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Summary 
Due to the slow and expensive nature of on-road and on-engine ageing, laboratory ageing 

and testing methods are becoming increasingly important, as well as mathematical catalyst 

simulation models.  With the regulations concerning automotive emissions becoming more 

and more stringent it is important that these laboratory methods are developed, and 

catalyst ageing mechanisms understood, in order to continue to produce more efficient 

and durable catalytic control systems. 

This study uses a number of laboratory testing and ageing methods in order to investigate 

how effectively they correlate to, and describe, catalyst ageing on a vehicle.  The activity 

testing of full size catalyst bricks was successfully conducted using the Catagen Labcat test 

system, and correlation with the light-off activity of cored catalyst samples in the Horiba 

SIGU 2000 examined using the QUB global catalyst model.  Static ageing was also 

conducted in the laboratory, using the BAT equation to calculate ageing times for ageing 

temperatures relating to a RAT-A cycle.  The thermal reactivity coefficients, R-factors, for 

static ageing in different ageing atmospheres were calculated and compared to those 

recommended by the EPA for dynamic ageing.  Finally, using the results achieved from 

these laboratory ageing methods, recommendations were made as to how ageing models 

reviewed in the literature could be improved. 

From experimental results alone, it was seen that no correlation existed between the light-

off performance of cored catalyst samples and the full size bricks from which they were 

taken.  However, the QUB global catalyst model was able to consider variations in precious 

metal dispersion between samples, differences between inlet temperature and gas 

concentrations, inconsistencies in light-off ramp rates and heat transfer characteristics of 

the two reactors.  The simulations performed were able to show good correlation between 

the test methods.  However, the two test methods showed differently the activity rank of 

the samples, indicating the variation in precious metal loading and dispersion throughout 

each full size brick.  In other results, static ageing for palladium loaded catalyst samples was 

found not to show ageing effects due to time for ageing temperatures below 1000 ᵒC, and 

does not correlate well to dynamic ageing.  Static ageing methods were also shown to 

cause deactivation at a slower rate than dynamic methods.  It was shown that the Toyota 

ageing expression would better predict catalyst deactivation if it incorporated an oxygen 

factor, to describe ageing when no oxygen is present.  However, further testing is required 

if a more accurate ageing algorithm is to be developed. 



i 
 

Table of Contents 

Acknowledgements ................................................................................................................... i 

Summary .................................................................................................................................. ii 

Table of Contents ...................................................................................................................... i 

List of Figures .......................................................................................................................... iv 

List of Tables ......................................................................................................................... viii 

Nomenclature .......................................................................................................................... x 

1 Introduction ..................................................................................................................... 1 

1.1 Background .............................................................................................................. 1 

1.2 Exhaust Gas Emissions ............................................................................................. 2 

1.3 Three-Way Catalyst Structure .................................................................................. 3 

1.4 Operation ................................................................................................................. 5 

1.5 Chemical Kinetics ..................................................................................................... 7 

1.6 Emission Standards .................................................................................................. 9 

1.7 Catalyst Deactivation ............................................................................................. 12 

1.7.1 Thermal Deactivation ..................................................................................... 12 

1.7.2 Catalyst Poisoning .......................................................................................... 17 

1.7.3 Mechanical Deactivation ................................................................................ 18 

1.8 Extent of Work ....................................................................................................... 19 

1.9 Research Objectives ............................................................................................... 19 

2 Literature Review ........................................................................................................... 21 

2.1 Introduction ........................................................................................................... 21 

2.2 Ageing Methods ..................................................................................................... 21 

2.3 Catalyst Modelling ................................................................................................. 42 

2.4 QUB Global Kinetic Model ..................................................................................... 44 

2.4.1 Model Structure ............................................................................................. 45 

2.5 Ageing Modelling ................................................................................................... 47 



ii 
 

2.6 Bench Ageing Time (BAT) Equation ....................................................................... 51 

2.7 On-Board Diagnostics ............................................................................................. 54 

3 Experimental Equipment ............................................................................................... 58 

3.1 Introduction ........................................................................................................... 58 

3.2 Horiba SIGU 2000 ................................................................................................... 58 

3.3 Horiba MEXA-7000 ................................................................................................. 62 

3.4 Horiba MEXA-6000FT ............................................................................................. 63 

3.5 Catagen Labcat ....................................................................................................... 64 

3.6 Horiba MEXA-584L ................................................................................................. 68 

3.7 Accuracy of Experimental Equipment .................................................................... 68 

4 Correlation of Light-off Activity for Full Size and Cored Catalyst Samples .................... 70 

4.1 Introduction ........................................................................................................... 70 

4.2 Experimental Procedure ........................................................................................ 70 

4.3 Correlation Results and Discussion ........................................................................ 73 

4.4 Activity Ranking ...................................................................................................... 86 

4.5 Determination of Experimental Error .................................................................... 87 

4.6 Concluding Remarks ............................................................................................... 88 

5 Correlation of Static Ageing Effects on Automotive Catalysts ....................................... 90 

5.1 Introduction ........................................................................................................... 90 

5.2 Experimental Procedure ........................................................................................ 90 

5.3 Results and Discussion ........................................................................................... 93 

5.4 Ageing Mechanism ............................................................................................... 106 

5.5 Concluding Remarks ............................................................................................. 109 

6 Determining the R-Factor for Laboratory Ageing Procedures ..................................... 111 

6.1 Introduction ......................................................................................................... 111 

6.2 R-Factor Calculation Method ............................................................................... 111 

6.3 Static Ageing Methodology and Results .............................................................. 112 

6.3.1 AutoSAS ........................................................................................................ 112 



iii 
 

6.3.2 AutoSAS R-Factor Determination ................................................................. 114 

6.3.3 R-Factor Determination for Static Ageing in Air .......................................... 129 

6.4 Concluding Remarks ............................................................................................. 131 

7 Ageing Expressions ....................................................................................................... 133 

7.1 Introduction ......................................................................................................... 133 

7.2 Toyota Expression ................................................................................................ 133 

7.2.1 Alternative Ageing Expressions .................................................................... 136 

7.3 Concluding Remarks ............................................................................................. 146 

8 Conclusions .................................................................................................................. 148 

9 Contribution to Knowledge .......................................................................................... 151 

10 Future Work ............................................................................................................. 152 

References ........................................................................................................................... 153 

Appendix I ............................................................................................................................ 160 



iv 
 

List of Figures 

Figure 1.1 Three-way catalyst ceramic cordierite monolith structure. ................................... 4 

Figure 1.2 Three way catalyst metallic monolith structure. .................................................... 4 

Figure 1.3 Three-way catalytic converter in open can. ............................................................ 5 

Figure 1.4 Conversion and fuel consumption behaviour of stoichiometric petrol engines 

related to air-fuel ratio (11). .................................................................................................... 6 

Figure 1.5 Closed loop emission control system...................................................................... 7 

Figure 1.6 Path of a reaction with and without a catalyst. ...................................................... 8 

Figure 1.7 Graph to show the increased stringency of Euro emission standards. ................ 11 

Figure 1.8 Conceptual diagram of sintering of the catalytic component (9). ........................ 13 

Figure 1.9 Phase changes and surface area of alumina as a function of temperature (21). . 14 

Figure 1.10 SEM image of fresh alumina crystal structure (22). ............................................ 15 

Figure 1.11 SEM image of alumina crystal structure after ageing at 300 ᵒC (22). ................. 15 

Figure 1.12 SEM image of alumina crystal structure after ageing at 1050 ᵒC (22). ............... 16 

Figure 1.13 SEM image of alumina crystal structure after ageing at 1500 ᵒC (22). ............... 16 

Figure 1.14 Conceptual diagram of carrier sintering during phase changes (9). ................... 17 

Figure 1.15 Conceptual diagram showing selective poisoning of the catalytic sites (9). ...... 18 

Figure 1.16 Conceptual diagram showing masking or fouling of a catalyst washcoat (9). .... 18 

Figure 2.1 Screenshot of catalyst characteristics input sheet. .............................................. 44 

Figure 2.2 Catalyst meshing for QUB global catalyst model (70). ......................................... 45 

Figure 2.3 Standard Road Cycle (78). ..................................................................................... 52 

Figure 2.4 Standard Bench Cycle (78). ................................................................................... 52 

Figure 2.5 OBD monitoring of upstream sensor and catalyst.  (a) New catalyst with good 

OSC. (b) Aged catalyst with low OSC (79). ............................................................................. 55 

Figure 2.6 Graph of sensor O2 voltage v time to show threshold test (81). ......................... 57 

Figure 3.1 Horiba SIGU 2000 schematic. ................................................................................ 58 

Figure 3.2 Horiba SIGU 2000. ................................................................................................. 59 

Figure 3.3 Schematic of Horiba SIGU 2000 catalyst reactor system (82). ............................. 60 

Figure 3.4 Catalyst core sample. ............................................................................................ 61 

Figure 3.5 Catalyst sample holder. ......................................................................................... 61 

Figure 3.6 Horiba MEXA-7000 (83). ....................................................................................... 62 

Figure 3.7 Horiba MEXA-6000FT (84)..................................................................................... 63 

Figure 3.8 Catagen Labcat. ..................................................................................................... 65 

Figure 3.9 Schematic of Catagen Labcat test system. ............................................................ 66 



v 
 

Figure 3.10 Full size catalyst mounted in Labcat. .................................................................. 67 

Figure 3.11 Horiba MEXA-584L (85). ...................................................................................... 68 

Figure 4.1 Full size canned sample with core taken through its centre. ............................... 71 

Figure 4.2 Full size catalyst brick and cored catalyst sample. ................................................ 71 

Figure 4.3 SIGU CO light-off temperature profile. ................................................................. 72 

Figure 4.4 CO light-off curves for Labcat tested full size catalysts. ....................................... 74 

Figure 4.5 CO light-off curves for SIGU and Labcat tests for Catalyst 1. ................................ 75 

Figure 4.6 CO light-off curves for SIGU and Labcat tests for Catalyst 2. ................................ 75 

Figure 4.7 CO light-off curves for SIGU and Labcat tests for Catalyst 3. ................................ 76 

Figure 4.8 CO light-off curves for SIGU and Labcat tests for Catalyst 4. ................................ 76 

Figure 4.9 Temperature profile for Catalyst 1. ...................................................................... 80 

Figure 4.10 CO concentration profile for Catalyst 1. ............................................................. 80 

Figure 4.11 Temperature profile for sample 1CF. .................................................................. 81 

Figure 4.12 CO concentration profile for sample 1CF. ........................................................... 81 

Figure 4.13 Solid model of SIGU 2000 reactor system. ......................................................... 83 

Figure 4.14 Comparison of SIGU temperature profiles. ........................................................ 84 

Figure 5.1 Full size catalyst brick and cored samples. ........................................................... 91 

Figure 5.2 Baseline CO light-off curves for core A. ................................................................ 94 

Figure 5.3 Baseline CO light-off curves for core B. ................................................................ 94 

Figure 5.4 Baseline CO light-off curves for core C. ................................................................ 95 

Figure 5.5 CO light-off curves for core A, aged at 800 °C. ..................................................... 96 

Figure 5.6 Aged CO light-off curves for core B, aged at 850 °C. ............................................ 97 

Figure 5.7 Aged CO light-off curves for core C, aged at 900 °C. ............................................ 98 

Figure 5.8 CO light-off results based on equivalent ageing times for a RAT-A cycle. ............ 98 

Figure 5.9 CO light-off curves for the samples aged to 50 hours of RAT-A cycle. ................. 99 

Figure 5.10 CO light-off curves for the samples aged to 100 hours of RAT-A cycle. ........... 100 

Figure 5.11 CO light-off curves for the samples aged to 200 hours of RAT-A cycle. ........... 100 

Figure 5.12 CO light-off test results for progressive ageing of core D1 at 1000 ᵒC. ............ 102 

Figure 5.13 De-Greened C3H6 light-off curves. .................................................................... 103 

Figure 5.14 Sample E1 C3H6 light-off curves. ....................................................................... 104 

Figure 5.15 Sample E2 C3H6 light-off curves. ....................................................................... 105 

Figure 5.16 Sample E3 C3H6 light-off curves. ....................................................................... 105 

Figure 5.17 Static ageing results based on equivalent ageing times for a RAT-A cycle. ...... 106 

Figure 6.1 Activity loss caused by ageing time and temperature for gas mix 1. ................. 120 



vi 
 

Figure 6.2 Activity loss caused by ageing time and temperature for gas mix 2. ................. 120 

Figure 6.3 Activity loss caused by ageing time and temperature for gas mix 3. ................. 121 

Figure 6.4 Activity loss caused by ageing time and temperature for gas mix 4. ................. 121 

Figure 6.5 R-factor determination for ageing gas mix 1. ..................................................... 123 

Figure 6.6 R-factor determination for ageing gas mix 2. ..................................................... 123 

Figure 6.7 R-factor determination for ageing gas mix 3. ..................................................... 124 

Figure 6.8 R-factor determination for ageing gas mix 4. ..................................................... 124 

Figure 6.9 Activity loss caused by an ageing temperature of 800 ᵒC for different ageing 

atmospheres. ....................................................................................................................... 126 

Figure 6.10 Activity loss caused by an ageing temperature of 850 ᵒC for different ageing 

atmospheres. ....................................................................................................................... 127 

Figure 6.11 Activity loss caused by an ageing temperature of 900 ᵒC for different ageing 

atmospheres. ....................................................................................................................... 127 

Figure 6.12 Activity loss caused by an ageing temperature 900 °C for different ageing 

atmospheres. ....................................................................................................................... 128 

Figure 6.13 R-Factor determination for static ageing in air. ................................................ 131 

Figure 7.1 Deactivation factors for thermal ageing in oxygen predictred by the Toyota 

expression. ........................................................................................................................... 134 

Figure 7.2 Predicted and experimental deactivation factors for ageing at 850 ᵒC in 1% 

oxygen. ................................................................................................................................. 138 

Figure 7.3 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 1% 

oxygen. ................................................................................................................................. 138 

Figure 7.4 Predicted and experimental deactivation factors for ageing at 850 ᵒC in 2% 

oxygen. ................................................................................................................................. 139 

Figure 7.5 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 2% 

oxygen. ................................................................................................................................. 139 

Figure 7.6 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 0% 

oxygen. ................................................................................................................................. 140 

Figure 7.7 Predicted and experimental deactivation factors for ageing at 850 ᵒC in 1% 

oxygen. ................................................................................................................................. 142 

Figure 7.8 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 2% 

oxygen. ................................................................................................................................. 142 

Figure 7.9 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 0% 

oxygen. ................................................................................................................................. 143 



vii 
 

Figure 7.10 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 1% 

oxygen. ................................................................................................................................. 143 

Figure 7.11 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 0% 

oxygen. ................................................................................................................................. 145 

Figure 7.12 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 1% 

oxygen. ................................................................................................................................. 145 

Figure 7.13 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 2% 

oxygen. ................................................................................................................................. 146 

 

  



viii 
 

List of Tables 

Table 1.1 Typical concentrations of the exhaust gas constituents of gasoline-fuelled engines 

(4). ............................................................................................................................................ 2 

Table 1.2 LEV III emission standards for passenger cars. ...................................................... 10 

Table 1.3 History of Euro emission standards for passenger cars. ........................................ 11 

Table 2.1 Engine test bench ageing times and poison concentrations. ................................ 25 

Table 2.2 Laboratory and engine ageing procedures. ........................................................... 33 

Table 2.3 Light-off temperatures and average particle diameters for catalyst ageing. ........ 35 

Table 3.1 Horiba SIGU 2000 mass flow controllers. ............................................................... 60 

Table 3.2 Horiba MEXA 7000 Specification. ........................................................................... 62 

Table 3.3 Horiba MEXA-6000FT specification. ....................................................................... 64 

Table 4.1 CO light-off temperatures for full size and cored samples. ................................... 77 

Table 4.2 Catalyst specification for model input. .................................................................. 79 

Table 4.3 Dispersion and heat transfer factor values required to match simulations to 

experimental test results. ...................................................................................................... 82 

Table 4.4 Experimental and simulated CO light-off activity results for full size bricks and 

cored samples respectively, in the Labcat reactor. ............................................................... 85 

Table 4.5 Activity rank of full size catalysts based on CO light-off temperatures. ................ 86 

Table 4.6 Activity rank of cored samples based on CO light-off temperatures. .................... 87 

Table 4.7 Calculated RMS error for CO light-off. ................................................................... 88 

Table 5.1 Ageing times and temperatures for cored samples A, B and C.............................. 92 

Table 5.2 Ageing times and temperatures for progressive ageing of core D. ....................... 92 

Table 5.3 Ageing times and teperatures for progressive ageing of core E. ........................... 93 

Table 5.4 Baseline CO light-off results for cores A, B and C. ................................................. 93 

Table 5.5 CO light-off test results for statically aged samples. .............................................. 95 

Table 5.6 CO Light-off test results for progressive ageing of core D1 at 1000 ᵒC. ............... 102 

Table 5.7 Baseline C3H6 light-off results. .............................................................................. 103 

Table 5.8 C3H6 light-off test results for statically aged samples. ......................................... 104 

Table 6.1 Ageing Gas Concentrations. ................................................................................. 112 

Table 6.2 CO light-off temperatures for ageing mix 1. ........................................................ 113 

Table 6.3 CO light-off temperatures for ageing mix 2. ........................................................ 113 

Table 6.4 CO light-off temperatures for ageing mix 3. ........................................................ 113 

Table 6.5 CO light-off temperatures for ageing mix 4. ........................................................ 114 

Table 6.6 Activity ratios after static ageing in gas mix 1. ..................................................... 116 



ix 
 

Table 6.7 Activity ratios after static ageing in gas mix 2. ..................................................... 117 

Table 6.8 Activity ratios after static ageing in gas mix 3. ..................................................... 118 

Table 6.9 Activity ratios after static ageing in gas mix 4. ..................................................... 119 

Table 6.10 Calculated R-factors for AutoSAS ageing gas mixtures. ..................................... 125 

Table 6.11 Calculated T0 for AutoSAS gas mixtures. ............................................................ 125 

Table 6.12 Activity ratios after static ageing in air. .............................................................. 130 

Table 7.1 Deactivation factors and corresponding light-off temperatures calculated by the 

Toyota expression. ............................................................................................................... 135 

Table 7.2 Deactivation factors and corresponding light-off temperatures calculated by 

Expression 1. ........................................................................................................................ 137 

Table 7.3 Deactivation factors and corresponding light-off temperatures calculated by 

Expression 2. ........................................................................................................................ 141 

Table 7.4 Deactivation factors and corresponding light-off temperatures calculated by 

Expression 3. ........................................................................................................................ 144 

  



x 
 

Nomenclature 
Symbols 

a Tuning parameter 

A Frequency factor, s-1 

A0 De-greened frequency factor 

b Tuning parameter 

B Heat transfer factor 

C Constant 

 D Particle mean diameter, nm 

d diameter of steel shell, m 

D0 Initial particle diameter, nm 

DF Deactivation factor 

ds  Average particle diameter, Å 

Ea Activation energy, kJ/mol 

h 

Convective heat transfer coefficient, 

W/m2K 

k Rate constant, s-1 

K Constant 

 k0 De-greened rate constant 

kB Boltzman constant, J/K 

Of Oxygen factor, % conc. 

Pwt Phosphorus concentration, % 

R Thermal reactivity coefficient 

R0 Universal gas constant, J/Kmol 

T Ageing temperature, K 

T0 De-greening temperature, K 

T50 Light-off temperature, K 

Tatmos  Atmospheric temperature, K 

te Equivalent time, hours 

th Time in temperature bin, hours 

TLO Light-off temperature, K 

TLO0 De-greened light-off temperature, K 

Tr Effective reference temperature, K 

Tsteel Temperature of steel shell, K 



xi 
 

Tv Mid-point temperature, K 

ζ Tuning parameter 

η Tuning parameter 

ξ Tuning parameter 

Abbreviations 

AFR Air-fuel ratio 

BAT Bench ageing time 

BET Brunauer-Emmett-Teller Method 

CAP Compliance Assurance Program 

CARB California Air Resources Board 

CFD Computational fluid dynamics 

DRIFTS Diffuse Reflectance Fourier Transform Infrared  

 

Spectroscopy 

ECU Electronic control unit 

EDS Energy Dispersive X-ray Spectrometer 

EDX Energy-Dispersive X-ray Spectroscopy 

EMPA Electro Micro Probe Analysis 

EPA Environmental Protection Agency 

FTIR Fourier transform infrared 

FTP Federal Test Procedure 

HC Hydrocarbon 

ICP Inductively Coupled Radio Frequency Plasma  

IR Infrared 

LEV Low Emission Vehicle 

LNT Lean NOx trap 

MIL Malfunction indicator lamp 

NEDC New European Driving Cycle 

NMOG Non-Methane Organic Gases 

OBD On-board diagnostics 

OSC Oxygen storage capacity 

PM Particulate matter 

PN Particulate number 

QUB Queen's University Belfast 



xii 
 

RAH Rapid Ageing Hot 

RAT Rapid Ageing Test 

RMS Root mean squared 

SBC Standard bench cycle 

SEM Scanning Electron Microscope 

SRC Standard road cycle 

SULEV Super Ultra Low Emissions Vehicle 

TEM Transmission Electron Microscopy 

THC Total hydrocarbon 

TPR Temperature Programmed Reduction 

TWC Three-way catalyst 

TXRF Total reflection X-ray fluorescence 

UEGO Universal Exhaust Gas Oxygen 

ULEV Ultra Low Emissions Vehicle 

VBA Visual Basic for Applications 

XPS X-ray Photoelectron Spectroscopy 

XRD X-ray Diffraction 

ZDAKW Zyklus des Abgaszentrums deutscher Automobilhersteller  

 

zur Katalysatorweiterentwicklung 

ZEV Zero Emissions Vehicle 



  Introduction 

1 

1 Introduction 

1.1 Background 
For most people the automobile is an important part of everyday life, an essential 

transportation method for both work and leisure.  The industries that build and service cars 

form a key part of our economy.  In 2011, in the UK, the automotive sector contributed to 

9.2% of total UK exports (1).  In 2013, it was estimated that there were around 36 million 

vehicles on the roads in the UK (1), and approximately 800 million worldwide, with this 

figure expected to more than double to 1.7 billion by 2035 (2).  Much of this growth is 

expected in China, with the vehicles per capita estimated to rise from 40 per 1000 people 

in 2010, to 310 per 1000 people in 2035 (2).  Another country experiencing rapid growth in 

the automotive market is India, with the 14 million automobiles on their roads today 

expected to rise to 160 million by 2035 (2).  We are seeing an increasing number of hybrid 

and electric vehicles enter the market; however, it is believed that internal combustion 

engine vehicles will still dominate the global automotive market for the foreseeable future.  

There is therefore huge potential for pollution, due to automotive emissions, to increase 

globally. 

In recent years the world has come under increased pressure to reduce the harmful 

emissions caused by the burning of fossil fuels, with many countries committing to 

greenhouse gas reduction schemes such as the Kyoto Protocol.  Automobiles produce a 

large proportion of these harmful emissions, accounting for around 14% of the total carbon 

dioxide emissions in the UK, and two thirds of all carbon monoxide emissions (3).  With the 

rise in the number of vehicles on the roads, coupled with the proportion of harmful 

emissions that they produce, it is clear that measures must be taken to reduce the volume 

of these gases emitted into the atmosphere.  It is for this reason that regulations 

concerning automotive emissions are becoming more and more stringent, driving research 

for more efficient and durable catalytic control systems.  The three-way catalytic converter, 

which is fitted to the exhaust system of gasoline fuelled internal combustion engines, is an 

important device, which converts the harmful emissions into less harmful gases.  

Legislation for catalytic converter durability is also becoming an important factor, resulting 

in automotive manufacturers and institutions providing increased investment into research 

methods to better understand automotive deactivation mechanisms. 
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1.2 Exhaust Gas Emissions 

In an internal combustion engine, chemical energy, contained within a hydrocarbon fuel, is 

converted to mechanical energy.  Ideally, if complete combustion of a hydrocarbon fuel in 

oxygen were to occur, the reaction would only yield carbon dioxide (CO2) and water vapour 

(H2O).  However, complete combustion is almost impossible to achieve, and so the exhaust 

gas of a gasoline internal combustion engine contains many other products.  Table 1.1 

presents a typical exhaust gas composition. 

Table 1.1 Typical concentrations of the exhaust gas constituents of gasoline-fuelled 
engines (4). 

HC 750 ppm 

 

CO2 13.5 vol-% 

NOx 1050 ppm 

 

O2 0.51 vol-% 

CO 0.68 vol-% 

 

H2O 12.5 vol-% 

H2 0.23 vol-% 

 

N2 72.5 vol-% 

The main components of the exhaust gas are: 

 Nitrogen gas, N2, which is the unused portion of engine charge air, most of which 

passes through unchanged. 

 Carbon dioxide, CO2, a greenhouse gas formed when the carbon in the fuel forms 

bonds with the oxygen in the air. 

 Water vapour, H2O, produced when hydrogen from the fuel bonds with oxygen in 

the air. 

Gasoline engine exhaust gas also contains other by-products of combustion, which are 

more harmful to both the environment and humans.  Incomplete combustion occurs under 

the compression stroke when the air-fuel mixture enters small crevice volumes in the 

combustion chamber, such as spark plug threads, the valve seat and piston rings.  During 

combustion the flame does not penetrate to these volumes and unburned hydrocarbons 

are expelled on the exhaust stroke (5).  Unburned hydrocarbons, HC’s, are toxic and 

carcinogenic to humans.  They also react with nitrogen oxides, oxygen and water vapour, in 

the presence of sunlight, to form ozone.   

Carbon monoxide, CO, is also a product of incomplete combustion, when carbon in the fuel 

is only partially oxidized.  Carbon monoxide is a poisonous gas, which combines readily with 

haemoglobin in the blood stream, hindering the formation of oxy-haemoglobin, which 
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transports oxygen for respiration elsewhere in the body.  Over exposure to carbon 

monoxide leads to unconsciousness and then death. 

Under high pressure and temperature conditions within an internal combustion engine, 

oxygen and nitrogen atoms in the air undergo an endothermic reaction to form oxides of 

nitrogen, NO and NO2 (NOx).  NOx reacts with sulphur dioxide and other substances in the 

air to form acid rain, and also contributes to smog.  NOx also reacts with ammonia, 

moisture and other compounds to form nitric acid vapour, which when inhaled penetrates 

deep into the lung tissue and may cause or worsen respiratory diseases, such as 

emphysema or bronchitis, and may also aggravate heart disease. 

A catalytic converter is an emissions control device that is fitted to a vehicle in order to 

control the concentration of harmful emissions exhausted to the atmosphere.  The three-

way catalytic converter reduces these harmful emissions by performing simultaneous 

oxidation of carbon monoxide and hydrocarbons, and reduction of oxides of nitrogen. 

1.3 Three-Way Catalyst Structure 

The three-way catalytic converter is composed of three important parts, the substrate or 

support, the washcoat, and the catalyst material.  The three-way catalytic converter has a 

honeycomb-like, monolithic structure, which can be seen in Figure 1.1.  The monolith is 

usually made from a ceramic (synthetic cordierite) material, which has uniformly sized, 

parallel channels.  The channel density ranges from as little as 300 channels per square inch 

to as much as 1200 channels per square inch.  By providing a high channel density there is 

an increased surface area over which the exhaust gas can come into contact with catalytic 

sites; however, a higher pressure difference will result.  The channels most commonly have 

a square shaped cross section; however, they may also be sinusoidal, triangular, hexagonal 

or circular.  To form the cordierite monolith, the raw materials (kaolin, talc, alumina, 

alumina hydroxide and silica) are blended into a paste to be extruded and calcined (6).  The 

substrate of the catalytic converter must fulfil the role of supporting the catalytic material 

and at the same time must be capable of withstanding high operating temperatures, rapid 

changes in temperature and pressure, and external factors such as shock and vibration.  

The monolith structure may also be made from a metallic (temperature-resistant 

aluminium-coated steel) material as shown in Figure 1.2; however, ceramic substrates 

dominate the automotive market due to their lower cost. 
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Figure 1.1 Three-way catalyst ceramic cordierite monolith structure. 

 

Figure 1.2 Three way catalyst metallic monolith structure. 

The washcoat or carrier, which is bonded to the substrate, is an inorganic material with a 

large surface area and complex pore structure.  Alumina (Al2O3) is the most common 

washcoat material used, and it is bonded to the walls of the monolith structure.  The 

washcoat layer has a thickness of around 20-60 μm and large surface area of approximately 

50-200 m2/g, providing minimal diffusional resistance and making it easy for reactant gases 

to reach the active sites of the catalyst.  Other additives to the washcoat may include CaO 

and MgO, which act to stabilize the structure of the catalyst (7), and ceria (CeO2), which is 

important for oxygen storage under lean conditions. 

The catalyst material, most commonly platinum (Pt), palladium (Pd) and rhodium (Rh), is 

finely dispersed on the washcoat surface.  These precious metals may be used individually 
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or in combination.  The most common procedure for dispersing the catalytic species within 

the carrier is by impregnation, where the carrier is soaked in an aqueous solution 

containing a salt of the catalytic element(s).  Capillary and electrostatic forces then 

distribute the salt over the internal surface of the porous network.  Following impregnation 

the catalytic species is fixed to the carrier by the addition of a precipitating agent, which 

adjusts the pH in order to precipitate the catalytic species in the carrier pores.  Precious 

metals are preferred to base metal oxides as they are less prone to poisoning and thermal 

instability (8).  Commercially used three-way catalysts are often a bimetallic combination of 

precious metals, such as Pt/Rh or Pd/Rh, as rhodium is known to be an efficient catalyst for 

NOx reduction (6,8), whereas platinum and palladium are effective catalysts for the 

oxidation of carbon monoxide and hydrocarbons (6,8).  Figure 1.3 shows a finished ceramic 

catalytic converter, which is surrounded by matting and held in a stainless steel can. 

 

Figure 1.3 Three-way catalytic converter in open can. 

1.4 Operation 

The basic operation of the three-way catalytic converter is to perform the following 

reactions in the exhaust of the automobile (9): 

         
 

 
            

 

 
     Equation 1.1 

    
 

 
                         Equation 1.2 

                                Equation 1.3 
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Reduction of NO/NO2 to N2: 

                  
 

 
         Equation 1.4 

                 
 

 
                      Equation 1.5 

    
 

 
                          

 

 
            

 

 
              Equation 1.6 

As can be seen from Equations 1.1 – 1.6, three-way automotive catalysts reduce exhaust 

emissions by simultaneously oxidising both carbon monoxide and unburned hydrocarbons 

and by reducing the oxides of nitrogen. 

