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GRAPTER 1 

INTRODUCTION, background of automotive exhaust catalysis; outline of the 
thesis 

Automotive exhaust catalysis has grown in importance ever 
since in the United States in 1970 the Congress passed a series of 
Arnendrnents to the Clean Air Act. The most centroversial aspect of these 
Arnendrnents at the time was the inclusion of a set of technology-forcing 
emissions standards for carbon monoxide, hydracarbon and nitrogen oxide 
emissions from automobiles. Coming from Los Angeles, California, there 
has been a continuous driving force towards lower emission standards . 

The present technological answer to these emission standards 
is the "controlled three-way catalyst". Three-way catalysts, named after 
their ability to reduce hydrocarbon, carbon monoxide and nitrogen oxide 
levels simultaneously, were first introduced in the USA by Volvo. For 
these catalysts to work effectively, it is necessary to control air-fuel 
mixtures very precisely. As a result, three-way catalysts have 
indirectly fostered improved air-fuel management systems such as 
advanced carburettors and even throttle body fuel injection systems, as 
well as electronic controls. In the present automoti ve exhaust gas 
treating systems the electronic control parts are more expensive than 
the catalyst itself. 

An additional advantage of the use of automotive catalysts is 
that changes made to the engine in an effort to optimise the 
effectiveness of the catalyst, for exarnple by more precise air-fuel 
management and electronic ignition systems , tend to imprave vehicle fuel 
economy and performance (1). The catalysts however, can only operate for 
a longer period of time when the engine is running on a lead free fuel, 
as lead is one of the major peisons to the catalyst . Another important 
poison is phosphorus, which is present in lubricating oils . 

The first three-way catalysts were applied in the form of 
pellets in a shallow-fixed-bed convertor. The volume of the catalyst bed 
is about equal to the volume of the engine. At present such fixed bed 
converters are only applied in large Arnerican cars (engine volumes > 3 
litre) which make up some 5 - 10% of the Arnerican automotive catalyst 
market. All other cars (the smaller Arnerican cars and all European cars) 
are equipped with a so called monolith, a piece of ceramic material with 
small pores from the entrance to exit through which the exhaust gases 
flow. On the walls of these canals the catalytic active materials are 
present. 

In order to test the performance of automotive catalysts, a 
standardised test has been developed in the USA. The Federal Test 
Procedure, often called the FTP-test, consists of an extensively 
described pre-handling of the test car containing the catalyst and a 
precisely prescribed driving schedule which is carried out on a 
dynamometer . During the "driving" of the car the exhaust gases are 
collected in large bags and they are analysed after the test. A maximum 
arnount of carbon monoxide, hydrocarbons and nitrogen oxide present in 
these bags is prescribed for the car to fulfil the test demands. 
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Firure 1 The West European Catalyst Market 
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INTRODUCTION 

The automotive exhaust catalyst market 

The automotive exhaust catalyst market is the biggest catalyst 
market in the world in terms of turnover value . As can he seen from 
figure 1 in Western Europe the growth of the catalyst market in the 
coming few years is enormous as most of the cars will have to he fitted 
with an exhaust catalyst. The market share of automotive catalysts in 
the United States has now reached a stable level . From 1977 onwards 
every new car in the US has been equipped with a catalyst convertor. 

The automotive exhaust catalyst market is very differentiated; 
every car model is fitted with a catalyst optimised for this model. 
Apart from that exhaust catalysts have a relatively short life cycle as 
the car manufacturers desire for every new version of a car model a new 
catalyst. In practice the exhaust catalyst producers cannot fulfil this 
demand as almost every year the car models are revised. The catalyst 
producers supply new catalysts for every new engine type of a car model 
that comes on the market. This means a new catalyst formulation every 
two to four years. 

The car manufacturers are quite conservative as it comes to 
trying out new catalyst concepts. Their own knowledge about exhaust 
catalysis is in some cases not extensive and they rely mainly on the 
number of years of running experience that they have with the catalysts 
in their cars. General Motors and Ford do have a lot of experience in 
developing catalyst systems and are also present in the forefront of 
fundamental research on automotive catalysis. 

There are only five major exhaust catalyst producers and the 
catalyst concept they all use is very similar. Their formulation is 
basedon a eerdierite (2Mg0/5Si02 /2Al2 03 ) monolith, produced exclusively 
by Corning Glass Works or its licence holder NGK. On this monolith 
carrier an alumina "washcoat" is brought to enlarge the catalyst support 
area. In this alumina washcoat the catalytically active material is 
impregnated. This consists of platinum, palladium, rhodium and ceria and 
some additives, varying from one formulation to the other. This makes 
the car manufacturers quite dependent on what the automotive exhaust 
catalyst producers are offering. 

From figure 2 and 3 can he seen that the platinum and rhodium 
usage in the US is highly dominated by automotive exhaust catalysis 
(2,3). Figure 4 shows the palladium market break up, which is different 
from those of platinum and rhodium. The main reasen for this is the fact 
that palladium is not used as abundantly as platinum and rhodium because 
it is quite sensitive to lead present in exhaust gas. The concentrations 
of lead in gasoline are slowly dimtnishing as the last remnants of 
tetra-ethyl-lead gets washed out of the large storage tanks for 
gasoline. In the future, more and more palladium could be incorporated 
in the catalyst formulation; it is cheaper than platinum at this moment 
but as demand goes up the price might rise as well. 

Figure 5 gives the platinum metal production world wide . It 
shows that this is heavily dominated by South Africa and the USSR. Since 
the platinum export from the USSR is relatively small compared to the 
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INTRODUCTION 

amount produced, the platinum and rhodium for automotive exhaust 
catalysts comes mainly from South Africa, see table 1 and figure 6 (2). 
About 3 grammes of noble metals are used in a catalyst so that one 
million troy ounce is the amount needed for the catalysts of ten million 
cars. Since there are more cars soldeach year in the USA than in Japan, 
there must be a significant stock of noble metals in Japan, see table 1. 
In South Africa there is also a large stock of noble metals as the 
amount produced is much higher than the amount sold, see figure 5 and 6. 

Table 1. Platinum supply and demand estimates, in '000 troy ounce. 
Source: Metals and Minerals Annual Review 1989. 

Demand 1987 1988 1989 

Japan 1,667 2,053 1,900 
u.s. 1,049 1,074 1,150 
EuropejOther 765 828 900 

Total 3,481 3,955 3,950 

Supply 1987 1988 1989 

South Africa 2,513 2,560 2,750 
USSR sales 400 400 410 
Other countries 205 234 250 
Recycled 247 265 290 

Total 3 , 365 3,459 3,700 

As the ratio in which platinum and rhodium are mined (18:1) is 
much higher than needed in the catalyst formulation (5:1), the rhodium 
price has risen considerably the last five years, see table 2 and figure 
7. In order to supply the European market with automotive exhaust 
catalysts, in the longer term recycling of platinum, palladium and 
rhodium from the spent automotive exhaust catalysts is necessary . As the 
concentrations of the noble metals in the catalyst is higher than in the 
original ore, very high recovery yields can be obtained (>99.5%). A 
logistical problem still forms the colleetien of all spent catalysts 
from wrecked and worn down cars. Amongst the catalyst manufacturers , who 
own the process patents for recycling of the catalysts and in some cases 
also have interest in platinum mines, it is thought that these are jus t 
start up problems which will be solved soon. They predict that no 
shortage of noble metals will occur by supplying the Western European 
car market with catalysts. 

The conclusion can be drawn that the car manufacturers are 
dependent on the exhaust-catalyst-manufacturersjplatinum-mining
companies which is quite a small group of firms, all supplying similar 
products . 
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CHAPTER 1 

Riloeiurn 

The electronic control parts of the catalyst system are very 
important and as can be seen from figure 8 much more expensive than the 
catalyst itself. A number of sensors in the engine (measuring cooling 
water temperature, lubricating oil temperature, accelerator position, 
oxygen sensor, etc.) varyingin number up to twelve are each sending a 
signal to a micro-processor. This micro- processor controls the airjfuel 
ratio by adjusting the fuel injection system . In a so-called "closed 
loop controlled" system, the oxygen concentration in the exhaust gas 
between engine and catalyst is measured and the fine tuning of the 
airjfuel ratio based on this signal is carried. This results in an 
adjustment of the air/fuel ratio with a frequency of one Hertz. The 
adjusting of this control system is important for optima! functioning of 
this task and should be accurately repeated during every check-up of the 
car in the garage. 
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The future of automotive exhaust catalysts will be changed by 
additional developments in three areas: 
1). Catalysts for diesel engines, 
2). Catalysts for engines running on alternative fuels such as methanol, 
3). Catalysts for lean burn engines. 

Re. 1). The car manufacturers and catalyst producers are alre ady fora 
number of years trying to produce a diesel fi lter with a lifetime of 
more than 100.000 miles of driving, without the chance of plugging of 
the filter. In diesel exhaust gas apart from carbon monoxide, hydro
carbons and nitrogen oxides also soot particles are present. At the 
surfaces of these soot particles many poly-aromatic compounds can easily 
adsorb. It is possible to design a catalyst that burns the carbon 
monoxide and hydrocarbons in diesel exhaust gas but in order to burn the 
soot particles a f iltering device has to be installed. It is very 
difficult to design a filter which does not plug under the changing 
circumstances which occur during driving of a car. Apart from that it is 
difficult t o reduce the nitrogen oxide concentration in d iesel exhaust 
gas because of the lean nature of it; oxidation reactions with oxygen 
take place much easier on the catalyst surface than oxidation reactions 
with nitrogen oxide as oxidising agent and in diesel exhaust gas an 
excess amount of oxygen is present . 

Re . 2 and 3 . As for every new engine type in a car model a new catalyst 
formulation is required, also new formulations are required for lean 
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burn engines or engines running on alternative fuels. Alternative fuels 
do not give structural new requirements to the exhaust catalysts, the 
formulation bas to be optimised for the concentrations of the different 
components to be converted in the exhaust gas . New engine concepts as 
the lean burn engine however, introduce extra selectivity requirements 
to the catalyst performance. As described above for diesel engines, in 
lean exhaust gases the catalyst bas to be selective in reducing nitrogen 
oxides in stead of oxygen, which is difficult to accomplish . Until now, 
non-diesel lean burn technology did not break through, as car 
drivability always is inferior compared to cars using conventional 
gasoline engines. In combination with an alternative fuel there might be 
some future possibilities . In all exhaust systems the electronic control 
plays an important part , which bas to. be optimised for every catalyst 
system individually. 

It bas been suggested (4) that catalysts based on non noble 
metals might be viable alternatives to the commercial systems. Often 
this bas been based on the results of laboratory experiments. However, 
in a practical test these catalysts did not perform satisfactory. A 
realistic test for automotive exhaust catalysts is a test applying a 
driving cycle on a dynamometer combined with at least 50 , 000 miles of 
ageing in the exhaust pipe of a car. Such a test is described by the 
American Environmental Proteetion Agency (EPA) in the Federal Test 
Procedure for automotive exhaust catalysts (the FTP-cycle). So far, non
noble metal catalysts have notbeen applied by the car manufacturers, 
mainly because of a lack in stability to (hydro) thermal ageing 
conditions and poisons such as sulphur dioxide. As the availability of 
noble metals is sufficient to supply the car manufacturers with noble 
metal based exhaus t catalysts, there is no urge for alternative exhaus t 
catalysts . 

Outline of the thesis 

In this thesis the kinetics of noble metal catalysts with a 
formulation related to that of commercial automotive exhaust catalysts, 
have been examined. The kinetic behaviour of automotive exhaust 
catalysts is complex as many interrela t ed reactions take plac e betwee n 
the different components present in exhaust gases. On top of t hat, a 
number of different catalytically active materials is present in the 
catalyst. Also the dynamics of automotive exhaust catalysis is great, 
due to the rapidly changing conditions of the exhaust gases emitted by 
the engine of a driving car. The actual process of exhaust catalysis is 
strongly diffusion limited, which makes a study of the kinetics under 
actual process conditions even more complicated . 

The application of a new radioisotope tracer t e chnique in 
studies of catalyst kinetics will be described. Reactant and product 
molecules were labelled with positron emitters and these labelled 
molecules were pulsed over a catalyst under conditions such , that the 
reaction rates were kinetically controlled. Labelling of the reacting 
molecules enables the in-situ measurement of transient phenomena in a 
reactor as a function of time and position, if a tomograph is used a s 
detection system. Integral reactor profiles are measured, by which 



INTRODUCTION 

concentratien gradients occurring in the reactor can be studied . The 
large amount of data obtained during each experiment were be used to 
quantify the kinetics. To this end, a refined mathematica! model of the 
kinetics based on the elementary steps of adsorption, desorption and 
surface reaction was used to simulate the experiments. 

The experimental conditions in this study were representative 
for the cold start of a car, when the catalyst is heating up. By 
applying small catalyst particles and high linear veloeities the 
influence of transport phenomena was excluded so that the experiments 
were carried out in the kinetically controlled regime. Reaction kinetics 
of carbon monoxide oxidation by oxygen and nitrogen oxide were studied. 
Experimental data obtained with surface science techniques were very 
useful in constructing the kinetic model. By simulating the experiments, 
the relevant kinetic parameters could be quantified and information on 
the elementary reaction steps was obtained. Since carbon dioxide adsorbs 
strongly to the catalyst carrier, 10% carbon dioxide was added to the 
gas phase (in actual automotive exhaust gas the concentratien of carbon 
dioxide is 10- 15%). This enabled the determination of the transients 
due to the interaction of gas components with the catalytically active 
compounds of the catalyst. 

In chapter 2 of this thesis a literature survey of the 
kinetics of automotive exhaust catalysis over noble metal catalysts is 
given. Chapter 3 introduces the positron emitting tracers and explains 
the signal registration using scintillation detectors. To validate the 
technique, the carbon monoxide oxidation by oxygen over a highly 
dispersed platinum catalyst was studied. Experiments were carried out 
using carbon monoxide and carbon dioxide labelled with the positron 
emitting 11 C-nuclide. The experimental data are compared with literature 
information. Chapter 4 introduces the use of a posit ron emission 
tomographer as a detection system. The influence of nitrogen oxide on 
the carbon monoxide oxidation was studied. In chapter 5 the use of 150 
and 13N labelled compounds is described. Pulse experiments were carried 
out with carbon monoxide, carbon dioxide and oxygen molecules labelled 
with lóQ and nitrogen molecules labelled with 13N. In chapter 6 the 
mathematica! model with which the experiments were simulated is 
described in detail. The addendum finally, is a paper in which three 
examples of the us e of positron emitters in industrial research ar e 
given. The application of positron emitters in studies to catalyst 
kinetics forms the third example in this paper. 

REFERENCES 

1. Platinum Metals Review, 30(3), July 1986, p. 106. 
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4. Boersma, M.A .M., Catal. Rev. Sci. Eng., 10(2) , 243 (1974) . 

9 



CHAPTER 2 

KINETICS OF AUTOMOTIVE EXHAUST CATALYSIS 

Automotive exhaust cata1yst composition 

Three way catalysts contain different catalytically active 
components, which are active in the purification of exhaust gases (1-3). 
The different components have different catalytic functions. These 
functions are influencing each ether in their catalytic activity and 
have to function in a complex reaction mixture under circumstances which 
can change strongly and rapidly during the driving of a .car (4-6). It is 
because of this complexity difficult to obtain information on exhaust 
catalyst kinetics under actual process conditions . 

The main ingredients of most commercial automotive exhaust 
catalysts are platinum, palladium, rhodium and ceria (1-3). Platinum 
andjor palladium are mainly present for oxidation of carbon (CO) and 
hydrocarbons (7), rhodium for the reduction of NOx (8,9) and the low 
temperature CO oxidation (10). The most important function of cerium 
oxide is the low temperature catalysis of the water gas shift reaction 
(11) . A nurnber of ether functions have been ascribed to ceria, which 
will be discussed below. 

The above however, is a streng simplification of the complex 
set of elementary reactions actually occurring in an exhaust system 
under practical reaction conditions. Numerous studies report on the 
activity of Pt and Rh in reaction mixtures containing CO, 02 , NOx, 
hydrogen and hydrocarbons or a selection of these compounds (e.g. 
12-24) . Synergism between Pt and Rh has been found (25) and a nurnber of 
papers report on the formation of alloys in exhaust gas mixtures and the 
activity of these alloys (26-37) . The presence of alloys in commercial 
catalysts under real exhaust conditions is under some debate as Pt is 
under most conditions present in the form of small metallic crystallites 
while Rh is highly dispersed at the ceriajalumina surface as an oxide 
(38). However, under real exhaust conditions of 400- 700"C and an 
oscillating (reductivejoxidative) atmosphere, the temporary formation of 
alloy cannot be excluded . The presence of these alloys might give rise 
to synergistic effects. · 

Platinum is contributing in quantitative te~ms for a major 
part to the exhaust catalysts activity. It catalyses the oxidation of 
all components which have not completely been burned in the engine 
(39-41). This group of components consists fora large fraction of CO 
and the rest is an extensive group of hydrocarbons. The hydrocarbons may 
be paraffins, olefins and aromatics and some of them are already 
partially oxidised to alcohols and aldehydes. The composition of exhaust 
gases depends on many factors, such as type of fuel used, type of car, 
state of service under which the engine functions, lubrication of the 
engine and driving behaviour (42). 

Palladium is also able to oxidise most of the components 
mentioned above. however, it is much more sensitive to poisoning by lead 
and phosphorous (43,44). Both lead and phosphorous are present in 
automotive exhaust gas. Lead originates mainly from the gasoline as even 
unleaded fuel still contains traces of lead. The concentrations of lead 
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in gasoline are diminishing in Western Europe, because the transition 
from leaded to unleaded gasoline took place quite recently and in the 
large gasoline storage tanks of most gasoline manufacturers the 
tetra-ethyl-lead concentrations still. are diluting. Phosph,orous present 
in automotive exhaust gas comes from the lubricating oils as these are 
burned in small quantities in the engine as well (44) . Especially in 
less· servleed and old engines the effect of phosphorous to, the exhaust 
catalyst can be quite significant. Although Pd is much che!aper than Pt, 
which is partly caused by the high demand for Pt from the automotive 
exhaust catalyst market, its susceptibility to poisoning is preventing 
an increased use of this noble metal in exhaust catalyst formulations. 

Rhodium is essential in automotive exhaust catalyst 
formulations mainly because of its high selectivity in the· reduction of 
NOx (45-50). The reduction of NOx into nitrogen occurs without producing 
significant amounts of ammonia under stoichiometrie or slightly reducing 
conditions. The reaction catalysed by Rh is: 

Platinum also catalysis the reaction: 

which is unwanted. Nieuwenhuys et al. (30) have found that the rate of 
NH3 formation is larger on Pt than on Rh surfaces because the lower bond 
strength. of Pt-N and therefore the lower NO dissociation probability on 
Pt than on Rh . This leads to a lower N/H ratio on Pt than on Rh 
surfaces, and gives adsorbed N atoms on Pt a chance to react with 
adsorbed H atoms and form NH3 • On Rh surfaces the chance that two 
adsorbed N atoms associate to an N2 molecule is much larger than on Pt 
surfaces, because of the higher concentrations of adsorbed N atoms at 
the surface. 

Cerium oxide is present in concentrations of a few percent 
weight in the formulation of automotive exhaust catalysts (11). To 
maximise the activity of ceria it is deposited with high dispersion at 
the support surface. A number of functions have been ascribed to the 
presence of ceria in.automotive exhaust catalyst formulations. Most 
studies on ceria in exhaust catalysts have been carried out examining 
the capacity of ceria to rapidly store and release 02 at its surface, 
which is under cycled feed stream conditions even larger than under 
steady state conditions (51-60). This leadstoa surface concentratien 
of 02 which is more constant than the fluctuating gas concentrations. 
The valenee of ceria thereby changes from +3 to +4 and back (57-59). The 
engines of cars equipped with a closed loop controlled three-way 
catalyst are directed by a feed back mechanism. The 02 concentratien in 
the exhaust gas at the inlet of the catalyst is constantly ·monitored and 
a signal from the 02 sensor is sent to the fuel injection system. This 
signal directs the airjfuel ratio at the inlet of the engine from 'rich' 
(-net reducing) to 'lean' (- net oxidising) or vice versa .. As this 
control system is thus over-steering every second as the exhaust gas 
composition is oscillating from lean to rich and back with a frequency 
of about one Hertz (61-64). 
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Another function of ceria in the catalyst tormulation is 
increasing the dispersion of noble metals at the catalyst surface (11). 
Also the (hydro)thermal stability of the 1-alumina carrier increases due 
the presence of ceria (11). It has been reported that following the same 
impregnation procedure when placing Pt on a 1-alumina carrier gives rise 
to a lower dispersion of the Pt than when applying this impregnation 
proceduretoa 1-alumina carrier containing a few percent of ceria (11). 
Apart from that, ceria has been found to promote the CO oxidation over 
highly dispersed noble metal catalysts (65,66). 

The most important function of ceria in the catalyst 
formulation howevcr, is the catalysis of the water gas shift reaction 
during the cold start of a car and under rich (reducing) exhaust gas 
conditions (11) . During the cold start of a car high concentrations of 
CO are present in exhaust gas (67). In the standard automotive exhaust 
catalyst test, the FTP cycle, a significant part of the CO is emitted 
during the cold start part of the test. Under these circumstances the 
oxidation of CO by H2 0, forming C02 and H2 , is catalysed by ceria. Water 
is present in 10-15% in exhaust gas. The advantage of this reaction is 
twofold . Firstly the poisonous CO is converted into C02 and secondly H2 
is produced, which is known to be an excellent reductant for NOx . The 
NO/H2 reaction is catalysed by Rh and starts to take place at 
sufficiently high temperatures. 

The addition of ceria to the catalyst tormulation has a number 
of disadvantages too. It is known to have a high storage capacity for 
many components besides 02 . Sulphates and phosphates are easily formed 
at the ceria surface during ageing of the catalyst in real exhaust · 
gases. The surface ceria sulphates contribute to the highly unwanted 
hydrogen sulphide formation. Under rich exhaust gas conditions at the 
edges of the noble roetal crystal particles and the ceria the sulphates 
can be reduced by which H2 S is formed. In exhaust gases from engines low 
concentrations of phosphorous oxide are present . As the catalyst is 
subject to the presence of these exhaust gases for longer periods, ceria 
phosphates are formed (68) .· These species have been found to diminish 
the H2 S production in aged exhaust catalysts. Probably the phosphates 
bind stronger to the ceria surface than the sulphates so that the 
sulphates are repressed from the ceria surface. Apart from that both the 
ceria and noble metals are sintering during ageing, which diminishes the 
interface area between noble metal crystals and ceria and thus the 
chance on H2 S formation. Besides (hydro) thermal ageing and doping of 
the catalysts with phosphates the hydrogen sulphide formation can 
largely be suppressed by a strict control of the engine fuel injection 
system, which ensures that large fluctuations of the air/fuel ratio and 
thus excursions to the rich side do not occur (68). 

The formation of ammonia has also been found to be enhanced by 
the presence of ceria in the catalyst formulation (69). This process 
however only takes place in quite rich exhaust gas conditions which are 
not very likely to occur in controlled three way catalyst systems. 
Automotive exhaust catalyst systems without a closed loop control are 
for the reasons of H2 S and NH3 formation as well as other unwanted 
reactions less preferable. 
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co oxidation by 02 

In the literature an extensive number of studies of both the 
CO oxidation by 02 as well as by NO has been reported on single 
crystals. Studies at very low teroperatures have been perforroed on the 
adsorption of gases at these surfaces (49). At higher teroperatures 
single crystal (45,46,48) as wellas on supported metal catalysts 
(70-73) have been studi'ed. The for autorootive exhaust catalysis more 
relevant .three-coroponent systero of C0/02 /NO has received l~ss attention 
(7,20,74,75) . Under autorootive exhaust catalysis process conditions, 
especially the conditions occurring during the cold start of a car, the 
noble roetal surfaces of the catalyst are highly covered with CO 
(64,76,77). The other components have to coropete with CO in order to 
find a place to adsorb at the catalyst surface. 

In the C0/02 reactant system, the overall reaction rate has 
been reported to be first order in 02 and negative first order in CO 
under conditions occurring during heat-up of a converter (78). The 
proposed reaction roechanism is as follows. CO adsorbs very strongly to 
noble metal surfaces at low teroperatures so that the rate limiting step 
for CO oxidation by 02 is the rate of 02 adsorption at the catalyst 
surface. At rising temperatures the rate of CO desorption from the noble 
metal surface increases and the equilibrium shifts to the gas phase so 
that more 02 molecules can find a place to adsorb dissociatively and 
irreversibly to the catalyst surface (79). Two surface sites are 
occupied by the two adsorbed 0-atoros. The surface reaction between 
adsorbed 0-atoms and adsorbed CO molecules takes place raptdly . The 
product of this reaction step, C02 , desorbs immediately after formation, 
with enlarged kinetic energy (80). The surface reaction step thus 
results in two empty sites at the noble roetal surface and a gas phase 
co2 molecule. 

In contrast to Pt and Pd, the C0/02 reaction has been found to 
be structure insensitive on Rh, which was demonstraeed by the identical 
kinetics measured on Rh(lll) and Rh(lOO) surfaces . At high 02 partlal 
pressures the Rh surfaces deactivate due to the formation of surface 
oxides, probably Rh2 03 (81). 

An interesting question is, why the low teroperature oxidation 
of CO is faster over Rh surfaces than over Pt surfaces. It has been 
reported that the surface of Rh crystallites is slightly oxidic under 
net oxidising conditions while Pt surfaces reroain mostly metallic (38). 
Apart from that, it has been reported that on highly dispersed Rh 
catalysts di-carbonyl species, Rh(C0) 2 , are formed. The presence of 
these species is more pronounced as Rh loadings are low and the 
dispersion is high . Cho and Stock (10) have examined this system with a 
transient isotope pulse technique and it was concluded that a 
significant amount of CO dissociates under slightly oxidising conditions 
on well dispersed Rh/~-Al2 03 catalysts. The rate of CO dissociation was 
even found to be in the same order of magnitude as the rate of CO 
oxidation with 0-atoms originating from 02 molecules . In the absence of 
02 the CO dissociation was found not to be significant. The superior CO 
oxidation performance of Rh catalysts could be explained via this 
mechanism of CO dissociation. The presence of NO in the gas s tream 
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however, suppresses the dissociative oxidation of CO severely. The 
poisoning effect of sulphur onto the CO oxidation, which was reported to 
take place under practical engine conditions (82), might at least partly 
be caused by the same mechanism as the NO inhibition (10). 

Ceria present at the catalyst surface has been reported to 
enhance the CO conversion reactions. This is most pronounced under 
cycled feed stream conditions. Above light-off temperatures the rate 
determining step in the CO oxidation reaction is the surface reaction: 

--> 

Cèria enhances the 0 surface coverage at the noble metal crystallites at 
the catalyst surface and thus the overall oxidation rate. The mechanism 
is as follows. Ceria have a high oxygen storage capacity. Under lean 
conditions oxygen is stored at the ceria surface . This oxygen is 
released at the edges of the ceria surface and the noble roetal 
crystallites, which is most pronounced under rich conditions . At the 
noble metal surfaces high concentrations of adsorbed CO are present . At 
the edges an enhanced oxidation reaction takes place. · 

CO oxidation by NO 

The CO/NO system is quite different from the C0/02 system . 
BothNO and CO adsorb strongly to the catalyst surface (83), while in 
the C0/02 system the surface is covered with adsorbed CO molecules and 
the reaction rate is limited by the dissociative adsorption of 02 
molecules. Below the light-off temperature of the system, the reaction 
rate of the CO/NO system is limited by the rate of NO dissociation. The 
light-off temperature is the temperature at which the reaction rate 
rapidly increases and high conversions are reached, due to the 
exothermal nature of the reaction (42). Rh (rich) surfaces are more 
active in the NO dissociative reaction than Pt (rich) surfaces (30). 
Above the light-off temperature the reaction rate is limited by the rate 
of the oxygen scavenging reaction; the adsorbed 0-atoms are reduced by 
CO molecules at the surface (84) . 

In general, the N-N bond is formed by association of two 
adsorbed N-atoms (P-N2 formation) , which originated from NO dissociation 
(45,46). co2 is formed from reetion between adsorbed co and adsorbed 
0-atoms. The maximum C02 production occurs at temperatures at which the 
NO dissociation is complete (85) . 

The rate of CO oxidation by NO is dramatically different on 
different Rh single crystal surfaces (81). At higher temperatures the 
reaction is limited by the p-N2 formation from two adsorbed N-atoms; 

By the N2 desorption the surface is cleared for adsorption of other 
reactants, such as CO. At lower temperatures however; the reaction is 
rate limited by 6-N2 formation: 
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The activatien energy for the p-N2 formation mechanism has a higher 
activatien energy (Rh(lll): E4 /R = 15,500 K) than that of 6-N2 formation 
(Rh(lll): Ea/R = 10,500 K). Also, at lower temperature much more 
molecular adsorbed NO is present, as the NO dissociation is nat yet 
complete (83) . 

On the Rh(lOO) surface the change in the rate limiting step 
from p-N2 formation to ó-N2 formation occurs at a lower temperature than 
at the Rh(lll) surface. The activatien energy for P-N2 recombination is 
higher on the Rh(lOO) surface (83). 

Also on Pt the NO reduction rate is sensitive to surface 
geometry (86). On Pt catalysts, at temperatures below light-off, the 
ó-N2 formation is more important than the P-N2 formation. The NO 
dissociation step is much slower than on Rh, sa that much more adsorbed 
NO molecules will be present at Pt surfaces. Only at higher temperatures 
the p-N2 formation becomes important (83). 

Depending on the conditions, N20 can be formed (12,87). The 
formation of N20 may be an important intermediate step in the CO/NO 
reaction over Rh surfaces. Cho et al. (87). reported that a maximum in 
the NO conversion as a function of temperature was found, which could 
nat be explained in terms of corresponding CO conversion. The N20 
formation was found to be at least partly responsible for the observed 
maxima in the NO conversions. A third reaction mechanism towards N2 and 
C02 , occurring at higher temperatures, was proposed: 

2 NOad -> N20ad + o.d 
co ad + o.d --> co2 
co ad + N20ad --> N2 + co2 

co + NO -> ~ N2 + co2 

At temperatures above light-off N20 formation is rapid and 
0-atoms accuroulate at the surface, as the CO scavenging reaction is rate 
limiting. The build-up of 0-atoms severely inhibits further NO 
decomposition . CO rich gases rapidly remave these adsorbed 0-atoms from 
the surface . Under cycled feed streams converslons are higher than under 
steady state conditions below the light-off temperature (61,62,64,84). 
The explanation for this fact might be that in cycled feed streams the 
surface gets cleared in the rich part of the cycle by the oxygen 
scavenging reaction. 

The catalytic reactions in the CO/NO system can result in NH3 
formation under rich conditions. This effect is much larger over Pt 
surfaces than over Rh surfaces. The concentratien of adsorbed N-atoms at 
the noble metal surfaces was found to be the key factor in the mechanism 
of either N-N association ar reaction of adsorbed N-atoms with other 
adsorbed species as for example hydragen (30) . At higher te'mperatures 
the rate of oxidation of NH3 to NOx is very high so that NH3 , which is 
formed in the catalyst is oxidised back to NO befare it leaves the 
reactor (75). The net effect of NOreduction to NH3 and consecutive 
re- oxidation to NOx is of course nil . 
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The influence of N02 on the CO/NO reaction system has also 
been studied (73). A mechanism was proposed in which both N02 and CO 
adsorb at the noble metal surface where reaction to NO and C02 takes 
place. The C02 desorbs from the catalyst surface (73) and the NO may 
stay adsorbed to the noble metal surface and become further reduced. 

The C0/02 /NO reaction system 

17 

The C0/02 /NO system is a combination of the above mentioned 
reaction systems. It was reported by Alikina et al. (88-90) that CO and 
NO adsorb on the same surface sites at the noble metal surface. In rich 
reaction mixtures the sucface is covered by CO which hinders the 
adsorption of NOor 02 . Under lean conditions Rh surfaces are under a 
higher state of oxidation, which suppresses the adsorption of both CO 
and NO. Higher concentrations of 02 in the gas phase lead to higher 
concentrations of 0-atoms at the catalyst surface, which blocks the 
sites for NO dissociation (91-93). At near stoichiometrie conditions 02 
and NO have to compete with each other to adsorb at the catalyst surface 
and dissociate forming 0-atoms. These 0-atoms will react at the noble 
metal surface with the adsorbed CO atoms to form C02 , which desorbs 
rapidly. Experiments with a Pt/~-Al2 03 catalyst indicated that its CO 
oxidation activity is much less affected by the presence of NO than .the 
CO oxidation rate over Rh/~-Al2 03 is (18). 

The. adsorbed N-atoms have to associate to form N2 molecules, 
which also desorb fast from the surface. At low temperatures, Pt 
surfaces are blocked by adsorbed CO molecules and Rh surfaces are 
blocked by NO molecules or reaction intermediates, such as N2 0. As the 
temperature rises, reactions begin to take place and quickly accelerate 
to light-off on noble metal surfaces. As long as the local CO 
concentrations are high enough, CO adsorbs at the noble metal surfaces 
and the reactions with oxidants proceed. A small local surplus of 02 
leads to a rapid depletion of CO, which immediately stops the conversion 
of NOx. In the C0/02 /NO system above light-off temperature it is thus of 
importance whether a rich or a lean gas mixture enters the converter 
with the noble metal catalyst. When starting with a rich mixture, a CO 
residue is left in the converter, which enables a high CO coverage on 
the noble metal surfaces and thus also a high NO conversion. When a lean 
mixture enters the converter a surplus of 02 remains, leading to an 
abrupt decrease in coverage around the stoichiometrie point, which stops 
NO conversion (84). 

Below light-off temperatures Pt and Rh are selective catalysts 
for the NOreduction in the presence of 0 2 • Under these conditions at 
which formation of adsorbed 0-atoms is rate limiting, NO% adsorbs much 
stronger to the catalyst surface than 02 . This selectivity deteriorates 
dramatically as temperature rises. At 60o•c for example, the CO 
oxidation by 02 is largely favoured. Rhodium is the only noble metal 
that at high temperatures under reducing conditions reduces both NO and 
02 (74). 

In the C0/02 /NO system, the CO oxidation rate under converter 
heat-up conditions, was found to be higher over bi-metallic Pt/Rh 
catalysts than over equivalent catalysts containing Pt or Rh only (7). 
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The Rh surfaces are slightly oxidic under net-oxidising conditions so 
that a high concentration of 0-atoms is present at the catalyst surface . 
These oxides suppress CO adsorption significantly . This leads to a 
relatively low activity of the Rh catalyst . Platinum surfaces on the 
other hand , are metallic under these conditions and highly covered by 
adsorbed CO molecules . This high CO coverage blocks ·0 2 adsorption which 
also leads to a relatively low activity. In catalysts where Pt and Rh 
are impregnated onto the catalyst such that an intimate mix at the 
surface exists . A superior activity under converter warm-up conditions 
is found . Platinum supplies the CO and Rh supplies the 02 for the 
oxidation reac.tion (7). The promoting effect of ceria on Pt catalysts 
follows an analogous mechanism . Ceria donates 0-atoms to the Pt surface 
so that at the edge of the ceria surface and the Pt crystals the rate of 
oxidation is high . 

A number of authors report on the formation of isocyanate 
complexes as reaction intermediates or polsons to the active sites . 
Under particular reaction conditions significant amounts of isocyanates 
can be formed . They were found to be unstable in the presence of 02 on 
Pt surfaces (87-90) . In. the presence of 02 the isocyanate species are 
oxidised to N2 and C02 molecules, which desorb from the surface . It was 
concluded by Cho (87) that the presence of isocyanate species probably 
is not very relevant to the reaction mechanism . 
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CHAPTER 3 

Exhaust catalysis studies using in-situ positron emission . Part 1: CO 
oxidation over supported platinum/ceria catalyst 

ABSTRACT 

Obtaining the parameters needed for accurate modelling of the 
intrinsic kinetics of multi-component catalytic reaction systems, such 
as automotive exhaust catalysis, is difficult because of the 
simultaneous occurrence of many interrelated reactions. A novel 
non-invasive and in-situ technique is the application of positron 
emitters in labelling reactants . The use of this technique is 
demonstrated in this paper using 11 C-labelling . The specific properties 
of positron emitters and its possibilities for the study of 
heterogeneously catalysed reactions will be illustrated by investigating 
the kinetics of the CO oxidation catalysed by a platinumjceria/1-alumina 
catalyst . Kinetic parameters are determined on the basis of a 
mathematica! model of the reaction . Ce02 was found to promote the CO 
oxidation catalysed by platinum . A strong interaction between C02 and 
ceria was found . The accuracy of the technique using the usual 3*3 inch 
Nal(Tl) scintillation detectors becomes limited when concentration 
gradients occur in the reactor. This is due to the field-of-view effects 
of the detectors and makes ~he technique unsuitable for application to 
more complex systems . A next paper reports on the study of the same 
system using a positron emission tomographer as a detection system . This 
system is not limited to the absence of concentration gradients . 
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INTRODUCTION 

In automotive exhaust catalysis a multi-component reaction 
mixture is converted by a heterogeneous catalyst with several catalytic 
functions. In automotive exhaust gas both oxidising (02 , NO) and 
reducing (CO, H2 , hydrocarbons) compounds are present, whi~h may 
mutually react on one or more of the catalytic functions. In commercial 
exhaust catalysts a number of preclous metals (platinum, palladium and 
rhodium) may be present as well as additives to the catalyst carrier 
such as cerium oxide (1-16). All of these metals and metal oxides have 
different catalytic functions. The purpose of this research is to 
accurately model the kinetics of exhaust catalysis under realistic 
process conditions. Usually the behaviour of the reaction intermediates 
is proposed via kinetic roodels based on the converslons under different 
conditions as measured at the outlet of the reactor. In order to not 
only predict the outlet gas compositions but also establish the 
behaviour of the reaction intermediates on the catalyst, an in-situ 
technique is needed. Information on the presence of reactants, 
intermediates and products at the catalyst surface during the reaction 
should be gathered. An attempt will be made to elucidate the role of the 
different catalyst components . 

To obtain inforrnation about the state of the catalyst surface 
under actual reaction conditions also other techniques as for instanee 
in-situ infrared spectroscopy and Rarnan spectroscopy can be used. One 
finds many studies where Fourier Transform Infrared (FTIR) has been 
applied to study the composition at catalyst surfaces under in-situ 
conditions (17-36). However, infrared data can not easily be quantified 
and furthermore only infrared active components can be studled with 
these techniques. Besides, the quantitative evaluation of the spectra 
becomes very difficult in systems in which many different components are 
present at the catalyst surface such as is the case in automotive 
catalysis. Apart from that, the mean residence time and residence time 
distribution of the reacting cornponents at the catalyst surface can not 
easily be derived from spectroscopie measurements. The nurnber of studies 
in which Raman spectroscopy has been applied is more limited, but 
interesting results have been reported (37-43). Similar limitations as 
apply to infrared spectroscopy also apply to Raman spectroscopy. Since 
the positron emission technique described in this paper cannot 
discriminate between atoms in different molecules but allows 
quantification of the kinetic parameters, this technique supplies 
information complementary to that obtained with spectruscopic 
techniques . 

Another successful set of techniques form the transient 
experiments, often applying different (radio)isotopes. These techniques 
are giving information about reaction mechanisms and the rate limiting 
steps in reaction kinetics (44-55). The main limitation of these 
techniques is the fact that only information at the exit of the reactor 
is obtained. Frorn this information the presence of reaction 
intermediates and the kinetics of adsorption, desorption and surface 
reaction processes have to be calculated. This means that information 
about what actually happens at the catalyst surface is obtained 
indirectly . In most reactors concentration gradients occur, which make 
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it very difficult to establish the rates of adsorption , desorption and 
surface reaction at different locations in the reactor using transient 
techniques. 
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The positron emission technique is in essence an extension of 
the transient techniques as it does directly yield information on the 
degree of occupation of the surface sites by reacting components . This 
information can be used to obtain the reaction rate parameters of the 
individual adsorption , desorption and reaction steps. One utilises the 
labelling of reactants or reaction products with positron emitting 
nuclides, in particular 11 C, 13N and 160 . With the advent of Positron 
Emission computed Tomography (PET) as a research tool in nuclear 
medicine (56-63), the utilisation of short-lived positron emitting 
nuclides like 11 C (t\ - 20 . 39 min, 100% positron yield, Emax- 1 . 0 MeV), 
13 N (9.965 min, 100%, 1 . 2 MeV) and 160 (2 . 037 min, 100%, 1 . 7 MeV) has 
increased considerably. The positron is the anti-matter counterpart of 
the electron, which implies that upon encounter the positron and the 
electron annihilate , i.e . converted into electromagnetic radiation . To 
conserve momenturn two 1-photons are emitted in opposite directions in 
this conversion process (see figure la) . The energy of the 1-photons is 
dictated by the energy conservation law and is almost completely 
determined by the conversion of the mass (m) of the positron/electron 
pare into electromagnetic radlation according to E- mc2-511 keV . 

