and suggest that the larger the cation and the higher the cation 
charge, the more effective it will be for alumina stablisation

The present results indicate the order of inhibiting strenght of the cations for 
ti-Al20 3 surface area loss was as follows.

La3+ > Ce3+ = Cs+ > Zr4+ = Ba2+ = Ca2+

ionic radii 1.15 101, 1.69 0.80 1 35 0.99A
VALENCY +3 +3 +1 +4 +2 +2

Ionic radii and valency, as given above, indicate that these results are m general 
agreement with Nortier et al (20) that the higher the valency and the ionic radius, the 
greater the stabilising effect.

Calcination of y-A120 3 above 1270K converts it irreversibly to the more stable a- 
form (A H  = -20KJ moi1) (28) Several mechanisms for the transformation of transitional 
aluminas to a-phase have been proposed and discussed a-Alumina has a rhombohedral 
crystal structure comprising a hexagonal close packed array of oxide ions (28), 
y-Alumina consists of a defect spinel structure (tetragonal crystal system) with not all of 
the cation sites occupied, and of the general formula Al8y3 □ 1/3 0 4 (29) 0-Alumina 
occupies an intermediate structure between the spinel lattice with cubic oxygen 
arrangement of y-Al20 3 and the corrundum lattice with the dense hexagonal oxygen 
arrangement and the alumina atoms exclusively in the octahedral positions of a-A l20 3

(15) tj-A120 3 is  a cubic spinel structure of general formula Alg [A ^ ^  □ 8/3] 0 32 with 
the vacancies on the octahedral sites

Oudet et al (27) proposes that the addition of a perovskite type oxide such as 
LaA103 to the alumina surface inhibits the formation of low surface area alumina by
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vu<blocking the corrundum nucleation sites' The LaAl20 3, they suggest, is held at comers 
and/or edges íe. high free co-ordination sites and these sites are the reactive areas that 
act as nucleation sites for the transformation reaction The presence of lanthanum 
alumínate was confirmed by X-ray diffraction measurements on La stablised alumina 
by Schaper et al (24)

Matsuda et al (19) gives evidence for La-[i-Al20 3 formation. While evidence for 
an MgAk04 phase is given by Burtin et al (13), for Mg impregnated alumina, but 
found no evidence for lanthanum alumínate formation m equivalent La impregnated 
alumina

The general formula for y-Al20 3 from Wells(29) was modified by Soled (30) to 
Al25 □ os O35(OH)05 to include OH species as a structural element. Burtin et al (18), 
suggested the general formula for transition states as Al2 □ 0 3.V/2 (OH)v O^y/2 

where □ represents cationic vacancies in divalent states and O ,  represents anionic 
vacancies of the spinel structure When a foreign cation is introduced, it is incorporated 
into an Al3+ state or divalent vacancy.

The transformation reaction, involving dehyroxylation by removal of water 
followed by structural transformation, is described m terms of vacancy annihilation 
The kinetic law discussed by Burtin et al (18) and Nortier (20) involves the annihilation 
of vacancies as the rate determining step m the transformation process

It should be noted that the % decrease in surface area for these fibre samples of 
tj-A120 3 is  less than y-Al20 3 samples quoted, e g. Nortier (20) gives results showing a 
fall off of 85% in surface area after 10 hours calcination at 1370K compared to a 35% 
decrease after 42 hours at 1270K in this study
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CHAPTER 3 
DISPERSION MEASUREMENTS
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3.1.1 INTRODUCTION

Heterogeneous catalysts are generally multicomponent systems in industrial 
applications, and the activity of such catalysts is now known to be a surface property 
(31) The activity of the catalyst is generally related to the dispersion of the active 
component(s) on the surface of the support material, and by using dispersion 
measurements the specific catalytic surface area of the metal, can be determined

By increasing the catalytic active component(s) surface to volume ratio," the quantity 
of that component can be reduced to effect the same catalytic efficiency It is even more 
beneficial in catalysts containing costly active metals such as platinum and palladium
(31)

It becomes evident that dispersion measurements can play a role m assessing the 
catalytic performance of a particular catalyst It can also be used as a tool m 
understanding catalytic deactivation processes, e g coking and sintering (31).

The most common technique for determining the dispersion of a particular 
catalytically active component is the selective chemisorption of a relatively specific 
gaseous adsórbate for that component(s) of interest (31)

Generally, physisorption occurs pnor to the chemisorption process. Physisorption 
results m a reduction in the activation energy required for chemisorption to occur, 
relative to that energy required if it were absent. The magnitude of this activation 
energy vanes widely from system to system (20)

When a gas is brought into contact with a clean solid surface, some of it will be 
adsorbed onto the surface The forces involved in such a process may be non-specific 
(i e weak, Van der Waals forces) or specific The latter, results m a relatively stronger 
interaction than the former and such a process is referred to as chemisorption (20).

Only monolayer coverage is generally possible in chemisorption processes and an 
activation energy may be involved due to the attraction between the adsórbate and 
substrate Because chemisorption processes involve the formation of chemical bonds, 
they are not readily reversible and are relatively slower than physisorption processes
(20). A general companson between physisorption and chemisorption processes are 
summansed in Table 8.
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Wfc- cTABLE 8

COMPARISON OF PHYSISORPTIÔN AND CHEM ISORPTION (32).

PHY SISORPTION

1. Attraction between the substrate 
and adsórbate usually involves 
weak Van der Waals forces

2 Low heats of adsorption ranging 
from 20-40 kJ/mol.

3 Low activation energies

4 Occurs at low temperatures, 
decreasing with increasing 
temperature.

5 Completely reversible.

6 The extent of adsorption is 
approximately related to the ease 
of liquifaction of the gas.

7. Not normally specific.

8. Multilayer adsorption.

CHEM ISORPTION

1. Attraction between the substrate 
and adsórbate involves the 
formation of chemical bonds.

2. Relatively high heats of adsorption 
ranging from 40 - 400kJ/mol.

3 Relatively high activation 
energies.

4. Occurs at relatively higher 
temperatures.

5. Generally irreversible.

6 No such correlation as
physisorption

7. Often highly specific.

8. Monolayer adsorption
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There are several gaseous adsorbates available which are used in the elucidation of 
metal dispersions namely, CO, H2 and 0 2 Hydrogen is considered as the best choice of 
gaseous adsorbates for platinum It also has a number of advantages associated with it. 
The principle advantage being, that it is only adsorbed to a relatively slight extent on 
the non-metallic part of the catalyst 1 e the support material (33)

Although physical adsorption of hydrogen may actually occur over both the non- 
metallic and metallic parts, it can be reduced to a negligible extent at ambient 
temperature and pressure This fact is due to the very small adsorption enthalpy of 
hydrogen, which is less than 8kJ/mole (33).

When hydrogen is used for chemisorption measurements to determine metallic 
dispersions, a knowledge of the chemisorption stoichiometry at monolayer coverage is 
required This stoichiometric value is accepted as being one for hydrogen e g. m 
platinum dispersion measurements, one hydrogen atom is adsorbed onto one platinum 
atom (33)

Anderson and his co-workers (34), concluded from their work that generally 
hydrogen chemisorption provides the best method for the determination of platinum 
dispersions However due to hydrogen spillover on to the support material problems 
can be encountered in some systems e g for platinum supported on charcoal

In addition to hydrogen spillover, there are other disadvantages associated with it 
namely.

(a) after sample reduction, hydrogen coverage is not always zero, and
(b) due to the temperature that certain samples are subjected to, either during sample 

pretreatment or sample evacuation, sintering of the metallic component may occur 
This phenomenon can result in certain areas of the catalytic material deactivating 
during catalyst action (33)

Carbon monoxide has also been used by many investigators for determining 
metallic dispersions One problem associated with this gaseous adsórbate is the 
translation of the amount of carbon monoxide chemisorbed to effect monlayer 
coverage, into free metal surface area It has been found that CO can be chemisorbed m 
two mam forms on metals, such as platinum, palladium and nickel(33) as follows:

0  Oii ii(a) Linear c  (b) bridged C
1 /  \(M = metal) m  M M
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s ,v í fDue to these various forms which have differing adsorption energies, and because 
the number of surface metal sites associated with the adsorption of one CO molecule 
can vary, then the relative proportions of those various forms can be temperature, 
pressure and metal particle size dependent (33)

Another associated difficulty with carbon monoxide as a gaseous adsórbate is that it 
can form volatile carbonyl compounds with those metallic species it adsorbs to This is 
due to direct reaction between it and the metal of interest Metal carbonyl formation 
may be quite extensive under conditions where the metal is finely divided (33)

There are several experimental techniques used to assess theparticlfi - 
S1ZG o r  metals ' „ they include-

(a) volumetric measurements,
(b) gravimetric measurements,
(c) continuous-flow techniques,
(d) pulse technique,
(e) X-Ray diffraction, and
(f) electron microscopic techniques (33)

Volumetric measurements involve the monitoring of the loss of pressure in the 
system as the gas is adsorbed onto the surface and gravimetric measurements involve 
monitoring the change in weight of the sample as the gaseous adsórbate is adsorbed 
onto the sample's surface (33).

In our investigations into platinum dispersions on tj-A120 3 the pulsed gas technique 
was the method used to determine all our dispersion measurements It utilises the fact 
that pulses of a known volume of a particular gaseous adsórbate (m our case hydrogen) 
once injected over the sample which had been previously treated are taken up by it. 
When the metal is totally saturated with the adsórbate, no further uptake of hydrogen 
occurs. The amount of hydrogen uptake can then be measured and related to the metal 
dispersion on the sample's surface (33).

Hydrogen chemisorption has been earned out with significant success on supported 
platinum catalysts. Freel (35) evaluated a hydrogen chemisorption method for 
platinum/ri -A120 3 and platinum /S i0 2 supported catalysts, he found that constant 
reproducibility was obtained and the results corresponded well with results for 
hydrogen on platinum, employing a pulsed gas technique
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Several other studies (34, 35, 36, 37) have also suggested that hydrogen 
chemisorption on platinum yields a reliable measure of specific catalytic surface area, 
provided it is assumed that each platinum atom adsorbs one hydrogen atom

Metallic dispersion, Dm, is defined as the state of subdivision of a particular metal m 
terms of the ratio of the total number of surface atoms to the total number of metal 
atoms present (33) l e.

Dm = x 100

where Ms is the number of surface metal atoms per unit weight of catalyst, and MT is 
the total number of metal atoms per unit catalyst weight.

As one hydrogen atom is assumed to be adsorbed on one platinum atom, therefore 
the number of strongly chemisorbed hydrogen atoms per unit catalyst weight, NH, is 
equal to Ms and thus:

D m =  n h/Mtx 100 (i)

M t i s  d e t e r m in e d  a s  f o l l o w s :

Mr =  WEIGHT OF SAMPLE x 6 02 x 1023 x WEIGHT % LOADING METAL
MOLEC WEIGHT METAL 1

a n d  N h i s  d e t e r m in e d  a s  f o l l o w s -

Nfl =  V (HYDROGEN ADSORBED) X 6 02 X 1023 X 2 
22414

where:
(a) Weight % loading metal, is the percentage of Pt as weight, per unit weight of 

sample, and
(b) V(h y d r o g e n  a d s o r b e d ) is the total volume of hydrogen gas chemisorbed on the 

catalyst sample corrected to standard temperature and pressure, and it was 
determined as follows1

V  (HYDROGEN ADSROBED) =  V a d s  X (273/ROOM TEMP) x (ATMOSPHERIC PRESSURE/STANDARD PRESS ) 

where:
Vad» is the total volume of H2 chemisorbed on the catalyst sample.
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(c) 22414 cm* /  mole, is the volume, that one mole of gas occupies at standard
temperature and pressure

6.02 x 1023 is Avogadro’s number, and is the number of particles of any substance 
contained in one mole of that substance

Hence on substitution into equation (i), the following expression, for the 
determination of the dispersion of platinum metal particles in the catalyst samples is 
obtained:

Dm =  ^ h/m t  =  ( V c h y d r o g e n  a d s o r b e d ) )  x Molar weight of metal x 2 x 100
WEIGHT OF SAMPLE x 22414 x WEIGHT % METAL LOADING 1

NOTE, WEIGHT OF SAMPLE is that weight of catalyst sample in grammes, 
which was used for dispersion measurements

For specific catalytic surface area measurements employing Hi chemisorption, a 
knowledge of the chemisorption stiochiometry, Xm, at monolayer coverage, and a 
knowledge of the number of metal atoms per unit area of surface, Ms is requred. If in 
relation to monolayer chemisorption, N8m, is the total adsorbate uptake expressed in 
molecules, then the total specific metallic surface area, Sh, is  given by: (33)

Sh = N1 X m M ,‘

However, the number of surface atoms per unit area of polycrystalline metal 
surface, Ms, is not exactly known. In the case of platinum, Ms, is assumed to be 1 25 x 
1019 surface atoms per m2 of polycrystalline surface (33) assuming equal proportions of 
(111 ), (100) and (110) faces

Other distributions of the crystallographic surface planes have been put forward, 
namely, that for fee metals of small crystallite size, the equilibrium shape corresponds 
to the exposition of 70% (111) planes, 25% (100) planes and 5% (110) planes

Ms for platinum, assuming the latter distribution is, 1.42 x 1019 surface atoms per 
m2 of polycrystalline surface (33) This was the value that was used in further 
calculations.
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Sh =NL2M -;

=» Sh = N^2(1.42 x 1019 particles m 2) 1

where

= V(HYDROGEN adsorbed) cm3 x 6.02 x 1023 particles/mole 
22414cm3/mole

therefore

SH = V(HYDROGEN ADSORBED) cm3 X 2 X 6 02 X 1023 PARTICLES MOLE -1 
22414cm3 m ole1 x 1 42 x 1019 PARTICLES m-2

Determination o f  the mean platinum crystallite diameters from Dm i s  also possible, and 
can be derived as follows:

It is assumed that all particles (crystallites) of the metal are sphencal and of radius r 
(meters).