The automotive emissions control system consists of a three-way catalytic converter and an 

electronically controlled air/fuel management system, with lambda sensors measuring the 

net oxygen content that is proportional to stoichiometry in the exhaust gas.  If all of the air 

drawn in by the engine is used to burn all of the fuel, the gas mixture with this ratio of air 

to fuel is known as the stoichiometric mixture.  For a gasoline engine the stoichiometric 

air/fuel ratio is approximately 14.7:1.  The air inlet and fuel injection are controlled to 

provide an air/fuel ratio which remains within the “lambda one window”, plus or minus 0.1 

AFR of stoichiometric (10).  Within this narrow window, high conversions greater than 80-

90%, of CO, HC and NOx are achieved simultaneously, as shown in Figure 1.4.  The 

arrangement of the closed loop, emission control system is presented in Figure 1.5. 

 

Figure 1.4 Conversion and fuel consumption behaviour of stoichiometric petrol engines 
related to air-fuel ratio (11). 
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Figure 1.5 Closed loop emission control system. 

A key process in the reduction of tailpipe emissions is the three-way catalyst’s ability to 

store and release oxygen in response to the pre-catalyst air/fuel ratio (12).  The addition of 

ceria (CeO2) to the washcoat surface helps with this process.  When the engine is operating 

under rich (excess fuel) conditions, the catalyst oxidises the hydrocarbons and carbon 

monoxide present in the engine exhaust by releasing previously stored oxygen.  This 

oxygen release maintains stoichiometric conditions, with low levels of HC and CO 

emissions.  When the oxygen release rate of the depleted catalyst can no longer satisfy the 

demand, the post-catalyst air/fuel ratio will decrease below stoichiometry and 

hydrocarbon breakthrough will eventually occur.  The catalyst control system will then 

attempt to switch to lean (excess air) engine operation before this rich breakthrough is 

encountered.  Under lean operation, excess oxygen in the exhaust gas is adsorbed onto the 

catalyst resulting in near stoichiometric post-catalyst conditions and therefore low 

emissions.  As the catalyst reaches its saturation point of oxygen storage capacity the post-

catalyst oxygen concentration increases above stoichiometric and emissions of nitrogen 

oxides result.  The catalyst control system will then attempt to switch back to rich engine 

operation before lean breakthrough.  By cycling of the pre-catalyst air/fuel ratio around 

stoichiometry, the oxygen storage capacity acts as a buffer against emissions by 

compensating for transient oxygen excess or deficiency. 

1.5 Chemical Kinetics 

A catalyst is a material that increases the rate of a chemical reaction while itself not 

undergoing any permanent change.  For a reactant to undergo conversion it must pass 
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through an energy barrier known as activation energy.  The activation energy is defined as 

the energy an atomic system must require before a process such as a reaction can occur.  

Catalysts act to increase the rate at which a reaction occurs by changing the rate limiting 

step of a reaction, by providing a less energetic path for the product to be formed.  Neither 

the net enthalpy nor the net free energy is affected by the presence of the catalyst.  The 

catalyst neither changes the energetics of the initial and final states, nor the equilibrium, 

but affects only the rate of approach to the final product state.  Figure 1.6 illustrates what 

happens when a catalyst is introduced into a reaction and the alternative energy route that 

the reaction will follow. 

 

Figure 1.6 Path of a reaction with and without a catalyst. 

For the conversion of carbon monoxide, with no catalyst present, the rate limiting step of 

the reaction is the dissociation of O2 molecules into O atoms, which occurs at around 700 

C.  Once dissociated, the O atoms react rapidly with the CO molecules to form CO2 and the 

reaction goes quickly to completion.  With a catalyst present, such as platinum, the 

dissociation of O2 occurs at room temperature.  The rate limiting step becomes the reaction 

of the CO molecules with the dissociated O atoms, which are chemisorbed onto adjacent 

platinum active sites.  This reaction occurs at around 100 C and the overall reaction has an 

activation energy of approximately half of the uncatalysed reaction.   
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Initially, as the gas mixture passes into the catalytic converter from a cold start condition 

reactions start to initiate, the rate of which are controlled by the chemical kinetics of the 

catalytic reaction.  It has been seen that the majority of hydrocarbon emissions, 60-80% of 

the total, are produced during the cold start section of the vehicle operation (13).  As the 

temperature of the catalytic converter approaches operating temperature (250-350 C), 

catalyst light-off will occur, the temperature of 50 % conversion.  The reaction rate is no 

longer determined by temperature, but rather by bulk mass diffusion.  Again, taking the 

example of CO conversion, the catalyst is up to sufficient temperature to allow the 

formation of the active complex to form between the chemisorbed CO and O on adjacent 

catalytic sites.  The rate of reaction now depends on how quickly the newly produced CO2 

molecules can desorb from the active sites, diffuse through the porous network of the 

washcoat and diffuse back into the bulk gas, leaving catalyst active sites available for 

reactant CO and O2 molecules to diffuse from the bulk gas towards the catalyst active sites 

for the reaction to continue.  It is for this reason that it is advantageous for the washcoat 

material to have a complex pore structure, providing a large surface area for dispersion of 

catalytic material.  This provides a greater area over which the catalytic material can be 

dispersed, maximizing the number of active sites available to reactant gases, and therefore 

increasing the rate of reaction. 

1.6 Emission Standards 

The first legislated automotive exhaust emission standards were introduced by the 

California Air Resources Board (CARB) in the state of California for the 1966 model year for 

cars sold in that state, followed by the entire of the United States for the model year 1968.  

Year by year these emissions standards were progressively tightened, and by 1974 the 

invention of the catalytic converter was required to comply with the standards, along with 

the elimination of leaded fuels as proposed by General Motors.  Today, exhaust catalysts 

are found on nearly every passenger car across the world as emission standards continue 

to become increasingly stringent. 

Currently the most stringent of all emission standards in the world are those imposed by 

CARB, which apply to the state of California, and are stricter than the federal rules.  

However, a number of other states within the USA have adopted the standards imposed by 

CARB including New Jersey and New York.  The current standards imposed by CARB are the 

Low Emission Vehicle II (LEV II) standards, the strictest of which are the SULEV (Super Ultra 

Low Emission Vehicle).  These standards require a gasoline vehicle not to exceed emissions 
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of 0.004 grams/mile of hydrocarbons, 0.02 grams/mile of nitrogen oxides, and 1 gram/mile 

of carbon monoxide over the FTP-75 (Federal Test Procedure) drive cycle.  The LEV II 

standards require the catalyst to operate to these conditions and continue achieving these 

standards for 120,000 miles of driving or 11 years of operation.  New LEV III standards, 

which are proposed to be phased in through model years 2014 – 2022, have a new 150,000 

miles durability requirement (14).  Table 1.2 presents the LEV III emission standards.  In the 

future CARB look to impose the Zero Emissions Vehicle (ZEV), which emit no exhaust 

pollutants from the onboard source of power. 

Table 1.2 LEV III emission standards for passenger cars. 

Emission NMOG + NOx CO HCHO PM 

Category g/mi g/mi mg/mi g/mi 

LEV160 0.160 4.2 4 0.01 

ULEV125 0.125 2.1 4 0.01 

ULEV70 0.070 1.7 4 0.01 

ULEV50 0.050 1.7 4 0.01 

SULEV30 0.030 1.0 4 0.01 

SULEV20 0.020 1.0 4 0.01 

Currently, all new passenger cars sold in the European Union must comply with Euro 5 

emission standards.  These standards require that vehicle emissions do not contain more 

than 0.1 gram/kilometre of hydrocarbons, 0.06 grams/kilometre of nitrogen oxides and 1 

gram/kilometre of carbon monoxide, for the NEDC (New European Driving Cycle).  To 

comply with these standards the catalytic converter must continue to achieve these 

emission regulations for 160,000 kilometres (nearly 100,000 miles) of driving or five years 

operation (14).  Effective from September 2014, all passenger cars must comply with the 

new Euro 6 standards, Table 1.3, which also includes regulations for the number of 

particulates.  The regulation for particulate matter (PM) emissions in gasoline vehicles was 

first introduced in the Euro 5 standards.  PM is a complex mixture of extremely small 

particles and liquid droplets, made up of a number of components, including acids, organic 

chemicals, metals, and soil or dust particles (15).  It is the small particles, less than 10 
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micrometers in diameter, that are of the biggest concern to the EPA in terms of health risk.  

The measurement of PM, in mg/mile, is effective for larger particulates but not for small 

particles (16).  Therefore regulations for particulate number (PN) have been introduced for 

Euro 6, which are more repeatable than PM measurements for low particulate emission 

vehicles (16).  Figure 1.7 shows how, over the past 20 years, from the introduction of the 

Euro 1 standards, the allowable emissions of CO, HC’s and NOx have decreased by 50 % or 

more. 

Table 1.3 History of Euro emission standards for passenger cars. 

    CO HC HC + NOx NOx PM PN 

Stage Date g/km #/mile 

Euro 1 1992 2.72 - 0.97 - - - 

Euro 2 1996 2.2 - 0.5 - - - 

Euro 3 2000 2.3 0.2 - 0.15 - - 

Euro 4 2005 1.0 0.1 - 0.08 - - 

Euro 5 2009 1.0 0.1 - 0.06 0.005 - 

Euro 6 2014 1.0 0.1 - 0.06 0.005 6x1011 

 

Figure 1.7 Graph to show the increased stringency of Euro emission standards. 
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Another country which provides its own emission standards is Japan.  Other countries 

adopt the previously mentioned standards, such as China and India which both currently 

comply with Euro 4 standards. 

1.7 Catalyst Deactivation 

Catalyst deactivation, or ageing, is the loss of catalyst activity over time, due to structural 

and chemical changes in the catalyst.  Deactivation of the catalyst results from a loss of 

catalytic active sites and therefore a decrease in performance.  Deactivation of a three-way 

catalytic converter occurs by three different methods: 

 Thermal deactivation 

 Catalyst poisoning 

 Mechanical deactivation 

The mechanism of most interest to this research is that of thermal deactivation, but all 

three mechanisms will be discussed in this section. 

1.7.1 Thermal Deactivation 

Thermal deactivation is one of the primary causes of catalyst deactivation, and has become 

an increasingly important factor due to the fact that the converter is installed close to the 

engine for more efficient conversion of hydrocarbons.  Thermal ageing has been shown to 

begin at temperatures of around 800 C.  Within an automotive catalyst temperatures can 

reach as high as 1000 C due to the exothermic reactions that occur during the oxidation of 

pollutants.  There are three main forms of thermal deactivation; sintering of the precious 

metals, phase changes in the washcoat, and precious metal – carrier interactions. 

Precious metal sintering relates to the dispersion of precious metal particles on the surface 

of the washcoat.  Ideally, these particles would be 100 % dispersed, i.e. where every atom 

of the active component is available to the reactant.  However, a fresh catalyst usually has 

a dispersion of approximately 40 % (17).  At high temperatures, these fairly well dispersed 

particles begin to agglomerate and crystal growth occurs.  This sintering occurs due to the 

thermodynamically unstable state of the high surface area to volume energy ratio 

possessed by small crystallites in the nanometre range (9).  The precious metal particles 

therefore agglomerate to minimise the free energy.  Sintering of the precious metal 

particles is illustrated in Figure 1.8.  Agglomeration of the precious metal particles, and a 

reduction in dispersion, results in a decrease of the precious metal surface area to volume 

ratio.  With catalyst active sites buried in the crystals there are fewer sites available to 

participate in the reaction and therefore the result is a decline in performance (18,19).  It is 
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the precious metal particles that act to catalyse the reaction, therefore rare earth oxides, 

such as CeO2, La2O3 and BaO, are added to the washcoat to help limit the mobility of these 

particles (20).  This helps to reduce sintering and help maintain a higher dispersion, 

resulting in increased performance for longer.   

 

Figure 1.8 Conceptual diagram of sintering of the catalytic component (9). 

As mentioned previously, the catalyst washcoat is formed from highly porous alumina, 

Al2O3.  Alumina occurs in many phases, and experiences irreversible changes in phase due 

to an increase in temperature.  With each phase change comes a loss of surface hydroxyl 

groups and gradual loss of internal pore structure.  When a catalyst is fresh and un-aged 

the alumina on the surface of the monolith is usually in the gamma phase, -Al2O3.  This is 

the least stable phase of alumina, and most sensitive to sintering, but it is the phase with 

the greatest surface area to volume ratio due to its highly porous structure.  As 

temperature increases above 800 C phase transitions begin to occur, through delta, -

Al2O3, theta, -Al2O3, and finally alpha-alumina, -Al2O3.  Alpha alumina is considered to be 

the most stable phase of alumina; however, it has a much lower surface area to volume 

ratio compared to gamma-alumina.  Figure 1.9 shows how the alumina phase changes with 

temperature, and the loss of surface area that results.  It can be seen that when alumina 

experiences a temperature of approximately 1100 C, and is irreversibly transformed to the 

alpha phase, its surface area of 5 m2/g is dramatically lower than the 100-200 m2/g of the 

gamma phase.  This drop in surface area results in a reduction in the number of catalytic 

active sites available for reactant gases.   
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Figure 1.9 Phase changes and surface area of alumina as a function of temperature (21). 

Figure 1.10 to Figure 1.13 are SEM images, which show the change in structure of the 

alumina as the changes in phase take place.  It is clear to see the transition from the very 

well defined, high surface area structure of gamma-alumina, to the less definable, lower 

surface area structure of alpha-alumina.  Figure 1.14 is a simple illustration to show how, as 

phase changes occur, the pores begin to close over.  Precious metal particles become 

trapped within the closed pores, with gaseous access restricted, therefore reducing the 

catalyst activity. 
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Figure 1.10 SEM image of fresh alumina crystal structure (22). 

 

Figure 1.11 SEM image of alumina crystal structure after ageing at 300 ᵒC (22). 
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Figure 1.12 SEM image of alumina crystal structure after ageing at 1050 ᵒC (22). 

 

Figure 1.13 SEM image of alumina crystal structure after ageing at 1500 ᵒC (22). 
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Figure 1.14 Conceptual diagram of carrier sintering during phase changes (9). 

Stabilisers, such as BaO, La2O3, SiO2 and ZrO2, may be added to the washcoat.  They act to 

slow down the rate of sintering of the washcoat by forming solid solutions with the carrier 

surface, decreasing the surface reactivity that leads to sintering (23). 

The final form of thermal deactivation is due to unwanted interactions occurring between 

precious metal particles and the washcoat.  An example of this occurs under oxidising 

conditions at high temperatures, where rhodium oxide reacts with the high surface area 

gamma alumina to form an inactive compound.  The product of this reaction is less active 

than the reactants and therefore catalyst performance is reduced. 

1.7.2 Catalyst Poisoning 

Catalyst poisoning occurs due to unwanted, harmful components of fuels and lubricants, or 

other contaminants, depositing onto the surface of the catalyst.  Catalyst poisoning can 

take the form of selective or non-selective poisoning. 

1.7.2.1 Selective Poisoning 

Selective poisoning is the mechanism by which an undesirable contaminant reacts directly 

with the precious metal or washcoat, resulting in the loss of activity.  Poisons such as lead, 

Pb, Mercury, Hg, and Cadmium, Cd, react with the Pt, Pd and Rh precious metals to form 

catalytically inactive alloys.  Some poisons such as sulphur dioxide, SO2, chemisorb onto the 

active site of the precious metal, blocking the site from further reaction; however, this 

mechanism is thought to be reversible.  Direct poisoning of the precious metals reduces the 

number of sites available to the reactant gases and this leads to a loss in performance.  

Washcoat pores can also become partially blocked due to selective poisoning, resulting in a 

loss of activity due to diffusional resistance.  In the presence of a Pt catalyst, SO3 reacts 
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directly with alumina to form Al2(SO4)3 which plugs the pores.  Selective poisoning is 

illustrated in Figure 1.15. 

 

Figure 1.15 Conceptual diagram showing selective poisoning of the catalytic sites (9). 

1.7.2.2 Non-Selective Poisoning 

Non-selective poisoning occurs by the mechanism of masking or fouling, where heavy 

contaminants such as un-burnt oil deposit onto the surface of the precious metal particles 

and washcoat.  Again, this leads to the reduction of catalyst active sites available to 

reactant gases.  Deposition of contaminants onto the surface of the washcoat may lead to 

pore blockage, resulting in increased diffusional resistance.  Figure 1.16 illustrates the 

masking/fouling of the three-way catalyst washcoat. 

 

Figure 1.16 Conceptual diagram showing masking or fouling of a catalyst washcoat (9). 

1.7.3 Mechanical Deactivation 

Catalytic deactivation may also occur due to the loss of catalytic material.  Driving on poor 

roads can cause fracture of the ceramic monolith, resulting in catalyst particles being blown 

out by the exhaust flow.  Extreme cycling of catalyst temperature can lead to cracking by 

thermal shocking, and differences in thermal expansion between the washcoat and the 
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monolith may lead to a loss of bonding and therefore a loss of washcoat.  These forms of 

catalyst deactivation are irreversible. 

1.8 Extent of Work 

As has been discussed in this section, catalyst deactivation occurs due to a number of 

different factors, with ageing occurring due to complex thermodynamic and chemical 

effects, as well as the physical loss of catalytic material known as mechanical deactivation.  

It is not feasible in this research to consider all of these factors when it comes to 

experimentally performing catalyst ageing.  From the literature it has been shown that 

thermal effects are the primary contributor to catalyst deactivation, with the most notable 

ageing expressions modelling ageing based on ageing time at temperature, along with 

ageing atmosphere.  Therefore these are the variables that were considered throughout 

the laboratory ageing methods used in this research.  It was not feasible in the available 

timeframe to study additional factors such as catalyst poisoning. 

In order to characterise the aged catalyst samples, the equipment utilised was the suite of 

synthetic exhaust gas generators available in the CenTaCat laboratory at Queen’s University 

Belfast.  Catalyst activity testing was conducted using the Catagen Labcat and Horiba SIGU 

2000, with gas concentrations measured using combinations of the Horiba MEXA-584L, the 

Horiba MEXA-7000 and the Horiba MEXA-6000FT.  The majority of testing was carried out 

by the author, with some assistance provided by undergraduate students.  Test results 

obtained by previous researchers at QUB was also utilised in this work.  Previous and 

current researchers at QUB have developed the QUB global catalyst model, which was used 

when required to determine correlation in the test results. 

1.9 Research Objectives 

The continued development of catalytic converters is essential in order for automotive 

manufacturers to comply with the increasingly stringent emission regulations.  Laboratory 

ageing and activity analysis is becoming more and more important, along with mathematic 

catalyst modelling, due to the slow and expensive nature of on-engine analysis.  The aim of 

this research is to give a better understanding of laboratory testing and ageing methods, 

and to examine if any correlation exists between laboratory static ageing and real world 

dynamic ageing of three-way catalysts.  The specific objectives that have been completed in 

this research in order to achieve this aim are: 
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 Investigate if correlation exists between the light-off performance of full size 

catalyst bricks and cored catalyst samples, by conducting laboratory activity tests 

using multiple synthetic gas reactors. 

 Determine if static laboratory ageing correlates to real world dynamic ageing, by 

investigating the time at temperature effects of static ageing and comparing the 

calculated R-factors for this procedure to those industrially accepted for dynamic 

ageing. 

 Recommend improvements that can be made to existing three-way catalyst ageing 

models based on the findings of the laboratory testing and ageing results. 
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2 Literature Review 

2.1 Introduction 
Due to the increasing complexity of modern automotive aftertreatment systems, and the 

slow and expensive nature of testing and ageing catalyst samples on-road or on an engine 

test bench, much more rapid laboratory testing and ageing methods, as well as computer 

simulation models are now becoming a critical part of the automotive catalyst design 

phase.  In order to help set and work towards completing the objectives which have been 

identified for this research project it is first of all important to review the numerous 

publications of work which have been carried out in similar areas, by other research bodies 

including automotive manufacturers, catalyst manufacturers and research institutions.  

Research completed into three-way catalyst ageing, ageing simulation modelling and on-

board catalyst monitoring is discussed in this section. 

2.2 Ageing Methods 

Three-way catalyst ageing can be conducted by three main methods, on-road, on an engine 

test bed or engine dynamometer, and in a laboratory.  This section looks at how these 

procedures have been used to age catalytic converters, and the effects that these methods 

have on catalyst deactivation.  It is important for this research to understand the ageing 

methods that others are using, particularly in the laboratory. 

Originally, catalyst ageing for research methods was conducted on-road.  On-road ageing 

involves mounting the catalytic converter to a vehicle and conducting laps of a specially 

designed ageing cycle.  Road cycles are designed with varying rates of accelerations and 

decelerations, to a number of different cruise speeds.  The road cycle is designed to 

simulate real world driving conditions over the vehicle’s full useful life mileage.  Following 

on from on-road ageing was the engine dynamometer or engine test bed method, were an 

engine and aftertreatment system is mounted in a test cell with a corresponding control 

system located nearby.  During the test, varying measurements and readings are taken 

while data is electronically logged for further analysis.  This method can be used for both 

emissions testing and catalyst ageing.  Catalyst ageing in the laboratory is becoming ever 

more popular.  Many researchers have used furnaces to conduct catalyst ageing in recent 

years, as well as designing their own catalyst ageing systems. 

Research was carried out by Maldovan et al. (24) to investigate the distribution of platinum 

group elements and catalyst poison elements on the surface of an automotive catalyst 
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after ageing.  The catalyst used in this study consisted of a front brick loaded with Pt/Rh 

and a rear brick loaded with Pd/Rh.  The catalyst was fitted to a 1.3 L Ford and aged up to 

80,000 km.  Platinum group elements were shown to decrease at the front of the catalyst 

after ageing, due to sintering of the precious metal particles in this area. 

A study carried out by Winkler et al. (25), at the Swiss Federal Laboratories for Materials 

Testing and Technology, investigated the influence of chemical and thermal ageing effects 

on the conversion efficiency of pre and underfloor three-way automotive catalysts.  The 

pre-TWC was installed in close vicinity to the engine, and the underfloor-TWC was installed 

further downstream in the exhaust gas path of the automobile.  The catalysts were vehicle 

aged for 35,000 km.  Both catalysts consisted of a cordierite monolith carrier with applied 

washcoat.  The precious metal content of the pre-TWC was 2.65 kg/m3 (75 g/ft3), and 

consisted of Pt, Pd and Rh in different concentrations with Pd content highest.  The 

underfloor-TWC had 8.83 kg/m3 (250 g/ft3) of precious metal, predominantly Pd with minor 

amounts of Pt.   

After ageing, rectangular catalyst samples were cut from the centre area of the exhaust gas 

entrance for XPS and SEM analysis.  Catalyst samples were also ground for BET analysis and 

activity tests.  The activity tests were conducted in a quartz reactor, with a flow rate of 200 

ml/min and gas concentrations of 2000 ppm CH4, 8500 ppm CO, 3 vol.% O2 and balance He.   

SEM images of the pre-TWC were taken before and after ageing, and they showed an 

increase in the surface roughness and fusing together of the surface after ageing, indicating 

that thermally induced sintering had occurred.  BET analysis also showed a reduction in the 

specific surface area of the pre-TWC from fresh to aged, with a decrease from 42 m2/g to 3 

m2/g seen to occur.  The underfloor-TWC experienced less of a reduction in surface area, 

which decreased from 43 m2/g to 23 m2/g.  This was due to the higher temperature 

experienced in the pre-TWC.  EDX mappings showed clusters of the Pd particles after 

ageing, which indicated reduced dispersion compared to the greatly dispersed particles 

before.  The CO light-off activity was reduced for both catalysts, with an increase of around 

110 ᵒC from fresh to aged.  The methane light-off temperatures were only shifted by 

around 20 ᵒC; however, a substantial loss of maximum conversion was found after ageing.  

The authors conclude from their study that chemical ageing does not seem to affect the 

catalyst performance; however, thermal ageing substantially deteriorates it. 
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Harkönen et al. (26) conducted engine ageing and on-road ageing, for 80,000 km, on 

catalyst samples and compared their performance before and after.  Catalyst bricks, with a 

volume of 1 litre, were aged on an engine dynamometer using a rapid ageing cycle for 

ageing times of 8, 50 and 100 hours, after de-greening for 1 hour at 650 ᵒC.  The ageing 

setup consisted of a 5 litre Chevrolet V-8 engine as the exhaust gas generator, with either 

two or four catalysts aged simultaneously.  The on-road ageing was conducted on an Opel 

Corsa 1.4i for 82,000 km according to the FTP-75 drive cycle.  Catalytic activity was tested 

several times during the on-road testing. 

The catalyst samples were split up into front, middle and rear zones for characterisation.  

The front face of the catalyst was found to be the most heavily poisoned, and poison 

concentrations decreased towards the rear of the sample.  XRD analysis of the front and 

rear zones of the catalyst showed that both on-road and engine ageing produced the same 

level of crystal sizes in the washcoat, with no alpha-alumina phase present.  SEM and EDS 

analyses showed the presence of greater poison concentrations in the front zone of the 

catalyst.  The poison elements (P, Zn, Ca and Pb) were seen to partly cover the evenly 

distributed Pd particles.  In the rear zone most of these particles remained free from 

poison.  XPS analysis showed that the palladium precious metal particles react with oxygen 

to form PdO.  The surface area, pore volume and dispersion percentage were studied for 

front and rear zones of the catalyst, before and after on-road ageing.  The BET surface area 

was reduced to 8.6 and 8.7 m2/g, for front and rear zones respectively, from 11.8 m2/g for a 

fresh sample.  Dispersion was reduced to less than 2%, from 4%, after ageing for both 

zones and pore volumes were decreased also.  Light-off tests, conducted using a synthetic 

gas laboratory testing system, showed that the front zone of the catalyst was more highly 

deactivated than the rear.  This study is useful as it examines how catalyst deactivation can 

vary throughout a sample. 

He et al. (27), at the Research Institute of Petroleum Processing, conducted a study which 

compared accelerated engine bench ageing to on-vehicle ageing of 80,000 km.  The two 

three-way catalysts used in the study were produced in the lab, and contained Pt, Pd and 

Rh precious metals.  The first catalyst was engine bench aged for 100 hours, equivalent to 

ageing on track of 80,000 km, at a catalyst bed temperature of 760 ᵒC. The second catalyst 

was fitted to a car and aged on a track for catalyst temperatures below 600 ᵒC.  Both 

catalysts were then tested as detailed in emission regulation GB18352.1-2001 and 

GB18352.2-200 (i.e. EURO I and EURO II respectively) (28).  The two different ageing 
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techniques were shown to have different influences on the catalysts, with the engine 

bench ageing proving to be more detrimental to the durability of the three-way catalyst 

than the on-vehicle ageing method.   

Usmen et al. (29) at Ford Motor Company performed a study which evaluated the 

characterisation techniques for examining thermal ageing of automotive catalysts.  The 

study compared catalyst samples aged in a vehicle, for 50,000 miles, to samples aged in a 

synthetic gas tube reactor, at 900 ᵒC for 1 and 4 hours.  The laboratory ageing was 

conducted under flowing stoichiometric conditions, at a space velocity of 60,000 h-1.  The 

concentrations of the ageing gas were 1.5% CO, 1000ppm C3H6, 500ppm C3H8, 1000ppm 

NO, 200ppm SO2 and 1.19% O2. 

Characterisation of the samples was carried out using X-ray diffraction (XRD), Raman 

spectroscopy, temperature programmed reduction (TPR), chemisorption and activity 

measurements.  It was shown that thermal ageing caused sintering of the precious metal 

and ceria particles, for both vehicle and synthetic gas ageing. 

A study by Martin (30), at the University of Salamanca in Spain, compared two different 

catalyst types, before and after ageing.  Catalyst 1 was a Pt/Rh catalyst supported on a 

ceria-promoted alumina washcoat, and catalyst 2 a Pd/Rh catalyst supported on a zirconia-

ceria promoted washcoat.  All catalysts samples used were 25 mm diameter by 30 mm 

length, with a cell density of 620,000 cells/m2 (400 cells/in2). 

Ageing was conducted on-road, on a Renault for 100,000 km.  Static ageing was also 

performed for samples from both catalysts, in a chamber furnace for 2h at 750, 825, 900, 

1000, 1100 and 1200 ᵒC in an air atmosphere.  BET analysis showed a decrease in surface 

area from 23 to 3.5 m2/g and from 19 to 2 m2/g for catalyst 1 and 2 respectively, after 2 

hours ageing at 1200 ᵒC.  Inductively coupled plasma analysis showed that, after road 

ageing, poison concentrations (Ca, P and Zn) were highest in the front quarter of the 

monolith, with lead poisoning found to be constant throughout.  However, higher activity 

was found to be present in these frontal zones, indicating that loss of activity is more highly 

contributed to thermal factors.  

At the Rio de Janeiro State University, Zotin et al. (31) conducted a study to investigate the 

deactivation phenomenon of three-way catalysts.  Seven commercial automotive catalysts 

from the same manufacturer, all of them containing Pd and Ni, were aged on an engine test 

bench for either 150 or 300 hours.  The 300 hour test was considered to represent 80,000 
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km of on-road ageing.  Catalysts C and F underwent more drastic thermal ageing, at 

temperatures greater than 1100 ᵒC.  Gasoline with sulphur levels of 400 and 700 ppm were 

used in order to study the chemical deactivation caused by sulphur.  Table 2.1 shows the 

ageing procedure used on each catalyst.  Two more samples, from catalysts H and I, were 

tested while fresh, and used to determine the level of ageing in the other samples.   

Table 2.1 Engine test bench ageing times and poison concentrations. 

Catalyst Sulphur (ppm) Ageing Time (h) 

A 700 300 

B 700 300 

C 400 150 

D 400 300 

E 400 300 

F 700 300 

G 700 300 

BET tests were conducted on each sample in order to determine the surface area.  The 

fresh samples had relatively high surface areas of 27.4 m2/g and 34.4 m2/g.  Catalysts C and 

F were seen to be the samples most affected by the ageing processes, with surface areas of 

1.1 m2/g and 3.5 m2/g respectively.  Both of these samples experienced the highest ageing 

temperature; however, catalyst C was only aged for half the time.  This shows that it is 

ageing temperature in this case which has the biggest impact on deactivation.  Scanning 

electron microscope images also showed washcoat loss indicating that mechanical 

deactivation is also occurring.  In terms of chemical deactivation it was found that there 

was no correlation between the level of sulphur in the fuel and the level of sulphur 

contamination experienced by the catalyst.  Poison contaminants were found at the inlet 

region of the catalyst.  The study concluded that catalyst deactivation does not occur for 

one single reason, but in most cases is due to the combination of thermal, chemical and 

sometimes mechanical effects.  Of interest to this thesis is the fact that it was the ageing 

temperature and not time that played the biggest role in thermal deactivation. 

A further similar study at the same institution, conducted by Fernandes et al. (32), gives a 

more clear indication of the deactivation mechanism.  Full size catalysts A, B, D, E and G 

were aged for 300 hours, and catalyst C aged at 150 hours using a chassis dynamometer.  