0 

INCIDENT 

POSITRON ---->., _ _::::::::...::_ 

Figure 1 : Schematic drawing of 
a : positron/electron annihilation event, 
b: Compton scattering process . 

Scantred 
ohoton 

Owing to this annihilation process the distance over which a 
positron travels in the catalyst matter (p - 1 g/cm3 ) is very limited 
(ca. 1.6 mm for positrons with Emax- 1 MeV). However, the resulting 
1-photons may travel through a catalyst for elongated distances (half 
thickness value in catalyst matter approximately 7 . 5 cm) . 
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The use of positron emitters such as 11 C in kinetic studies 
offers the following attractive aspects : 
1). The nuclides 11 C, 13 N and 15 0 can he incorporated in the actual 

reactant molecules and the resulting positron-labelled molecules 
are chemically not distinguishable from uniabelled ones. Isotope 
effects in the pre-exponenrial factors of adsorption and desorption 
rates are very small and will be neglected in this study . 

2). The state of the catalyst surface may he studied both in-situ and 
non-invasively, since the indirectly emitted radiation can he 
easily detected through a reactor wall (half thickness value in 
steel ca . 11 mm), thus yielding direct information on reaction 
kinetics, With another radioisotape of carbon, such as 14 C, the 
product stream can he monitored, as the ~--radiation originating 
from 14 C can not penetrate reactor walls . On the other hand, many 
surface science techniques can only obtain direct information about 
the status of the catalyst surface at very low pressures. 

3) . The utilisation of scintillation detectors as deceetion system for 
the annihilation photons, offers the possibility of detecting 
coincidences implying acquirement of absolute positron emitter 
concentrations at a well-defined time and location (56,57). 

4). An advantage related totheuse of short-lived radionuclides 
is their high specific activity resulting in a high sensitivity of 
measurement requiring very small quantities of the labelled 
molecules (order of magnitude pico moles) in cernparisen with the 
amount of reacting molecules . Because of the short half live of 
these radionuclides. there are less problems with waste, product or 
environmental contamination. 

This paper is the first in a series in which the application 
of positron emitting nuclides in reactant molecules for studying the 
kinetics of automotive exhaust caralysis will he discussed. In this 
paper results of experiments with 11 CO and 11 C02 in the oxidation of 
carbon monoxide catalysed by a platinum on ceriajalumina catalyst are 
presented. The reaction between oxygen and carbon monoxide has been used 
extensively to study the heterogeneaus catalysis by platinum surfaces. 
The kinetics of the adsorption, reaction and desorption steps are known 
quite well and for this reason this reaction was selected as a model 
system to study with the positron emission technique . 

Many of the individual steps involved in the reaction 
mechanism of the CO oxidation by 0 2 over platinum surfaces have been 
established independently and the kinetic parameters ha~e been 
quantified (64-70). It has been difficult however to measure in-situ the 
surface coverage of the reacting components under actual reaction 
conditions. The degree of accupation of carbon monoxide on noble metals 
was reported to be very high, so that the rate limiting factor in the 
oxidation reaction at low temperatures, is the availability of free 
platinum sites which allows the oxygen molecules from the gas phase to 
adsorb dissociatively (71-79). The next steps are the rapid surface 
reaction and the virtually instantaneous desorption of the product 
carbon dioxide. The reaction order for CO according to this mechanism is 
reported to be negative with a streng dependenee on the reaction 
conditions . 
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Under particular reaction conditions, often in systems where 
low dispersed single and poly-crystalline platinum surfaces and high 
02 /CO ratios are present, the reaction shows oscillations in carbon 
monoxide oxidation rate (18,19,80,81). This phenomenon has been studied 
extensively and different mechanisms have been postulated to explain 
these oscillations. The oscillations have been observed in single 
crystal UHV studies (82-87) as well as on platinum foils, wires and 
supported catalysts under atmospheric conditions (88-95) . Under steady 
state conditions different surface conditions can occur and the 
oscillations take place due to the fact that the catalytic system goes 
back and forth from one stationary condition to the other . These 
different station~ry conditions have their own surface structure, degree 
of occupation with thc reacting components and surface temperature. 

The time resolution of the positron emission technique as used 
in the experiments described in this paper, was mainly restricted by the 
speed of product identification with radio-gas-chromatography; about 
once every 50 seconds a sample could be analysed . Due to the short half 
life of the positron emitting nuclides very small amounts of these 
labels gave rise to sufficient signal for significant detection . For 
this reason a time resolution of 10 ms for the scintillation detectors 
is easily obtained (96) . Because the main aim of the experiments was to 
study the dynamics of the steady state and because of the time 
resolution of the product identification system it was decided to avoid 
the o~currence of oscillations based on catalyst surface reconstruction. 
For this purpose the presence of high 02 /CO ratio's were avoided; 
concentrations as are common in automotive exhaust catalysis have been 
applied. Also, the usage of a catalyst with highly dispersed platinum on 
a large surface area carrier was chosen, which reduces the crystallinity 
of the platinum surface. A high dispersion also has the advantage of a 
high activity per gramme of catalyst, so that only small amounts of 
catalyst were needed in the experiments . In the literature a number of 
methods have been described to characterise the active surface of highly 
dispersed platinum catalysts (97-102) . For this study a platinum metal 
specific reaction has been developed to establish the amount of active 
platinum surface at the catalyst accurately . 

Another interesting aspect of the oxidation of carbon monoxide 
in automotive catalysis is the influence of cerium oxide . Many functions 
for ceria in automotive catalysts have been proposed, most of them ba3ed 
on the ability of cerium to switch easily from one valenee to the other 
(103-111). The dispersion of noble metals on an alumina carrier is also 
increased by adding ceria. To study the influence of ceria, a l-Al2 03 
carrier, impregnated with both highly dispersed ceria and platinum was 
used. 

This paper describes the novel application of the positron 
emission technique in catalyst kinetics research, the experimental 
set-up and procedure applied in the pulse experiments . The 
interpretation of the signals from the radioactivity detectors is 
pointed out . A mathematica! model was constructed to simulate the pulse 
experiments . The results of the experiments are discussed and compared 
to literature findings . 
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EXPERIMENT AL 

Preparation of the catalyst 

A standard highly dispersed platinum catalyst was synthesised 
on an alumina carrier containing 0 . 6% highly dispersed ceria . This 
catalyst formulation is a simplification of commercial automotive 
exhaust catalysts as it only contains one type of noble metal . In the 
nèxt paper of this series the activity of a similar catalyst containing 
rhodium only will be discussed and compared to the performance of this 
standard platinum catalyst . The catalyst was prepared using Boehmite 
(Kaiser, Versal 250, Forming Grade) as an alumina carrier on which 
Ce(N03 ) 3 . 6H2 0 (Fluka AG, pro analyse) was impregnated toa concentration 
of 0 . 6 w% Ce02 . After drying and calcination at 5oo•c a carr i er was 
obtained on which ceria was highly dispersed present at the alumina 
surface, which was verified using XPS and TEM/EDX. Onto this carrier 
PtC14 (ex Drijfhout) was impregnated toa concentration of 0 . 12 w% Pt . 
Again the catalyst was dried and calcined at 500•c . Before use the 
catalyst was reduced in 5% H2 for 2 hour at 35o•c . This procedure 
resulted in a catalyst with a BET surface area of 111 m2 /g and a pore 
volume of 0 . 56 ml/g . Applying this impregnation procedure ensured that 
both ceria and platinum were present highly dispersed at the alumina 
surface (114) . 

The platinum dispersion at the catalyst surface was measured 
using hydrogen adsorption . A H/Pt ratio of 1 . 40 was obtained for the 
reduced catalyst, which indicates a high dispersion ; the alumina/ceria 
carrier showed no hydrogen uptake. In order to obtain a more accurate 
figure for the amount of reactive platinum surface available to the gas 
components at the catalyst surface, a parameter which is needed in 
precise modelling , a platinum-surface-specific reaction was used . The 
low-temperature (30 - 90.C) propene hydrogenation reaction is 
specifically catalysed by platinum (and palladium, rhodium, etc . ) but 
not by alumina, ceria, silica . In a small plug flow reactor tube, which 
was placed in a programmable , accurately tempersture controlled oven , 
catalyst samples were analysed for hydrogenation activity at seven 
temperatures . Argon was used as carrier gas and an excess of hydrogen 
was applied (5% H2 and 1% propene) . The use of a computer controlled 
quadrupole mass spectrometer, Balzers QMG 112 allowed reproducible 
analysis . By measuring the activity of a large number of highly 
dispersed platinum model catalysts , a gauge line was constructed as 
shown in figure 2 . These catalysts were ~repared applying different 
impregnation techniques, which were reported to ensure high dispersions . 
The disperslons were calibrated using hydrogen and CO chemisorption and 
high H/Pt and CO/Pt ratios were obtained . Using the gauge line the 
amount of platinum surface on an experimental catalyst could be 
determined . The data on the standard catalyst used in this study are 
summarised in table 1 . 

A platinum di spersion of 84% followed from the propene 
hydrogenation experiments . Because of this high dispersion a CO/Pt 
adsorption ratio of 1 . 0 was taken . Ratlos of 0 . 89 have been reported for 
catalysts with a somewhat lower dispersion (72 ,120) and the ratio of 
1 . 02 for highly dispersed catalysts (121) . For the adsorption capscity 
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of the platinum surface the value of 2.4*10- 5 moljm2 was used as the 
literature reports on figures as 2*10- 5 (72) to 2.5*10- 5 moljm2 (122). 
As 3.9 g of the standard catalyst was placed in the reactor tube in a 
pulse experiment, the catalyst in the reactor contained thus 1 m2 

platinum surface. The figures used in the simulations with the kinetic 
model (see below) are summarised in table 2. 

Table 1. The standard platinum catalyst properties. 

Support 
Partiele size 
BET surface area 
Pore volume 
Ceria loading 

Al2 03 I Ce02 
30 - 80 mesh 
111 m2 /g 
0 . 56 ml/g 
0.6%w 

Ceria surface 
Platinum loading 
Platinum dispersion 

highly dispersed at alumina surface 
0.12%w 
84% 

Table 2. Parameters used in the reaction model . 

Parameter Value 

Platinum dispersion 84% 
CO/Pt ratio l.O 
CO adsorption capacity of Pt surf. 2.4*10- 5 

Total platinum surface in catalyst 1.0 m2 

co2 adsorption capacity of Ce02 at standard carrier 5.6*10- 5 

co2 adsorption capacity of Ce02 at standard Pt cat. 3.1*10- 5 

~ ,-------------------------------. 

Reaction rate 
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Figure 2 Platinum specific propene hydragenation reaction test. 
Reaction rate versus platinum surface . 
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Experimenta1 set-up 

The experiments have been carried out using the facilities of 
the Institute of Nuclear Sciences at Ghent, Belgium for production of 
11 C labelled components (112,113). The standard catalyst was 
continuously exposed toa gas flow of 0 2 and CO (ca. 0 . 2 ~molesjs), so 
that the catalyst bed (L- 13.5 cm) was kept under steady state 
conditions. At a given moment a 'pulse' of the same gas mixture, but 
additionally containing 11 CO (ca. 50 MBq or 0.15 pico mole.s) was 
injected in the gas flow. The number of additional 11 CO molecules in the 
'pulse' is thus very small compared to the number of CO molecules which 
are constantly fed to the catalyst, so that the catalyst system remains 
chemically completely under steady state. Prior to the inj'ection of the 
11 CO and 11 C02 radionuclidic, radiochemicaland chemical purity has been 
checked by means of (radio) gas chromatography confirming purities 
better than 99.9%. 

HOT 

CELL 

Figure 3 

PULSE 

LOOP 

Schematic drawing of the experimental set up. 
Indicated are the detectors (#l- #4) and the mass ~ ~e 

silver (Ag) oven body containing the flow tube ('silver 
oven') . Samples from the reactor exit can betaken and 
analysed on their CO/C02 ratio by radio-gas-chromatography 
(RGC) and mass spectroscopy . 



CO OXIDATION OVER PT 

Figure 3 shows a schematic representation of the equipment in 
which the radioisotape experiments were carried out. The radioactive 
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11 CO or 11 C02 were extracted from the lead shielded container , by 
evacuating the injection loop system and thereafter allowing the argon, 
containing the radioactive compound, to flow into the injection loop 
system. Because the activity decays rapidly (t\ ~ 20.3 min) and was 
delivered batch-wise, different sizes of loops were applied. By choosing 
larger loops as time after delivery of the batch passed, equivalent 
amounts of radioactive molecules could be injected into the gas flow 
duringa period of two hours . By switching the valve of the injection 
loop system, the radioactively loaded argon was taken up into t he 
continuous argon flow, without disturbing the pressure or the chemica! 
composition of the gas flow. The pressure in the system was monitored 
with a Digitron model P320 pressure indicator. The argon flow was 
mixed-up continuously with a gas flow containing the reacting gas 
components CO, 02 and C02 , using Brooks 5850TR mass flow controllers. 
The total flow was led through the catalyst bed in the reactor. 

By the use of a system applying three nine-port valves and 
flexible Teflon tubing it was possible to rnaintaio the same gas flow 
rate and composition over four different reactor tubes at the same time . 
Three of these tubes were plac ed in a s epara te oven applying t he same 
temperature to the three reactor tubes as the fourth one which was 
contained in the test reactor oven placed between the scintillation 
detectors. This construction made it possible to lead the radioactive 
pulse through the tube in the test reactor only, while the other tubes 
were subject to the same gas flow, but without the radioactive pulse. In 
this way four different catalyst samples could be submitted to exactly 
the s ame pulse experiments, concerning temperature, gas composition, gas 
flow r ate and pulse cha racteristics. 

The reactor in which the pulse experiments were carried out 
consiseed of a cylindrical 15 mm silver heating block round the 3/ 8 inch 
Hoke tube filled with catalyst and was controlled by an Eurotherm 818P 
temperature programmerjcontroller. The reactor was placed exactly in the 
centre of the field of view of the two 3*3 inch Nai(Tl) scintillation 
de tectors ( s ee results) and at the moment the radioactive component was 
injected into the gas flow the de ceetion wa s started . 

A total gas flow of 40 ml/ min containing 1.0% CO and 0.5% 02 
was led over 3.875 gramme crushed catalyst, sieve fraction 30-80 mesh, 
which was placed in a 3/8 inch reactor tube (stainless steel, internal 
diameter 7 mm) so that a high linear velocity was applied. In later 
experiments also 10 . 0% co2 was incorporated in the gas flow, without 
changing the concentration of the other compounds in the argon f l ow (see 
discussion s ection). Under these flow conditions it was found t hat no 
transport limitations, such as pore diffusion, were present s o that the 
kinetics were limiting the reaction rate and not the transport 
phenomena. 

A number of expe riments has been carried out in which a 
catalyst was placed in the reactor tube and the standard gas flow (Argon 
with l% CO, 0 . 5% 02 and in most experiments 10% C02 ) was led through the 
catalyst bed and was moni t ored with the mass spectromet er. Into t his gas 
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flow a pulse of radioactive 11 CO or 11 C02 was injected and the residence 
time distribution of the 11 C label was monitored using 3*3 inch Nai(Tl) 
scintillation detectors, while the gas chromatograph was monitored with 
the proportional counter. The experiments carried out in this way are 
the summarised in table 3. 

Table 3. The pulse experiments carried out. 

Tracer Reactor Interaction between gas I 

pul se loading phase and catalyst bed 

llco SiC ~ 

llco2 SiC ~ 

llco Al203 ~ 

llco2 Al203 ~ 

llco Ce02/Al203 ~ 

llco2 Ce02/Al203 co2 ads. at Ce02 
llco Pt/Ce02/Al2 03 co2 at Ce02 and CO oxid. at Pt 
llco2 Pt/Ce02 /Al2 03 co2 ads. at Ce02 

The chemical analysis 

The product stream was analysed making use of gas 
chromatography and mass spectroscopy. A Hewlett Packard HP5890A gas 
chromatograph equipped with a Parapak Q column and a HP3396A integrator, 
was used to separate C02 from CO to allow radiochemical analysis of the 
product gas (see radioactivity detection system paragraph below). A 
Balzers quadrupale mass spectrometer QMG 112 equipped with a 0.25 mm 
capillary, was used to monitor all gas component concentrations, bath 
reactants and products. The injection pulse loop system was adjusted sa 
that no fluctuations in pressure and gas concentrations could be 
detected when a injection was given. Ta suppress the effect of air 
leakage into the injection loop, the complete injection loop system was 
placed in a box in which an argon atmosphere was maintained . 

The radioactivity detection system 

The detection of positron emitters occurs indirectly by the 
registration of the 511 keV annihilation photons . Owing to their high 
energy these photons require large volume Na! (Tl) scintillation 
detectors . The 11 C signal was monitored with lead collimated, 
cylindrical shaped (3*3 inch, r = 3 . 81 cm, z- 7.62 cm) Nai(Tl) 
detectors at the inlet, on the catalyst bed itself and at the outlet of 
the exhaust reactor (Fig. 3). In an experiment the number of detected 
events during an acquisition interval of bath 0.2 s and 1.0 s are stared 
into 8 x 1024 channels of a multi-channel analyser . Therefore the total 
measuring time for the detectors is either 204.8 s or 1024 s. 

At the outlet it is nat a priori known which molecules carry 
the 11 C label. Samples taken from the effluent stream were sent directly 
to a co;co2 separating gas chromatograph equipped with a proportional 
counter for the detection of radiation, placed after the Thermal 
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Conductivity Detector (TCD). Due to the rapid separation of CO and C02 
on the Parapak Q column, the amounts of 11 CO and 11 C02 could be 
quantified every 50 seconds in one experiment . With this radiochemical 
analysis the distribution of radioactive 11 CO and 11 C02 at the reactor 
outlet could quantitatively be reconstructed in the course of time 
during the experiment. 

THE KINETIC MODEL 
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To assist in the determination of the rate constants a 
mathematica! model has been developed, which describes the 
concentrations of relevant reactive components as a function of time and 
location in a plug flow operated packed bed tube reactor . The model 
contains three reaction steps for CO oxidation over platinum as well as 
one for C02 interaction with the ceria. For details on the use of this 
mathematica! model we refer to (119). The dissociation of 02 after 
adsorption at the platinum surface is taken to be very fast and 
molecular 02 is not present ·at the platinum surface, although this has 
been under debate (65). Also the G02 desorption step was taken very fast 
and irreversible so that the products of react i on step (3) are t wo free 
platinum sites and a G02 gas molecule (68 ,73 ,78) . The reaction: 

2 co + 02 --> 

catalysed by Pt on Ge02 /Al2 03 catalyst has been decomposed into the 
following elementary steps: 

GO + Pt 
02 + 2 Pt 
PtCO + PtO 
co2 + A 

<-->. 
--> 
--> 

<--> 

TUK INUT 

co 

o. 

0 

PtCO 
2 PtO 
2 Pt + co2 

AC02 

TIJK PACK EO liED 

co 

adsorption 
dissociative adsorption 
reaction at surface 
adsorption at carrier 

Tla OUTI.LT 

co. 0. f-----co. 

\z \· / \~ co 
~ 

+ PtCO ACOt 0. PtO 

POSITIOH ALOHO REACTOR 

(1) 
(2) 
(3) 
(4) 

Figure 4 Schematic representation of the plug flow reactor with the 
catalyst bed and the elementary reaction steps . 

Figure 4 schematically shows the reaction steps as well as the 
geometry of the tube reactor. The concentrations of the components in 
the gas and 'solid' phase , dependent on time tand position x satisfy 
the following mass bala"nces equations: 
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for 
and 

The 

The 

t > 0 
0 < x< L 

gas phase : 

acco);at 
aco2 )/at 
acco2·);at 

solid phase: 

a(PtCO)jat 
a(PtO)/at 
a(AC02 )/at 

+ v.a(CO)jax 
+ v.a(02)jax 
+ v . a(C02 )jax 

(PtCO)+(PtO)+(Pt) 
(AC02 )+(A) 

-(l-!).R1 /! 
-(l-!) .R2 /! 
(l-!). (R;-R4 )/! 
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(5) 
(6) 
(7) 

(8) 
(9) 

(10) 

(11) 
(12) 

where R1 is the mass action defined net reaction rate of step i (e.g. R1 

- k1 f.(CO) . (Pt)- k1 b.(PtCO) ), ! is the bed porosity, v : is the linear 
gas velocity and L is'the lengthof the catalyst bed in the reactor. The 
gas velocity does not change much, as it is mainly determined by carrier 
gases. Equations (5) till (7) define the concentrations CO, 02 and C02 
in the gas phase. Equations (8) till (10) describe the adsorbates PtCO, 
PtO and AC02 at the catalyst and carrier surface. Finally, equations 
(11) and (12) defining the free Pt and carrier (A) sites complete the 
system (Ptmax and Amax are the maximum number of sites avatlable). 

The crux of the experiment to be simulated is that total 
concentrations (labelled + unlabelled) do not vary in time; only 
interchange between components including labelled and unlabelled C atoms 
takes place. To simulate this experimental procedure the equations (5) 
till (12) are solved in two stages: 
1). The steady state situation is simulated by omitting the time 

derivatives in (5) till (12). Salution of the resulting system of 
coupled ordinary differentlal and algèbraic equations results in 
the steady state concentration profiles along the reactor. In 
figure 5 a typical steady-state profile along the reactor of .the 
fraction active Pt sites is depicted. 

2). Equations (5) and (7) (including time-derivatives), (8) and (10) 
are .solved for the components, which involve labelled 11 C-atoms 
(CO; C02 , PtCO and AC02 ). The concentrations of thc componentsnot 
invalving C-atoms are taken from the steady-state profiles. Tè 
account for the experimentally realised irilet pulses, different 
.types of time-dependent inlet patterns (block, Gaussian shapes, 
etc .) can he specified (also inlet pulSe shapes for other labelled 
gas components such as 11 C02 can be simulated). These inlet pulses 
form the initial conditions for the equations. 

The system of hyperbalie partial differentlal equations · (5) 
till (12) is characterised by two different eigenvalues: À& - v related 
with the gas phase equation and À5 - 0 for the solid phase equations. As 
the gas phase equations are fully convection dominated a first order 
upwind calculation of the flux term could have been employed for the 
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space discr~tisation of the partlal differentlal equations . However the 
pulse injection of 11 CO at the reactor inlet causes steep, shock wave 
type patterns of labelled components along the reactor . As first order 
upwind schemes do not adequately resolve such high derivatives, a second 
order central discretisation has been used for the numerical salution of 
equations (5) till (12) . To avoid dissipative oscillations a moving grid 
approximation basedon the methad of lines (115,116) has been employed. 
In this approximation the Lagrangian form of the space discretised 
system of partial differentlal equations is augmented with a set of 
additional ordinary differentlal equations; one for each grid point . 
Salution of the augmented system yields an optimal grid in the sense 
that the grid points are densely located when high spatial derivatives 
occur . 

Figure 5 
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Simulated steady state profile along reactor of the CO (C) 
and 0 (0) gas phase concentrations, free platinum surface 
sites2 (P), dissociated oxygen atoms at the platinum surface 
(1) and C02 adsorbed at the ceria surface (2) . 

Figure 6 shows a typical simulation of an 11 CO pulse 
experiment with the mathematica! model, basedon slightly adjusted 
literature values (see discussion) , of the reactants, intermediates and 
products at the catalyst surface and in the gas phase . In the experiment 
a sharp block pulse of labelled was injected at the reactor inlet during 
0 . 6 seconds . The gas velocity was 3.4 cmjs . Clearly the dense location 
of grid points along the reactor at positions with high derivatives 
enables a sharp resolution of the 11 CO shock in the gas phase . Note also 
the shock waves of the .Pt 11 CO concentration at the catalyst surface. 
This shock originates from the (fast) dynamic equilibrium of the ttco 
adsorption step in the reaction mechanism . 
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Figure 6 
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CHAPTER 3 

Simulation of transient of traeed 11 CO pulse through reactor. 
At four different moments in time the concentratien profiles 
over the catalyst bed are given; 0 . 2 seconds after the 11 CO 
pulse entered the catalyst bed and after 0.6 s, 1.4 s and 
4 s. The label C represent the concentration of 11 CO at that 
location and the indicated time after injection, the label 2 
represent 11 C02 concentration and C's connected by a line 
represent the adsorbed 11 CO on the active Pt surface of the 
catalyst. The concentrations are normalised. 

Owing to the experimental design the signal, which originates 
from the catalyst bed, is a measure for the total amount of 11 C present 
in the bed during the time evolution of the 11 CO experiment. However in 
the results section it will be argued that in addition to the reaction 
kinetics also the location of the 11 C-label within the catalyst bed 
influences the shape of the recorded response. These "field of view" 
effectscan betaken into account by overlaying the total 11 C-label 
concentratien curves at different times with the detection sensitivity 
profile derived from extensive Monte Carlo ~-photon tracking 
computations (117). 
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RESULTS 

The shape of the radioactivity signa1s 

A typical example of recorded signals is presented in figure 
7. In this experiment a commercial crushed General Motors pellet 
catalyst, containing 1000 ppm platinum, 300 ppm rhodium and 2% ceria on 
a gamma-alumina carrier, was submitted to the standard gas flow at 
150°C. Under these conditions a steady state conversion of 96% was 
reached and a pulse of 11 CO was injected into the gas flow. The signals 
of detector #l, #2 and #4 (Fig. 3) are presented as the count-rate of 
so-called singles nriginating from the detection of only one of the 
annihilation photons (Fig. 7a, b, d). The count-rate in figure 7c 
represents coincidences stemming from the detection of both ~-photons in 
coincidence (Fig. 3 and Fig. S). If one photon is detected in detector 
#2 or #3, the second one should be detected in detector #3 or #2 within 
a preset 10 ns time-window in order to register one coincident event. It 
should be noted that photons generating the signals presented in figure 
7b and 7c have passed through a 15 mm thick silver oven reactor wall 
(cf. Fig. 3). 

Figure 7a shows the 11 CO injection pulse, which is symmetrie, 
sharp and short. Note that the time axis of this plot is only 40 seconds 
in total, while for figure 7b, c and d it is 400s . The overall shape of 
this pulse is determined by a combination of the physical injection 
"length" inside the flow tube and the flow rate relative to the sampling 
time of the signal, both convolved with the field of view (FOV) of 
detector #l (cf. Fig. 3). 

Figures 7b and 7c show the integral 11 C single, respectively 
coincident signal from the catalyst bed. Here the 11 C-label may be 
present as 11 CO(g), 11 CO(ads), 11 C02 (ads) or 11 C02 (g) . The shape of the 
registered signals is mainly determined by the residence time of the 
11 C-label on the catalyst bed convolved with the FOV of detector #2 
(Fig. 7b) or detector combination #2 & #3 (Fig. 7c) . 

An important interaction event of 511 keV 1-photons is the so
called Compton scattering process, in which the 511 keV 1-photon is 
redirected and is somewhat lowered in energy, see figure lb (118). 
Because of the relatively high Compton cross-section, multiple Compton 
events are likely. These properties cause that 511 keV photons, which 
due to absorptive collimation (Fig. Sa) geometrically cannot be seen by 
detector #2, still may give rise to a single signal after scattering in 
the silver oven body. By means of additional "electronic" collimation of 
detector #2 by via coïncident circuiting with the opposing detector #3 
the site of the annihilation process will be locally better determined 
(Fig. Sa). Dwing to this additional collimation less signal will be 
registered, but its information content will be higher than in the 
"single" detection option. Therefore the shape difference between both 
signals is solely due to the difference in the FOV as seen by detector 
#2 (Fig. 7b) and detector combination #2 & #3 (Fig. 7c). This will be 
discussed below. 
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c) detectors #2 & #3 (coincident) and 
d) detector #4, 
Which all have been positioned as indicated in Fig. 3 . Note 
that the time scale for the first detector is different from 
those of the rest. In Fig. 7d also the times, that samples 
from the effluent were sent to the gas chromatograph (cf. 
Table 2), are indicated . 

Figure 7d represents the asymmetrie 11 C outlet signalof the 
reactor. The geometrical factors determining the shape cf this signal 
are identical to those given for figure 7a. However the physical 
"length" of the pulse, which now may contain bath reactant ( 11 CO) and 
product ( 11 C02 ), is determined by the kinetics which have occurred at 
the catalyst surface and the dispersion of the gas molecules due to the 
particles in the catalyst bed. 

The times at which samples have been taken from the effluent 
stream are indicated in figure 7d and the results of their corresponding 
chemical and radiochemical analysis are presented in table 4, in which 
the absolute signal registered by the counter, corrected fo r radioactive 
decay, corresponds to the amount of labelled molecules in the sample. 
The same experiment has been carrie d out several times to test 
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reproducibility, which was found to be good. Also more sample points 
could be obtained in this way, as the GC system allows only one sample 
point every 50 seconds. 

Table 4. Results of the radio-gas-chromatographic analysis of samples 
taken from the effluent after an 11 CO injection. The data are 
corrected for radioactive decay. 
The overall conversion of CO to C02 was 96% 

Sample Time*) llco llco2 
# [ s l [arb. units) [%) [arb . units) [% l 

1 18 5620 100 n . d . -
2 36 20600 9 208700 91 
3 48 2300 l 249900 99 
4 112 n.d. - 58100 100 
5 285 n.d. - 13300 100 
6 483 n.d . - 1350 100 

*) the time, at which the sample was taken, is indicated in figure 7d. 
n.d.: Below the detection limit< 500 units. 
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Both the velocity of the gas phase molecules and the detection 
geometry for the calibrated detectors #l (Fig. 7a) and #4 (Fig . 7d) are 
identical, implying that the (time) integral values of the registered 
signals can be directly compared, after correction for radioactive 
decay. The integral value of the inlet signal is only slightly greater 
than that of the outlet indicating that in the experiment almost all 
injected activity has left the catalyst bed again. An 11 CO injection 
experiment in an empty flow tube and in a tube filled with inert carrier 
material indicated only a small broadening of the pulse due to physical 
dispersion (see discussion). 

To quantify the signals from detector #2 and #2 & #3 several 
effects which are influencing the signals have to be taken into account: 
1). Owing to the difference in solid angle of acceptance, a point 

souree located at position X in the catalyst bed is detected with 
lower intensity than one at position Y (Fig. Ba). This non-uniform 
detection sensitivity over the catalyst bed, also called field of 
view effects (FOV), is even more enhanced.by the difference in the 
mean distance travelled in attenuating material (massive silver 
oven body) by photons emitted in X or Y (cf . Fig . Sa). 

2). The gas phasejadsorbed phase of the labelled molecules mainly 
determines the total time, that these molecules are within the FOV 
of detector #2 or #3. E. g. gas phase labelled molecules may spend 
about 4 seconds within the FOV of the detector(s), while adsorbed 
labelled species may reside there longer than one minute. 

3). Minor effects influencing the strengthof the recorded signal are 
for instance, the total time elapsed after the injection of the 
pulse (decay of 11 C, t• - 20.3 min), a slightly different 
sensitivity for each separate detector combined with detection 
electranies (separate calibration) etc. 
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Figure Sa: On scale schematic drawing of the central part of the 
experimentalset-up (cf. Fig. 3). The dashed line indicates 
schematically the approximate geometrie field of view of 
detector #2. 

Sb: Uniform 'single' detection sensitivity profile over the 
catalyst bed and its corresponding expected 'single' signal 
from detector #2. 

Sc: Ditto, but now for a triangular shaped profile. 
Sd: Ditto for a Monte Carlo calculated sensitivity profile 

('MCBEND'). 
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The effect mentioned under 1). will bedescribed below, while these 
mentioned under 2). require accurate modelling of all possible reactions 
of the injected molecule and its successors as described in the 
mathematical modelling section. Effects mentioned under 3). are standard 
in radiochemical measurements and will not be described in detail 
further. The results are corrected for the effects of radioactive decay 
and the detectors are calibrated separately. 

Field of view effects 

Figure 7b shows the 11 C-single signal from the catalyst bed. 
This signal suddenly appears, due to the arrival of the 11 CO pulse in 
the catalyst bed. Then the signal slowly starts to grow to its maximum 
and then diminishes gradually. If the sensitivity of detection over the 
length of the catalyst bed had been uniform, after the sudden arrival of 
11 CO a stable signal is expected until a gradual fall off of the signal 
indicates that labelled molecules are leaving the catalyst bed (cf. Fig. 
Sb). Moreover the slow growth is not due to the arrival of more 11 CO, 
which is demonstrared by the signal of detector #l giving any evidence 
for this point of view. Therefore the sudden rise followed by a more 
gradual rise of the signal from the catalyst is caused by field of view 
(FOV) effects . Assuming a triangular shaped sensitivity profile over the 
length of the catalyst bed, a signal such as that depicted in figure Sc 
is expected . The sensitivity profile, calculated by means of extensive 
Monte Carlo modelling of the trajectories of the ~-photons, is depicted 
in figure Sd. The Monte Carlo code utilised, takes both geometrical 
(solid angle of acceptance) and transmission (path lengths in the silver 
oven body, i.c. scattering and adsorption) effects into account . The 
signal based upon the calculated sensitivity profile is depicted in 
figure Sd and was found to be close to the actual situation as the 
simulations of the experiments showed a good fit with the measured data 
(Fig. 7b). 

The shape of the recorded coincident signal (Fig. 7c) differs 
from that recorded for the 'singles' (Fig. 7b) . This is caused by 
differences in the FOV of one single detector, i . e. #2 (cf . Fig. Sa), 
and that of a coincident pair of detectors, i.e. #2 & #3. The actual FOV 
characteristics for detector #2 and #2 & #3 have been obtained by the by 
Monte Carlo calculations. The results obtained via simulations of the 
experiments with the mathematical model of the kinetics, in which the 
overall shapes of the signals are solely determined by catalyst kinetics 
and gas flow transport phenomena, were compensated for these FOV 
effects . To this end, the simulated concentratien profiles of the 
labelled compounds as a function of axial position along the reactor 
tube, were multiplied by the axial sensitivity profile of the detectors, 
as calculated by the Monte Carlo program. After this procedure the 
recorded signals, corrected for radioactive decay, could be mimicked by 
the simulated and compensated data. 
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DISCUSSION 

Transport phenomena in the plug flow reactor 

In figure 9 the results are shown obtained with the experiment 
in which an 11 CO pulse was led over an inert SiC carrier at 140•c. 
Figure 9a represents the shape of the inlet pulse, figure 9b the total 
reactor signal and figure 9c the signalat the outlet of the reactor. 
Similar results were obtained by pulsing 11 C02 through the SiC bed. 
These results indicate that, because no interaction between CO or C02 
and SiC takes place, the dispersion of the gas flow due to the particles 
in the catalyst bed was not large. Figure 10 shows a simulation with the 
computer model of a pulse of 11 CO going through the reactor, in which 
lOa represented the inlet signal, lOb the total reactor signal and lOc 
the signal at the outlet. In the computer model dispersion is neglected 
so that inlet pulse and outlet signal are equivalent. 
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Figure 9 : 11 CO injection experiment 
over an inert SiC carrier. 
9a: The inlet pulse signal. 

. --·---- 9b: The total reactor signal . 

IA 21 31 •• 9c: The reactor outlet sigTtal. 

The influence of the different field of view effects for the 
detectors facing the in- and outlet compared to the detector facing the 
reactor is illustrated cernparing figures 9a and c with 9b. As the pulse 
broadens from 0.5 s (at half height) at the inlet to 3 seconds at the 
outlet of the reactor, a value in between these two figures was to be 
expected from the total reactor signal when all three detectors had an 
identical point of view. The fact that the pulse registered by the 
detector facing the reac tor is even broader (3.5 s) than the one 
obtained from the exit detector is due to the field of view of t he 



Cl 

c. 

CO OXIDATION OVER PT 

C>C:O 2=C02 T=TOTAL .... 

Ca• phaae 11 CO - total 11 C atsnal 

Cf H't tI I~ U 14 I'!J 

'""' 

. ~ ··0 . I <t 

'1 'I' I' 1' I 

1 .. l:.l 11 1:! !.• '"' 1'1 

43 

,.., 

0200 

,., 

c:a 10 11 1.~ 13 14 1"1' 

Figure 10 : Simulation of an 11 co 
injection experiment over an inert 
SiC carrier. Note that the simulation 
starts at the moment that the pulse 
enters the reactor while in the 
experiment detection was started at 
the moment the pulse was added to 
the gas flow (cf . Fig 9a). It takes 
the pulse 4 seconds to reach the 
reactor entrance. 
lOa: The inlet pulse signal. 
lOb: The total reactor signal. 
lOc: The reactor outlet signal. 

total-reactor-detector . The dispersion of the gas flow in the catalyst 
bed is neglected in the computer program, but the field of view effects 
are taken into account, which causes the differences in the simulations 
of the pulse shape in figure lOa, c and figure lOb . The inlet and outlet 
detectors are facing 1/16 inch teflon tubings while the detector at the 
reactor faces a 3/8 inch steel reactor tube with a silver oven around 
it . For the detection of the inlet and the outlet signals it was not 
relevant to take the field of view effects into account . The gas flow in 
the 1/16 inch tubings is high and this tubing was placed directly to the 
scintillation detectors. The geometry of detection for both the inlet 
and the outlet detector were identical. 

Interactions between CO, C02 and the catalyst 

Experiments using a ceria free alumina carrier show that no 
interaction between 11 CO and the alumina carrier takes place. The 
broadening of the peak at the outlet was found to be identical to the 
experiment in which an inert SiC carrier was used and this effect is 
ascribed to the same transport phenomena; dispersion due to the 
particles in the c~talyst bed. A similar conclusion can thus be drawn 
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from the experiment in which 11 C02 was pulsed over the alumina carrier; 
no significant chemical interaction but only physical dispersion takes 
place. From the experiment in which 11 CO was pulsed over the standard 
catalyst carrier (alumina containing 0.6 % ceria) it could be concluded 
that no interaction between CO and the carrier takes place, both on 
alumina as well as on ceria no significant GO adsorption takes place 
(see table 4). 

48 88 IZB 

Figure 11 : 11 G02 injection experiment over the standard Ce02 /Al2 03 

carrier in standard gas flow without G02 . 

lla: The total reactor signal. 
llb: The reactor outlet signal. 
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However, the experiment in which an 11 G02 pulse was injected 
into the gas flow which was led over the standard catalyst carrier at 
14o•c disclosed a large residence time of the G02 at the carrier bed. As 
this interaction was not found on the ceria-free alumina carrier, the 
C02 obviously adsorbs onto the ceria and remains there relatively long. 
In figure lla and b the results of this experiment are given in which 
lla shows the total reactor 'single' signaland llb the reactor outlet 
signal. The inlet pulse in all experiments is equivalent to the one 
shown in figure 9a. The adsorption of C02 on ceria has been reported in 
the literature (28-30,55,108). 

In an experiment in which 11 GO was injected in the gas flow 
over the standard platinum containing catalyst under the standard 
reaction conditions (140•c), the effect of interaction between 11 G02 and 
Ge02 appeared again. In figure 12a the 11C-signal from the total reactor 
in this experiment is shown, in which the long tail was found to be 
caused by the adsorption of 11 C02 ; during the experiment some 11 C02 
could continuously be detected in the product gas of the reactor (see 
figure 12b) . It was concluded that as soon as 11 GO molecules react to 
11 G02 this species desorbs from the platinum surface and adsorbs onto 
the ceria at the catalyst carrier surface. The 11 G02 remains at that 
position for a relatively long time, continuously contributing to the 
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signal of the radioactivity coming from the catalyst bed. Overall the 
signal in such an experiment is thus mainly produced by the adsorbed 
11 C02 and all other species contribute toa minor extend only to the 
radioactive signal coming from the reactor. The non-convereed CO reached 
the exit of the reactor relatively quickly and the 11 C-labelled CO 
caused the peak in the signal from both catalyst bed and r eactor exit, 
shown in figure 12b. Product identification at the reactor outlet 
indicated that the first peak in the outlet signal consiseed mainly of 
ttco . 
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Figure 12 : 11 CO injection experiment over the standard Pt/Ce02 /Al2 03 
catalyst .in standard gas flow without C02 . 