Surface area of particle (m2) = 4 it r2

and volume of particle (m3) = 4/3 n  r3

Volume of sphere (m3) = 4/3 n  r3 = r
Surface area of sphere (m2) 4 tu r2 3

Therefore:

r  = 3 VOLUME OF SPHERE
SURFACE AREA OF SPHERE

therefore 2r = d 6. VOLUME OF SPHERE
SURFACE AREA OF SPHERE

where d is  the diameter o f  the sphere

Hence*
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d = 6 x I  N ,V , _ sum of volume of all particlest —  -

I  N ,S , sum of surface area of all part.

(where d is the average diameter of the metal particle in meters)

=> d = 6 x Vp 
Sm

where p is the density of the metal particles in the sample, and SM is the total surface 
area of metal

=> d (meters) = 6 x Vp x 1 0 6

Sm

Hence the mean platinum crystallite diameter is calculated from:

=> d(A) =  6 x Vp x 104
Sm

Over the total sample:
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3 . 1 . 2  X - R A Y  L I N E  B R O A D E N I N G  M E A S U R E M E N T S

I N T R O D U C T I O N

X-ray line broadening measurements are very often used for estimations on the mean 
particle size of supported metal crystallites (38, 39)

The technique of X-ray line broadening for determining particle sizes relies on 
the fact that X-ray diffraction lines are broadened when the metal particles are smaller 
than about lOOnm The width of these broadened lines, can then be converted into an 
average particle diameter for particles larger than about 4nm, (smaller particles give 
diffraction lines too broad for an accurate analysis of particle size) However, the range 
of 4nm to lOOnm includes many of the supported metals of interest The X-ray 
measurements are also generally simple to make on a routine basis (40,41)

It was decided to compare a measurement of particle size obtained via X-ray line 
broadening with that obtained via chemisorption measurements in this area of 
investigation.

The particle size from X-ray line broadening measurements was obtained, using 
the following formula (42):

where
(a) d is the average particle size of the analyte of interest,
(b) k is a constant which is equal to 0.89,
(c) Ba is the X-ray broadening term and is the angular width expressed m terms of 20 

radians,
(d) 0 is the diffraction angle of the x-ray radiation, and
(e) X is the radiation wavelength used (l e Cu, 1 5418 A).

The X-ray broadening term, Bd, can be found from the following formula,

d =
B d  Cos0 (i)

(b)

where:
(f) B m  is the width at half height of the measured diffraction peak, and
(g) B o  is the width at half height of the diffraction peak with large crystallites.



3 . 2  E X P E R I M E N T A L  S E C T I O N

This section deals with the preparation of the catalytic support material, the 
impregnation of this material with varying weight percent loadings of the platinum salt 
and the determination of the dispersion of the platinum particles.

PREPARATION OF THE CATALYST

The support material used throughout this work was Saffil fibre, manufactured by ICI 
(Runcorn). The composition of the fibre according to the manufacturers was 
> 95% A120 3, < 5% S i02, with less than 2210ppm of the following impurities, Ca, Cl, 
Cr, Fe, Mg, Na and Ni. The alumina in Saffil was reported by ICI to be m the Ti-form 
Typical fibre characteristics are as follows; surface area 150m2/g, mean fibre diameter 
3[im, pore volume 0 2cm3/g

Before impregnation with platinum, the fibre material was initially acid washed 
with 0.1M HC1 (to clean the fibre) then washed with milli-Q water until no further 
traces of chlorine was detected in the wash. This was determined using AgN03 solution 
l e ,

C l' + AgNOs —^  AgCl i  + NOs- 

the AgCl produced was in the form of a fine white precipitate

The material was then air dned at 340K for at least 24 hours in an oven It was 
then ground into a fine powder using a mortar and pestle

Samples of this ground material were then impregnated with platinum 
Impregnation solutions consisted of, chloroplatmic acid m excess methanol with 
sufficient salt to give the following loadings of platinum on the finished catalyst, 0.1 , 2 , 
3, 5 and 10 weight percent loadings respectively.

The impregnated powder was then rotary evapourated at 340K for one hour to 
remove the methanol The catalytic samples were then air dned at 31 OK for 24 hours m 
an oven Finally the catalytic samples were then calcined at 900K for 15 minutes in a 
muffle furnace. Details of sample preparation are given in Table 9.

Once prepared, the samples were placed in a dessicator until required for analysis 
Samples of acid washed and un-acid washed T]-A120 3 matenal were also analysed to 
determine whether or not hydrogen uptake occurred on the support matenal
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DISPERSION MEASUREMENTS

To determine the dispersion of the platinum particles on the support material, it was 
necessary to carry out chemisorption measurements employing a relatively specific 
gaseous adsorbate for the platinum metal particles

The gaseous adsorbate used was hydrogen, and chemisorption measurements 
were earned out using a pulsed gas technique

Platinum dispersion measurements were earned out using a Micromentics Pulse 
Chemisorb 2700 instrument. A Schematic gas-flow diagram of which is given in 
Figure 3

Each sample was pretreated by outgassing with argon and then reduced with 
hydrogen Sample pretreatment conditions are summansed m Table 10

After the reduction steps, each sample would be outgassed with argon 
(30mls/min) at 670K for at least 30 mins. The sample was then cooled to 310K under 
argon (30mls/min) pnor to chemisorption

Platinum dispersions were the determined by hydrogen chemisorption at 31 OK 
from a senes of pulsed injections of 0 048cm3 of hydrogen

The above senes of hydrogen pulses were injected over the sample The quantity 
of hydrogen gas adsorbed on the sample’s surface was monitored by the thermal 
conductivity detector within the instrument Completion of hydrogen chemisorption by 
each sample was revealed by no further hydrogen uptake

Desorption measurements were also earned out by heating the sample under 
investigation, from 31 OK to 520K and noting the detector response as the hydrogen was 
dnven off from the sample

Each sample was subjected to a minimum of two adsorption /  desorption cycles
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FIGURE 3
SCHEMATIC FLOW  DIAGRAM OF THE PULSE CHEM ISORB 2700 UNIT
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TABLE 9 
SAMPLE PREPARATION

SAMPLE PREPARED 
Pt /  T|-AI2O3

WEIGHT OF 
METAL SALT 

USED
WEIGHT OF 

î|-A120 3 
USED

VOLUME OF 
METHANOL 
SOLUTION

0 1 wt% Pt /  11-AI2O3 0 0042g 1 2222g 25mls/g of TI-AI2O3
2 wt% Pt/Ti-Al20 3 0 0545g 1 0534g 25mls/g of TI-AI2O3
3 wt% Pt/ri-Al20 3 0 0881g 10972g 25mls/g of TI-AI2O3
5 wt% Pt / il-Al203 0 3253g 2 5866g 25mls/g of H-AI2O3
10 wt% Pt /  t)-A120 3 0 2875g 1 1363g 25mls/g of TÌ-AI2O3

TABLE 10 
Pt / T|-A120 3 SAMPLE PRETREATMENT

OUTGAS SING FLOW RATE OF ARGON 
30mls/min

REDUCTION FLOW RATE OF 
HYDROGEN 30mls/min

STEP DURATION TEMPERATURE STEP DURATION TEMPERATURE
1 30 mins 290K 5 2 hours 470K
2 30 mins 320K 6* 5 hours (mm ) 670K
3 1 hour 370K

4* 2 hours (mm) 470K

Note. Steps 4 and 6 were earned out for 2 hours and 5 hours respectively as minimum 
times In Step 4, the length of time varied from 2 hours to 5 hours and in Step 6, the 
maximum length of time for reduction was 7 hours.
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3.3 RESULTS FROM CHEMISORPTION AND X-RAY LINE BROADENING 
MEASUREMENTS

The dispersion measurements obtained via adsorption and desorption cycles were found 
to be m very close agreement withm 2% and reproducible with a maximum discrepancy 
between them of 3%. The results are tabulated in table 11 and illustrated m Graphs 7 
and 8

In the X-ray line broadening investigations the sample chosen, was a 3wt% Pt on 
ti-A120 3 , and was found to have a mean particle size of 9 lA  for the platinum particles, 
(the same sample had a mean particle size of 28 A obtained via chemisorption 
measurements).

TABLE 11
RESULTS OF H2 CHEMISORPTION MEASUREMENTS 

AT VARIOUS Pt LOADINGS

wt% LOADING 
on r|-Al20 3

Dm Spi (m2/gPf) d(A)

10 24% 51m2/g I l k
5 43% 93m2/g 30 A
3 46% lOOmVg 28Â
2 20% 44m2/g 76À

0.1 2% 3m2/g 850Â
ACID WASHED ti-A120 3 0% 0m2/g 0Â

UN-ACID WASHED ti-A120 3 0% 0m2/g 0Â

NOTE
Dm Platinum (Pt) dispersion
Spi: Platinum Surface area
d Average Platinum particle size
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GRAPH 7
VARIATION OF DISPERSION WITH PT LOADING
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GRAPH 8
VARIATION OF PARTICLE SIZE WITH Pt LOADING
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3.4 DISCUSSION OF CHEM ISORPTION AND X-RAY RESULTS

From the chemisorption results it was observed that as platinum loadings increased 
from 0 lwt% to 10wt%, the dispersion values reached a maximum at 3wt% and 
decreased there afterwards A 10wt% loading of platinum gave a dispersion 
measurement of 23 6% This measurement was comparable to that measurement 
obtained on a sample containing 2wt%Pt which had a 20 3% dispersion This indicates 
that once a certain loading of platinum was achieved, (e.g. 3wt%), the platinum 
particles influence the further uptake of the metal by “forcing” the new metal into the 
bulk

It was noticed that at a 5wt%Pt loading, a 43% dispersion was obtained This value 
was relatively similar to that obtained for a 3wt%Pt sample It is worth noting that the 
lowest loading tested i e 0 lwt%, gave a very low dispersion of 2% with a 
corresponding particle size of 830Á This indicates that a large amount of the platinum 
was not available on the surface for chemisorption.

It was also found that acid and un-acid washed TI-AI2O3 did not take up any 
hydrogen. This indicated that no hydrogen chemisorption was taking place on the 
support material, and as such the hydrogen chemisorption measurements obtained for 
the platinum impregnated TI-AI2O3 samples, were representative of platinum only

From the X-ray line broadening measurements a particle size of 91Á was obtained, 
where as the same sample yielded a particle size of 28Á from chemisorption 
measurements A possible reason for the substantial difference in the results from the 
two methods, was the non-uniformity of particle size of platinum throughout the 
sample

Freel (5) on studying the particle size of platinum on S1O2 found m his study that 
for a 2 8wt% loading of platinum on S1O2 an average particle size of 31Á was obtained, 
(for 3wt%Pt on T)-Ak03,28Á particle size was found in this study) He also 
determined a particle size of 81Á for a 1 83wt%Pt on TI-AI2O3 This result compares 
favourably to the particle size obtained in this investigation for 2wt%Pt on TI-AI2O3 1 e 
76Á

However, the particle size and dispersion measurements made on any catalyst 
sample can vary if the sample preparation and pretreatment is altered in any way (33)
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Dorling et al (43) also earned out investigations into platinum dispersions on silica 
and they determined the mean particle sizes for platinum as follows*

wt%Pt loading particle size (43) particle size 
from Graph 8

0 15 wt%Pt 39À 820À
3 10 wt% Pt 36À 44À
4 9 wt% Pt 40À 43À
10 2wt%Pt 54À 25À

It can be seen from the table that there is little agreement between the results of the two 
laboratories
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CHAPTER 4
CATALYTIC ACTIVITY 

MEASUREMENTS

54



4.1 INTRODUCTION

The aim of this area of investigation was to study the activity properties of specifically 
prepared catalytic materials, for the conversion of iso-butane.