However, no precise information was given for the ageing temperature used in each case, 
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except the fact that A, B and C were aged in more drastic conditions.  BET was used to 

determine the surface area, pore volume distribution and to establish the average pore 

diameter.  It was seen that the three catalysts exposed to the higher ageing temperatures 

presented the lowest surface areas, the lowest pore volumes, and the lowest average pore 

diameter, when compared to the others.  Catalyst C showed the lowest overall surface 

area, pore volume, and average pore diameter, even though the ageing time for this 

catalyst was the shortest.  This again shows that, in this case, the ageing temperature is the 

determining factor in catalyst washcoat deterioration due to thermal effects.  Carbon 

monoxide and hydrocarbon light-off tests, conducted in a pyrex glass reactor on samples 

that were cut from the full size bricks and ground into powders, confirmed that the activity 

of the samples aged at the higher ageing temperature show the poorest performance.  

Sulphur deposition was shown to be fairly even throughout the catalyst brick, with the 

highest levels tending to be found in the samples aged at the lowest temperatures.  

Phosphate compounds appeared to form at the inlet regions.  It is concluded in this study 

that the catalyst deterioration is mainly due to the thermal effects. 

Research was carried out in 2010 by Fernandes et al. (33) at the Rio de Janeiro State 

University, which studied the thermal deactivation of Pt/Rh commercial automotive 

catalysts.  Samples cut from a full size catalyst brick were aged both statically and 

dynamically.  Dynamic ageing was conducted under simulated exhaust flow, with a 

stoichiometric gas mixture (1% CO, 0.33% H2, 1.27% O2, 9.3% CO2 and 0.12% C3H8, in 

helium) at a flow rate of 0.225 l/min.  Static ageing, with no gas flow, was conducted in air 

at an ageing temperature of 1200 ᵒC for 12 and 72 hours.   

The static ageing method conducted at 1200 ᵒC was shown, using BET analysis, to cause an 

almost total loss of surface area after both 12 and 72 hours ageing.  X-ray diffraction 

showed that phase changes occurred in the washcoat for this ageing method, from the 

gamma-alumina of the fresh catalyst all the way to alpha-alumina for the aged.  The 

catalyst samples were ground for CO activity testing, which showed an increase in light-off 

temperature, from 270 ᵒC when fresh, to 410 ᵒC after 12 hours ageing at 1200 ᵒC.  A further 

increase to 460 ᵒC was observed after 72 hours of ageing. 

The dynamic ageing method used was shown to be a lot less destructive to the catalyst.  A 

decrease in BET surface area of 50% was caused after 12 hours at 900 ᵒC, and further 

ageing to 108 hours resulted in no change.  The diffractogram for the aged sample was 

shown to be very similar to that of the fresh, indicating that no phase changes had 
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occurred in the washcoat.  Activity tests showed that the oxidation of carbon monoxide 

was not affected by the dynamic ageing.  NO reduction was affected by ageing, with the 

light-off temperatures increasing from 280 ᵒC for the fresh catalyst to 355 ᵒC and 380 ᵒC 

after 12 and 108 hours respectively. 

This study is useful as it compares static and dynamic ageing of catalyst samples, conducted 

in laboratory conditions.  However, a better comparison may have been made if both of the 

ageing methods were to be conducted at the same temperatures.  The static ageing 

temperature of 1200 ᵒC, coupled with an oxidizing environment, may have been too 

extreme for the ageing times sampled. 

Research conducted by Hughes (34), at Corning Incorporated, investigated the emissions 

performance of new catalyst substrates, as well as the ageing characteristics of catalyst 

samples with different cell densities.  Three bimetallic samples, with a diameter of 110 mm 

and a length of 100 mm, were used in this study.  One of the samples had a cell density of 

620,000 cells/m2 (400 cells/in2) and two had a cell density of 1,395,000 cells/m2 (900 

cells/in2).  Ageing was performed using an engine dynamometer for the RAT-A (805) 

protocol.  The inlet control temperature was kept at 805 ᵒC and ageing was conducted for 

100 hours, which the author states is equivalent to 100,000 miles on a cooled under-body 

system on a six cylinder vehicle, or 25,000 – 35,000 miles on a hot close-coupled four 

cylinder engine.  After the catalyst samples were engine aged, they were installed onto a 

vehicle, which was operated on a chassis dynamometer over the light-duty Federal Test 

Procedure, in order to determine the degree of ageing. 

During ageing it was seen that the catalyst samples with the higher cell densities 

experienced higher peak temperatures due to their greater volume of substrate, number of 

catalytic sites, and higher surface areas.  The samples with the higher cell densities, even 

though they were shown to have a higher peak temperature, were not aged more 

significantly than samples with lower cell densities.  In the first 10 hours the high cell 

density samples show greater ageing; however, the highest density substrates 

outperformed the others and were more robust due to the increased surface area.  

This study is useful as it as it examined the effect that cell density had on catalyst ageing, 

and as catalysts with different cell densities are used in experimental work in this thesis it is 

important to have an idea of the differences that exist.  This study shows that high cell 

density substrates provide a level of durability that was thought to be lacking, and in fact 
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perform slightly better than low cell density catalysts.  This durability indicates that high 

cell densities are better suited to high temperature applications.  

More et al. (35) conducted a study to investigate the thermally induced microstructural 

changes which cause the progressive loss of catalyst performance in a three-way catalytic 

converter.  The laboratory produced catalysts used in this study were 1.4 litre volume, 

ceramic monolith converters with a Pt/Rh loading.  The catalysts had alumina/ceria 

washcoats with varying ceria levels of 20, 30, 40, 60 and 90 vol.%.  Each of the catalysts was 

aged on 4.3 litre V-6 Chevrolet engines for one of three different accelerated test 

schedules; RAT-B for 75 hours, representing 50,000 miles, RAT-A for 50 hours, representing 

50,000 miles of driving, or RAT-A for 200 hours, representing 200,000 miles of driving.  

After ageing, central cores were taken from the inlet, middle and outlet sections of the 

catalysts.  From these cores, small samples were then taken for TEM and SEM analysis.   

TEM analysis conducted on the fresh catalyst samples showed that only fine grain gamma-

alumina was present in the washcoat.  EMPA (electro micro probe analysis) showed that 

the Pt and Rh concentrations were in greatest concentration at the washcoat surface.  Pt 

and Rh in the washcoat were found to be atomically distributed rather than existing as 

individual particles or clusters in the fresh catalyst.   

After ageing, the structure of the washcoat constituents was changed.  After each ageing 

test, XRD analysis showed a progressive gamma to alpha-alumina transformation, with 

changes in the crystal structure of the alumina, and also the ceria, evident.  The more 

substantial changes in washcoat structure were seen to occur after the RAT-A 50 hour 

ageing compared to the RAT-B 75 hour ageing.  The RAT-A 50 hour ageing provides higher 

temperatures but a shorter ageing duration, thus showing that ageing temperature is a 

more critical factor than ageing time.  The washcoat containing 60% ceria was found to be 

much more susceptible to gamma-to-alpha-alumina transformation, as the ceria was more 

finely dispersed on the washcoat.  Alpha-alumina was seen to be primarily found 

surrounding the finely dispersed ceria particles and this was stated to be the reason for this 

trend. 

Research was conducted at Johnson Matthey (36), which investigated the thermal 

deactivation of Pt/Rh catalysts subjected to dynamometer and laboratory ageing methods.  

Laboratory ageing was conducted on cylindrical catalyst cores, with a cell density of 

620,000 cells/m2 (400 cells/in2) and a diameter of 25.4 mm, which were cut from a full size 
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brick.  The cored samples were placed in a quartz tube surrounded by a furnace and 

connected to a gas delivery system.  The ageing gas mixture consisted of 2% O2, 10% H2O 

and balance N2, and the catalysts were aged in this mixture at 1000 ᵒC for 6 hours.  Catalyst 

cores were also aged in air at 900 ᵒC, 1000 ᵒC and 1100 ᵒC for 24 hours.  Dynamometer 

ageing was carried out on a 4.0 l V-8 engine, for a period of 50 hours, for temperatures of 

800 ᵒC, 900 ᵒC and 950 ᵒC.  It was shown in this study that interactions between the 

precious metal particles and CeO2 resulted in an improvement in light-off performance.  

After all of the ageing methods conducted in this study, the catalysts were found to meet 

the emissions standards applicable at that time.  Again this study gives a good indication of 

ageing techniques conducted under laboratory conditions. 

Kallinen et al. (37) developed a laboratory ageing cycle that simulated the real engine 

ageing of three-way catalysts.  The laboratory cycle was based on the rapid ageing hot 

(RAH) cycle used in engine bench ageing.  Laboratory ageing (RAHLAB) was conducted in a 

quartz tube reactor installed inside a tube furnace, with simultaneous gas concentration 

and temperature changes achieved by adjusting the IR-furnace and gas flow parameters.  

Ageing was conducted for 1 and 2 hours using this method.  This laboratory ageing method 

was compared to engine ageing, using a Chevrolet V-8 5.0 l engine for a rapid ageing hot 

(RAH) test schedule for an ageing time of 40 hours.  Static ageing in air was also conducted 

in a muffle furnace at 1050 ᵒC for 3 hours. 

Catalyst samples used in this study were produced in the lab.  These samples were 

characterised, before and after ageing, in order to compare the effects of the different 

ageing methods.  After engine ageing of a catalyst sample, light-off temperatures for HC, 

CO and NOx were found to be 271, 262 and 266 ᵒC respectively.  The same sample (S2), 

after 1 hour of additional ageing with the RAHLAB cycle produced light-off values of 275, 

265 and 267 ᵒC for HC, CO and NOx, respectively, which were very close to those achieved 

after the real engine ageing.  However, after oven ageing, at 1050 ᵒC for 3 hours, the light-

off temperatures for HC, CO and NOx had risen to 322, 320 and 329 ᵒC, respectively.  These 

results show that the oven ageing at 1050 ᵒC in an air atmosphere was more severe than 

the engine and RAHLAB ageing.  Another sample (S1) was aged from fresh using the 

RAHLAB ageing method, and this produced light-off temperatures of 276, 268 and 269 ᵒC 

for HC, CO and NOx, respectively.  These values for S1 are very similar to those for S2 after 

engine and RAHLAB ageing, which confirm the ageing effect that this laboratory cycle has.   
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The samples were also evaluated using CO chemisorptions, oxygen storage capacity 

experiments and BET analysis.  Specific surface area and oxygen storage capacity were 

shown to decrease and particle size increase, after each ageing method.  Also, the precious 

metal particle dispersion on the washcoat surface was seen to decrease from 33% (S3) and 

48% (S6) to less than 2%, for all forms of ageing.  It was concluded that there were 

correlations between the RAHLAB and engine ageing; however, longer ageing times are 

required to give better trends regarding ageing time effects.   

In 1998, a study was conducted by Hu et al. (38), where laboratory prepared Pt, Rh and 

Pt/Rh three-way catalyst samples were aged and analysed for performance and structural 

changes.  The 38 mm diameter by 76 mm length catalyst cores were aged in a laboratory 

honeycomb reactor, in a simulated auto exhaust stream at 900 ᵒC for 12 hours.  Two ageing 

atmospheres of 10% steam air, and 10% steam, 7% H2 and balance N2 were used.  

Characterisation methods showed that after exposure to elevated temperatures, the 

mono-metallic Pt and Rh catalysts were severely deactivated, with only the bi-metallic 

Pt/Rh remaining active.  The Pt catalyst sample was found to have experienced some 

deactivation under the reducing environment, but ageing was more severe under oxidising 

conditions.  For the mono-metallic Rh sample, deactivation under oxidising conditions 

occurred with the formation of inactive Rh-aluminate species, which were then seen to 

regenerate back to highly active Rh metal particles under reducing conditions at high 

temperature (900 ᵒC).  The bi-metallic Pt/Rh catalyst was seen to experience similar 

deactivation cycles; however, the regeneration of the Rh-aluminate species occurred at a 

much lower temperature of around 290 ᵒC. 

Again this study gives a good indication into the performance of different precious metal 

compositions.  However, this piece of work only looks at one ageing time and temperature 

combination. 

Research was conducted by Gonzalez-Velasco et al. (39), at the University of the Basque 

Country, to analyse how ageing in a synthetic gas flow affected the performance of both 

mono-metallic and multi-metallic catalysts.  The fresh catalysts were aged at 900 ᵒC, for 5 

hours, in a cycled oxidising and reducing environment.  Activity tests were performed using 

a stainless steel tubular reactor on 1.8 g of the catalyst. 

BET analysis showed a 41% decrease in surface area, due to a loss in pore volume and 

increase in pore radius.  The mono-metallic precious metal catalyst most resistant to ageing 



  Literature Review 

31 

was found to be Pd, followed by Pt and then Rh.  The multi-metallic catalysts containing Pd 

were also shown to have the greatest resistance to ageing effects.   

This research is useful for comparison between the different metallic formulations after a 

cycled ageing procedure.  However, it does not consider a variation of ageing time or 

ageing temperature, and therefore fails to analyse what factors are most important to 

catalyst ageing. 

Work carried out in Spain at the Institute of Catalysis and Petroleum looked at how oven 

ageing of a Pd catalyst influences its structural characteristics and CO light-off activity (19).  

The catalyst used in this work was prepared in the laboratory, by impregnation of Pd onto a 

gamma-alumina washcoat with cerium-zirconium additives.  The fresh catalyst was 

thermally aged in a chamber furnace, in air, at 1000 ᵒC for an ageing time of 16 hours.  The 

sample was analysed, before and after ageing, using BET, XRD, TEM-EDS and activity 

analysis.  A flow reactor system was used to conduct the CO and NO activity tests on a 

powdered sample of the catalyst, for stoichiometric gas mixtures, at a space velocity of 

30000 h-1 and ramp rate of 5 ᵒC/min.  In situ-DRIFTS was also used in this study, which 

allows one to follow the physiochemical processes taking place over the course of the 

reactions matching the changes of state of the Pd. 

XRD and TEM-EDS analysis showed that significant sintering of both the Pd and the Ce-Zr 

mixed oxide active components occurred during ageing, and this corresponded to reduced 

activity for CO oxidation and NO reduction as shown by activity tests.  In situ-DRIFTS for 

those reactions showed that the loss of (Ce, Zr)Ox also affects the catalyst sites, and so 

lower activity is not just down to precious metal sintering. 

Another study conducted at the Institute of Catalysis and Petroleum (40), took samples 

from different axial locations of a vehicle aged three-way catalyst.  The Pd/Rh catalyst, 

provided by Ford Spain, was aged on a 1.4 l Ford Fiesta for 60,000 km, under an urban 

driving pattern.  The catalytic converter consisted of a front and rear monolith, and 

samples were taken from the front inlet and outlet, and rear inlet and outlet.  TXRF, XRD, 

BET and activity tests were conducted for fresh and aged samples.  Activity tests were 

conducted on crushed samples in a fixed-bed reactor at atmospheric pressure. 

Using TXRF analysis it was seen that high phosphorous content was found at the inlet of the 

front monolith, with concentrations decreasing towards the rear, with zinc poisoning 

showing the same trends.  Lead was seen to have accumulated on both monoliths.  X-ray 
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diffraction results showed that both the front and rear fresh monoliths showed similar 

profiles.  After ageing it was seen that a high degree of sintering had occurred at the outlet 

section of the front monolith.  BET analysis showed that the surface area was seen to 

reduce in both monoliths after ageing, with higher reductions occurring in the front.  

Activity tests showed that deactivation had occurred for both front and rear monoliths.  For 

CO oxidation the deactivation was not as intense, with little difference in light-off between 

fresh and aged for the front monolith, and only a slight rise in the light-off temperature for 

the rear.  For propene oxidation similar deactivation was shown in the front and rear 

monoliths.  At the inlet of the front monolith, deactivation for NO reduction was high with 

conversion levels only reaching 30%, whereas conversion at the outlet of the monolith was 

similar to when fresh (100%).  In the rear monolith deactivation was not as severe, with 

72.4% conversion occurring at the inlet and 84.2% at the outlet. 

This study helped to show how deactivation occurs on a real vehicle.  It provides a detailed 

look into the various deactivation mechanisms. 

The effect of different ageing atmospheres on the catalytic activity of a metallic monolith, 

Pd/Rh three-way automotive catalyst was investigated at the University of Oulu, Finland, by 

Hietikko et al. (41).  Evaluated in this study were the catalyst performance, ageing induced 

solid-solid phase transitions in the bulk washcoat, and the loss of specific surface area using 

activity tests, X-ray diffraction, and BET measurements, respectively.  The catalysts used in 

this study were produced at the university.  They consisted of a thin Fe-Cr-Al foil coated 

with a gamma-alumina containing washcoat and CexZr1-xO2 mixed oxides.  The washcoat 

materials were mixed with the precursor salts, and the slurry was coated to the layered 

structure.  The catalysts were then dried and calcined in air. 

Thermal ageing of the samples was conducted in a tubular furnace.  Ageing was carried out 

in a static air (oxidising) atmosphere, in a flowing nitrogen (inert) atmosphere, and in a 5% 

H2/N2 (reducing) flow, in the temperature range of 800-1200 ᵒC.  Ageing time was also 

varied, with ageing conducted for times of 3, 24 or 42 hours.  Catalysts were also engine 

aged, in the exhaust gas stream of a 5.0 l V8 engine during 40 hours of operation.  This 

ageing procedure included both rich (50 min/1030 ᵒC, λ=0.98-0.99) and stoichiometric (10 

min/1050-1060 ᵒC, λ=1.00) air/fuel ratios.  The vehicle ageing was conducted under the 

European driving conditions, 100,000 km.  Table 2.2 summarises the ageing procedures. 
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Table 2.2 Laboratory and engine ageing procedures. 

Gas Feed Temperature (ᵒC) Ageing Time (h) 

Oxidising (air) 800-1200 3, 24 and 42 

Reducing (5% H2/N2) 800-1200 3, 24 and 42 

Inert (nitrogen) 800-1200 3, 24 

Exhaust gas (engine ageing) 1030-1060 40 

Exhaust gas (vehicle ageing) 

 

100000 km 

The BET results showed that both the gas phase composition and the ageing temperature 

influence the catalytic activity and structural properties of the catalysts.  For ageing in the 

oxidising atmosphere, the BET surface area decreased from 69 m2/g, when fresh, to 25 

m2/g after 3 hours at 1000 ᵒC.  After 24 hours of ageing at 1000 ᵒC the surface area had 

reduced further to 21 m2/g.  Ageing at 1200 ᵒC for 3 hours resulted in a surface area of 1.5 

m2/g, and after further ageing to 24 hours the surface area was 0.1 m2/g.  Decreases in the 

surface area for the catalysts aged in reducing and inert atmospheres also occurred, 

although it was not as extensive as in the oxidising atmosphere.  For thermal ageing at 

1050 ᵒC for 3 hours the loss in surface area was 82% after oxidising, 43% after inert and 

only 38% after reducing ageing.  The activity of the catalysts remained higher after reducing 

ageing compared to the oxidising ageing, which was consistent with the changes in surface 

area.  This study therefore showed that ageing in oxidising conditions is more demanding 

on the catalyst and causes greater deactivation.   

The reasons for how the different ageing conditions affect the catalysts are also discussed 

in this study.  X-ray diffraction was able to show that, after ageing in reducing and inert 

atmospheres at temperatures around 1000 ᵒC, the formation of the CeAlO3 aluminate 

occurs.  This acts to inhibit crystal growth and prevents the formation of low surface area 

alpha-alumina phase responsible for the rapid decrease in surface area.  However, in the 

case of oxidising ageing, it was seen that alpha-alumina was formed before the CeAlO3, and 

therefore the aluminate could not inhibit the crystal growth.  According to the author it 

was for this reason that the surface area remained higher after reducing and inert ageing 

compared to oxidising, where the loss in surface area is significant even after short ageing 

times. 

The study was not able to confirm which laboratory ageing procedure correlated best to 

the vehicle and engine ageing.  It was found that the 24 hour ageing at 1000 ᵒC in a 
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reducing atmosphere correlated best in terms of phase changes.  The surface area 

correlated best after 3 hours reducing ageing at 1200 ᵒC, and for catalyst activity the best 

correlation existed after 3 hours of oxidising ageing at 1200 ᵒC. 

Polvinen et al. (42) conducted static air ageing in a muffle furnace, at atmospheric pressure 

and a temperature of 1000 ᵒC, for 3 hours.  The Pt, Rh and Pt/Rh catalyst samples used in 

this study were prepared in the laboratory, and their washcoats were composed of either 

pure gamma-alumina or gamma-alumina modified by Ce-ZrO2.  TEM analysis was used to 

show that, after air ageing, the particle growth of platinum was more prominent than that 

of rhodium due to its higher loading, the lower stability of platinum oxide, and the strong 

interaction of rhodium with the alumina support and also with the platinum.  Noble metal 

particle growth in ageing treatment was found to be more pronounced on the Ce-ZrO2 

containing catalyst, and a further increase in particle size was detected on the Ce-ZrO2 

catalysts after H2 reduction at 300 ᵒC.  The author states that this is thought to be related 

to the ability of Ce-ZrO2 to reduce oxygen in a reducing atmosphere, which may combine 

with hydrogen on the surface of the noble metals and the water vapour formed may induce 

a local increase of humidity in the pores of the catalyst support, and therefore favouring 

particle sintering. 

In 2008, a group of researchers at a French university (18) conducted a study to investigate 

the link between the sintering of a Pt-alumina catalyst and its activity for the CO oxidation 

reaction.  Catalysts for this study were prepared in the laboratory, by wet impregnation of 

gamma-alumina with a platinum containing solution.  Catalyst ageing was conducted in a 

fixed bed quartz reactor, for constant ageing temperatures of 500, 600 and 700 ᵒC, at a 

space velocity of 12,000 h-1, for ageing times ranging from 15 minutes to 16 hours.  Activity 

tests were conducted on 200 mg of powdered catalyst using the same reactor as for the 

ageing, and transition electron microscopy was used to measure the size distribution of the 

platinum particles.  Table 2.3 shows the CO light-off temperature differences, ΔTLO, 

between fresh and aged for each of the catalysts, and also the surface average particle 

diameter, ds. 
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Table 2.3 Light-off temperatures and average particle diameters for catalyst ageing. 

Ageing Temperature (ᵒC) Ageing Time (h) ΔTLO (ᵒC) ds (Å) 

Fresh   20.6 

600 0.25 15 57.7 

600 1 26 62.4 

600 4 38 122.0 

600 16 48 128.0 

700 0.25 20 76.8 

It can be seen that, as the ageing time increases, or as the ageing temperature goes up 

from 600 to 700 ᵒC, the size distribution shifts towards particles with larger diameters.  

After 15 minutes ageing at 600 ᵒC, 82% of the particles had a diameter smaller than 4.5 nm, 

and this value dropped to 52% after ageing at 700 ᵒC.  Dispersion of the precious metal 

particles on the surface of the washcoat was shown to reduce as ageing time and 

temperature were increased.  For the fresh catalyst a dispersion of 71% was observed; 

however, this dropped to only 25% after 15 minutes ageing at 600 ᵒC, and 19% after 15 

minutes ageing at 700 ᵒC.  The dispersion after 16 hours ageing at 600 ᵒC was shown to be 

11%. The sintering effect for the ageing treatment is therefore enhanced as the 

temperature increases, and this clearly has an effect on the light-off performance.  Ageing 

at 500 ᵒC was shown to cause no sintering to occur. 

Research conducted at Toyota in 2008 by Tanabe et al. (43) studied the sintering and 

redispersion of Pt, as well as the deterioration and regeneration of catalytic activity, for 

Pt/MgO, and Pt/Al2O3 automotive exhaust catalysts.  The Pt/MgO and Pt/γ-Al2O3 catalysts 

were prepared in the laboratory in pellet form, with a Pt loading of 1 wt%.  The catalyst 

pellets were aged in a quartz tube under two atmospheric conditions, at a flow rate of 1 

l/min.  Ageing was conducted in an air flow for 5 hours, at temperatures of 700, 800 or 900 

ᵒC.  Redox ageing was conducted at temperatures of 800, 900 or 1000 ᵒC for 5 hours in a 

flow which was cyclically switched at 5 minute intervals between 5% O2 in N2 and 10% H2 in 

N2. 

The aged catalysts were characterised using a number of different methods.  XRD was used 

to analyse the Pt particle size, and the Pt dispersion was determined by CO pulse 

chemisorptions.  TEM analysis was used to observe the Pt particles in the catalyst and XPS 

was conducted in order to evaluate the chemical properties of the support.  A tubular 



  Literature Review 

36 

fixed-bed reactor was used to conduct catalyst activity tests, using a flow rate of 3.3 l/min 

of simulated exhaust gas containing 0.7% CO, 0.23% H2, 0.053% C3H6, 0.12% NO, 0.646% O2, 

10% CO2, and 3% H2O in N2.  

Ageing in air caused deactivation of the Pt-/Al2O3 catalyst, with HC light-off temperature 

shifting by around 200 ᵒC from fresh to aged at 700 ᵒC.  The catalysts aged in air at 800 and 

900 ᵒC showed no further shift in light-off activity from the catalyst aged at 700 ᵒC.  XRD 

analysis showed that sintering of the Pt particles occurred during ageing of the Pt/Al2O3 

catalyst, with particle sizes increasing to 30, 34 and 35 nm after ageing at 700, 800 and 900 

ᵒC respectively. 

The Pt/MgO catalyst showed no shift in light-off temperature after ageing, indicating that it 

had higher stability than the Pt/Al2O3 under oxidizing conditions at high temperature.  Also, 

no sintering was observed for the Pt/MgO catalyst.  The author stated that this is due to 

the formation of a Mg2PtO4 compound which acts as an anchor, inhibiting Pt sintering in air 

ageing. 

Redox ageing of the Pt/Al2O3 catalyst was shown to cause a continual shift in HC light-off 

temperature for each rise in ageing temperature.  The Pt/MgO catalyst also experienced a 

shift in light-off temperature from fresh to aged; however, ageing at 800, 900 and 1000 ᵒC 

all caused the same level of deterioration.  Both catalysts experienced sintering of the Pt 

particles, with particle size increasing further with each rise in ageing temperature.  This 

trend did not correlate to the activity results for the Pt/MgO catalyst.  CO pulse adsorption 

showed a decrease in dispersion of the Pt particles after redox ageing.  For the Pt/Al2O3 

catalyst the dispersion decreased as the ageing temperature increased, reducing from 55% 

when fresh, to 0.5% after ageing at 1000 ᵒC.  The Pt/MgO catalyst experienced a decrease 

in Pt dispersion, from 21% when fresh to 3% for all ageing temperatures.  Correlation was 

therefore shown to exist between the Pt dispersion percentage and the light-off activities 

of both catalysts.  It is concluded from this study that dispersion is a direct measure of 

catalytic active sites and changes in dispersion best describes the deactivation of a catalyst. 

Lassi (21), at the University of Oulu, Finland, compared laboratory scale ageing to vehicle 

and engine dynamometer ageing.  Ageing in the lab was conducted using a synthetic gas 

system, consisting of feed gas that passes through an infrared tube furnace and then 

through the 8 mm diameter by 28 mm length catalyst core.  Pt/Rh samples were used, 

which were aged in oxidising, reducing and inert atmospheres for temperatures ranging 
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from 800 ᵒC to 1200ᵒC.  The engine test bench procedure was carried out with a V8 engine 

supplying the exhaust stream to the catalyst.  An hour long cycle, consisting of a rich gas 

mixture for 50 minutes with a temperature of 1030 ᵒC , followed by 10 minutes of 

stoichiometric operation with an exhaust stream temperature of around 1050-1060 ᵒC was 

repeated to a total of 40 hours.  The vehicle ageing was carried out under European driving 

conditions to a distance of 100,000km.   

A range of characterisation techniques were used to analyse the fresh and aged samples, 

including SEM, BET, XRD and activity tests.  The activity testing was conducted using the 

same laboratory reactor as for the ageing.  For the engine and vehicle aged catalysts, the 

activity tests were conducted on cores taken from front and rear zones of the bricks.  

Conclusions were made that the most important thermal deactivation mechanisms of the 

Pt/Rh automotive catalyst are the sintering of the precious metal active sites, loss of the 

washcoat surface area and phase transitions.  It was shown that the ageing temperature, 

gas phase composition and ageing time are all important variables for deactivation.  The 

laboratory scale air ageing was shown not to correlate well to ageing induced changes in 

the catalyst under vehicle operation. 

Previous research conducted at Queen’s University Belfast, by Woods (44), investigated the 

fundamental factors known to contribute to catalytic converter deactivation, by 

development and construction of ageing facilities that isolated the ageing factors under 

inspection.  Ageing was carried out using three different procedures.  The first of these was 

a static ageing procedure, conducted in an ageing vessel, which was placed inside a high 

temperature chamber furnace.  Cored Pt/Rh catalyst samples, with a 30 mm diameter and 

20 mm length, were placed inside the vessel, which had N2 gas trickled in to form a N2 only 

atmosphere.  Samples were aged at temperatures ranging from 750-900 ᵒC, for 25, 50 and 

100 hours.  BET analysis was used to show that the surface area of the washcoat decreased 

as ageing time increased, for all ageing temperatures.  CO activity tests also showed a 

decrease in catalyst activity as the ageing temperature was increased, and after 300 hours 

of ageing there was still no stabilisation of the light-off activity.  These tests showed that 

ageing temperature alone can affect precious metal agglomeration.  This is contradictory to 

work carried out by Baba et al. (45), which stated that oxygen must be present for 

agglomeration to take place. 

A second form of static ageing was conducted on catalyst cores in sealed ageing vessels, 

which were placed in a chamber furnace.  Ageing was conducted at temperatures of 800, 
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850 and 900 ᵒC for ageing times of  50, 100, 150, 200, 250 and 300 hours.  Each 

combination of ageing time and temperature was conducted in four different atmospheres, 

mix 1 (100% N2), mix 2 (10% CO2, 90% N2), mix 3 (1% O2, 10% CO2, 89% N2) and mix 4 (2% 

O2, 10% CO2, 88% N2).  This study aimed to see the effect that ageing time, temperature 

and ageing atmosphere had on the catalyst.  TEM results showed that agglomeration 

occurred as ageing time and temperature increased regardless of the ageing gas mixture, 

and negligible difference in particle sizes were observed across all gas mixtures.  Activity 

tests showed that with increasing ageing times and temperatures came a reduction in 

catalyst activity; however, ageing atmosphere was shown to cause negligible differences.  

BET analysis on the sample aged at 850 ᵒC in gas mix 3 showed that all of the loss in 

washcoat surface area occurred in the first 50 hours of ageing. 

The final ageing procedure conducted in this study was dynamic ageing.  It was carried out 

in a synthetic gas system.  RAT-A ageing was conducted on 30 mm diameter by 20 mm 

length cored samples to a maximum of 120 hours, equivalent to 100,000-120,000 miles of 

vehicle ageing.  Six samples were used, and one was removed from the system every 20 

hours.  Ageing was therefore conducted for 20, 40, 60, 80, 100 and 120 hours.  The ageing 

cycle consisted of a 4 second lean window and a 16 second rich window, causing the bed 

temperature of the samples to oscillate between 800 and 950 ᵒC.  Characterisation of the 

RAT-A aged samples showed clear, concise relationships with respect to increasing ageing 

time.  The washcoat surface area showed a decrease as the ageing time increased, and also 

an increase in CO light-off temperature.  Precious metal particle size was found to increase 

along with washcoat sintering as ageing time increased. 