12a: The total reactor signal . 
12b: The r eactor outlet signal. 
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Figure 13 : 11 C02 injection experiment over the standard Ce02 /Al2 03 
carrier with 10% co2 in the gas phase . 

13a: The total reactor signal . 
13b: The r eactor outlet signal. 
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This effect of C02 adsorption at the ceria on the catalyst 
carrier made it very difficult to obtain the rate constants for the 
individual steps in the reaction mechanism by rnadelling the obtained 
data. To suppress this effect, 10 % C02 was added to the gas flow, by 
which the Ce02 is covered with C02 molecules . In actual automotive 
exhaust gas similar C02 concentrations are present (10-15%). Figure 13a 
and 13b show an experiment in which besides 1% CO and 0.5% 02 also 10% 
C02 was present in the gas flow through the reactor filled with the 
standard ceriajalumina carrier at 140•c, in which an 11 C02 pulse was 
given. Figure 13a represents the total reactor signal and l3b the signal 
from the reactor outlet. Gomparing figure 11 with figure 13 indicated 
that the addition of 10 % co2 indeed reduced the tailing of the 
radioactivity signal, but there was still a significant interaction 
between C02 and the ceria at the catalyst carrier. 

By rnadelling the results of the experiments with and without 
10% co2 in the gas phase as a fast equilibrium reaction between co2 in 
the gas phase and co2 adsorbed to the ceria, the interaction between co2 
and the ceria on the catalyst could be quantified. The number of sites 
of the carrier on which C02 can actsorb and the rate constants for C02 
adsorption and desorption on it were established. In the simulation 
first the steady state profiles were calculated after which the dynamics 
of a pulse of 11 C02 going through the catalyst bed were calculated. The 
co2 desorption equilibrium between co2 in the gas phase and co2 adsorbed 
at the platinum surface lies thermodynamically strongly towards the gas 
phase. The C02 desorption from noble roetal surfaces is therefore usually 
modelled as irreversible and incorporated in the reaction step. This 
means than that no interaction between C02 and the platinum takes place 
so all interaction between co2 and the catalyst bed found in this 
experiment is due to the adsorptionjdesorption of co2 at ceria. 
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Figure 14 : 11 C02 injection experiment over the standard Pt/Ce02/Al203 

catalyst with 10% co2 in the gas phase. 
14a: The total reactor signal. 
l4b : The reactor outlet signal. 
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The experiments in which a pulse of 11 C02 was added to the gas 
flow which was led over the standard platinum/ceria/alumina catalyst at 
14o•c the results were found to be similar to the results obtained by 
pulsing 11 C02 in the gas flow over the catalyst carrier without 
platinum. The results are given in figure 14, where 14a shows the total 
reactor signal and 14b the reactor exit signal. Gomparing figures 13 and 
14 reveals a smaller interaction between C02 and the catalyst bed with 
the platinum present than with the carrier without platinum. This effect 
was caused by the fact that platinum covers an part of the ceria surface 
which is than no longer available for C02 adsorption. Apart from that, 
the ceria dispersion might have decreased somewhat during the platinum 
impregnation step. 

Hodelling of the reaction kinetics 

The kinetic model was used to simulate the 11 CO pulse 
experiments. The values for the activation energy and the 
pre-exponential factor 6f the first three steps in the model of the 
reaction mechanism were taken as given by Lynch et al. (89). Somewhat 
higher adsorption and desorption rates for CO onto the platinum surface 
had to be used to fit the experimental data. However, a significantly 
higher sticking probability for oxygen had to be used to simulate the 
experimental data (see table 5). This is most probably caused by the 
presence of ceria at the catalyst surface. Ce02 is known to have a high 
oxygen storage capacity and therefore can be expected to have a positive 
influence on the sticking probability of oxygen on the highly dispersed 
platinum . It has been suggested in the literature that the ceria acts as 
a promoter on the CO oxidation by platinum (28,55,105,107,108), which is 
confirmed in our findings. We modelled this phenomenon via an enhanced 
probability for oxygen to adsorb at the platinum surface, compared to 
the figures found for platinum catalysts without ceria on the carrier, 
as reported for example by Lynch (89). 
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Figure 15 Simulation of an 11 C02 injection experiment over the 
standard Ce02 /Al2 03 carrier with 10% CO in the gas phase. 
Simulation of experiment shown in figur! 13. 

lSa: The total reactor signal. 
lSb: The reactor outlet signal. 
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By simu1ating the experiments in which 11 Cö2 was pu1sed over 
the catalyst carrier containing alumina and ceria, the equilibrium 
constant for C02 adsorption on Ce02 as well as the number of sites for 
C02 adsorption on the ceria was determined . As 0.6%w of the catalyst 
formulation consisted of Ce02 and the adsorption capacity of the 
standard carrier for C02 was found to he S.6*10- 5 mol; 34% of the ceria 
farms an adsorption site for carbon dioxide. This indicates a ceria 
dispersion of about 34%, which seems reasonable according to the 
impregnation procedure applied. The results of this simulation are given 
in figure lS, from which a good agreement with the experimental data 
shown in figure 13 can he seen. Note that the simulation starts at the 
moment of entering of the pulse in the reactor bed whereas t he 
measurements started at the moment of pulsing the 11 C02 into the system 
which is 6 seconds befare the pulse reaches the reactor inlet. The 
computer simulation of the experiment in which 11 C02 was pu1sed over the 
standard catalyst indicated that about 44% of the ceria surface was no 
langer available after the impregnation of the platinum onto t he 
ceriaja1umina carrier; the adsorption capacity for C02 was reduced to 
3.1*10- 5 mol, see table 2. 

Table Sa. Kinetic reaction parameters 

Reaction Parameter 
step 

l 5co co Sticking probab . on cat. 
-1 E0 /R co desorb. activatien energy 
-1 ko co desorb. preexp. factor 

2 5oz 02 Sticking probab. on cat. 
3 E0 /R React. activatien energy 
3 ko React . preexp. factor 
6 K eq co2 ads. at Ce02 equi. const. 

Table Sb . Va1ues used for kinetic reaction parameters. 

Reaction Va1ues used in Va1ues use d by 
step this study Lynch et al. (89) 

1 5co 8*10- 5 2*10- 5 

-1 E./R 9*103 K 9*103 K 
-1 ko 1 . 8*1010 moljm3/s 4*109 mo1jm3 /s 

2 5oz 3.6*10- 7 9*10- 9 (- lSO * 6*10- 11 ) 
3 E0 /R 8*103 K 8*103 K 
3 ko S . 8*1013 s- 1 m- 1 S . 8*1013 s - 1m- 1 
6 K 3*103 -eq 

The results of this simulation are given in figure 16 and can 
be compared with the experimental data as given in figure 14. The 
reaction rates for the forward and backward react ions of this 
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equilibrium were taken much higher .than the other reaction rates so that 
effectively only the equilibrium constant is active in the simulation; 
the equilibrium establishes immediately. In the temperature range of 
interest (100°C-180°C) no significant influence of the temperature onto 
the C02 adsorption on Ce02 equilibrium could he found, so that in the 
simulations the equilibrium constant was taken to he independent of 
temperature. 1-• 

l(f'".O 

.. coo~ 

70C..'O-{ 

C=CO 2=C02T=TOTAL .. C CO 2~cCQ2 T=TOTAL 
.l~ . ... 

BO 100 U:O 140 t.60 lBO ~0 

"" • 

aa phaae 11 co2 - total 11 C 

UO uo u.o IA~ Z.IJ.:I 

ft"OtF 

Figure 16 Simulation of an 11 C02 injection experiment over the 
standard Pt/Ce02 /Al2 03 catalyst with 10% C02 in the gas 
phase . Simulation of experiment shown in figure 14. 

16a: The total reactor signal. 
16b: The reactor outlet signal. 

The experiments in which 11 CO was pulsed through the catalyst 
bed containing the standard catalyst (platinumjceriajalumina) will he 
described in more detail . At 1ow temperatures (110- 130°C), at which 
low conversions take place, a large interaction between the 11 CO and the 
platinum was found. At the outlet of the reactor only after an extended 
period of time the 11 CO appeared and the residence time distribution was 
very wide. This finding is consistent with the high CO adsorption as 
reported in the literature (72,89,123). At higher temperatures (140-
150°C), and thus higher conversions, 11 C02 was formed which then became 
subject to the above described interaction with the ceria. In figure 17 
for three different temperatures the coïncident reactor signals are 
given (fig 17a, c and e) and the reactor outlet signals obtained during 
these experiments are shown in figure 17b, d and f. In these figures 
also the composition of the outlet gas is given, in respect to the 
11 C-labelled components. The outlet gas, which was constant in chemica! 
composition during the pulse experiment, contains the composition based 
on respectively 50%, 75% and 100% conversion of the CO and 02 at 
respectively 130, 140 and 150°C. The hatched part of the signal 
represents the 11 CO so that the rest of the signaleernes from the 11 C02 . 

The area of the hatched and non-hatched parts in the figures again form 
the ratios helenging to 50%, 75% and 100% conversion. 
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Figure 17 11 CO injection experiment over the standard Pt/ Ce02 /Al2 03 
catalyst with 10% co2 in the gas phase. The product 
identifications at the reac tor outlet are indica ted and the 
points are connected by a drawn line. The hatched part of 
the signal cons ists of non converted 11 CO, t he open space 
r epresents t he 11 C02 in the gas stream coming from the 
reactor outlet. 

17a: The total reactor signal at 13o•c. 
17b : The reactor outlet signal at 13o•c. 
17c : The total reactor signal at 140•c. 
17d: The r eac t or outle t signal a t 14o·c. 
17e : The t otal r e ac tor signal at 1so•c. 
17f: The reactor outlet signal at 1so•c . 
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Figure 18 Simulations of an 11 CO injection experiments over the 
standard Pt/Ce02 /Al2 03 catalyst with 10% C02 in the gas 
phase. Simulations of the experiments shown in figure 17. 

18a: The total reactor signal at 130"C . 
18b : The reactor outlet signal at 130"C. 
18c: The total reactor signal at 140"C. 
18d: The reactor outlet signal at 140"C. 
18e : The total reac tor signal at lSO"C. 
18f: The reactor ou t let signal at lSO"C. 
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In this way all values for sticking probabilities, reaction 
rate constants, activation energies and equilibrium constants necessary 
for computer simulations were established and they are summarised in 
table 5 . 

It can be seen in figure 17d that for 140•c, at which about 
75% conversion takes place , the 11 C02 and 11 CO peaks at th~ outlet are 
almost separated . The results of the product identification are given in 
figure 17b, d and f as well . The CO that reacts at the platinum surface 
desorbs as C02 and reaches the outlet after some interaction with the 
Ce02 . The 11 CO which does not react at the platinum surface resides 
there for a long time before it desorbs and reaches the outlet. In 
figure 17a can indeed beseen that the residence time of the 11 C-label 
in the catalyst diminishes as temperature goes up . The res~lts of the 
computer simulation are given in figure 18, from which the separation of 
11 C02 and 11 CO can be seen . This simulation can be compared with the 
experiment as shown in figure 17c and d . The fact that the , separation is 
more pronounced in the simulations than in the data obtained from the 
experiment is caused by the noise in the signal and the fact that 
dispersion is neglected in the simulation model . Dispersion due to the 
catalyst bed will cause that the 11 CO peak broadens as different 11 CO 
molecules will become subject to different gas flows between the 
catalyst particles after desorbing from the catalyst surface . The 
influence of dispersion becomes larger as the time after injection of 
the pulse in the catalyst bed increases , so it is most pronounced at the 
right hand side in figure 17b , d and f. 

CONCLUSIONS 

It was shown, that the use of positron emitters, in particular 
11 C, in kinetic studies enables the in-situ, quantitative determination 
of the concentrations and residence times of the reacting components at 
the catalyst surface under actual working conditions (in-situ) . The 
radiochemical properties of positron emitters allow to obtain this 
information directly from the catalyst surface as well as from the 
product gas, without disturbing the process reactions (non-invasive) . In 
order to quantify the information and to calculate the kinetic 
parameters , a model of the reaction mechanism is needed. Also, the 
accuracy of modelling the experiments is heavily dependent on the 
knowledge of the sensitivity profile of the scintillation detectors 
along the reactor axis . 

A computational model for the kinetics of CO oxidation over a 
platinum surface and the interaction between C02 and ceria was 
constructed. The adsorption/desorption equilibrium of C02 on the ceria 
at the platinum surface was quantified by establishing the equilibrium 
constant . The degree of occupation of CO on a platinum surface and the 
CO oxidation rate under different reaction conditions were determined . 
Using the parameter values for adsorption, surface reaction and 
desorption in the CO oxidation as reported in the literature, the pulse 
experiments could be simulated with the computational kinetic model . 
However, a relatively high sticking probability of 02 on the platinum 
surface had to be used to simulate the data . This is caused by the 
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promoting effect of the ceria present at the catalyst surface . The C02 
adsorption to the ceria present at the catalyst support made analysis of 
the CO/Pt reaction system very difficult using positron emitting labels. 
By carrying out the experiments under high partlal pressures of C02 this 
problem was solved. 

The availability of information on the presence of reactants 
and intermediates at the catalyst surface can increase the accuracy of 
quantification of the kinetic reaction parameters considerably . The 
extra information obtained with the positron emission technique lies in 
the signal, which is obtained directly from the catalyst bed. With other 
transient isotape techniques only information at the inlet and t h e 
outlet of the reactor is obtained . However, quantification of the 
kinetics is complex using the present set-up of the technique with the 
usual 3*3 inch Nai(Tl) scintillation detectors because only the sum of 
the total reactor signal was registered, while in the plug flow reactor 
steep gradients occur. On top of that, the signal from the total 
catalyst bed was subject to large field of view effects. Making use of a 
positron tomograph as a detection system to obtain separate information 
from different locations of the catalyst bed in the reactor solves these 
problems (56,58), which will be demonstrated in the next paper of this 
series (124) . 
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CHAPTER 4 

Exhaust catalysis studies using in-situ positron emission tomography. 
Part II: influence of NO on the CO oxidation by oxygen 

ABSTRACT 

The use of positron emitters in catalytic studies provides 
in-situ information on the presence of reaction intermediates at the 
catalyst surface . Exploiting a positron emission tomograph as a 
detection system enables resolution both in time and place, sufficient 
to study kinetic processes. A direct insight in reaction mechanisms can 
be obtained by carrying out experiments under different reaction 
conditions and by labelling of reactant as well as product molecules. 
The CO oxidation by cxygen has been studied both on a highly dispersed, 
ceria/~-alumina supported platinum and rhodium catalyst. The values for 
kinetic parameters such as rates of adsorption, desorption and surface 
reaction, were established via simulations of the experiments with a 
mathematical model of the kinetics. A promoting influence of ceria on 
the CO oxidation was found both on the platinum and the rhodium 
catalyst, and was ascribed to an enhanced oxygen sticking probability. 
The influence of NO on the CO oxidation by 0 2 was examined. At lower 
temperatures a significant fraction of the platinum and rhodium surfaces 
become blocked for the oxidation reaction by adsorption of NO molecules . 
The heat of de.sorption of CO from the nobl e metal surface was found to 
be increased due to the presence of NO molecules at the surface at low 
temperatures. At higher temperatures NO dissociates and adsorbed N and 0 
atoms are formed. The N atoms exhibit a repulsive interaction with the 
adsorbed CO atoms which gives. rise to a decrease of the activatien 
energy for CO desorption from the catalyst surface . 
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INTRODUCTION 

Automotive exhaust gases contain carbon monoxide, nitrogen 
oxides, hydrogen, a number of hydrocarbons, sulphur oxides and a number 
of components in trace amounts, such as lead oxide and phosphorous 
oxides (1). The composition of engine exhaust gases depends on many 
factors, such as type of engine in the car, lubrication of the engine, 
state of service of the engine, driving behaviour of the driver and, to 
a lesser extent, the type of fuel used. 

The main ingredients of most commercial automotive exhaust 
catalysts are platinum andjor palladium, rhodium and ceria (e.g. 2-8). 
Numerous studies have been carried out on the activity of platinum and 
rhodium in reaction mixtures containing carbon monoxide, oxygen, 
nitrogen oxides, hydrogen and hydrocarbons or a selection of these 
compounds (e.g. 9-19). Here we report studies on CO oxidation catalysed 
by cerium promoted platinum and rhodium catalysts in the presence and 
absence of NO. 

In order to properly model the kinetics of the reactions 
occurring on automotive exhaust catalysts, in-situ information on the 
composition of the species at the catalyst surface under reaction 
conditions is necessary. A large number of surface science studies has 
been carried out to establish reaction mechanisms on noble roetal single 
crystals (20-30) . To obtain information from the surface of supported 
noble roetal catalysts Infrared and Raman Spectroscopy have successfully 
been applied (31-39). Transient (radio) isotope techniques, transient 
cycling techniques and titration methods have been developed (40-50) to 
examine residence times of reactants at the surface of catalysts in 
reactor systems in order to establish reaction mechanisms. 

It was established that in C0/02 mixtures noble roetal surfaces 
are covered for a very high fraction by CO under conditions occurring 
during heat-up of catalytic converters after the cold start of a car 
(10,15,17,18). The rate limiting factor is the number of free surfaces 
sites on which oxygen can dissociatively adsorb. The surface reaction 
forming co2, follows rapidly and this co2 desorbs immediately from the 
surface (24,51-53). In CO/NO mixtures both reacting compounds adsorb 
strongly to the noble metal surfaces (13,14,25-28). In this case at low 
temperatures, the rate limiting factor in the reduction of NO over 
platinum andpalladium is the rate of NO dissociation, while at higher 
temperatures the association of adsorbed N atoms forming N2 is rate 
limiting (24,54-56). Rhodium has a higher activity for NO bond scission 
so that reaction light-off is reached at lower temperatures than at 
platinum and palladium surfaces (45,46,49,57). Above the light-off 
temperature the scavenging of oxygen atoms by CO molecules is .ate 
limiting on rhodium (48). 

The reaction mechanisms and kinetics of more extended 
subsystems of automotive exhaust catalysis such, as the C0/02 /NO 
mixture, are much more complex. Very low concentrations of NO have been 
reported to significantly inhibit the CO oxidation by 02 (58). NO 
adsorbs strongly to the noble roetal surfaces blocking sites for 02 and 
Cb adsorption . At higher temperatures NO dissociates and the resulting 
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oxygen atoms participate in the CO oxidation. The nitrogen atoms 
originating from NO dissociation have been reported to cover large 
fractions of the catalyst surface at temperatures above light-off 
(30,48,59). 
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In the previous paper of this series (60) the application of 
positron emitting nuclides in reactant molecules has been described as a 
useful technique to study automotive exhaust catalyst kinetics both 
in-situ and non-invasively. Exploiting 11 C labelled reactants, the 
kinetics of CO oxidation over a ~-alumina supported platinumjceria 
catalyst was studied. Owing to the detectors and the detection geometry 
utilised, the signals recorded directly from the catalyst bed in the 
reactor originated from the total length of the catalyst bed. Besides, 
there existed a detection sensitivity profile over the catalyst bed , 
so-called field-of-view effects. Therefore the results were heavily 
dependent on the accurate knowledge of this profile . By using a positron 
emission tomograph as a detection system both the integral way of signal 
acquisition and the field of view effects can be overcome. 

In this paper the utilisation of a positron tomograph to study 
catalyst kinetics is described . The graphical representation of the 
information obtained from the catalyst surface in the form of a 
'reaction image' is explained. CO oxidation by oxygen has been studled 
with the positron emission technique, making use of both simple 3"*3" 
scintillation detectors (60) and a positron emission tomograph . The 
kinetics of both a highly dispersed, ceria/~-alumina supported platinum 
and rhodium catalyst were examined. The conditions have been chosen such 
that the reactions are not diffusion limited, but kinetically 
controlled. This implies the use of high linear velocities, small 
catalyst partiele sizes and low temperatures . The kinetic parameters in 
a mathematica! model of the reaction mechanism of CO oxidation by oxygen 
were quantified, both for the platinum and the rhodium catalyst. The 
influence of NO on the kinetics of CO oxidation has also been studled 
with the positron emission tomography technique . The activity of the 
platinumjceria catalyst is compared to that of the rhodiumjeeria 
catalyst with respect to the CO oxidation by 02 and the influence of NO 
on this reaction. 

EXPERIMENT AL 

The properties of positron emitting nuclides have briefly been 
described in our previous paper (60), for more general information we 
refer to Knoll (61). The detection of positron emitters occurs 
indirectly by the registration of the 511 keV annihilation photons. The 
11co and 11 C02 pulse experiments described in the previous paper were 
carried out using 3"*3" Nai(Tl) scintillation detectors, while in 
experiments described in this paper also a positron emission tomograph 
equipped with Bi4 (Ge04 ) 3 (BGO) detectors was used for signal detection. 

Positron Emission computed Tomography (PET) is a relatively 
new 30 imaging technique emerging from nuclear medicine and is capable 
of mapping quantitatively the concentratien of a positron emitting 
tracer (62,63). The experiments have been carried out at the Institute 
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for Nuclear Sciences (INW) of the State University of Ghent, Belgium 
(64). At the INW a cyclotron was present with which positron emitting 
nuclides could be produced. Also expertise and equipment was available 
to synthesise gas molecules containing these positron emitting nuclides, 
with a radiochemical purity greater than 99.9%. These purities were 
confirmed by means of (radio)gas chromatography . At the INW a NeuroECAT 
positron emission tomograph was available, which was used as detection 
system in the experiments described in this paper. At the INW the 
application of PET to the visualisation of industrial processes has 
successfully been explored for oil displacement in model reservoir rock 
and dehydration of water-in-oil-emulsions using the NeuroECAT tomograph 
(65). 

The platinum and rhodium catalysts 

A standard highly dispersed platinum catalyst and a standard 
highly dispersed rhodium catalyst were synthesised on a ~-alumina 
carrier containing highly dispersed ceria at the surface. These catalyst 
formulations are simplifications of commercial automotive exhaust 
catalysts as they only contain one type of noble metal. The catalyst was 
prepared using an alumina carrier (ex Kaiser, Boehmite, Versal 250 
Forming Grade) on which Ce(N03 ) 3 .6H2 0 (ex Fluka AG, pro analyse) was 
impregnated toa concentratien of 0.6 %w Ce02 . After drying and 
calcination at 5oo·c a carrier was obtained of which the alumina surface 
contained highly dispersed ceria, which was confirmed by XPS, TEM/EDX 
and element analysis. 

Onto the ceria/~-alumina carrier PtC14 (ex Drijfhout) was 
impregnated toa concentratien of 0.12 %w Pt, which was checked by 
element analysis (Wavelength Dispersed X-ray analysis, WDX). Again the 
catalyst was dried and calcined at 5oo·c for one hour followed by a 
reduction for 2 hours at 35o·c. This procedure resulted in a catalyst 
with a pore volume of 0.56 mljg and a BET surface area of 111 m2 jg 
containing the highly dispersed ceria and platinum. 

The platinum dispersion at the catalyst surface was measured 
using hydragen adsorption. A chemisorption of 1.4 mole H per mole Pt was 
obtained for the reduced catalyst, indicating a high dispersion; the 
ceria/~-alumina carrier showed no hydragen uptake. In order to obtain a 
more accurate figure for the amount of reactive platinum surface 
available to the gas components at the catalyst surface, a platinum 
specific reaction was used; the low temperature (30 - 9o•c) propene 
hydrogenation . As described in the first paper of this series a platinum 
dispersion of 84% was established with this method (60). 

XPS measurements on the ceria/~-alumina carrier and the 
standard platinum catalyst showed that platinum was preferentially 
deposited on the ceria surface at the catalyst. A reduced ~ignal from 
the surface was measured on the platinum catalyst compared ,to the 
ceria/~-alumina carrier. To rule out that sintering of ceria under the 
platinum impregnation conditioris were responsible for this effect, a 
catalyst sample was produced on which platinum was depositéd on the 
ceria/~-alumina carriertoa much lower content (a few ppmw), according 
to the same impregnation method. On this low-loaded platinum catalyst 
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the same amount of ceria surface was detected with XPS as on the 
ceria/~-alumina carrier, indicating that the impregnation procedure as 
suc,h does not give rise to a diminished ceria surface area. As 3.875 g 
of catalyst was used in the transient isotope experiments, a platinum 
surface of 1 m2 was available to the reacting components. 
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The rhodium catalyst was synthesised in a way similar to the 
platinum catalyst. Onto the ceria/~-alumina carrier Rh(N03 ) 3 .2H2 0 (ex 
Johnson Matthey) was impregnated to a concentration of 500 ppmw, which 
was confirmed by element analysis (WDX). The catalyst was dried and 
calcined at 5oo·c for one hour and then reduced for 2 hours at 35o·c. 
The Rh/Ce02 /~-Al2 03 catalyst had a pore volume of 0 .60 ml/g and a BET 
surface area of 125 m2 /g. Basedon our propene hydrogenation test (60) a 
dispersion of near to 100% was assessed. The propene hydrogenation test 
reaction had been quantified for platinum catalysts, but not for rhodium 
catalysts, so disperslons could only be estimated. XPS measurements 
indicated that rhodium is not covering significant amounts of the ceria 
surface. On the rhodium catalyst an similar ceria surface area was 
rneasured as on the ceria/~-alumina carrier . Impregnation experiments 
with higher rhodium loadings showed decreasing ceria surfaces, 
indicating that also the rhodium was specifically deposited onto the 
ceria at the catalyst surface during the impregnation. The fact that 
ceria surface coverage by rhodium at a loading of 500 ppmw was not 
significant also indicates a very high rhodium dispersion. As 3.875 g of 
catalyst was used in the transient isotope experiments, about 0.5 m2 of 
rhodium surface was available to the reacting components. The parameters 

Table la. Platinum catalyst characterisation parameters used in the 
reaction model. 

Parameter Value 

Platinum dispersion 84% 
Maximum CO/Pt ratio at platinum surface 1 
CO adsorption capacity of Pt surface 2.4*10- 5 mol/m2 

Total platinum surface in catalyst (3.9 g) 1 m2 

co2 adsorption capacity of Ce02 at carrier 5.6*10- 5 mol 
co2 adsorption capacity of Ce02 at Pt catalyst 3.1*10- 5 mol 

Table lb. Rhodium catalyst characterisation parameters used in the 
reaction model. 

Parameter Value 

Rhodium dispersion 100% 
Maximum CO/Rh ratio at rhodium surface 1 
CO adsorption capacity of Rh surface 2.6*10- 5 mol/m2 

Total rhodium surface in catalyst (3.9 g) 0. 5 m2 

co2 adsorption capacity of Ce02 at carrier 5.6*10- 5 mol 
co2 adsorption capacity of Ce02 at Rh catalyst 5.8*10- 5 mol 
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descrihing the catalysts characteristics as used in the kinetic model 
are summarised in table la for the platinum catalyst and table lb for 
the rhodium catalyst. 

LEAD 
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Figure 1: Schematic drawing of the experimenta1 set-up. The argon 
carrier gas is flowing through the pu1se loop, mixed-up with the 
reactant gas mixture and led over the cata1yst bed in the reactor tube. 
The pulse loop can be filled with argon containing 11 CO or 11 C02 , which 
is extracted from the lead cell. The reactor oven is positioned in the 
field of detection of the NeuroECAT. After the reactor exit, the 
effluent stream is analysed by gas chromatography and mass spectrometry. 
The first gas chromatograph is equipped with a radioactivity counter, 
which enables quantitative detection of the labelled reaction products. 

The experimental set-up with the reactor oven system 

Figure 1 shows a schematic representation of the equipment in 
which the radioisotape experiments were carried out. The expertmental 
set-up was identical to that described in our previous paper in this 
series (60) apart from the fact that a aluminium over bleek was used and 
that the complete reactor oven system was now placed in the detection 
field of a: positron emission tolliograph (Fig. 1). The main features of 
the set-up and the experiments carried out are summarised below: 

Amounts of less than 0.1 nano móles of CO containing ca . 0.15 pico 
moles (or 50 MBq) of 11 CO or 11 C02 in argon, were extracted from a 
lead shielded container. 
These amounts were taken u.p into a gas mixture, which was continuously 
flowing through the catalyst bed in the reactor, without disturbin~ 
the pressure or the chemical composition of this gas flow (ca. 0.3 
!Jrnoles CO/s) . 
The total gas flow of 40 ml/min STP, containing 1.0% CO, 0 . 5% 02 and 
10% C02 was led over 3.9 g crushed catalyst, sieve fraction 30-80 
mesh . This catalyst sample was placed in a 3/8 inch reactor tube (Hoke 
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stainless steel, internal diameter 7 mm, catalyst bed length 14 cm). 
Under these conditions (loo•c < T < 170•c, ambient pressure) the 
reaction rates were limited by kinetics and not by transport 
phenomena. In a number of experiments also 1400 ppm NO was added to 
the gas flow to study the influence of NO on the CO oxidation by 02 . 
10% C02 was present in the gas mixture to suppress the effect of the 
strong adsorption of C02 to the ceria present at the catalyst surface, 
as described in the previous paper in this series (60). 

- The chemical composition of both reactant and product stream was 
analysed using gas chromatography and mass spectroscopy. 

- At the outlet, samples taken from the effluent stream were sent 
to a co;co2 separating gas chromatograph equipped with a proportional 
counter for the detection of radiation. This counter was placed 
after the Thermal Conductivity Detector (TCD). After separation of CO 
and C02 the amounts of 11 CO and 11 C02 could be quantified so that the 
distribution of labelled 11 CO and 11 C02 in the effluent stream from 
the reactor outlet could quantitatively be analysed in the cause of 
time during an experiment . 

- To ensure that complete steady state was reached at the moment the 
pulse experiments were carried out, the catalysts were submitted to 
the gas flow for at least 12 hours in advance. 

The experiments carried out with this set-up are summarised in table 2 . 

Table 2. The pulse experiments carried out, as shown in reaction 
images. 

Catalyst Gas mixture Tracer Temp. Conver. Figure 
[ •c] [% 1 number 

SiC C0/02 I ICO 100 0 7A 

Pt*) C0/02 llCO 100 < 5 7C 
Pt C0/02 11 CO 130 50 SA 
Pt C0/02 11 CO 140 76 lOA 
Pt C0/02 llCOz 100 < 5 7B 
Pt C0/02 llC02 130 50 SB 

Pt C0/02/NO 11 CO 100 < 5 7D 
Pt C0/02 /NO IICO 140 3S lOB 
Pt C0/02 /NO I ICO 150 50 9A 
Pt C0/02 /NO 11C02 150 50 9B 

Rh*) C0/02 llCO 150 50 se 
Rh C0/02 llCO 160 S7 lOC 
Rh C0/02 llCOz 150 50 8D 

Rh C0/02/NO 11 CO 160 22 lOD 
Rh C0/02 /NO 11 CO 170 50 9C 
Rh C0/02 /NO 11C02 170 50 9D 

*) The platinum and rhodium catalysts were Ce02 /1-Al203 supported . 
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The positron emission tomograph 

The NeuroECAT position emission tomograph contains eight banks 
with each eleven BGO detectors . These eight banks are placed in an 
octagonal arrangement so that in imaging experiments a circular field of 
detection with a diameter of 21 cm is obtained (Fig. 1) (66,67). 

Both the spatial and temporal resolution capabilities of a 
positron emission tomograph are determined by its technica! design. 
Owing to the octagonal detector bank arrangement of the NeuroECAT 
tomograph, the minimum time required for a full tomographic scan is 60 s 
(65), which is far too long to visualise the transient kinetic processes 
of (automotive exhaust) catalysis. For studying the kinetics of the 
catalysed CO conversion processes a time resolution in the order of 
seconds is required. 

To achieve the required temporal resolution, the so-called 
'injection monitor' option of the NeuroECAT was exploited. This option 
was implemented for monitoring the arrival of the labelled compound in 
the (patient) imaging plane (68). In this mode the scanning gantry is 
kept in a fixed position and the registered coïncident events between 
individual detectors of an opposite pair of detector banks (Figs. 1) can 
be written every second on hard disk as an 11*11 matrix. In practice a 
minimum temporal resolution of 1.2 s could be obtained, about 0.2 s 
being required for data rearrangement and disk storage. 

The positron emission tomograph contains 'shadow shields' 
(66,67). These shadow shields are functioning as a collimator for the 
1-photons. They may be placed in front of the individual detectors, 
reducing the exposed detector area and thereby narrowing the field of 
view of the detectors (see Fig. 2). Placing the shadow shields in 
position enlarges the spatial resolution, but diminishes the intensity 
of the registered signal. As with the 11 C label sufficient radioactivity 
was available to acquire signals with enough signal-to-noise ratio, all 
experiments were carried out with the shadow shields in position. 

The tubular reactor utilised for the experiments· (60) is 
operated in plug-flow as experiments indicated a low dispersion of the 
gas flow. The tubular reactor also has a high length (L) to diameter (D) 
ratio (L/D- 20). The radionuclide concentration gradients i in radial 
direction of the catalyst bed are thus negligible as compared to those 
in the axial direction. This results in gradients in only one direction 
so that a one dimensional system is obtained. To achieve the optimal 
axial spatial resolution in the 'injection monitor' mode of the 
NeuroECAT a computer programme was written, which constructed a signal 
taking into account only the coincidences between opposite detectors of 
bank A and bank E and the (average) coincidences between two opposite 
pairs of adjacent detectors that view a single point on the reaction 
tube axis (Fig . 2). The coincidences between the adjacent detectors of 
the opposite detectors provide a detection point in bet~een the two 
detection points of the opposite detectors, as is indicated in figure 2. 
The reactor was positioned exactly horizontal in the centr~ of the 
NeuroECAT (Figs. 1 and 2). This procedure resulted in an 'one 
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dimensiona1 scan' consisting of 21 equidistant (1.106 cm) measuring 
positions over the reactor. 
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Figure 2: Exploded cross-sectional 
view through model reactor tube and 
detector bank pair AE of the 
NeuroECAT (see Fig. 1) . Lead shadow 
shields are utilised to prevent 
cross-talk between adjacent bismuth 
germanate (BGO) scintillation 
detectors and thereby provide a 
high spatial resolution when 
coincidences are registered. 21 
equidistant measuring positions 
a1ong the reaction tube axis are 
defined (dashed lines) by the 
coincidences of either direct1y 
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A 22 Na (t• - 26 year, positron yield- 90%, Emax - 0.5MeV) 
point souree was used to experimentally determine the spatial 
resolution. To this end the 22Na point souree was placed at an exactly 
known position qn the axis of the tubular reactor in the aluminium oven 
block and the NeuroECAT was registering the signal for a number of 
minutes. The axial position of the point souree was established, making 
use of an engraved scale in the reactor oven and a laser indicating the 
image plane, with which an accuracy of placing the point souree in the 
reactor oven of 0.5 mm cou1d easily be obtained. The point souree 
experiment was repeated at positions every 2 mm along the reactor axis. 
Evaluation of the data from these experiments revealed a spatial 
resolution of± 8 mm full width at half maximum (FWHM), which is equal 
to the value reported by Williams (66). 

A calibration procedure was developed to compensate for the 
variations in response due to the characteristics of each pair of 
detectors and the attenuation of the 1-radiation due to the oven system. 
Using a reactor tube filled with a homogeneous solution of 68Ge/68Ga -
EDTA in water, the sensitivity of the different detectors in the system 
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could be compared. The 68 Ge and 68 Ga nuclides form a generator system, 
in which 68Ge is the mother nuclide and 68Ga the daughter . 68 Ge decays 
via an electron capture mechanism to 68Ga with a relatively long 
half-life (t4 = 275 days) compared to that of its positron emitting 
daughter 68Ga (t4 - 68 min, 88% positron yield, Emax- 1.9 MeV). The 
activity of 68Ga is in equilibrium with the activity of its mother 
nuclide 68Ge, so that effectively the 68Ga activity decays according the 
half-life of 68Ge. As the BGO detectors register only the l1-radiation 
originating from positron annihilation radiation from this generator 
system, an exact relation between concentratien of positr~n emitters at 
a well-defined location in the reactor tube and the detected signal 
intensity by the tomograph could he established. With the aid of this 
calibration procedure, the distribution of the radionuclide in the 
reactor (Bq/cm3 ) could be calculated from the response of the NeuroECAT 
(counts/s) at each measuring position. 

The Nai (Tl) scintillation detectors 

In order to obtain an exact value for the total amount of 11 C 
labelled compound which is pulsed into the reactor tube and the 
distribution in time of the amount leaving the reactor with the gas flow 
from the exit, two 3-inch scintillation detectors were used; one facing 
the inlet tube and the other facing the outlet tube (Fig. 1). As both 
scintillation detectors were calibrated and were facing teflon tubing 
with identical geometry (internal diameter 1 mm) and flow 
characteristics (40mljmin), the signals could directly he compared. 
Using the integrals of the signals in time, mass balances for the 
labelled components over the catalyst bed in the reactor could he 
established . 

MODEL OF THE REACTION MECHANISM 

Resetion mechanism for CO oxidation by 0 2 over Ce02 1~-Al2 03 supported Pt 
and Rh catalysts 

The C0/02 reaction rate over noble metal catalysts has been 
reported to he first order in 02 and negative first order in CO under 
conditions occurring during warm up of a catalytic converter (ambient 
temperature to 20o•c). The rate limiting step in the CO oxidation below 
light-off temperatures is the dissociative 02 adsorption at the noble 
metal surface. CO adsorbs very strongly to noble metal surfaces at low 
temperatures, so that the limiting factor for co2 production then is the 
desorption rate of CO. By CO desorption empty surface sites are created, 
on which oxygen molecules have the chance to adsorb and dissociate. At 
higher temperatures the CO desorption rate increases so that more oxygen 
molecules can find a place to adsorb dissociatively and irreversibly at 
the catalyst surface. The surface reaction between adsorbed 0-atoms and 
adsorbed CO molecules takes place rapidly. The product of this reaction 
step, co2, desorbs immediately with enlarged kinetic energy (69). The 
surface reaction step thus results in two empty sites at the noble metal 
surface and a gas phase C02 molecule. We have used the reaction 
mechanism proposed by Ertl (51) to model the kinetic experiments 
reported here . 
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To simulate the reaction of CO oxidation by 02 over noble 
metal catalysts, a mathematica! model of the reaction mechanism was 
constructed. For details on this mathematica! model we refer to previous 
publications (60,70). The model contains three reaction steps for CO 
oxidation over noble metal surfaces and one for C02 interaction with the 
ceria: 

CO adsorption at the noble metal surface (Me) 
CO desorption from the noble metal surface 
irreversible dissociative 02 adsorption at noble metal surface 
irreversible surface C0/0 conversion and C02 desorption 
C02 adsorption at the carrier (A) 
C02 desorption from the carrier 

co + Me 
02 + 2 Me 
MeCO + MeO 
A + co2 

<---> 
---> 
--> 

<---> 

Me CO 
2Me0 
2 Me + co2 

~~ 

(1.1) and (1.2) 
(2) 
(3) 
(4.1) and (4.2) 

(1 . 1) 
(1.2) 

(2) 
(3) 

(4.1) 
(4.2) 

The reaction rate constants for the adsorptions steps (1.1), 
(2) and (4.1) are based on the sticking probabilities of the molecules 
to the surfaces. The desorption step (1 . 2) and (4.2) and the surface 
reaction step (3) are taken activated, using Arrhenius equations. As was 
reported in by Yates et al. (71) and Oh et al. (59) the dissociative 
adsorption of oxygen can he modelled easiest to fit the data exploiting 
a first order dependenee of the fraction of free surface sites. The 
second order dependence, which is expected from step (2) in the model 
was found not to agree in their experiments . 

In previous studies it was found that the oxidation of carbon 
monoxide by oxygen promoted by the presence of ceria at the catalyst 
surface (60). This is caused by an enhancemènt by ceria of the sticking 
coefficient for oxygen on the platinum surface. 