With the ever increasing demands placed on our decreasing reserves of fossil fuels, 
coupled with the associated air pollution problems, much time and energy is now 
devoted to developing a means of reducing the levels of pollutants and using the finite 
reserves of fossile fuels more efficiently (4).

Emissions of nitrous oxides (NOx) and sulphur oxides (SO*), have caused 
increasing concern about serious damage to health and the environment. It is because of 
this that some catalytic processes have come to the forefront to try to solve some of the 
above problems, generally in the form of catalytic combustors (4).

Catalytic combustors provide a means of not only increasing the efficiency of the 
combustion process, but in also reducing the levels of NOx that can result. Catalytic 
combustion processes are also more controllable. They can operate at reduced 
temperatures and are more efficient for combustion than normal flame combustion.

Substantial work has already been devoted to catalytic combustion since the early 
1970’s(4). The oxidation of methane (CH4) over platinum which was discovered by H. 
Davy in 1817(44), was one of the first known heterogeneously catalysed processes.

Production of energy by combustion has always been desired, but has some degree 
of difficulty associated with it. Combustion can be hard to control, as it will only occur 
efficiently within well defined air:fuel ratios, and it can lead to the production of 
pollutants at these specific ratios. With the introduction of a heterogeneous catalyst, the 
combustion process can be easier to control over wider air:fuel ratios, and the process 
can be more efficient in the reduction of the levels of pollutants (45).

Catalysts used in the oxidation process act by reducing the temperature at which 
combustion occurs, hence removing some of the processes by which pollutant 
emissions can occur at higher temperatures (45). e.g.

HEAT

N2 + 0 2 ^  NOx

With a suitable combustion catalyst, efficient combustion processes can be 
achieved. Reducing the temperature at which normal flame combustion takes place can 
however, result in an increase in emissions of CO and hydrocarbons without the
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presence of a catalyst, e g. in the oxidation of CO to C 02, the rate of the major reaction 
responsible for the oxidation of CO to C 0 2 (i.e. CO + OH —» C 0 2 + H) is reduced, as 
the temperature is decreased (4) However with the introduction of a suitable metal 
oxide or a number of such metal oxides, an increase in the rate at which CO is 
converted to C 0 2 is attained (46,47)

Yung-fang Yu Yoa (46,47) is one of many researchers that have studied the 
oxidation processes of CO and hydrocarbons to C 0 2 and H20 ,  employing perovskite 
type oxides, Co30 4 and Cr20 3 metal oxides He found that the cobaltites of perovskite 
structure (e.g LaCo03, BaCo03) showed lower reaction rates for Q R , oxidation than 
C03O4, but higher rates than mangamte type perovskites (1 e L a^  Pb03 M n03,
LaxSrj.x M n03 with x = 0 to 1) The activity for all catalysts studied increased 
significantly with the introduction of lOOppm Pt. With the use of Cr20 3 it was found 
that the order of oxidation activity was as follows, (for the senes of hydrocarbons and 
CO investigated), C3H6>C3H8>CO=C2H4>C2H6.

It has also been found that in the oxidation of methane and its homologues, only in 
rare cases can partial oxidation products be detected Generally their oxidation results 
in the formation of C 0 2 and H20  when using metal oxide catalysts, e.g Co30 4, M n02, 
Cr20 3 and NiO, with Co30 4 exhibiting the greatest effects (48)

Unfortunately, during catalytic oxidation processes, the catalytically active material 
may sinter, poison and can even melt under certain operating conditions However if 
these processes are prevented or even reduced to within acceptable limits, then the life 
span of the catalyst can be extended (4)

Catalysts used for catalytic combustion usually consist of the catalytically active 
component(s) deposited onto a suitable support material of sufficiently high thermal 
stability and surface area (4, 45)

The choice of catalyst system (1 e the active components and support material) has 
a major influence on the production of a successful combustion catalyst Prassad et al 
(4) have suggested that the catalyst system used m oxidation processes should possess 
the following properties:

(a) the catalyst should be capable of igniting a fuel/air mixture at the lowest possible 
temperature,

(b) the activity of the catalyst should be sufficiently high to maintain complete 
combustion at the lowest levels of air pre-heat and the highest values of mass 
through-put,
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(c) the support should have a large geometric surface, a low pressure drop, an 
excellent thermal shock resistance, and also a high working temperature,

(d) the support should be capable of maintaining a high surface area under high 
temperature combustion conditions ( ~ 1370K), and

(e) the catalyst system should maintain a high activity even after prolonged use at 
elevated temperatures (1270-1770K).

Noble metal catalysts and metal oxide catalysts have been used for hydrocarbon 
and/or CO oxidation, and Blazowski et al (7) recommended them for the complete 
oxidation of an organic compound.

The general sequence of activity of the noble metals for oxidation has been found 
to be(4):

Ru>Rh>Pd>Os>Ir = Pt.

However due to high volatility and limited supply, the use of these metals has been 
limited to Pt and Pd(4).

The use of Pd and Pt in oxidation catalysts has been widely reported and they are 
among the most active metals for the oxidation of a number of different hydrocarbons 
(44). The high activity of the above metals is due to their inherent ability to activate 
0 -H l5 0 2, C-H and H2 bonds (4).

On comparing the catalytic activity of Pd with Pt it has been found (4):
(a) for the oxidation of CO, olefins and methane, the activity of Pd is reported to be 

higher than that for Pt,
(b) for aromatic compounds, Pd and Pt, have been found to be similar in activity, and
(c) for the oxidation of paraffinic hydrocarbons (C3 and greater), Pt, was found to be 

more active than Pd.

On comparison of Pt and Pd with base metal oxides, it has been established (4) that 
the noble metals have certain advantages, namely:

(a) higher specific activity for hydrocarbon oxidation,
(b) greater resistance to the loss of low temperature activity,
(c) less deactivation by sulphur at temperatures below 770K, and
(d) relative ease of preparation in a highly dispersed form on several different support 

materials.
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It is for these reasons that relatively small quantities of these noble metals are only 
normally required for combustion catalysts

Generally, high oxidation activity, demands that metal ions can assume more than 
one valence state and can take part in reduction-oxidation reactions It has also been 
established that many transition metal oxides have more than one valence state. The 
catalytic activity of these oxides is determined by their d-shell electronic configuration 
Maximum activity has been found for three, six and eight d-electron configurations, 
where as minimum activity has been found for zero, five and ten d-electrons (7)

As with noble metal catalysts, the combustion of hydrocarbons has been studied 
with metal oxides also (44,45) In general it has been found that for CO and 
hydrocarbon oxidation, Co30 4, is the most active metal oxide catalyst However oxides 
of La and Ce for example, have also been used for CO oxidation (46,47,48). However 
under normal combustion conditions, their activities have been comparable to those of 
noble metals (4)

Although Pt has been used for complete oxidation of hydrocarbons, it has also been 
used to catalyse other reactions e g. for partial oxidation reactions (48), in reforming 
processes (50,51, 52) and in dehydrogenation processes (53, 54)

It is insufficient for a hydrocarbon catalyst just to possess a suitable noble metal 
and/or metal oxide(s) to catalyse the reaction of interest, because a suitable support 
material is also generally required, upon which these catalytically active components 
can be dispersed

This support material has three main functions namely.

(a) to provide a relatively thermally inert support,
(b) to increase the surface area of the catalytically active component(s) by providing a 

support onto which these active components can be dispersed as small particles, 
and

(c) to reduce the mechanism of sintering (4)

The most commonly used support material is alumina. It is relatively inexpensive, it 
can operate at temperatures greater than 1750K and is reasonably resistant to thermal 
shock Although alumina is commonly used, S i02 and T i02 support materials have also 
been used (40,41).
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In chapter two of this thesis the thermal properties of the support material 
(TI-AI2O3), was investigated. Several metal salts were investigated in an effort to stablise 
the support. The effect of the metal salts on the activity of the Pt/ r|-Al20 3 catalyst are 
now investigated.

From the chemisorption results, the best dispersion obtained was with 3wt%Pt 
loading, therefore it was decided to use this particular metal loading, and also to 
introduce the following 10ns

(a) La2+, (b) Cs+, (c) Ce3+, and (d) Sn4*.

The above salts of these metal 10ns were introduced onto alumina at either of two 
loadings 1 e. 1 or 3 wt% Table 12 summarises the catalysts prepared.
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4.2 EXPERIMENTAL SECTION

Initially the weight o f metal salt required to yield the desired percentage loading on the 
support material was dissolved m a specific quantity o f solvent The quantity o f solvent 
was calculated on the basis that 25mls/g was required to totally saturate the ti-A120 3 

The solvent used was 100% methanol G P R  grade.

This solution was then added to a ground sample o f T)-A120 3 o f known weight to 
form a slurry This mixture was then placed in a round bottomed flask. The solvent was 
then removed via rotary evaporation at 340K for approximately one hour.

The material was then dried in an oven at 370K for ten hours, and finally the sample 
was calcined (to form the oxides o f the metal salts) in a muffle furnace at a temperature 
and time indicated m Table 13.

A list o f samples prepared is given in Table 12 and a summary o f the preparation 
conditions used in Table 13.

Two variations in the sample preparation process were earned out, namely co- 
lmpregnation and step impregnation

(a) Co-impregnation

In this particular type o f impregnation procedure both metal salts are impregnated 
onto the support m atenal (TI-AI2O3 ) in one single impregnation step, 1 e both metal 
salts are initially dissolved and applied to the support in one solution.

(b) Step-impregnation:

Step-impregnation involves the use o f two separate impregnation steps Initially one 
o f the salts is dissolved and then impregnated onto the support followed by the 
dissolution and impregnation o f the second metal salt In between these 
impregnation steps further processing can occur (as did in this investigation 1 e 
drying and calcination, followed by the secondary impregnation o f the second metal 
salt, which was then proceeded by a drying and calcination).
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TABLE 12 
CATALYST SAMPLES PREPARED

SAM PLE METAL 
SALTS USED

LOADING
(wt%)

ORDER OF 
METAL* SALT 
IMPREGNATION

M ETHOD OF 
IMPREGNATION

Pt3 H2PtCl6 7H20 3wt% — ONE STEP

** LalPt3 H2PtCl6 7H20 3wt% 2 STEP
LaCl3 7H20 lwt% 1

La3Pt3 H2PtCl6 7H20 3wt% 2 STEP
LaCl3 7H20 3wt% 1

CslPt3 H2PtCl6 7H20 3wt% 2 STEP
CsCl lwt% 1

*** CslPt3(co) H2PtCl6 7H20 3wt% __ CO-
CsCl lwt% IMPREGNAUON

Pt3 Csl H2PtCl6 7H20 3wt% 1 STEP
CsCl lwt% 2

Cs3Pt3 H2PtCl6 7H20 3wt% 2 STEP
CsCl 3wt% 1

CelPt3 H2PtCl6 7H20 3wt% 2 STEP
Ce(N03)3 6H20 lwt% 1

*** CelPt3(co) H2PtCl6 7H20 3wt% __ CO
Ce(N03)3 6H20 lwt% IMPREGNATION

*** Sn3Pt3(co) H2PtCl6 7H20 3wt% __ CO
SnCl4 5H20 3wt% IMPREGNATION

* Refers to the order of salt addition to the support in step impregnation e g
catalyst LalPt3 was prepared by the addition of lwt% LaCl3 7H20  followed by 
3wt% H2PtCl67H20 .