This extensive study on catalyst ageing is of great interest to this research.  It examined all 

of the factors that may influence thermal ageing.  However, only cored samples were used 

in this study.  

Hydrothermal ageing is a method of accelerated ageing that is commonly used in industry, 

as an alternative to ageing on an engine test bench.  This is also a laboratory based ageing 

method. 

McCabe et al. (46), at the Ford Motor Company, used hydrothermal ageing of catalyst 

samples in order to determine the interactions between the Rh precious metal particles, 

and different phases of alumina washcoat.  To create the samples, aluminium oxide 

powders were firstly aged in air in a furnace for ageing temperatures ranging from 600 ᵒC 
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to 1200 ᵒC, and ageing times ranging from 4 hours to 24 hours.  This procedure was used to 

obtain delta, theta and alpha-alumina phases.  These alumina samples were then 

impregnated to give a Rh precious metal loading.  Hydrothermal ageing was conducted by 

subjecting a portion of each sample to 10% H2O in 0.2 l/min of flowing air at 950 ᵒC for 24 

hours.   

After the initial furnace ageing in air, delta phase alumina was formed for ageing 

temperatures up to 1100 ᵒC.  At higher temperatures alpha-alumina was produced.  After 

the initial furnace ageing, hydrothermal ageing was shown to cause a decrease in the BET 

surface area and a reduction in Rh dispersion percentage beyond the furnace ageing.  The 

alumina phases with the lower BET surface areas were found to have higher Rh dispersion 

than samples with high BET surface area.  These results indicated that the alpha phase 

alumina is optimal for maximising the dispersion of Rh after high temperature steam/air 

ageing.  The effect that Rh loading has on the catalyst deactivation due to hydrothermal 

ageing was also investigated.  It was shown that Rh loadings less than 1 µmol/m2 resulted 

in three to five times higher Rh dispersion after hydrothermal ageing than obtained for 

catalyst samples with higher Rh loadings.  The authors state that the combined effects of 

an alpha-alumina washcoat, steam/air ageing the alumina at high temperature prior to 

deposition of Rh, and loading Rh at levels below 1 µmol/m2 result in an active catalyst. 

In many cases, hydrothermal ageing has been used to investigate the loss of oxygen 

storage capacity for automotive three-way catalysts consisting of alumina-ceria washcoats 

loaded with platinum and rhodium precious metals. Rogemond et al. (47), conducted a 

study in conjunction with Renault, which investigated the change in ceria surface area 

caused by hydrothermal ageing.  A few grams of the Pt/Rh ceria-alumina catalyst were 

placed on a quartz fritted disk and hydrothermally treated at 1000 ᵒC using a 0.1 l/min flow 

of 10% H2O with balance N2.  The water was introduced to the flow using an automated 

syringe.  After ageing it was seen that the surface area of ceria was reduced by a factor of 

four, while the surface area of alumina was reduced by half.  The mean diameter of the 

CeO2 particles was also shown to have increased after ageing.  Supports not containing Pt 

and Rh precious metals were also aged hydrothermally using the same procedure.  For 

these samples the BET surface areas and the cerium oxide crystallite sizes are the same as 

for the Pt/Rh catalysts, which indicates that the presence of the Pt and Rh precious metals 

does not modify the ceria sintering process. 
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Rogemond et al. (48) carried this work further by performing hydrothermal ageing over a 

range of temperatures and comparing this form of laboratory ageing to ageing after 200 

hours on an engine bench.  In this study a commercial three-way catalyst, with a Pt/Rh 

weight ratio of 5:1 and a precious metal loading of 1.13 kg/m3 (32 g/ft3) was used.  The 

hydrothermal laboratory ageing consisted of treating the fresh catalysts for 5 hours at 900, 

1000 and 1100 ᵒC in a 6 l/min N2 flow containing 10% H2O introduced with an automated 

syringe.  A catalyst with the same formulation was aged on an engine bench for 200 hours, 

with an air/fuel ratio oscillating around stoichiometry.  As the ageing temperature 

increased, the mean particle size was shown to increase.  While fresh, the mean ceria 

particle size was measured to be 8.5 nm.  Sintering was shown to occur after ageing at 900 

ᵒC, with ceria particles increasing to 11.8 nm.  After ageing at 1000 and 1100 ᵒC the particle 

size was found to be 17.8 and 22.2 nm respectively.  The surface area of ceria per gram of 

washcoat was also found to decrease as the ageing temperature increased.  

Characterisation of the engine bench aged catalyst indicated that the sample was aged 

equivalent to the laboratory hydrothermal ageing at 1000 ᵒC for ceria BET surface area; 

however, engine ageing produced less severe ceria sintering.  Poisoning of the catalyst was 

found to have occurred during engine bench ageing, and this was not considered during the 

laboratory ageing procedure.  Pollutants, such as zinc, phosphorus and calcium were found 

in a 1 µm thick layer at the front section of the sample.  This layer of poisons became 

progressively thinner from the front face of the catalyst to the rear.  These poisons did not 

hinder the measurement of the ceria surface area. 

Schmeig and Belton (49) also conducted a study to investigate the effect of laboratory 

hydrothermal ageing on the oxygen storage/release and activity of a commercial three-way 

catalyst.  The catalyst used in this study had a cell density of 620,000 cells/m2 (400 cells/in2) 

and loaded with 0.78 kg/m3 (22 g/ft3) Pt and 0.06 kg/m3 (1.6 g/ft3) Rh.  The catalyst was 

also loaded with CeO2, NiO and ZrO2.  An Rh single crystal sample was also used in this 

study.  The ageing was conducted in a 25 mm diameter quartz tube furnace under cyclic 

redox conditions, at an ageing temperature of 1000 ᵒC and an ageing time of 4 hours.  The 

ageing gas feed, alternating between 5% H2/N2 and 5% O2/N2 every 10 seconds, first passed 

through water and then through the quartz tube.  XRD analysis showed an increase in the 

CeO2 particle size from 8 nm in the fresh catalyst to 47 nm in the aged catalyst.  After 

hydrothermal ageing the catalyst showed a severe reduction in oxygen storage capacity of 

the Ce and Ni, as well as a decrease in the carbon monoxide oxidation rate.  The authors 
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stated that the formation of large particles of CeO2 is the dominant thermal deactivation 

mechanism for a commercial Pt/Rh ceria-alumina three-way catalyst. 

It is noticeable from all of these studies that laboratory hydrothermal ageing was 

conducted on powders of the catalyst samples, and not on a full size brick or cored catalyst 

sample.  Also, none of the studies in this section investigate the activity of the samples over 

a range of ageing times and temperatures.  Hydrothermal ageing has also been conducted 

on SRC catalysts by Kwak et al. (50), and Huang et al. (51) at the Ford Motor Company 

In 1995, Harris (52) conducted a review of the growth and structure of supported metal 

catalyst particles, presenting his opinions on the experimental results of others.  Of main 

interest is the discussion regarding the increased sintering of precious metal particles in 

oxidising ageing atmospheres.  Harris states that for platinum catalysts in oxidising 

atmospheres, the formation of volatile platinum oxide (PtO2) occurs, and in this state the 

platinum can escape much more readily than in the form of Pt atoms.  Interparticle 

transport can then occur through the vapour phase or by diffusion of condensed PtO2 

particles across the support.  Also, the surface mobility is enhanced by the presence of 

oxygen, leading to enhanced sintering by migration and coalescence.  Harris also discusses 

the effect that washcoat additives have on particle sintering, increasing the metal-support 

interaction, causing the Pt particles to be more firmly anchored to the support and 

therefore limiting migration.  The author stated that alloying of the active metal particles 

with elements less susceptible to oxidation may help to reduce the effects of oxidising 

atmospheres. 

From the reviewed literature detailing catalyst ageing and testing methods, it was 

identified that there are no published results of activity tests for full size commercial 

catalyst bricks conducted on a laboratory scale, using a simulated exhaust flow.  Research 

groups have performed laboratory light-off tests on catalyst cores, powders and pellets.  In 

some cases these catalyst samples were produced in these forms using laboratory 

methods, however, in many cases the samples had to be cut from full size bricks in order 

for activity tests to be performed.  The cutting of small samples from a catalyst brick is a 

destructive method, which results in the loss of precious metals.  The process of coring 

usually involves removing a cylindrical sample all the way through from the front face of 

the brick to the rear, making the full size catalyst redundant for future use. 
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Two main laboratory ageing methods have been used throughout the published literature 

to examine the effect that thermal ageing has on catalyst samples; static and dynamic 

ageing.  Static ageing is the method in which catalyst samples are placed in a furnace, at a 

constant ageing temperature for a specified ageing time, with no flow passing through the 

sample.  Dynamic ageing has been conducted in laboratory reactors, as well as on-vehicle 

and on an engine dynamometer.  In dynamic ageing, an ageing gas is flowed through the 

catalyst sample, and the temperature can be held constant or varied to follow a specified 

ageing cycle. 

2.3 Catalyst Modelling 

Many mathematical models for monolith catalytic converters have been employed over the 

years to assist in the design and development of automotive exhaust after-treatment 

systems.  A variety of reactor models have been reported, some one-dimensional, some 

two-dimensional and some three-dimensional. 

Young and Finlayson (53) developed and solved a two-dimensional channel model for a 

monolith, using a quasi-static assumption for the gas phase in transient cases.  Heck et al. 

(54) used a simpler one-dimensional single channel model for predicting monolith 

behaviour.  Oh and Cavendish (55) also used a one-dimensional adiabatic channel model to 

study the response of a monolithic catalytic converter to step changes in feedstream 

temperature.  Lee and Aris (56) reported a two-dimensional, two-phase model that 

included heat radiation effects, which was then validated by Otto and LeGray (57) using 

experimental results.    Most of these models focus on the behaviour of adiabatic monoliths 

exposed to a uniform flow distribution at the front face, meaning that temperature and 

concentration profiles in all channels of the monolith are the same; therefore consideration 

of only one channel would be sufficient.  Actual automotive converters operate in a non-

adiabatic mode under conditions where the gas flow is distributed non-uniformly at the 

monolith inlet. 

A two-dimensional non-adiabatic model for describing the heat transfer in a non-reactive 

metal honeycomb monolith was developed by Flytzani-Stephanopoulos et al. (58).  Becker 

and Zygourakis (59) presented a two-dimensional solution for an adiabatic reacting 

monolith using a simple reaction scheme considering only CO oxidation and neglecting the 

effects of heat transfer through the surrounding materials.  Chen et al. (60) developed a 

comprehensive three-dimensional model for the analysis of transient thermal and 

conversion characteristics for monolithic catalytic converters.  These models all rely on 
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historical data provided by Voltz et al. (61), which refer to CO and HC oxidation in a lean 

environment on a platinum catalyst and have rate expressions of the Langmuir-

Hinshelwood type and account for the inhibition due to NO.  The Langmuir-Hinshelwood 

mechanism assumes that the adsorption and desorption processes are much faster than 

the surface reaction (62), and therefore the surface reaction between the adsorbed species 

is the rate limiting step.  The approach used in these studies is not sufficient for the 

modelling of three-way catalytic converters which should account for the reaction 

mechanisms in operating conditions very close to stoichiometric. 

Gottberg et al. (63) produced a more detailed channel model which took into account 

independent adsorption from gas phase to surface site, surface reactions and desorption 

from surface to gas phase for CO, CO2, O2, NO and C3H8.  However, the authors could not 

find kinetics data sufficient to cover this complex model.   

Kwon et al. (64) developed a two-dimensional non-isothermal monolith reactor model to 

predict the three-way catalyst performance, including the gas composition and 

temperature distribution with respect to both axial and radial positions.  The monolith 

reactor model was developed on the basis of intrinsic detailed reaction kinetics produced 

by the same authors in (65).  These reaction kinetics are based upon 18 reliable and 

possible reactions which were developed to describe the three-way catalyst activity under 

real world conditions.  The reaction kinetics used in this study are the most comprehensive 

of those used in the studies mentioned in this section. 

Research conducted by Dubien et al. (66) used laboratory reactor light-off results from 

catalyst cores to develop kinetic expressions for slow and fast oxidising hydrocarbons, a 

strongly adsorbed hydrocarbon, and the steam reforming reaction.  The aim of the work 

was to show how laboratory light-off curves could be used to easily develop reaction rate 

parameters.  However, correlation was found to be poor between simulations for 

laboratory reactor experiments and vehicle data.  The authors therefore published two sets 

of kinetic parameters; one set for the laboratory reactor testing and one set for the engine 

tests.  Stewart et al. (67) state that a lack of correlation is due to the global kinetic 

approach used, with the predictive capabilities of such a model being poor for conditions 

outside of those from which the kinetic parameters were derived.  This is due to the global 

kinetic approach using the assumption that the surface rate is the controlling step in the 

reaction.  The use of the gas-phase concentration for the rate of reaction and the omission 

of steps such as adsorption, desorption, and the number of active sites on the catalyst 



  Literature Review 

44 

surface, have caused global kinetic models to have little chemical meaning.  Differences 

could also exist due to variation in the heat transfer characteristics of the laboratory 

reactor system compared to the engine testing systems.  This factor, combined with 

variations in the average precious metal dispersion of a core compared to a full size brick 

could result in a loss of correlation between the light-off results, and therefore the kinetic 

parameters developed.  It is therefore important to study if correlation actually exists 

between full size and cored samples. 

2.4 QUB Global Kinetic Model 

The QUB global catalyst model was first developed by McCullough (68) as a Fortran code 

and has been considerably enhanced as a Microsoft Excel VBA based model over the past 

few years.  The current version is described by Stewart et al. (67).  Three-way catalyst 

specifications are inputted into a “Catalyst Characteristics” input sheet, a screenshot of 

which is shown in Figure 2.1.  Inputs to be specified include catalyst and housing geometry, 

precious metal loading and dispersion, material properties, mesh density, reaction and 

activation energies, pre-exponential constants and inhibition terms.  The model simulates 

the catalyst activity based on these parameters. 

 

Figure 2.1 Screenshot of catalyst characteristics input sheet. 
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The reactions, which the model considers (67), are categorised under three main headings:  

oxidation reactions, water-gas and steam reforming and the oxides of nitrogen (NOx) 

reactions.  The reaction equations all have a similar structure based on the Langmuir-

Hinshelwood approach, as proposed by Voltz (61) and later modified by Oh (69).  Activity is 

calculated by an Arrhenius promoting term that depends on gas phase concentration and 

precious metal active surface area.  Inhibition depends on the gas-phase concentrations of 

carbon monoxide, hydrocarbons and oxides of nitrogen. 

The model uses standard diffusion theory to model the mass transfer of the reacting gases 

to the surface, and the transfer rate of gases is determined from Fick’s law.  Heat transfer 

in the model uses the laws of conduction and convection.  Fourier’s law is used to calculate 

the solid state conduction and limiting Nusselt number with Newton’s law of convection 

used to determine the convection heat transfer between the solid and gas (68). 

The catalyst mesh defines the profile of the catalyst, with the catalyst monolith, matting 

and steel casing all included.  The mesh considers elements in both the axial and radial 

direction.  A diagram of the mesh used in the model is shown in Figure 2.2.  Increasing the 

number of axial and radial meshes improves the accuracy of the model; however, this 

results in increased computational time. 

 

Figure 2.2 Catalyst meshing for QUB global catalyst model (70). 

2.4.1 Model Structure 

The model begins by reading a file containing the catalyst input characteristics, as well as 

inlet gas concentrations, flow rate and inlet temperature ramp rate.  From these details a 
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set of 1-dimensional arrays are created which contain the values of parameters that vary 

only with radial position.  These include: 

 Solid contact area between substrate elements in the axial and radial directions 

 Mass of solid material 

 Mass flow rate of gas through the element 

 Wall-to-gas contact area in the element 

 Solid contact area between matting elements in the axial and radial directions. 

Once the 1-dimensional arrays have been created the main time loop can begin. 

The substrate and matting are both 2-dimensional, with a variable number of steps in both 

the axial and radial directions.  The substrate and the matting temperatures are modified in 

their respective conduction subroutines and stored in 2-dimensional arrays.  Values of gas 

temperature and concentration are required for various reaction and gas movement 

processes and these are held in a 3-dimensional array. 

The calculations applied to the matting and can elements involve simple heat conduction 

and convection equations.  However, the calculations performed at each element in the 

substrate are more complex and occur in the following sequence: 

 Calculation of conduction and temperature changes in the axial direction 

 Calculation of conduction and temperature changes in the radial direction 

 Calculation of heat transfer between the substrate and matting 

 Calculation of possible bulk mass transfer rates 

 Calculation of possible surface reaction rates 

 Calculation of overall reaction rates 

 Calculation of change in gas concentrations 

 Calculation of heat release 

 Calculation of heat transfer between the substrate and gas 

 Movement of gas along the catalyst 

 Mixing between inflow gas and residual gas. 

At the end of the time step new inlet temperatures are calculated for each radial position, 

and together with general boundary conditions form the inlet gas properties for the next 

time step. 

All of the models mentioned in this section are monolith reactor models, which predict the 

performance of a three-way catalyst with respect to factors such as reactor operating 

conditions, feed gas composition and reaction temperature.  However, none of these 
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models are capable of predicting the deterioration of a three-way catalytic converter due 

to ageing.  The next section will review mathematical models that aim to predict catalyst 

ageing. 

2.5 Ageing Modelling 

Research carried out by Oh and Cavendish (71) led to the development of a mathematical 

model which is capable of describing the poison penetration profile, both along the length 

as well as across the washcoat, and conversion performance of an automotive catalyst 

monolith as a function of its exposure time to poison.  The model deals with poison 

accumulation and warm up performance of a poisoned monolith; however, it ignores 

channel to channel variation and only considers platinum catalyzed oxidation reactions of 

CO, C3H6 and H2.  The poison accumulation model is based on a one-dimensional approach 

incorporating mass transfer and a poisoning reaction for adiabatic conditions at 838 K.  At 

the time, this study was able to provide guidance in the design of poison-resistant 

monoliths by analysing, using the transient mathematical model, the behaviour of 

monolithic converters under conditions of phosphorous poisoning. 

Using the early work of Oh and Cavendish as a basis, and combining it with the three-way 

kinetic scheme proposed by Baba et al. (45), Disdale et al. (72) utilised computational fluid 

dynamics (CFD) to derive a one-dimensional mathematical solution to obtain phosphorus 

accumulation profiles down the length of the catalyst.  The three-way catalyst model 

predicts poison profiles as well as light-off times and conversion efficiencies during the 

deactivation process; however, it only considers poisoning as the deactivation mechanism. 

A study by Jobson et al. (73) showed how deactivation by thermal effects followed a radial 

profile, with major deactivation occurring at the centre of a cylindrical catalyst brick and 

decreasing outwards towards the edges.  McDowell (74) suggested that a relationship 

existed between the ageing time and washcoat surface area and derived a model for the 

decay of surface area to be minus one fifth root of ageing time.   

One of the first computer models to quantify the exposure of catalysts to deactivating 

conditions was developed by Pattas et al. (75), taking into consideration thermal loading, 

high temperature oxidation and poisoning.  The model analysed ageing cycles for both 

vehicle and bench ageing, allowing comparisons to be made between the two.  The catalyst 

samples in this study were divided axially into sections along the length of the catalyst and 

the derived model took into account ageing at three temperature ranges running in 
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stoichiometric or lean environments.  The study found that the conditions that contributed 

most to thermal deactivation were when the catalyst was exposed to high temperatures in 

an oxidising environment.  Kallinen et al. (37) and Hu et al. (38) also showed that the most 

damaging effect on catalyst performance is from oxidising atmosphere at high 

temperatures, which can be found in real driving conditions before the deceleration from 

high or moderate speed.  In three-way catalysts containing rhodium noble metal particles, 

the catalyst deactivates under oxidising conditions by forming inert rhodium – aluminate 

species which then can regenerate back to highly active rhodium metal particles at high 

temperatures under reducing conditions.  These reducing conditions occur during the 

acceleration stage or at the moderate or high load stage. 

The most notable work on three-way catalyst ageing models has been carried out by the 

Toyota Motor Corporation and these publications are of most interest for this research.  

They are the first studies which aim to simulate the deactivation process of three-way 

catalytic converters.  The first of two pieces of work in this area by the Toyota Motor 

Corporation was by Matsunaga et al. (76), who put forward an in depth quantitive analysis 

of thermal deterioration within three-way catalysts.  Three key relationships between 

catalytic performance and aged Pt/Rh catalysts were described. 

A mathematical relationship between the platinum particle mean diameter and the 

hydrocarbon conversion temperature was derived, (Equation 2.1) by performing 

hydrocarbon light-off tests on aged catalyst samples and using X-Ray Diffraction to 

determine the platinum particle mean diameters. 

    
 

 
    

  

  
   

 

   
     Equation 2.1 

Where D is the platinum particle mean diameter, Ea is the activation energy, kB is the 

Boltzman Constant, T50 is the light-off temperature and C is a constant.  

The sintering rate of platinum particles was mathematically described to have a 

relationship with the ageing temperature, time and oxygen concentration (Equation 2.2).  

To determine this relationship ageing was carried out for a period of five hours at a 

temperature of 1000 °C in which the air-fuel ratio was cycled between rich and lean.  

Platinum mean diameters were measured using X-Ray Diffraction and the oxygen storage 

capacity of the catalyst samples measured in a tube reactor. 

  

  
   

 

 
      

     
 
   
   

 
 Equation 2.2 
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Where t is the ageing time, T is ageing temperature, [O2] is the oxygen concentration and a 

and b are tuning parameters. 

The final relationship derived is that between the platinum particle mean diameter and the 

oxygen storage capacity (Equation 2.3). 

        
 

 
     

 

 
 
 

 Equation 2.3 

Where [OSC] is the oxygen storage capacity and α is a constant. 

The second publication by the Toyota Motor Corporation, by Baba et al. (45), presents an 

extended version of the numerical simulation method to predict the deactivation process 

of three-way catalytic converters, leading on from the previous research, this time taking 

into account poisoning of the catalyst. 

In order to develop the numerical simulation method of the deactivation process, a number 

of tests were carried out to obtain detailed data concerning the deactivated state inside 

the aged catalyst.  A cylindrical ceramic monolithic converter was aged by accelerated 

engine bench ageing cycles which were equivalent to 100,000 miles driven in a car.  Firstly, 

thermal responses and light-off behaviours during warm up tests, of hydrocarbons, carbon 

monoxide and oxides of nitrogen, were measured for the aged catalyst.  Tests were also 

carried out for fresh catalysts so comparisons could be made.  The catalyst was then 

divided along the axial direction, into six samples of equal length, allowing analysis of 

deactivation to be studied along the entire catalyst length.  The samples were then crushed 

and hydrocarbon conversion efficiency was tested, platinum particle mean diameters were 

measured using X-Ray Diffraction, and concentrations of phosphorus poisons were 

measured by Inductively Coupled Radio Frequency Plasma method (ICP). 

The tests show that, for the warm up tests, unlike the fresh sample, the aged catalyst fails 

to reach a uniform temperature across the catalyst length.  Light-off of the three 

components was also delayed for the bench aged catalyst in comparison with the fresh 

catalyst.  Hydrocarbon activity, for the aged catalyst, also showed a significant decrease.  

Platinum particle mean diameter was shown to increase in size axially along the sample 

from the inlet, while phosphorous concentration decreased with the highest loading found 

at the front face, suggesting that the poison deposits suppress precious metal sintering. 
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Using the test results, and how the poison deposits are considered to suppress the noble 

metal sintering, the sintering expression proposed by Matsunaga et al. (Equation 2.2) was 

modified to include the effect of poisons as shown by Equation 2.4. 

  

  
   

 

 
      

     
 
   
   

   

                     
            Equation 2.4 

This equation is then integrated to give Equation 2.5 which allows an estimate of the noble 

metal particle size to be made after sintering in the prediction stage n. 

    
     

         
      

   

   
      

 

                    
 Equation 2.5 

Where Dn+1 and Dn denote the platinum particle mean diameter in the prediction stage n+1 

and n respectively, Δtn is the simulation interval in the prediction stage n, Ea is activation 

energy, R0 is the gas constant and a, b, ξ and η are tuning parameters. 

Matsunaga et al. suggested that the frequency factor A is inversely proportional to the 

platinum noble metal particle mean diameter D.  When the poisoning term is added, the 

frequency factor is defined by Equation 2.6, where D0 is the initial diameter of noble metal. 

           
  

 
 

 

          
            Equation 2.6 

The deactivation factor of three-way catalyst reactions, DFTWC, is given in Equation 2.7.  For 

a fresh catalyst DFTWC = 1, and DFTWC < 1 for an aged catalyst. 

       
  

 
 

 

          
 Equation 2.7 

Matsunaga et al. also suggested that the oxygen storage capacity is proportional to (1/D)2, 

as shown by Equation 2.3.  Therefore, the decrease in frequency factor, AOSR, and 

deactivation factor, DFOSR, for oxygen storage and release are given by Equation 2.8 and 

Equation 2.9 respectively. 

            
  

 
 
 
           Equation 2.8 

         
  

 
 
 

 Equation 2.9 

Where C is a tuning parameter. 
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The simulation model used in this study is an extension of Oh and Cavendish’s model, 

making it axi-symmetric and two dimensional for a cylindrical monolith.  The chemical 

reaction model of three-way Pt/Rh catalysts used is based on the model produced by Voltz 

et al. (61), which includes CO and HC oxidation as well as NO reduction. 

The research by Toyota claims that, from Equation 2.2 and Equation 2.5, if the oxygen 

concentration is zero no noble metal sintering will occur.  However, a study by Woods (44) 

contradicts this theory.  Catalyst ageing was carried out in a dry nitrogen environment, with 

no oxygen present.  Transmission Electron Microscopy (TEM) data showed that as ageing 

temperature increased from 750 °C to 950 °C the average precious metal particle size 

increased, from 7.2 nm to 10.9 nm.  This information must therefore be taken into account 

and incorporated into any new models being developed. 

2.6 Bench Ageing Time (BAT) Equation 

Before an automobile manufacturer can introduce a new motor vehicle into commerce, the 

manufacturer must obtain an Environmental Protection Agency (EPA) and/or CARB 

certificate of conformity indicating compliance with all applicable emissions standards over 

the vehicle’s useful life period (77).  The CAP 2000 (Compliance Assurance Program) 

certification regulations, established by the EPA, require that manufacturers demonstrate 

the adequacy of their durability processes to effectively predict emission compliance for 

candidate in-use vehicles (77).  The Standard Road Cycle (SRC) and Standard Bench Cycle 

(SBC) were introduced in 2005, by the US EPA, for predicting the useful life emissions of 

new light-duty vehicles under the CAP 2000 program, and are applicable mostly to gasoline 

cars and three-way catalysts (77).  The EPA Federal Register 2006 discusses these methods 

for determining vehicle exhaust durability. 

The Standard Road Cycle (SRC) is a whole vehicle ageing cycle which targets to cover a 

significant majority of the distribution of exhaust emission deterioration rates that occur on 

candidate in-use vehicles.  Manufacturers can demonstrate the emission levels of new 

vehicles at the end of their useful life period by running a vehicle on the SRC for the full 

useful life mileage.  The SRC, shown in Figure 2.3, consists of seven laps of 3.7 miles, with 

an average speed of 46.3 mph, a maximum cruise speed of 75 mph, and with acceleration 

rates ranging from light to hard accelerations. 
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Figure 2.3 Standard Road Cycle (78). 

Instead of running the SRC test over the full useful life mileage, the EPA proposed that 

manufacturers can perform accelerated ageing on an engine test bench.  The ageing is 

performed by repeating runs of the Standard Bench Cycle, shown in Figure 2.4, for a period 

of time calculated using the standard bench ageing time (BAT) equation.  The vehicle is run 

on the SRC to generate a catalyst temperature histogram and this data is used in the 

calculation. 

 

Figure 2.4 Standard Bench Cycle (78). 

The SBC is a 60 second cycle which consists of stoichiometric, lean, and rich operation, all at 

elevated catalyst temperature.  In this accelerated bench ageing a 120,000 mile ageing can 

be achieved in less than 300 hours (77). 

The BAT equation is used to calculate the appropriate length of time to age a catalyst 

system on an ageing bench to yield equivalent emission deterioration as running a vehicle 

on an approved road cycle.  The BAT equation is based on an Arrhenius equation which 

relates chemical reaction rates with temperature.  The EPA states the BAT equation as (77): 
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                  Equation 2.10 

                                             Equation 2.11 

                               Equation 2.12 

Where: 

A = 1.1.  This value adjusts the catalyst ageing time to account for deterioration other than 

thermal ageing of the catalyst. 

R = Catalyst thermal reactivity coefficient.  For the SBC, R = 17,500 for Tier 2 vehicles and R 

= 18,500 for all other vehicles.  The R-factor must be determined experimentally for cycles 

other than the SBC. 

th = The time (in hours) measured within the prescribed temperature bin of the vehicle’s 

catalyst temperature histogram, adjusted to a full useful life basis. 

Total te = The equivalent time (in hours) to age the catalyst at the temperature of Tr on the 

catalyst ageing bench using the catalyst ageing cycle to produce the equivalent 

deterioration experienced by the catalyst due to thermal deactivation over the vehicle’s full 

useful life. 

te (for a temperature bin) = The equivalent time (in hours) to age the catalyst at the 

temperature of Tr on the catalyst ageing cycle to produce the equivalent deterioration 

experienced by the catalyst due to thermal deactivation at the temperature bin of Tv over 

the vehicle’s full useful life. 

Tr = The effective reference temperature (in K) of the catalyst on the catalyst bench run on 

the bench ageing cycle.  The effective temperature is the constant temperature that would 

result in the same amount of ageing as the various temperatures experienced during the 

bench ageing cycle. 

Tv = The mid-point temperature (in K) of the temperature bin of the vehicle on-road 

catalyst temperature histogram. 

This equation is important for this research as it allows the time to be calculated for ageing 

on an accelerated bench cycle, which will produce ageing equivalent to that of a road cycle. 
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2.7 On-Board Diagnostics 

One of the key aspects of this research is to understand the effect that ageing time has on 

the deactivation of a three-way catalyst.  It is therefore important to gain an understanding 

of how the functionality of a three-way catalytic converter is monitored, and how the 

activity can be assessed over time on a vehicle. 

In order to achieve optimum performance and clean burning of fuel mixed with air in an 

internal combustion engine the control of the system is critical. As was discussed in Chapter 

1.4 it is advantageous to operate the engine around a stoichiometric air-fuel ratio, also 

known as lambda one.  Engine operation around stoichiometric conditions can be achieved 

by modern electronic engine management systems equipped with a lambda sensor.  The 

sensor detects deviations from stoichiometry and provides the feedback signal to the 

electronic control unit (ECU) for the closed-loop control system, which causes the air/fuel 

ratio to cycle rapidly about the stoichiometric balanced composition.  Deviations away from 

the stoichiometric air/fuel ratio lead to increased emissions which are unacceptable 

nowadays with increasingly stringent emissions standards being put in place.  For this 

reason, in 1994, second generation on-board diagnostic (OBD II) systems were introduced 

by CARB to monitor all emission relative components, making a second lambda sensor 

necessary downstream of the catalyst. 