The resetion mechanism of the influence of NO on the CO oxidation over 
the platinum and rhodium catalysts 

In the C0/02 /NO system the CO/NO reaction as well as the C0/02 
reaction are taking place simultaneously at the catalyst surface. 
Alikina et al. (72-74) reported that CO and NO adsorb at the same sites 
at the catalyst surface . In rich reaction mixtures noble metal surfaces 
are covered by CO, which hampers the adsorption of NO and 02 . Under lean 
conditions the surface is in a higher state of oxidation, which 
suppresses the adsorption of both CO and NO at the surface (75-77). At 
near stoichiometrie conditions, oxygen and nitrogen oxides have to 
compete with each other to adsorb at the catalyst surface where they can 
dissociate forming oxygen atoms. The oxygen atoms rapidly react with 
adsorbed carbon monoxide atoms forming carbon dioxide, which desorbs 
immediately from the noble metal surface. The adsorbed nitrogen atoms 
have to associate to form nitrogen molecules, also desorbing instantly 
from the surface. 
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Below light-off temperatures platinum and rhodium are 
selective catalysts for the NO reduction in the presence of oxygen. 
Under these conditions nitrogen oxides adsorb much strenger to the noble 
roetal surface than oxygen and the formation of dissociated oxygen atoms 
from NO at the catalyst surface is the rate limiting step. The 
selectivity towards NO reduction deteriorates dramatically as 
temperature rises, the CO oxidation by 02 is then largely favoured. 
Rhodium is the only noble roetal that reduces both NO and 02 under 
reducing conditions at high temperatures (30) . 

Oh et al. reported that the inherent rate of the C0/02 
reaction over alumina supported rhodium is much higher than that of the 
CO/NO reaction (58) . In the C0/02 /NO system however, the presence of 
even small amounts of NO in the reactant stream inhibits the C0/02 
reaction. The C0/02 reaction is shifted to higher temperatures and only 
starts to take place near the light-off temperature of the CO/NO 
reaction. The overall kinetics of supported rhodium catalysts in 
C0/02 /NO mixtures are dominated by the features characteristic for the 
CO/NO_ reaction rather than those of the C0/02 reaction. A mechanism 
involving the blocking of reactive sites by molecular adsorbed NO was 
proposed by Oh et al. (58) to account for the NO inhibition effect on 
the CO oxidation rate . Similar experiments with a Pt/~-Al2 03 catalyst 
indicated that its CO oxidation activity is much less affected by the 
presence of ·NO than the CO oxidation rate over Rh/~-Al2 03 is. 

Under near stoichiometrie conditions and low temperatures, 
typical for heat-up of exhaust catalyst converters, platinum surfaces 
have been reported to be blocked by adsorbed CO molecules rather than by 
nitrogen oxide molecules or reaction intermediates as is the case on 
rhodium surfaces. As the temperature rises, reactions begin to take 
place at the noble roetal surfaces and quickly accelerate to light- off. 
In the C0/02 /NO system above light-off temperature reaction rates are 
fast and under these conditions it is of high significanee whether a 
rich or a lean gas mixture enters the reactor. When starting with a rich 
mixture a CO residue is left inside the catalyst, which enables a high 
CO coverage of the noble metal surfaces. Oxygen scavenging reactions 
proceed, resulting in high NO conversions. When a lean mixture enters 
the catalyst a surplus of oxygen remains . This leads to a rapid 
depletion of CO coverage around the stoichiometrie point, which 
immediately stops the conversion of nitrogen oxides (48). 

Two different routes for N2 formation have beèn reported; the 
fi- and 6-route. In the fi-formation two adsorbed nitrogen atoms associate 
and in the 6-route an adsorbed N atom reacts with an adsorbed NO 
molecule forming N2 and an adsorbed 0 atom (29 ,59). As the second route 
has a lower _activation energy, this me chanism is dominant. Only at 
higher temperatures the p-path becomes more important. 

The kinetic model of the mechanism of CO oxidation by 02 was 
extended to incorporate the influence of NO in the G0/02 /NO system. The 
next steps were added to the model : 

NO adsorption at the noble metal surface 
NO desorp t ion from the noble roetal surface 

(5.1) 
(5.2) 
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irreversible NO dissociation 
irreversible 6-N2 formation 
irreversible {J-N2 formation 

NO + Me <--> MeNO 
MeNO + Me --> MeN + MeO 
MeNO + MeN -.-> MeO + N2 
2MeN --> 2Me + N2 

RESULTS 

(5.1) and (5.2) 
(6) 
(7) 
(8) 

(6) 
(7) 
(8) 
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The data registered by the tomograph are converted and stored 
into a 2D (x,t) array. A row of the array is generated exploiting the 
geometrical layout of the detector banks of the NeuroECAT (cf . Fig. 2) 
and can be considered as a lD image with 21 picture elements (pixels) 
along the horizontal axis of the reactor tube (Fig . 3). By repeai:ing the 
generation of these lD images every 1.2 s, the time ordinate of the 2D 
(x,t) array . By representing the intensity from a linearl)" scaled grey 
bar (Fig . 3) an image representation of the registered data is óbtaine·d . 
This type of image will be called 'reaction image' throughout this 
paper . 

The reaction image presented in figure 3, is obtained from an 
experiment, in which the standard type PtjCe02j-y-Al203 catalystwas 
placed .1n the tubular reactor eperating under plug flow conditions and 
contiriuously exposed to the standard gas mixture, (1.0%v CO, 0 . 5%v o2 , 
10%v C02. and balance argon). The catalyst system was under complete . 
steacly state conditieins and the amount of 11 CO pulsed into the system 
did no.t distut:b the flow characteristics such as pressure, velocity and 
composition. The gas flow was from the left hand side to the right hand 
side in the reaction image. The amount of labelled CO in the pulse was 
very small (about six orders of magnitude smaller) compared to the 
amount of unlabelled CO present in the continuous gas flow. The 
behaviour of the labelled 11 CO molecules is identical to that of 
unlabelled CO molecules. The behaviour of the 11 CO molecules in the 
pulse can best be envisaged as a selected number of ·representative 
molecules for the total amount of CO molecules entering the reactor at 
the (very) moment that the pulse was given. 

Under the experimental conditions of figure 3 (T- 140.C), the 
conversion of 76% of the CO and 02 was limited exclusively by the 
kinetics. Therefore figure 3 contains information on the rates of 
adsorption, desorption and surface reaction of CO on the catalyst 
surface, combined with adsorption and desorption of C02 on the ceria. 

Owing to the total lengthof the tube (cf. Figs. 2 and 3), no 
signal is registered at the first two and last two measuring positions 
(-11.0 to -10.0 cm and +10.0 to +11.0 cm). The tubing leading the gas 
flow to and from the catalyst bed in the reactor is connected to the 
reactor tube at this position and therefore it was not possible to 
register an accurate signal at these positions. Note that insome 
figures only the signal from the very first and the very last position 
are omitted from the plots (Fig. 7), while in other plots the first two 
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Figure 3: A 'reaction image' of the 11 CO pulse experiment on the 
Pt/Ce02 /~-Al2 03 catalyst under steady state conditions. The 'image' 
intensity represents the total activity of the 11 C-label at various 
locations and times. The lighter colours in the linearly scaled grey-bar 
represent the higher 11C-concentrations. The direction of flow and the 
position of the catalyst bed (-7 . 0 to +7.0 cm) are indicated. The PRF 
curve depiets the activity distribution ~ofile over the reaction tube 
at a fixed time (80 s). The RTD curve is representing the activity 
~esidence ~ime gistribution in the bed at a fixed position (-5 . 0 cm). 
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and the last two areleftout (Fig. 3). The flow of the injected 11 CO 
pulse is represented by the white pixels at the entrance of the tube 
just befere the catalyst bed (Fig . 3, positions -10.0 to -8.0 cm). The 
narrow width of the signal along the time-axis is representative for the 
short duration of the injection pulse (full width at half maximum of 0.5 
s). In this region, upstream the catalyst bed, the chemica! form of the 
11 C label is still 100% gas phase 11 CO. 

At the reactor outlet, where the 'tail' roeets the catalyst bed 
boundary, (Fig. 3, positions +8.0 to +10.0 cm) the concentratien of the 
11 C labelled compoundsis so low that it appears as black in the image. 
Though not visible in the image, the outlet signal is still easily 
detected by the NeuroECAT, as can be seen from the reactor exit curve 
displayed in figure 4C. 

The simulation by the mathematical model of the experiment 
shown in figure 3 indicated that the reaction image has to be 
interpreted in the following way. The 11 CO pulse enters the catalyst bed 
and CO molecules adsorb rapidly to the platinum surface (bottom side of 
reaction image, position -7.0 cm) . The major part of the 11 C signal from 
the catalyst bed represents 11 CO adsorbed to the platinum surface, which 
is subject to the process of desorbing, rnaving for a small distance with 
the gas flow towards the reactor exit and adsorbing again. 11 C02 

molecules produced by reaction from 11 CO, desorb from the platinum 
surface and also move towards the reactor exit, while adsorbing and 
desorbing at the ceria on the catalyst surface . Near the reactor exit, 
(the bottorn right hand side of reaction image, at positions 0.0 to +7.0 
cm), the signal coming from this part of the reactor represents mainly 
11 C02 adsorbed to the ceria. Only afterabout 120 seconds a mixture of 
11 CO and 11 C02 reaches the reactor exit. 

The pulse of 11 CO that enters the catalyst bed inthereactor 
rapidly equilibrates. This equilibrium lies strongly to the adsorbed 
phase. The kinetics of adsorption however, determine the maximum rate of 
equilibration. Thus, although the total catalyst system is under 
complete steady state conditions, the total group of molecules that 
enters the catalyst bed at a given moment does not immediately reach the 
thermadynamie equilibrium situation concerning the ratio gas phase 
molecules/adsarbed molecules. 

The bend at the bottorn of the reaction image is caused by the 
equilibration of adsorbed 11 CO molecules and gas phase 11 CO molecules at 
a finite rate. As a number of 11 CO molecules does not immediately find a 
place to adsorb, they have to move on towards the reactor exit with the 
gas flow, until equilibrium for the group of 11 CO molecules is achieved 
and the ratio of gas phase to adsorbed 11 CO molecules is identical to 
that of total gas phase to adsorbed CO molecules. This indicates that a 
reaction image displays the dynamics of the steady state imposed by the 
experimental conditions. The reaction image itself shows a bendat the 
position (-1.0 cm), where the equilibrium conditions for the adsorption 
of 11 CO molecules are reached. Deeper in the catalyst bed (positions 0.0 
to +7.0 cm) the rateis displayed, by which the labelled species are 
transported through the reactor by an ad- and desarptien process (moving 
a small distance with the gas phase and then adsorbing again). This 
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Figure 4; A set of RTD curves (D - L) as measured by the N·euroECA.T 
during the 11 CO pulse experiment over the Pt/Ce02 /~-Al2 03 catalyst, at 
14o•c. The same information as shown in figure 3 is displayed using RTD 
curves . From the 21 curves registered by the NeuroECAT, the injected 
pulse (curve A), the total reactor curve (B) and the reactor outlet 
curve (C) were reconstructed. 

process is comparable to that occurring in gas chromatography and 
applies as well for CO interacting with the platinum surface as to C02 
interacting with the ceria . 

The analysis of the recorded data is facilitated l by drawing 
cross-sections through the image. This can be carried out at a selected 
moment, in figure 3 at 80 s, resulting in an activity distribution 
profile (PRF) of the 11 C label over the flow tube. This PRF is actually 
the lD image 21 pixels recorded during the soth second after injection 
of the 11 CO pulse. In figure 3 at position -5.0 cm also a cross
sectional signal is indicated, which represents the Residence Time 
Distribution (RTD) of the 11 C label at this position. For each of the 13 
positions located within the catalyst bed, 13 independent measurements 
at various positions in the catalyst bed are acquired. The ,curves number 



INFLUENCE OF NO ON CO OXIOATION 

16188 

8888 

·.~--~~----~----~,z----~,~,----~ZI , ..... 

75 

f'c lf v l t y, C/ 1 

IB8~~~====~====~oon~~E~T~P:t~~~0~2~o•=:Ao;ue~I=••~:CI~•e;e~?e=h~l 

Tt .. . • 

Figure 5 : The inlet and outlet signals, as detected by the Nai(Tl) 
scintillation detectors placed at the inlet tube and at the outlet tube 
of the reactor oven . The signals shown, were registered during the 11 CO 
pulse experiment over the Pt/Ce02 /l-Al2 03 catalyst and have a higher 
signal-to-noise ratio than the curves registered by the NeuroECAT at the 
inlet and outlet . In the reactor outlet curve the results of the product 
identification of the labelled reactants are indicated . The hatched part 
in the figure represents the 11 CO molecules , while the non-hatched part 
represents the 11 C02 molecules . The inlet signal consists for 10.0% of 
llCO molecules . 

1 - 4 registered by the NeuroECAT contain information about the presence 
of the labelled components outside the catalyst bed , i . e . in the gas 
flow entering the reactor. Curves number 18- 21 contain information 
about the labelled compounds in the gas flow leaving the reactor . 

The kinetic information has to be withdrawn from the reaction 
image by means of mathematical modelling of the reaction kinetics . With 
the aid of computer simulations the information in the reaction image is 
quantified in terms of coverages of the reactants at the catalyst 
surface and rates of adsorpti on, desorption and surface reaction under 
the actual process conditions . Modelling of the experiments is carried 
out by simulating 21 RTD curves registered by the tomograph . An example 
of a set of RTD curves is given in figure 4 , ·where the RTD curves are 
obtained from the reaction image shown in figure 3 . At 9 different axial 
positions in the catalyst bed an RTD curve is given , (Fig . 40- L) . From 
the 21 curves registered by the positron tomograph the signal from the 
inlet pulse , the total reaction bed and the signal from the reactor 
outlet were generated (Fig . 4A- C) . As the total catalyst bed curve is 
calculated by accumulation of the RTD curves from 13 identical detector 
pairs, this resulting curve is virtually based on a uniform sensitivity 
profile over the reactor . The total catalyst bed curve (Fig . 4B) is thus 
not subject to field of view effects, as was the case using 
scintillation detectors to obtain integral information from the catalyst 
bed (60) . The data displayed in figure 4 and 5 are corrected for 
radioactive decay of the labelled compound . 

As the pulseis very narrow in time (FWHM - 0 . 5 s) , the curve 
of the inlet pulse is detected as a peak consisting of one single data 
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point (Fig. 4A). Dwing to the interaction with the catalyst bed the 
outlet curve is subject to a relatively low signal-to-noise ratio. Two 
Nai (Tl) scintillation detectors were used to more accurately register 
the shape of the pulse entering and leaving the reactor. Because the 
flow velocity in the tubing (teflon internal diameter 1 mm) upstream the 
reactor inlet and downstream the reactor outlet is very high and because 
lead slits were placed between detector and tubing, the influence of 
field of view effects was not significant during registration of the 
reactor inlet and outlet signals by Nai scintillation detectors (60). In 
figure S the inlet and outlet curves acquired by registering single 
photons with the aid of the scintillation detectors are given. In figure 
SB additionally the results of the radio-gas-chromatograph product 
identification at the reactor outlet are indicated, the fraction 11 CO in 
the effluent gas mixture at the reactor exit is hatched in the figure. 

In figure 6 the results of a simulation of the 11 CO pulse 
experiment (cf. Fig. 3 - S) on the platinum catalyst at 140•c are 
presented. The simulation agrees well with experimental results (cf. 
Fig. 4 vs. Fig. 6). From the simulations it is evident that the adsorbed 
11 CO species constitute the major contribution to the 11 C signal 
originating from the catalyst bed. The concentratien of 11 CO adsorbed 
onto the platinum surface is much higher than the concentratien 
expressed.per unit reactor volume of the 11 CO gas phase molecules. The 
same holds for 11 C02 adsorbed to the ceria compared to the gas phase 
11 C02 molecules; much higher concentrations are found at the surface. 
This effect can be seen directly from the reaction image as at the 
reactor exit (positions +8.0 to +11.0 cm) the gas phase shows a much 
lower concentratien of 11 C labelled compounds compared to the adsorbed 
species in the catalyst bed . Gomparing the signal from the catalyst bed 
nearby the reactor exit (Fig. 4L) to that in the gas phase at the 
reactor exit (Fig. 4C and SB), shows a different ratio of the height of 
first and second peak in time. In the catalyst bed this ratio represents 
predominantly the amount of 11 C02 molecules adsorbed to ceria over the 
amount of 11 CO molecules adsorbed to platinum surface (Fig. 4L). In the 
reactor exit outside the catalyst bed the ratio is predominantly gas 
phase 11 C02 over gas phase 11 CO (Fig . 4C). These two ratio~ are not 
necessarily the same . 

Under the experimental conditions applied, 7S% conversion of 
CO and 02 takes place. Product identification at the outlet of the 
reactor indicated that 11 C02 starts leaving the reactor first and that 
later a broad peak of 11 CO leaves the catalyst bed. This is caused by 
the fact that CO has a strenger interaction with platinum sites at the 
catalyst surface, than C02 has with ceria sites. The 11 CO fraction is 
hatched in figure SB. 

As the experiments are carried out in a plug flow reactor and 
the dispersion due to flow is negligible (Fig.7A), the CO and 02 gas 
concentrations decrease towards the end of the catalyst bed in the 
reactor (60). Therefore the equilibrium between gas phase and adsorbed 
molecules changes, which can be quite dramatic for converstons close to 
100%. Relatively high concentrations of C02 (10%) were present in the 
gas mixture entering the reactor in all experiments. At 100% conversion 
the C02 concentratien at the reactor exit can be 11% at maximum. The 
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Figure 6: The results of the simulation of the 11 CO pulse experiment on 
the PtjCe02 /1-Al 2 03 catalyst at 14o•c, as shown in figure 3, 4 and 5 . 
The species contributing for the most significant part to the signal 
from all the positions in the catalyst bed are shown; i . e. the 11 CO 
adsorbed to the platinum surface (represented by the C in the plots) and 
11 C02 adsorbed to the ceria sur~ace (represented by the 2). The gas 
phase concentrations and the concentrations of the other species 
adsorbed to the catalyst surface are not shown, as these concentrations 
are significantly lower than those of the adsorbed 11 CO and 11 C02 

species . The sum of all labelled species is given as well (represented 
by aT) . At the same positions in the catalyst bed as given in figure 4, 
the resulting curves of the simulation are given (D-L). Also the inlet 
and outlet gas phase curves are given (A and C) and the total reactor 
curve, basedon a uniform sensitivity profile over the reactor (B) . 
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equilibrium between co2 in the gas phase and co2 adsorbed to ceria is 
thus not changing very much going through the catalyst bed in the 
reactor. The mean residence time for individual C02 molecules adsorbed 
to the ceria near the entrance, will be identical to those in the last 
part of the catalyst bed, which was confirmed by simulations of the 
11 C02 pulse experiments shown in figure 7B and 7D. 

For CO the situation is different. CO gas phase concentrations 
vary from 1% at the reactor entrance to virtually 0% at the reactor 
exit, if 100% conversion takes place. It can be seen in the reaction 
images of higher conversion experiments, that the 'plume' .of 
11 C-labelled compounds reaches the end of the catalyst bed later than in 
experiments at lower converslons (cf. Fig. 3, 75% conversion, Fig. BA, 
50% conversion and Fig. 7C, <5% conversion) . This effect is caused by 
the fact that near the reactor exit the same amount of noble metal 
surface is available for a smaller amount of gas phase CO molecules 
compared to at the reactor entrance. Therefore the mean residence time 
of molecules at the noble metal surface at a position near the reactor 
exit is longer than at the reactor entrance. Reaction images of 
experiments, in which no or very low converslons take place, do not show 
these 'tailing' effects. As only one adsorption/desorption process 
takes place under these conditions, the reaction image shows 'straight 
plumes'. 

DISCUSSION 

CO oxidation by 0 2 over supported platinum and rhodium catalysts 

In figure 7 t he results of four pulse experiments are shown. 
All four experiments are carried out under the same conditions of 
ambient pressure, 1oo•c and applying the Pt/Ce02 /~-Al2 03 catal yst, apart 
from in the experiment shown in figure 7A in which reactor tube was 
filled with SiC. During the pulse experiments shown, the standard CO, 
02 , C02 gas mixture was continuously flowing through the catalyst bed, 
apart from the experiment shown in 7D, where 1400 ppm NO was added to 
the gas flow . At 100•c low converslons (< 5%) were found. 

In the first experiment (7A) 11 CO was pulsed over a bed of 
inert SiC. As no interaction between 11 CO and the catalyst bed took 
place, in figure 7A the behaviour of inert gas molecules is shown. The 
gas phase flowed through the catalyst bed during 4 secunds. The 
intensity of the displayed signal was identical at all positions along 
the reactor axis in the catalyst bed due to the calibration of the 
detector pairs. 

Figure 7B shows an exper i ment, in which a pulse o f 11 C02 was 
incorporated in the gas flow , which was led over the Pt/Ce02 /~-Al2 03 
catalyst . As soon as the 11 C02 reached the catalyst bed, interaction 
with the catalyst occurs; the labelled 11 C02 gas molecules are delayed 
in their motion towards the exit. The sharp and short injected pulse was 
broadened and the maximum is lowered as 11 C02 moves through the catalyst 
bed. After about 75 sec onds virtually all activity has left the catalyst 
bed again. The time integral value of the 11 C- signal in time at the 
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Table 3a. Kinetic reaction parameters used in the 
mathematical model. 

Reaction Parameter 
step 

1 5co co sticking probabi1ity at metal 
-1 E8 /R co desorption activatión energy 
-1 ko co desorption pre-exponential factor 

2 5o2 02 sticking probability at metal 
3 E0 /R Reaction activatien energy 
3 ko Reaction pre-exponential factor 
4 5co2 co2 sticking probability at Ce02 

-4 Kdes co2 desorption from Ce02 rate const. 

Table 3b. Values used for kinetic reaction parameters for the 
platinum catalyst . 

Re action Va1ues used in Values used by 
step this study Lynch et al. (79) 

1 5co 8*10- 5 2*10- 5 

-1 E8 /R 9*103 K 9*103 K 
-1 1. 8*101 0 mol/m3/s 4*109 moljm3js 

*) 

ko 
2 5o2 3.6*10- 7 9*10- 9 <- 150 * 6*10- 11 ) 
3 E./R 8*103 K 8*103 K 
3 ko 5. 8*1013 s- 1m-1 5. 8*1013 s-1m-1 
4 5co2 6.6*10- 5 - *) 

-4 Kdes 7.9 s - 1 - *> 

*) No ceria present in this catalyst. 

Table 3c. Values used for kinetic reaction parameters for the rhodium 
catalyst. 

Reaction Va1ues used in Values as used by 
step this study Oh et al. (59) *> 

1 5co 8*10- 5 (0.5 **> 
-1 E0 /R 1. 3*104 K 1.4*104 K 
-1 ko 1. 5*1014 moljm3/s 1.6*1014 moljm3 /s 

2 5o2 3.6*10- 7 (0.01 **) 
3 E0 /R 8*103 K 7. 2*103 K 
3 ko 5.8*1013 s-1m-1 1*1012 s-lm-1 
4 5co2 1.2*10- 4 - *> 

-4 Kdeo 7.9 s-1 - *> 

*4 No ceria present in this catalyst. 
* ) Only the value for the initial sticking coefficients are given . 
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reactor outlet was found to be identical to that at the inlet. Product 
identification at the reactor exit showed that the only 1 ~C-labelled 
compound inthereactor effluent stream was 11 C02 , indicating that the 
C02 which entered the reactor has not been subject to a chemica! 
reaction. 

From experiment 7B the rates of adsorption and desorption of 
C02 at the ceria on the catalyst surface could be obtained by simulating 
the experiment with the mathematica! model of the reaction kinetics. The 
results of those simulations, the sticking probability of C02 on ceria 
and the rate of desorption of C02 from the ceria are given in table 3b. 
As with the use of the positron emission tomograph a large amount of 
information on the residence of the labelled components at the catalyst 
surface was obtained, the values for adsorption and desorption rate 
constants could quite accurately be modelled. From the information 
obtained with scintillation detectors as reported in our previous paper, 
only an equilibrium constant for C02 adsorptionjdesorption at the ceria 
surface could be established (60). In the relatively small temperature 
range, in which the experiments were carried out (loo•c- l50.C), no 
significant influence of the temperature on the adsorption(desorption of 
C02 on the ceria could be detected. Therefore no value for· the 
activation energy of desorption could be established. 

In figure 7C the reaction image of an experiment, in which 
11 CO was pulsed over the platinum catalyst . From this reaction image it 
can be seen that the average residence time of CO in the catalyst bed 
was about 100 s, whereas the residence time of inert gas mplecules was 4 
s. As the temperature was only 100•c, the platinum surface is fully 
covered by CO, leaving virtually no empty places for dissociative 02 
adsorption; very little conversion takes place (< 5%). Product 
identification at the reactor exit showed that 11 CO was the major 
labelled component leaving the reactor; hardly any 11 C02 could be 
detected. As virtually no reaction takes place, the reaction image shown 
in figure 7C contains information on the rates of CO adsorption and 
desorption at the platinum surface. With the help of simulations of.this 
experiment the rate constants for adsorption and desorption of CO at the 
catalyst surface on the catalyst could be established . From the rate 
constant the sticking probability for CO on the platinum s~rface on the 
catalyst and the pre-exponentlal factor and activation energy for CO 
desor~tion from platinum could be established. CO surface coverage of 
2*10- molCO/m2 Pt was calculated from this experiment, which agrees 
fairly well with the figures reported in the literature for the maximum 
capacity for CO on platinum (48 , 78,79). The kinetic parameters of CO 
adsorption and desorption resulting from the simulation of this 
experiment are summarised in table 3b. Figure 70 shows the influence of 
NO on the CO adsorption and desorption at 100•c and will be dealt with 
later. 

In figure S the results of another four steady state pulse 
experiments are shown. The standard gas mixture of CO, 02 and C02 was 
led over ceria/~-alumina supported platinum (figures SA and SB) and 
rhodium catalysts (figure SC and SO). In all four experiments the 
temperature was chosen such that 50% conversion of CO and 02 . to C02 was 
reached at the exit of the catalyst bed . To this end 130•c was applied 



INFLUENCE OF NO ON CO OXIDATION 81 

Figure 7: The reaction images of four pulse experiments at 1oo•c . In the 
experiment shown in image A, an 11 CO pulse was led over an inert SiC 
bed. The reactor was continuously exposed to the standard gas flow , 
containing CO, 02 and C02 . The same reaction mixture was flowing through 
the reactor in the experiments shown in images B and C. Reaction image A 
shows the behaviour of iner t gas molecules. In the other three 
experiments , the standard Pt/Ce02 /~-Al2 03 catalyst was present in the 
reactor. In experiment B a pulse of 11 C02 was given and in C and D 
pulses of 11 CO were injected. In experiment D also 1400 ppm NO was 
present in the gas flow. 
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Figure 8: The reaction images of four pulse experiments at which 50% 
conversion was reached. The standard gas mixture, without NO, was 
flowing through the catalyst bed in all four experiments. In experiments 
A and B the PtjCe02 /1-Al2 03 catalyst was present in the reactor and the 
temperature was 130°C. 1n C and D the temperature was 150°C and the 
reactor was filled with the Rh/Ce02 /l-Al2 03 catalyst. In A and C pulses 
of 1tco were given while in Band D 11 C02 was pulsed over the catalyst. 
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for the platinum catalyst and 1so•c for the rhodium catalyst. Due to the 
lower noble metal loading on the rhodium catalyst than on the platinum 
catalyst (0 . 5 m2 rhodium vs . 1.0 m2 platinum), a higher temperature was 
required to reach 50% conversion with the rhodium catalyst. In the 
experiment shown in SA and SC 11 GO was pulsed over the catalyst and in 
the experiment shown in SB and BD 11 G02 was injected. 

To improve the signal-to-noise ratio, the results as 
graphically represented in figure B, 9 and 10 have been smoothed 
moderately in the time ordinate by a smoothing function (cf . Fig . 7 
non-smoothed and Fig . 8 smoothed) . The advantage of smoothing is a 
better visibility of trends in the plots. A disadvantage however , is the 
fact that positions in the reaction image where high concentrations were 
measured broaden out both in time and place (cf. Fig . 7B and Fig . BB) . 
The results obtained in the 11 G02 pulse experiment at 13o•c on the 
platinum catalyst are virtually identical to those obtained at 1oo•c 
(cf. Fig. 7B and Fig. BB). This indicates the insignificant influence of 
the temperature on the G02 -ceria interaction. However, different results 
are obtained for the 11 GO experiment compared to the 100•c experiment on 
the platinum catalyst (cf . Fig. 7G and Fig. BA). The results of product 
identification in the effluent stream from the reactor, indicated that 
11 G02 molecules reached the exit prior to the non-converted 11 GO 
molecules . As soon as the 11 GO molecules were adsorbed to the catalyst 
surface, a number of them reacted with adsorbed ü-atoms forming 11 C02 . 

This 11 G02 immediately desorbs from the platinum surface and becomes 
subject to the interaction with ceria as it moves with the gas phase . 
However, the adsorptionjdesorption interaction between G02 and ceria 
results in smaller residence times in the catalyst bed than the 
interaction between CO and platinum (cf . Fig. 7B and 7G). The deeper 
positions in the catalyst bed (0 .0- 7.0 cm) are first reached by 11 G02 
molecules. Depending on the converslons taking place in the reactor, a 
mixture of 11 CO and 11 G02 moves through the deeper part of the catalyst 
bed at later times (Fig . BA) in the reaction image t > 100 s, positions 
0.0- 7.0 cm. 

In the centre of the catalyst bed during a longer period of 
time 11 G labelled compounds are present than was the case in the 
experiments at lower temperatures (cf . Fig. 7G and Fig. BA). This is 
thus partly caused by the initial appearance of 11 G02 and partly by the 
fact that gas phase GO concentrations and thus also the 11 CO 
concentrations decrease as conversion takes place. This results in an 
extended residence time of the individual GO molecules at the noble 
metal surface. The fact that G02 is subject to interaction with ceria at 
the catalyst surface, which delays its motion towards the reactor exit, 
is the reason why none of the 11 G-label reaches the exit of the reactor 
in the first 40 seconds after the 11 GO pulse entered the reactor . 

A comparison of figure BB and BD shows that the rhodium 
catalyst exhibits a stronger interaction with 11 G02 than was found on 
the platinum catalyst. With XPS it was established that both Rh and Pt 
were deposited specifically upon the ceria at the catalyst surface (601 . 
In the platinum catalyst the platinum crystallites cover a significant 
part of the ceria surface (Fig . BB), while on the rhodium catalyst the 
rhodium only slightly decreases the ceria surface (Fig . SD) . An 
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experiment, in which 11 C02 was pulsed over the standard ceria/1-alumina 
carrier without noble metals, showed comparable results to those 
obtained with the rhodium catalyst shown in figure SD. This indicates 
that indeed an identical amount of ceria surface is available for C02 
adsorption at the Ce02/1-Al2 03 carrier as at the Rh/Ce02 /l-Al203 
catalyst (Table lb). Simulations of the experiments confirmed that the 
less intense interaction of co2 with the platinum catalyst l relative to 
the rhodium catalyst can be ascribed to the lower amount of ceria 
surface at the platinum catalyst. 

The comparison of figures SA and SC reveals shorter residence 
times of the 11 C label on the rhodium catalyst than on the platinum 
catalyst in the 11 CO injection experiment. Although the 11 C02 , formed by 
reaction from 11 CO, has a larger interaction with the ceria at the 
rhodium catalyst than at the platinum catalyst, the overall mean 
residence time of the labelled components on the rhodium catalyst is 
smaller than on the platinum catalyst. This implies that 11 CO must have 
a much shorter residence time at the noble metal surface in the rhodium 
catalyst than in the platinum catalyst. Three reasons for this 
observation can be given: 
1. The lower noble metal surface area, which is present at the rhodium 

catalyst compared to that of the platinum catalyst (0.5 m2 rhodium 
vs. 1 m2 platinum). 

2. The higher CO desorption rate from the noble metal surface due to 
the higher temperature applied to the rhodium catalyst compared to 
the platinum catalyst (rhodium 1so•c vs. platinum 13o•c) . 

3. The difference between rhodium and platinum at the catalyst surface 
with respect to interaction with CO. Apart from different adsorption 
and desorption parameters for the two noble metals, the dispersion of 
rhodium was higher than that of platinum. 

The results obtained from the experiments with the rhodium 
catalyst could be simulated using a same reaction model as was applied 
on the platinum catalyst. Via simulations, sticking coefficients for CO 
and 02 at the rhodium surface were found to be similar to the values 
used for platinum . Also the activation energy and reaction rate constant 
for the C02 formation via the co.d;o.d surface reaction were taken 
equivalent. For the activation energy for CO desorption however for the 
rhodium catalyst, a larger value than for the platinum catalyst was 
used, (Rh: E8 /R- 13,000 K vs. Pt: E4 /R- 9,000 K). A similar value for 
the activation energy of CO desorption from a Rh/Al2 03 catalyst was 
reported by Oh et al (59). The values used in the simulatidns are 
summarised in table 3. 

It was expected that the value for the oxygen sti'cking 
probability at the rhodium surface would differ from the value found for 
the platinum surface. We reported in the previous artiele of this series 
an enhancement of the sticking probability of 02 on platinum due to the 
presence of Ce02 at the catalyst surface (60) . As the dispersion of 
rhodium is higher than that of platinum on the catalyst surfaces, a 
higher promoting effect of ceria in the rhodium catalyst was expected. 
Also, in general somewhat higher oxygen sticking probabilities on 
rhodium than on platinum are reported (59,78,79). It should be noted 
however, that the simulations are much more sensitive to variations of 
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Figure 9; The reaction images of four pulse experiments at which 50% 
conversion was reached. The conditions of the experiments were equal to 
those shown in figure 8, apart from the fact that 1400 ppm NO was added 
to the gas flow and higher temperatures had to be applied to reach 50% 
conversion . In A and B the Pt/Ce02 /~-Al2 03 catalyst was present in the 
reactor and the temper ature was 150•c. In C and D the Rh/Ce02 /~-Al2 03 
catalyst and 17o•c were applied . In A and C pulses of 11 CO were given, 
while in B and D 11 C02 was pulsed over the catalyst. 
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Figure 10: The reaction images of four 11CO pulse experiments at 140•c. 
In A and B the Pt/Ce02 /~-Al2 03 catalyst was present in the reactor and 
in C and D the Rh/Ce02 /~-Al2 03 catalyst. In the experiments shown in A 
and C, the standard gas flow without NO was applied, while in B and D 
1400 ppm NO was present in the gas mixture. 



INFLUENCE OF NO ON CO OXIDATION 87 

the CO desorption rate than variations of other variables. The rate of 
CO desorption from the noble metal surface, generating vacancies at the 
surface, is the reaction rate limiting factor under the conditions 
applied. Therefore the value established for the oxygen adsorption rate 
has a lower accuracy than that for the CO desorption rate. 

The influence of NO on the CO oxidation by supported platinum and 
rhodium catalysts 

Figure 7D shows an 11 CO pulse experiment over a platinum 
catalyst, which was exposed to the gas flow to which 1400 ppm NO was 
added. The product analysis at the reactor exit showed that hardly any 
conversion took place (also only very low amounts of 11 C02 were detected 
at the reactor exit). In order to reach complete steady state, the 
catalyst was kept under the gas flow for at least 12 hours before the 
pulse experiments were carried out . 

As NO exhibits a high sticking coefficient on platinum 
surfaces, a significant fraction of the surface will not be available 
for CO adsorption when NO is present inthefeed stream (25,26). From 
figure 7C can be seen that at the entrance of the catalyst bed virtually 
all 11 CO molecules find a place to adsorb at the entrance of the 
catalyst bed (about one pixel at position -6.5 cm). The major part of 
the pulse has already been delayed when it arrives at the second pixel 
position of the catalyst bed (-5.5 cm). Gompare the behaviour of 11 CO in 
the first part of the catalyst bed shown in figure 7C, to that shown in 
figure 7A, where the behaviour is given of inert molecules traveling 
without delay through the catalyst bed. 

In figure 7D however it can be seen that the second and the 
third position in the catalyst bed (positions -5.5 and -4.5 cm) appear 
in light colours in the same period of time (1.2 seconds) that the pulse 
reached the entrance of the catalyst bed in the reactor (position -6.5 
cm). These molecules have thus notbeen able to find places at the 
platinum surface on which they could adsorb within the first pixel 
position of the catalyst bed. This directly indicates that a significant 
number of sites was blocked by NO andjor that the rates of adsorption or 
desorption of CO at the platinum surface have been changed by the 
presence of NO. However, as deeper in the catalyst bed the reaction 
image shows a bend to slower movement of the 11 C-labelled compound 
through the catalyst bed, this effect cannot solely be explained with 
changed sorption rates. 

Gomparing figures 7C and 7D also reveals that the mean 
residence time of the CO molecules at the catalyst surface is longer in 
the experiment in which NO is present . Along a vertical line through the 
reaction image, more tailing is found, indicating a longer residence of 
11 CO at that position in the catalyst bed. As a significant number of 
platinum sites is covered by NO molecules and thus no longer available 
for CO adsorption, a much shorter residence time of the molecules in the 
catalyst bed was expected compared to the experiment in the absence of 
NO. From this observation it can be concluded that indeed the rate of CO 
desorption from the platinum surface has been changed by the presence of 
NO. 
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By simulating the experiments with the reaction model, both a 
blocking of platinum surface sites by adsorbed NO molecules and a lower 
CO desorption rate due to the presence of NO were established. As the 
temperature is quite low (lOO•c), it was assumed that NO dissociation at 
the platinum surface was insignificant in this experiment . It was 
established that about 60% of the platinum surface was covered by 
adsorbed NO molecules and the stabilising interaction was calculated to 
be about -8 kJ/mol. This parameter has been named aKO' analog to the aN 
used for repulsive interaction between adsorbed CO and N (see below) 
(Oh). The formula used in the model to calculate the rate of CO 
desorption from the noble metal surface was: 

in which aN 0 represents the stabilising interaction parameter having a 
negative value; 
the fraction of the surface covered by adsorbed NO; 
represents the repulsive interaction parameter; 
the fraction of the surface covered by adsorbed N atoms; 
the fraction of the surface covered by adsorbed CO. 

The kinetic parameters descrihing the influence of NO on the 
CO oxidation by 02 are summarised in table 4. As only a few experiments 
were carried out at these low temperature, it is difficult to separate 
the influence of NO in blocking of sites for CO chemisorption and in 
increasing the activatien energy of CO desorption. The value for the 
pre-exponentlal factor had to be adjusted somewhat in order to fit the 
data. 

Table 4. The kinetic parameters descrihing the influence of 
1400 ppm NO on the CO oxidation by 02 . 

Parameter Catalyst Value used Literature 

aN Pt 2*103 K -
aH Rh 3*10 3 K 3*10 3 K (59) 
aNO Pt -1*103 . K -

/JKO + /JN Pt (Bo·c) 38 % 

/JNO + /JN Rh (lso·c) 50 % 

It was reported by Raval et al. (80) that NO adsorbed to 
palladium surfaces decreases the co desorption rate, due to a 
stabilising interaction between CO and NO. NO present at the catalyst 
surface drives the CO in the linearly adsorbed positions in which it is 
stabilised by a dipole-inducing interaction between NOad and COad " The 
lowered desorption rate of CO from the surface due to the presence of NO 
which was observed in the 11 CO pulse experiments on the highly dispersed 
ceriaj~-alumina supported platinum catalysts can be explained by this 
stabilising effect . 
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In figure 9 four experiments are shown, in which 1400 ppm NO 
was added to the gas mixture. The temperatures were chosen such that 50% 
conversion was reached. To this end 150"C was applied to the platinum 
catalyst and 170"C to the rhodium catalyst. It can be seen , camparing 
figure B and 9, that much shorter residence times of the labelled 
reactants in the catalyst bed occur under the conditlans applied to the 
experiments shown in figure 9 than under those of figure B. 11 C02 shows 
a less intensive interaction with ceria than in the absence of NO (cf. 
Fig. 9B and D to Fig. BB and D) . It could very well be, that NO adsorbs 
to ceria forming nitrites andjor nitrates, whereby it bleeks sites for 
C02 adsorption . The 11 C02 pulse experiments could be simulated by taking 
into account that a part of the ceria surface is occupied by adsorbed NO 
molecules. Under the experimental conditions (140"C < T < lBO"C), about 
46% of the ceria sites were blocked by NO, bath on the Rh/Ce02 /~-Al2 03 
catalyst and on the Pt/Ce02 /~-Al2 03 catalyst. 