** LalPt3 refers to the sample prepared with lwt%La and 3wt%Pt, with the 
lanthanum salt being impregnated 1st and the platinum salt 2nd

*** (co) refers to the co-impregnauon of the metal salts used in the catalyst sample
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TABLE 13: CATALYST PRODUCTION AND PRETREATMENT:

CATALYST
SAMPLE

METAL
SALT

WEIGHT OF SALT 
USED (g)

WEIGHT OF GROUND 
TI-AL2O3 USED (g)

VOLUME OF CH3OH 
USED (mis)

TEMPERATURE AND 
DURATION OF ROTARY 

EVAPORATION

CALCINATION 
TEMPERATURE AND 

TIME

Pt3 H2PtCl6 7H20 0 0988g 1 2098g 30m ls (a) 340K  for 1 hour 900K , 15 mins
(b) 370K  for 10 hours

L a lP t3 H2PtCl6 7H20 0 0 83 2 g 1 0829g 25m ls (a) 340K  fo r 1 hour 900K , 15 mins
LaC l3 7H20 0 0293g 25m ls (b) 370K  for 10 hours 900K , 15 mins

La3Pt3 H2PtCl6 7H20 0 0795g 1 0603g 25m ls (a) 340K  for 1 hour 900K , 15 mins
LaCl3 7H20 0  0834g 25m ls (b) 370K  for 10 hours 900K 15 mins

C s i m H2PtCl6 7H20 0 0928g 1 1116g 28m ls (a) 340K  fo r 1 hour 900K 15 mins
CsCl 0 0 1 1 1 g 28m ls (b) 370K  for 10 hours 900K 15 m ins

C slP t3 (co ) H2PtCl6 7H20 0 0839g 1 0049g 25m ls (a) 340K  for 1 hour (a) 900K 15 mins
CsCl 0 0114g (b) 370K  for 10 hours (b) 1270K 3 hours

P t3 C sl H2PtCl6 7H20 0  0868g 1 0 3 5 lg 25m ls (a) 340K  fo r 1 hour 900K , 15 mms
CsCl 0  0128g 25m ls (b) 370K  fo r 10 hours 1270K, 3 hours

Cs3Pt3 H2PtCl6 7H20 0  0954g 1 1440g 28m ls (a) 340K  for 1 hour 1270K, 3 hours
CsCl 0  0432g 45m ls (b) 370K  fo r 10 hours

C e lP tS H2PtCl6.7H20 0 0920g 1 1039g 25 mis (a) 340K  fo r 1 hour 900K , 15 mins
C e (N 0 3)3 6H20 0 0338g 25m ls (b) 370K  for 10 hours 1290K, 7 hours

C e lP t3 (co ) H2PtC l6 7H20 0 0 8 4 2 g 1 0069g 25m ls (a) 340K  fo r 1 hour (a) 900K 15 mms
C e(N 0 3)3 6H20 0 0308g (b) 370K  for 10 hours (b) 1270K, 7 hours

Sn3Pt3(co) H2PtCl6 7H20 0 1064g 1 2763g 32m ls (a) 340K  fo r 1 hour 900K , 15 mins
SnCl4 5H20 0 1 17 1 g 32m ls (b) 370K  for 10 hours 900K , 15 mins



4 2 2 CATALYST SAMPLE PRETREATMENT PRIOR TO ACTIVITY 
MEASUREMENTS

The sample (of apprcx 0 015g ) was placed in a reactor tube and then placed m the 
activity unit as shown schematically in Fig 4. The activity unit was designed so as to 
have the facility of passing a mixture of pure gases over the heated sample and of by
passing it At all times, a flow of gas could be maintained over the catalyst. The 
analysis was earned out using an m-situ Pye Unicam 4550 G C. with F.I D detector 
For the G C. parameters used dunng this study refer to Table 14.

Once the catalyst samples were produced, each sample was treated pnor to activity 
measurement, as outlined in Table 15

In all activity me asur e m e n t s ,  the catalyst sample was 
heated using a h e a t i n g  man t l e  which enveloped the U tube 
containing the sample. The temperature of the heater  was 
controlled using a the r m o c o u p l e  located at the inner base 
of the mantle. T h e r e f o r e  all the temperatures given in 
this work are those of the heating mantle and do not 
ne ce ss a r i l y  represent the temperature of the catalyst.

As the catalytic o x i d a t i o n  of butane is an e xo thermi c  
reaction, the t e m p e ratur e of the catalyst would be 
ex pe ct ed to increase shar p l y  once the reaction commenced. 
However, m  sub sequent studies m  this la boratory (22), a 
reactor tube with an i nden ta tion above the sample was used 
w hich enabled a t h e r m o c o u p l e  to be placed wi thin 2mm of 
the catalyst bed. Even us ing  this type of reactor tube 
for butane reactions, no significant difference be tw e e n  
the tem perature of the catalyst and the temperatu re  of the 
heate r was observed  (22).
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TABLE 14
CHROMATOGRAPHIC INSTRUMENTATION AND PARAMETERS

GAS CHROM ATOGRAPHIC INSTRUM ENT USED: PY E U N ICA M  4550
DETECTOR: FLAM E IONISATION
RECORDER: O M NISCRIBE STRIP CHART RECO RD ER

CHROM ATOGRAPHIC COLUM N PACKING MATERIAL: PORAPAK Q, 50-80 M ESH
CO LU M N  DIM ENSIONS: 1 M ETER X 4mm PACKED
CO LU M N  TEMPERATURE: 420K
DETECTOR TEMPERATURE: 470K
INJECTOR TEMPERATURE: 460K

FU EL GASES: HYDROGEN - FLO W  RATE: 30m ls/m in 
AIR - FLO W  RATE: 300m ls/m in

CARRIER GAS: NITRO G EN  - FLO W  RATE: 30mls/m in

TABLE 15
CATALYST SAMPLE PRETREATMENT

O UTGASSING: REDUCTION:
FLO W  RATE O F ARGON-30m ls/m in FLO W  RATE O F HYDROGEN-30m ls/m in

STEP DURATION TEM PERATURE STEP DURATION TEM PERATURE

1 30mins 290K 5 2Hours 470K
2 30mins 320K 6* 5 Hours 

(M inimun)
670K

3 1 Hour 370K
4* 2 Hours 

(M inimum)
470K

Note: Steps 4 and 6 were carried out for 2 hrs and 5 hrs respectively as minimum 
times. In step 4, the length of time varied from 2 hrs to 5 hrs and in Step 6, the 
maximum length of time for reduction was 7 hrs.
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FIGURE 4
SCHEMATIC DIAGRAM  O F ACTIVITY UNIT

■*- indicates direction of flow of gas GLASS WOOL PLUGS
F I D  Flame ionisation detector
V Vent for gaseous effluent
ffl valves



4.2.3 ACTIVITY MEASUREMENTS

The reaction which was to be studied was as follows

P A T A T Y<\T

iso-C4H 10+ 0 2 ---------► C 0 2 + H20
HEAT

The iso-butane conversion activity of each of the catalyst samples was determined 
m-situ after outgassing and reduction pretreatments as described The activity 
measurements were earned out as follows; after the sample was reduced with hydrogen 
at 670K it was then cooled to 370K under a stream of argon flowing at 30mls/min 
A gaseous mixture containing the following gaseous component flow rates

(a) Argon - 30mls/min,
(b) Air - 70 mls/min, and
(c) iso - butane 0 6mls/min.

was then passed through the catalyst sample at which time the G C chart recorder was 
switched on (to indicate time-zero) The hydrocarbon mixture as it was passing through 
the sample reacted over the surface of the catalyst, and then the gaseous products 
leaving the sample were injected into the G C column (via a 6-port gas sampling valve) 
m lcm3 quantities for analysis.

The peak(s) due to iso-butane recorded on the chart recorder after each senes of 
injections, represented the un-reacted iso-butane It was these peaks that were compared 
to the average peak area obtained when no iso-butane had reacted (i e when samples of 
the gaseous feed stock to the catalyst sample were injected into the G C to determine 
the peak area of iso-butane when the catalyst was absent) to yield the activity 
measurement for iso-butane conversion for each catalyst studied

The catalysts dunng each activity measurement were heated at 50K intervals from 
370K to a final temperature of 670K At each temperature interval, several injections 
were made of the gaseous effluent from the catalyst into the G C When a steady state 
had been achieved 1 e no observed increase or decrease in the iso-butane recorded 
peak, the sample was then heated to the next temperature interval and the whole process 
of injecting the gaseous effluent repeated, until the maximum temperature of 670K was 
achieved The catalyst sample was then cooled to a relatively lower temperature and its 
activity re-investigated.
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Once the catalytic iso-butane conversion investigations for the sample had been 
completed, the hydrocarbon gaseous feed stock to the catalyst was redirected, so that it 
could by-pass the sample Injections of this gaseous mixture were then made into the 
G C The subsequent peaks obtained indicated the level of hydrocarbon present prior to 
contact with the catalyst (1 e 100% iso-butane). Thus an assessment of the sample's 
conversion properties for iso-butane could then be determined by a direct comparison 
between the 100% iso-butane peaks and the unreacted iso-butane (after contact with the 
catalyst).

4  3  1 R E S U L T S  F R O M  A C T I V I T Y  M E A S U R E M E N T S

All catalysts employed in the activity measurements contained a three weight percent 
(3wt%) loading of platinum on ri-Al20 3 and also contained differing levels of a 
secondary metal salt

For a summary of the results obtained refer to Tables 16,17 and the graphical 
representations in Graphs 9-15.

67



TABLE 16: STEADY STATE ACTIVITY MEASUREMENTS
C ata lyst % Iso Butane Reacted at Temperature Indicated
S a m p le 300K 370K 420K 470K 520K 570K 620K 670K
A n a ly se d %Reacted %Reacted %Reacted %Rcacted %Reacted %Reacted %Reacted %Reacted

* Pt3(a) . 40% 12% 6% 3% 91% 95% 97%
Pt3 (b) - 5% 6% 5% 51% 77% 91% 95%
Pt3(c) - 36% 4% 4% 99% 98% 99% 99%

LalPl3 _ 4% 4% 5% 5% 11% 94% 96%
La3Pt3 - 10% 11% 6% 3% 96% 97% 99%

** C slPt3(a) _ 61% 61% 60% 58% 95% 63% 99%
C slPt3(b) - 22% 7% 7% 18% 52% 67% 77%

C slP t3(co) - 17% 12% 12% 13% 55% 67% 79%
Pt3C sl - 10% 9% 8% 7% 43% 67% 94%

Cs3Pt3 - 4% 3% 8% 2% 1% 78% 86%

C elPt3 14% 14% 14% 22% 53% 70% 85% 96%
CePt3(co) - 15% 15% 12% 92% 95% 96% 97%

Sn3Pt3(co) - 24% 6% 4% 10% 93% 96% 98%

*Pt3(a), (b) and (c) w ere repeat m easurem ents made on fresh sam ples o f Pt3

** C slP t3 (a) and (b) w ere repeat m easurem ents m ade on fresh sam ples o f CslPt3.

TABLE 17: REPEAT ACTIVITY MEASUREMENTS (AT STEADY STATE)
Temperature at % IS O -B U T A N E  R E A C T E D
which catalyst 
activity was 
assessed

S A M P L E
C elP t3 CelPt3(co) Sn3Pt3(co) Pt3(b) Pt3(c) C slPt3(a) C slPt3(b) CslPt3(co)

520K 53% 92% 10% 51% 99% 18% 13% 7%

670K cools to 520K - 94% 80% 53% 97% 8% 7% 4%

Sample oxidised in 
Air at 770K, 

cooled to 520K _ _ _ 97% 6% 30%

14%
370K 14%
470K 22%
570K. 70%
670K 96%

670Kcooled to 570K 70%
570K cooled to 470K 23%
470K cooled to 270K 3%
370K cooled to 300K 0 %
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ACTIVITY MEASUREMENTS FOR ISO-BUTANE CONVERSION FOR
CelPl3(C0) and S»3Pt3(C0) CATALYSTS

Temperature sample (K)

O CslPt3(CO) 
0 Sn3Pt3(CO)
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GRAPH 11
ACTIVITY MEASUREMENTS FOR ISO-BUTANE CONVERSION FOR

CslPt3(CO), Pt3Csl AND Cs3Pt3 CATALYSTS.

Temperature sample (K)

O CslPl3(CO) 
0 Sn3Pt3(CO) 
□ Cs3Pt3
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ACTIVITY MEASUREMENTS FOR ISO-BUTANE CONVERSION FOR
CslPt3(a) and CslPt3(b) CATALYSTS.
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ACTIVITY MEASUREMENTS FOR ISO-BUTANE CONVERSION FOR 
L a lP t3  and La3Pt3 CATALYSTS.

GRAPH 13

Temperatuie sample (K)

O LalPt3 
0 La3Pt3
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GRAPH 14
ACTIVITY MEASUREMENTS FOR ISO-BUTANE CONVERSION FOR

Pt3(A), Pl3(b), Pt3(c) CATALYSTS

Temperature sample (K)

O Pt3(a) 
0 Pt(b) 
□ Pt(c)
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Table 17 indicates repeat analyses conducted at the temperatures indicated during 
the normal determination of iso-butane reactivity for each catalyst indicated It involved 
successive heat ups and cool downs, to specific temperatures at which the catalytic 
sample of interest was to be reassessed for iso-butane reactivity, e g catalyst 
CelPt3(co), which had 94% iso-butane conversion at 520K after being cooled from 
670K to 520K (after its preliminary testing at 670K).

