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Abstract 

Global kinetic model for a Pt-Pd diesel oxidation catalyst (DOC) is proposed 

and validated. Experimental data was obtained using different concentrations of 

the artificial gas mixtures which were passed over a bimetallic catalyst. Previous 

works of Voltz [1], Pandya [2], Sola [3] and many others were used to propose a 

new model, which was validated using a MATLAB based solver and optimizer. A 

reasonable match between the experimental data and predicted values was seen 

for all experimental conditions except for the runs with CO, H2, C3H6 and NO. 

Some fundamental observations were made in this case but further investigations 

are necessary to improve the model. 
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1 Introduction 

The continuously increasing number of automobiles and corresponding vehicle 

pollutants are a major concern. In the past 60 years the number of vehicles on the 

road has  increased more than 1650% [4, 5]. In Canada, automotive sources are 

responsible for 59% of CO emission and 53% of NOx emissions [6]. Different 

emissions can cause various problems for us. CO2, N2O and CH4 are green house 

gases whilst CO, NOx, O3 and SO2 can damage both the environment and the 

human body seriously. Many researches on NOx effects showed that NOx 

consumes atmospheric oxygen and can cause acidic rain. On the other hand, it can 

increase the probability of bacterial and viral infection of the lung. Lung 

malfunction and changes of its metabolism with NOx has also been reported [7, 

8].  

These concerns have led to much research to discover methods to eliminate 

these emissions. 

The main method used to eliminate harmful exhaust gas emissions is catalytic 

converters. There are many different types of catalytic converters, but in all of 

them the main idea is to convert emissions from engine exhaust gas into less 

harmful compounds via chemical reaction.  

The three way catalytic converter (TWC) is the most popular and effective 

converter for stochiometric gasoline engines. It works under stochiometric air to 

fuel ratio condition, and oxidizes CO and hydrocarbon and reduces NOx content 

of the exhaust gas at the same time. In lean burn engines like diesel engines, 

because of the presence of excess oxygen, reduction of the NOx is not possible 

with a three way converters, so other types of converters must be used in this case. 

For lean burn engines, two types of converters are used in series. In the first 

converter, called the Diesel Oxidation Converter (DOC), CO and hydrocarbons 

are oxidized to CO2 and H2O. Some of the NO is oxidized to NO2. In addition, 

some N2O may be formed, and some of the NO may be converted to N2 on a 
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reaction with hydrocarbons. Following the DOC, another converter is used to 

reduce the NO and NO2 to nitrogen. The focus of this work is the DOC 

1.1 Problem Definition 

Diesel oxidation converters consist of a honey comb monolith support which is 

covered with a washcoat, e.g. γ-Al2O3 that contains small particles of precious 

metals like Pt, Pd or Rh or combination of them. To aid in the design of catalytic 

systems, computer simulation can be very helpful. These simulations require 

kinetic models for the catalyst system in question. These models are specific to 

the catalyst formulation. In previous researches, Sola [3] proposed several models 

for Pt/Al2O3 diesel oxidation converters which work relatively well for Pt catalyst 

in various conditions.  

1.2 Research Objective 

The focus of this project was to find a kinetic model that can fit to 

experimental results from a Pt-Pd/Al2O3 catalyst, and predict how the system 

behaves in various conditions. Sola’s model was used as a base for the research, 

and modifications are proposed to improve it. Experimental results were provided 

by researchers at the University of Waterloo. 

1.3 Thesis Layout 

After this brief introduction, additional background of this research is 

presented, which includes emission production, emission regulations and current 

methods that are being used to eliminate the emissions. After that, the 

experimental procedure and results are included. In the next chapter modelling 

methodology and parameter estimation procedures are discussed, which is 

followed by detailed modelling results and discussion. 
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2 Background 

2.1 Automotive Emissions 

The emission type and amount depend on the engine operating conditions. For 

example, CO generation depends on the air to fuel ratio (AFR). Air to fuel ratio is 

defined as the mass of air divided by the mass of fuel in the air-fuel mixture at any 

given moment. Moving from rich condition i.e. condition that AFR is low, to 

stochiometric condition and then lean condition i.e. condition that AFR is high, 

will decrease the amount of CO emission from the engine. 

Higher engine operational temperature can cause more NOx production. This 

can be inhibited by circulating portion of exhaust gas into engine chamber which 

decrease temperature of combustion due to dilatation of fuel-air composite. 

In some cases, in gasoline engines, the flame cannot penetrate into small 

fractures or seams in combustion chamber of engines. As a result, unburned 

hydrocarbon particles which are trapped in there, will be emitted in the exhaust 

gas as air pollution [9]. 