Lambda sensor function and how they are used in on-board diagnostics is discussed in the 

paper by Riegel et al. (79).  The basic lambda sensor is the “narrow band” zirconium dioxide 

lambda sensor, which is based on a solid-state electrochemical fuel cell called the Nernst 

cell.  The sensor contains two porous platinum electrodes with a ceramic zirconium dioxide 

electrolyte between them.  The sensor references atmospheric oxygen, approximately 21%, 

to the varying amount of excess oxygen in the exhaust.  The larger the differential in 

oxygen between the atmosphere and exhaust the higher the voltage output of the sensor, 

with 0.2 V representing a lean mixture of fuel and oxygen and an output voltage of 0.8 V 

represents a rich mixture.  During normal engine operation the sensor voltage will oscillate 

between these two voltages and the system averages the sensor voltage to around 0.45 V 

which results in a stoichiometric mixture ratio.  A more efficient sensor is the “wide band” 

zirconia sensor, which incorporates an electronic gas pump.  An electric circuit containing a 

feedback loop controls the gas pump current to keep the output of the electrochemical cell 

constant, so that the pump current directly indicates the oxygen content of exhaust gas.  

The wide band sensor eliminates the lean-rich cycling allowing the control unit to adjust 
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the fuel delivery and ignition timing of the engine much more rapidly.  This type of sensor is 

also known as a UEGO (Universal Exhaust Gas Oxygen) sensor. 

Riegel et al. then describes how sensors are used for on-board diagnosis by considering a 

loss of oxygen storage capacity as catalyst ageing.  For a new catalyst, the downstream 

lambda amplitude is extremely suppressed by the catalyst storage leading to an almost 

constant air/fuel ratio; however, the more the catalyst is aged the higher the lambda 

amplitude becomes.  The rear sensor monitors this amplitude and triggers a code in case 

the amplitude exceeds a certain value.  By comparing both signals the lambda drift of the 

upstream sensor can be measured and a code is also set MIL (malfunction indicator lamp) if 

a threshold drift is surpassed.  Figure 2.5 shows the sensor signals for a fresh and aged 

catalyst. 

 

Figure 2.5 OBD monitoring of upstream sensor and catalyst.  (a) New catalyst with good 
OSC. (b) Aged catalyst with low OSC (79). 

An investigation by Koltsakis et al. (80) in 1995, very shortly after the introduction of the 

CARB OBD II requirements, failed to achieve a theoretical methodology to directly associate 

the response signals of the dual lambda sensor configuration with catalyst efficiency due to 

the complexity of the lambda sensor response characteristics.  However, a method was 

reviewed which compares the amplitude of the post and pre-catalyst signals for extreme 

cases of a brand new and a totally damaged catalyst and correlates catalyst efficiency with 

the signals.  Again the sensor signals before and after the catalytic converter are dependent 

on the oxygen storage capacity. 
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Research carried out by Muske et al. (12) resulted in the presentation of a model-based 

three-way automotive catalyst monitoring and fault detection strategy, with the 

performance of the catalyst inferred from the error between the post-catalyst exhaust gas 

oxygen sensor air/fuel ratio measurement and the model predicted value.  In this model 

the performance of the catalyst system is monitored by examining the post-catalyst model 

prediction errors in real time.  A simplified oxygen storage and reversible deactivation 

catalyst model compute errors, and if they exceed a threshold a fault is reported. 

The model for the deactivation fraction of the catalyst surface is determined by assuming 

that the rate of deactivation is proportional to the post-catalyst oxygen deficiency.  The 

monitoring strategy is to use the error between a model predicted and measured oxygen 

storage metric.  For a fresh catalyst the model prediction and actual measurement are in 

close agreement resulting in small prediction errors, while these errors increase as catalyst 

performance deteriorates.  A test statistic that is computed from a window of post-catalyst 

air/fuel prediction error data is updated in real time and a fault is assumed to be present 

when the value of the statistic exceeds a threshold determined from a specified confidence 

level. 

A typical threshold test used by ProCat Testing is illustrated on the graph shown in Figure 

2.6.  From this graph it can be seen that the air-fuel ratio at the front O2 sensor is cycling 

between rich and lean mixtures.  The engine is run rich for around 50 seconds before there 

is a sudden step to lean, as shown by the upstream O2 sensor.  Under rich conditions 

(excess fuel) the catalyst oxidises HCs and CO present in the exhaust gas by releasing 

previously stored oxygen.  The delay between the front and the rear O2 sensor shows that 

oxygen is still stored in the catalyst.  As long as the time delay between front and rear O2 

sensors is greater than 2 seconds the catalyst has not reached its end life.  In terms of on-

board diagnostics, loss of oxygen storage capacity is considered to be ageing of the catalyst, 

therefore a time delay of less than 2 seconds shows that significant oxygen storage capacity 

has been lost and thus the catalyst has reached its threshold.  This idea should be 

considered when producing a catalyst deactivation model. 



  Literature Review 

57 

 

Figure 2.6 Graph of sensor O2 voltage v time to show threshold test (81).
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3 Experimental Equipment 

3.1 Introduction 

This chapter describes the experimental equipment used throughout this study to evaluate 

the activity of automotive catalytic converter samples.  At Queen’s University Belfast the 

CenTaCat laboratory boasts a range of industrially recognised catalyst testing and ageing 

systems.  The laboratory includes equipment such as the Horiba SIGU 2000, used to 

perform activity tests on cored catalyst samples, and the Catagen Labcat, which is capable 

of conducting a wide range of industrially used performance tests as well as a variety of 

catalyst ageing cycles, on full size catalyst bricks.  These facilities provide a repeatable, 

controlled environment, which allows for industrially recognised testing to be performed in 

the laboratory. 

3.2 Horiba SIGU 2000 

Horiba are the world’s leading supplier of emissions testing systems.  The Horiba SIGU 2000 

Series Simulated Gas Generator and Catalyst Test System generates a simulated exhaust 

gas, and temperature profile, to allow comprehensive testing and evaluation of catalyst 

samples.  A schematic of the SIGU test system is shown in Figure 3.1.  The Horiba SIGU 

2000 test system, at Queen’s University Belfast, is shown in Figure 3.2. 

 

Figure 3.1 Horiba SIGU 2000 schematic. 
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Figure 3.2 Horiba SIGU 2000. 

A simulated exhaust gas is generated from a series of gas bottles.  Each gas species is 

independently controlled, using mass flow controllers, which allows the gas composition 

and flow rate to be set accurately to the user’s required exhaust gas mixture.  The SIGU is 

capable of producing flow rates up to around 60 l/min.  The SIGU has mass flow controllers 

calibrated to the gas species listed in Table 3.1.  The flow rate of each individual gas species 

used in the test is inputted by the user, using the SIGU’s built-in control program.  The 

simulated exhaust gas mixture passes through a humidifier, where water vapour can be 

added.  It then enters the reaction furnace, where the exhaust gas is heated before passing 

through the catalyst sample.  The programmable heater allows the temperature of the 

exhaust gas at the catalyst inlet to be controlled, up to a maximum of around 600 ᵒC, and 

follow an inputted temperature profile.  Thermocouples located at the catalyst inlet and 

outlet allows temperature measurements to be recorded throughout a test.  After passing 

through the sample the converted gases are vented to the exhaust, and analysers can 

sample either upstream or downstream of the catalyst.  The features of the catalyst reactor 

system are illustrated in Figure 3.3. 



  Experimental Equipment 

60 

 

Figure 3.3 Schematic of Horiba SIGU 2000 catalyst reactor system (82). 

Table 3.1 Horiba SIGU 2000 mass flow controllers. 

Gas Species Max MFC Flow Rate (l/min) 

N2 60 

CO2 20 

O2 10 

N2-Ethannol 0.5 

N2-Dekane 1 

NO 5 

CO 5 

H2 5 

C3H6 2 

C3H8 2 

SO2 1 

H2O 0.006 

The Horiba SIGU 2000 is capable of testing catalyst samples with diameters less than 40 

mm.  Catalyst cores, such as that pictured in Figure 3.4, are cut from full size bricks.  These 

cores are then wrapped in Fiberfrax, ceramic high temperature insulation, and placed 

inside the cylindrical catalyst sample holder, shown in Figure 3.5.  The Fiberfrax provides a 

secure fit inside the holder and ensures that all flow passes through the catalyst.  It also 

insulates the sample from the hot walls of the metal holder. 
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Figure 3.4 Catalyst core sample. 

 

Figure 3.5 Catalyst sample holder. 

Exhaust gas concentrations are measured using a variety of exhaust gas analysers, which 

are utilised in combination with the Horiba SIGU 2000.  The analysers used in this research 
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are the Horiba MEXA-7000 and the Horiba MEXA-6000FT.  Each analyser is described in 

more detail below. 

3.3 Horiba MEXA-7000 

 

Figure 3.6 Horiba MEXA-7000 (83). 

With over 3,500 units installed and operational worldwide, the MEXA-7000 is the world 

standard for exhaust emissions testing (83).  It is a fast response analyser, and includes up 

to 10 analysers in a single, compact cabinet, and so is capable of measuring total 

hydrocarbons, CO, CO2, O2, NO/NOx, HC, N2O, SO2, CH4 and EGR-CO2 over a wide dynamic 

range, described in Table 3.2.  The system can be configured for emissions from gasoline, 

diesel or alternative fuel engines, special applications such as SULEV testing and fuel cell 

development, and flexible engine testing arrangements.  In the CenTaCat laboratory, the 

MEXA-7000 is linked to the host computer via LAN, where a Visual Basic program is used to 

log the test data. 

Table 3.2 Horiba MEXA 7000 Specification. 

Gas Species Measurement Range 

HC 0/500/50000 ppm 

CO 0-12 % 

CO2 0-20 % 

NO/NOx 0-500/10000 ppm 

SO2 0-5000 ppm 

O2 0-25 % 
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3.4 Horiba MEXA-6000FT 

 

Figure 3.7 Horiba MEXA-6000FT (84). 

The MEXA-6000FT series measures the concentrations of multiple components utilising the 

Fourier transform infrared (FTIR) method.  It is capable of measuring various unregulated 

emissions simultaneously, as well as major components such as CO, CO2 and NO.  The 

measurement ranges for the gas species supported by this analyser are shown in Table 3.3.  

The MEXA-6000FT does not measure oxygen concentration.  The computer that controls 

the operation of this machine also plays host to the logging software. 

For all SIGU tests, the MEXA 7000 and 6000FT were used simultaneously.  This enables the 

determination of exhaust gas composition in a relatively wide range of conditions.  Also, 

the same gas concentrations may be measured on multiple analysers thereby validating the 

results obtained.  It is possible to analyse the gas concentrations at the catalyst inlet by 

selecting the appropriate sample line in the reactor; however, catalyst outlet sampling 

cannot be conducted in conjunction as the system is designed to enable only one sampling 

point at a time.  All of the gas analysers used in this work were routinely calibrated prior to 

the start of each testing session. 
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Table 3.3 Horiba MEXA-6000FT specification. 

Gas Species Measurement Range 

CO 0-200/1000/5000 ppm 

  0-2/10 % 

CO2 0-1/5/20 % 

NO 0-200/1000/5000 ppm 

NO2 0-200 ppm 

N2O 0-200 ppm 

H20 0-24 % 

NH3 0-100 ppm 

SO2 0-200 ppm 

HCHO 0-500 ppm 

HCOOH 0-100 ppm 

C2H5OH 0-1000 ppm 

CH4 0-500 ppm 

C2H4 0-500 ppm 

C2H6 0-200 ppm 

C3H6 0-200 ppm 

1,3-C4H6 0-200 ppm 

Iso-C4H8 0-200 ppm 

C6H6 0-500 ppm 

C7H8 0-500 ppm 

NO + NO2 0-5000 pm 

3.5 Catagen Labcat 

The Catagen Labcat was developed through PhD research by Dr Andrew Woods and Prof. 

Roy Douglas at Queen’s University Belfast.  Figure 3.8 shows a picture of the Labcat test 

system used in this research.  It is a highly innovative dynamic catalytic ageing and 

evaluation system, which artificially creates an exhaust gas composition and temperature 

using computer controlled synthetic gases.  The system is capable of performing all 

published catalyst ageing procedures, producing the same results as dynamometer based 

ageing.  It is a cost effective testing method, with a running cost of just $3 per hour.  This is 

mainly due to the sealed gas recirculation, which reduces the usage of synthetic gas 
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bottles.  With no costly fuel supply, the low carbon technology outputs around 50 times 

less CO2 compared to engine ageing of equivalent catalyst volumes and space velocities.  

The Catagen Labcat uses unique patented technology which ensures that energy is focused 

on the catalyst only, minimising waste through extensive recycling and regeneration of 

energy.  The result is that the Labcat uses 90% less energy than engine based catalyst 

testing as well as 90% lower emissions. 

 

Figure 3.8 Catagen Labcat. 

Figure 3.9 shows a schematic of the Catagen Labcat system.  The Labcat features a stainless 

steel reservoir, which is filled with a base gas mixture before circulation, typically 90 % N2 

and 10 % CO2.  This gas mixture makes up the majority gas composition that is emitted 

from an automotive engine.  A centrifugal fan draws this composition from the reservoir 

and into the infrared tube furnace, where it is heated to the temperature specified by the 

control program.  The Labcat is capable of delivering temperatures over 1100 ᵒC.  The 

inconel furnace tube is packed with alumina balls, providing a large surface area over which 

the flow passes, aiding the heat transfer from the walls of the furnace tube to the synthetic 

gas blend.  Air, along with CO and gaseous hydrocarbons are pulsed into the base gas blend 

in order to obtain the gas concentrations required for the specific test.  Solenoid valves and 

mass flow controllers are utilised to allow accurate delivery of the synthetic gases from the 

gas bottles.  Gas flow rates up to 20 g/sec can be achieved during Labcat testing.  The total 

gas mixture passes from the furnace and through the interchangeable sample manifold, 
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where the three-way catalyst is located.  The reaction products then pass back into the 

reservoir via a Venturi nozzle to be re-circulated.     

 

Figure 3.9 Schematic of Catagen Labcat test system. 

The interchangeable sample manifold allows a range of different sample sizes to be tested, 

including full size catalyst bricks used for commercial applications.  Figure 3.10 shows the 

catalyst sample mounted in the Labcat.  For pre-canned catalysts, aged on an engine test 

bench, a flange was welded to the can for mounting in the Labcat.  These samples had two 

thermocouples located in the catalyst bed. 
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Figure 3.10 Full size catalyst mounted in Labcat. 

Catagen Labcat is controlled using a National Instruments Labview software program.  The 

program allows the user to control the gas concentrations at the catalyst inlet (via the mass 

flow controllers) and the exhaust gas flow rate (via the centrifugal fan) as well as the ramp 

rate of the furnace.  Testing is easily initiated using a user friendly touch screen interface, 

which also provides real time graphical output and data logging facilities.  Labcat is capable 

of conducting a wide range of characterisation and ageing tests on small catalyst 

assemblies and cores.  These test types include; 

 RAT ageing 

 LNT (lean NOx traps) ageing 

 ZDAKW (Zyklus des Abgaszentrums deutscher Automobilhersteller zur 

Katalysatorweiterentwicklung) ageing 

 HC, CO and NOx light-off testing 

 AFR sweep tests 
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 OSC testing 

 Thermal shock testing 

 Catalyst screening testing 

 Threshold testing 

 Catalyst poisoning testing 

The Catagen Labcat uses exhaust gas analysers to simultaneously measure exhaust gas 

concentrations at the catalyst inlet and outlet.  The analysers used by this test system are 

the Horiba MEXA-584L, for inlet gas concentrations, and the Horiba MEXA-7000, for outlet 

gas concentrations. 

3.6 Horiba MEXA-584L 

 

Figure 3.11 Horiba MEXA-584L (85). 

The Horiba MEXA-584L is a portable emissions analyser, capable of simultaneously 

measuring the exhaust gas concentrations of CO, HC, CO2, O2 and NO.  It can also measure 

the air-to-fuel ratio (AFR) and lambda value of the exhaust gas.  The MEXA-584L provides 

real time measurements on its screen, as well as being connected to a PC for data 

acquisition.  The Catagen Labcat uses the Horiba MEXA-584L to measure, and log, the 

exhaust gas concentrations at the catalyst inlet. 

3.7 Accuracy of Experimental Equipment 

Exhaust gas emissions and temperature measurements were critical in this research for the 

analysis of catalyst ageing.  It is therefore important to understand the accuracy and 

repeatability of the experimental equipment used to conduct the ageing and catalyst light-

off activity testing.   
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Type K thermocouples were used in both the Horiba SIGU-2000 and Catagen Labcat for 

inlet and outlet temperature measurements.  Before being fitted to the reactors, new 

thermocouples were calibrated using a Fluke calibration furnace.  The thermocouples were 

operated well within the -200 ᵒC to 1250 ᵒC temperature range, with the highest 

temperature experienced being 600 ᵒC.  The limits of error of a Type K thermocouple are 

the greater of 2.2 ᵒC or 0.75% (86).  In terms of reactor furnace temperature accuracy, the 

variation in SIGU temperature is stated to be ±2 ᵒC (87).  For the Labcat, the accuracy of the 

temperature set-point for the Elite IR furnace is ±1 °C (88). 

Mass flow controllers were used to deliver gas species to the catalyst inlet at specified flow 

rates; therefore it is important to understand the accuracy of the gas delivery systems.  In 

the SIGU, the accuracy of the flow rate is stated to be within ±1% of the reading, with a 

repeatability of ±0.2% (87).  The Catagen Labcat uses Alicat mass flow controllers, with a 

±0.8% of reading accuracy, and ±0.2% repeatability (89). 

Emissions measurements were performed using a combination of three analysers; the 

Horiba MEXA-7000, the Horiba MEXA-6000FT and the Horiba MEXA-584L.  Both the MEXA-

7000 and the MEXA-6000FT provide emissions measurements within ±1% of the reading for 

all gas species, with a ±1% repeatability (90,91).  For measurements of CO and O2, the 

MEXA-584L is specified to be accurate to within ±3% of the reading, and accurate to within 

±5% of the reading for both CO2 and hydrocarbons (92).   

Overall it can be seen that the accuracy levels of the equipment used in this research are 

high.  The accuracy of the temperature measurements, gas flow rates and emissions 

measurements are consistent across both test systems used, providing repeatable and 

comparable testing environments. 
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4 Correlation of Light-off Activity for Full Size and Cored 

Catalyst Samples 

4.1 Introduction 

This chapter compares the light-off activity of full size bricks and cored catalyst samples 

using two different laboratory synthetic gas reactors.  A global catalyst model was used in 

order to determine if the results correlate, by taking into account differences between the 

heat transfer characteristics of the reactors, as well as variations that may exist in precious 

metal dispersion between full size bricks and cored samples. 

4.2 Experimental Procedure 

The four commercial three-way catalysts used throughout this correlation study were 

supplied by BASF Catalysts LLC.  The cylindrical ceramic cordierite monoliths had a volume 

of 1 litre and a cell density of 620,000 cells/m2 (400 cells/in2).  The alumina washcoat was 

loaded with a combination of Pd and Rh precious metals.  Each of the catalysts were 

obtained after engine ageing had been conducted for 100 hours; however, further details 

of the engine ageing procedure were unknown as the ageing was performed by an outside 

company.  The full size catalysts are referred to as Catalysts 1, 2, 3 and 4 throughout this 

study.   

The CO light-off tests conducted on the full size catalysts were performed in the Catagen 

Labcat, at a space velocity of 55,000 hr-1 and inlet gas concentrations of; CO2 – 10 %, O2 – 1 

%, CO – 0.5 %, N2 – balance.  For each activity test conducted in the Labcat, the catalyst was 

stabilised at a temperature of 150 ᵒC before applying the light-off ramp.  During the light-

off ramp the inlet gas stream temperature was increased to a maximum of 300 ᵒC at a rate 

of 25 ᵒC/min.  For these tests thermocouples were located at the catalyst inlet and outlet, 

as well as within the catalyst bed, at 1/3 and 2/3 the height of the brick. 

Following completion of the light-off tests on the full size catalysts, 36 mm diameter 

cylindrical cores were cut from the centre of each of the four catalyst bricks, all the way 

through from the front face to the rear.  Figure 4.1 shows the canned full size brick with a 

core taken through its centre.  Samples of 36 mm length were then taken from the front 

and rear of these centre cores and labelled CF and CR respectively.  The labelling scheme 

used for the samples was by catalyst brick number (1, 2, 3 or 4) and by position (front CF or 

rear CR).  For example, 1CF is the core taken from the front of brick 1 and 3CR is the core 
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taken from the rear of brick 3, all the way from the front face to the rear.  Figure 4.2 shows 

one of the 36mm length cored samples alongside the de-canned full size brick from which it 

was taken. 

 

Figure 4.1 Full size canned sample with core taken through its centre. 

 

Figure 4.2 Full size catalyst brick and cored catalyst sample. 

For each of the cores CO light-off tests were performed on the SIGU with the following gas 

concentrations at the catalyst inlet; CO2 – 10 %, O2 – 1 %, CO – 0.5 %, H2O – 5 %, N2 – 

balance.  Before conducting each light-off test a flow check was conducted at 120 ᵒC, with 

no sample in the reactor, so that the flow rate of each gas species could be adjusted in 
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order to achieve the required gas concentrations.  A space velocity of 55,000 hr-1 was used 

for each test, creating a gas flow similar to that used in the Labcat tests.  Figure 4.3 shows 

the temperature profile used for each of the cored samples tested in the SIGU.  Marked on 

the temperature profile are the points where CO light-off occurs for the first and second 

ramps.  In the SIGU, only the catalyst inlet and outlet temperatures are measured.  In order 

to measure the catalyst bed temperature, a thermocouple would need to be inserted up 

through a channel from the rear face of the core.  This would lead to partial blockage of a 

channel, thus affecting the flow of the gas mixture through the core.  It is also difficult to 

determine accurately the position of the thermocouple in the core.  The catalyst inlet 

temperatures at light-off were therefore used to directly compare the activity of the cores 

and full size bricks. 

 

Figure 4.3 SIGU CO light-off temperature profile. 

At least two repetitions of the light-off tests were conducted for each catalyst sample, and 

to ensure that the catalyst surface was in a similar state at the beginning of each test a 

‘surface clean up’ in nitrogen was carried out after the light-off ramps, using a profile of 25 

°C/min up to 600 °C, similar to the pre-treatment procedure suggested by McAtee et al. 

(93).  Also, at the beginning of each test the catalyst was pre-treated in nitrogen at 20 

°C/min up to 300 °C, to clean the surface.  After the pre-treatment, the catalyst was 

stabilised at 80 °C before introducing the exhaust gases.  A sample of the exhaust gas at the 

catalyst inlet was taken over a five minute period at a constant temperature of 80 ᵒC, and 
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an average taken, in order to find an accurate concentration for each of the exhaust gas 

species.  For the first light-off ramp the temperature was then ramped at 10 °C/min up to a 

maximum temperature of 350 °C, which is sufficient for 100 % conversion of the inlet CO 

gas.  A second light-off ramp was then completed, starting from a temperature of 150 °C, at 

a rate of 10 °C/min up to a maximum temperature of 350 °C.  At the top of each light-off 

ramp the exhaust gases were switched off, except for nitrogen, and after the second ramp 

the catalyst was allowed to cool in nitrogen to 300 °C before the post light-off ‘surface 

clean up’ begins.  The light-off temperatures obtained on the second light-off ramp, 

following the 150 °C stabilisation, were used to compare the performance of the cored 

samples to the full size bricks as this temperature profile best matches that used in Labcat 

light-off ramp.  

4.3 Correlation Results and Discussion 

The light-off curves produced from the CO light-off tests conducted for each of the engine 

aged full size canned catalysts, on the Labcat, are shown in Figure 4.4.  The light-off 

temperature illustrates the activity of the catalyst, with a lower light-off temperature 

indicating a greater activity than a sample with a higher light-off temperature.  These 

results show that Catalyst 1 was the most active with a light-off at 221 °C, followed by 

Catalyst 2, 225 °C, Catalyst 4, 234 °C, and Catalyst 3, 251 °C.  The 100% conversion points 

also follow a similar trend with Catalyst 1 at 235 °C, followed by Catalyst 2, 244 °C, Catalyst 

4, 257 °C, and Catalyst 3, 272 °C, indicating that Catalyst 1 is the most active and Catalyst 3 

the least active.   
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Figure 4.4 CO light-off curves for Labcat tested full size catalysts. 

Each of the four catalysts were engine aged for 100 hours under the same conditions and 

would therefore be expected to show similar levels of activity; however, Figure 4.4 shows 

that considerable variability exists.  CO activity for Catalysts 1 and 2 was fairly similar and 

the light-off temperature for Catalyst 4 was around 10°C higher than Catalyst 1; however, 

Catalyst 3 was 30 °C higher.  It is clear from the results that variation exists between the 

full-sized bricks, even though they are all of the same formulation, from the same 

manufacturer, and all thought to be engine aged to the same level.  This variation could be 

due to the engine ageing process, resulting from flow or temperature variation during 

engine ageing; however, as the engine ageing data is not available it is difficult to be 

definitive.  Brick-to-brick variation could also play a role.  The different bricks could have 

aged at different rates, due to varying precious metal sizes and dispersions and washcoat 

pore size distributions.  Testing of the bricks while fresh may have provided a more 

definitive answer to this hypothesis.  CO activity tests on cored samples from different axial 

locations within each full size catalyst could help to identify the source of this variability.  

The CO light-off curves for the cored samples, taken from the centre of each full size 

catalyst and tested on the Horiba SIGU 2000, are plotted in Figure 4.5, Figure 4.6, Figure 4.7 

and Figure 4.8 for Catalysts 1, 2, 3 and 4 respectively.  Table 4.1 presents the CO light-off 

temperatures for each full size brick and the cored samples.  The light-off curves for both 
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the front and rear cores are plotted, along with the Labcat test for the corresponding full 

size catalyst brick.   

 

Figure 4.5 CO light-off curves for SIGU and Labcat tests for Catalyst 1. 

 

Figure 4.6 CO light-off curves for SIGU and Labcat tests for Catalyst 2. 
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Figure 4.7 CO light-off curves for SIGU and Labcat tests for Catalyst 3. 

 

 

Figure 4.8 CO light-off curves for SIGU and Labcat tests for Catalyst 4. 
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Table 4.1 CO light-off temperatures for full size and cored samples. 

 

Front Core Rear Core Full Sample 

Catalyst 1 238 ᵒC 244 ᵒC 221 ᵒC 

Catalyst 2 242.5 ᵒC 239.5 ᵒC 225 ᵒC 

Catalyst 3 243.5 ᵒC 235 ᵒC 251 ᵒC 

Catalyst 4 237.5 ᵒC 245 ᵒC 234 ᵒC 

It can be seen from the SIGU test results that some variation exists throughout each 

individual full size catalyst brick.  For example, Catalysts 2 and 3 show slightly better activity 

at the rear of the brick than at the front, which may suggest greater degradation of the 

catalyst at the front face due to thermal deactivation.  This phenomenon is supported in 

the literature by Moldovan et al. (24), who showed that the loss of precious metals was 

greater at the catalyst front face than the rear.  However, this trend was not seen to exist 

for Catalysts 1 and 4, which show the opposite, with greater light-off activity for the cores 

taken from the front of the brick.  Light-off temperatures vary by 10 °C for all the cores 

tested.  The average difference between cores taken from the same brick is just over 6 ᵒC, 

illustrating the slight variation that exists within a brick after ageing.  Catalyst 3 was shown 

to have a much higher light-off temperature than the other full size samples.  One reason 

for this could have been that it was aged more heavily than the other bricks.  However, 

light-off tests of the cores taken from Catalyst 3 have shown results similar to all of the 

other cores tested.  Also, for Catalysts 1, 2 and 4, the full size bricks all show greater light-

off activity than the cores.  It therefore appears that the light-off activity for the Catalyst 3 

full size brick is not in line with the other bricks.   

Inconsistencies in the differences between the light-off activity of the cores and the full size 

samples give an indication of the variation within a full catalyst brick.  This is shown by 

small differences in the light-off temperatures across all of the cores.  For Catalyst 4 the full 

brick lights-off only 3.5 °C earlier than the front core; however, for Catalyst 2 the difference 

is 17.5 °C.  Differences between cored sample and full size catalyst light-off performance 

may be due to thermal ageing, which may vary in the axial and radial directions throughout 

the brick; however, no trends were seen to prove this.  Another important parameter may 

be a variation in the precious metal dispersion, resulting in some areas of the brick having 

more catalyst active sites and therefore a higher activity.   
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It is difficult to see from the experimental tests alone if good correlation exists between the 

light-off performance of a full size catalyst and its corresponding cored samples.  Each of 

the CO light-off tests, for both the Labcat and the SIGU, were therefore simulated using the 

QUB global catalyst model in order to examine more closely if correlation does exist 

between cored samples and full size catalyst bricks.  By using the QUB global catalyst 

model, inconsistencies between the two testing methods can be considered, including the 

different heat transfer characteristics of the SIGU and Labcat reactors, differences in inlet 

gas and temperature profiles, and variations in precious metal dispersions between 

catalysts.  For each CO light-off test, the catalyst inlet temperature and gas concentration 

profiles, at 5 second intervals, were used as inputs to the model and a simulation 

performed to generate the outlet temperature and gas concentration profiles.  As the inlet 

and outlet gas concentrations were known on completion of the simulation, as well as the 

catalyst inlet and outlet temperatures at each time step, the CO conversion and light-off 

temperature could be calculated.  The heat transfer factor, B, was used to calculate the 

convection heat transfer coefficient, h, and therefore the external heat transfer.  Equation 

4.1 shows how the heat transfer factor is incorporated into the model, in the natural 

convection equation as described by McCullough (68) and Siminson (94), which is used to 

calculate the heat loss from the steel shell around the catalyst to the surrounding air.  For 

each simulation the value of B was adjusted to match the temperature profile of the 

experimental test. 

    
               

 
 
    

 Equation 4.1 

Where h is the convection heat transfer coefficient (W/m2K), B is the heat transfer factor, 

Tsteel is the temperature of the steel shell (K), Tatmos is the temperature of the surrounding 

air (K) and d is the outer diameter of the steel shell (m). 

The precious metal dispersion percentage was also altered to match the catalyst outlet CO 

concentration of the simulation with that of the test.  For the simulations conducted for the 

cored samples, the dispersion was changed to match the second light-off ramp, as this 

ramp best matches the Labcat temperature profile.  The matched temperature and CO 

concentration profiles, during the light-off ramp, for full size Catalyst 1 are shown in Figure 

4.9 and Figure 4.10 respectively.  This procedure was conducted for all of the full size 

catalyst bricks, and the temperature and CO concentration profiles for Catalyst 2, Catalyst 3 

and Catalyst 4 can be found in Appendix I.  The matched temperature and CO 

concentration profiles for the cored catalyst sample 1CF are shown in Figure 4.11 and 
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Figure 4.12 respectively.  For the remainder of the cored samples tested in this study, the 

matched temperature and CO concentration profiles are shown in Appendix I.   