Also much shorter mean residence times of the labelled 
compounds in the 11 CO pulse experiments were found, compared to the 
experiments carried out in the absence of NO. A part of the platinum and 
rhodium surface is blocked by species following from the adsorption of 
NO. At the temperatures applied NO starts to dissociate; with a low rate 
on the platinum surface at 150"C, but with a higher rate at the rhodium 
surface at 170"C. The NO dissociation results in adsorbed N and 0 atoms 
at the catalyst surface. It has been reported that adsorbed N atoms and 
adsorbed CO molecules exhibit repulsive interactions at noble metal 
surfaces (59,81). This results in a higher rate of CO desorption from 
the noble metal surface. Simulations of the 11 CO pulse experiment on the 
platinum catalyst in absence of NO (Fig. BA) and that with 1400 ppm NO 
present in the gas flow (Fig. 9A), indicated the next five effects which 
give rise to the shorter residence times of the 11 C-label in the 
presence of NO: 
1 . As described before, the presence of adsorbed NO at the ceria 

diminished the residence time of 11 C02 at the ceria in the catalyst 
bed. This effect contributes to the shorter residence time of the 
11 C-label ( 11 CO + 11 C02 ) after injection of an 11CO pulse over the 
platinum catalyst in the experiment in the presence of NO compared to 
the experiment in the absence of NO . 

2. In the presence of NO at 150"C about 3B% of the platinum surface is 
blocked by surface species resulting from NO adsorption, either NOad 
andjor Nad' so that this part of the platinum surface is not 
available for CO adsorption, as explained previously. 

3. Due to the higher temperature applied to obtain 50% conversion in the 
presence of NO, the CO desorption rate is increased considerably as 
CO desorption is an activated process. The CO desorption rate 
constant at 150"C is a factor 2.9 higher than that at 130"C . Figure 
10 shows four 11 CO pulse experiments on the platinum and rhodium 
catalys t in absence and presence of NO. In the experiments shown in 
figure lOA and lOB the platinum catalyst was at 140"C; in lOB NO was 
added to the gas mixture, which was absent in lOA. At 140"C, 76% 
conversion takes place in the absence of NO, while in the presence of 
NO 3B% conversion is reached. As can be seen camparing figure lOA and 
lOB, the residence time of the 11C-labelled compounds after 11CO 
injection is significantly shorter when NO is present in the gas 
mixture. 
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4. Due to the presence of Nad atoms at the platinum surface the CO 
desorption rate is increased extra by the repulsive interaction 
between Nad and COad· Root et al. (82) and Oh et al. (59) reported a 
diminishing of the activation energy for CO desorption from the noble 
metal surface of 40 kJjmole at nearly complete coverage of the 
surface by Nad caused by this repulsive interaction. . 

5. The dissociative 02 adsorption was found to be specifically hindered 
by the presence of NO. In the mathematica! model of the reaction 
mechanism the dissociative 02 adsorption was incorporated as an 
adsorption step in which 02 adsorbs on one platinum site, followed by 
a very fast 02 dissociation step by which a second platinum site is 
occupied. This results in a first order dependenee in vacant noble 
metal surface sites for 02 adsorption. However, a more significant 
inhibition of 02 adsorption compared to CO adsorption is likely to 
occur, due to ensemble effects (82). Oxygen needs in total two 
surface sites for dissociative adsorption so it is more vulnerable to 
blocking of surface sites. From simulations of the experiment a 45% 
lower sticking probability for oxygen at the platinum surface was 
obtained. As an enhancing influence of ceria on the oxygen sticking 
probability on the platinum was found, the presence of NO adsorbed to 
the ceria surface could also diminish the promoting activity of ceria 
on the oxygen sticking probability. 

The effect of NO on the residence time of 11 CO on the platinum 
surface is changing considerably as temperature increases. As became 
clear from figure 7C and 7D, at low temperatures (100°C) the residence 
times of CO are prolonged by the presence of molecular adsorbed NO at 
the catalyst surface. At higher temperatures however, the presence of 
Nad atoms at the platinum surface cause the CO molecules to desorb from 
the platinum surface more rapidly (cf. Fig. lOA and lOB) due to the 
repulsive interaction between Nad and C04 d at the platinum surface. 
Under conditions as in the experiment shown in figure 9A, only part of 
the NO is dissociated. The stabilising effect of adsorbed NO molecules 
on the adsorbed CO is just overruled by the repulsive interaction of the 
adsorbed N atoms. We found for the platinum catalyst a repulsive 
interaction of 17 kJ/mol (aN/R- 2000 K, see table 4). Also in this case 
the pre-exponentlal factor had to be adjusted somewhat in order to fit 
the data. It is difficult to establish from these experiments with 
11C-labelled compounds which part of the NO is actually dissociated 
under the experimental conditions. Therefore some care should be taken 
in the interpretation of these figures. It would be interesting to 
perform experiments with 13NO to further investigate these phenomena. 

In the 11CO pulse experiment on the rhodium catalyst, the same 
five effects as indicated for the platinum catalyst take place. The 
interaction of NO with the ceria is equivalent to that found at the 
platinum catalyst, keeping in mind the fact that a higher ceria surface 
is present at the rhodium catalyst. At rhodium surfaces the NO 
dissociation occurs more rapidly than at platinum surfaces . The 
repulsive interaction between Nad and C00 d is more pronounced in the 
experiment shown in figure 9C than in figure 9A. One must bear in mind 
the fact that the rhodium catalyst contains a lower noble metal surface 

. area (0.5 m2 vs. 1 m2 on the platinum catalyst) and the higher 
temperature applied in the experiment with the rhodium catalyst (17o•c 
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vs. 1so•c on the platinum catalyst). For the rhodium catalyst a 
repulsive interaction of about 25 kJ/mol was calculated from the 
simulations (see table 4). Adjustment of the pre-exponential factor was 
again necessary to fit the data. As for the platinum catalyst it was 
difficult to establish which part of the NO was actually dissociated at 
the surface, the same holds for the rhodium catalyst . The differences 
between the highly dispersed platinum and rhodium on the catalysts were 
thus found to be a higher activatien energy for CO desorption an a more 
rapid NO dissociation on the rhodium catalyst. 

Gomparing posicron emission Cechnique wich ocher cechniques 
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the major advantage of the positron emission tomography 
technique in kinetic catalysis· studies, is the quanCitacive informsCion 
that is obtained in-sicu and non-invasive from the catalyst surface. The 
presence of the labelled compounds in the catalyst bed can be detected 
right through reactor walls, which enables to obtain information 
directly from different locations in the catalyst bed, when a positron 
tomograph is used as a detection system. The dynamics of steady state 
processes can be studied with this transient technique. The information 
obtained from the catalyst bed, contains surface coverages of reactants 
and intermediates and rates of adsorption, desorption and surface 
reaction. The labelled molecules, which are pulsed into the system 
wiehout discurbing the flow or the composition of the gas mixture, are 
behaving chemically identical to the equivalent unlabelled molecules in 
the process. The labelled molecules behave identical to the non labelled 
molecules with respect to the processes of sorption and resetion 
occurring under the actual catalytic resetion conditions . The pulse 
contains so few extra molecules that the catalytic processes remsin 
fully undisturbed. At the same time their number is large enough to 
allow reproducibility and give sufficient resolution in detection. 

In principle there is no restraint to place a complete 
catalyst reactor in ~ tomograph to study the processes taking place. For 
example it will be quite possible to place a automotive exhaust catalyst 
converter in the field of detection of a NeuroEcaT tomograph and let 
real exhaust gases flow through the system, in which labelled compounds 
are injected. Experiments investigating the methane conversion activity 
of our platinum and rhodium catalysts have been carried out at 
temperatures between 400 and 440•c. The placing of heat shields to 
proteet the tomograph was carried out without loosing count rate 
statistics (83). 

The workof Fisher et al. (24,59,84,85) showed, that it is in 
some cases possible to use the parameters determined solely under ultra 
high vacuum conditions using surface science techniques, to predict 
reaction rates under high pressure conditions. Much is known about the 
reaction mechanisms of CO oxidation under UHV pressures from the work of 
Ertl et al., Root ec al. and Oh et al. (51,69,86-89). For the C0/02 
system the predictions were found to fit well with the measured 
kinetics. However, it appeared to be difficult to predict the resetion 
rates for structure sensitive reactions as the studies on the CO/NO 
system indicated. The predictions are valid only when the same 
strongly-bond surface species are present under the UHV conditions as 
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under high pressures . It will always be necessary to carry out 
experiments at high pressure to check the predictions made based on 
surface science experiments . 

The transient isotopic experiments as carried out by Cho et 
al. (45,46,49) enable identification of reaction routes and rate 
limiting reaction steps herein . Information about the reactants can only 
be obtained at the exit of the reactor; a plug-flow like reactor in 
which steep gradients arê present can not easily be investigated using 
this technique. Apart from that it is quite difficult to establish 
whether the fact that the catalytic surface is not in contact with the 
reacting gases in between two pulses, has an influence on the results. 
The question remains whether these results are representative for 
transients occurring under realistic reaction conditions, ,i.e. during 
driving of a car. 

Cyclic injection experiments as performed by Yao et al. (47) 
have the same disadvantages as mentioned above: the catalytic surface is 
not in contact with all reacting gases during a pulse interval and one 
obtains direct information only at the exit of the reactor. Different 
reaction models including reaction intermediates at the catalyst surface 
have to be excluded based on indirect information about their presence, 
Direct information about the intrinsic kinetics of the active sites is 
needed to complete the kinetic studies carried out under high pressures. 
The isotopic cycling experiments are usually well able to elucidate 
reaction schemes but less suited to quantify the kinetic parameters. 

Making use of titration techniques as for example carried out 
by Banse et al . (50) or the TAP technique as reported on by Ebener (90) 
information on reaction routes and the rate limiting steps in the 
mechanism can be obtained. These techniques have successfully been used 
to discriminate between different reaction schemes. It is however not 
certain whether the same reaction mechanisms are active under actual 
catalytic process conditions where constantly gas flows of changing 
composition enter the catalyst bed. 

Applying FTIR and Raman techniques in adsorption and 
desorption studies as for example carried out by Daniel (31), reaction 
sites and reaction intermediates could be identified. In this type of 
studies however, it is quite difficult to quantify the amounts of 
reactive sites and reaction intermediates and to establish their 
relevanee in reaction schemes . It is even more difficult to obtain 
kinetic parameters from these studies. These spectroscopie techniques 
are often supplying complementary information to the transient (radio) 
isotope techniques. 

CONCLUSIONS 

The use of positron emitters in catalytic studies enables the 
establishing of kinetic parameters . A positron emission tomograph 
supplies a large amount of information fróm the catalyst surface. The 
concept of a 'reaction image' is a valuable tool for the display and 
analysis of the recorded data in this type of experiments. A clear 
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relation between gas phase conditions and surface component 
concentrations can be established directly from the results obtained 
with the tomograph . Also the dynamics of the processes of adsorption, 
desorption and surface reaction under steady state reaction conditions 
can directly be analysed from the 'reaction images' . 
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The promoting effect of ceria in the CO oxidation by 02 on the 
supported platinum catalysts, which was .established to be due to an 
enhanced oxygen sticking probability on the platinum surface was also 
found for the rhodium catalyst. The presence of NO in the reaction 
mixture during CO oxidation gives rise to blocking of a significant 
fraction of the noble metal surfaces . At lower temperatures this 
blocking was found to be caused by adsorbed NO molecules . At the same 
time the desorption rate for CO ·from the noble metal surface was lowered 
due to a stabilising interaction between adsorbed NO and CO molecules at 
the noble metal surface . At higher temperatures the NO molecules start 
to dissociate at the noble metal surface, whereby adsorbed nitrogen 
atoms are produced . These nitrogen atoms exhibit a repulsive interaction 
with the adsorbed CO molecules by which the CO desorption rate is 
increased . The differences between a highly dispersed platinum and 
rhodium catalyst were mainly found to be a higher activation energy for 
CO desorption at the rhodium catalyst and a larger tendency for NO 
dissociation . 
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CHAPTER 5 

Exhaust catalysis studies using in-situ positron emission tomography. 
Part III: oxygen exchange activity of ceria 

ABSTRACT 

The use of positron emitters in reactant molecules to study 
reaction kinetics of heterogeneaus catalysis is demonstrated . The 
labelling of different reacting molecules provides information about 
reaction mechanism, which even can be extended by labelling different 
atoms of the same reactant molecule . The information obtained directly 
from the catalyst surface can be quantitatively interpreted . The rates 
of adsorption, desorption and surface reaction can be determined by 
simulating the quantitative experimental results by means of a 
mathematica! model of the reaction kinetics. This has been carried out 
for the CO oxidation over ~-alumina supported platinumjceria and 
rhodiumjeeria catalysts . The analysis of the experimental data showed 
that during low temperature CO oxidation by oxygen, the catalyst surface 
is predominantly covered with adsorbed CO molecules , while the 
dissociative adsorption of 02 at the surface is the rate limiting step . 
The irreversible character of dissociative 02 adsorption at the noble 
metal surfaces was demonstrated . Oxygen atoms of C02 remain much longer 
in the catalyst bed than the carbon atoms, which could be ascribed to 
carbonate formation at the ceria surface and exchange of the oxygen 
atoms of these carbonate groups with the ceria lattice oxygen atoms . 
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INTRODUCTION 

Automotive exhaust catalysts contain a number of catalytic 
functions, which are participating in the purification of exhaust gases 
(1-4) . The most important active components are platinum, palladium, 
rhodium and ceria. Platinum andjor palladium are catalysing the 
oxidation of hydrocarbons and carbon monoxide (5,6), while the main 
function of rhodium is the reduction of nitrogen oxides (7,8). Rhodium 
has also been found to have a high activity in the low temperature CO 
oxidation, which is an important phenomenon during the cold start of a 
car (9). 

Cerium oxide, present in relatively high concentrations at the 
catalyst surface, has been ascribed a number of different functions in 
the catalyst (10,11). Most studies on ceria in exhaust ca~alysts 
concentrate on the capacity of ceria to store oxygen at the catalyst 
surface. The valenee of ceria has been reported to change back and forth 
from 3+ to 4+ during the rapidly occurring oxygen up-take and release 
processes (12-20). It has also been reported that ceria enhances the 
(hydro) thermal stability of alumina carriers (10,11) and the the 
stability of the dispersion of noble metals at the catalyst surface 
(10,11 ,21) . Ceria has been found to promote the CO oxidation over highly 
dispersed noble metal catalysts (10,22,23), which was furthermore 
supported by the study of the C0/02 reaction over a 
platinumjceria/~-alumina catalyst using the positron emission technique 
(24). Besides , ceria has been reported to catalyse the water gas shift 
reaction (10). This reaction contributes fora significant part to the 
CO conversion activity of automotive exhaust catalysts, as relatively 
high concentrations of CO are emitted by the engine during the cold 
start of a car (25). 

In automotive exhaust catalysis the transient kinetic processes 
occurring are most important for the determination of the activity of 
different catalysts. The conditions, under which automotive exhaust 
catalysts are operating, are varying very rapidly over a wide range of 
temperatures, gas compositions and flows (26,27) . Therefore it is 
important to utilise in-situ techniques, which are able to reveal 
information about the dynamics of the reactions taking place. Usually a 
combination of Infrared or Raman techniques and transient (isotope) 
experimentsis used in this type of studies (5 ,28). With infrared 
techniques it is difficult to determine which surface species are 
actually important reaction intermediates (29,30). However, transient 
isotope techniques derive their information from the products at the 
reactor exit only and not directly from the catalyst surface (6-8,31). 

The exploitation of positron emitters in studies of the 
kinetics of automotive exhaust catalysis was reported in previous 
publications (24,32-34). The application of these radionuclides offers 
the possibility to obtain direct surface information because the 
(indirectly) emitted ~-radiation can be detected right through reactor 
walls (35). Exploitinga positron emission tomograph as detection 
system, quantitative informati on from the catalyst bed both in time and 
place can be obtained (36,37) . The 11C-label was used in CO and C02 

molecules to study the CO oxidation by 02 and the influence of NO on 
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this reaction. In this paper the use of the 13N-label in N2 molecules 
and the 150-label in CO, C02 and 02 in kinetic studies of the CO 
oxidation is reported. The CO oxidation over both highly dispersed 
~-aluminajceria supported platinum and rhodium catalysts has been 
studied. The influence of the ceria present in the catalyst formulation 
on the catalytic processes, was examined. 

EXPERIMENT AL 

The experimental set up 
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The catalysts used in this study were a highly dispersed 
ceria/~-alumina supported platinum catalyst and a similar rhodium 
catalyst. The catalysts were prepared as described in previous papers 
(24,32). In table 1 the catalysts characteristics are summarised. Also 
the experimental set-up was identical to that as reported in previous 
publications (24,32) and is shown in figure 1 . The most relevant 
property of the experimental set-up is the fact that minute amounts of 
labelled molecules, of the same chemical composition as the reactants, 
can be pulsed into the system without disturbing the composition or the 
flow characteristics of the r eacti on mixture . The total gas flow was 40 
ml/min STP, containing 1 . 0% CO, 0.5% 02 , 10% C02 and balance argon . This 
gas flow was led over 3.9 g crushed catalyst, sieve fraction 30-80 mesh, 
which was placed in a 3/8 inch reactor tube (stainless steel (Hoke), 
internal diameter 7 mm, catalyst bed length 14 cm) . The reaction rates 

Table la. Platinum catalyst characterisation parameters used in the 
reaction model. 

Parameter Value 

Platinum dispersion 84% 
Maximum CO/Pt ratio at platinum surface 1 
CO adsorption capacity of Pt surface 2.4*10- 5 moljm2 

Total platinum surface in catalyst ( 3. 9 g) 1 m2 
co2 adsorption capacity of Ce02 at carrier 5 . 6*10- 5 mol 
co2 adsorption capacity of Ce02 at Pt catalyst 3.1*10- 5 mol 

Table lb. Rhodium catalyst characterisation parameters used in the 
reaction model. 

Parameter Value 

Rhodium dispersion 100% 
Maximum CO/Rh ratio at rhodium surface 1 
CO adsorption caJ)acity of Rh surface 2.6*10- 5 mol/m2 

Total rhodium surface in catalyst (3 . 9 g) 0 . 5 m2 

co2 adsorption capac ity of Ce02 at carrier 5 . 6*10- 5 mol 
co2 adsorption capacity of Ce02 at Rh catalyst 5 . 5*10- 5 mol 
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were under these conditions (lOo•c < T < 170•c, ambient pressure, high 
linear velocity) completely limited by the reaction kinetics and not by 
transport phenomena (24,32). 10% co2 was present in the gas mixture to 
suppress the streng adsorption of C02 to the ceria present at the 
catalyst surface (24). 

The product analysis is carried out utilising mass 
speetrometry and gas chromatography. One gas chromatograph was equipped 
with a proportional radioactivity counter for analysis of the labelled 
reactants and products. The catalysts were submitted to the gas flow 
during at least 12 hours befere the experiments were carried out, to 
ensure complete steady state of the system during the pulse experiments. 
The pulse experiments carried out are summarised in table 2. 
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Figure 1. Schematic drawing of the experimental set-up. The carrier gas 
(argon) is led through the pulse loop, where the labelled compound can 
be taken up in the gas flow. The carrier gas is then mixed-up with the 
reacting compounds and led over the catalyst bed in the reactor . The 
reactor tube is placed in the aluminium oven block, which is fixed 
exactly in the field of detection of the tomograph. At the reactor exit 
the product stream is analysed, making use of (radio) gas chromatography 
and mass spectrometry. 
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Production of positron emitter labelled compounds 

The relevant properties of positron emitting radionuclides 
have been described in previous papers (24,38) . The experiments were 
carried out at the Labaratory of Analytica! Chemistry, Institute for 
Nuclear Sciences (INW) of the Rijksuniversiteit Gent, Belgium (39). 

Automotive exhaust catalysis reactions are all related to 
compounds of C, N and 0. The radioisotapes of these elements with a 
half-life larger than 1 min are limited in number. As in-situ 
experiments were carried out, only positron (ft+) emitters or gamma (~) 

Table 2. The pulse experiments carried out. The results are shown 
in the reaction images. 

Catalyst Gas mixture Labelled Temp. Conv. Figure 
Compound [oe 1 [%] number 

SiC C0/02 llNN 140 0 lOA 

Pt *> C0/02 11 CO 130 50 llA 
Pt C0/02 ttco 140 76 lOB,llB 
Pt C0/02 11 CO 150 99 llC 
Pt C0/02 ttcoz 130 50 12D 
Pt C0/02 ttcoz 140 76 10C,l2E 
Pt C0/02 IICOZ 150 99 12F 
Pt C0/02 ctso 130 50 llD 
Pt C0/02 ctso 140 76 lOE, llE 
Pt C0/02 ctso 150 99 llF 
Pt C0/02 C16oo 140 76 lOF 
Pt C0/02 1600 130 50 12A 
Pt C0/02 1600 140 76 9,10D,l2B 
Pt C0/02 1600 150 99 12C 

Rh *> C0/02 
tsNN 150 50 13A 

Rh C0/02 llCOz 150 50 13B 
Rh C0/02 /(NO) C1600 150 50 13E 
Rh C0/02 /(NO) tsoo 150 50 13D 

Carrier C0/02 ttcoz 150 0 13C 
Carrier C0/02 C16oo 150 0 13F 

*> The platinum and rhodium catalysts were Ce02 /~-Al2 03 supported, 
the carrier is the noble metal free support. 

emitters could be considered. The 14C label, which is often used in 
kinetic studies, is a pure ft--emitter. The short range (-mm) of 
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ft- -radiation limits its application to a study of the effluent gas es ·. 
Besides, the long half-life (5730 y) and the low ft--energy imposes 
radiological proteetion measures, both during experimentation and 
handling of the waste. For these reasons, the positron emitters 11 C, 13N 
and 160 were used in the in- situ catalyst kinetics studies. This allows 
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to exploit the specific features of PET (36,37). The penetrative 
annihilation radiation from the positrons (Ef - 511 keV) is detected. 
The nuclear reactions and some nuclear data or the production of the 
positron emitters 11 C, 13N and 150 are given in Table 3 (40). Due to the 
low concentratien of the radioisotapes during irradiation the 
probability of formation of a double labelled molecule is very small. In 
this paper the labelled compounds will be represented by indicating the 
labelled atom with its mass number, e.g. 13NN, in which the very small 
fraction of double labelled molecules is than included. All reactions 
allow irradiation of a gaseous target. 

Table 3. Nuclear data for the production of ''C, ISN and 150 . 

Nuclear Isotopic Threshold Half-life Maximum 
reaction abundance energy {3+ energy 

[%] [Me V] [min] (Me V] 

14N (p,a) 11 C 99.6 3.1 20.39 1.0 
12c (d,n) 13N 98 . 9 0.3 9.965 1.2 
14N (d,n) 160 99.6 - *) 2 . 037 1.7 

*) exothermal reaction Q>O. 

The short half-life of these isotopes (2 to 20 min) 
necessitates the performance of the experiments in a nuclear institute, 
which is equipped with a cyclotron (for the production of the positron 
emitters) and with labelling facilities (for the labelling of molecules 
with these positron emitters) . If a NeuroECAT tomograph is present, the 
specific advantages of PET can be used . The use of PET for industrial 
applications has been suggested in a previous paper (38). This present 
series of papers deals with the first attempt to apply this method to 
catalysis studies (24,32). 

Positron emitters are produced by charged-particle i rradiation 
of stable nuclides (cf. table 3) . The charged-particle energy required 
amounts to approximately 5 - 15 MeV . A cyclotron is the most suitable 
accelerator to attain this energy with sufficient beam intensity. The 
isochronous cyclotron of the RUG, Ghent, is a 4-particle, variable 
energy machine equipped with 7 beam lines, of which 3 are dedicated for 
the production of positron emitters (39). 

One of the main feature of the production of radionuclides via 
charged partiele reactions, i s that the radioisotape producedis not 
isotopic with the target molecules. This means that the radio i sotape 
produced has different chemica! properties than the t arget nuclides, 
which enables the separation of the positron emitters from the target 
nuclides. During production no stable isotopes of the positron emitter 
are added ('no carrier added', NCA). 

In an NCA production of the positron emitting nuclide, the 
specific activity (35) attainable is in principle determined by its 
half-life and the molecular weight of the compound in which it has been 
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synthesised. This implies for instanee that for pure 11 C the maximum 
specific activity would be 3.1•1019 Bq/g. So, an activity of 50 MBq 11 C 
is equivalent to 1.6•10- 12 g or 1.5•10- 13 mole. However, the unavoidable 
contamination with stable carbon nuclides brinfs an amount of carbon 
into the pulse, which was determined to be 10- 0 mole. Nevertheless, the 
total amount of carbon nuclides in the pulse is still three orders of 
magnitude smaller than the amount of CO, which is led over the catalyst 
every second under the steady state conditions applied. Finally it 
should be mentioned, that in some cases it is necessary to add some 
stable nuclides as carrier during the radionuclide production. Also in 
this cases, the amount of nuclides in the pulse is still negligible 
compared to the amount present in the gas flow, which is led over the 
catalyst. 

Production of 11c 

The reaction 14N (p,a) 11 C is the most practical one for the 
production of 11 C, both in termsof yield and beam requirement. The 
experimental set-up and procedure for the production of 11 C is as 
follows. The target system (figure 2) is mounted on the cyclotron beam 
transport system and is situated in a separate concrete shielded area 
(irradiation site) . The target system is electrically insulated from the 
beam line and cooled with de-ionised water so that the beam intensity 
during the irradiation can be measured exactly by a conventional micro 
ampere meter. 

The target holder is a conical aluminium tube with an internal 
diameter of 5 and 8 cm and 35 cm length. The inlet window of the target 
2 . 5 cm . The target is separated from the vacuum in the beam transport 
system by 2 titanium foils (25 and 50 ~m thick). Cooled He gas (-30°C) 
circulates in a closed loop system between the 2 Ti foils at a flow rate 
of 30 1/min STP to proteet the foils during the irradiation. The 
irradiations are typically of 20 - 30 min duration at 15 ~- The proton 
energy after traversing the 2 Ti foils decreases from 18 to 17.3 MeV. 
The pressure of the target gas is 10.5 bar. During the irradiation the 
pressure increases to 13 bar. The target gas was N2 with traces of 02 . 

The 11 C combines during radiation with the traces of 02 to C02 . The 
yield is about 50 GBq, which corresponds with the theoretical thick
target yield value. 

All manipulations on the irradiation site (i.e. filling and 
releasing the target, He-cooling) are remotely controlled by solenoid 
valves. The site is surveyed by a movable camera . All productions of 
radioactive compounds are carried out in lead shielded fume cupboards or 
so-called 'hot cells'. All handling of the compounds is remotely 
controlled. 

Recuperation of 11 C02 

After the irradiation, the irradiated gas is released to the hot 
cell, through a lead shielded tube the N2 with the 11 C02 flows at a flow 
rate of 4 1/min STP. The 11 C02 is trapped into a stainless steel coil (a 
closely wound spiral 2 m x 2.1 mm i . d.), immersed in liquid argon 
(-165°C). Theset-upin the hot cell for the trapping of 11 C02 was 
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Figure 2. Set-up at the irradiation site for the production of 11 C. The 
irradiation occurs in a conica1 tube. The entrance foils ate cooled with 
He gas. The target and product gas can be transported to and from the 
irradiation site by remote control. The total irradiation site is 
shielded off by a concrete wall. The irradiated gas is transported to 
the hot ce11 where chemical manipulations can take place . 

previously purged with argon to remove traces of N2 and 02 . The trapping 
of the 11 C02 is quantitatively and takes about 3- 4 min. The stainless 
steel coil with the trapped 11 C02 is immersed in a water bath at room 
temperature. 11 C02 is swept out of the coil into the collection system 
by an argon flow of 12 m1/min. The recuperation takes about 3 - 5 min 
and is monitored with a Geiger-Müller (GM) tube . 

Production of 11CO from 11 C02 

For the production of 11 CO starting from 11 C02 , the conventional 
method described by Clark et al. (41) was adapted. The method consists 
of reducing the 11 C02 to 11 CO with zinc metal at high temperature. The 
argon gas, containing the 11 C02 , flows at a rate of about 12 ml/min 
through a horizontal quarts tube (length 45 cm, i.d. 0.3 cm) filled with 
granular zinc (Backer, Analysed Reagent, 30 mesh) and kept at a 
temperature of 360- 390•c in a furnace. After the z inc furnace, the gas 
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passes a small soda lime trap for the captation of non reduced 11C02 • A 
high conversion ratio (> 95%) was maintained, negligible radioactivity 
on the zinc column and the soda lime trap was found. 

The radiochemical purity was checked by radio gas 
chromatography, using a dual concentric column system of Porapak Q and 
Molecular Sieve SÁ, to separate C02 , 02 , N2 and CO. The radio
chromatagram illustrated in figure 3 showed no other radioactivity peaks 
than those corresponding with 11 CO. Special attention was given to 
possible chemical impurities . It is essential that the argon used in the 
synthesis of 11 C02 contains only minute amounts of oxygen and nitrogen 
oxides, since both parc1cipate in the catalytic experiments. Starting 
from 50 GBq of 11 C02 , it is possible to produce about 30 GBq of llCO in 
30 to 50 ml of argon as carrier gas. The total amount of CO in this gas 
mixture ranged between 0 . 5 and 1 ~mole. The storage system is placed out 
of the hot cell and consists of a lead shielded 100 ml volume syringe 
connected to the production system in the hot cell. An indication of the 
volume of the stored gas is given by the graduated bar mounted on the 
piston of the syringe. 

"' z 
:::> 
0 
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0 

co 

Figure 3. Radio chromatagram of radiochemical pure 11 CO . 

Production of 150-labelled compounds 

a 
tirM lmlnl 

The procedure for the production, purification and quality 
control of 15o-labelled 02 , C02 and CO fellows the recommendations of 
the EC task group report, to which the RUG-group participated (42) . 
These recommendations are intended for clinical applications of PET and 
as a consequence describe the on-line production of these labelled 
molecules . For the present catalytic study a small pulse of labelled 
molecules was injected, so that on-line production was not necessary. 
Moreover, a batch mode production gives a higher yield (if expressedas 
activity per volume unit) so that batch mode production was preferred . 
The experimental set-up for on-line production allows, with some minor 
modifications, a remotely controlled production and delivery at the PET 
site at regular time intervals . 



106 CHAPTER 5 

Table 4. Radionuclidic purity of 160-labelled molecules. 

Nuclide Fr action 

160 100 
1SN 0 . 5 
llC 0.004 

160 is produced by irradiation of nitrogen with 7 MeV 
deuterons. At this energy che radionuclidic impurity of 13N and 11C is 
reduced to an acceptable level (Table 4) . The set-up utilised for the 
production of 160-labelled compounds is given in figure 4. For the 
production of 02 high production yields can only be obtained if 
02 -carrier gas is added to the target gas (N2 ). Besides labelled 02 also 
labelled 03 , N2 0 and N02 are formed. These impurities are retained with 
soda lime and charcoal at room temperature. For the production of 
labelled C02 , addition of C02 is also necessary. An oxidising catalyst 
of CuOjFe2 03 on a kaolin support (99/1/20 weight ratio) retains labelled 
02 and CO impurities. CO is produced by reduction of 02 on charcoal at 
lOOO"C. Labelled C02 is retained on a soda lime trap. The radionuclidic, 
radiochemical and chemica! impurities are summarised in table 5 and 6 
and radio gas chromatograms are given in figure 5. The radionuclidic 
purity was determined by repeated measurement of a gas sample with a ~~ 
coincidence set-up, consisting of two Nal(Tl} scintillation detectors. 
Decay curve analysis, according to Cumming (43) showed a 3-component 
decay curve, with a fitted half-life of 2.06 ± 0.03 for 160, 10 . 3 ± 0 . 5 
min for 13N and 20 . 5 ± 1.0 min for 11 C. The radiochemical purity was 
determined by radio gas chromatography, using the dual concentric column 
system. This Porapak Q - Molecular Sieve sA column allows simultaneous 
separation of C02 , N2 0, 02 , N2 and CO. 

Tab1e 5. Radiochemical purity of 150-labelled 02 , C02 and CO . 

Radio Produced compound 
Chemie al 
Species 1600 c1500 C160 

l60Q 100 <0 . 03 - 0.2 *> < 0.8 

C16QO < 0.3 100 < 1.1 

C150 < 0.3 < 0.1 100 

1sNN 0.5 0 . 5 0.5 

N2 16Q 0.5 < 0.6 < 1.2 

13NNO < 0 . 3 - -

*> Variable, dependent on the use of the oxidation trap. 
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Chemical purity is determined by the carrier gases added. For 
the production of labelled CO, the 02 carrier is also converted to CO. 
Important amounts of CO, 03 and N02 are formed during irradiation, but 
are removed by the traps used. 03 and N02 can be determined by 
colorimetry: 03 is trapped in KI, the I 3 - liberated is measured 
photometrically at 352 nm; N02 is adsorbed in an azo dye forming reagent 
(Griess-Saltzman) and measured at 550 nm. CO is measured by non
dispersive IR-photometry at 4.61 ~m. 

d -
0.05'/, 021 N2 

2.5 "/, COzl Hz 

10•1. N2 / co2 

lARGEl 

YACUUiol PUioiP 

CHARCOAL ~~~: 

SOCA LIME 

PORAPAK <1 
• MOLECULAR 

SIHE 5l Glol2 

SAMPLING 
lOOP 
250yl 

CO/ N2 
1500 ppm 

PET 

Figure 4. Set-up for the production of 150 and 1 sN-labelled co~pounds. 
The irradiated gas can be led over different columns for purification 
and chemical conversion . Product identification can be carried out 
on-line using Infrared spectroscopy and radio gas chromatography . The 
labelled compounds are transported directly trough shielded tubing to 
the NeuroECAT tomograph. 

Table 6. Chemical impurities exceeding 1 ~1/1. 

Ghemical Labelled compounds produced 
Products 

lSOO C1500 Cl so 
[~1/1] [~1/1] [~1/1] 

02 500 *> - -
G02 - 25000 *> < 1 
GO - 2 - 9 **> 1000 *> 

Carrier added. 
Variable, dependent on the use of the oxidation trap. 
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Figure 5. Radio-chromatagram of C1600 (a) with and (b) without oxidation 
trap. Without the oxidation trap significant amounts of labelled 02 are 
present in the irradiated gas, which are removed by leading the gas over 
the oxidation trap. 

The production of 13N-labelled compounds 

The most convenient resetion to produce 13 NN is the 
12c (d,n) 13N reaction. The possible target materials are thus C02 , CO 
or C. Using C02 as a target gas, the samegas target (Fig. 4) as for 150 
can be used, because a high production yield is possible with the same 
deuteron-energy of 7 MeV. Also small quantity of N2 carrier gas is added 
to facilitate recovery of the labelled molecules produced. The target 
gas can be retained by soda lime. The main impurity being C1500 is also 
retained. 

The detection of positron emitting nuclides with a tomograph 

The detection of positron emitters occurs indirectly by the 
registration of the 511 keV annihilation photons. For the photon 
detection Bi4 (Ge04 ) 3 (BGO) scintillation detectors are utilised, which 
are placed in detector banks in a positron emission tomograph. This 
tomograph was used for detection of radioactivity directly . fro~ the 
catalyst bed, while usual (3"*3") scintillation detectors were used for 
an accurate characterisation of the labelled reactor inlet pulse and 
reactor outlet signal (Fig. 1) . For product identification of the 
labelled compounds a gas chromatograph equipped with a proportional 
radioactivity counter was used . At the INW a NeuroECAT positron emission 
tomograph (44,45) was available, which was used in this study. 
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The utilisation of a NeuroECAT positron emission tomograph has 
the next advantages: 

1). A temporal resolution of about 1.2 scan be achieved in a 
detection mode, in which the scanning gantry is kept in a fixed 
position. 

2). A spatlal resolution of about 8 mm Full Width at Half Maximum 
(FWHM) along the flow tube axis can be achieved, if the scanning 
gantry is kept in a fixed position. 

3). 21 equidistant measuring locations are divided over the total 
length of the reactor tube. Therefore, it is not longer necessary 
to register an integral signal from the catalyst bed. 
Furthermore, there is no detection sensitivity profile over the 
catalyst bed. Both characteristics of a positron tomograph are 
in contrast with the experimental method in which Nal (Tl) 
scintillation detectors were utilised as reported in a former 
paper (32). 

4). The pair of detectors, which registers a coincidence event, 
determines the location of the centre of the volume, from which 
the signal originates . This sensitive volume is determined by the 
spatlal resolution and the radial cross-sectional area of the 
flow tube. 

5). A line souree calibration of the tomograph determines a 
quantitative relation between the radioactivity in the sensitive 
volume (Bqjcm3 ) and the response of the tomograph (counts/s). 
This allows to obtain quantitative information on the 
concentratien of labelled compounds in the catalyst bed. 

6). The presentation of the data as a 'reaction image' provides 
direct information on the distribution as function of time and 
place of the labelled compound on the catalyst bed in the 
reactor. From this information, kinetic parameters can be derived 
with the help of simulations of the experiments by a mathernatie 
model of the catalyst kinetics. 

The positron emission tomograph is equipped with 'shadow 
shields', which are functioning as a collimator for the ~-photons 
(44,45). By placing the shadow shields in position, the exposed detector 
area is reduced, which narrows the field of view of the detectors . 
Placing the shadow shields in position enlarges the spatlal resolution, 
but decreases the intensity of the registered signal. With the 11 C-label 
sufficient radioactivity was available to acquire enough signal-to
noise ratio. Therefore the experiments with the 11C-labelled compounds 
were carried out with the shadow shields in position. The experiments 
with the 150 and the 13N-labelled compounds were carried out without the 
shadow shields, as otherwise the signa! intensities become too low. A 
calibration procedure with a line-source inside the oven system (32) was 
carried out for the tomograph with and without the shadow shields in 
position. By this calibration procedure the attenuation by the aluminium 
oven block and reactor tube is automatically compensated. The 
experimental data were all corrected for radioactive decay. 
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RESULTS AND DISCUSSION 

Reaction images 

The data rcgistered by the tomograph can be displayed in the 
form of an 'image' (32,33) in a similar way as graphical representation 
is carried out in medical experiments with a tomograph, e.g . brain scans 
(46,47). A 'reaction image' is a lD distribution of the labelled 
cómpounds along the axis of the tubular reactor. The place; coordinate is 
plotted along the horizontal axis in the reaction image, with position 0 
cm in the centre of the catalyst bed (Fig. 6, catalyst bed' -7 to +7 cm). 
Because of the high length (L) over diameter (D) ratio of the reactor 
tube (L/D- 20), gradients in the radial direction are neglected 
compared to those in the axial direction. The second dimension in the 
reaction image is formed by the time, which is plotted along the 
vertical axis. All data displayed in the reaction images are corrected 
for radioactive decay and are smoothed moderately (32). The lighter grey 
in the reaction image represent the locations with the higher concentra
tions of the radioactive label . 

The reaction image presented in figure 6 is the result of a 
1600 pulse experiment over the platinum catalyst in the standard CO, 02 , 

co2 gas flow. The gas flow was from the left hand side to the right hand 
side in the reaction image and the pulse of 1500 reached the entrance of 
the catalyst bed 14 seconds after the tomograph was started. Two cross 
sections of the reaction image are given. A profile (PRF) curve is 
shown, which represents the distribution of the 160-label over the 
catalyst bed during the 200th second. Also a RTD curve is given; which 
indicates the Residence Time Distribution at position 3.3 cm. 