From the results obtained, the percentage of iso-butane converted generally 
increased with increasing temperature for all samples At 670K all samples were found 
to have a greater than 77% conversion for iso-butane.

In general, all samples studied increased their activity on cooling i e. they gave 
lower conversions on initial testing at that temperature e g. for catalyst Sn3Pt3(co) it 
had an activity of 10% at 520K on initial heating, but on cooling from 670K to 520K 
the activity increased to 80% This may be due to a thermal equilibrium effect.

The cesium/platinum system (i e samples CslPt3(a) and CslPt(b)) were found to 
be the most active for iso-butane reaction, relative to the rest of the catalysts studied 
CslPt3(a) was found to have a relatively high level of conversion of 61% at 370K, 
compared to the other samples studied which all had activities less than 24% The 
catalyst sample CslPt3(a), showed constant activity at all temperatures up to 570K 
where there was a sharp increase of activity to 95% conversion. At 670K it was found 
to be 99%

However, using a fresh sample of the same catalytic material, the results were 
different, m that catalyst CslPt3(b) had a lower activity over the entire temperature 
range than CslPt3(a) e g. at 470K the reactivity for catalyst CslPt3(a) was 60%, where 
as for CslPt3(b) the reactivity for iso-butane at the same temperature was 7%

Lanthanum was found previously to enhance the thermal stability of ri-Al20 3. 
However lanthanum in conjunction with platinum (i e for LalPt3) was found to be the 
least active of the catalysts studied for iso-butane conversion

The effect of variation in the order of metal salt impregnation on the TI-AI2O3 

support material was also investigated Thus three catalyst samples were prepared 
namely CslPt3(a), CslPt3(co) and Pt3Csl

Catalyst samples CslPt3(co) and Pt3Csl were found to be less efficient than 
CslPt3(a) in the conversion of iso-butane. However they were found to be of similar 
activity on comparison with an analysis on CslPt3(b), except at 670K where 
CslPt3(co) and Pt3Csl were less active
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At 670K catalyst CslPt3(co) had an increased activity of 94% on comparison to 
Pt3Csl which was only 79% Catalyst CslPt3(a) was found to be more active than 
either CslPt3(co) or Pt3Csl, hence the order of catalyst activity for iso-butane 
conversion is.

CslPt3(a) > CslPt3(co) > Pt3Csl

On comparison of catalyst CslPt3(a) for iso-butane conversion with catalyst 
Cs3Pt3, it was found that CslPt3 had an increased ability to convert iso-butane This 
indicates that an increased loading of cesium reduced the ability of the catalyst sample 
to convert iso-butane.

4.3.2. CATALYST DEACTIVATION INVESTIGATIONS

Specific catalytic samples were calcined at 1370K for 12 hours and their activity 
assessed, to determine whether or not these catalysts retained their conversion 
properties for iso-butane. A platinum supported rj-Al20 3 catalyst was used as the 
standard

The catalyst samples that were investigated were as follows

(a) Catalyst Pt3(a); 3wt% Pt/n-Al20 3

(b) Catalyst CslPt3 (a); lwt%Cs, 3wt% Pt/n-Al20 3

(c) Catalyst CelPt3, lwt%Ce, 3wt%Pt/ri-Al20 3

The catalysts Pt3(a), CslPt3(a) and CelPt3 have been previously investigated for 
iso-butane conversion, a summary of the results of which are summarised in table 16

The above samples were placed m a procelain crucible and then calcined in a 
muffle furnace at 1370K for 12 hours in air. Activity measurements were earned out as 
previously desenbed

These catalytic samples were also cooled to vanous temperatures and their 
activities redetermined. Refer to table 18, for the activities obtained for each of the 
samples for iso-butane conversion The results are also represented graphically in 
Graph 15
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TABLE 18 
ACTIVITES OF CALCINED SAMPLES:

CATALYST
SAMPLE

ANALYSED

%ISO-BUTANE REACTED
370K 420K 470K 520K 570K 620K 670K

13% 14% 17% 17% 0% 6% 26%
Pt3(a) COOLED COOLED COOLED

FROM 470K — FROM 570K — FROM 670K — —
1% 1% 16%

0% 0% 0% 0% 7% 41% 52%
CslPt3(a) COOLED COOLED COOLED

FROM 470K — FROM 570K — FROM 670K — —
13% 13% 15%

8% — 3% 0% 83% 84% 84%
CelPt3 COOLED COOLED COOLED

FROM 470K — FROM 570K — FROM 67 OK — —
78% 82% 82%
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GRAPH 15
ACTIVITY MEASUREMENTS FOR ISO-BUTANE CONVERSION FOR

CslPt3(a), CelPt3 AND Pt3(a) CATALYSTS.

Temperature sample (K)

O Pt3(a)
0 CslPt3(a) 
□ CelPt3
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4.4 DISCUSSION OF ACTIVITY MEASUREMENTS

It is apparent that generally in all the catalysts studied, the activity of each increased 
with increasing temperature e.g LalPt3 had an initial activity of 4% at 370K which 
gradually increased until a temperature of 620K had been achieved, where there was a 
significant increase in activity to 94% conversion

However at lower temperatures i e from 300K to 520K, there was no significant 
increases in catalytic activity until a specific temperature had been reached e.g Pt3(a) 
had a maxinum activity of 6% between 370K and 470K, until 520K where there was ai
sharp increase to 51% conversion.

The platinum /r[-Al20 3 system was found to be similar in activity relative to the 
other catalysts studied over the temperature range 370K to 670K However at 670K it 
was found to have a relatively greater activity for iso-butane conversion than the 
majority of the catalysts studied e.g. CslPt3(co) and Cs3Pt3 both had activities of 79% 
and 86% respectively compared to platinum/ri-Al203 which had an activity of 99%.

The rate of increase in catalytic activity with temperature for all catalysts was 
generally found to be disimilar and varied significantly from catalyst to catalyst.

In the majority of the catalysts studied, their activities were generally found to be 
less than that of platinum/Tj-Al20 3 e g. LalPt3 had an activity of 11% at 570K where as 
Pt/n-Al20 3 had an activity of 98% at the same temperature However CslPt3 was found 
to be significantly more active for iso-butane conversion at the lower temperature range 
i e. from 37OK to 520K, relative to the other catalysts studied and m fact was the most 
active of the catalysts investigated.

Reproducibility of iso-butane conversion measurements for specific catalyst 
samples were also investigated, i e for Pt/rt-Al20 3 and CslPt3

For platinum/ri-Al20 3 , three fresh samples of were taken from the same bulk 
material and investigated It was found that reproducibility could generally, only be 
attained between 570K and 670K and not at relatively lower temperatures, e g at 670K 
the three samples showed a maximum difference in iso-butane conversion properties of 
4% where as at 370K the maximum difference was found to be as much as 35% 
However for CslPt3 no reproducibility could be attained over the entire temperature 
range relative to Pt/n-Al20 3, for fresh samples of the same bulk material.
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Investigations into the effect that catalyst preparation has on iso-butane conversion 
was studied using both the cesium/platinum and cerium/platinum systems. It was found 
in both cases, that the co-impregnation of the metal salts on h-A120 3 resulted in an 
increase in catalytic activity relative to the step-impregnation of the salts, at the lower 
temperature ranges i.e. from 300K to 570K e.g. CelPt3(co) had an activity of 92% at 
520K compared to CelPt3 which had an activity of 53%. However for the 
cesium/platinum system, the order in which the metal salts were step-impregnated also 
caused an effect on the resulting catalysts iso-butane conversion properties, e.g. for 
forward step impregnation i.e. CslPt3(a), its activity was significantly increased 
relative to reverse step-impregnation i.e. Pt3Csl over the temperature range 370K to 
670K, e.g. Pt3Csl had an activity of 8% at 470K compared to CslPt3(a) which had an 
activity of 60%.

Thus in these cases, the order in which the metal salts were impregnated onto the 
support material can affect the relevant catalysts conversion properties for iso-butane, 
but the degree to which their conversion properties are affected varies between the 
different salts.

The results obtained for the catalysts LalPt3 and La3Pt3 indicate that on 
increasing the wt% loading of lanthanum from a lwt% to a 2wt% loading, caused an 
increase in catalytic activity over the entire temperature range e.g. LalPt3 had an 
activity of 11% at 570K where as La3Pt3 had a conversion of 96%. However this 
difference in catalytic activity was less pronounced between 620K and 670K. 
Comparisons between CslPt3(a) and Cs3Pt3 indicate the opposite effect for an increase 
in wt% loading of cesium for iso-butane conversion relative to lanthanum, e.g. 
CslPt3(a) conversion properties signifantly increased between 370K and 670K relative 
to Cs3Pt3. The catalyst CslPt3(a) was found to have an activity of 61% compared to 
Cs3Pt3 which had an activity of 4% at 370K. From the above results it is evident that 
the effect of increasing the wt% loading of the secondary metal salt (i.e. for La and Cs) 
on the resulting catalyst for iso-butane conversion, varies significantly between these 
metals and is dependant on the metal salt used.

The activities of all the catalyst studied were redetermined after initial testing, at the 
higher temperature range, (refer to Table 18). It was found that generally, the activity of 
each catalyst varied significantly relative to its redetermined value at the same 
temperature. In some cases the catalyst activity, was found to increase on secondary 
testing e.g. Sn3Pt3(co) had an initial activity of 10% at 520K, but on secondary testing it 
rose to 80%. For CelPt3 some of its repeat measurements were similar to its initial 
activity e.g. at 570K it was originally 70%, and on a repeat investigation it was also found 
to be 70% indicating some degree of catalyst activity retention.
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Hence from the results obtained in the determination of each catalysts activity for 
iso-butane conversion, the order of increasing activity is as follows:

CslPt3(a) > CelPt3 = CelPt3(co) = Pt3 > Sn3Pt3(co) = La3Pt3 
= Pt3Csl = CslPt3(co) = Cs3Pt3 = LalPt3

In order to determine whether or not the most active catalysts (1 e CslPt3(a) and 
CelPt3) retained their activity for iso-butane conversion after prolonged calcination, 
the catalysts CslPt3(a), and CelPt3 were calcined at 1370K for 12 hours in air and their 
activities were then determined and compared to the catalyst Pt3(a), (which had also 
been treated in a similar fashion).

It was found that all three calcined catalysts had decreased in activity at all 
temperatures on comparison with the results with the uncalcined samples CslPt3(a) 
had an activity of 58% at 520K but after prolonged calcination it was found to be 
inactive for conversion of iso-butane at this temperature It was also found to be 
inactive between 370K and 520K, where as catalyst Pt3(a) and CelPt3 showed some 
degree of activity.

Generally, for CslPt3(a), CelPt3 and Pt3(a), it was found that it was not until these 
catalysts had been heated to relatively higher temperatures that their relative activities 
increased significantly

The cenum /  platinum system 1 e CelPt3 was found to have a significantly higher 
activity than the other two (1 e CslPt3(a) and Pt3(a)), in the temperature range 570K to 
670K However the same catalyst had a relatively lower activity than the calcined 
Pt3(a) catalyst, in the temperature range 370K and 520K

With the catalyst CelPt3, both the uncalcined and calcined samples showed similar 
conversion properties between 570K and 670K, however this was not the case for 
CslPt3(a) and Pt3(a). Overall the results clearly indicate, that catalyst deactivaion had 
occurred with CslPt3(a), CelPt3 and Pt3(a), but to varying extents.

It was also found that when each of the above catalysts had been cooled and 
retested at certain temperatures they were found to have increased their activity; e g 
CelPt3 during initial investigation was found to be 8% active at 370K but when it had 
been cooled from 470K to 370K and retested, its activity had increased to 78% This 
phenomenon could possibly be attributed to coking on the catalyst at the lower 
temperatures, but after heating to higher temperatures this coke deposit was possibly 
combusted, so that when the catalyst was retested the activity was found to have 
increased
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Therefore from the results obtained CelPt3 retained some of its activity relative to 
its uncalcined counter-part for iso-butane conversion even after prolonged calcination at 
1370K and to a greater extent relative to the other catalysts studied, 1 e. CslPt3(a) and 
Pt3(a). Hence, not only is cesium able to impart a relatively high thermal stablismg 
effect on t|-A120 3, it was also found to be one of the most active co-catalysts with 
paltinum for iso-butane conversion even after prolonged calcination at 1370K

The order of catalyst activity for the conversion of iso-butane after prolonged 
calcination at 1370K was found to be as follows

CelPt3 > CslPt3(a) > Pt3(a).