The values of dispersion percentage and heat transfer factor required to match the 

simulation results with the experimental test results are shown in Table 4.3.  The same 

catalyst specifications were used for the full size bricks and cored samples, with only the 

dimensions different for each.  The catalyst specifications used for the simulations are 

listed in Table 4.2.  The space velocity was maintained at 55,000 hr-1 for each simulation, to 

match with the experimental tests. 

Table 4.2 Catalyst specification for model input. 

Substrate Properties 

Brick Substrate Length 130 mm 

Brick Diameter 103 mm 

Core Substrate Length 36 mm 

Core Diameter 36 mm 

Channel Density 400 cpi 

Wall Thickness 0.147 mm 

Density 1800 kg/m
3
 

Heat Capacity 800 J/kgK 

Thermal Conductivity 1.67 W/mK 

Washcoat Properties 

Washcoat Thickness 0.03 mm 

Density  1300 kg/m
3
 

Heat Capacity 1005 J/kgK 

Surface Area 30.0 m
2/g 

Precious Metal Properties 

Metal Loading 40.0 g/ft
3
 

Surface Area 373.4 m
2/g 

Dispersion Variable % 
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Figure 4.9 Temperature profile for Catalyst 1. 

 

Figure 4.10 CO concentration profile for Catalyst 1. 
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Figure 4.11 Temperature profile for sample 1CF. 

 

Figure 4.12 CO concentration profile for sample 1CF. 
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Table 4.3 Dispersion and heat transfer factor values required to match simulations to 
experimental test results. 

Catalyst Test 

Dispersion 

% /100 

Ext Heat Transfer 

Factor 

CO Light-Off 

Temp (ᵒC) 

1 Full Size 0.150 0 222 

  1CF 0.105 5.5 238 

  1CR 0.085 5.5 244 

2 Full Size 0.125 0 225 

  2CF 0.080 5.5 242.5 

  2CR 0.100 5.5 239.5 

3 Full Size 0.040 0 251 

  3CF 0.080 5.5 243.5 

  3CR 0.120 5.5 235 

4 Full Size 0.080 0 234 

  4CF 0.105 5.5 237.5 

  4CR 0.085 5.5 245 

The simulation results show that a variation exists in the precious metal dispersion 

percentage that is needed to match the CO concentration profiles of the simulations with 

those of the experimental light-off tests.  As expected, Catalyst 1, which was the most 

active catalyst with the lowest light-off temperature had the greatest predicted dispersion 

of precious metals.  The model showed that the catalyst with the lowest predicted precious 

metal dispersion was Catalyst 3.  Catalyst 3 was shown to be the catalyst with the highest 

light-off temperature and therefore the least active.  The external heat transfer factor 

required to match the catalyst outlet temperature profile of the simulation to that of the 

experimental test was identical for each test conducted on the full size catalysts in the 

Labcat.  The external heat transfer factor relates to the testing reactors used to conduct the 

tests, and as this was the same for each of the full size catalyst tests it was to be expected 

that this value would be the same for each simulation.   

For the cored sample tests, the external heat transfer factor required to match the 

simulation temperature profiles to the experimental temperature profiles was the same for 

all samples.  This value for the SIGU was 5.5, higher than the value of 0 required for the 

Labcat.  This indicates that greater convective heat loss exists in the SIGU test system 

compared to the Labcat.  Figure 4.9 proves that little heat loss is occurring in the Labcat 
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reactor, with the inlet temperature profile very similar to the outlet temperature profile.  

For the SIGU reactor, the inlet temperature is continuously higher than the outlet 

temperature, up to a point after light-off occurs where the exotherm raises the outlet 

temperature above the inlet, as shown in Figure 4.11.  Greater heat losses occurring in the 

SIGU may explain the greater temperatures required for catalyst light-off for the cored 

samples.  Figure 4.13 shows a solid model of the SIGU reactor system.  Below the catalyst 

holder is a stainless steel block, which seals the system when the holder is raised into the 

furnace.  It is thought that this is where most of the heat loss from the system occurs.  

During testing, the system is well wrapped with insulation in order to limit heat losses.  This 

solid model was produced in order to conduct CFD analysis on the SIGU system to help 

identify the extent of convective heat loss; however, this was not realistic to complete in 

the timeframe of this study. 

 

Figure 4.13 Solid model of SIGU 2000 reactor system. 

For the cores, the model shows that there is a variation in the dispersion of precious metal 

particles across the range of samples.  The variation across all cores was found to be 4%.  

The dispersion is shown to be a good indicator of catalyst activity, with the highest 

dispersion found to exist in the most active core (3CR) and the lower dispersions found to 

exist in the less active cores.  Figure 4.14 shows the temperature profiles for each of the 

front core CO light-off tests, all plotted on one graph.  This graph shows that the 
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temperature profiles for all of the tests are almost identical.  Therefore, it would appear 

that only the variation in dispersions of precious metal particles throughout the cores is 

what is affecting the light-off temperatures.  This may be due to the manufacturing 

processes of the catalysts or catalyst thermal ageing.  

 

Figure 4.14 Comparison of SIGU temperature profiles. 

From the experimental light-off tests and initial simulations, using the QUB global catalyst 

model, it was still unclear if any correlation exists between the light-off activity of full size 

catalyst bricks and cored samples.  Therefore, further simulations were performed.  It was 

not possible in reality; however, using the QUB model the light-off activity of each of the 

cored samples was predicted for the Labcat reactor.  For the cored samples the simulations 

were conducted using the core geometry, and the precious metal dispersion of each 

individual core (determined by matching the experimental and simulated SIGU CO 

concentration profile, and shown in Table 4.3), along with the inlet temperature and gas 

concentration profiles and the external heat transfer factor used for the Labcat tests.  This 

allows the bricks and cores to be compared directly for the same laboratory reactor.  Table 

4.4 presents the experimental and simulated light-off temperatures for the full size bricks 

and cored samples respectively, for the Labcat reactor. 
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Table 4.4 Experimental and simulated CO light-off activity results for full size bricks and 
cored samples respectively, in the Labcat reactor. 

Catalyst Test Reactor 

Dispersion 

% /100 

Ext Heat 

Transfer 

Factor 

Simulated 

LO Temp 

(ᵒC) 

Experimental 

LO Temp (ᵒC) 

1 Full Size Labcat 0.150 0 222 222 

  1CF Labcat 0.105 0 224 - 

  1CR Labcat 0.085 0 224 - 

2 Full Size Labcat 0.125 0 225 225 

  2CF Labcat 0.080 0 227 - 

  2CR Labcat 0.100 0 227 - 

3 Full Size Labcat 0.040 0 251 251 

  3CF Labcat 0.080 0 250 - 

  3CR Labcat 0.120 0 250 - 

4 Full Size Labcat 0.080 0 234 234 

  4CF Labcat 0.105 0 233 - 

  4CR Labcat 0.085 0 235 - 

As can be seen from the results presented in Table 4.4, the predicted light-off 

temperatures for the cored samples in the Labcat reactor are very similar to the 

experimentally determined light-off temperatures for the full size bricks.  For Catalyst 1 

there is a 2.5 ᵒC difference between the cores and the full brick, a 3 ᵒC difference for 

Catalyst 2 and Catalyst 3, and a 6 ᵒC difference for Catalyst 4.  The average variation in light-

off temperature within each catalyst is less than 4 ᵒC, which is almost a quarter of the 14 ᵒC 

average variation in light-off temperature when considering the experimental tests alone.  

This is due to the shift in light-off temperature that occurs for each of the cored samples 

that is experienced as a result of the change in reactor system, from the SIGU to the Labcat.  

For the cored samples, with the exception of those taken from Catalyst 3, the simulations 

predict that the CO light-off temperatures decrease by an average of around 13 ᵒC when 

tested in the Labcat reactor.  This is due to the better heat transfer characteristics of the 

Labcat system, with less heat loss resulting in the appearance of a lower light-off 

temperature.  By considering all of the bricks and cores in the Labcat reactor, the shift in 

light-off temperatures for the cores due to the change in reactor systems bring the light-off 

activities of the cores and bricks to the same levels, indicating that good correlation exists.  

This study shows that it is the difference in the thermodynamics of the reactor systems, 
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rather than the reaction kinetics, that results in the lack of correlation of light-off activity 

between bricks and cores, from experimental tests alone. 

4.4 Activity Ranking 

Table 4.5 and Table 4.6 show how the full size bricks and the cored samples, respectively, 

rank based on their activity levels.  The full size bricks used in this study were all engine 

aged for the same ageing time.  However, the light-off results for the full size bricks indicate 

that they do in fact have different levels of activity, with Catalyst 1 having the highest 

activity level and Catalyst 3 having the lowest.  The cored catalyst samples when tested in 

the SIGU do not show the same trends.  It can be seen that the cores taken from Catalyst 1, 

which had the highest activity, only showed the 3rd and 7th best activity levels.  The cores 

from Catalyst 3, which showed the worst activity level, showed the 1st and 6th highest levels 

of activity.  If the full size bricks had not been tested, it would not be possible to rank the 

overall activity of the bricks based on the light-off tests from the cored samples.  The 

activity ranking from the SIGU tests suggest that a variation in precious metal loading and 

dispersion exists within each full size brick.   

In other confidential work, which can’t be described in detail, the Labcat method was able 

to give the same activity ranking order for catalysts at different ageing levels as the 

conventional engine testing method.  It would appear from the tests conducted in this 

study, were the SIGU results show little variation, that the method of coring and SIGU 

testing is less indicative of ageing.  Therefore, from this test program, it would appear that 

the testing of full size samples is more capable of quantifying variations that exist between 

samples.  However, there is not sufficient data available to fully validate this premise, and 

further testing is required. 

Table 4.5 Activity rank of full size catalysts based on CO light-off temperatures. 

Full Size 

Catalyst 

CO Light-Off 

Temperature (ᵒC) 

Activity 

Rank 

1 222 1 

2 225 2 

3 251 4 

4 234 3 



  Correlation of Light-off Activity for Full Size and Cored Catalyst Samples 

87 

Table 4.6 Activity rank of cored samples based on CO light-off temperatures. 

Cored 

Sample 

CO Light-Off 

Temperature (ᵒC) 

Activity 

Rank 

1CF 238 3 

1CR 244 7 

2CF 242.5 5 

2CR 239.5 4 

3CF 243.5 6 

3CR 235 1 

4CF 237.5 2 

4CR 245 8 

In the future it would be very useful to age full size bricks to a number of different levels, 

and then be able to rank them using full size activity tests.  The bricks should then be cored 

and tested to see if these results correlate well to those of the full size samples. 

4.5 Determination of Experimental Error 

In order to determine how accurately the simulation model predicts the experimental 

results, the root-mean square (RMS) error was calculated for the CO light-off curves in each 

of the simulations, using Equation 4.2.   Where     is the experimentally observed CO 

conversion percentage, yi is the simulated CO conversion percentage and n is the number 

of data points across the light-off curve. 

            
         

  
   

 
 Equation 4.2 
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Table 4.7 Calculated RMS error for CO light-off. 

Catalyst Test 

RMS 

Error 

1 Full Size 0.0235 

  1CF 0.0428 

  1CR 0.0425 

2 Full Size 0.0421 

  2CF 0.0426 

  2CR 0.0429 

3 Full Size 0.0404 

  3CF 0.0464 

  3CR 0.0200 

4 Full Size 0.0344 

  4CF 0.0436 

  4CR 0.0541 

The calculated error is a measure of the spread of the y value about the predicted y value.  

The calculated RMS error for each of the samples is shown in Table 4.7. 

It can be seen from the calculated RMS errors that the simulations produced from the QUB 

global catalyst model predict quite well the CO light-off of full size and cored catalyst 

samples in the Labcat and SIGU reactors respectively.  The Labcat simulations provide a 

slightly more accurate prediction of the experimental tests, with an average error of 

around 3.5%.  The simulations performed for the SIGU tests had a consistent error of 

around 4.25% across all of the cores.  It can be seen from the SIGU CO concentration 

profile, considering  for example Figure 4.12, that the majority of the error occurs at the 

beginning of the light-off curve.  This was identified by Stewart et al. (67) as a downfall of 

the global kinetic approach; however, it is not due to the kinetic parameters.  The small 

errors confirm that the method used to match the light-off of the simulations and 

experimental data, by considering precious metal dispersion and heat transfer 

characteristics, is efficient. 

4.6 Concluding Remarks 

This study successfully conducted the performance testing of full size catalyst bricks under 

laboratory conditions.  CO light-off tests were conducted on four full size catalyst bricks, 
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using the Catagen Labcat test system, which had all been engine aged for the same ageing 

time.  However, the light-off tests showed that considerable variation existed between the 

activity levels of the four catalysts, indicating that ageing was uneven across the bricks.  

Two cored samples were then taken from each of the full size catalyst bricks and tested for 

CO light-off activity using the Horiba SIGU 2000 test system.  Results of these tests showed 

light-off temperatures a lot higher than obtained for the full size bricks; however, only 

small variations were seen to occur between cores, suggesting that they all had a similar 

level of activity. 

From experimental testing alone, it appeared that there was no correlation between the 

cored samples and the full size bricks from which they were taken.  For each test, 

simulations were performed using the QUB global catalyst model, which was capable of 

accounting for the differences in heat transfer characteristics of the two reactors, the 

different ramp rates of the experimental tests, and the variation in precious metal 

dispersion between samples.  By then considering the differences that occur due to heat 

transfer, correlation was shown to be quite good, with differences existing due to the 

thermodynamics of the testing reactors, rather than reaction kinetics.  This study shows 

that a catalyst model is required in order to directly compare the results of full size bricks 

and cored catalyst samples.  The testing of full size bricks is advantageous as there is no 

need to destroy the catalyst by de-canning and coring. 

From the Labcat tests the catalyst bricks could easily be ranked in order of activity.  

However, the cored samples all showed the same activity levels, with no trends suggesting 

that one brick was more deactivated than another.  The fact that the cores do not show a 

clear activity rank for the bricks from which they were taken indicates that there is a 

variation in precious metal loading and dispersion within full size bricks.  If it was the case 

that the bricks were aged slightly differently, this study shows that the method of coring 

and testing using the SIGU is not a suitable method for evaluating catalyst deactivation of a 

full size brick as a whole.

In order to gain a better understanding of the correlation between the testing of full size 

bricks and cored catalyst samples, it has been suggested that future work be conducted 

starting with the activity testing of fresh full sized bricks.  These bricks should then be aged 

to different levels and tested again in order to show that they can be ranked based on light-

off activity.  It would then be useful to core each of the bricks and determine whether or 

not the activity levels of the cored samples match those of the full size bricks.
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5 Correlation of Static Ageing Effects on Automotive 

Catalysts 

5.1 Introduction 

This chapter of the study identifies the effect that static ageing time and temperature has 

on the activity of a three-way catalytic converter, and if this ageing correlates in any way to 

the know effects of dynamic ageing on a vehicle.  Thermal ageing was conducted in the 

laboratory using the static ageing method.   There is a lack of published research that solely 

studies static ageing and covers a wide range of ageing time and temperatures.  This study 

is the first to apply the bench ageing time (BAT) equation, as proposed by the 

Environmental Protection Agency, to static ageing. 

5.2 Experimental Procedure 

One standard commercial three-way catalyst, with a volume of 1 litre, a 100 g, 95 % 

palladium, 5 % rhodium loading, and a channel density of 1,395,000 cells/m2 (900 cells/in2), 

was used in this study.  The catalyst had a cylindrical ceramic cordierite honeycomb 

structure, onto which an alumina-ceria washcoat was bonded.  From this full size catalyst 

brick five cylindrical cores were extracted using a coring tool, all the way through from the 

front face to the rear.  These cores are referred to as A, B, C, D and E throughout this study.  

Each of these cores were then divided into three smaller cored samples, each with a 30 mm 

diameter and 25 mm length, and labelled 1, 2 and 3.  For example, the three cored samples 

taken from core A were labelled A1, A2 and A3.  Sample A1 was taken from the front face, 

A2 was taken from the middle, and A3 was taken from the rear face of the catalyst.  Figure 

5.1 shows the full size catalyst brick, along with the three 30 x 25 mm cored catalyst 

samples cut from core A. 
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Figure 5.1 Full size catalyst brick and cored samples. 

Each of the cored samples were de-greened in a furnace oven, in air, at 750 ᵒC for a period 

of 8 hours in order to achieve reaction stability and to bring all samples to a similar level of 

activity.  This procedure is described by McAtee et al. (93).  Initial baseline CO and HC light-

off tests were conducted for all cored samples in order to show that the light-off activities 

had stabilised, and to measure their activity while fresh.  These activity tests were 

performed using the Horiba SIGU 2000, with both the Horiba MEXA-7000 and the Horiba 

MEXA-6000FT gas analysers used to measure and analyse the exhaust gas concentrations 

throughout the tests.  The procedure for these tests was the same as those in Chapter 4 of 

this study; however, the space velocity used was 60,000 hr-1, giving a flow rate of 17.674 

l/min.  CO light-off tests were conducted on the samples taken from cores A, B, C and D.  

The gas concentrations used for the CO light-off tests were 10 % CO2, 1 % O2, 0.5 % CO, 5 % 

H2O and balance N2. HC light-off tests were conducted on the samples taken from core E, 

with the following gas concentrations at the catalyst inlet; 10% CO2, 0.09% O2, 200ppm 

C3H6, 5% H2O and balance N2. 

After the baseline light-off tests had been carried out on all of the de-greened cored 

samples, static ageing was conducted in a furnace oven, in air, for ageing temperatures and 

times calculated using the BAT equation.  Samples were aged for ageing times equivalent to 

50, 100 and 200 hours of a RAT-A ageing cycle, at 800, 850 and 900 ᵒC.  According to the 

BAT equation, all samples aged for the same equivalent ageing time, no matter what the 

ageing temperature, should be equivalently aged.  Core A1 (aged for 82.85 hours at 800 

ᵒC), core B1 (aged at 850 ᵒC for 39.2 hours) and core C1 (aged for 19.75 hours at 900 ᵒC) 

were aged to the equivalent of 50 hours on a RAT-A cycle.  Cores A2, B2 and C2 were aged 
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to the equivalent of 100 hours, and cores A3, B3 and C3 were aged to the equivalent of 200 

hours on a RAT-A cycle.  The EPA recommends an R factor for the standard bench cycle of 

between 17500 and 18500, depending on the vehicle type; however, if a different ageing 

cycle is used the R value is expected to be different.  For this study ageing times were 

calculated using an R value of 18000.  Table 5.1 shows the ageing procedure carried out on 

each cored sample.  After static ageing the cores were retested for CO light-off activity. 

Table 5.1 Ageing times and temperatures for cored samples A, B and C. 

Sample A1 A2 A3 B1 B2 B3 C1 C2 C3 

Static Ageing 

Time (h) 82.85 165.7 331.4 39.2 78.4 156.8 19.75 39.5 79 

Equivalent Ageing 

Time (h) 50 100 200 50 100 200 50 100 200 

Ageing 

Temperature (ᵒC) 800 800 800 850 850 850 900 900 900 

Catalyst core D1 was aged at 1000 ᵒC at time intervals of 10 and 20 equivalent ageing 

hours, progressively up to a total equivalent ageing time of 200 hours for the RAT-A cycle.  

Table 5.2 shows the progressive ageing procedure carried out on the cored sample D1. 

Table 5.2 Ageing times and temperatures for progressive ageing of core D. 

Sample 

Total Equivalent 

Ageing Time (h) 

Total Static 

Ageing Time (h) 

Ageing 

Temperature (ᵒC) 

D1 10 1.18 1000 

D1 20 2.36 1000 

D1 40 4.72 1000 

D1 60 7.08 1000 

D1 80 9.44 1000 

D1 100 11.8 1000 

D1 120 14.16 1000 

D1 140 16.52 1000 

D1 160 18.88 1000 

D1 180 21.24 1000 

D1 200 23.6 1000 



  Correlation of Static Ageing Effects on Automotive Catalysts 

93 

After each sample had been statically aged it was tested again for CO light-off activity.  This 

was done in order to determine the level of thermal deactivation. 

Catalyst cores E1, E2 and E3 were aged progressively at temperatures of 800, 900 and 1000 

ᵒC respectively, and tested after ageing times equivalent to 50, 100 and 200 hours of a RAT-

A ageing cycle.  Table 5.3 shows the progressive ageing procedure conducted on cores E1, 

E2 and E3.  After each ageing step, these cores were tested for HC light-off activity. 

Table 5.3 Ageing times and teperatures for progressive ageing of core E. 

Sample E1 E1 E1 E2 E2 E2 E3 E3 E3 

Total Static 

Ageing Time (h) 82.85 165.7 331.4 19.75 39.5 79 5.9 11.8 23.6 

Total Equivalent 

Ageing Time (h) 50 100 200 50 100 200 50 100 200 

Ageing 

Temperature (ᵒC) 800 800 800 900 900 900 1000 1000 1000 

5.3 Results and Discussion 

Table 5.4 shows the results of the baseline CO light-off tests conducted on all of the 

samples from cores A, B and C after de-greening.  It can be seen that all samples show a 

very similar level of activity, with the light-off temperatures varying by only 8.5 ᵒC.  The 

baseline light-off curves for the samples taken from cores A, B and C are shown in Figure 

5.2 to Figure 5.4 respectively.  From the curves it can be seen that the cores taken from the 

rear face of the catalyst light-off slightly earlier than those taken from the front.  This may 

be due to an increased precious metal loading in this region. 

Table 5.4 Baseline CO light-off results for cores A, B and C. 

Sample A1 A2 A3 B1 B2 B3 C1 C2 C3 

CO Light-Off 

Temp (ᵒC) 155.5 154.5 149 157.5 152.5 149.5 156.5 153.5 149.5 
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Figure 5.2 Baseline CO light-off curves for core A. 

 

Figure 5.3 Baseline CO light-off curves for core B. 
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Figure 5.4 Baseline CO light-off curves for core C. 

The CO light-off test results for the cored samples after the static ageing procedure, as 

described in Table 5.1, are presented in Table 5.5.  The samples taken from core A, which 

were aged at 800 ᵒC, each show activity very similar to the baseline results, for all ageing 

times, with a maximum difference of 3.5 ᵒC existing between the baseline and aged light-

off temperatures.  This would indicate that static ageing, in an oxidising atmosphere at 800 

ᵒC has no effect on the CO light-off temperature of these particular formulations of three-

way catalytic converters.  The CO light-off curves for the aged samples taken from core A 

are shown in Figure 5.5. 

Table 5.5 CO light-off test results for statically aged samples. 

Sample A1 A2 A3 B1 B2 B3 C1 C2 C3 

Equivalent Ageing 

Time (h) 50 100 200 50 100 200 50 100 200 

Ageing 

Temperature (ᵒC) 800 800 800 850 850 850 900 900 900 

CO Light-Off Temp 

(ᵒC) 152.5 151 147 166 164 158.5 186 187 184.5 
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Figure 5.5 CO light-off curves for core A, aged at 800 °C. 

Samples B1, B2 and B3, which were aged for the equivalent of 50, 100 and 200 hours 

respectively at 850 ᵒC, each show an increase in light-off temperature after ageing, but all 

to a similar level.  This indicates that each of the three samples have experienced the same 

level of thermal degradation.  The difference between the baseline and aged light-off 

temperature for sample B1 was 8.5 ᵒC, 11.5 ᵒC for sample B2, and 9 ᵒC for sample B3.  The 

CO light-off curves for the aged samples taken from core B are shown in Figure 5.6. 
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Figure 5.6 Aged CO light-off curves for core B, aged at 850 °C. 

The same effect occurs for samples C1, C2 and C3, which were aged for the equivalent of 

50, 100 and 200 hours respectively at 900 ᵒC.  All of the samples showed an increase in 

light-off temperature to the same level of degradation.  C1 showed an increase of 29.5 ᵒC 

from the baseline to the aged level, C2 showed an increase of 33.5 ᵒC, and C3 showed an 

increase of 35 ᵒC.  The CO light-off curves for the aged samples taken from core C are 

shown in Figure 5.7. 
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Figure 5.7 Aged CO light-off curves for core C, aged at 900 °C. 

It can be seen from Figure 5.5 to Figure 5.7 that the activity results of the aged samples 

follow the same trend as the baseline results, with the samples taken from the rear of the 

catalyst brick showing the greatest activity.  The activity of the samples taken from the 

front and middle sections of the brick are almost identical for each of the cores A, B and C.  

Correlation of the trends before and after ageing suggests that the samples taken from the 

rear of the brick are more heavily loaded with precious metals, causing an increase in 

catalytic activity in this region. 

 

Figure 5.8 CO light-off results based on equivalent ageing times for a RAT-A cycle. 
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Figure 5.8 shows the light-off temperature plotted against ageing time for each ageing 

temperature.  The average de-greened light-off temperature is also plotted at zero ageing 

hours.  It can clearly be seen from the graph that as the ageing temperature increases, so 

too does the light-off temperature, showing greater thermal degradation of the catalyst.  

This trend is also clearly seen from the CO light-off curves of the samples aged to 

‘equivalent’ levels, Figure 5.9 to Figure 5.11.  The ageing temperature plays a very 

important role, as would be expected, for thermal deterioration to occur.  It was seen that, 

at each temperature, all samples reached a similar level of degradation and that ageing 

time had no effect above the initial 50 hours equivalent ageing.  The samples aged for 50 

hours had the same level of thermal deactivation as ageing a sample for 200 hours for all of 

the ageing temperatures tested.  It is predicted that the light-off variation between 

samples is due to a variation in precious metal particles from one core to the next, which is 

also indicated by the initial baseline light-off test results. 

 

Figure 5.9 CO light-off curves for the samples aged to 50 hours of RAT-A cycle. 
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Figure 5.10 CO light-off curves for the samples aged to 100 hours of RAT-A cycle. 

 

Figure 5.11 CO light-off curves for the samples aged to 200 hours of RAT-A cycle. 
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concentration of the ageing atmosphere, causing increased catalyst deactivation.  From the 

BAT equation it would be expected that as the ageing time increases the catalyst activity 

decreases, with a corresponding increase in light-off temperature.  This change in light-off 

temperature is expected to follow a logarithmic trend, with a more rapid increase occurring 

initially before levelling off.  Results have shown that this is not the case for ageing 

temperatures between 800 ᵒC and 900 ᵒC.  Therefore, it can be seen that the BAT equation 

does not give an accurate prediction of static ageing, and it can also be said that static 

ageing does not accurately illustrate the catalyst ageing that occurs on a vehicle, for ageing 

temperatures between 800 ᵒC and 900 ᵒC. 

Table 5.6 shows the results of the CO light-off tests conducted on core D1 after each ageing 

step of progressive ageing, at an ageing temperature of 1000 ᵒC.  The light-off shift is 

shown in Figure 5.12.  For ageing at this temperature it can be seen that, in most cases, a 

shift to higher light-off temperatures does occur as the ageing time increases, indicating 

that ageing time does play a role in catalyst degradation.  An initial ageing of 1.18 hours in 

the oven caused a light-off shift of 45.5 ᵒC from the baseline light-off temperature.  After 

23.6 hours of ageing the light-off temperature was seen to have shifted by a further 17 ᵒC.  

This is in contrast to ageing at temperatures between 800 ᵒC and 900 ᵒC were ageing time 

caused no shift in the light-off temperature.  

After the initial 1.18 hours of ageing, it can be seen that most ageing occurred in the first 

11.8 hours (100 hours equivalent on a RAT-A cycle), with a light-off shift of 11 ᵒC being 

observed.  In the final 11.8 hours of ageing the light-off shifted only by a further 6 ᵒC.  This 

indicates that ageing proceeds at a more rapid rate at the lower ageing times.  At higher 

ageing times the change in light-off temperature between each ageing step decreases, 

showing that most of the catalyst ageing has already occurred.  Further ageing of this 

sample would be required to prove this trend. 

From the baseline light-off activity of sample D1 to the activity after 23.6 hours (200 hours 

equivalent on a RAT-A cycle) of ageing, the performance has reduced by 40%.  However, by 

using the BAT equation, with the activation energy for CO oxidation of approximately 100 

kJ/mol (67), it is estimated that the performance after 23.6 hours should only be 5% of the 

initial performance.  Therefore, even though static ageing at 1000 ᵒC has shown a decrease 

in catalytic activity with respect to ageing time, it is occurring at a much slower rate than 

when compared to engine ageing as defined by the BAT equation.  This suggests that the 



  Correlation of Static Ageing Effects on Automotive Catalysts 

102 

BAT equation does not relate to static ageing in air, and that static ageing does not 

accurately represent engine ageing of an automotive catalyst. 

Table 5.6 CO Light-off test results for progressive ageing of core D1 at 1000 ᵒC. 

Total Static Ageing Time (h) Experimental Light-Off Temperature (ᵒC) 

0 155.5 

1.18 201 

2.36 198.5 

4.72 201.5 

7.08 213.5 

8.26 203 

9.44 210 

11.8 212 

14.16 213 

16.52 213 

18.88 214 

21.24 215 

23.6 218 

 

Figure 5.12 CO light-off test results for progressive ageing of core D1 at 1000 ᵒC. 
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The results of the baseline HC (C3H6) light-off tests for cored samples E1, E2 and E3, 

conducted after de-greening, are shown in Table 5.7.  The results show that all the three 

samples have a very similar level of activity, with the light-off temperatures varying by only 

3 ᵒC.  This shows that the de-greening procedure has been successful in stabilising the 

activity of the samples.  The baseline light-off curves for samples E1, E2 and E3 are plotted 

in Figure 5.13.  These results represent the activity level of the catalyst when fresh, and 

provide a level to which the aged samples can be compared. 

Table 5.7 Baseline C3H6 light-off results. 

Sample E1 E2 E3 

C3H6 Light-Off Temp (ᵒC) 228 226 229 

 

Figure 5.13 De-Greened C3H6 light-off curves. 
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Table 5.8 C3H6 light-off test results for statically aged samples. 

Sample E1 E1 E1 E2 E2 E2 E3 E3 E3 

Ageing 

Temperature (ᵒC) 800 800 800 900 900 900 1000 1000 1000 

Total Equivalent 

Ageing Time (h) 50 100 200 50 100 200 50 100 200 

Light-Off 

Temperature (ᵒC) 225.5 226 225.5 231.5 230 230.5 235 240 241 

 

Figure 5.14 Sample E1 C3H6 light-off curves. 

Sample E2, which was aged at 900 ᵒC for the equivalent of 50, 100 and 200 hours of a RAT-

A drive cycle shows an increase in light-off temperature from the baseline.  The light-off 
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curves shift from fresh to aged. 
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Figure 5.15 Sample E2 C3H6 light-off curves. 