To decrease pollutants from engines, governments have established regulations 

which define maximum allowable level of emissions for different types of 

engines. Strict regulations also established for quality of fuel that is used in 

automotive engines such as the sulphur content of diesel fuel. 

2.2 Legal Level of Emissions 

The United States first established regulations for automotive emissions in 

1975. Japan, Europe, Australia and other countries later established such 

regulations. Today US and European instructions are the most important and are 

becoming stricter every day. 

In all of these legislations, emissions are measured over an engine test 

procedure, which simulates real driving condition in a repeatable condition. 

Regulations also provide a standard method to measure the pollutants. 
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According to U.S. and European standards, the following limitations are 

applied: 

 CO content 

 Total Hydrocarbon (HC) content in Europe and non-methane 

hydrocarbon content in U.S. 

 NOx content. 

 Particulate matter (PM) content[10] 

In Canada, regulations for railway locomotives, aircrafts and commercial 

marine vessels are published by Transport Canada, whilst Environment Canada is 

responsible for other internal combustion engines regulations. 

Today, regulations for light duty vehicles (LDV) are based on two sets of 

standards, Tier 1 and Tier 2; which the U.S. Environment Protection Agency 

(EPA) stated in the Clean AIR ACT Amendments (CAAA) in 1990 and can be 

found in Table  2-1 and Table  2-2. 

Tier 1 standards apply to all new light duty vehicles. This regulation is based 

on the weight of vehicles, and consists of two different standards, one for light 

LDV and the other one for heavy LDV.  

The Tier 2 regulation has stricter emission limits and can be applied to all LDV 

plus medium duty passenger vehicles (MDPV). In Tier 2 standards, every engine 

has to meet the same limits regardless of its weight or fuel. 

Tier 2 standard is divided into 8 sub certificates called “Bins”. All vehicles 

have to pass at least one of these 8 limits. In addition, all LDV and MDPV sold by 

each manufacturer since 2009 have to meet the average of 0.07 g/mi for NOx 

emission [11]. 
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Table 2-1: Tier 2 emission standards, Federal test procedure, g/mi, Intermediate life[11] 

Bin No. 
Intermediate life (5 years / 50,000 mi) 

NMOG * CO NOx PM HCHO 

8 0.100 (0.125) 3.4 0.14 - 0.015 

7 0.075 3.4 0.11 - 0.015 

6 0.075 3.4 0.08 - 0.015 

5 0.075 3.4 0.05 - 0.015 

4 - - - - - 

3 - - - - - 

2 - - - - - 

1 - - - - - 

*   Only for Diesel fueled vehicles 

Table 2-2: Tier 2 emission standards, Federal test procedure, g/mi, Full useful life[11] 

Bin No. 
Full useful life 

NMOG* CO NOx PM HCHO 

8 0.125 (0.156) 4.2 0.2 0.02 0.018 

7 0.09 4.2 0.15 0.02 0.018 

6 0.09 4.2 0.1 0.01 0.018 

5 0.09 4.2 0.07 0.01 0.018 

4 0.07 2.1 0.04 0.01 0.011 

3 0.055 2.1 0.03 0.01 0.011 

2 0.01 2.1 0.02 0.01 0.004 

1 0 0 0 0 0 

*   Only for Diesel fueled vehicles 

2.3 Emission Control 

Automotive industries have taken different actions to reduce exhaust 

emissions. Changes made to engine design and fuel composition to reduce 

emission production, whilst after treatment methods have been developed a lot to 

capture emissions or convert them into less harmful components. The following 

paragraphs are a summary of the most important changes that have been made. 

2.3.1 Increasing Fuel Octane Number 

Higher octane fuels can withstand more pressure before ignition in the 

combustion chamber. This can decrease knocking effect of engine which is 

caused by chamber walls resonance. Knocking effect increases coke formation 

and produces more unburned hydrocarbon. Normal spark ignition gasoline 
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engines have good performance using high octane fuel (85 to 100). Using higher 

octane fuel leads to higher compression ratio in engine that improves engine 

performance and power, and reduces hydrocarbon in the exhaust gas [12]. 

2.3.2 Reducing Sulphur Content 

Reducing the sulphur content of fuel can significantly reduce SO2 emissions. 

Desulphurization methods can be applied to both gasoline and diesel fuel. 

Currently gasoline sulphur content is about 500 ppmw and there is 0.1 to 0.03 

wt% sulphur in diesel fuel. Canadian oil producers are trying to decrease sulphur 

content of fuel by desulphurization of crude oil at refining stages [12]. 