For a summary of the results obtained during the catalytic activity investigations 
refer to Table 19.

Cerium has been used in previous studies by other researchers (55, 56) for 
hydrocarbon oxidation studies in association with noble metals It has also been 
previously found to stablise A120 3 against thermally induced surface area loss and to 
increase the dispersion of the noble metals used (56,57,58, 59)

Cerium oxide has been used as a major base metal additive for commercial three- 
way catalysts, used for the simultaneous conversion of carbon monoxide, hydrocarbons, 
and nitrogen oxides (55).

Summers and Ausen (60), have observed that the steady state CO oxidation 
activity of a Pt/Al20 3 catalyst was enhanced upon the addition of small quantities of 
cerium i e 0 6-13 wt%. They found that any further increases in the cerium content of 
the catalyst deteriorated the CO oxidation activity.

From the investigations conducted into the effect of increasing the wt% loading of 
cerium from lwt% to 3wt% for iso-butane conversion, there was also a decrease m 
catalytic activity. However at a relatively lower wt%, loading i.e lwt% a relatively 
higher catalyst activity was observed

Le Normand et al (56), also found in their studies, the same effect reported by 
Summers and Ausen (60) for low and high cerium loadings on y-Al20 3 supported 
palladium catalyst

Drozdov et al (61), investigated the effect of cerium, lanthanum and zirconium 
oxides on the thermal stability of Pt/Al20 3 catalysts They found that the platinum in the
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catalysts had a higher degree of dispersion and a lower tendency to aggregate, relative 
to the unmodified Pt/Al20 3 catalyst, if the above oxides were incorporated In fact the 
platinum dispersion in a sample with added cenum was significantly higher than with 
any of the other metal oxides present, and the order of increasing thermal stablisation 
effect was found to be (61),

Ce > La > Zr.

The catalytic activity for complete oxidation of methane over the cenum, 
platinum/Al20 3 catalyst was retained for longer penods of time than the unmodified 
Pt/Al20 3 catalyst and for the catalyst incorporating lanthanum or zirconium. The same 
effect due to cenum and lanthanum incorporation was seen in the complete oxidation of 
butane While the addition of both cenum and lanthanum to the Pt/r|-Al20 3 catalyst 
significantly increased the platinum dispersion, the thermal stability of the catalyst and 
the activity for oxidation of butane, cenum addition however was found to be more 
effective This agrees with the present work, where cenum addition was found to be 
more beneficial for catalytic combustion of iso-butane than lanthanum and that both the 
cenum and lanthanum additions increased the activity of the Pt/n-Al20 3 catalyst 
Drozdov et al (62) employed catalysts containing 2 53wt% loadings of platinum and the 
additives were introduced to give a 5 1 atomic ratio of the metal to platinum In this 
study, a 3wt% loading of platinum was used and the most effective ratio of cesium to 
platinum for iso-butane conversion was 0 5 1

Galas and Wrzyszcz (63) also investigated the effect of rare-earth elements 
(namely, La, Ce, Nd, Gd, Yb and Lu oxides) on the platinum dispersion m platinum/ 
y-Al20 3 catalysts In their studies the atomic ratio of Pt oxide was 1*1. They found in 
their studies that the platinum in the catalysts sinter at 1020K yielding catalysts of small 
platinum surface area However on the introduction of the rare earth oxides, large 
platinum surface areas were obtained even after calcination at 1020K for 5 hours

In further work, Galas and Wrzyszcz (64) studied the effect of the rare earth oxides 
on the activity of Pt/y-Al20 3 catalysts for the complete oxidation of iso-butene The 
catalyst they employed contained a 0 5wt% Pt and a 1:1 atomic ratio of Pt.rare earth 
oxide They found, that the activity of Pt/y-A120 3 modified by rare earth oxides and 
calcined at temperatures up to 1020K were greater than that of the unmodified catalysts 
The activity decreased in the following order (64),

Lu > La > Gd > Yb > Ce = Nd.
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The above result is in contrast to the results obtained in the present work and also with 
those obtained by Drozdov et al (62), in that lanthanum addition has a greater effect for 
increased activity than cerium addition Note however that the ratio of platinum to 
additive was different (Drozdov et al (62) used an atomic ration of 5:1 for additive Pt, 
Galas and Wrzyszcz (64) used a ratio of 1:1 and this present work used a ratio of 0 5 1)

Gelsthrope et al (65) studied the effect of lanthanum and cenum on the catalytic 
activity of Ni/A120 3 catalysts, for the methanation of carbon monoxide. They found 
that both lanthanum and cenum additions resulted in a slight increase in activity. This 
increase in activity was explained by the fact that the Ni dispersion had increased with 
cenum or lanthanum addition.

Therefore, from the present work and other studies, the addition of metals such as 
Ce, La, Cs, and zirconium have significant effects on the activity and thermal properties 
of the total oxidation catalysts. It was found that there is general agreement with the 
fact that cenum is the most effective agent for the stablisation of the support and to 
increase the catalyst's the activity Also, it helps to maintain the activity of the catalyst 
even after treatment at relatively high temperatures. The reason for cenum stablisation 
is not completely understood Possible explanations are as follows.

(a) the prevention of phase transformations in A120 3,
(b) increased platinum dispersions, and
(c) the prevention of platinum sintenng at high temperatures

Refer to Table 19 for a summary of the results obtained in this area of investigation 
(combining also the results obtained in Chapter 2)
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TABLE 19
INTERPRETATION OF ACTIVITY MEASUREMENTS 

(Employing steady state results)

CATALYST SAMPLE LOWEST TEMPERATURE 
AT WHICH % ISO-BUTANE 
CONVERTED > 50%

ORDER OF IMPORTANCE 
FOR THERMAL STABILITY 
AFTER 42 HRS AT 1270K

ORDER OF 
ACTIVITY ORDER OF STABILISATION 

of ti-A1203

Pt3(a) 570K 3 Not Applicable
Pt3(b) and Pt3(c) 520K 2 Not Applicable
LalPt3 620K 4 1

La3Pt3 570K 3 5
CslPt3(a) 370K 1 3 VERY SIMILAR TO CERIUM IN THERMAL STABILISING ABILITY FOR ti-A1203

CslPt3(b) 570K 3 3
CslPt3(co) 570K 3 3
Pt3Csl 570K 3 3
Cs3Pt3 620K 4 4
CelPt3 520K 2 2
CelPt3(co) 520K 2 2
Sn3Pt3(co) 570K 3 Not Applicable
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CHAPTER 5 
CONCLUSION
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Alumina is extensively used as a support material for oxidation catalysts, due to its 
inherent characteristics of inertness; chemical stability, large surface area, control of 
pore volumes and pore size distributions, acidic and basic properties However several 
phases of alumina exist and irreversible phase transformations from the relatively high 
surface area phases to the relatively low surface area phases can occur at high 
temperatures The addition of several metal cations namely, Ba2+, Ca2+, Ce3+, Cs+, La?+ 
and Zr»+ were investigated in an effort to stablise the high surface area alumina (1 e 
rj-Al20 3) and prevent transformation to low surface area phases (a-Al20 3) The order of 
effectiveness as phase transfer inhibitors for the above cations was found to be as 
follows1

La3+ > Ce3+ = Cs+ > Zr*+ = Ba2+ = Ca2+

While the addition of the cations decreased the initial surface area relative to the 
untreated TI-AI2O3, the rate of decrease in surface area with time was less in all cases 
than the untreated alumina

Small additions (lwt%) of La, Ce and Cs were found to be the more effective 
inhibitors of the transformation reaction of rj- to higher or a-A l20 3, with La being the 
most effective This stabilisation by La is in agreement with previous work quoted for 
y-Al20 3 transitions.

The order of metal cation stablisation generally agrees with the order of atomic 
radii and metal ion charge The concentration of the metal salts of the above cations 
also affected the stablisation processes, in most cases a lwt% loading was found to be 
the optimum

A range of Pt/r|-Al20 3 samples were investigated m an effort to determine the 
relationship between platinum dispersion and platinum metal loading Up to a 2wt% Pt 
loading the dispersion of platinum increased, reaching its maximum dispersion of 46% 
for a 3wt% loading, and thereafter the dispersion decreased Therefore a 3wt% loading 
of platinum was chosen for activity measurements

The effect of the metal stablising cations on the activity of Pt/n-Al20 3 catalysts was 
investigated The reaction chosen for catalyst activity measurements was the oxidation 
of iso-butane, and the rate of loss of iso-butane was determined

< i
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The addition of the metal salts Ce(N03)3 6H20  and CsCl at lwt% loadings to Pt/rj- 
A120 3 increased the activity for iso-butane conversion relative to Pt/r|-Al20 3, while the 
addition of the metal salts LaCl3 7H20  and SnCl4 5H20  had little or no effect on 
increasing the activity of the Pt/r\-A120 3 catalyst relative to the unmodified sample

The effect of step and co-impregnation of the metal salts Ce(N03)3 6H20  and CsCl 
with platinum (supported on T)-A120 3) for iso-butane conversion were also 
investigated The results indicate that the relative activities between step and co- 
lmpregnated catalyst samples vary between the salts Generally the co-impregnation of 
lwt% cesium with platinum indicated a reduction in activity relative to its step 
impregnated counterpart over the entire temperature range studied, where as the co- 
lmpregnation of lwt% cesium with platinum showed similar catalytic activities for is o - 
butane conversion, at specific temperatures

From all the catalysts studied, the order of initial activity for iso-butane conversion 
can be summarised as follows,

CslPt3(a) > CelPt3 = CelPt3(co) = Pt/ri-Al20 3 > Sn3Pt3(co) = La3Pt3 
= Pt3Csl = CslPt3(co) = Cs3Pt3 = LalPt3

With the sample CslPt3(a) showing a maximum increase in catalytic activity of 55% 
over the Pt/n-Al20 3 unmodified catalyst.

High temperature calcination at 1370K for 12 hours, decreased the activity of 
Pt/ri-Al20 3, by as much as 91%, however, the activity of cerium treated Pt/rj-Al20 3 was 
only lowered in activity by a maximum of 52%. Therefore, while Ce and La are among 
the most effective metal salts studied for the thermal stablisation of ti-A120 3, the 
addition of Ce is more effective than La addition for stablisation of the catalyst activity 
at relatively high temperatures for iso-butane convenson
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ABSTRACT
A s a n  in d u s tr ia lly  im p o r ta n t  c a ta ly tic  s u p p o r t  m a te r ia l ,  a  fo rm  o f  fib ro u s  a lu m in a , 

tj-A 1 20 3 , w as in v e s tig a te d  fo r  its th e rm a l s ta b ility . C a tio n  a d d it io n  w as u se d  as a  m e a n s  o f  
im p ro v in g  th e  s ta b il ity  a t  e le v a te d  te m p e ra tu re s .  T h e  fo llo w in g  c a tio n s  w e re  in v e s tig a te d : 
B a 2+, C a 2+, C e 3+, C s +, L a 3+, Z r 4 + ; th e  o rd e r  o f  e ffe c tiv e n e ss  as p h a se  t r a n s fe r  in h ib ito rs  
w as fo u n d  to  be

L a 3+ >  C e 3 + =  C s + >  Z r 4+ =  B a 2+ =  C a 2+ .

T h e s e  re su lts  a re  c o m p a re d  to  k n o w n  m e th o d s  o f  -y-A l20 3 th e rm a l  s ta b il isa tio n .

Introduction
The catalytic combustion of hydrocarbons has received much attention recent

ly, for example in automotive control systems, energy recovery systems and 
Hameless heaters (Trim m  1983). A n  advantage of catalytic oxidation is that N O x 
is not generally produced in the products. These oxidation catalysts usually consist 
of an active m etal (P t, Pd, Rh) on an inert support material (alumina, silica). 
H ydrocarbon  oxidation, such as butane oxidation

C 4 H 10 + 0 2 - C 0 2 + I I 20  AH =  -2 8 77 k J  m o l “ 1

is an exotherm ic reaction and the catalyst must be stable to high tem peratures. In 
some applications, the tem perature  of the catalyst may rise to 127UK or greater 
during use.

A lum ina is a good support material for oxidation catalysts owing to its inherent 
characteristics, i.e. inertness, chemical stability, large surface area, control of 
pore volumes and pore size distributions, acidic and basic properties (Knozinger 
1985). However, the thermal instability of alumina is a problem at high tem pera
tures.