The C3H6 light-off curves for sample E3, aged at 1000 ᵒC, are shown in Figure 5.16.  From 

fresh to aged for 50 equivalent hours a shift in light-off temperature of 6 ᵒC was seen to 

occur.  Further ageing to 100 equivalent hours caused a further shift of 5 ᵒC; however, a 

further shift of only 1 ᵒC was found to occur from 100 to 200 equivalent hours of ageing. 

 

Figure 5.16 Sample E3 C3H6 light-off curves. 
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Figure 5.17 shows the light-off temperature plotted against ageing time for each of the 

samples, E1, E2 and E3, tested for C3H6 light-off activity.  The static ageing results for C3H6 

light-off activity show very similar trends to those for CO light-off activity, shown in Figure 

5.8.  Increased thermal ageing, shown by a greater shift in light-off temperature occurred 

with an increase in ageing temperature.  For static ageing temperatures below 1000 ᵒC, an 

increase in ageing time above the initial 50 hours of ageing was found to cause no further 

shift in light-off temperature, indicating that ageing temperature is the dominant factor 

causing catalyst deactivation.  As was seen with the CO light-off results, ageing time only 

begins to play a role in catalyst deactivation at an ageing temperature of 1000 ᵒC. 

All samples aged to 50 hours should show the same level of activity, as should be the case 

for 100 and 200 hours of ageing.  However, as the ageing time has not played a role in 

catalyst deactivation below ageing temperatures of 1000 ᵒC this is not the case.  The 

repetition of the static ageing procedure on the samples from core E confirm that the BAT 

equation does not give an accurate prediction of static ageing, and shows that static ageing 

at these ageing temperatures does not accurately illustrate the dynamic ageing that occurs 

on a vehicle. 

 

Figure 5.17 Static ageing results based on equivalent ageing times for a RAT-A cycle. 
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three-way catalytic converters due to its high activity for the effective oxidation of carbon 

monoxide and hydrocarbons.  The sintering of these precious metal particles is considered 

in literature, and in many of the ageing models including that developed by Baba et al. (45) 

at Toyota, to be the key factor that leads to catalyst deactivation due to thermal effects.  

This sintering effect has been seen to occur as the temperature in the exhaust stream 

exceeds 800 ᵒC.  The alumina washcoat also contributes to catalyst deactivation, as it 

undergoes irreversible phase changes as the ageing temperature is increased.  With each 

phase change the washcoat loses internal pore structure, leading to a reduction in the 

surface area over which catalytic sites are available to reactant gases.  It is important to 

consider these two thermal ageing mechanisms and how they may relate to the ageing 

trends that were observed for static ageing in air.  The interactions of O2 and precious 

metals are complicated, and mechanisms are not well known. 

A number of studies have been conducted in order to determine how the phase 

transformation of Pd on the surface of automotive catalysts affects the catalyst reactivity 

(95-97).  At atmospheric pressure in air, at ambient temperature, the stable phase of the 

Pd catalyst on the washcoat is in the form of palladium oxide, PdO (98).  This has also been 

found to be the most catalytically active phase for methane oxidation at low temperatures.  

However, as the temperature rises, decomposition of the PdO has been seen to occur, and 

this is considered to be an important factor for the activity of the catalytic converter.  A 

study by Farrauto et al. (95) shows that PdO begins to decompose at a temperature of 

around 800 ᵒC when supported by an alumina washcoat.  Decomposition to Pd metal 

particles was shown to be complete by around 925 ᵒC.  This was confirmed by Datye et al. 

(96), who showed that complete decomposition from PdO to single crystal metal particles 

had occurred by approximately 915 ᵒC.  Chen et al. (99) describes the decomposition of the 

palladium oxide as a two step process, the first step being the decomposition of the bulk 

PdO, with the second occurring around 40-50 ᵒC later and involving conversion of a 

stabilised form of PdO to Pd. 

During cooling in air, the Pd metal particles have been shown to slowly reoxidise and 

redisperse back to the palladium oxide phase. This has been observed to occur at around 

600 ᵒC.  Datye et al. found that this reoxidaton process started just below 600 ᵒC and ended 

at around 375 ᵒC.   

Datye et al. used TEM analysis to show how the decomposition occurs.  It was observed 

that during the temperature window when PdO decomposition is occurring, small Pd metal 
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domains form on the surface of the PdO.  The small size of these domains allows the Pd 

metal to reoxidise when cooling occurs.  However, above the decomposition temperature 

window, where PdO decomposition is complete, larger faceted metal particles start to 

develop.  These larger particles are therefore more difficult to reoxidise during cooling.   

For static laboratory aging in air, it was found that catalyst deactivation occurred in distinct 

steps.  As the ageing temperature was increased up to 900 ᵒC, the light-off temperatures of 

the aged samples shifted to higher levels.  However, after the initial 50 hours of ageing, no 

further shift was seen to occur with increasing time.  For ageing at 1000 ᵒC, ageing time did 

have an effect on light-off activity, with shifts to higher temperatures observed after each 

ageing step.  These trends may be due to the combined mechanisms of PdO decomposition 

and alumina washcoat sintering. 

In the literature it was observed that PdO decomposition to Pd metal crystals begins at 

around 800 ᵒC, and is complete at temperatures just above 900 ᵒC.  It was also seen that 

the Pd metal particles were easily reoxidised during cooling when they are located in small 

domains on the PdO surface, which occurs when the catalyst does not experience 

temperatures higher than that required for complete decomposition.  This may explain the 

phenomenon that was observed after static ageing up to 900 ᵒC, were ageing time had no 

effect on catalyst deactivation.  As the PdO was not fully decomposed, this may inhibit the 

agglomeration of the Pd precious metal, resulting in reoxidation and redispersion during 

cooling.  The steps in light-off temperature must then be attributed to ageing of the 

alumina washcoat, which is known to undergo phase changes due to ageing temperature.  

Static ageing at 1000 ᵒC is in the region where all of the PdO on the catalyst surface will 

have decomposed to Pd metal particles.  These metal particles are then free to 

agglomerate, which will continue to occur as the ageing time is increased.  As these larger 

particles are less easily reoxidised during cooling, a reduced catalytic surface area will be 

available to reactant gases and therefore higher light-off temperatures obtained.  This is 

suggested to be the mechanism that results in ageing time playing a role in catalyst 

deactivation for static ageing in air at 1000 ᵒC. 

It may therefore be due to the mechanism for palladium ageing that the BAT equation fails 

to describe the static ageing of Pd/Rh three-way catalyst samples in air, rather than the 

overall static ageing procedure.  From the light-off results, no deactivation was shown to 

have occurred after ageing in air at 800 ᵒC.  The samples aged in temperatures under 1000 

ᵒC were shown to have no time dependence, and the BAT equation therefore does not 
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apply.  The high oxygen concentration of the ageing atmosphere may be what causes the 

lack of time dependent ageing at the lower temperatures, with the palladium existing in 

the oxide form for longer.  Future tests should be conducted on statically aged samples 

loaded with platinum precious metal in order to determine if the BAT equation applies at 

all to static ageing. 

5.5 Concluding Remarks 

CO and C3H6 light-off test results have shown that under static ageing conditions in air, at 

ageing temperatures between 800 and 900 ᵒC, ageing time has no effect on the thermal 

ageing of cored Pd/Rh three-way catalyst samples.  However, ageing temperature does 

play an important role.  These results were in contradiction to the BAT equation, which 

predicts ageing due to time at ageing temperature.  Static ageing carried out at an ageing 

temperature of 1000 ᵒC for a range of ageing times up to the equivalent of 200 hours on a 

RAT-A cycle, has shown that an increase in ageing time results in decreased catalytic 

activity.  However, even in the extreme conditions of 1000 ᵒC, which is close to the 

sintering temperature of the washcoat, and an oxidising atmosphere, static ageing does not 

give accurate ageing characteristics with time when compared to engine ageing as defined 

by the BAT equation.  For static ageing, it can be seen that the decrease in catalyst 

performance is occurring at a much slower rate. 

It is suggested that the step like behaviour observed after ageing at temperatures up to 900 

ᵒC is due the mechanism of palladium oxide decomposition.  Palladium oxide decomposes 

to palladium metal in the temperature range of 800 to 900ᵒC.  However, within this 

temperature window the metal occurs in small domains on the surface of the palladium 

oxide, and the metal particles are easily reoxidised to palladium oxide during cooling.  It is 

thought that due to the presence of palladium oxide in this temperature window, precious 

metal particle sintering is inhibited and ageing time has no effect.  Phase changes in the 

washcoat due to increased ageing temperature are thought to be the main cause of 

deactivation at these ageing temperatures.  At temperatures of 1000 ᵒC, complete 

decomposition of palladium oxide to palladium metal will have occurred, and increased 

ageing time will therefore result in increased precious metal agglomeration.  These larger 

palladium particles are more difficult to reoxidise during cooling.  The effect of precious 

metal agglomeration at an ageing temperature of 1000 ᵒC therefore leads to a shift in light-

off activity with ageing time. 
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It has been shown that the BAT equation does not apply to the static ageing in air of 

catalyst samples loaded with palladium precious metal.  Static ageing is an ageing method 

which is widely used in industry; however, this research suggests that it is not 

representative of the dynamic ageing that occurs on-road, where ageing time has been 

shown to have an effect.  In this study ageing time was only shown to have an effect for an 

ageing temperature of at least 1000 ᵒC.  Static ageing in air has been shown to cause 

increased ageing due to temperature than predicted by the BAT equation, but less due to 

time.  These effects may be due to the high oxygen concentration of the ageing 

atmosphere.  Future work should include a similar study conducted on catalyst samples 

loaded with platinum, to investigate if the BAT equation applies to static ageing for this 

case. 
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6 Determining the R-Factor for Laboratory Ageing 

Procedures 

6.1 Introduction 

In this chapter, the R-factors for laboratory ageing methods are determined, and compared 

to the R-factor recommended by the EPA for the dynamic accelerated ageing on the 

Standard Bench Cycle.  Based on the calculated R-factors, conclusions are made as to 

whether or not correlation exists between static and dynamic ageing methods, and the 

levels of thermal deactivation caused by static laboratory ageing methods are compared to 

the EPA’s on-vehicle dynamic ageing.  This study uses the results of the static ageing tests 

conducted in Chapter 5, as well as static ageing tests conducted by Woods (44). 

6.2 R-Factor Calculation Method 

If a manufacturer wishes to use the BAT equation to determine the bench ageing times for 

a customised ageing cycle the EPA states that the R-factor for that cycle must be 

determined experimentally.  The EPA have issued an experimental procedure which may be 

followed in order to make an accurate calculation of the R-factor.  The procedure is 

described as follows: 

1. Using the customised bench cycle, age a minimum of three catalysts at different 

ageing temperatures, between the normal operating temperature and the damage 

limit temperature, and measure the catalyst efficiency after ageing. 

2. Estimate the value of R and calculate the effective reference temperature for the 

ageing cycle for each control temperature. 

3. Plot the catalyst efficiency versus ageing time for each of the catalysts, and draw a 

best fit line through the data. 

4. Calculate the slope of the best fit line for each ageing temperature. 

5. Plot the natural log of the slope of each best fit line versus the inverse of the ageing 

temperature.  The slope of the best fit line through this data is the R-factor. 

6. Compare this R-factor to that used in step 2.  If the calculated R-factor differs from 

the initial value by more than 5%, choose a new R-factor that is between the initial 

and calculated values and repeat steps 2-6 to derive a new R-factor.  Repeat this 

process until the calculated R-factor is within 5% of the initially assumed R-factor. 

This method is not compulsory, and the EPA has stated that other techniques may be used.  

Ford have used an alternative method for determining the R-factor, which suggests that 
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emissions rather than catalyst efficiency be measured and that the emission deterioration 

projected from a least-squares regression of the emission versus time data be calculated 

directly from the experimental data rather than the two step process proposed by the EPA 

(77).  

6.3 Static Ageing Methodology and Results 

6.3.1 AutoSAS 

Woods (44) conducted the static ageing of palladium loaded three-way catalyst cores, in 

order to determine the effect that ageing time, ageing temperature, CO2 concentration, 

and O2 concentration had on catalyst deactivation.  An ageing method was developed, 

named AutoSAS, which saw the catalyst cores, 30 mm in diameter and 25 mm in length, 

aged inside sealed stainless steel vessels placed in a furnace oven.  Once the cores were 

placed inside the vessels, the ageing gas mixture was flowed through the vessel until all of 

the air was removed.  A vacuum generator was then used to supply a predetermined 

vacuum to the gas inside the vessel, reducing the pressure.  The required pressure was 

calculated for each ageing temperature that would produce an atmospheric pressure inside 

the vessel during ageing, similar to the actual pressure at which an automotive catalyst 

operates. Four different ageing gas mixtures were used in the study, as shown in Table 6.1.  

A Horiba MEXA 554JE portable analyser was used in order to ensure that the gas 

concentrations inside the vessels were those required for each ageing atmosphere.  For 

each ageing atmosphere, the cores were aged at temperatures of 800, 850 and 900 ᵒC, for 

ageing times ranging from 50 hours to 300 hours, at 50 hour intervals.   

Table 6.1 Ageing Gas Concentrations. 

Gas Mix Number Gas Concentration 

Mix 1 100% N2 

Mix 2 10% CO2, 90% N2 

Mix 3 1% O2, 10% CO2, 89% N2 

Mix 4 2% O2, 10% CO2, 88% N2 

The Horiba SIGU 2000 was used to test the catalyst cores for CO light-off activity after they 

had been de-greened and after each step of static ageing.  Not all cores were tested after 

every 50 hour interval.  The tests were conducted with a space velocity of 50,000 hr-1, 

equivalent to a flow of 11.78 l/min.  The concentrations used for the light-off tests were 

0.5% CO, 0.25% O2, 10% CO2, 10% H2O and balance N2.  The tests were conducted with a 
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pre-treatment temperature ramp in nitrogen, up to 400 ᵒC in order to remove any stored 

gases from the catalyst surface, followed by two light-off ramps, up to 400 ᵒC at a ramp 

rate of 5 ᵒC/min.  The results of the CO light-off tests for the cores aged using the AutoSAS 

method, for ageing atmosphere mixes 1, 2, 3 and 4, are shown in Table 6.2, Table 6.3, Table 

6.4 and Table 6.5 respectively. 

Table 6.2 CO light-off temperatures for ageing mix 1. 

  Ageing Time (h) 

  De-Green 50 100 150 200 250 300 

A
ge

in
g 

Te
m

p
er

at
u

re
 (

ᵒC
) 

800 195 236 236 220 260 248.5 236.5 

850 195 244.5 325.5   297 308 

900 195 330.5 333.5   344.5 344 

Table 6.3 CO light-off temperatures for ageing mix 2. 

  Ageing Time (h) 

  De-Green 50 100 150 200 250 300 

A
ge

in
g 

Te
m

p
er

at
u

re
 (

ᵒC
) 

800 195 219.5 245.5  237 291.5 255 

850 195 249.5 318 281 323 309.5 276.5 

900 195 316  334 346 340  

Table 6.4 CO light-off temperatures for ageing mix 3. 

  Ageing Time (h) 

  De-Green 50 100 150 200 250 300 

A
ge

in
g 

Te
m

p
er

at
u

re
 (

ᵒC
) 

800 195 256 233.5 249.5 236 308 250 

850 195 304 305  341.5 316  

900 195 320.5 336.5 356 359.5 342 347.5 
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Table 6.5 CO light-off temperatures for ageing mix 4. 

  Ageing Time (h) 

  De-Green 50 100 150 200 250 300 
A

ge
in

g 
Te

m
p

er
at

u
re

 (
ᵒC

) 
800 195 248.5  275.5 255.5 253.5 267.5 

850 195 276.5 312 321 315 307.5  

900 195 317 336 332 347 329 356 

From these CO light-off results, some conclusions could be made on the effect that static 

ageing temperature, time and ageing atmosphere had on three-way catalyst activity.  It was 

seen from the results that, for all ageing gas mixtures at each ageing temperature, as the 

ageing time increased there was an increase in the CO light-off temperature.  An increase in 

ageing temperature was also shown to cause greater catalyst deactivation.  For each ageing 

mixture the largest shift in light-off temperature occurred in the first 50 hours of ageing, 

with a greater shift occurring as the ageing temperature increased.  The results do not 

show a clear trend for the effect that the ageing gas mixture has on the CO light-off activity.  

Woods (44) states that the ageing atmosphere has a negliable effect for ageing of three-

way catalysts in a static gaseous atmosphere.  A comparison of the values of the R-factor 

for the ageing processes for each gas mix may help to more clearly determine the effect 

that the ageing atmosphere has on catalyst ageing. 

6.3.2 AutoSAS R-Factor Determination 

In order to determine the value of the thermal reactivity coefficient (R-factor, 
  

  
, where Ea 

is the activation energy and R0 is the universal gas constant) for each static ageing gas mix, 

the activity ratio, from de-greened to aged, was calculated based on the change in CO light-

off temperature.  The activity loss for each ageing time was calculated for the three ageing 

temperatures at each ageing gas mixture using Equation 6.4, which is derived from a ratio 

of the Arrhenius rate equation, Equation 6.1, for a fresh (de-greened) and an aged catalyst.   

    
   

      Equation 6.1 

Where k is the rate constant, A is the frequency factor, and TLO is the catalyst light-off 

temperature in Kelvin.  For a de-greened catalyst, the rate equation can be expressed as 
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shown in Equation 6.2, where TLO0 is the de-greened light-off temperature, and A0 and k0 

are the frequency factor and rate constant for the de-greened catalyst respectively. 

      
   

       Equation 6.2 

At catalyst light-off, the rate constants for Equations 6.1 and 6.2 are equal (k=k0).  

Therefore, a ratio of the two equations provides the activity ratio, 
 

  
, as shown in Equation 

6.3.  This ratio simplifies to give Equation 6.4. 

 

  
 

 
 

  
      

 

   
     

                                Equation 6.3 

 

  
  

  
 

   
 

 

    
 
 Equation 6.4 

For Equation 6.4, the 
  

  
 term is renamed K.  For the CO reaction with O2 this value is 

around 12500 K-1.  After de-greening, the activity ratio is always 1, as T is equal to T0.  This 

is assumed to be the point at which the catalyst cores have maximum activity, and the 

reference point from which catalyst activity is determined.  Table 6.6, Table 6.7, Table 6.8 

and Table 6.9 show the activity ratios after static ageing for gas mixtures 1, 2, 3 and 4 

respectively. 
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Table 6.6 Activity ratios after static ageing in gas mix 1. 

Ageing Time (h) Ageing Temperature (ᵒC) Light-Off Temperature (ᵒC) A/A0 

  800 236 0.1163 

50 850 244.5 0.0777 

  900 330.5 0.0025 

  800 236 0.1163 

100 850 325.5 0.0030 

  900 333.5 0.0022 

  800 220 0.2581 

150 850 - - 

  900 - - 

  800 260 0.0384 

200 850 - - 

  900 - - 

  800 248.5 0.0646 

250 850 297 0.0084 

  900 344.5 0.0016 

  800 236.5 0.1135 

300 850 308 0.0055 

  900 344 0.0016 
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Table 6.7 Activity ratios after static ageing in gas mix 2. 

Ageing Time (h) Ageing Temperature (ᵒC) Light-Off Temperature (ᵒC) A/A0 

  800 219.5 0.2648 

50 850 249.5 0.0617 

  900 316 0.0041 

  800 245.5 0.0742 

100 850 318 0.0039 

  900 - - 

  800 - - 

150 850 281 0.0158 

  900 334 0.0022 

  800 237 0.1108 

200 850 323 0.0032 

  900 346 0.0015 

  800 295.1 0.0104 

250 850 309.5 0.0052 

  900 340 0.0018 

  800 255 0.0481 

300 850 276.5 0.0190 

  900 330.5 - 
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Table 6.8 Activity ratios after static ageing in gas mix 3. 

Ageing Time (h) Ageing Temperature (ᵒC) Light-Off Temperature (ᵒC) A/A0 

  800 256 0.046 

50 850 304 0.0064 

  900 320.5 0.0035 

  800 233.5 0.1313 

100 850 305 0.0062 

  900 336.5 0.002 

  800 249.5 0.0617 

150 850 262 - 

  900 356 0.0011 

  800 236 0.1163 

200 850 341.5 0.0017 

  900 359.5 0.0010 

  800 308 0.0055 

250 850 316 0.0041 

  900 342 0.0017 

  800 250 0.0602 

300 850 - - 

  900 347.5 0.0014 
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Table 6.9 Activity ratios after static ageing in gas mix 4. 

Ageing Time (h) Ageing Temperature (ᵒC) Light-Off Temperature (ᵒC) A/A0 

  800 248.5 0.0646 

50 850 276.5 0.0190 

  900 317 0.0040 

  800 - - 

100 850 312 0.0048 

  900 336 0.0021 

  800 275.5 0.0198 

150 850 321 0.0035 

  900 332 0.0024 

  800 255.5 0.0470 

200 850 315 0.0043 

  900 347 0.0014 

  800 253.5 0.0514 

250 850 307.5 0.0056 

  900 329 0.0026 

  800 267.5 0.0278 

300 850 - - 

  900 356 0.0011 

Light-off tests performed on the catalyst samples after AutoSAS ageing have shown that an 

increase in ageing time and temperature causes a rise in light-off temperatures from the 

initial fresh value.  It can be seen from the activity calculations that as the ageing time and 

temperature are increased there is a decrease in the activity ratio (
 

  
) from the fresh 

activity (A0) after ageing due to the decreasing A value. 

For each ageing gas mixture, the activity ratio was plotted against the ageing time at each 

ageing temperature, and a linear regression best fit line constructed through each data 

series.  The plots for ageing gas mixes 1, 2, 3 and 4 are shown in Figure 6.1, Figure 6.2, 

Figure 6.3 and Figure 6.4 respectively.  Figure 6.2 includes the plot for 800 ᵒC in order to 

show the trend that occurs across the three ageing temperatures.  The results for 800 ᵒC 

showed a high level of scatter, and so are not plotted in Figure 6.1, Figure 6.3 and Figure 

6.4 in order to show more clearly the activity results after ageing at 850 ᵒC and 900 ᵒC. 
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Figure 6.1 Activity loss caused by ageing time and temperature for gas mix 1. 

 

Figure 6.2 Activity loss caused by ageing time and temperature for gas mix 2. 
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Figure 6.3 Activity loss caused by ageing time and temperature for gas mix 3. 

 

Figure 6.4 Activity loss caused by ageing time and temperature for gas mix 4. 
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was seen with the static ageing tests in Chapter 5 of this thesis, ageing at 800 ᵒC causes 

much less deactivation than ageing at temperatures of 850 ᵒC and beyond.  In order to give 

a clearer indication of the effect that ageing atmosphere has on catalyst ageing, the R-

factor for each ageing gas mixture will be calculated.  

The BAT equation can be used to calculate the R-factor (
  

  
) for each of the ageing 

atmospheres, by plotting the natural logarithm of the activity slope at each ageing 

temperature against 
 

 
, where T is the ageing temperature.  According to the BAT equation, 

in the form of y=mx+c, the gradient of the best fit line through the data for each ageing 

atmosphere determines the R-factor for ageing in that particular gas mixture.  Equation 6.5 

to Equation 6.8 shows how the BAT equation is derived into this form. 

  
   
       

   
     Equation 6.5 

By taking a ratio of an aged sample and a de-greened sample, the activity factor 
 

  
 can be 

considered. 

 

  
 

 

  
 

 
  
  

 
  
 

 Equation 6.6 

   
 

  
  

 

 
 

 

  
  Equation 6.7 

Considering  
 

  
 as a constant C, Equation 6.7 takes the form of y=mx+c as follows: 

   
 

  
   

 

 
   Equation 6.8 

Figure 6.5, Figure 6.6, Figure 6.7 and Figure 6.8 show the natural logarithm of the activity 

slope plotted against 
 

 
 for gas mixtures 1 to 4 respectively, with the gradient of the best fit 

line representing the R-factor for each ageing atmosphere.  The calculated R-factors are 

presented in Table 6.10. 
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Figure 6.5 R-factor determination for ageing gas mix 1. 

 

Figure 6.6 R-factor determination for ageing gas mix 2. 
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Figure 6.7 R-factor determination for ageing gas mix 3. 

 

Figure 6.8 R-factor determination for ageing gas mix 4. 
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Table 6.10 Calculated R-factors for AutoSAS ageing gas mixtures. 

Gas Mix Number Ageing Atmosphere R-Factor 

Mix 1 100% N2 50,180 

Mix 2 10% CO2, 90% N2 50,863 

Mix 3 1% O2, 10% CO2, 89% N2 38,758 

Mix 4 2% O2, 10% CO2, 88% N2 29,869 

The de-greening temperature (T0) for each gas mix can be determined from the intercept 

(C) of the straight line through the plots of ln(
 

  
) against 

 

 
, and the calculated R-factor, as 

described by Equation 6.9.  The temperature used to de-green all of the samples in the 

AutoSAS study was the same.  Therefore, if the calculated de-greening temperature is 

similar to that actually used in the testing procedure, the method of calculating the R-factor 

can be shown to be consistent.  The calculated values of T0 for each ageing atmosphere are 

presented in Table 6.11. 

   
  

 
 Equation 6.9 

Table 6.11 Calculated T0 for AutoSAS gas mixtures. 

Gas Mix Number Ageing Atmosphere De-Greening 

Temperature (ᵒC) 

Mix 1 100% N2 660 

Mix 2 10% CO2, 90% N2 660 

Mix 3 1% O2, 10% CO2, 89% N2 590 

Mix 4 2% O2, 10% CO2, 88% N2 540 

The R-factors for each ageing mixture used for the AutoSAS static ageing procedure are 

presented in Table 6.10.  As is to be suspected, and supported by many studies identified in 

literature, catalyst deactivation was found to be greatest when oxygen was present in the 

ageing atmosphere.  This is shown by the calculated R-factors, with lower R-factors 

representing the greatest deterioration.  This can be seen by considering Equation 6.8.  A 

decrease in the value of R results in a reduction in the value of 
 

  
.  As A0 represents the 

activity of the catalyst when fresh (de-greened), the value of A therefore must decrease 

with decreasing R, indicating increased deactivation.  The calculated R-factors for the static 

ageing in 100% N2 and 90% N2/10% CO2 were found to be almost identical, with values of 
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50,180 and 50,863 respectively.  This shows that the CO2 has a negliable effect on catalyst 

ageing.  The O2 concentration of the static ageing atmosphere was shown to have a much 

greater effect on catalyst deactivation.  The calculated R-factors for 1% O2 and 2% O2 were 

found to be 38,758 and 29,869 respectively, showing that ageing occurs much more rapidly 

in an oxidising atmosphere than in an inert nitrogen environment.  These results also 

indicate that increasing the oxygen concentration of the ageing atmosphere will cause 

increased thermal deactivation.  For all of the static ageing atmospheres tested using the 

AutoSAS system, it was found that ageing occurs more slowly than predicted for the 

dynamic standard bench cycle and the corresponding BAT equation, which have a 

recommended R-factor of between 17,500 and 18,500. 

The calculated R-factors indicate that the ageing mechanism occurring has a strong 

dependence on the oxygen concentration of the ageing atmosphere, with increased 

deactivation occurring as the oxygen concentration in the ageing atmosphere increases.  

Figure 6.9, Figure 6.10 and Figure 6.11 compare the activity loss that occurs for each ageing 

atmosphere at 800, 850 and 900 ᵒC respectively.  Figure 6.12 shows the activity loss caused 

at 900 °C on a reduced scale, in order to show the trends more clearly. 

 

Figure 6.9 Activity loss caused by an ageing temperature of 800 ᵒC for different ageing 
atmospheres. 
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Figure 6.10 Activity loss caused by an ageing temperature of 850 ᵒC for different ageing 
atmospheres. 

 

Figure 6.11 Activity loss caused by an ageing temperature of 900 ᵒC for different ageing 
atmospheres. 
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Figure 6.12 Activity loss caused by an ageing temperature 900 °C for different ageing 
atmospheres. 
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much higher at around 21%, precious metal ageing effects were shown to have no 

influence on catalyst deactivation until an ageing temperature of around 1000 ᵒC.  Whereas 

for ageing atmospheres with 1% and 2% oxygen, precious metal deactivation appears to 

begin at a lower ageing temperature. 

The catalyst samples used for the AutoSAS static ageing methods were de-greened in air at 

a temperature of 750 ᵒC.  In a study reviewed in the literature, Harkonen et al. (26) 

conducted catalyst de-greening at a temperature of 650 ᵒC.  The average de-greening 

temperature calculated for the catalysts aged in the various ageing atmospheres was 

around 615 ᵒC.  Considering the variability of the light-off temperatures obtained after 

ageing in the AutoSAS ageing system, the de-greening temperatures calculated are not 

unrealistic values, and were found to be quite consistent.  The method used to calculate 

the R-factors is therefore shown to be consistent.  It is clear from the light-off temperatures 

that a number of anomalous results exist for the AutoSAS procedure.  This is thought to be 

due to the large number of catalyst samples used during this ageing method.  As shown in 

previous sections of this work, it appears that variability exists between catalyst samples, 

leading to a loss of correlation between results.  It is also possible that even though the 

samples show the same level of activity when fresh, they may age at different rates.  This 

could occur due to a variety in the washcoat pore sizes, as well as differences in precious 

metal diameters and distribution in loading between cores.  It would be advantageous to 

repeat this AutoSAS ageing procedure, progressively ageing one sample for each ageing 

temperature within each gas mix (3 ageing temperatures x 4 gas mixes = 12 catalyst 

samples).  It would also be advantageous to conduct a study beginning with a number of 

almost identical catalyst samples, and conduct BET and TEM analysis in order to compare 

the changes that exist in the washcoat and precious metals after various steps of the same 

ageing schedule. 

6.3.3 R-Factor Determination for Static Ageing in Air 

In Chapter 5 of this study, cored catalyst samples were statically aged in air for a range of 

ageing times and temperatures and tested for CO light-off activity.  Unlike the ageing 

trends observed during AutoSAS ageing, ageing time was shown to have no effect for static 

oven ageing in air.  In Chapter 6.3.2 of this work, the R-factor was calculated based on the 

change of activity with ageing time at each ageing temperature and gas mix.  For static 

ageing in air, the activity levels reached after each ageing temperature up to 900 ᵒC did not 

change with ageing time above the initial 50 hours of ageing.  Table 6.12 presents the 
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activity ratios, calculated using Equation 6.4, for static ageing in air.  As the activity ratio at 

each ageing temperature remains fairly constant with increasing ageing time, with the only 

differences thought to occur due to variability of cores, the average 
 

  
 was calculated for 

each temperature.  For ageing at 800 ᵒC, the 
 

  
 value was taken to be 1 as there was no 

shift in light-off activity from the fresh (de-greened) results. 

Table 6.12 Activity ratios after static ageing in air. 