The mathematical model of the reaction kinetics 

In order to evaluate the data a mathematica! model of the 
reaction kinetics was constructed. The model consists of the elementary 
steps by which the reaction can be subdivided as proposed by Ertl et al. 
(48) and quantified by Lynch et al. (49). The reaction: 

is catalysed by noble metal surfaces via the Langmuir-Hinselwood 
mechanism. CO adsorbs reversibly to the noble metal surface and occupies 
most of the available surface sites under the conditions below reaction 
light off . 02 molecules adsorb dissociatively at the noble ·me tal 
surface, whereby two surface sites per oxygen molecule are used . It was 
established by Yates et al. (50) and Oh et al. (51) though, that 
experimental data fit a model in which the 02 adsorption shows a first 
order proportional dependenee for vacant surface sites instead of the 
expected second order one. The adsorption of 02 was simulated in the 
reaction scheme used here , by an irreversible adsorption step for 
molecular 02 molecules, followed by a very fast and irreversible surface 
dissociation step. This results in a first order dependenee for vacant 
surface sites and a negligible content of molecular adsorbed 02 
molecules. 
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Figure 6. A reaction image of the 1500 pulse experiment over the 
Pt/Ce02 /~-Al2 03 catalyst under steady state conditions. The intensity of 
the labelled compounds in the reaction image is indicated in the 
linearly scaled grey-bar ; the lighter grey represents the higher 
concentrations. The PRF curve represents the distribution of the 
labelled compounds over the catalyst bed along the axial position, 
during the 200t.h second after injection of the pulse into the system. 
The RTD curve shows the residence time distribution at position -3.2 cm 
in the catalyst bed. 
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_ ·. · The ,,.ra_te lJ.~it~ng fàcto~' in . the, -~o .o~id;~:t~·Ç>n -l~.Y o2~;: · .u~-d~~ . , ·-· · 
coridit;üms relevant. !lU:~fng _tpe cold_ start' of a -ca:r, -Ts tne p:riobábiUty 
fen."• 02 molec)X~es to ~-dSorb ~n Vacant. l?'urface s;ites 1 which al7e sçarc~ _dÛe 
to · the- high . c,overage: by ·co inolect~les. The surface ' rèaction th~t"Jollows · 
between' 'adsprbed .èo-molecules and adsorbed oxygen . atoms is fas.t 'ari'd ' 
results •in. 'CÖ2 molepüles:,' which desorb immedia:·tely .. Apart fro111 the ·." 
reactión of O:[,and co at the noble met8.1 surfac~; . the interaction '\ 
betwee-n èo2 at;~d ' the cer~a present at .thè catalyst ::sur_fa~e 1was. _' ·. . .. . . _ . 
·tncorporated: .in tpe model, _. which was described in previ~lU~ publ~ca:twns -. 
(24,3-f) . . _Tht~ · interac~;ion was · modelled by an ads'örption 'and ' des~r~t:î.ori ',. 
s,t~p . .. J'he: resu.l(lng model · then consists of the next stE!,ps :. · ·· · 

. .. ·' '+ . " • . I -

CO ·.: .. + . Me :.;,.:__.:...> MeCO. .. (1.1) and . (1 '.2) : 
02 ., • ~ ' 2 Me , .·- ~>. < 2Meo · · (2) ·. . . -';., ' 
MeCO + . ->MeO ~-----> . 2. Mé · .. .f.._ ._<;::.? 2; . (~') ~. . \ . { ~'-: ·:: ·- -· 

A ·. J'+ .. CO~ ·· <--->' 'ACOk •' (4.:p , and ('4. 2) ' i ' ·: ' ·' . ' . 

- . ~ 

. ; , · .. D~~~ls' . 6n . tl~is ~at~eu;a;;ical mod~l · ha,;~ · be~~ ~~~~~te~· in · · 
previous pubUe . .it).;,ns (32 ,'33) .· 'Jbe rea~tion ra te córi~tantl> . for ,.the .· 
adsorptions steps .(;l,.l),' '(2) . àhd (4.1) are based çm ·~he sticking .· 
probabiliti~s ' ó'f. the inolecule~ to'the noble metal surface , The:: 
desorption stëp 'ü. 2) and, 'the surface react;ion step (3) are ,con~ideréd 
activated. using, Arrhèi:liU:~ e'quations. For i: he adsorption :of co i at . ' 
cerh~ . a ratë -~~onstilnt ~äs èalculated and incorpcirated . in·step'- (4. 2) · 6f 
the m,o,(i,el. Ïn previous studies it was found, that _the oxïdat:ion of ' co by 
o2· is . p-r;omoted~ ,by. the p_:rés_ence of ceria at the cabtlyst surface (24, 32) . 
This -effect Js ~'aused oy an enhancement of the sticking cÓefficiênt. for ' 
0~ :on thé ,nob~~ -~etal ~~rface · by ceria. 

. :~ .. -. ~- ·_. \ . . .... . 

I-rrevéi.silûe sdsor-qtion of oxyuen at noble metal surf-aces 
. '~- '". ;:._ . ·, ·.. \-:, 

,.' '. ' Ftoî:ii·· f~gure 6 (Pt c~talyst, 14o•c, 76% conversiori, pulse ,of ' .· 
li>Óo) · ~ü can':be :deri.ved, that a part of the labelled compounds reachés' : 
thére!ictor< ex i th7hhout delay an4 . ano'ther part reinain:S i~ th~ catalyst, 
~~d for·,.a· t.e:~~tiv~-~t ~~.ong · time, (up~ to 700 s). ~e "ni()lE\c,ule's t hat _ reac~ ;"-J 
t;he· ,.reacto_l7 elr,i t , luth~n 4 ;s flow_.,WJ;th. tpe gas ppase thro~.~-gh tlte ca,talyst 
b~·d,, ; ·.èi~ ;:not,. ads'o:tb ; 'rb(s '.iS conftt'Iiie<l- by ·. t.hé· re·s.ui.ts · qt: ~n . exper~Pie.Dt .,_~ - ,• , 
w:i.th an inerî.: .·catályst, 'sic, "(Fig. 7A)' . Here ' d.;e labelled ·13NN nioiéc~les 
have no interaction with the SiC in the reactor, so the behaviour shown 
in this reaction image, is representative for that of all inert gas 
molecules. Gomparing figure 6 with figure 7A reveals that the 
unconverted part of the oxygen molecules are flowing undisturbed through 
the catalyst bed. The RTD curve given in figure 6 shows clearly the peak 
of 1600 molecules flowing through the catalyst bed, followed by the long 
tail representing the adsorbed 160 species. 

Product identification of the labelled compounds at the 
reactor exit revealed that 24% of the 1600 molecules flow without 
interaction with the catalyst bed through the reactor and leave the 
reactor unchanged, as 1600 . 76% of the 02 is converted to C02 via 
reaction with CO. From figure 6 can be seen that this part of the 
16D-label remains for an extended period of time in the catalyst bed . 
Product identification showed that the labelled compounds leaving the 
catalyst bed after the initial 1600 peak (at times > 20 s after start of 
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Figure 7. A set of reaction images .of pulse experiments over the 
PtjCe02 /~~Al2 03 catalyst. Under identical conditions (standard gas 
mixture and flow rate, ·T - 140•c , 76% conversion), six different 
labelled compounds were pulsed over the catalyst . In experiment A 13 NN 
was pulsed over the catalyst, showing the behaviour of inert gas 
molecules. In Ban 11 CO pulse experiment is shown, i n C 11 C02 , in D 
16QQ, in E C160 and in F C1500 . 
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Figure 8. A set of reaction images of pulse experiments over the 
Pt/Ce02 /~-Al2 03 catalyst. In figures A, Band Ca pulse of 11 CO was 
given and in figure D, E and F a C160 pulse was led over the catalyst . 
The temperature in A and D was 13o•c (50% conversion), in BandE 14o•c 
(76%) and in c and F 15o•c (99%) . 
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detection) are all in the chemical farm of C1500. This clearly indicates 
that indeed the oxygen adsorption at the catalyst surface is 
irreversible; after desarptien the only possibility for an oxygen atom 
to leave the platinum surface again is via the CO scavenging reaction, 
forming C02 . When the oxygen adsorption would have been reversible, at 
least some 1500 would have been found in the product gas at times >20 s. 
The proportional radioactivity counter used for product identification 
was very sensitive and allows detection of less than pro-milles of the 
total amount of labelled compounds injected. 

The exchange of C02 oxygen atoms with ceria lattice oxygen 

The time scale of the reaction image of figure 6 indicates 
that the oxygen molecules, which adsorb at the platinum surface, remain 
for a relatively long time in the catalyst bed. After 500 seconds still 
significant amounts of labelled compounds are registered at the catalyst 
surface. In figure 7 the reaction images of six pulse experiments are 
shown. In figure 7A the reaction image of inert gas molecules ( 13NN) is 
given, while the other five reaction images represent pulse experiments 
carried out over the platinum catalyst at 140"C , whereby 76% conversion 
was reached (Fig. 70- F). Identical conditions with respect to gas 
flow, composition of the gas mixture and catalyst were applied in all 
five experiments, but different labelled components were pulsed into the 
reacting system. In figure 7B the reaction image of an 11 CO pulse 
experiment is given, while in figure 7E a pulse of C160 was applied. 
Surprisingly, there is a considerable difference between bath reaction 
images. The oxygen atoms of the CO molecules remain much langer in the 
catalyst bed than the carbon atoms of these molecules. This clearly 
points to a dissociation between carbon and oxygen atoms somewhere in 
the reaction mechanism of the catalytic process. 

Similar observations are made for the labelled C02 molecules 
shown in figure 7C (an 11 C02 pulse) and figure 7F (a C1500 pulse). Also 
here it is found that the oxygen atoms remain much longer in the 
catalyst bed than the carbon atoms. In these C02 pulse experiments, the 
effect is even more pronounced than observed for CO . The carbon atoms of 
the initial C02 molecules all have left the reactor even before the 
first oxygen atoms of these C02 molecules reach the reactor exit in this 
experiment. 

It was found that the difference between the residence time 
distribution of the oxygen and carbon atoms in the CO pulse experiments 
was dependent on the conversion, whereas it was independent from 
conversion in the labelled C02 pulse experiments. In experiments where 
low CO converslons were reached in the catalyst bed, the overlap between 
the reaction images for 11 CO and C150 was greater than at higher 
conversions. This is shown in figure S where six reaction images of CO 
pulse experiments are given. The platinum catalyst was present in the 
reactor tube used and the standard CO, 02 , C02 gas flow and mixture was 
identical in all experiments. In figures SA, Band carbon an 11 CO pulse 
was given, while in figures 80, E and F C160 pulses were led over the 
catalyst. Three different temperatures were applied: 

130"C, 50% conversion, Fig. BA and D; 
- 140"C, 76% conversion, Fig. SB and E; 
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- 1so•c, 99% conversion, Fig . SC and F. 
Similar experiments were carried out with 11 C02 (Fig. 9) and C1500 and 
those experiments revealed no influence of the temperature; the 
experiments with 11 C02 at different temperatures all gave results 
similar to figure 7C (cf . Figs. BD - F) and with C1500 similar to figure 
7F. This indicates that the dissociation between the carbd[n and oxygen 
atoms takes place in the C02 molecules rather than in the CO molecules. 

The importance of the ceria lattice oxygen atomd in CO 
oxidation reactions was reported by Jin et al. (22) and Daniel (23). The 
interaction between C02 molecules and ceria present at the catalyst 
surface was addressed in previous publications (24,32). This interaction 
follows an adsorption and desorption mechanism of the C02 molecules at 
the ceria surface. From the experiments shown in figure 7 ·it was 
concluded that the adsorbed C02 molecules dissociate at the ceria 
surface and associate to C02 again before desorption. The :dissociation 
of the C02 molecules can very well take place via a carbonate formation 
mechanism. It was reported by Daniel (23) and Liet al. (53,54) that 
carbonate groups are present at the ceria surface in catalysts. The next 
mechanism is proposed: 
- C02 molecules adsorb at the ceria present at the catalyst surface; 

the C02 molecules format the Ce02 surface carbonate groups; 
the carbonate groups can dissociate forming C02 molecules and Ce02 
again, whereby not necess·arily the same oxygen atoms are incorporated 
in the C02 molecule as initially were adsorbed at the ceria surface. 

A probability of 1 to 7 or 8 for an oxygen atom to form a C02 
molecule with the same carbon atom that adsorbed initially was 
established from these experiments. As reported in a previous paper in 
this series (24), it was established that 34%mol of the ceria present in 
the catalyst formulation, forms an adsorption site for C02 . It is 
therefore likely that all oxygen atoms of the ceria participate in the 
exchange mechanism with the carbonate groups at the surface. Barrault et 
al. reported that ceria significantly enhances the rates of exchange 
reactions between lattice oxygen and the oxygen atoms of gas phase 
molecules (52). 

The 02 molecules which dissociatively adsorb to the platinum 
surface, react with CO molecules and form C02 , which desorbs from the 
platinum surface. When these C02 molecules are moving with the gas phase 
through the catalyst bed, they get adsorbed to the ceria surface under 
formation of carbonate groups. These carbonate groups can dissociate 
again, whereby C02 molecules are formed, which desorb from the surface. 
The oxygen atoms exchange in this way with the ceria at the catalyst 
surface, and remain in the catalyst bed for an extended period of time. 
This mechanism is visible in the reaction image of the experiment in 
which 1500 was pulsed over the catalyst, shown in figure 6 and 7D. 

In figure 9 six other reaction images are given. Under the 
same experimental conditions as applied in figure 8, 1500 and 11 C02 were 
pulsed over the platinum catalyst. From the 11 C02 pulse experiments can 
be seen, that there is no significant influence of the temperature on 
the C02 interaction with the ceria on the catalyst (Fig . BD- F). The 
1500 experiments indicate that at higher converslons a larger part of 
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Figure 9. A set of reaction images of pu1se experiments over the 
Pt/Ce02 /~-A12 03 cata1yst. In figures A, B and C a pulse of 1 500 was 
given and in figure D, E and F "11 C02 was pu1sed over the catalyst. The 
temperature in A and D was 130•c (50% conversion) , in BandE 14o•c 
(76%) and in c and F 1so·c (99%). 

117 
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Figure 10. A set of reaction images of pulse experiments over the 
Rh/Ce02 /~-Al2 03 catalyst and over the noble-metal-free Ce02 /~-Al2 03 
carrier. In figure A and B the rhodium catalyst at 1so•c is shown. 13NN 

was pulsed over the catalyst in experiment A, in B a pulse of 11 C02 was 
given. In C and F the carrier is shown; in C a pulse of 11 C02 was given 
and in F a pulse of C1600. In D and E pulse experiments are shown over 
the rhodium catalyst, which had been subject to a gas flow containing 
1400 ppm NO previous to the pulse experiments. In D a pulse of l&oo was 
given and in E a pulse of C1600. 
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the 160-label remains in the catalyst bed longer than the 4 s of the 
inert gas molecules (Fig. 8A- C). Product identification. at the reactor 
exit revealed, that the fraction of 1600, which reaches the end of the 
catalyst bed unconverted, agrees very well with the converslons obtained 
by the uniabelled molecules under the conditlens applied. 

The CO oxidation reactions over a supported rhodium catalyst and the 
influence of NO on the oxygen exchange reaction 

In figure 10 a set of reaction images is given for the rhodium 
catalyst and for the (noble metal free) carrier. In figure lOA the 
reaction image of an experiment is shown, in which 13NN was pulsed over 
the rhodium catalyst, which indicates that no interaction between N2 and 
the rhodium catalyst takes place . An similar experiment with the 
platinum catalyst (not shown) gave the same result; no interaction 
between N2 and the platinum catalyst. In the experiments shown· in figure 
lOB and lOC a pulse of 11 C02 was given over the rhodium catalyst and 
over the carrier respectively. The experiments with the carrier were 
carried out to study the influence of the noble metals on the 
dissociative co2 interaction with the ceria in the catalyst. Quite 
identical results for both experiments were obtained, indicating that 
the presence of very highly dispersed rhodium hardly influences the co2 
adsorption capacity of the ceria in the catalyst. 

Figure lOF shows the results of a C1600 experiment over the 
carrier. The much higher interaction of the oxygen than carbon atoms 
with the ceria is illustrated again. The results of an experiment with 
the rhodium catalyst were very similar (not shown). The difference 
between the carrier and the rhodium catalyst on one hand and the 
platinum catalyst on the other hand concerning the labelled C02 
experiments (as well for 11 C02 as C1600), were ascribed tothefact that 
the small platinum crystallites cover a part of the ceria surface. 
Hereby the interaction between C02 and ' the catalyst bed is decreased due 
toa smaller ceria surface area available for adsorption (32). The 
rhodium catalyst has a higher dispersion than the platinum catalyst (Rh: 
100% vs. Pt: 84%) and a lower loading (Rh: 500 ppm vs. Pt: 1200 ppm). It 
is suggested here, that especially the high dispersion of the rhodium 
results in an insignificant coverage of the ceria surface, whereas in 
the platinum catalyst the particles are large enough to cover a certain 
surface. The mechanism of the dissociative C02 interaction with the 
ceria surface is not influenced by the presence of noble metals at the 
catalyst surface. In the literature it was reported that in practical 
catalysts rhodium is present highly dispersed and partly oxidised at the 
catalyst surface whereas platinum sinters under exhaust conditions and 
forms small crystallites, which are mainly metallic (55,56). 

In figure 100 and lOE two reaction images are given for the 
rhodium catalyst, which had been subject to a gas mixture containing 
apart from the standard fractions of 1% CO, 0.5% 02 and 10% C02 also 
1400 ppm NO. It was established in previous studies that NO also adsorbs 
on the ceria surface (32) . It thereby blocks ceria surface area for the 
adsorption of C02 . The results shown in figure 100 and lOE indicate that 
the oxygen atoms of the C02 molecules remain even longer in the catalyst 
bed than in the absence of NO. It is expected that NO adsorbs to the 
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ceria surface under formation of nitrites and nitrates. Hereby it 
increases the amount of oxygen atoms at the catalyst surface. The oxygen 
atoms that reach the ceria surface by adsorption and carbonate formation 
from the C02 molecules, can now exchange not only with the ceria oxygen 
lattice atoms, but also with the other oxidic species present at the 
catalyst surface. Hereby the residence time of the oxygen :atoms at the 
catalyst surface is enhanced significantly. Also can be seen, comparing 
the reaction image in figure lOE with that of lOF, that the residence 
time distribution is broadened due to the presence of nitrites and 
nitrates at the catalyst surface. A part of the C02 molecules reach the 
exit more rapidly while another part remains much longer in the catalyst 
bed. This effect is caused by the reduced ceria surface which is 
available for C02 molecules to adsorb on, while once they are adsorbed, 
the oxygen atoms remain on the catalyst surface longer. 

CONCLUSIONS 

Labelling of reactants with positron emitting nuclides gives 
useful information in studies of catalyst kinetics and reaction 
mechanisms . Surface coverages of reactants and intermediaces at the 
catalyst surface under actual reaction conditions and reaction routes 
can be established. A strong adsorption of C02 to the ceria surface was 
found, which most probably leads to cerium carbonace formation. The 
oxygen atoms from the carbonates exchange with the ceria surface. The 
carbonaces can dissociate again forming C02 molecules which desorb from 
the catalyst surface. 

The reaction mechanism for CO oxidation by 02 on supported 
noble metal catalysts was studied and oxygen adsorption at the noble 
metal surface was found to be rate limiting . Also the irre,versible 
dissociative character of the oxygen adsorption was demonstrated. Under 
reaction conditions relevant during the cold start of a car in 
automotive exhaust catalysis; in the CO oxidation by 02 the surface of 
noble metals is predominantly covered by adsorbed CO molecules. 
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CHAPTER 6 

Modelling transient kinetics of exhaust catalysis using in-situ positron 
emission tomography 

ABSTRACT 

The use of positron emission tomography in catalysis research 
is demonstrated. Reactant molecules are labelled with positron emitting 
nuclides and pulsed over a catalyst bed in a plug flow reactor . Hereby 
the dynamics of the catalyst kinetics can be studied under actual 
reaction conditions . The CO oxidation over highly dispersed 
ceria/~-alumina supported platinum and rhodium catalysts, was examined 
using positron emission tomography. A mathematica! model for the 
reaction kinetics, based on the elementary steps of adsorption, surface 
reaction and desorption, was constructed. With this model, the pulse 
experiments were simulated . The rates of adsorption, desorption and 
surface reaction were quantified and expressed as sticking coefficients 
for the reactants at the noble metal surfaces for the adsorption steps 
and as pre-exponential factors and activatien energies for the 
desorption and surface reaction steps. A significant interaction between 
C02 and the ceria, which was present at the catalyst surface, was 
detected. With the aid of the reaction model this interaction could be 
quantified in terms of the number of adsorption sites and t he constants 
of adsorption and desorption for C02 at the ceria surface. 
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INTRODUCTION 

In automotive exhaust catalysis, the process conditlens under 
which the catalyst is eperating are changing constantly. Driving of a 
car causes the exhaust gases to vary over a wide range of process 
conditions such as temperatures, gas flows and compositiops (1-5). Due 
to the actions taken by the closed-loop control system that is present 
in most cars with a three-way catalyst system, which composition of 
automotive exhaust gas is oscillating between 'rich' (less oxidising 
than reducing components) and 'lean' (more oxidising than reducing 
components) (6-8). In studying the performance of automotive exhaust 
catalysts it is therefore of importance to take into account the 

· transient process behaviour (4,5,9,10) .. 

The performance of automotive exhaust catalysts 1is further 
complicated by the fact that different catalytic components are present 
in the catalyst composition (2). Together, these components facilitate 
the purification of exhaust gases. Platinum is present in the catalyst 
formulation mainly for the oxidation of carbon monoxide and unburned, or 
partly burned, hydrocarbons (11,12). Palladium also can be used for this 
oxidation function and has the advantage over .platinum that it is less 
expensive. However, the use of palladium in exhaust catalysts is limited 
by lts higher susceptibility to peisons such as phosphorous and lead, 
present intrace amounts in exhaust gases of cars (13-15). In m~ny 
exhaust catalyst formulations a mixture of palladium and platinum is 
applied. 

Rhodium is present in the catalyst for its activity in the 
reduction of nitrogen oxides and lts superior low temperature CO 
oxidation characteristics (16-25). A third important component of 
exhaust catalysts is ceria, to which a number of functions have been 
aseribede The most important one is the catalysis of the low temperature 
water gas shift reaction (26). During the cold start of a car, 
relatively large amounts of CO are emitted by the engine. As the 
catalyst heat-up takes two or three minutes befere the noble metals 
become active, this amount of CO has to be convereed via the water gas 
shift reaction at low temperatures in order to prevent emission (27) . 
Apart from that, it was reported that ceria enhances the stability both 
of 1-alumina carriers (26,28) and the noble metal dispersion at the 
catalyst surface (26,28,29). On top of that, it exhibits a large dynamic 
oxygen storage capacity; oxygen molecules can relatively fast be 
adsorbed at the ceria surface under lean exhaust conditions and released 
again under rich conditlens (30-34). 

In order to understand the performance of automotive exhaust 
catalysts, an insight in the kinetics should be combined with knowledge 
on the relevant transport phenomena of the process. In bath kinetics and 
transport phenomena the attention to transient phenomena should prevail. 
In this paper, a study of the transient kinetics of the steady state of 
exhaust catalysis is reported. In transient kinetic studies it is very 
useful to obtain information on the presence and residence time 
distribution of reactants, intermediaces and product molecules at the 
different catalytic surface components (25 ,27 ,36 ,37). In order to be 
able to model the actual kinetic processes, the rates of adsorption, 
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surface reaction and desorption of the reactants at the different 
catalytic surfaces are required . 
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In studies to transient processes, often (radio) isotopes are 
applied to obtain quantitative information (4,5,9,10), while Infrared 
and Raman techniques are used to obtain qualitative information on the 
presence of surface species on the catalyst (25,35). The transient 
isotope techniques and the spectroscopie methods supply complementary 
information. In this paper the utilisation of positron emitters, in 
particular 11 C, 13N and 150, in studies of the transient kinetics of 
automotive exhaust catalysts under actual reaction conditions (in-situ) 
is reported. The 11 C, 13N and 150 radionuclides can be used to label 
reacting molecules (37). These positron emitters have a high specific 
activity and thus a short half-life. In-situ information from the 
catalyst surface is obtained as the presence of positron emitters can be 
detected right through reactor walls. The utilisation of a positron 
emission tomograph as deceetion system (38) allows the determination of 
the location of the labelled compound in the course of time. This 
results in large amounts of information on residence times of the 
labelled compounds at the catalyst surface and in the gas phase. With 
the help of a mathematica! model of the reaction kinetics, the 
experiments can be simulated, facilitating the quantification of the 
registered information. In this way, rates of adsorption, desorption and 
surface reaction of the reaetanes can be established. 

The utilisation of the positron emission tomography technique 
in catalysis studies is demonstrated by the examinatien of the CO 
oxidation by 02 over noble metals under conditions relevant for the cold 
start of a car. In this paper the mathematica! model used for simulation 
of the transient pulse experiments is given . A number of characteristics 
of positron emitters and their deceetion exploiting a tomograph is 
described. The information registered during the measurements is 
displayed in the form of a so-called reaction image. The mechanism of 
the CO oxidation is quantified in terms of sticking probabilities of the 
reactants at the catalyst surface and activatien energies and 
pre-exponential factors for desorption and surface reaction. 

EXPERIMENTAL 

The noble metal catalysts 

In previous papers the details of the synthesis of the 
catalysts used are given (37,38). Both a highly dispersed platinum and 
rhodium catalyst were used. A ~-alumina carrier was impregnated with 
0 . 6%w highly dispersed ceria. From this carrier the noble metal 
catalysts were prepared. For the platinum catalyst the ceria/~-alumina 
carrier was impregnated to a loading of 1200 ppm highly dispersed Pt. 
For the rhodium catalyst the carrier was impregnated to a composition 
with 500 ppm highly dispersed Rh. The relevant catalyst characteristics 
are summarised in table la and b. 
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Table la. Platinum catalyst characterisation parameters used in the 
reaction model. 

Parameter Value 

Platinum dispersion 84~ 
Maximum CO/Pt ratio at platinum surface 1 I 
CO adsorption capacity of Pt surface 2 . 4*10- 5 mol/m2 

Total platinum surface in catalyst (3.9 g) 1 m2 

co2 adsorption capacity of Ce02 at carrier 5.6*10- 5 mol 
co2 adsorption capacity of Ce02 at Pt catalyst 3.1*10- 5 mol 

Table lb. Rhodium catalyst characterisation parameters u~ed in the 
reaction model. 

Parameter Value 

Rhodium dispersion 100% 
Maximum CO/Rh ratio at rhodium surface 1 
CO adsorption capacity of Rh surface 2.6*10- 5 mol/m2 

Total rhodium surface in catalyst (3.9 g) 0. 5 m2 

co2 adsorption capacity of Ce02 at carrier 5 . 6*10- 5 mol 
co2 adsorption capacity of Ce02 at Rh catalyst 5 . 8*10- 5 mol 

The experimental set-up 

Figure 1 shows a schematic representation of the equipment, in 
which the experiments were carried out. The experimental set-up was 
identical to that described in our previous paper in this series (38). 
The main features of the set-up and the experiments carried out are 
surnrnarised below: 

Amounts of less than 0.1 nano mole of CO containing ca. 0 . 2 pico 
mole (or 50 MBq) of 11 CO or 11 C02 , in argon, were extracted from a 
lead shielded container. 
Isotope effects can be negleeeed as the mass difference between 11 CO 
and 12 CO is relatively small so that the isotopes were assurned to 
behave identical. 
These amounts were taken up into a gas mixture, which was continuously 
flowing through the catalyst bed in the reactor, without disturbing 
the pressure or the chemica! composition of this gas flow (ca. 0.3 
JJmole CO/s). 
The total gas flow of 40 ml/min STP, containing 1.0% CO, 0 . 5% 02 and 
10% C02 was led over 3.9 g crushed catalyst, sieve fraction 30- 80 
mesh. This catalyst sample was placed in a 3/8 inch reactor tube (Hoke 
stainless steel, internal diameter 7 mm, catalyst bed length 14 cm). 
Under these flow conditions (high linear velocities, small catalyst 
particles, 1oo•c < T < 18o•c, ambient pressure) the reaction rates 
were limited by kinetics and not by transport phenomena. 
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Figure l . A schematic drawing of the experimental set-up. The carrier 
gas (argon) is led through the pulse loop, where the labelled compound 
is taken up in the gas flow . The carrier gas is thereafter mixed-up with 
the reacting c ompounds and led over the catalyst bed in the reac t or. The 
reac tor tube is placed in the aluminium oven block, which i s fixed 
exactly horizontal in the c entre of the field of de reetion of the 
tomograph. At the reactor exit the product stream is analysed, making 
use of (radio) gas chromatography and mass spectrometry. 

As reported in previous articles, a strong adsorptive interaction 
between C02 and the cer ia a t t he catalyst surfac e was found . By 
addition of 10% C02 t o the gas flow the adsor ption equilibrium was 
shifted to the gas phas e and could be modelled . I n prac t ical 
automotive exhaust gas C02 is present in concentrations of 10 - 15%. 

- The chemical composition of both the reactant and the product stream 
was analysed using gas chromatography and mass spectroscopy. 

- At the outlet , samples taken from the effluent stream were sent 
to a CO/ C02 sepa rating gas chromatograph, equipped with a proportional 
counte r for the dereetion of radiation. This c ount er wa s plac ed 
afte r the The rmal Conduc t ivity Detector (TCD). After separation of CO 
and co2 t he amounts of 11 CO and 11 C02 could be quantified , so that the 
distribution of labelled 11 CO and 11 C02 in the effluent stream from 
the reactor outlet could quantitatively be analysed in the cause of 
time during an experiment. 

- To ensure that c omple t e steady state was reached a t the moment the 
pulse experiments were carrie d out, the catalysts were submitted to 
the ga s flow for a t l east 12 hours in advance . 

The experiment s carried ou t with this s e t-up are summar i s ed in table 2 . 
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Table 2. Pulse experiments carried out, shown in reaction images. 

Catalyst Tracer Temp. Conver. Figure Interaction 
[oe] (%] number gas - solid 

Pt*) 13NN 130 so 4A Non 
Pt 11 CO 130 so 2,SA CO-Pt, C02-ceria 
Pt llCO lSO 99 SB CO-Pt, co2-ceria 
Pt 11C02 130 so SC C02-ceria 
Pt 11C02 lSO 99 so co2-ceria 

Rh* llCO lSO so 4B CO-Rh, co2-ceria 

-y-Al2 03 11C02 130 0 -**) Non 

Carrier * 11 CO 130 0 -**) Non 
Carrier * 11C02 130 0 4C C02-ceria 
Carrier * 11C02 1SO 0 40 co2-ceria 

*) The platinum and rhodium catalysts were Ce02/-y-Al203 supported. 
Carrier stands for the Ce02/-y-Al203 support. 

**) Experiment not shown in a reaction image. 

Positron emitters 

Positron emitters decay via a process, in which a positron is 
emitted from the nucleus (39) . The labelling of reactants interesting in 
automotive exhaust catalysis can be carried out with positron emitting 
nuclides llC, 13N and 150. With the advent of Positron Emission computed 
Tomography (40,41) as a research tool in nuclear medicine (42-44), the 
availability of the short-lived positron emitting nuclides 11 C (t1 -
20.3 min, 100% positron yield, Emax = 1.98 MeV), 13N (10.0 min, 100%, 
1.19 MeV) and 150 (2.07 min, 100%, 2.76 MeV) has increased considerably. 
The positron is the anti-matter counterpart of the electron, which 
implies that upon encounter both the positron and the electron are 
annihilated, i . e . converted into electromagnetic radiation . To conserve 
momentum, two -y-photons are emitted in opposite directions in this 
conversion process. The energy of the -y- photons is dictated by the 
energy conservation law and is almost completely determined by the 
conversion of the mass (m) of the positron/electron into electrornagnetic 
radiation according to E-mc2-Sll keV. 

Owing to this annihilation process the mean free path of a 
positron in catalyst matter is very limited (ca . 0 . 3 mm for positrons 
with E - 1 MeV) . However, the resulting -y-photons may travel through 
a cataÏy~t bed for elongated distances (half-thickness value 
approximately 7.S cm). By incorporating nuclides like 11 C, 13N or 150 
into actual reacting molecules and pulsing these labelled molecules into 
a gas flow, this technique allows non-invasive, in-situ prohing of 
catalytic processes in the catalyst bed. To exploit the two photon 
nature of the annihilation process, scintillation detectors are 
oppositely arranged over the reactor to detect the annihilation photons 
coincidentally outside the catalyst bed (42,45). 



MODELLING OF TRANSIENT KINETICS 

Positron emission tomography 

The experiments have been carried out at the Institute for 
Nuclear Sciences (INW) of the State University of Ghent, Belgium (46). 
At the INW a cyclotron was present, with which positron emitting 
nuclides ( 11 C, 13N and 150) could be produced. Also expertise and 
equipment was available to synthesise gas molecules containing these 
positron emitting nuclides, with a radiochemical purity greater than 
99.9% . These purities were confirmed by means of (radio) gas 
chromatography (4 7) . At the INW the application of PET (Positron 
Emission computed Tomography) to the visualisation of industrial 
processes has successfully been explored for oil displacement in model 
reservoir rock and dehydration of water-in-oil-emulsions, using the 
NeuroECAT tomograph (48). 
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The properties of positron emitting nuclides have briefly been 
described in a previous paper (37), for more general information one is 
referred to Knoll (39). The detection of positron emitters occurs 
indirectly by the registration of the 511 keV annihilation photons. A 
NeuroECAT positron emission tomograph, equipped with Bi4 (Ge04 ) 3 ( BGO) 
scintillation detectors for the photon detection, was used. The 
NeuroECAT contains eight banks with each eleven BGO detectors. These 
eight banks are placed in an octagonal arrangement, so that in imaging 
experiments a circular field of detection with a diameter of 21 cm is 
obtained (Fig. l) (49 ,50). 

Bath the spatial and temporal resolution capabilities of a 
positron emission tomograph are determined by its technical design. 
Owing to the octagonal detector bank arrangement of the NeuroECAT 
tomograph , the minimum t i me required for a full tomographic scan is 60 s 
(48), which is far toa long to visualise the trans i ent kinetic proce s ses 
of (automotive exhaust) catalysis . For studying the kinetics of the 
catalysed CO conversion processes a time resolution in the order of 
seconds is required. 

To achieve the required temporal resolution, the so- called 
'inj e c t ion monitor' option of the NeuroECAT was exploited . This opt ion 
was implemented for monitoring the arrival of the labelled compound in 
the (patient) imaging plane (51) . In this mode the scanning gantry is 
kept in a fixed position and the registered coïncident events between 
individual detectors of an opposite pair of detector banks (Figs. 1) can 
be written every second on hard disk as an 11*11 matrix. In practice, a 
minimum temporal resolution of 1.2 s could be obtained, about 0.2 s 
being r equired for data rearrangement and disk storage. 

The tubular r eactor utilised for the experiments (37) is 
operated in plug-flow which was experimentally checked (see discussion). 
A reactor tube with a high length (L) to diameter (D) ratio (L/D = 20) 
was used, implying that the radionuclide concentratien gradients in 
radial direction of the catalyst bed are negligible as compared to those 
in the axial direction. This results in a one dimensional experimental 
s ystem, as only gradients in t he axial direc tion are important. To 
achieve the optimal axial spatial resolution in the 'inj ection moni t or' 
mode of the NeuroECAT, a computer programme was written, wh i ch 
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constructed a signal taking into account only the coincidences between 
opposite detectors of bank pair AE and the (average) coincidences 
between two opposite pairs of adjacent detectors that view a single 
point on the reaction tube axis (Fig. 1). The reactor was positioned 
exactly horizontal in the centre of field of detection the NeuroECAT 
(Fig . 1). This procedure resulted in an 'one dimensional scan', 
consisting of 21 equidistant (1.106 cm) measuring positiops over the 
reactor. 

A 22Na (t~ = 26 year, positron yield- 90%, Emax = 0 . 5 MeV) 
point souree was used to experimentally determine the spatial 
resolution. To this end the 22Na point souree was placed at an exactly 
known position on the axis of the tubular reactor in the aluminium oven 
and the NeuroECAT was registering the signal fora number ,of minutes. 
The axial position of the point souree was established, màking use of an 
engraved scale in the reactor oven and a laser indicating the image 
plane, with which an accuracy of placing the point souree in the reactor 
oven of 0.5 mm could easily be obtained . The point souree experiment was 
repeated at positions every 2 mm along the reactor axis. Evaluation of 
the data from these experiments revealed a spatial resolution of ± 8 mm 
full width at half maximum (FWHM) . 

A calibration procedure was developed to compensate for the 
variations in response due to the characteristics of each pair of 
detectors and the attenuation of the ~-radiation due to the oven system. 
Using a reactor tube filled with a homogeneaus salution of 68Gej68Ga -
EDTA in water, the sensitivity of the different detectors in the system 
and th.e attenuation could be calibrated. The 68 Ge and 68Ga nuclides farm 
a generator system, in which 68 Ge is the mother nuclide and 68 Ga the 
daughter . 68 Ge decays via an electron capture mechanism to 68 Ga with 
a relatively long half-life (t~ - 275 days) compared to that of its 
positron emitting daughter 68Ga (t~ = 68 min, 88% positron yield, Emax 
1 . 9 MeV). The activity of 68Ga is in equilibrium with the activity of 
its mother nuclide 68Ge, so that effectively the 68Ga activity decays 
according the half-life of 68Ge. As the BGO detectors register only the 
~-radiation originating from positron annihilation radiation from this 
generator system, an exact relation between concentration of positron 
emitters at a well-defined location in the reactor tube and the detected 
signal intensity by the tomograph could be established. With the aid of 
this calibration procedure, the distribution of the radionuclide in the 
reactor (Bq/cm3 ) could be calculated from the response of the NeuroECAT 
(counts/s) at each measuring position. 

The Nai (Tl) scintillation detectors 

In order to obtain an exact value for the total amount of 11 C
labelled compound, which is pulsed into the reactor tube and the 
distribution in time of the amount leaving the reactor with the gas flow 
from the exit, additionally two 3-inch scintillation detectors were 
used; one facing the inlet tube and the other facing the outlet tube 
(Fig . 1). As both scintillation detectors were calibrated and were 
facing teflon tubing with identical geometry (internal diameter 1 mm) 
and flow characteristics (40 ml/min), the signals could directly be 
compared. Using the integrals of the signals in time, mass balances for 
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the labelled components over the catalyst bed in the reactor could be 
established. 

MODEL OF THE REACTION KINETICS 

Applications of the model 
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The object of the rnadelling study is to formulate a realistic 
adsorption, reaction desorption model for the catalytic gas-solid 
systems of the reaction 2CO + 0 2 --> 2C02 , catalysed by a Pt or Rh on 
Ce02 /-y-Al2 03 catalysts. In order to concentrate on the intrinsic 
kinetics, the experimental conditions (e . g . partiele sizes, gas 
velocity, temperatures, etc.) were chosen such, that transport 
mechanisms did not affect actual conversions. As a consequence, the 
conversion is fully kinetically limited and the experimental data can be 
used to estimate rate constants in the individual reaction steps. 
Basically, the model can be used for two different experimental regimes: 
1) steady state operation and 
2) transient processes alorig the axial position in the reactor. 

Re. 1) For steady state operations the model can be used to predic t 
concentration profiles along the reactor, which do not change as 
a function of time. 

Re. 2) In the non-steady state situation, isotopic concentration 
profiles are described as a function of the position along the 
reactor and as a function of time in the reactor. Thus at a well 
defined position and time, concentrations of reactants and 
products both in the gas phase as well as at the catalyst surface 
can be predicted. As such the model can be used to describe pulse 
flow experiments, in which traeed components are followed on 
their path through the reactor. 

These .two modes of operation were necessary to cope with the 
set up of the experimental procedure. A constant gas flow containing CO 
and 02 (and inert carrier gas) is passed through the reactor under 
steady state conditions. In the steady state regime , a minor pulse of 
11 C labelled CO is injected at the inlet of the reactor. Labelled 
components and reaction rates of labelled components will be denoted 
with •. Experimental data are .obtained by following the 11 C atoms on 
their way through the reactor. The essence of this experimental set-up 
is that total concentrations of the molecules (labelled + unlabelled) do 
not vary in time; only interchange between components including labe lled 
and unlabelled C atoms takes place. 

Hodel assumptions and simplifications 

The simulation of the exhaust conditions takes place in a 
small tubular packed bed reactor . In the reactor two phases are 
distinguished : a bulk gas phase consisting of carrier gas, product and 
reactant gases and a solid phase consisting of the catalyst bed. In 
accordance with the generally accepted theory of solid-catalysed 
fluid-phase reactions, the overall conversion can be decomposed in the 
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following steps: 
(a) Diffusion of reactants from the bulk of the fluid phase to the 

external surface of the catalyst particles and through the pores to 
the catalyst surface; 

(b) Adsorption of the reaetanes onto the catalyst surface; 
(c) Reaction of the adsorbed reactants to form adsorbed products; 
(d) Desorption of the products to the fluid phase near the catalyst 

surface; 
(e) Diffusion of the products from the catalyst surface area through the 

pores and to the bulk of the fluid phase . 
The steps (a) and (e) are mainly influenced by fluid dyna~ic factors 
(Reynolds number, mass transfer coefficients, etc.), catalyst properties 
(particle size, porosity, surface characteristics, etc.) and diffusive 
properties of fluid reactants and products. As mentioned before, 
experimental conditions were chosen such, that steps (a) and (e) were 
not limiting (high linear gas velocity, crushed particles with a small 
diameter, low temperatures). Experiments with smaller particles but the 
samebed void fraction, gave identical results. Therefore, mass transfer 
between the two phases is specified in terros of adsorptionjdesorption 
steps, i.e . steps b, c and d, only . 