2.3.3 Three Way Catalyst (TWC) 

In spark ignition (SI) engines, one of the most popular ways to eliminate 

emissions is using three way catalysts. Three way converter works under 

stochiometric condition to oxidize CO and HC and reduce NOx simultaneously. 

To maintain proper air fuel ratio, oxygen sensors placed in the engine manifold 

transmit feed back to the engine control system to regulate the air fuel ratio at 

engine inlet. Efficiency of this system is about 80% and can provide 95% 

effectiveness [9]. 

2.3.4 Exhaust Gas Recirculation (EGR) 

NOx is one of the most difficult emissions to control. The Rate of NOx 

formation is related to combustion chamber temperature. Increasing temperature 

can cause high amount of NOx formation. Exhaust gas recirculation (EGR) is an 

approach to decrease combustion zone temperature by recirculation a portion of 

the exhaust gas into the intake manifold and mixing it with fuel and air mixture. 

Although EGR can lower the engine power and its efficiency by 5 to 10%, EGR 

can reduce NOx formation by 50%. Another approach for decreasing temperature 

is to increase the concentration of residual gas (exhaust gas remaining in chamber 

after stroke) [12]. However there is a tradeoff between temperature reduction and 

particulate matter production. Decreasing the chamber temperature leads to 
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formation of more particular matter (PM) [13]. A schematic diagram of EGR 

system can be found in Figure  2-1. 

 

Figure 2-1: EGR or Exhaust Gas Recirculation[14] 

2.3.5 Selective Catalytic Reduction (SCR) 

Selective catalytic reduction (SCR) is one method that can be used to reduce 

NOx emissions from lean burn (e.g. Diesel) engines. It is important to use high 

quality fuel in engines with SCR since SCR catalysts are highly sensitive to metal 

and sulphur, and can easily deactivate [15]. 

2.3.5.1 SCR by Ammonia (NH3) 

The use of ammonia to eliminate NOx has been widely commercialized. Today 

a lot of power generation plants are using this method to reduce NOx emission in 

their exhaust gas. For automotive engines, systems have been designed to convert 

urea to NH3 and then use ammonia to eliminate NOx. 

In this method, ammonia reacts with NOx over a suitable catalyst at a 

temperature between 320 to 400 °C (depending on sulphur content of fuel) to 

produce N2 and H2O. A 1:1 ratio for NO/NO2 gives the best performance of SCR. 
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3 2 2 24NO 4NH O 4N 6H O   
 

 ( 2-1)
   

2 3 2 26NO  8NH 7N  12H O  
  

( 2-2)
  

 

As mentioned before, in automotive adopted SCR systems, urea is used as 

primary reactant instead of NH3 since it is easier to store and transport urea than 

NH3 [15]. After injection, urea reacts with water to produce ammonia. 

2 2 2 2 3CO(NH )   H O  CO   2NH  
  

( 2-3) 
 

2 2 2 3CO(NH )   H O  HNCO  NH  
  

( 2-4)
   

2 2 3HNCO  H O CO   NH  
  

( 2-5)
  

Figure  2-2 illustrates a schematic diagram for Ammonia SCR system. 

 

Figure 2-2: SCR catalytic converter[14]
 

2.3.5.2 SCR by Hydrocarbon 

NOx reduction to N2 by hydrocarbon is a smart approach to eliminate NOx 

from exhaust gas for both stationary and automotive sources. This method was 

pioneered by early work of Iwamoto [16] and Armour [17]. The temperature 

window for this method is narrow, and NO/NO2 ratio does not have a significant 
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effect on overall performance. We can choose CH4 as a good candidate to reduce 

NOx to N2 as following reactions: 

4 2 2 2 22NO CH O 2H O N CO    
  

( 2-6)
  

This reaction happens over Co-ZSM-5 at 400  °C
 
[18]. 

Some limitations in using hydrocarbon SCR method promoted development of 

similar methods called NOx trap. 90 to 95% of total NOx content in diesel exhaust 

gas is consisted of NO which can easily be oxidized to NO2 while engine operates 

in lean condition. Then NO2 is stored by trapping agents as follow [19]: 

2 2 3 22BaO 4NO O Ba(NO )  
  

( 2-7)
  

These nitrates are thermodynamically unstable at high temperature, surplus 

fuel or breakdown to NO or NO2 [20, 21]. 