Ageing Time (h) Ageing Temperature (K) A/A0 

50 1073 1 

100 1073 1 

200 1073 1 

Average A/A0 1 

50 1123 0.5700 

100 1123 0.4616 

200 1123 0.5395 

Average A/A0 0.5237 

50 1173 0.1540 

100 1173 0.1183 

200 1173 0.1040 

Average A/A0 0.1254 

Figure 6.13 shows the natural logarithm of 
 

  
 at each ageing temperature plotted against 

the inverse of the ageing temperature, 
 

 
.  According to Equation 6.8, the gradient of the 

linear regression best-fit line plotted through the data represents the R-factor for static 

ageing in air, and the intercept value can be used to calculate the de-greening temperature, 

T0, as described by Equation 6.9. 
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Figure 6.13 R-Factor determination for static ageing in air. 
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developed by the EPA, thermal reactivity coefficients, or R-factors, were calculated for each 

of the ageing atmospheres.  It was found from the results that static ageing in an inert 

nitrogen atmosphere causes catalyst deactivation to occur, but at a slower rate than an 

ageing atmosphere containing oxygen.  Also shown in the results was that as the oxygen 

concentration of the ageing atmosphere increased, thermal ageing occurred at a faster 

rate.  The R-factor for the static ageing procedure conducted in air, as described in Chapter 

5, showed similar results to those found for AutoSAS ageing in 2% oxygen.  For all of the 

static ageing methods considered in this study, the calculated R-factors were all higher than 

the 17,500-18,500 value stated by the EPA, relating to dynamic ageing corresponding to the 

BAT equation.  This indicates that during static ageing, catalyst deactivation is occurring at a 

slower rate than for dynamic ageing, even when conducted in air. 

The oxygen concentration of the ageing atmosphere was shown to have a greater effect on 

catalyst deactivation at the lower ageing temperatures, where only non time dependent 

washcoat ageing was occurring.  As the ageing temperature increased to the region where 

precious metal ageing begins to occur it was seen that the oxygen concentration had less of 

an influence on deactivation.  

It has been suggested that repeating the AutoSAS ageing process would be valuable for 

more accurate correlation to be observed.  By using fewer catalyst samples and 

progressively ageing them at each ageing temperature and atmosphere would help to 

eliminate the sample-to-sample variation that has been shown to exist earlier in this 

research.  It is thought that the variation may exist due to samples, which when fresh 

showed the same level of activity, ageing at different rates.  This could be due to different 

precious metal loadings existing in different cores, different initial precious metal 

diameters, and different washcoat pore distributions.  BET and TEM analysis would be 

required to show this. 
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7 Ageing Expressions 

7.1 Introduction 

This chapter considers the most notable ageing expression described in the literature to 

date, and analyses how it predicts catalyst deactivation compared to the static ageing 

results determined experimentally.  Based on the laboratory results obtained, and 

conclusions made, during previous chapters of this research, recommendations are 

provided as to how the ageing expression could be improved.   

7.2 Toyota Expression 

As mentioned in Chapter 2.5, the most notable research conducted into the ageing 

modelling of three-way catalytic converters is that performed by Baba et al. (45) at the 

Toyota Motor Corporation.  The outcome of this research was a mathematical expression, 

Equation 7.1, which describes the sintering of platinum precious metal particles due to 

ageing time, ageing temperature, oxygen concentration in the ageing atmosphere, and the 

phosphorus poison concentration.  The expression developed by Baba et al. is absolute, 

and therefore no initial condition is required, unlike the BAT equation which is relative and 

always requires an initial condition.  An aged sample can therefore be characterised and 

the level of ageing determined without knowing the initial state of the catalyst.  The 

problem that exists with the expression developed by Baba et al. is that it predicts that 

ageing will not occur unless oxygen is present in the ageing atmosphere.  However, Woods 

(44) showed that ageing does in fact occur in an inert nitrogen atmosphere.   
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  Equation 7.3 

At Toyota, expressions were developed to describe the sintering rate and reaction rate for 

three-way catalysts, shown in Equation 7.1 and Equation 7.2 respectively.  By substituting 

Equation 6.4 into Equation 7.2, the reaction rate expression becomes that shown in 

Equation 7.3.  Equation 7.1 and Equation 7.3 were used to calculate deactivation factors 

and corresponding light-off temperatures, in order to compare the catalyst deactivation 

predicted by Baba et al., to the actual deactivation that occurred in the laboratory as 
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described by the results in Chapter 6.  Ageing was predicted using the Toyota expression 

for oxygen concentrations of 0%, 1% and 2%, at ageing temperatures of 800, 850 and 900 

°C, and ageing times from 0 to 300 hours at intervals of 50 hours.  As only thermal effects 

were considered during the laboratory ageing process the poison term was assumed to be 

1.  For 0% oxygen, the deactivation factors for all ageing times and temperatures were 1, 

showing that no ageing was predicted and all samples remain in their fresh state, when t=0.  

For all of the calculations performed in this section, the thermal reactivity coefficient (R) 

was taken to be 18,500, as recommended by the EPA, and the activation energy (Ea) was 

assumed to be that of CO oxidation, 100 kJ/mol.  All constants were predicted by trial and 

error in order to obtain the best match to the laboratory test data. 

Table 7.1 shows the deactivation factors and light-off temperatures after ageing as 

predicted by the Toyota expression.  Figure 7.1 shows the deactivation factors for the 

ageing conducted under oxygen concentrations of 1% and 2%. 

 

Figure 7.1 Deactivation factors for thermal ageing in oxygen predictred by the Toyota 
expression. 
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Table 7.1 Deactivation factors and corresponding light-off temperatures calculated by the 
Toyota expression. 

O2 Conc. (%)   0     1     2   

R 18500 18500 18500 

T (°C) 800 850 900 800 850 900 800 850 900 

T0 (°C) 195 195 195 195 195 195 195 195 195 

Ea (kJ/mol) 12500 12500 12500 

  

Deactivation Factor, DF 

t (h) 0 1 1 1 1 1 1 1 1 1 

  50 1 1 1 0.011 0.008 0.005 0.006 0.004 0.003 

  100 1 1 1 0.008 0.005 0.004 0.004 0.003 0.002 

  150 1 1 1 0.006 0.004 0.003 0.003 0.002 0.002 

  200 1 1 1 0.006 0.004 0.003 0.003 0.002 0.001 

  250 1 1 1 0.005 0.003 0.002 0.003 0.002 0.001 

  300 1 1 1 0.005 0.003 0.002 0.002 0.002 0.001 

  

Light-off temperature (°C) 

t (h) 0 195 195 195 195 195 195 195 195 195 

  50 195 195 195 289.9 299.8 309.1 308 318.6 328.6 

  100 195 195 195 298.8 309 318.7 317.5 328.4 338.8 

  150 195 195 195 304.1 314.6 324.4 323.2 334.3 344.9 

  200 195 195 195 308 318.6 328.6 327.3 338.6 349.3 

  250 195 195 195 311 321.7 331.8 330.6 342 352.8 

  300 195 195 195 313.5 324.3 334.5 333.2 344.7 355.7 

Figure 7.1 shows how catalyst deactivation due to thermal effects and the presence of 

oxygen in the ageing atmosphere occurs according to the Toyota expression.  It can be seen 

from the chart that as the oxygen concentration increases, the calculated deactivation 

factors shift to lower values showing increased deactivation.  This is also the case when 

ageing temperature is increased.  According to the Toyota expression, the change in 

precious metal diameter is directly proportional to the oxygen concentration.  This results 

in the deactivation factors being halved at each ageing temperature when the oxygen 

concentration of the ageing atmosphere is doubled from 1% to 2%.  Toyota’s ageing 

expression also predicts that oxygen concentration has a greater effect on catalyst 

deactivation than ageing temperatures up to 900 ᵒC, with only ageing in 1% oxygen at 900 

ᵒC equalling ageing in 2% oxygen at 800 ᵒC.  As the severity of the ageing conditions 
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increase, with higher oxygen concentrations at higher temperatures, it is predicted that the 

effect of the ageing time decreases.  This is shown by the decreasing steepness of the 

deactivation factor curves.  As the oxygen concentration in the ageing atmosphere and the 

ageing temperature increase, a greater percentage of the deactivation occurs in the first 50 

hours.  The rate of deactivation then decreases with time. 

The problem that exists with the expression developed at Toyota is that for 0% oxygen 

concentration in the ageing atmosphere, the catalyst deactivation is considered to be non-

existent, no matter how high the ageing temperature or how long the ageing time.  

However, the Toyota expression is the most well developed in the literature.  Taking this 

expression as a baseline and using the experimental results obtained for the work 

conducted in this thesis, recommendations will now be made as to how this expression can 

be improved.  This section discusses how alternative forms of the Toyota expression 

compare to laboratory ageing results. 

7.2.1 Alternative Ageing Expressions 

It is clear that the primary problem with the Toyota expression, Equation 7.1, is that it 

predicts that no ageing will occur when the oxygen concentration of the ageing 

atmosphere is 0%.  Therefore, the first alteration to be made is to the oxygen term.  

Equation 7.4 is in the same form as the Toyota expression; however, an oxygen factor Of 

has been added to the oxygen concentration O2.  This will allow for ageing to be predicted 

when O2 is equal to 0%.  This equation will be referred to as Expression 1 for discussion 

purposes. 

     
              

 
  

   
    

 

     Equation 7.4 

Deactivation factors and the corresponding light-off temperatures after ageing in oxygen 

concentrations of 0%, 1% and 2%, at ageing temperatures of 800, 850 and 900 ᵒC, for 

ageing times of 50 to 300 hours were calculated using Equation 7.4.  The results of these 

calculations are shown in Table 7.2.  The deactivation factors calculated were then plotted 

against the experimental results described in Chapter 6.3.2, in order to determine how the 

calculated results correlate to laboratory ageing results for catalyst deactivation.  A 

selection of the experimental results is then plotted alongside the calculated results in 

order to illustrate the correlation between the results predicted by Expression 1 and those 

determined experimentally. 
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Table 7.2 Deactivation factors and corresponding light-off temperatures calculated by 
Expression 1. 

O2 Conc. (%)   0     1     2   

R 18500 18500 18500 

T (°C) 800 850 900 800 850 900 800 850 900 

T0 (°C) 195 195 195 195 195 195 195 195 195 

Ea (kJ/mol) 12500 12500 12500 

  

Deactivation Factor, DF 

t (h) 0 
1 1 1 1 1 1 1 1 1 

  50 
0.015 0.010 0.007 0.008 0.005 0.004 0.005 0.004 0.003 

  100 
0.010 0.007 0.005 0.006 0.004 0.003 0.004 0.003 0.002 

  150 
0.009 0.006 0.004 0.005 0.003 0.002 0.003 0.002 0.001 

  200 
0.007 0.005 0.004 0.004 0.003 0.002 0.003 0.002 0.001 

  250 
0.007 0.005 0.003 0.004 0.002 0.002 0.002 0.002 0.001 

  300 
0.006 0.004 0.003 0.003 0.002 0.002 0.002 0.001 0.001 

  

Light-off temperature (°C) 

t (h) 0 
195 195 195 195 195 195 195 195 195 

  50 
282.6 292.3 301.4 298.1 308.2 317.9 309.5 320.1 330.2 

  100 
291.3 301.3 310.7 307.2 317.8 327.7 319.1 330.1 340.5 

  150 
296.5 306.7 316.3 312.8 323.5 333.6 324.8 336.0 346.6 

  200 
300.3 310.5 320.3 316.7 327.6 337.9 329.0 340.3 351.1 

  250 
303.2 313.6 323.4 319.8 330.8 341.3 332.2 343.7 354.6 

  300 
305.7 316.1 326.0 322.4 333.5 344.0 334.9 346.5 357.4 

From Figure 7.2 to Figure 7.5 it can be seen that, overall, Expression 1 produces a 

deactivation trend similar to the experimental results for ageing temperatures of 850 ᵒC 

and above, for ageing atmospheres containing oxygen.  Logarithmic best fit lines follow 

similar activity profiles; however, the predicted deactivation for these ageing cases is 

greater than was seen to occur during laboratory ageing, except for ageing at 850 ᵒC in 1% 

oxygen which shows the opposite trend.  For ageing in an inert nitrogen atmosphere at 900 

ᵒC, deactivation after laboratory ageing was found to be much higher than was predicted 

by Expression 1, as shown in Figure 7.6.  For all ageing atmospheres, deactivation at 800 ᵒC 

was predicted to be much greater than was actually found to occur during experimental 

ageing methods. 
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Figure 7.2 Predicted and experimental deactivation factors for ageing at 850 ᵒC in 1% 
oxygen. 

 

Figure 7.3 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 1% 
oxygen.  
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Figure 7.4 Predicted and experimental deactivation factors for ageing at 850 ᵒC in 2% 
oxygen.  

 

Figure 7.5 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 2% 
oxygen. 
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Figure 7.6 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 0% 
oxygen. 

These trends indicate that the oxygen term is over influencing the predicted ageing.  By 

removing the power from the oxygen term, the pre-exponential factor required to match 

the predicted results to the experimental results will be greater and the predicted ageing at 

lower oxygen concentrations should be increased.  Expression 2, Equation 7.5, is an altered 

form of the Toyota expression, with an oxygen factor added to the oxygen concentration 

and the power term removed from the overall oxygen expression. 

     
                

   
    

 

     Equation 7.5 

Expression 2 was used to calculate the deactivation factors for ageing temperatures of 800, 

850 and 900 ᵒC, for ageing times of 50 to 300 hours, in oxygen concentrations of 0%, 1% 

and 2%.  The results of these predictions are presented in Table 7.3. 
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Table 7.3 Deactivation factors and corresponding light-off temperatures calculated by 
Expression 2. 

O2 Conc. (%)   0     1     2   

R 18500 18500 18500 

T (°C) 800 850 900 800 850 900 800 850 900 

T0 (°C) 195 195 195 195 195 195 195 195 195 

Ea (kJ/mol) 12500 12500 12500 

  

Deactivation Factor, DF 

t (h) 0 1 1 1 1 1 1 1 1 1 

  50 0.012 0.008 0.006 0.010 0.007 0.005 0.009 0.006 0.004 

  100 0.009 0.006 0.004 0.007 0.005 0.003 0.006 0.004 0.003 

  150 0.007 0.005 0.003 0.006 0.004 0.003 0.005 0.003 0.002 

  200 0.006 0.004 0.003 0.005 0.003 0.002 0.004 0.003 0.002 

  250 0.006 0.004 0.003 0.005 0.003 0.002 0.004 0.003 0.002 

  300 0.005 0.003 0.002 0.004 0.003 0.002 0.004 0.002 0.002 

  

Light-off temperature (°C) 

t (h) 0 195 195 195 195 195 195 195 195 195 

  50 287.1 296.9 306.1 292.2 302.2 311.6 295.9 306.0 315.6 

  100 295.9 306.0 315.6 301.2 311.5 321.2 305.0 315.4 325.3 

  150 301.2 311.5 321.2 306.6 317.1 327.0 310.5 321.1 331.2 

  200 305.0 315.4 325.3 310.5 321.1 331.2 314.4 325.2 335.4 

  250 308.0 318.6 328.6 313.5 324.3 334.5 317.5 328.4 338.8 

  300 310.5 321.1 331.2 316.0 326.9 337.2 320.1 331.1 341.5 

Expression 2 has the desired effect of predicting decreased levels of deactivation in ageing 

atmospheres containing oxygen, and increased ageing in ageing atmospheres that do not 

contain oxygen, compared to Expression 1.  Figure 7.7 and Figure 7.8 show the excellent 

correlation that exists between the deactivation factors predicted by Expression 2 and the 

experimentally obtained values, for ageing at 850 ᵒC in 1% oxygen and at 900 ᵒC in 2% 

oxygen.  For ageing at 800 ᵒC in oxygen, the predicted activity was decreased; however, 

activity was still predicted to be much higher than was found experimentally.  Figure 7.9 

shows that the predicted catalytic activity has moved closer to the experimental values 

than determined by Expression 1, but correlation is still not good for this case.  For ageing 

in 1% oxygen at 900 ᵒC, the predicted ageing was shifted further from the laboratory 

values, shown in Figure 7.10. 
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Figure 7.7 Predicted and experimental deactivation factors for ageing at 850 ᵒC in 1% 
oxygen. 

 

Figure 7.8 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 2% 
oxygen. 
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Figure 7.9 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 0% 
oxygen. 

 

Figure 7.10 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 1% 
oxygen. 
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corresponding light-off temperatures determined from Expression 3 are displayed in Table 

7.4. 

     
                    

   
    

 

 
 

     Equation 7.6 

Table 7.4 Deactivation factors and corresponding light-off temperatures calculated by 
Expression 3. 

O2 Conc. (%)   0     1     2   

R 18500 18500 18500 

T (°C) 800 850 900 800 850 900 800 850 900 

T0 (°C) 195 195 195 195 195 195 195 195 195 

Ea (kJ/mol) 12500 12500 12500 

  

Deactivation Factor, DF 

t (h) 0 1 1 1 1 1 1 1 1 1 

  50 0.009 0.007 0.006 0.007 0.006 0.005 0.006 0.005 0.004 

  100 0.005 0.004 0.004 0.004 0.004 0.003 0.004 0.003 0.003 

  150 0.004 0.003 0.003 0.003 0.003 0.002 0.003 0.002 0.002 

  200 0.003 0.003 0.002 0.003 0.002 0.002 0.002 0.002 0.002 

  250 0.003 0.002 0.002 0.002 0.002 0.001 0.002 0.002 0.001 

  300 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.001 0.001 

  

Light-off temperature (°C) 

t (h) 0 195 195 195 195 195 195 195 195 195 

  50 295.6 300.6 305.3 300.9 306.0 310.8 304.7 309.9 314.7 

  100 309.4 314.7 319.5 315.0 320.3 325.3 319.0 324.4 329.4 

  150 317.8 323.2 328.2 323.5 329.0 334.1 327.6 333.2 338.4 

  200 323.9 329.4 334.5 329.7 335.3 340.6 333.9 339.6 344.9 

  250 328.7 334.3 339.5 334.6 340.3 345.6 338.9 344.7 350.1 

  300 332.7 338.3 343.6 338.7 344.5 349.9 343.0 348.9 354.4 

The predicted deactivation factors calculated using Expression 3 for ageing at 900 ᵒC in 0%, 

1% and 2% oxygen are shown in Figure 7.11, Figure 7.12 and Figure 7.13 respectively.  It 

can be seen from these charts that the predicted deactivation at ageing times approaching 

200 hours is improved from previous expressions.  This is due to the increased steepness of 

the ageing curves.  However, deactivation at low ageing times remains under-predicted.  

Expression 3 provides the most accurate prediction of ageing collectively over all the ageing 
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atmospheres at 900 ᵒC.  However, ageing at 850 ᵒC is predicted to be greater than what 

was actually found to occur experimentally. 

 

Figure 7.11 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 0% 
oxygen. 

 

Figure 7.12 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 1% 
oxygen. 
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Figure 7.13 Predicted and experimental deactivation factors for ageing at 900 ᵒC in 2% 
oxygen. 
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atmosphere.  This theory was disproved by Woods (44) who showed that ageing does in 

fact exist in an inert nitrogen atmosphere.  A brief study was therefore conducted using the 

results obtained by Woods in order to make suggestions as to how the Baba ageing 

expression could be improved. 

It was clear that an alteration was required in order for ageing to be predicted when the 

oxygen concentration was 0% in the ageing atmosphere.  An oxygen factor, Of, was 

therefore added to the oxygen concentration term, O2.  This overall oxygen term, O2 + Of, 

with or without a power, ensured that catalyst deactivation was predicted when oxygen 

was absent from the ageing atmosphere.   

Some good correlation was seen to exist between experimental results and those predicted 

by the ageing expressions, particularly at high ageing temperatures, but correlation was not 

consistently good across all ageing atmospheres for a given ageing temperature.  The 

expressions did not predict well the deactivation at 800 ᵒC, with calculated deactivation 

factors being much lower than experimentally found.  The Toyota expression was 

developed using catalyst samples loaded with platinum precious metal, and like the BAT 

equation, it may therefore be the case that it is not capable of predicting the ageing of 

palladium loaded samples.  There was also a large degree of scatter in the experimental 

results, due to multiple samples being used under each ageing temperature and ageing 

atmosphere.   

Rather than age different samples for each ageing time, the same sample should be used 

and progressively aged for the 200 hours in order for improved consistency to be obtained.  

The Toyota equation does appear to be in the correct form for predicting ageing, but 

optimisation is required.  This could be achieved by repeating the tests discussed in this 

section using a more consistent method.  It is clear from this research that an improved 

algorithm is required in order to better predict the deactivation of catalyst samples caused 

by laboratory ageing methods. 



  Conclusions 

148 

8 Conclusions 

In this chapter, conclusions are drawn on the methods used, work completed and results 

obtained in this research.  Comments are made on how this research compliments the 

work already carried out in the area of catalyst ageing, especially under laboratory 

conditions. 

An extensive literature review was conducted, focused on the techniques used to age 

three-way catalytic converters and models that have been produced to predict catalyst 

ageing.  On-vehicle and on-engine ageing methods were discussed, along with laboratory 

ageing, which consisted of both static and dynamic methods of accelerated ageing.  Also 

investigated were the many mathematical models that have been created for monolithic 

catalytic converters in order to assist with the design and development of automotive 

exhaust after-treatment systems.  Other models were reviewed that go further and predict 

the performance of the catalyst after ageing, depending on ageing time, temperature and 

ageing atmosphere.  Methods used to identify and monitor the ageing of three-way 

catalysts while on a vehicle were also discussed. 

It was clear from the literature review that laboratory ageing and characterisation 

techniques, along with catalyst modelling, are becoming more and more widely used for 

catalyst research and development.  Synthetic exhaust gas generators have been seen to 

play an important role in ageing analysis, with light-off activity tests used to determine the 

levels of catalyst ageing.  It was identified from the literature that no results had been 

published for the light-off activity of full size commercial catalyst bricks on a laboratory 

scale, with all testing conducted on samples in cored, powdered or pellet form.  A range of 

activity tests were therefore performed for the first time on a number of engine aged, full 

sized catalyst bricks under laboratory conditions using the Catagen Labcat.   

Many catalyst models have been produced using reaction kinetics developed by conducting 

light-off activity tests on cored catalyst samples.  It was therefore important to determine if 

correlation existed between the light-off activity of full size bricks and cored catalyst 

samples taken from the full size bricks.  Each of the engine aged full size bricks tested on 

the Catagen Labcat were cored and tested under the same conditions using the Horiba 

SIGU 2000.  From the light-off tests alone there was found to be no correlation between 

the bricks and cores.  The Labcat activity tests indicated that each full size brick had 

different levels of activity following engine ageing.  However, the cored samples all showed 
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the same level of activity.  If the samples were in fact at different activity levels, this study 

shows that the method of coring and SIGU testing is not suitable for evaluating the 

deactivation of a full size brick as a whole, due to variation in precious metal loading and 

dispersion throughout a brick. 

A global catalyst model was then utilised to account for the differences in heat transfer 

characteristics between the two reactor systems, as well as variations in the precious metal 

dispersion in the samples, and any discrepancies in the inlet temperature and gas 

concentration profiles.  This was the first study to show that good correlation does in fact 

exist between the light-off activity of full size catalyst bricks and cored catalyst samples, 

and highlights the need for a mathematical simulation model if the two sets of data are to 

be compared directly.  

Static laboratory ageing is becoming an increasingly popular technique for the performance 

of accelerated catalyst ageing.  A set of tests were conducted in order to identify the effect 

that ageing time and temperature had on the CO and HC light-off activity of Pd/Rh three-

way catalyst samples, aged in a static air atmosphere.  The study was the first to apply the 

bench ageing time (BAT) equation to static laboratory ageing, simulating a RAT-A cycle for 

ageing times up to 200 hours for a range of ageing temperatures.  It was shown that for 

ageing temperatures from 800 ᵒC to 900 ᵒC, ageing time had no effect on thermal ageing.  

Ageing temperature was shown to have an important role, with light-off shifting to higher 

temperatures as the ageing temperature increased.  These results are in contradiction to 

the BAT equation which predicts ageing due to time at temperature.  For static ageing at 

1000 ᵒC it was shown that catalyst activity does decrease as the ageing time is increased, 

but at a much slower rate compared to engine ageing as defined by the BAT equation.  It 

was therefore shown that the static ageing in air of palladium loaded catalyst samples is 

not representative of the dynamic ageing that occurs on-road, where ageing time is shown 

to have an effect.  It is thought that the step like behaviour in ageing at temperatures up to 

900 ᵒC is due to phase changes in the washcoat.  Decomposition of PdO to Pd metal 

particles does not fully occur until temperatures above 900 ᵒC, and therefore the long term 

ageing of precious metals is suggested to be inhibited below this temperature.  For static 

ageing in air at 1000 ᵒC, the PdO is fully decomposed, allowing precious metal sintering to 

occur, leading to time effects playing a role in catalyst ageing.  

Using the results of static ageing tests conducted in sealed cylinders, performed by Woods 

(44), for different ageing atmospheres, the R-factors for static laboratory ageing methods 
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were determined in order to examine the correlation that exists between static and 

dynamic ageing.  Analysis of the R-factor for each ageing atmosphere showed how catalyst 

deactivation was greatest with oxygen present in the ageing atmosphere.  It was shown 

from these results that the oxygen concentration of the ageing atmosphere had a more 

pronounced effect at lower ageing temperatures, where washcoat ageing was dominant.  

At higher ageing temperatures where the more time dependent precious metal ageing 

occurs, the influence of oxygen concentration appeared to lessen.  By comparing the R-

factors determined for the static ageing procedures to those recommended by the EPA for 

the dynamic standard bench cycle and the corresponding BAT equation it was shown that 

these forms of static ageing occur at a much slower rate.   

 The literature has shown that the most notable ageing model to date is that conducted at 

the Toyota Motor Corporation by Baba et al. (45).  However, this model considers that no 

ageing will take place if oxygen is not present in the ageing atmosphere, an idea disproved 

by the static ageing tests conducted by Woods.  In this research suggestions have been 

made in order to improve the ageing expression, with the obvious addition of an oxygen 

factor needing to be added to the existing oxygen concentration.  This allows for ageing to 

be predicted when oxygen is not present in the ageing atmosphere.  The Toyota expression 

was developed for platinum loaded three-way catalysts, and as is the case with the BAT 

equation, this research brings into question its ability to predict the ageing of catalyst 

samples loaded with palladium.  This section of the study highlights the need for further 

experimental research to be conducted in order to provide clearer experimental trends 

from which an ageing expression can be developed. 

The objectives set out at the beginning of this work have been successfully met in this 

research.  Various methods of catalyst ageing and activity testing have been used in order 

to provide a better understanding of catalyst laboratory experimental techniques.  The 

results of this research can be used as a guideline as to what laboratory procedures should 

be utilised for the further development of a more accurate catalyst ageing model.
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9 Contribution to Knowledge 

The original contributions of this research are summarised as follows: 

1. Laboratory activity tests have been conducted on full size catalyst bricks.  By 

comparing this method to the industrially accepted method of testing cores, it was 

shown that cores do not give light-off results representative of a full size brick.  This 

work has been published in (101). 

2. Static ageing was conducted in air, in an oven on a number of palladium loaded 

catalyst samples for a range of ageing times and temperatures, determined using 

the industrially recognised BAT equation.  The study has shown that the BAT 

equation does not apply to static ageing of palladium loaded catalysts, due to the 

mechanism of PdO decomposition.  Static ageing of palladium loaded catalysts has 

been shown to have no dependency on ageing time at ageing temperature below 

1000 ᵒC.  Therefore, the static ageing of palladium loaded catalyst samples in air is 

not representative of on-road dynamic ageing.  This study has been published in 

(102). 

3.  By determining the R-factors for static ageing in a range of ageing atmospheres, it 

has been shown that catalysts age at a slower rate under static conditions than 

dynamic, and increased ageing occurs as the oxygen concentration of the ageing 

atmosphere is increased. 

4. Using the results of laboratory ageing and activity testing, recommendations were 

made as to how existing ageing models could be improved. 
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10 Future Work 
Through the completion of this study a number of points have been made as to what future 

research should be conducted in order to further develop the ideas presented in this work.  

With regards to laboratory ageing methods, it is essential that further testing is conducted 

on full size catalyst bricks.  The testing of fresh full size bricks and cores taken from various 

regions throughout the monolith would help to provide a better understanding of the 

variability that exists in precious metal loading.  A useful study would be to age these full 

size bricks to different levels, and perform activity testing in order to determine if the test 

data shows a clear activity rank.  The suitability of the coring method could then be 

investigated by analysing if SIGU testing results in the activity rank of the cores matching 

the activity rank of the full size bricks.  

Another study that should be conducted is to determine if catalyst samples of the same 

formulation age at the same rate.  In order to do this, fresh catalyst samples showing the 

same activity, with similar washcoat and precious metal characteristics would be required.  

By ageing them using the same ageing program, and performing activity, BET and TEM 

analysis, the rate of ageing of each sample could be determined and compared.  This 

testing would also help understand the ageing mechanisms that are occurring, and how 

they may vary from one sample to the next.  It would also provide valuable data for the 

development of a mathematical ageing model. 

It would be very useful to conduct dynamic ageing on catalyst samples using laboratory 

methods.  This would enable the statically aged samples to be compared directly to 

dynamically aged samples with the same formulation, rather than drawing conclusions 

based on the literature.  

In the coming months, there will be the capability to conduct the forms of ageing analysis 

suggested above, on both full size catalyst bricks and cored catalyst samples, at QUB.  A 

number of projects are currently in the pipeline.  These types of study should lead to better 

understanding of the functioning of three-way catalysts as they undergo ageing throughout 

their useful life, and help to develop more efficient catalyst formulations. 
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Appendix I 

 

Figure 1 - CO concentration profile for sample 1CR. 

 

Figure 2 - Temperature profile for sample 1CR. 
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Figure 3 - CO concentration profile for sample 2CF. 

 

Figure 4 - Temperature profile for sample 2CF. 
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Figure 5 - CO concentration profile for sample 2CR. 

 

 

Figure 6 - Temperature profile for sample 2CR. 
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Figure 7 - CO concentration profile for Catalyst 2. 

 

Figure 8 - Temperature profile for Catalyst 2. 
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Figure 9 - CO concentration profile for sample 3CF. 

 

Figure 10 - Temperature profile for sample 3CF. 
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Figure 11 - CO concentration profile for sample 3CF. 

 

Figure 12 - Temperature profile for sample 3CR. 
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Figure 13 - CO concentration profile for Catalyst 3. 

 

Figure 14 - Temperature profile for Catalyst 3. 
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Figure 15 - CO concentration profile for sample 4CF. 

 

Figure 16 - Temperature profile for sample 4CF. 
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Figure 17 - CO concentration profile for sample 4CR. 

 

Figure 18 - Temperature profile for sample 4CR. 
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Figure 19 - CO concentration profile for Catalyst 4. 

 

Figure 20 - Temperature profile for Catalyst 4. 

 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

150 200 250 300 

Sim Cat 4 Exp Cat 4 

100 

150 

200 

250 

300 

350 

1500 2000 

Te
m

p
e

ra
tu

re
 (

ᵒC
) 

Time (s) 

Simulation Cat In Cat Out 