The computation of axial time dependent concentration profiles 
in the gas and the solids phase requires the simultaneous solution of a 
number of balances over a small cross-sectional volume element of the 
reactor . In order to study the intrinsic kinetics, only component mass 
balances in the gas phase and in the solids phase are considered. 
Momenturn balsnees and heat balances have been omitted as the catalyst 
bed was maintained isobaric and isothermal . In order to avoid 
non-isothermal conditions in the reactor crushed catalyst with a low 
roetal loading was used. Also a preheated gas flow was applied and a 
reactor oven, which maintains a uniform tempersture profile in the 
catalyst bed along the reactor axis, was used (a tempersture variation 
of less than 0.1•c over the catalyst bed is achieved). Furthermore, the 
reactor was considered to be operated under plug flow conditions and no 
axial dispersion has been taken into account: the flow regime in the gas 
phase is convection dominated. It could experimentally be shown that 
dispersion was insignificant (see . discussion). 

The kinetic mechanism (steps (b)-(d)) is defined in terms of 
individual reaction and sorption steps of the related gas-solid reaction 
network. The reaction 2CO + 0 2 --> 2C02 , catalysed by Pt on Ce02 /~-Al2 03 
catalyst, has been decomposed in the following elementary steps: 

l) co + Pt <--> PtCO co adsorption 
1*) *oo + Pt <---> Pt*co *co adsorption 
2) 02 + Pt <---> Pt02 02 adsorption 
3) Pt02 + Pt <---> 2Pt0 02 dissociation at surface 
4) PtCO + PtO <--> PtC02 + Pt co2 conversion at surface 
4*) Pc* co + PtO <--> Pc*co2 + Pt ·~ conversion at surface 
5) PtC02 <--> Pt + co2 co2 desorption 
5*) Pt*co2 <--- > Pt + ·~ ·~ desorption 
6) A + co2 <--- > ~~ co2 adsorption at carrier 
6*) A + ·~ <---> A*co2 ·~ adsorption at carrier 
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The overall conversion is accomplished through steps 1 - 5. 
Step 6 represents a catalyst carrier effect: the C02 formed will adsorb 
at the ceria on the catalyst carrier. Inclusion of the effect of C02 
adsorption on the ceria is necessary in order to obtain unbiased values 
of the rate constantsof the actual reaction mechanism (steps 1- 5) . 
Note also the steps 1*, 4*,5* and 6*, descrihing the adsorption, 
conversion and desorption steps of the components containing 
11 C-labelled atoms. 

MODEL EQUATIONS 

Reaction rates and mass balances 

The equilibrium of adsorption and desorption steps are usually 
described in terros of Langmuir isotherms. For many heterogeneaus 
catalytic systems Langmuir Rinshelwood rate expresslons have been 
derived, which describe overall conversion as a function of 
concentrations of the components in the fluid phase only. In the 
Langmuir model, the reaction rates of adsorption of a pure gas are 
proportional to the product of fraction of free sites per unit area of 
catalyst surface and of the concentrations in the fluid phase. The 
underlying assumptions are threefold: 

i) all sites are equivalent, 
ii) one adsorbed molecule accupies only one site, 
iii) there is no interaction between adsorbed molecules. 

Furthermore, one step in the mechanism can be assumed to be limiting for 
the overall conversion. The overall rate expression is then obtained by 
substituting equilibrium conditions of the non-limiting steps in the 
rate expression of the centrolling step. 

For several reasens the rate expresslons according to the CO 
conversion mechanism have not been expressed in terms of a Langmuir 
isotherm. At first, it was necessary to keep flexibility in the model in 
order to investigate which step could be rate-controlling . Secondly, no t 
only concent rations in t he f luid phase, but a lso concent rations a t the 
catalyst surface have been analysed . Finally , traeed components can be 
included in the basic mass action reaction rates in a straightforward 
manner. Hence, the following net reaction rates describe the rnechanism 
(1- 6): 

R1 k 1 f . (CO] . (Pt] 
R1 * - k 1 • f . [ • CO] . [ Pt] 
R2 = k2 . f . [ 02] . [ Pt] 
R3 k3 : r . [ Pt02 ] . [ Pt] 
R4 k4 f.[PtCO]. (PtO] 
R4 * = k4 ' r· [Pt*co]. [PtO] 
R5 k5 ' r· (PtC02 ] 

R5 * ~ k5 ' r · [Pt*co2 ] 

R6 k6 ' f.(C02 ].[A] 
R6 * k6 : r . [ • co2 J . [A J 

( 1.1 ) 
(1.1*) 
(1. 2 ) 
(1. 3 ) 
(1. 4 ) 
(1.4*) 
(1. 5 ) 
( 1. 5*) 
(1. 6 ) 
( 1. 6*) 
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with:ki. f 
k. 

> • r 
[Pt] 
[A] 
[Pti] 

[i] 

[Ai] 
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·forward rate constant of reaction step i; 
reverse rate constant of reaction step i; 
concentration of free platinum sites (moljm3 ); 

concentration of free Al2 0 3 carrier sites (mol/m3 ); 

concentration of platinum sites with component i, 
i- co,o,o2 ,C02 ,*co,*co2 (moljm3 ); 

concentration of component i in gas phase, 
i- co,o2 ,co2 ,*co,•co2 (moljm3 ); 

concentration of ceria sites with componenq i, 
i= co2 ,*co2 (mol/m3 ). 

Note that labelled and unlabelled components do not interact: for both 
type of components the same rate constants apply. 

During the cold start of a car, the automotive exhaust 
catalyst is heating-up to become active. Under these reaction conditions 

· the noble roetal surfaces are predominantly covered by adsorbed CO 
molecules (52,53). The rate limiting step in the CO oxidation by 02 , is 
the dissociative 02 adsorption at the noble metal surface. The rate of 
this step is mainly determined by the availability of free surface 
sites, where dissociative adsorption can take place (54-56). As 
temperature rises, the rate of CO desorption increases and more free 
surface sites become available. At higher temperatures the rate of 0 2 
adsorption becomes limiting. The dissociative oxygen adsorption at the 
catalyst surface was found to be irreversible and follow a first order 
dependenee in free surface sites (57,58) . This, while two sites are used 
by the two oxygen atoms after the dissociative adsorption has taken 
place . In the model this phenomenon was simulated by adjusting the rate 
constants of the adsorption step for oxygen molecules and the surface 
dissociation step. Both steps were made irreversible and the surface 
dissociation step was made much faster than the adsorption step. In this 
way a first order dependenee for the oxygen adsorption was realised. 

Most values for the rate constants of the sorption and 
reaction steps were calculated, based on information from the literature 
(57,62). The reaction mechanisms and kinetic parameter values reported, 
were basedon surface science studies. For adsorption steps sticking 
coefficients were used, for desorption and surface reaction steps values 
for activation energies and pre-exponential factors were taken. For the 
calculation of both the sticking coefficients and the desorption 
energies, the surface was considered to be almost fully covered by 
adsorbed CO molecules. The rate constants used in the model, were not 
varying with the surface coverage. Experiments in a relatively small 
temperature range (100 - 170°C) were carried out and in most cases the 
conversions were not very near to 100%. By simulating the experiments as 
described hereafter, good fits with the experimental data were obtained 
by slightly adjusting the parameter values. Parameter values for the 
interaction between and ceria were not reported in the literature and 
had to be established by fitted experiments in which 11 C02 was pulsed 
over the catalyst (see discussion). 

The concentrations of the components in the gas and the solid 
phase (including labelled components) are dependent on time t and 
position x and satisfy the following balance equations: 
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For: t > 0 
and 0 < x < L 

Gas phase, unlabelled components: 

a[CO]jat 
a[02 ]/at 
a[C02 ]jat 

+ c .a [CO]jax 
+ c.a[02 ]jax 
+ c.a[co2 ]jax 

Gas phase, labelled components : 

- -(l-f) .R1 /f 
- -(1-f) . R2 /f 

(1-f). (R5 -R6 ) /f 

a[* CO)/at 
a[*co2 ];at 

+ c.a[*co]jax - -(l-f).(R1*)/l 
+ c.a[*co2 ];ax - (l-f).(R5 *-R6 *)/E 

Solid phase, unlabelled components: 

a[PtCO]jat 
a[Pt02 ]jat 
a[PtO]/at 
a[PtC02 ]/at 
a[AC02 ]jat 

Solid phase, labelled components: 

a [ Pt* CO]/at 
a[Pt*co2 ]/at 
a[A*co2 ];at 

Platinum surface : 

Rl-R4 
Rz-RJ 
2·R3 -R4 -R4 * 
R4 -Rs 
Rs 

Rl*-R4* 
R4*-Rs* 
Rs* 

( 2) 
( 3) 
( 4) 

5) 
6) 

7) 
8) 

( 9) 
(10) 
( 11) 

(12) 
(13) 
(14) 

[PtCO]+[Pt02 ]+[PtO]+[PtC02 )+ [Pt*co]+[Pt*co2 ]+[Pt]=(Ptmaxl (15) 

Ceria surface : 

- (Amax] (16) 

wherein: 
- f is the bed porosity; 
- c is the linear gas velocity; 
- L is the length of the reactor . 
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The gas velocity does not change as it is mainly determined by 
carrier gases. Equations (2)-(6) define the concentrations CO, 02 and 
co2 in the gas phase ; equations (2)-(4) for the unlabelled components 
and equations (5) and (6) for the l abelled ones. Equations (7)-(11) 
describe the (unlabelled) adsorbed concentrations PtCO, Pt02 , PtO, PtC02 
and AC02 at the catalyst surfacejcarrier . Equa tions (12)-(14) define the 
labelled adsorbed concentrations . Finally, equations (15) and (16), 
defining the free Pt and ceria (A) sites, complete the system ([Pt ] 
and [Amaxl are the number of sites available, for adsorption of ga~ax 
components). 
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Steady state equations 

As mentioned in the applications of the model, experimental 
data were obtained after injection of a minor pulse of 11 C-labelled CO 
(or 11 C-labelled C02 ) at the inlet of the tubular reactor . The 11 CO 
injected enters the reactor in a steady state regime controll ed by 
constant mass flows of CO and 02 at the reactor inlet . The amount of 
11 CO injected however, is about six decades less than the concentratien 
of unlabelled CO. Thus steady state values of (unlabelled) CO and 02 in 
the gas and the solid phase will not be affected by labelled molecules . 
However, the path of the 11 C atoms through the reactor will depend on 
equilibrium concentrations of free and occupied Pt and ceria sites. 
Therefore, the steady state equations (2)-(16) have to be solved for the 
unlabelled components only . As a result, the following initial value 
problem is integrated along the reactor: 

For: 0 < x < L 

c.d[CO] / dx 
c . d[02 ]/dx 
c.d[G02 ]/dx 

-(1-E) .Rl/E 
-(l-E) .R2/E 

0 
0 
0 
0 
0 

(1-€). (R5-R6 )/E 

[PtCO]+(Pt02 ]+[PtO]+[PtC02 ]+[Pt]- [Ptmaxl 
[AC02 ]+(A] - [Amax] 

with initial conditions: 

[ co l ( 0) - [ col 0 

(02](0) - [02]0 
[C02 ](0)- [C02 ] 0 

CO inlet concentratien 
- 02 inlet concentratien 
- C02 inlet concentratien 

(17) 
(18) 
(19) 

(20) 
(21) 
(22) 
( 2 3) 
(24) 

(25) 
(26) 

Equations (1 7)-(26) have been obtained by omitting f rom the 
complete non-steady s t a te equations ( 2) - (16) the time de rivat ives and 
the equations for the labelled components. Note the initial conditions 
of the gas components at the inlet of the reactor (x~O): concentrations 
of CO, 02 and C02 have to be prescribed . The salution of the coupled 
system of differential and algebraic equations (DAE system) yields the 
steady state values of the concentrations in the gas phase and at the 
catalyst surface as well as the fraction free site s at the Pt surface 
and at the ceria on the c a rrier. The fraction of free sites and the 
concentrations of Pt02 and PtO will be included in the non-steady puls e 
equations in the form of a fixed function of the axial position along 
the reactor. 
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Non-steadv state equations 

As mentioned before the pulse of labelled CO will not affect 
steady state values of the reactants and products in the reaction 
mechanism. As a consequence only non-steady equations for the labelled 
components need be solved. These equations follow from the system 
(2)-(16) by omitting all continuity equations for the unlabelled 
components: 

For: t > 0 
and 0 < x < L 

a[*C0]/8t + c.a[*C0]/8x 
a[*co2]/8t + c.a(*co2]/8x 

8(Pt*C0]/8t 
a[Pt*co2 ]/8t 
a[A*co2 ]/8t 

with initial conditions: 

-(l-E).(R1 *)/E 
(l-E) . (R5*-R6 *)/E 

Rl*-R4* 
R4*-R5* 
Rs* 

(27) 
(28) 

(29) 
(30) 
(31) 
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[*co](t=O,x) = (*C02 ](t=O,x) - 0 
[Pt*CO](t-O,x)- [Pt*co2 ](t-O,x)- (A*C02 ](t=O,x) 0 

0 < x < L 
0 < x < L 

for the concentrations in the gas phase and at the catalyst surface 
respectively. The boundary conditions of 11 CO and 11 C02 must be defined 
in terms of functions of time: 

[*co](t,x=O) 
[*co2 ](t,x=O) 

t > 0 
t > 0 

The boundary conditions define the type of pulse injected at 
the reactor inlet. As can be seen, each arbitrary shaped pulse can be 
generated; both for the 11 CO as wellas for the 11 C02 concentrations . 
Note finally that the reaction rates R1*, R4*, R5* and R6 * depend on the 
concentratien profiles of [Pt], [PtO], [Pt02 ] and [A] along the reactor. 
These profiles are treated as known functions of the position of the 
reactor, obtained from the solution of the steady-state equations. As 
such, they can be seen as a set of parameters occurring in the 
continuity equations. 

NUMERICAL SOLUTION 

Steady state equations 

For the numerical solution of the steady state equations 
(17)-(26), the SPRINT (59) DAE integration package has been employed. At 
the inlet of the reactor (at x=O) user defined initial values for the 
constant mass flows CO, 02 and C02 are prescribed . For the 
concentrations of components in the catalyst bed values should be 
selected, which satisfy equations (20)-(26). Bad guesses forthese 
variables may hamper the convergence during the numerical solution of 
these non-linear algebraic equations; even infeasible solutions (e.g. 
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negative concentrations) have been experienced. To overcome these 
numerical instabilities, (25) and (26) have been substituted in 
equations (20)-(24). Then, by adding the time derivatives of the 
relevant concentrations, the system of algebraic equations has been 
replaced by a set of differential ones. For pseudo initial values of the 
variables at the catalyst surface and for prescribed values of the 
concentrations in the bulk gas phase, the system can then be solved in a 
numerical stable way. In effect a system like (7)-(11) is integrated at 
x~o until equilibrium has been reached between the concentrations in the 
gas phase and at the catalyst surface. 

Non-steady state equations 

As a last step in the simulation of the pulse experiments, the 
system of partial differential equations (27)-(31) need be solved. In a 
symbolic way this system can be written as : 

For: 
and 

with 

au; at + c.au;ax 
av;at 

t > 0 
0 < x < L 

initia! and boundary 

u(x,t) 0 
v(x,t) - 0 
u(x,t) - f(t) 

Su(u,v,y) 
Sv(u,v,y) 

conditions respectively: 

t - 0 
t - 0 
t > 0 

0 <x< L 
0 < x < L 
x - 0 

(32) 
(33) 

Here the vec·tor u={[ * CO),[* C02 )} contains the variables in the gas phas e 
and v-{[Pt*co), [Pt*co2 ), [A*co2 ]l contains the concentrations at the 
catalyst surface. The souree terms Su(u,v,y) and Sv(u,v,y) depend on the 
reaction rates; the vector y={(Pt],[PtO) , [Pt02 ],[A)l contains the 
parameters obtained from the solution of the steady state equations. 

The equations (32) and (33) have been solved numerically, 
using the method of lines. In this approach, some type of finite 
differencing is used to discretise the spatial coordinate x in the 
partial differential equations. At mesh points Xi, i=l, ... ,N the 
solution of the continuous equations is approximated by a set of 
ordinary differential equations with dependent variables u and v. 
Actually equations (32) and (33) state a system of hyperbalie partial 
differential equations, character~sed by two different eigenvalues: À8 
c related with the gas phase cont~nuity equation (32) and À - 0 for the 
solid phase continuity equation (33). As the gas phase equation is fully 
convection dominated, a first order upwind calculation of the flux term 
can be employed for the space discretisation of the partial differential 
equations. Such a simple scheme results into the following equations for 
the semi-discrete system at the N mesh points : 

duijdt + c.( ui -ui-l )/(Xi - Xi_ 1 ) 

ui 
dv1 /dt 

5u(ui,vi,yi) 
f( t) 

5v(ui,vi,yi) 

i -2 , .. . ,N 
i=l 
i=l, ... ,N 
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with :u 1 (t) 
v 1 (t) 

y i (t) 

u(X1 , t) 
- v(X1 , t) 

y(X1 , t) 
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This first order scheme however, does not resolve adequately 
the high spatial derivatives, which occur when a steep pulse of 11 CO is 
injected at the reactor inlet . Actually, it will smear out shock wave 
typed patterns of labelled components with high gradients along the 
reactor . Therefore, asecondorder central discretisation has been used 
for the numerical solution of equations (32) and (33) . To avoid 
dissipative oscillations, a moving grid approximation based on the 
Lagrangian form of the space discretised system of partial differential 
equations has been employed . Basically, the method comes down to the 
introduetion of a set of additional ordinary differential equations; one 
for each grid point . Instead of fixed mesh points X1 smooth, 
continuous-time trajectories 

< X1 ( t) < X1 + 1 ( t) < . . . < ~ - L 

are considered . The total derivative of u(X1 (t),t) along X1 (t) yields 
the Lagrangian representation: 

dujdt = oujox.dX1 /dt + oujot 

For v(X1 (t),t) a similar Lagrangian holds and substituting (32) and (33) 
for ou/ot and av;at it follows : 

du/dt - au;ax .dXi/dt 
dvjdt - oVjox.dX1 /dt 

- c .oujox + Su(u,v,y) 
+ Sv(u,v,y) 

t > 0 
t > 0 

(34) 
(35) 

Using the standard, 3-point central difference formula for ojox terms, 
the semi-discrete approximation for (34) and (35) becomes : 

du1 /dt- (u1 + 1-u1 _ 1 ) . (dX1 /dt-c)/(X1 + 1-X1 _ 1 )+Su(u1 ,v1 ,y1 ) i-2, ... ,N-1 
i-1 u1 - f(t) 

du1 /dt--(u1-u1 _ 1 ) . c/(X1 -X1 _ 1 ) 

dv1 jdt- (v1 + 1-v1 _ 1 ) . (dX1 /dt)/(X1 + 1 -X1 _ 1 ) 

dv1 /dt-

Finally, the spatial equi-distribution equation 

+Su(u1 ,v1 ,y1 ) i-N 
+Sv(u1 ,v1 ,y1 ) i-2, ... ,N-1 

Sv(u1 ,v1 ,y1 ) i-1, i-N 

i=2 , . . . ,N-1 

implicitly defines optimal grid points X1 , which are densely located 
when high spatial derivatives occur . In this equation M1 is a monotonic 
increasing function of the spatial derivative in the interval (X1 _ 1 ,X1 ). 

This function M1 prescribes thus the axial positions in the catalyst bed 
at which a grid point is taken·, and does so on each moment in time . 
Actually a smooth approximation for the spatial distribution equation, 
including grid-smoothing both in time and space has been ·used . 
For a comprehensive description of all related numerical aspects of the 
moving grid procedure one is referred to Verwer (60) . 
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RESULTS 

In nuclear medicine imaging techniques have been developed to 
display the registered data, for example in 'brain scans' (40,41). In a 
similar way a 'reaction image' was developed to interpret the registered 
data in the pulse experiments . The medical imaging techniques are 3D and 
statie, while here a lD dynamic plot will be explained (resulting in two 
dimensions, one in place and one in time). 

The data registered by the tomograph are converted and stored 
into a 2D (x,t) array. A row of the array is generated exploiting the 
geometrical layout of the detector banks of the NeuroECAT' (cf . Fig. 1) 
and can be considered as a lD image with 21 picture elements (pixels) 
along the horizontal axis of the reaction tube (Fig. 2). By repeating 
the generation of these lD images every 1.2 s, the time ordinate of the 
2D (x,t) array is formed. By representing the intensity ftom a linearly 
scaled grey-bar (Fig. 2) an image representation of the registered data 
is obtained. This type of image will be called 'reaction image' 
throughout this paper. 

The reaction image presented in figure 2, is obtained from an 
experiment, in which the standard type PtjCe02 / 1-Al2 03 catalyst was 
placed in the tubular reactor operating under plug flow conditions and 
continuously exposed to the standard gas mixture, (l.O%v CO, 0.5%v 02 , 

10%v C02 and balance argon). The catalyst system was under complete 
steady state conditions and the amount of 11 CO pulsed into the system 
did not disturb the flow characteristics such as pressure, velocity and 
composition. The gas flow was from the left hand side to the right hand 
side in the reaction image. The amount of labelled CO in the pulse was 
very small (about six orders of magnitude smaller) compared to the 
amount of unlabelled CO present in the continuous gas flow. The 
behaviour of the labelled 11 CO molecules is identical to that of 
unlabelled CO molecules. The behaviour of the 11 CO molecules in the 
pulse can best be envisaged as a selected number of representative 
molecules for the total amount of CO molecules entering the reactor at 
the (very) moment that the pulse was given. 

The simulation of the experimental conditions of figure 2 are 
shown in figure 3. At the horizontal x-axis the place coordinate (x) is 
given and at the y-axis the time (t). In the vertical direction the 
concentration of the labelled compound is given in arbitrary units. 
Figure 3a shows the total radioactivity signal, which is the sum of the 
concentration of all labelled compounds. Figure 3b shows the labelled 
gas phase CO molecules , figure 3c the labelled C02 molecules which are 
adsorbed to the ceria surface and figure 3d the labelled ÇO molecules 
adsorbed to the platinum surface. These three compounds cQntribute most 
significantly to the signal from the catalyst bed in the reactor. The 
other labelled compounds (gas phase co2 molecules and co2 molecules 
adsorbed to the platinum surface) are present in much lower 
concentrations in the catalyst bed. 
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Figure 2. The reaction image of .the nco pulse experiment over the 
Pt:jCe02 /'Y-Alz03 catalyst under steadystate conditions at uo•c . 50% 
conversion is reached. The intensity of éhe labelled compounds in the 
reaction image is indicated by . the linearly s.caled grey-bar; the lighter 
greys represent the higher concentrations of labelled compounds. The PRF 
curve represents the distribution of the labelled compounds over the 
catalyst bed along the axial position, during the 65th second after 
injection of the pulse into the system. The RTD curve shows the 
residence . time distribution at position -5.5 cm in the catalyst bed. 
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Figure 3. The results of the simulation of the 11 CO pulse experiment 
shown in figure 2. In figure 3A the total signal from the catalyst bed 
is given, which is calculated as the sum of all labelled compounds at 
each position and each moment in the catalyst bed. Figure ·3B shows the 
concentratien distribution of the 11 CO molecules . Figure 3C shows the 
conc~ntration distributton of the 11 C02 molecules adsorbed . to the ceria 
surface. Figure 30 shows the distribut;ion of the plati.num ·adsorbed 11 CO 
molecules, 

· The simulation learns, tP:at . the .reac'tion image shown in figure 
2 has to be interpretec:\ in the ·followl.ng w~y. The 11 CO pt,~lse .enter.s th~ 
catalyst bed and ÇO molecu_les ad,sorb': i'?pid.ly to the platinum surface 
(bottom side of reaction image, position -7 . 0 cm, during the first 
second). Just two seconds after the pulse entered the reactor, the major 
part of the 11 C signal from the catalyst bed represents 11 CO adsorbed to 
the platinum surface, which is subject to the process of desorbing, 
rnaving for a small distance with the gas flow towards the reactor exit 
and adsorbing again. 11 C02 molecules (produced by reaction from 11 CO) 
desorb from the platinum surface immediately (61) and also move towards 
the reactor exit, while adsorbing and desorbing at the ceria on the 
catalyst surface. Near the reactor exit (the bottorn right hand side of 
reaction image, at positions 0.0 to +7.0 cm), the signal represents both 
11 C02 molecules adsorbed to the ceria surface and 11 CO molecules 
adsorbed to the platinum surface. After about 120 seconds, a mixture of 
11 CO and 1 1C02 reaches the reactor exit. 

The bend at the bottorn of the reaction image is caused by the 
equilibration of gas phase 11 CO molecules and adsorbed 11 CO molecules at 
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a finite rate. As a number of 11 CO molecules does not immediately find a 
place to adsorb, they have to move on towards the reactor exit with the 
gas flow, until equilibrium for the group of 11 CO molecules is achieved 
and the ratio of gas phase to adsorbed 11 CO molecules is identical to 
that of tota1 gas phase to adsorbed CO molecules (see figure 3b). This 
indicates that a reaction image displays the dynamic behaviour of the 
steady state imposed by the experimental conditions. The reaction image 
itself shows a bend at the position, where the equilibrium conditions 
for the adsorption of 11 CO molecules are reached (Fig. 2, position -1.0 
cm). Deeper in the catalyst bed (positions 0.0 to +7.0 cm) the rateis 
displayed by which the labelled species are transporeed through the 
reactor by an ad- and desorption process (moving a small distance with 
the gas phase and then adsorbing again). This processis comparable to 
that occurring in gas chromatography and applies as well for CO 
interacting with the platinum surface as to C02 interacting with the 
ceria. 

Under the experimental conditlans of figure 2 (T = 130.C), the 
conversion of 50% of the CO and 02 was limited exclusively by the 
kinetics. Therefore figure 2 contains information on the rates of 
adsorption, desorption and surface reaction of CO on the catalyst 
surface, combined with adsorption and desorption of C02 on the ceria . 

Owing to the total lengthof the tube (cf. Figs. 1 and 2), no 
signal is registered at the first and last measuring positions (-11 . 08 
cm and +11.08 cm). The flow of the injected 11 CO pulseis represented by 
the white pixels at the entrance of the tube just befere the catalyst 
bed (Fig. 2, positions -10.0 to -8.0 cm). The narrow width of the signal 
along the time-axis is representative for the short duration of the 
injection pulse (full width at half maximum of 0.5 s) . In this region, 
upstream the catalyst bed, the chemical form of the 11 C label is still 
100% gas phase 11 CO. 

At the reactor outlet, where the labelled compounds meet the 
catalyst bed boundary (Fig. 2, positions +8.0 to +10.0 cm), the 
concentratien of the 11 C-labelled compounds is so low that it appears as 
black in the image. Though not visible in the image, the outlet signal 
is still easily detected by the NeuroECAT. 

The analysis of the recorded data is facilitated by drawing 
cross-sections through the image. This can be carried out at a selected 
moment, in figure 2 at 65 s, resulting in an activity distribution 
profile (PRF) of the 11 C label over the flow tube . This PRF is actually 
the lD image 21 pixels recorded during the 65ch second after injection 
of the 11 CO pulse. In figure 2 at position -5.0 cm, also a cross
sectional signal is indicated, which represents the Residence Time 
Distribution (RTD) of the 11 C label at this position. For each of the 13 
positions located within the catalyst bed, 13 independent measurements 
at various positions in the catalyst bed are acquired. In the total of 
21 registered curves, the first four and the last four curves registered 
by the NeuroECAT contain information about the presence of the labelled 
components outside the catalyst bed, i.e. respectively in the gas flow 
entering and leaving the reactor. 
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The kinetic information has to be collected from the reaction 
image by means of mathematical rnadelling of the reaction kinetics. With 
the aid of computer simulations the information in the reaction image is 
quantified in terros of coverages of the reactants at the catalyst 
surface and rates of adsorption, desorption and surface reaction under 
the actual process conditions. Modelling of the experiments is carried 
out by simulating the 21 RTD curves registered by the tombgraph. At the 
reactor exit the labelled compounds can quantitatively be! analysed, so 
that the composition of the effluent is known. This information is also 
used in the simulations to fit the registered RTD curves. 

By simulating an 11 C02 pulse experiment over the ceriajalumina 
supported platinum catalyst, the interaction between C02 and ceria was 
established in terros of a sticking probability for C02 at the ce ria 
surface on the catalyst and a C02 desorption rate constant . After this 
interaction was quantified in the model, the 11 CO pulse experiments we re 
simulated bath for the supported platinum and rhodium catalyst. The 
values for activation energies for CO desorption and CO + 0 surface 
reaction as given by Lynch et al. (62) for a supported platinum catalyst 
and by Oh et al . (57) fora supported rhodium catalyst, were used in the 
simulations . (The values for the activatien energies for the rhodium 
catalyst were slightly adjusted to increase the fi t on conversion versus 
temperature experiments carried out with our supported rhodium catalyst, 
see table 3c .) Via simulations of the 11 CO pulse experiments the 
pre-exponenrial factors for CO desorption and CO + 0 surface reaction as 
well as the sticking probabilities for CO and 02 at the noble roetal 
surfaces were fitted. Firstly, via simulations of low temperature pulse 
experiments the parameters for CO adsorption and desorption were 
established, as reaction was insignificant under these conditions. 
Secondly, by simulating pulse experiments at higher t emperatures, at 
which reaction was taking place, the parameters were establ ished for 
surface reaction and oxygen sticking at the noble roetal surface . 

DISCUSSION 

Physical interaction between gas phase and catalyst bed 

In figure 4 the reaction images of four pulse experiments are 
given, different labelled compounds are pulsed through different 
catalyst beds . In the experiment shown in figure 4A, a pulse of 13 NN was 
led over the platinum catalyst. The constant gas mixture containing 1% 
CO, 0 . 5% 02 and 10% C02 was flowing through the catalyst bed which was 
maintained under complete steady state at 130°C. As N2 is inert to 
platinum, ceria and ~-alumina, the molecules are f lowing through the 
catal ys t bed without interacting with the catalyst. As expected, the 
r esidence time of the labe lle d compound is about 4 s, which can be 
calculated from the gas velocity and the void fraction of the catalyst 
bed. A closer analysis also reveals that hardly any broadening of the 
signal takes place; the peak registered at the reactor exit is almast as 
sharp as that at the reactor inlet. This indicates that dispersion of 
the gas phase molecules due to the particles in the catalyst bed in 
negligible. The assumption of pure plug flow through the catalyst bed 
which was taken in the model is thus reasonable. 
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Figure 4. A set of reaction images of pulse experiments under steady 
state conditions. Figure 4A shows a 13NN pulse over the Pt/Ce02/~-Al203 
catalyst at 13o•c, whereby 50% conversion takes place. This reaction 
image shows the behaviour of inert gas molecules. In figure 4B, at 1so•c 
and 50% conversion, a pulse of 11 CO was given over the Rh/Ce02 /~-Al2 03 
catalyst . In figure C and D, 11 C02 was pulsed over the noble-metal-free 
ceria/~-alumina carrier. The temperature in the experiment shown in 
figure 4C was 130•c and in 40 1so•c and no conversion took place in both 
experiments. 
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Figure 5. A set of reaction images of pulse experiments over the 
Pt/Ce02 /l-Al2 03 catalyst. In figures A and Ba pulse of 11 CO was given 
and in figure C and D 11 C02 was pulsed over the catalys·t. The 
temperature in A and C was 13o•c (50% conversion) and in B and D 15o•c 
(99%). 
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Similar results as shown in figure 4a, were obtained by 
pulsing 11 CO over the ceria/1-alumina carrier (not shown); there is no 
interaction between CO and the ceria or the 1-alumina at the catalyst 
carrier. Identical results were also obtained pulsing 11 C02 over the 
1-alumina carrier without ceria (not shown); no interaction between C02 
and the 1-alumina was observed. The results of the pulse experiments are 
summarised in table 2. 

Interaction between CO~ and ceria 

When 11 C02 was pulsed over the ceria/1-alumina carrier, a 
significant interaction was detected. Two 11 C02 pulse experiments over 
the ceria/1-alumina carrier are shown in figure 4C, at 130•c, and 4D , at 
1so•c . It can be seen from these experiments that there is no 
significant influence of the temperature on the co2-ceria interaction. 
Experiments in the temperature range from 100•c to 18o•c were carried 
out, which indicated that only minor influence of the temperature on the 
C02-ceria interaction exists. From the simulations of these experiments 
the amount of ceria surface sites whereupon a C02 molecule can adsorb, 
were calculated. Also the rates of C02 adsorption and desorption at the 
ceria surface were quantified from the simulations. From the adsorption 
rate a sticking probability f or C02 at the ceria surface was calcula ted. 
The rate of desorption of C02 could not be expressed in an act5.vation 
energy and a pre-exponentlal factor, according to the Arrhenius 
equation, as no significant influence of the temperature was 
established. The results are summarised in table 3. 

In figure S the reaction images of another four pulse 
experiments is shown . In the experiments shown in figure SA and SB a 
pulse of 11 CO was given ove r the platinum catalyst, while in figure SC 
and SD 11 C02 was puls ed over this catalyst . In the experiments in SA and 
SC the temperature was 130•c and in SB and SD it was 1so·c. From figures 
SC and SD can again be seen that the influence of temperature on the 
interaction between C02 with the ceria is again negligible. However, a 
much smaller interaction between the platinum catalyst and the C02 

molecules was registered than in the case of the noble metal free 
ceria/1-alumina carrier (cf. Fig. SD and 4D). It was established from 
simulations of this experiment, that a smaller amount of ceria surface 
sites was available for C02 adsorption than at the noble metal free 
carrier. The platinum crystallites are covering a part of the ceria 
surface after Pt-impregnation and calcination of the catalyst. It was 
reported (26) that platinum is deposited specifically at the ceria 
surface in the impregnation procedure and the platinum was found to have 
a dispersion of 84% (3 7), indicating that small crystallites are present 
at the ceria surface . These platinum crystallites a re thus covering a 
part of the ceria surface, which r esults in the s maller interaction 
be tween C02 molecules and the catalyst bed . These conclusion we re 
supported by XPS experiments, in which a larger ceria surface was 
detected at the ceria/1-alumina carrier than at the platinumjceria/ 
1-alumina catalyst. The results of the simulations concerning the 
kinetic parameters are summarised in table 3 . 
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Tab1e 3a. Kinetic reaction parameters 

Reaction Parameter 
step 

1 5co co sticking probabi1ity at meta1 
-1 E8 /R co desorption activation energy 
-1 ko co desorption pre-exponentia1 factor 

2 5oz 02 sticking probability at metal 
3 E0 /R Reaction activation energy 
3 ko Reaction pre-exponentia1 factor 
4 5co2 co2 sticking probabi1ity at Ce02 

-4 Kdes co2 desorption from Ce02 rate const. 

Tab1e 3b. Values used for kinetic reaction parameters. 

Reaction Va1ues used in Values used by 
step this study Lynch et al. (62 ) *) 

1 5co 8*10- 5 2*10- 5 

-1 E0 /R 9*103 K 9*103 K 
-1 ko 1.8*1010 mo1/m3/s 4*109 moljm3 /s 

2 5oz 3.6*10- 7 9*10- 9 (= 150 * 6*10- 11 ) 
3 E0 /R 8*103 K 8*103 K 
3 ko 5 . 8*1013 s-1m-1 5.8*1013 s-1m-1 
4 5co2 6 . 6*10- 5 - *) 

-4 Kd es 7.9 s- 1 - *) 

*) No ceria present in this cata1yst . 
The bo1d printed values were fitted via simulations of the 11 CO and 
11 C02 experiments. 

Tab1e 3c. Va1ues used for kinetic reaction parameters for the p1atinum 
catalyst . 

Reaction Values used in Va lues as used by 
step this study Oh et al. (57) *) 

1 5co 8*10- 5 (0 . 5 **) 
-1 E8 /R 1 . 3*104 K 1.4*104 K 
-1 ko 1.5*1014 moljm3 /s 1.6*1014 mo1jm3js 

2 5oz 3.6*10- 7 (0 . 01 **) 
3 E8 /R 8*103 K 7. 2*103 K 
3 ko 5. 8*1013 s - 1m-1 1*1012 s-1m-1 
4 5co2 1.2*10- 4 - *) 

-4 Kde s 7.9 s- 1 - *) 

*4 No ceria present in this cata1yst . 
* ) Only the value for the initia! sticking coefficients are given . 
The bo1d printed values were fitted via simulations of the 11 CO and 
1 1C02 experiments . 
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The oxidation of CO at the noble roetal surface 

In figure SA and B, two 11 CO pulse experiment over the 
p1atinum cata1yst are shown. At 130"C a conversion of 50% was reached 
with this catalyst, while at lSO"C the reaction was almast complete; 
about 99% of the CO and the 0 2 is converred in the catalyst bed . Product 
i dentification at the reactor exit indicated that at 130"C indeed 50% of 
the labelled compounds consists of 11 CO and 50% of 11 C02 . 

The 11 C02 appears at the reactor exit befare the 11 CO, which 
is even more pronounced in the experiment at lSO "C where a higher 
conversion is reached . The 11 C02 molecules, which are formed from 
oxidation of 11 CO at the platinum surface, desorb immediately after 
reaction and become subject to the interaction with the ceria . This 
interaction between C02 and ceria s urface however, is less intense than 
the interaction between CO and the platinum surface. Especially near the 
reactor exit in the experiment at lSO"C, where high conversions are 
reached, the CO molecules overall rernain for a relatively long time at 
the platinum surface , as their gas phase concentratien is low. This 
effect is clearly found back in the reaction image shown in figure SB at 
the right hand side where the signal 'tails' to langer residence times. 
In this exper iment product identification of the labelled cornpounds 
indicated that only at times >150 s small quantities of 11 CO reached the 
end of the catalyst bed, while the rest of the signal at the reactor 
exit originated from 11 C02 molecules. 

In figure 4B an 11 CO pulse experiment over the rhodium 
catalyst is shown . At the temperature of lSO"C which was applied a 
conversion of 50% of the CO takes place over the catalyst . As a lower 
noble metal loading and dispersion was presen t at this catalyst (0.5 m2 

at the rhodium catalyst vs. 1 m2 at t he platinum catalyst), a higher 
temperature had to be applied to reach 50% conversion (lSO "C at the 
rhodium catalyst vs. 130"C at the platinum catalyst). These two fact s 
(the lower nob1e metal surface and the higher temperature resu1ting in a 
higher CO desorption rate) were the main reasans for the smaller 
interaction of the 11 C-1abelled compounds with the rhodium catalyst as 
c ompared to the platinum cata1yst in the 11 CO pulse expe riments. 
Exp~riments at different temperatures indicated a 1arger activatien 
energy for CO desarptien from the rhodium surface than was found for the 
platinum surface. This was found to be in agreement with values r eported 
in the lirerature (57,62). The results for the kinetic parameters found 
via the simulations of the experiments are summarised in table 3 . 

CONCLUSIONS 

The positron emission tomography technique is a usefu l tool in 
kinetic caralysis studies . In one pulse exper iment a large amount of 
information is obtained directly from the catalyst surface under actual 
reaction conditions. Concentratien gradients occurring in practical 
reactors give rise to locally different conditions The inf1uence of 
these phenomena on the kinetics can in-situ be analysed. Kinetic 
parameters can be established by pulsing labelled compounds over 
catalyst surfaces . The dynamics of the steady state of catalytic 
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processes can be studied using this transient technique. The results can 
be displayed in the form of a reaction image, which shows information on 
the residence times of the labelled reactants and intermediates in an 
easily interpreted way. By labelling different reactants and carrying 
out experiments under different conditions, reaction mechanisms can be 
established quickly. 

The CO oxidation by 02 over noble metal catalysts was 
quantified in terms of rates of adsorption, desorption and surface 
reaction . The CO desorption energy from a highly dispersed 
ceria/~-alumina supported rhodium catalyst was found to be larger than 
that of a similar platinum catalyst. A strong interaction between C02 
molecules and the ceria surface was found. This interaction was 
quantified in terms of the number of C02 adsorption sites on the ceria 
surface and the rates of adsorption and desorption of C02 . 