3 2 2

3 2 2 2

2Ba(NO ) 2BaO 4NO 3O

2Ba(NO ) BaO 2NO O

  

     
( 2-8)

  

Once the engine switched to rich condition; HC, CO or H2 reduce NOx to N2 

[19, 22]. 

2.3.6 Diesel Particulate Filter (DPF) 

This device is used to capture particulate matter from diesel exhaust gas. DPF 

consists of a honeycomb monolith which works as filter to trap PM and let the rest 

of the exhaust gas leave freely. This structure needs to be regenerated 

periodically. Oxygen regeneration requires high temperature, around 600 °C. 

Regeneration of DPF by NO2 is possible at temperature of 275 °C which is 

significantly lower than the previous one, but it is still hard to achieve this 

temperature in light duty diesel engines. Injection of fuel into DPF can oxidize the 

soot captured at relatively low temperature [19, 22]. 

2.3.7 Diesel Oxidation Catalyst (DOC) 

We have discussed methods for capturing PM and NOx elimination in the 

previous sections. There are two more things to take care of: 
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 CO and HC elimination 

 NO/NO2 ratio adjustment 

Diesel Oxidation Catalyst (DOC) is a honeycomb monolith catalyst which is 

primarily used to oxidize CO and hydrocarbon residual, and to regulate NO/NO2 

ratio in exhaust gas that can be used as inlet in the SCR section. This converter 

also consists of a washcoated monolith substrate with a precious metal catalyst. 

Cordierite is the most common monolith since it has low porosity and high 

strength. High surface area Silica, Aluminum and zeolite based materials are used 

as washcoat. Most of the time, one or combination of two or more of Rh, Pt and 

Pd is dispersed on washcoat as catalyst [19, 22].  Schematic diagram for a diesel 

oxidation catalyst can be found in Figure  2-3. 

 

Figure 2-3: Monolithic diesel oxidation converter  
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3 Experimental 

This chapter presents the experimental results that are used as the basis for this 

work. The experiments were performed by A.Abedi at the University of Waterloo. 

First our catalyst characterizations were presented followed by experimental 

procedures and plans and finally results were categorized and presented.    

3.1 Catalyst 

The catalyst sample was a pre-aged Pt:Pd monolith was diesel oxidation 

catalyst that was prepared by Umicore AG on 400 CPSI (Cells per square inch 

) substrate with square channels. Al2O3 was selected as the washcoat. Overall 

amount of catalyst load was 95 g/ft
3
 with Pt/Pd ratio of 4 to 1. A 0.9” (2.29 cm) 

diameter core with length of 2.4” (6.10 cm) was cut from a full size converter so 

the overall reactor volume was 25 cm
3
. Catalyst was wrapped in 3M insulation 

material, inserted into a horizontal quartz tube and then placed into a Lindberg 

Minimite temperature controlled furnace. Six K type thermocouples were placed 

at various positions along the catalyst length. The locations of the thermocouples 

are given in Table  3-1 and can be seen in Figure  3-1 schematically: 

Table 3-1: Location of different thermocouples in the reactor 

Thermocouple Location 

CH0 Upstream 

CH1 0 cm, Middle 

CH2 2 cm, Top 

CH3 2 cm, Middle 

CH4 2 cm, Bottom 

CH5 4 cm, Middle 

CH6 6 cm, Middle 

 

Figure 3-1: Schematic of reactor assembly 
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3.2 Experimental Procedure 

The input stream was initially fed into the reactor at a temperature below 80 °C 

to avoid reaction before ramping. The reactor temperature was programmed to 

increase at 3 °C per minute. After oxidation completion, the reactor was cooled 

down to below 80 °C. Input stream base consisted of 10% O2, 10% H2O, 10% 

CO2, 300 ppm or 1% He. In each experiment, an appropriate combination of CO, 

H2, C3H6 and NO was added to this base. The balance of the mixture was N2. 

Total gas flow was 9.34 L/Min which gave a space velocity equal to 20520 h
-1

 at 

STP. 

A MultiGas 2030 FTIR analyzer (MKS) and an HPR20 mass spectrometer 

(MS) were used to analyze the outlet gas. Experiments with pure N2 were 

performed to obtain the temperature difference in radial direction and back and 

front of the catalyst. It was observed that the temperature difference between front 

and back thermocouples was less than 4 °C and the radial difference was less than 

5 °C which occurred at high temperatures. 

3.3 Experimental Plan  

For each component we defined three level of concentration, called low, 

medium and high. The concentrations of the three primary reactants 

corresponding to these designations are shown in Table  3-2. 