A lum ina exists in many phases— y, 7 7 , 0 ,  5 ,  a  (G itzen 1970)— and transform a
tions can occur between the phases by successive dehydroxylation by removal of 
water at high tem peratures. T ransform ation  from y -A l 2 0 3 to a - A l 2 0 3 is accom
panied by a decrease in surface area and a decrease in pore volume. Such 
transformations in a catalyst material can lead to en trapm ent of the active metal 
and so loss in catalytic activity. Factors such as particle size, heating rate, 
presence of impurities and am bient pressure have been known to affect the phase

T h e su b v en tio n  gran ted  by D u b lin  C ity  U n iv ersity  (fo rm er ly  N .I .H .E . ,  D u b lin ) tow ard s th e co st  o f  
p u b lica tio n  o f  th is p ap er is gratefu lly  a ck n o w led g ed  by th e R o ya l Irish A ca d em y .
F r o c . K . I r . A c a d .  V ol. 8 9 b , 4 1 1 -4 1 7  (1 9 8 9 )
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transformations (Gitzen 1970). The effect of cation additives as dopants has been 
investigated by several researchers in an effort to stabilise the y -A l 2 0 3, minimise 
the transformation to low surface area aluminas, and understand the mechanism 
of the transformation (Burtin  et al. 1987a; M atsuda et al. 1984; Nortier and 
Soustelle 1987).

In this study, the thermal stability of an alumina fibre is investigated by 
monitoring changes in surlace area with heat treatm ent at 127UK. Cation dopants 
that have been shown in the literature to stabilise y -A l 2 0 3 powders were added 
to the fibrous r]-A\20 3 material and the surface areas m onitored with calcination. 
The cations chosen were B a2+, C a 2+, C e3+, C s+, L a3+ and Z r4+.

Experimental
P rep ara tio n  o f  a lu m in a

T h e  fo rm  o f  a lu m in a  fib re  u sed  w as S a fiil, m a n u fa c tu re d  by IC I (R u n c o rn ) .  T h e  
c o m p o s itio n  o f  th is  fib re  a c c o rd in g  to  th e  m a n u fa c tu re rs  is > 9 5 %  A l2O a , < 5 %  S i 0 2 w ith  
less th a n  2210  p .p .m . o f  th e  fo llo w in g  im p u ritie s : F e , C r ,  N i, N a , M g , C a  a n d  C l. T h e  
a lu m in a  in safiil is q u o te d  as b e in g  in th e  17- fo rm . T y p ic a l fib re  c h a ra c te r is t ic s  a re  as 
fo llow s: su rfa c e  a re a s  150m 2 g -1 , m e a n  fib re  d ia m e te r  3 /x m , p o re  v o lu m e  0 -2 cm 3 g -1.

T h e  fib re  m a te r ia l  w as g ro u n d  in to  a p o w d e r  u sin g  a m o r ta r  a n d  p e s tle  a n d  v a rio u s  
c a tio n s  w e re  in tro d u c e d  in e i th e r  1 o r  3 w t%  lo a d in g s . A n  ex cess  o f  th e  so lu tio n  o f  th e  sa lts  
p re p a re d  in m e th a n o l w as a d d e d  to  th e  a lu m in a  p o w d e r . T h e  sa lts  u sed  w e re  B a C l2-6 H 20 ,  
C a C l2-6 H 20 ,  C e ( N 0 3) , - 6 H 20 ,  C sC l, L a C l1-7 H 20  a n d  Z r 0 C l 2-8 H 20 .  T h e  sa m p le s  w ere  
th e n  d r ie d  u sin g  a ro ta ry  e v a p o ra to r  a n d  finally  a ir -d r ie d  in  an  o v e n  a t 70°C  o v e rn ig h t.

C a lc in a tio n
A ll sa m p le s  w e re  c a lc in e d  in a ir  fo r  v a r io u s  in te rv a ls  o f  tim e  in a m uffle  fu rn a c e  a t 

1270K . A p p ro x im a te ly  lg  o f  sa m p le  c o n ta in e d  in a p o rc e la in  c ru c ib le  w as h e a te d  in  th e  
fu rn a c e  fro m  ro o m  te m p e ra tu re  a t a r a te  o f  250K  h .~ ' a n d  th e  sa m p le s  w e re  fired  a t  1270K  
fo r le n g th s  of tim e  v a ry in g  fro m  1 to  42 h o u rs . A f te r  firin g , th e  sa m p le s  w e re  c o o le d  to  
ro o m  te m p e ra tu re  b e fo re  te s tin g .

S u r fa c e  area m e a su re m e n t
S u rfa c e  a re a  m e a s u re m e n ts  w e re  c a rr ie d  o u t  u sin g  th e  M ic ro m e ritic s  C h e m iso rb  2700 

in s tru m e n t.  E a c h  sa m p le  w as o u tg a s se d  in A r  a t  370K  fo r  h a lf  a n  h o u r  fo llo w e d  by  520K  
fo r  o n e  a n d  a h a lf  h o u rs  p r io r  to  te s tin g .

S u rfa c e  a re a s  w e re  d e te rm in e d  by  N 2 a d s o rp tio n  a t liq u id  N 2 te m p e ra tu re  fro m  a 3 0 %  
N 2/7 0 %  H e  m ix tu re , i .e . s in g le  p o in t d e te rm in a t io n . Q u a n ti t ie s  o f  N 2 a d s o rb e d  a n d  
d e s o rb e d  w e re  m o n ito re d  u s in g  th e  th e rm a l  c o n d u c tiv ity  d e te c to r  in th e  in s tru m e n t. A f te r  
a d s o rp tio n , e a c h  sa m p le  w as h e a te d  to  ro o m  te m p e r a tu r e  to  o b se rv e  th e  d e s o rp tio n  p e a k . 
E a c h  sa m p le  w as s u b je c te d  to  a m in im u m  o f  th r e e  a d s o rp t io n /d e s o rp t io n  cycles. D if fe r 
e n c e s  o f  less th a n  6 %  w e re  o b se rv e d  b e tw e e n  a d s o rp tio n  a n d  d e s o rp tio n  p e a k s  a n d  
su ccess iv e  a d s o rp tio n  p e a k s  a g re e d  w ith in  3 % .

A ll a d s o rp t io n /d e s o r p t io n  m e a s u re m e n ts  w e re  c o r re c te d  to  STP.

Results
The results are summarised in Table 1, giving the changes in surface area 

determ ined  with both 1 and 3%  additions of various cations. It is clear that the 
surface area of the untreated  alumina sample decreases rapidly over the initial 
5-hour heat treatm ent and the rate of decrease is still significant after 42 hours. A 
22%  decrease in surface area occurred over the first 5 hours, while over 42 hours 
a total decrease of 36% was observed— this corresponds to a final surface area of2 _1 2 —1113m g com pared  to the initial leading of 178m g .
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Taull 1— S u ila c c  a ie a  m cd su ic m c n ls

Rate S A  loss*** Rate S A  loss*** Rate 5/4 loss***
Initial 5/1* 1 —5/» 5-20/1 20-42/1

Sam ple 2 - 1 111 g 2 - 1 , - 1 in g  h 2 -1/ -1 in g  h » « y v

ai2o , 161** 5 52 0 65 0 76
1% La 130 0 73 0 05 0 00
1% Ce 126 1 45 0 50 0 00
1% Cs 119 1 72 0 18 0 06
I % Zi 148 1 69 1 83 NA®
1 % Ba 150 3 21 0 40 0 81
1 % Ca 149 4 61 0 50 1 02
3% La 128 0 46 0 30 1 08
3% Ce 149 4 93 0 67 0 22
3% Cs 132 0 93 0 56 0 55
1% Zr 141 1 60 0 95 0 00
3% 13a 130 1 64 0 81 0 52
3% Ca 114 4 23 0 63 NA®

* Initial suilacc aiea ailu 111 ol heating to 1270K.
** lhc surface area of alumina prior to heating is 178m2 g~', which gives a decrease in surface area 

over tlie first 5h of heating of 7 80m2 g_l h _1
*** Rate loss of surface area between 111 and 5h of heating, between 5h and 20h or 20h to 42h 

of heating at 1270K
© Results not available

A ll o f th e  sam p les  te s ted  su ffe ie d  som e loss in su rface  a re a  w ith h ea tin g  and  
th e  loss w as m ost sign ifican t ovci th e  fu st 5 - 7  h o u rs  o f h e a tin g  (see T ab le  1) T h e  
ra te  o f su ita c e  a re a  loss deci eases  sh a ip ly  in all cases a f te r  th is  in itia l 5 - 7  h o u r  
p e n o d  w ith  L a , Cs and  C e sam p les show ing  little  ch an g e  a fte i th is tim e

A ll of th e  d o p e d  a lu m in a  sam p les have  a low ci su ifa c e  a re a  th a n  th e  u n tre a te d  
a lu m in a  a fte i eq u iv a le n t h e a t t ie a lm e n t  up  to  20 h o u is  A f te r  th a t p e rio d  o f 
h e a tin g , th e  a lu m in as w ith  1 %  L a , 1%  C e and  3 %  C e h av e  su rface  a reas  o f  e q u a l 
o r  g re a te r  m a g n itu d e  th a n  a lu m in a  C lea ily  th e  p re sen ce  o f th e  ca tio n  in itia lly  
d e u  eases  th e  su rface  a re a  o f th e  a lu m in a  T h e  ra te  of loss o f su rface  a rea s  is less 
foi all o f th e  d o p e d  a lu m in as c o m p a re d  to  th e  u n tre a te d  a lu m in a  sam p le , 
ind ica tin g  som e th e rm a l s tab ilisa tio n  o f th e  a lu m in a  by th e  ad d itio n  o f d o p a n t 

T h e  ia te  o f d e c ie a se  in su ifa c e  a ie a  varied  d ep e n d in g  on  th e  d o p a n t m a te ria l 
G c n e ia lly  th e  la te  o i d c c ic a se  w as g ie a te s t o v e r th e  in s t 5 h o u rs  and  d ec reased  
up to 42 h o u is  In th e  case ol 1% C a , 3%  La an d  1% B a ad d itio n s  th e  ra te  of 
su ila c e  a ie a  loss in c reased  w ith p io lo n g e d  h e a tin g  to  42 h o u rs , w hile 3%  Cs 
ad d itio n  re su lte d  in a co n s ta n t ra te  o f su iia c c  a re a  loss o v e r th e  co m p le te  tim e 
ran g e

A fte r  20 h o u rs  a t 1270K , a 23%  loss in su rface  a re a  w as o b se rv ed  fo r 3%  C a 
an d  1%  Z i sam p les and  th ese  w ere  n o t ca lc ined  any fu r th e r  F ro m  T a b le  1 it is 
c leai th a t 1%  a d d itio n s  o f L a , Cs an d  C e g rea tly  red u ce  th e  ra te  o f loss o f  su rface 
a ie a ,  g iving th e  final su iface  a ie a s  o f 128m 2 g ~ ‘, 108m 2 g - 1  an d  115m 2 g “ 1 

resp ec tiv e ly  a f te r  42 h o u is  o f ca lc in a tio n  U n tie a te d  a lu m in a  h ad  a final su rface  
a ie a  o f 113m 2 g ~ ' a lte i 42 h o u is  o l ca lc in a tio n

®  I > 11
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Discussion
T h c im a l d e h y d ra tio n  o f a lu m in a  to  s ta b le  a - A l 20 3 re su lts  in th e  fo rm a tio n  o f 

th e  fo llow ing  tra n s itio n a l a lu m in as  a t th e  te m p e ra tu re s  in d ic a te d  (L ip p e n s  a n d  d e  
B o e r  1964)

y -A l20 3 — - ^ S - A l 2O 3- - - - - » 0  a n d  a - A l 20 3- - - - *  a - A l 20 3

tj-A I2 0 3 — 0- Al 2O 3- - - - >  a - A l 20 3

T h e  resu lts  p re se n te d  h e re  d o  n o t suggest th a t  a - A l 20 3 h as  b e e n  fo rm e d  a n d  it is 
m o re  likely  to  be  th e  tra n s itio n a l 0 -A l2O 3 p h ase  th a t  is p re se n t a t th e  te m p e ra 
tu re s  u sed  D e ta ile d  X -ray  analysis by B u rtin  et al (1987a) sh o w ed  th a t  th e  
d ec re a se  in su rface  a re a  o f -y-Al2 0 3 c o n e s p o n d s  to  th e  se q u en ce  g iven  ab o v e

y  ->  8  —> d  --» a

T h e  9- a n d  a - A l 20 3 p h ases  a re  o f m ark ed ly  lo w er su rface  a reas  th a n  y - ,  77- o r 
S-A120 3 (G itz e n  1970) G itz e n  (1970) q u o te s  re su lts  o f W ak ao  a n d  H ib in o  fro m  
1962 w hich suggest th a t  th e  tra n s itio n  te m p e ra tu re  o f 7 - to  a - A l 20 3 cou ld  be  
re d u c e d  to  up to  250K  by a d d itio n  o f m eta l ox ides in q u a n titie s  b e tw e e n  1%  and  
10%  T h ey  suggest th a t th e  la ig e r  th e  m eta l ion  o f th e  o x id e , a n d  th e  h ig h e r th e  
v a p o u r p re ssu re  o f th e  o x ide  a t th e  tra n s fo rm a tio n  te m p e ra tu re  o f th e  a lu m in a , 
th e  g ie a te r  th e  1 e d u c tio n  on  th e  tra n s itio n  te m p e ra tu re