LIST OF MATHEMATICAL SYMBOLS 

Symbol 

c 
d 
a 

Description 

linear gas velocity 
simple derivative 
partial derivative 
bed porosity 
boundary function for traeed (*CO ] 
boundary function for traeed (*co2 ] 

vector valued boundary function ( [*co] ,[*co2 ]l 
rate constant of forward step i of reactions 
rate constant of reverse step i of reactions 
length of reactor 
eigenvalue of flux term of bulk gas equations 
eigenvalue of flux term of solid phase eqns 
monitor function of spatial derivative in 
mesh interval (X1 , X1 _ 1 ) 

# of mesh points along reactor 
net reaction rate of step i of reactions 
souree term of bulk gas equations 
souree te r m of solid phase equations 
residence time in reactor 
vector of traeed concentrations in gas phase 
approximation for u at mesh points X1 

vector of traeed concentrations in solid phase 
approximation for v at mesh point X1 

vector of parameters in non-steady state eqns 
value of y at mesh point X1 

position along reactor 
mesh point i along reactor 
concentratien 
indicator for 11 traeed components 

Dimension 

mj s 

m3 j m3 
moljm3 
moljm3 
moljm3 
dep on ord 
dep on ord 
m 

mol/ m3 /s 
mol/m3 / s 
molj m3 / s 
s 
moljm3 

moljm3 

molj m3 

moljm3 

moljm3 

mol/m3 

m 
m 
molj m3 
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ADDENDUM 

Application of positron emission tomography in industrial research 

ABSTRACT 

Positron Emission computed Tomography (PET) is a relatively 
new imaging technique, exploiting the 511 keV annihilation radiation 
characteristic for positron emitters. Although almost exclusively used 
till now in the field of nuclear medicine, the application of PET for 
the non-invasive, in-situ visualisation of processes of industrial 
interest is challenging, because PET in principle can be used to obtain 
quantitative, 2D/ 3D images of the flow and distribution of fluids inside 
process units, which might have a wall thickness of up to several 
centimetres of steel . 

Using a NeuroECAT positron tomograph the PET technique has 
been utilised to image important (model) processes in the petrochemi cal 
industry exploiting physical labelling of the phase to be imaged. First, 
the displacement of a brinejsurfactant phase, labelled with 66Ga-EDTA , 
in a piece of reservoir rock was imaged. Secondly , the dehydration of 
water-in-oil emulsions was monitored dynamically by labelling the 
water-phase with 68Ga-EDTA. The second study in particular demonstra ces 
that in the presence of noisy data the image recons truction method 
utilised strongly influences the results obtained. 

With the advent of PET in nuclear medicine the availability of 
short-lived positron emitting nuclides like 11 C (t~ = 20 min) , 13 N ( t~ = 
10 min) and 150 (t~ - 2 min) has increased considerably allowing the 
investigation of industrially important reactions by chemical labelling. 
Utilising the NeuroECAT in a special mode , the catalytic oxidation of 
carbon monoxide could be imaged in a model tubular reactor by using 11 C 
labelled CO, providing information about the kinetics of the individual 
reaction steps and interactions and about the degree of accupation of 
catalytically active sites . 
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INTRODUCTION 

The performance characteristics of operational process units 
may be determined by radiotracer techniques (1]. One of the important 
process phases, e.g. the gas phase in gaslsolid fluidised beds, is 
labelled with a gamma-emitting radionuclide allowing the non-invasive 
and in-situ determination of the residence time distribution (RTD) of 
this phase. In this type of performance analysis it is required that the 
labelled compound is characteristic for the phase to be monitored and 
does not react or degrade, whereby it could change phase, in the process 
unit. This type of study is generally denoted by physical labelling (1). 

For the unravelling of the reaction mechanisms of complex, 
(in)homogeneous reactions chemical labelling is utilised (1) . In this 
type of analysis the labelled reactant may exchange its radionuclide 
label with other compounds in the reactor. At the outlet of the unit the 
distribution of the radionuclide over the various products provides 
information over both the reactions occurring and their kinetics. In the 
oil industry chemical labelling techniques are generally limited to 
fi-emitters like 3 H and 14 C, so that the reactions cannot be studied 
non-invasively or in-situ . 

For the research of pilot plant characteristics more detailed, 
hence 2D/3D quantitative information about the flow of the various 
phases inside the units is often required. A gamma camera system (GCS) 
(2) offers the possibility of flow visualisation through means of 
projection frames. Though insight is already provided by a temporal 
series of projection frames (movie mode), these framescan only be 
analysed qualitatively, mainly because of the superimposed projection 
mode of frame acquisition and the attenuation of the emitted radiation 
(3). 

For quantitative 3D flow imaging the GCS should be rotated 
around the pilot plant, after which the 3D distribution of the 
gamma-emitting label (hence the labelled phase) can be computed from the 
recorded projection frames; a mathematical technique generally referred 
to as image reconstruction from projections or just for short image 
reconstruction (4,5). 

In the case of cylindrically symmetrie process units, the 
rotation is superfluous and the projection frames may be directly 
'back-projected' to the 3D space, from which the detected photons 
originate (4-6) . This 3D imaging technique sterns from nuclear medicine 
and is generally denoted by the acronym SPECT (Single Photon Emission 
Computed Tomography). The first applications of SPECT to 3D flow imaging 
will bedescribed in a for t hcoming paper (6). The quantitativity of 
SPECT is strongly influenced by the attenuation of the emitted radiation 
and the low detection sensitivity for non Tc (140 keV) detection. 
Because there are no 100-200 keV gamma emitting nuclides of C, N, 0 or 
H, chemica! labelling is not suitable for SPECT. 

The flow inside pilot plants can, in principle, also be 
monitored by a relatively new 2D/3D imaging technique , viz. Positron 
Emission cornputed Tomography (PET) exploiting the 511 keV annihilation 
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radlation characteristics of positron emitting nuclides. Although almost 
exclusively used till now in the field of nuclear medicine, the 
application of PET for the imaging of industrial processes is feasible 
(7). In addition, with the advent of PET, the availability of 
short-lived positron emitting nuclides like 11 C, 13N and 150 has 
increased considerably making also chemical labelling studies feasible. 
For quantitative 2D/3D flow imaging, PET has several advantages with 
respect to SPECT. In addition toa more sensitive detection efficiency 
and a better and more uniform image resolution, PET allows a nearly 
exact correction for the attenuation of the recorded projection data 
owing to the dual photon nature of the annihilation process. 

The large scale application of PET is somewhat hampered a.o. 
by the high cost of the positron tomograph . Therefore recently a 
relatively cheap positron camera dedicated to industrial flow imaging 
has been constructed (8). Because the camera, which is based upon two 
large area, multi-wire proportional counter (MYPC) chambers, is not 
rotated during data acquisition, quantitative information can only be 
acquired through image reconstruction techniques from the field of 
limited angle tomography. Furthermore the MWPC design has a lower 
detection efficiency than the rnadalities based upon crystal detectors. 
The camera has been applied to study chemical engineering processes by 
physical labelling like particulate flow (single partiele labelling) in 
fluidised beds and paste extrusion (labelling of paste film) (9). The 
possibilities for the determination of the distribution of lubricating 
oil in running engines have also been studied (8). Up until now the 
positron camera was utilised for the localisation of point sourees 
(single partiele tracking) and the 'images' published were 'back
projections', which could not be quantitatively (Bqjcm3 ) analysed. 

To be able to explore the capabilities of PET for industrial 
imaging a complete infrastructure is required, which camprises a 
production unit for positron emitters, laboratory facilities for 
synthesising the positron label into the desired compound, a PET 
tomograph and dedicated image reconstruction and analysis software. As 
PET tomographs are developed for non-invasive, in-vivo imaging of the 
human body, industrial processes appropriate for PET imaging should be 
scaled down to ± 40 cm in diameter. In this paper the results of PET 
imaging of two physical and a chemical labelling experiment will be 
described . The organisation of this paper is as follows. The 
experimental section will describe in brief the PET facilities and image 
reconstruction software utilised, after which the physical and chemical 
labelling experiments are described in somewhat more detail. In the 
section results and discussion the experiments are discussed in the 
order as they appear in the experimental section. 

EXPERTMENTAL 

PET facilities. 

The PET imaging experiments were carried out at the 'Instituut 
voor Nucleaire Wetenschappen' (INW) of the state university of Ghent, 
Belgium, where the complete infrastructure and expertise were available: 
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a CGR-MeV 520 cyclotron for the production of the positron emitters, 
laboratory facilities for the labelling of compounds, NeuroECAT positron 
tomographs and dedicated computers for data acquisition and image 
reconstruction. 
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Figure 1: Scale drawing of a cross-section through the NeuroECAT and the 
experimental set-up during the core flooding process. Schematically 
indicated are the rectilinear scanning of the eight detector banks 
(A-H), the 11 detectors of which are circuited in coincidence; the 
angular scanning and the circular field of view of the camera . Also 
schematically drawn are a positron annihilation point (*) and both 
resulting gamma photons (-->--), which are detected (•) coincidentally 
by the detectors D-9 and H-3. The position of both these detectors 
determine the line on which the annihilation occurred. 

All the experiments described hereafter were performed using 
the NeuroECAT positron tomograph of the INW. This tomograph, which has 
been described extensively elsewhere (10,11), has an effective 25 cm 
field of view surrounded by eight detector banks, which are arranged in 
an octagon and contain 11 BGO (bismuthgermanate) crystal detectors each . 
As indicated in figure 1 , two 511 keV gamma photons emitted co-linearly 
upon annihilation of a positron are detected in coincidence in a pair of 
opposite detectors, thus defining a line on which the annihilation event 
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Figure 2: Maximum Likelibood (ML) reconstructed PET images of the 
labelled phase, viz. the brinejsurfactant salution inside the care at 
various stages of flooding . The first image is overlaid with the 
physical boundary of the sandstone care. 

161 
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Figure 3: Maximum Likelihood (ML) reconstructed PET images of the 
labelled phase, viz. water inside the dehydration vessel at various 
stages of water separation . All images are mutually scaled and can be 
inter-compared. 
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occurred. By rotatien and linear displacement of the detector bank, 
photons emitted in the full 360• in the plane of the detectors are 
recorded. Using image reconstruction techniques (vide infra), the 
emission projection data (EPD) are reconstructed into an image, which 
maps the distribution of the positron emitter in a slice through the 
subject. The quoted spatial resolution of the tomograph is 8.5 x 8.5 mm 
in-plane and a 13.5 mm axial spatial resolution. The minimum time 
required for a tomographic scan was 60 s, which actually was the time 
required for linear displacement and rotatien of the gantry. Any time in 
addition to these 60 s is used for acquisition of the EPD with the aid 
of a dedicated DEC PDP-11/60. Image reconstruction was carried out on 
this computer or on a ~VAX II, which communicated with the PDP via an 
Ethernet link . 

The EPD were reconstructed to the original souree distribution 
(viz. the image) with Filtered Back Projection, a method from the class 
of transferm methods or with two distinct methods from the class of 
series expansion methods (4,5). The last two methods encompass a 
sophisticated computational model of the NeuroECAT data acquisition next 
an iterative algorithm, which is iterated to a criterion to be met for 
convergence. Both methods will be named after the convergence criterion 
exploited, viz . Maximum Likelihoed (ML) or Maximum Entropy (ME), and 
take explicitly into account the Poisson noise in the recorded data. 
Details of the reconstruction procedure, which was developed in-house at 
the INW have been published elsewhere (12,13). The reconstructed images 
were stored as 100 x 100 matrices on a TK-50 streamer tape which 
enabled, by means of interface software, the display of the images on a 
VAX-station 2000 at the Shell Laberatory at Amsterdam. Photographs, used 
as illustrations in this paper, were directly taken from this screen . 

Gore f1ooding. 

To investigate the efficiency of injected fluids for the 
enhanced recovery of oil from the reservoirs, model flooding experiments 
are usually performed in the laboratory on small pieces of porous rock 
at simulated conditions. Here PET could be applied to monitor the 
in-situ distribution and displacement inside selected cross section 
through the core by labelling the fluid with positron emitters. Also, it 
should be possible to investigate the dynamic behaviour of chemica! 
compounds, e.g. surfactants, which are often added to mobilise the 
remaining oil. In view of the low concentrations applied this 
information cannot be obtained withother imaging techniques (14). 

The experimental set-up consisted of a rectangular (5 x 5 x 20 
cm) piece of porous sandstone, sealed in epoxy resin, and pre-saturated 
with oil and brine. A brinejsurfactant solution (2 weight %) was pumped 
through the core and recollected together with the reecvered oil (Fig. 
1). As the complete flooding experiment took about 8 hours, 66Ga (t~ = 
9.4 h) as the EDTA complex was selectedas a suitable water phase 
tracer. 6 6 Ga (± 55 MBq) was produced and synthesised as an EDTA complex 
by the INW (7), which is a water soluble complex. To enable imaging of a 
longitudinal section through the core, the set-up was placed 
horizontally in the imaging plane of the NeuroECAT, as is shown in 
figure 1. 
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During the actual flooding process, EPD were acquired at time 
intervals of 360 s each (300 s of acquisition time and 60 s of gantry 
movement). After correction for attenuation the EPD were reconstructed 
with the ML method. A selection of 5 images through the centre of the 
core and during various stages of the flooding process are shown in 
figure 2. 

Dehydration of water-in-oil emulsions. 

To prevent severe eerrosion problems in pipelines and 
downstream process units of the offshore production platforms in the 
North Sea, 'large scale dehydration is applied to stable emulsions , which 
tend to be formed continuously during the coproduction of crude oil and 
brine, e.g. by the addition of demulsifiers . Research in model 
dehydrators, aimed at speeding up the separation process, has always 
been hampered by the optical opaqueness of these emulsions. Here PET 
has proven to be very suitable to obtain information on the dynamic 
behaviour of the separation process which could be reliably scaled to 
the NeuroECAT field of view dimensions. 

The model dehydration has been carried out in a lucite vessel 
(h - 20 cm, d- 5 cm), which was positioned in the centre of the 
NeuroECAT (cf . Fig. 1). The water phase was labelled with 68Ga (t~- 68 
min), which was eluted from a 68Gej68Ga isotope generator as the EDTA 
complex. A stable, homogeneaus emulsion (mean partiele size 50 ~m) of 20 
volume % of tap water in a typical North Sea light crude ~as generated 
in the vessel. After addition of the demulsifier the changes in the 
water distribution as a function of time were monitored by recording EPD 
at 20 time intervals of 100 s each (40 s data acquisition and 60 s 
gantry movement) until a total elapsed time of 2000 s. 20 more time 
intervals of 80 and 540 s each were utilised to cover the 2000<->4800 
and 4800<->16,800 s time interval after addition of the demulsifier. The 
EPD of the 0<->2000 s time interval were corrected for attenuation and 
reconstructed with the aid of the ML method of the INW (Fig. 3) . From 
the 0<->2000, 2000<->4800 and 4800<->16,800 s time intervals one set of 
EPD has been reconstructed with the FBP, ML and ME methad (Fig . 4) . 

Ca talytic oxidation of carbon monoxide. 

To explore the PET technique for the in-situ investigation of 
the kinetics of a catalytic reaction, the oxidation of CO to C02 over a 
Pt catalyst system was selected. Most of the kinetics of this reaction, 
which is important in industrial effluent gas treating systems , are well 
known. This provides an independent reference set to which the kinetic 
parameters obtained by PET can be compared. Additionally, unique 
information on the degree of accupation at specific locations in the 
catalyst bed may be obtained with positron labelled reactant s. 

To this end, a standard type Pt catalyst was placed in a 
tubular reactor (1- 13 cm, d- 0.7 cm) and was continuously . exposed to 
an Ar gas flow, which contained 1.0 %v of CO, 0.5 %v of 02 ,, 10 %v of C02 
and balance Ar. The reactor was positioned exactly horizontal in the 
centre of the field of view of the NeuroECAT as shown in figure 5. At 
steady state conditions (T - 130 •c, ambient pressure) the conversion of 
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Figure 4: PET images of a 1ongitudina1 cross-sectien through the 
dehydration vesse1 after 100 s (acquisition time 40 s), 33.3 min (80 s) 
and 1 hour and 20 min (560 s) after addition of demu1sifier . Images have 
been reconstructed with the Maximum Like1ihood, Maximum Entropy and 
Fi1tered Back Projection method respective1y. 
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Figure 5: Reaction 'image' of pulsed 11 CO experiment on a Pt catalyst 
bed under steady state conditions. The 'image' intensity represents the 
total activity of the 11 C-label at various locations; direction of flow 
and the position of the catalyst bed (-6.65 and.6 . 65 cm) are indicated. 
The curve labelled RTD is reprasenting the activity residence time 
distribution, in the bed at a fixed position (-5.0 cm). The curve 
labelled PRF depiets the activity distribution profile over the reaction 
tube at a fixed time (56 s) . 
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CO was completely limited by the kinetics and not by reactant transport 
phenomena. The composition of the effluent product stream from the 
reactor was analysed by (radio) gas chromatography and mass 
spectroscopy, which allowed an on-line check on the ratio of (labelled) 
COjC02 , viz. the conversion rate of the reaction. For the experiments ± 
50 MBq of 11 CO in carrier gas of identical composition as the main gas 
flow was injected via a special loop. Prior to use the radio-chemical 
purity has been checked by radio gas chromatography. 

In the first two applications the positron tomograph was used 
to visualise the spatial distribution of the brinejsurfactant and water 
phase, which changed only gradually with time. However, to study the 
transient (order of seconds) kinetics of this reaction, the minimum time 
of 60 s required for a full tomographic scan with the NeuroECAT, is far 
too long. To achieve the required temporal resolution, the so-called 
'injection monitoring' option of the NeuroECAT was exploited, which has 
been implemented for monitoring the arrival of the labelled compound in 
the imaging plane (11). In this mode, the registered coïncident events 
of the individual detectors of an eppesite pair of detector banks can 
every secend be written on hard disk as an 11 * 11 matrix. In practice, 
a minimum temporal resolution of i.2 s could be obtained, where about 
0.2 s are required for data rearrangement and disk storage. 

The selected tubular reactor, which operates in plug flow, has 
a large 1/d ratio (± 25) implying that the radionuclide concentratien 
gradients in radial direction are negligible as compared to axial ones. 
To obtain the optimal axial spatial resolution in the 'injection 
monitor' mode of the NeuroECAT a computer program has been written, 
which exploits on1y the coincidences between direct1y opposing detectors 
and the coincidences of two neighbouring detectors that view a common 
point at the reaction tube axis (Fig. 5). This resu1ted in 21 
equidistant (1.106 cm (10,11)) measuring positions over the reactor. 
Exploiting a 22Na point souree a spatial resolution of ± 8 mm (FWHM) was 
experimental1y determined . 

A calibration procedure was deve1oped to compensate for the 
variations in response due to the characteristics of each detector pair 
and the attenuation of the oven system. With the aid of this ca1ibration 
procedure, the distribution of the radionuclide (Bqjcm3 ) inthereactor 
cou1d be calcu1ated from the response (c/s) of the NeuroECAT at each 
measuring position. The in this way 'reconstructed' PET image is 
represented as a lD image with 21 picture e1ements (pixels), which are 
given a1ong the horizontal (Fig . 5) . The reconstruction procedure is 
repeated every 1.2 s , generating the time co-ordinate of the 'reaction 
image', in which the intensity of the signal is represented in grey 
sca1es derived from a 1inearly scaled, 12 greys bar (Fig. 5). 
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Figure 6: Cross-sectional view through 
model reactor tube and the opposite 
detector banks A and E of the NeuroECAT 
positron camera (cf. Fig. 1). 21 
equidistant measuring positions along 
the reaction tube axis are defined 
(dashed lines) by the coincidences of 
either directly or adjacent opposite 
detector pairs. 

RESULTS AND DISCUSSION 

Core flooding 

ADDENDUM 

Figure 2 visualises the propagation of the labelled aqueous 
phase through the centre of the core after 1, 4, 6, 8 and 10 hours of 
flooding. The plug flow, observed initially, tended to be dispersed in 
the later stages of flooding, while the overall distribution of the 
fluid across the core was good. After about 9 hours of flooding samples 
taken from the outlet of the core indicated breakthrough of the labelled 
phase. The ML reconstructed images also indicated breakthrough of the 
positron emitter, because the images after 9 hours of flooding showed a 
vertical fluid front (cf. Fig . 2, 10 hours). This vertical front is 
physically real because of the finite dimensions of the core (Fig. 2). 

The quantitativity of PET images can be tested with so-called 
phantom studies. Such a study has been carried out for a phantom 
resembling the core. Two main conclusions of this experiment (7) are 
worth repeating. First, in order to be able to carry out quantitative 
PET. imaging experiments each it is advisable to exploit phantoms, which 
resemble the experimental set-up. Second, the quantitative information 
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obtained with the ML reconstruction method is more reliable than with 
the FBP reconstruction method. 

Dehydration of water in oil emulsions. 

169 

The images preseneed in figure 3 clearly visualise the 
water/oil separation process as the water gradually concentraeed on the 
bottorn of the vessel. A more detailed analysis revealing important 
information on the dynamics of the dehydration process can be found in 
ref. 7. 

To allow a comparison of some of the various image 
reconstruction methods available, the EPD registered after 1.7 
(acquisition time: 40 s), 33 (80 s) and 80 minutes (600 s) have been 
reconstructed to longitudinal images through the centre of the 
dehydration vessel with the aid of three different reconstruction 
methods: 

Maximum Likelihoed (ML), figure 4 left hand side; 
Maximum Entropy (ME), figure 4 middle; 

- Filtered Back Projection (FBP), figure 4 right hand side. 

The superior quality of the images obtained with the ML method 
as compared with the FBP is obvious. The streaking artefacts observed 
for FBP heavily obscured the reconstructed images, moreover a 
quantitative analysis showed, that rather a large fraction (± 40%) of 
the activity was indicated outside the physical dimensions of the 
vessel. Also the series of pictures clearly demonstraces the noise 
sensitivity of the FBP method; at the extended acquisition time of 600 s 
a better signal to noise ratio (S/N) was obtained and the reconstructed 
image quality approached that of ML. 

The ME images are smooth as compared to ML, however the 
smearing effect along the field of view by the former method seems too 
drastic. Again, in case of extended acquisition times, the smearing 
effect was ruled out and the ME reconstruction method produced images of 
a quality comparable to ML. So, for the low S/N, often eneouncered in 
these type of dynamic experiments, the ML reconstruction method produced 
the most reliable images. 

Catalytic oxidation of carbon monoxide. 

The 'reaction image' presented in figure 5 contains the 
information, from which the kinetic parameters can be derived . The 
overall appearance of the image can easily be understood , if the 
direction of flow is taken into account. It should be noted that owing 
to the total length of the tube containing the catalyst bed, the first 
and last measuring positions do not detect the activity pulse. 

The unhampered flow of the injected 11 CO pulse is represented 
by the white pixels at the entrance of the flow tube just before the 
catalyst bed (position from -10.0 to -7.0 cm approximately, Fig. 5). At 
these positions the chemica! form of the 11C-label is still 11 CO, the 
transport of which is not yet hampered by adsorption interactions or 
reactions. 
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As soon as the 11 CO pulse reaches the catalyst bed all 11 CO is 
adsorbed on the catalyst surface as Pt-11 CO species. The adsorbed 
Pt-llCO species reacts with dissociatively adsorbed 02 to an Pt-11 C02 

species. This species desorbs very easily, in which process the 11 C02 is 
released and carried away in the gas flow to the outlet of: the reactor. 
The distribution of the 11 C-label over the catalyst bed du~ing time is 
determined by the reaction conditions and the reaction kinetics 
involved. So, the cumulative effect of adsorption, reaction and 
désorption processes during the steady state experiment is reflected by 
the intensity of the signal at various positions in the catalyst bed 
(-7.0 to 7.0 cm, Fig . 5). 

At the outlet of the reactor tube the 11 C-label , which 
chemically appears in co or co2 is so diluted that the outlet signal is 
barely visible in the reaction image. Therefore the grey bar has been 
clipped at about 60% of the maximum value implying that intensities 
above 60% appear as white, while the grey bar is used to linear sealing 
of the signal from 60 to 0%. By just considering the response of the 
detectors viewing the 7.0 to 10 . 0 cm region (Fig . 5) the outlet is very 
broad as compared to the inlet signal and can easily be detected . 

The analysis of the reaction images is facilitated by drawing 
cross-sections through the image . This can be carried out at a selected 
moment, in figure 5 at 56 s, resulting in an activity distribution 
profile (PRF) of the 11 C-label over the flow tube. In figure 5 at -5.0 
cm also a cross-sectional signal is indicated, which represents the 
activity RTD of the 11 C-label at this position. 

To validate the experimental results a computational model has 
been developed, which describes the concentration of all the species 
participating in the reaction as a function of time and location in the 
packed bed tubular reactor operating in plug flow. So, this 
computational model actually mimics the experimental reaction image. By 
plugging rate determining factors, like activation energy, from the 
literature (15), into this model the experimental results are 
satisfactorily simulated. A detailed analysis of the 11 CO steady state 
experiments and experiments involving 11 C02 , c1 &o, C1500, 1500 and 13 NN 
are beyond the scope of this paper and will be published elsewhere (16). 

Up until now information about the number and degree of 
occupation of catalytic active sites has not yet been quantified. The 
inlet and outlet of the flow tube have independently been measured by 
lead collimated crystal detectors. Owing to the good agreement between 
the response of these detectors and the NeuroECAT, the quantitativity of 
the 'reaction image' is achieved and hence detailed analysis should 
yield the desired information. 

The promising results using positron labelled molecules 
participating in reactions should encourage further research aimed at 
the unravelling of more complex and generally unknown reaction schemes. 
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CONCLUSIONS 

From the evaluation of a selection of model experiments, the 
following conclusions regarding the use of PET as an imaging tool for 
industrial research can be drawn : 

17~ 

1). PET imaging of the distribution and flow of a specific phase 
(physical labelling) inside selected cross-sections is quite 
feasible for industrial processes as is demonstrated by the 
non-invasive, in-situ monitoring of the dynamic behaviour of the 
water phase in two model experiments, viz. fluid displacement in a 
reservoir rock and dehydration of a water-in-oil emulsion . 

2) . For full tomographic studies a period of 60 s, required by the 
NeuroECAT (10,11) for linear displacement and rotatien of the 
gantry, should be allowed . This strongly limits the temporal 
resolution of this system setting the demands for positron 
tomographs with a circular arrangement of the detectors allowing 
temporal resolutions of well below 1 s (17). 

3) . A comparison of three different image reconstruction methods 
applied in the PET studies indicate that for the imaging of the 
dehydration of water-in-oil emulsions both Maximum Likelihoed and 
Maximum Entropy are superior to Filtered Back Projection, because 
of a reduced sensitivity for noise . Additionally Maximum Likelihoed 
is preferred over Maximum Entropy for a better recovery of activity 
within the image field prescribed by the physical dimensions of the 
vessel used. 

4). The potential of using positron emitters for the non-invasive and 
in-situ investigation of catalytic reactions has been demonstrated 
for the catalytic oxidation of carbon monoxide (chemical 
labelling). Using the NeuroECAT (10,11) as a linear , multi-position 
coïncident detector, the distribution of 11 C- labelled reactants as 
a function of time and location in a model tubular reactor could be 
visualised. 

5). Although information obtained with PET is unique as compared to 
ether non-invasive imaging techniques such as X-ray CT and NMR 
imaging, especially for studying the dynamic behaviour of very low 
concentrat'ïons of chemical compounds inside process units, 
application of PET in industrial research will depend mainly on the 
development of cost effective facilities in the future. 
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SUMMARY 

Exhaust catalysis studies using in-situ positron emission 

The removal of carbon monoxide, hydrocarbons and nitrogen 
oxides from automotive exhaust gases via a catalytic converter involves 
a complex series of dynamic reactions in a multi-component gas mixture. 
The catalyst contains various active components and the exhaust gas 
varies considerably in composition, flow rate and temperature. This 
makes the unravelling and quantification of the reaction kinetics 
complex. 

For a reliable study of the kinetics of automotive exhaust 
catalysis it is necessary to obtain information on the residence of 
reactants directly from the catalyst surface. The use of reagents 
labelled with positron emitting radioisotapes make non-invasive and 
in-situ concentration measurements possible. With the aid of a positron 
emission tomograph, concentration gradients along the reactor axis can 
be measured. To. quantify the information obtained, a mathematica! model 
basedon a reaction mechanism is necessary. A model was constructed 
containing the elementary steps of adsorption, desorption and surface 
reaction of all reacting components. From surface science studies a 
large amount of information on the energetics of these elementary steps 
is available . The application of this information to actual process 
conditions is a step which is usually difficult to make. As initia! 
input to the mathematica! model of the reaction mechanism, information 
obtained with surface science techniques was used. Based on simulation 
of the experiments carried out, parameter values could be adjusted when 
necessary. 

Short lived positron emitting nuclides 11 C (t~ ~ 20 min), 
13N (t~ - 10 min) and 150 (t~ - 2 min) have been used to synthesise 
actual reactant molecules such as 11 CO, 11 C02 , 13NN, 1500, C150 and 
C1500 . Pulses of pico-mole amounts of these radioactively labelled 
reactants were injected into synthetic exhaust gases, which were passed 
over simplified automotive catalysts in a small plug flow reactor . The 
labelled compounds were detected and identified in both reactant and 
product stream using a gas chromatograph equipped with a proportional 
radioactivity counter. By utilising a positron emission tomograph , the 
presence of the reactants in time and location in the catalyst bed could 
be monitored. 

The study of the performance of automotive exhaust catalysts 
was limited to process conditions representative for the cold start of a 
car, i.e. when the catalyst is heating up. In order to avoid influence 
of the transport phenomena, small catalyst particles were used and the 
gas veloeities were adjusted so that a kinetics controlled regime was 
obtained. By means of the pulse experiments and their simulations with 
the mathematica! model, the rate limiting steps in the reaction scheme 
could be identified. Highly dispersed ceriajalumina supported platinum 
and rhodium catalysts have been studied and the kinetics for these 
catalysts were quantified. In the CO oxidation over platinum the 
dissociative oxygen adsorption was found to be rate limiting. The 
desorption energy for CO from highly dispersed rhodium surfaces was 
found to be larger than from similar platinum surfaces. The promoting 
effect of ceria on the CO oxidation over noble metal surfaces was found 
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to be an enhanced sticking probability of 02 to the noble roetal 
surfaces. 

SUMMARY 

The different behaviour of rhodium and platinum catalysts in 
the CO oxidation by 02 in the presence of NO was also studied . Highly 
dispersed rhodium was found to have a larger tendency for dissociation 
of NO than highly dispersed platinum. This is the main reason for the 
better oxidation performance of rhodium in the presence of NO. It was 
also found that adsorbed NO stabilises CO adsorbed to noble roetal 
surfaces. 

A strong interaction between gas phase C02 and Ce02 present at 
the catalyst surface was observed. Lattice oxygen atoms of Ce02 exchange 
rapidly with the oxygen atoms of adsorbed C02 . This was established by 
carrying out experiments with pulses of both 11 C02 and C16·oo. The 
results imply that upon adsorption of C02 carbonate is formed. This 
ceria carbonate decomposes again forming C02 , which desorbs. The C02 
does not necessarily desorb with the same ü-atoms it contained upon 
adsorption. The residence time of 11 C- and 160-labelled components in 
the catalyst bed was dominated by the strong interaction of co2 with 
ceria. Therefore all experiments were carried out in a gas mixture 
containing 10% co2' by which the equilibrium between adsorbed and gas 
phase C02 was shifted to the gas phase. (Automotive exhaust gases 
contain 10- 15% co2.) 

In the mathematical model constructed to simulate the dynamics 
of the reaction kinetics, the relevant kinetic parameters were 
quantified. For the adsorption steps sticking probabilities were 
determined and for the desorption and surface reaction steps activatien 
energies and pre-exponentlal factors were established. The parameter 
values found for the CO oxidation by 02 are close to those obta i ned via 
surface science techniques. An important exception was the enhanced 
sticking probability found for 02 on Pt and Rh due to the presence of 
ceria on the catalyst surface. The presence of NO in the CO oxidation by 
02 changes kinetic parameter values of adsorbed CO. 

In this thesis the utility of short-lived positron emitting 
radionuclides, such as 11 C, 13N and 160, for non-invasive and in-situ 
catalyst kinetics research is demonstrated. The importance of obtaining 
in-situ information from the catalyst surface in this type of studies is 
described. A specific advantage of the application of positron emission 
tomography is the large amount of in-situ information from the catalyst 
surface obtained in each single experiment. The use of a tomograph 
allows the study of the concentratien gradients occurring in a reactor, 
as information about residence time of the labelled molecules at 
different locations in the reactor can be obtained. 

The positron emission tomography technique (PET) is widely 
applicable in catalysis research, as in most industrial processes the 
compounds to be converted contain carbon, nitrogen or oxygen atoms and 
can thus be labelled with positron emitting radionuclides. However, the 
experiments have to be carried out in a nuclear centre as a cyclotron is 
needed to synthesise the positron emitting radionuclides, which are 
short-lived . Facilities and expertise for the labelling of the molecules 
with the positron emitting nuclides are also necessary. 
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Toepassing van in-situ positron emissie in uitlaatgas katalyse onderzoek 

De verwijdering van koolmonoxide, koolwaterstoffen en 
stikstofoxiden uit auto-uitlaatgassen verloopt via ingewikkelde series 
van reacties. De katalysator bevat verschillende actieve componenten en 
de uitlaatgassen variëren over een breed gebied van temperaturen, 
gasstroom- snelheden en samenstellingen. Hierdoor is het uitzoeken van 
reactie schema's en de kwantificering van de kinetiek complex. 

Voor het nauwkeurige bestuderen van de kinetiek van 
auto-uitlaatgaskatalyse is het noodzakelijk om direct van het 
katalysatoroppervlak informatie over de verblijftijd van de reactanten 
te verkrijgen. Het gebruik van reactanten, gelabeld met positron 
emitterende radioiostopen, maakt "non-invasive" en "in-situ" 
concentratie metingen mogelijk. Met behulp van een Positron Emissie 
Tornograaf kunnen concentratie gradiënten worden gemeten. Een 
mathematisch model gebaseerd op de reactie mechanismen is noodzakelijk 
om de informatie te kwantificeren . Er is een model geconstrueerd, 
hetgeen gebaseerd is op de elementaire stappen van adsorptie, desorptie 
en oppervlakte reactie. "Surface Science" studies hebben veel informatie 
over de energetica van deze elementaire stappen opgeleverd. De 
toepassing van deze informatie op werkelijke proces condities is 
gewoonlijk echter moeilijk. Als initiële invoer voor het mathematische 
model is informatie verkregen met surface science studies gebruikt. 
Middels simulaties van de uitgevoerde experimenten konden de waarden 
voor de kinetische parameters worden aangepast. 

De kort levende, positron-emitterende radioisotopen 11 C (t4 
20 min), 13N (t4 = 10 min) en 160 (t4 - 2 min) zijn gebruikt om 
reactanten zoals 11CO, 11 C02 , 1500, C160 , C1600 en 13NN te merken . 
Pulsen van micro-mol hoeveelheden van deze gemerkte componenten zijn aan 
synthetische uitlaatgas mengsels toegevoegd, welke door een propstroom 
reactor werden geleid die model auto-uitlaatgaskatalysatoren bevatte. 
Gebruik makend van een gaschromatograaf uitgerust met een proportionele 
radioactiviteits detector kon aan de in- en uitgang van de reactor 
kwantitatieve discriminatie van de gemerkte isotopen over de 
verschillende reactanten worden bewerkstelligd . De reactor was in het 
detectieveld van de tornograaf geplaatst, zodat dwars door de reactorwand 
heen, iedere seconde een opname van de concentratie verdeling van de 
gelabelde componenten over het katalysatorbed kon worden gemaakt . 

De studie naar de werking van auto uitlaatgas katalysatoren is 
gelimiteerd tot de procescondities welke representatief zijn voor de 
koude start van een auto, dus wanneer de katalysator opwarmt. Om de 
invloed van transport verschijnselen op deze metingen te voorkomen zijn 
kleine katalysator deeltjes gebruikt en zijn de gassnelheden aangepast 
zodat een kinetisch gecontroleerd regime werd verkregen. Via de 
simulaties van de puls-experimenten met het mathematische model, konden 
snelheidsbepalende stappen in de reactie mechanismen worden 
geïdentificeerd. Hoog disperse, ceriajalumina gedragen platina en 
rhodium katalysatoren zijn bestudeerd en de kinetiek voor deze 
katalysatoren is gekwantificeerd. Er is gevonden dat in de CO oxidatie 
over platina de dissociatieve 02 adsorptie snelheidsbepalend is. Tevens 
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werd vastgesteld dat de activeringsenergie voor CO desarptie van hoog 
disperse rhodium oppervlakken hoger is dan voor gelijksoortige platina 
oppervlakken. Het promoterende effect van ceria op de CO oxidatie over 
edelmetaal oppervlakken werd toegeschreven aan een verhoogde "stickings 
probability" voor 02 op het edelmetaal oppervlak. 

Het verschillende gedrag van rhodium en platina katalysatoren 
tijdens de CO oxidatie door 02 in aanwezigheid van NO is eveneens 
bestudeerd. Hoog dispers rhodium heeft een hogere activiteit in de NO 
splitsing dan hoog dispers platina. Dit is de belangrijkste reden voor 
de hogere activiteit van rhodium in de CO oxidatie in aanwezigheid van 
NO. Tevens is gevonden dat op edelmetalen geadsorbeerd NO een 
stabiliseerde werking heeft op geadsorbeerd CO . 

Er werd een sterke interactie gevende tussen gasfase C02 en 
het Ce02 aanwezig op het katalysator oppervlak . Zuurstof atomen uit het 
rooster van het Ce02 bleken snel uit te wisselen met de zuurstof atomen 
van het geadsorbeerde CO~. Dit werd vastgesteld door puls-experimenten 
uit te voeren met zowel 1 C02 als C1600. De resultaten suggereren dat 
tijdens C02 adsorptie een carbonaat wordt gevormd. Dit ceriumcarbonaat 
valt op een gegeven moment uiteen waarbij C02 wordt gevormd, hetgeen 
desorbeerd. Het C02 desorbeerd echter niet noodzakelijk met dezelfde 
zuurstofatomen als waarmee het adsorbeerde. De verblijftijd van 11 C- en 
160-gelabelde componenten in het katalysatorbed werd gedomineerd door de 
sterke interactie van C02 met Ce02 . Daarom zijn uiteindelijk alle 
experimenten uitgevoerd in een gasmengsel dat 10% C02 bevatte, waardoor 
het evenwicht tussen geadsorbeerd co2 en gasfase co2 naar de gasfase 
werd verschoven. (Auto-uitlaatgassen bevatten 10- 15% C02 . ) 

In het mathematisch model van de dynamica van de reactie 
kinetiek dat was geconstrueerd, zijn de relevante kinetische parameters 
gekwantificeerd. De adsorptie stappen zijn vastgelegd middels "stickings 
probabilities" en voor de desarptie en oppervlakte reacties zijn 
activerings energieën en pre-exponentiële factoren vastgesteld. De 
parameter waarden verkregen voor de CO oxidatie met 02 liggen dicht bij 
de waarden zoals verkregen met "Surface Science" technieken. Een 
belangrijke uitzondering vormde de verhoogde "stickings probability" 
voor 02 op Pt en Rh door de aanwezigheid van Ce02 aan het katalysator 
oppervlak. De aanwezigheid van NO in de CO oxidatie door 02 veranderd de 
kinetische parameters voor geadsorbeerd CO . 

In dit proefschrift wordt de toepassing van positron 
emitterende radioisotopen, zoals 11 C, 1 3 N en 1 6 0, voor "non-invasive" en 
"in-situ" onderzoek naar de kinetiek van katalysatoren gedemonstreerd. 
Tevens wordt het belang van het verkrijgen van "in-situ" informatie van 
het katalysator oppervlak in dit type studies beschreven. Een specifiek 
voordeel van de toepassing van positron emissie tomografie is de grote 
hoeveelheid "in-situ" informatie welke van het katalysatoroppervlak 
verkregen wordt in ieder apart experiment. Het gebruik van een tornograaf 
maakt het mogelijk om concentratiegradiënten welke in een reaktor 
voorkomen te bestuderen, daar informatie over de verblijftijd van de 
gelabelde componenten op verschillende locaties in de reaktor kan worden 
geregistreerd . 
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Positron emissie tomografie (PET) is een in katalyse onderzoek 
breed toepasbare techniek, daar in de meeste industriële processen de te 
converteren componenten koolstof, stikstof of zuurstof bevatten en dus 
met positron emitterende radionucleïden gelabeld kunnen worden. De 
experimenten dienen echter uitgevoerd te worden in een nucleair centrum , 
daar een clyclotron nodig is om de positron emitterende radionucleïden, 
welke een korte levensduur hebben, te synthetiseren. Faciliteiten en 
expertise om de moleculen met positron emitterende nucleïden te labelen 
zijn eveneens noodzakelijk. 
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