T h e se  resu lts  show  th a t th e  in itia l su rface  a re a  (a f te r  o n e  h o u r  o f ca lc in a tio n  a t 
1273K ) o f  d o p e d  a lu m in as  is less th a n  th e  u n d o p e d  a lu m in a  sam p le  S ch ap er et al. 
(1983) sh o w ed  th a t  ev en  h e a tin g  to  723K  causes a g rad u a l d ec rease  in su rface  
a re a  w ith  in c reasin g  la n th a n u m  o x ide  c o n te n t, th e  g re a te s t s tab ility  b e in g  
ach iev ed  a t lm o l%  L a 2 0 3 ad d itio n  F ro m  th e  re su lts  in  th is  p a p e r , a d d itio n  o f 
sm all a m o u n ts  o f d o p a n t is m o re  effec tive  as a lo n g -te rm  th e rm a l s tab ilise r th a n  
la rg e r  a m o u n ts , 1 e th e  ra te  o f d ec re a se  in su rface  a re a  fo r  each  d o p a n t is less in 
th e  case  o f 1%  ad d itio n s  th a n  3%  a d d itio n s  a f te r  5 h o u rs  o f h e a t  tre a tm e n t 
(ex cep t fo r Z r) H o w e v e r, th e  o p p o s ite  e ffec t is seen  fo r th e  in itia l 5 -h o u r h e a tin g  
tim e , 1 e  3 %  ad d itio n s  re su lt in a s low er d e c re a se  in su rface  a re a  th a n  1%  
ad d itio n s  (excep t fo r C e)

A  stu d y  o f Ni on  y -A l20 3 (Y o u n g  et al 1980) show s th a t  N i can  delay  th e  
tra n s fo n n a tio n  to  u -A 1 20 3 a t 1220K fo r 16 h o u rs , b u t th e n  a ia p id  tra n sfo rm a tio n  
occurs A n  ex p la n a tio n  is ad v an ced  w lie ie  th e  d e lay  o ccu rs u n til th e  d iffusing  N i 
a rriv es  a t g ram  b o u n d a rie s , n u c lca tio n  sites a re  fo rm ed  a t th e  g ra in  b o u n d a rie s  
and  a rap id  tra n s fo rm a tio n  to  th e  a - p h a s e  th e n  occurs

T h e  loss o f in itia l su iface  a re a  a f te r  1 h o u r  o f ca lc in a tio n  from  th e se  resu lts  
w as in d e p e n d e n t o f  th e  c o n c e n tra tio n  o f th e  d o p a n t a d d e d  T h e  ad d itio n  o f 3%  
C e  an d  3 %  Cs d e c re a sed  th e  su rface  a re a  less th a n  1%  a d d itio n s  o f th e  sam e 
ca tio n s , w hile  th e  o p p o s ite  w as tru e  fo r  B a 2+, C a 2+ an d  Z r 4+ 10 ns T h e re  w as no 
sign ifican t d iffe ren ce  b e tw e e n  1%  a n d  3 %  L a  ad d itio n s  in in itia l su rface  a re a  

C a tio n s  h av e  b e e n  classified  as ac c e le ra to rs  o r  in h ib ito rs  fo r  th e  th e rm a l 
tra n s fo rm a tio n  in to  a - A l 2Q 3 L a n th a n u m  has b een  classified as an  in h ib ito r
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(M a tsu d a  et al 1984, O u d e t et al 1987, O u d e t et al 1988, S ch ap e r et al 1983) In  
a su rvey  o f ca tio n  ad d itiv es  by B u rtin  et al (1987a), l n 3+, G a 3+, A l3+ a n d  M g2+ 
w e ie  fo u n d  to  be a c c e le r a to r  fo r  th e  p h ase  tra n s fo rm a tio n  w hile Z r 4+, C a 2+, 
T h 4+ an d  L a 3+ w ere  in h ib ito is  N o rtie r  an d  S o u ste lle  (1987) suggest th e  sam e 
ions as in h ib itin g  ad d itiv es  ( Z i 4 \  C a 2H, T h 4+ a n d  L a 3+) a n d  suggest th a t th e  
la ig e i th e  ca tio n  an d  th e  lughci th e  ca tio n  c h a ig c , th e  m o ie  effec tive  it will be fo r 
a lu m in a  s tab ilisa tio n

T h e  p ie s e n t íe su lts  in d ica te  th e  o ld e r  o f in h ib itin g  s tre n g th  o f  th e  ca tio n s as 
follow s

Ld3+ >  C e3+ =  C s+ >  Zr4f =  Ba2+ =  Ca2+
Ionic radii 1 15 1 Ü1 1 69 0 80 1 35 0 99Á
Valency +3 +3 +1 +4 +2 +2

Io n ic  rad ii an d  v a len cy , as g iven  a b o v e , in d ica te  th a t th e se  re su lts  a re  in  g en e ra l 
a g ie e m e n t w ith  N o r tie r  an d  S o u ste lle  (1 987), th a t  th e  h ig h e r th e  valency  a n d  th e  
ion ic  la d iu s  th e  g ic a te i  th e  stab ilising  effec t

C a lc in a tio n  o f y -A I2 0 3 ab o v e  1270K. c o n v e its  it irrev e rs ib ly  to  th e  m o ie  s tab le  
tf - lo im  (AH =  —20kJ m o l" 1) (G ie e n w o o d  and  E a m sh a w  1986) S ev e ia l m e ch an 
ism s ol th e  tia n s lo i m a tio n  ol t ia n s itio n a l a lu m in as to  a -p h a s e  h ave  b een  p ro 
p o sed  an d  d iscussed  a -A lu m in a  has a rh o m b o h e d ia l c iy sta l s tru c tu re  com prising  
a h ex ag o n a l c lo se -p ack ed  a n a y  o f o x id e  ions (G re e n w o o d  an d  E a rn sh aw  1986) 
y -A lu m in a  consists o f a d e fec t sp inel s tru c tu ie  ( te tra g o n a l crysta l system ) w ith  
n o t all ol th e  ca tio n  sites o ccu p ied , o f g e n e ia l lo im u la  A lt(/-(D 1 /30 4 (W ells 1962) 
0 -A lu n n n a  o ccu p ies an  in te im e d ia te  s t iu c tu ia l  tra n s itio n  b e tw een  th e  sp inel 
la ttice  w ith  cub ic  oxygen  a rra n g e m e n t o f y -A l20 3 a n d  th e  c o rru n d u m  la ttic e  w ith  
th e  d e n se  h ex ag o n al oxygen  a r ia n g e m e n t an d  th e  a lu m in iu m  a to m s exclusively  in 
th e  o c ta h e d ra l p o sitio n s  o f a - A l 2 0 3 (G itz e n  1970) t]-A12 0 3 is a cub ic  sp inel 
s tru c tu re  o f  g e n e ra l fo rm u la  A l8[A 4u/3D 8/3] 0 32 w ith  th e  vacancies on  o c ta h e d ra l 
sites

O u d e t et al (1988) p ro p o se  th a t th e  ad d itio n  o f a p e ro v sk ite -ty p e  o x ide  such 
as L a A 1 0 3 to  th e  a lu m in a  su rface  in h ib its  th e  fo rm a tio n  o f low  su rface  a re a  
a lu m in a  by b lock ing  th e  c o iru n d u m  n u c le a tio n  sites  T h e  L a A 1 0 3, th ey  suggest, is 
h e ld  a t c o rn e rs  a n d /o i  ed g es, i e  h igh f ie e  c o o rd in a tio n  sites , an d  th ese  sites a re  
th e  reac tiv e  a ie a s  th a t ac t as n u c le a tio n  sites fo r th e  tra n sfo rm a tio n  re a c tio n  T h e  
p ie se n c e  o f la n th a n u m  a lu m ín a te  w as c o n ln m c d  by X -ray  d iffrac tio n  m eas
u re m e n ts  on  L a -stab ilised  a lu m in a  by S ch a p e r et al (1983)

M a tsu d a  et al (1984) give ev id en ce  fo r L a -/3 -A l20 3 fo rm a tio n  W h ile  ev i
d en ce  fo r an  M g A l2 0 4 p h ase  is g iven  by B u rtin  et al (1987a) fo r  M g -im p reg n a ted  
a lu m in a , th ey  fo u n d  no  ev id en ce  fo r la n th a n u m  a lu m ín a te  fo rm a tio n  in e q u iv a len t 
L a - im p ie g n a te d  a lu m in a

T h e  g e n e ra l fo rm u la  fo r y -A l2 0 3 fro m  W ells (1962) w as m odified  by S o led  
(1983) to  A l2 5n „  50 3 5( O H ) (j 5 to  in c lu d e  O H  species as a s tru c tu ra l e le m e n t 
B u i tin et al (1987b) suggest th e  g e n e ra l fo rm u la  fo r tra n s itio n  s ta te s  as 
A12D 0 3_ u/2 ( 0 H ) i;0 ]_u/2, w h c ie  □ re p re se n ts  ca tio n ic  vacanc ies in d iv a len t 
s ta te s  an d  O  re p re se n ts  an io n ic  vacancies o f th e  sp inel s tru c tu re  W h e n  a fo re ig n
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ca tio n  is in tro d u c e d , it is in c o rp o ra te d  in to  an  A l3+ site  o r  d iv a len t vacancy  T h e  
tra n s fo rm a tio n  re a c tio n , invo lv ing  d eh y d ro x y la tio n  by rem o v a l o f  w a te r  fo llow ed  
by s tru c tu ia l tia n s lo i m a tio n , is d e sc n b e d  in te im s  o l vacancy  an n ih ila tio n  T h e  
k ine tic  law d iscussed  by Bui tin e t  ul (1987b) an d  N o rtie i an d  S o u stc lle  (1987) 
involves th e  a n n ih ila tio n  o l vacancies as th e  la le -d e te rm in in g  s te p  in th e  tran s- 
fox m a tio n  p rocess

I t  sh o u ld  be n o te d  th a t  th e  %  d ec re a se  in su rface  a re a  fo r th e se  fib re sam ples 
o f 77-A l2 0 3 is less th a n  y -A l2 0 3 sam p les q u o te d , e g N o rtie r  an d  S o u ste lle  (1987) 
give le su lts  show ing  a fall o ff o f 85%  in  su rface  a ie a  a f te r  10 h o u rs  o f ca lc in a tio n  
a t 1370K c o m p a re d  to  a 35%  d e c ie a se  a f te r  42 h o u rs  a t 1270K in th is  study

Conclusion
T h e  fib rous a lu m in a , tj-A 120 3, is re la tiv e ly  m o re  s tab le  a t e le v a te d  te m p e ra 

tu re s  (1270K ) th a n  o th e r  fo rm s o f y -A l20 3 q u o te d  in th e  li te ra tu re  T h e  loss in 
su rface  a re a  is g re a te s t o v e r  th e  fiist 5 to  7 h o u rs  o f ca lc in a tio n  in all a lu m in a  
sam p les , d o p e d  an d  u n d o p e d

T h e  ad d itio n  o f th e  ca tio n s  d e c ic a se s  th e  in itia l su rface  a re a  re la tiv e  to  
u n t ie a te d  a lu m in a  an d  th e  la te  o l d e c ie a se  in su ifa c e  a ie a  w ith  tim e is less in all 
cases th a n  th e  u n tre a te d  a lu m in a

Sm all ad d itio n s  ( lw t% )  o f L a , C e an d  Cs w ere  th e  m o ie  effec tive  in h ib ito rs  o f 
th e  tian sfo i m a tio n  re a c tio n  o f  17- to  h ig h e r o r  a -A12 0 3, w ith  L a  b eing  th e  m ost 
e lfec tiv e  T h is  s tab ilisa tio n  by L a is in a g re e m e n t w ith  p rev io u s w o rk  q u o te d  fo r 
y -A l20 3 t ia n s itio n s
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