Table 3-2: Inlet concentration levels for CO, NO and C3H6  

Component Low Concentration Medium Concentration High Concentration 

CO 500 ppm 1000 ppm 2000 ppm 

C3H6 250 ppm 500 ppm 750 ppm 

NO 150 ppm 300 ppm 600 ppm 

H2 concentration specified at 1/3 of the CO concentration. Only ignition curves 

were done, and not the extinction curves. Some experiments were repeated to 

make sure that results were reproducible. First each component at different 

concentration was fed into reactor. Then combinations of two species were used 
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as inlet stream, and finally all three species at different concentration were mixed 

together and fed into the reactor.  

Our colleagues at the University of Waterloo reported a huge amount of data, 

consisting of concentration of each species in exhaust gas measured every second, 

while the temperature was ramped from around 300 °C to around 600 °C. Since 

we need to use these data to fit our theoretical model into experimental results, 

more data points means more demand for calculation resources. So there is a 

tradeoff between experimental result trend accuracy and resources needed for 

analyzing them. Our data reduction method was to take points every delta 

conversion of the order 5% or a temperature change of 5 °C, whichever is smaller. 

This reduction gave sufficient data for modelling without requiring huge 

computational resources. 

3.4 Experimental Results 

3.4.1 CO, H2 Oxidation 

In the first three experiments, the inlet gas consisted of base and CO, H2 

complex at different concentrations. Initial concentration and ignition curves for 

these three experiments are shown in Table  3-3 and Figure  3-2. 

Table 3-3: CO, H2 only experiments, inlet concentrations 

Run CO, ppm H2, ppm 

1 500 167 

2(a) 1000 333 

2(b) 1000 333 

2(c) 1000 0 

3 2000 666 

Hydrogen conversion is not shown in the graph, but it is known that H2 reacts 

shortly after the CO is converted. Comparing graphs shows us that CO has a self-

inhibition effect, that is, increasing CO concentration increased the light off 

temperature.  
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Figure 3-2: CO ignition curves, Runs 1-3 

It is clear that H2 enhanced CO oxidation by decreasing light off temperature. 

3.4.2 Propene Oxidation 

The next experiments were performed with propene as the sole reactant. Table 

 3-4 gives the initial concentrations, while the ignition curves are shown in Figure 

 3-3. 

Table 3-4: C3H6 only experiments, initial concentrations 

Run C3H6, ppm 

4(a) 250 

4(b) 250 

5 500 

6 750 
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Figure 3-3: C3H6 ignition curves, Runs 4-6 

Again, self inhibition effect for propene is observed. Increasing propene 

concentration increased light off temperature but the correlation between light off 

change and propene change is not linear. 

3.4.3 NO Oxidation 

In this set of experiments, the only reactant was NO, with inlet concentrations 

given in Table  3-5. Figures 3-4 shows the ignition curves obtained for each run. In 

each case, the total conversion of NO is shown. 

Table 3-5: NO only experiments, initial concentrations 

Run NO, ppm 

13 150 

14 300 

15 600 
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Figure 3-4: NO, NOx & NO2 - Ignition curves, Runs 13-15 

NO shows self inhibition by pushing light off temperature to right when NO 

concentration increased. The conversion of NO to NO2 is limited by equilibrium 

at higher temperatures. The equilibrium line is also shown in Figure  3-4. 

3.4.4 CO, H2 and Propene oxidation 

The next set of results was obtained with a mixture of CO/H2 and propene as 

reactants, as shown in Table  3-6. The results of the six experiments are given in 

Figure  3-5 to Figure  3-10. 

Table 3-6: CO, H2 & Propene experiments, initial concentrations 

Run CO, ppm H2, ppm C3H6, ppm 

7(a) 500 167 250 

7(b) 500 167 250 

8 1000 333 250 

9 2000 666 250 

10 1000 333 500 

11 1000 333 750 

12 2000 666 500 
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Figure 3-5: CO & C3H6- Ignition curves, Run 7(a) & 7(b) 

 

 

Figure 3-6: CO & C3H6- Ignition curves, Run 8 
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Figure 3-7: CO & C3H6- Ignition curves, Run 9 

 

 

Figure 3-8: CO & C3H6- Ignition curves, Run 10 
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Figure 3-9: CO & C3H6- Ignition curves, Run 11 

 

 

Figure 3-10: CO & C3H6- Ignition curves, Run 12 
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From these figures it is seen that the presence of CO inhibits the oxidation of 

C3H6, and the presence of C3H6 inhibits the oxidation of CO. 

3.4.5 NO and Propene Oxidation 

The next set of results presented are for the case of NO and C3H6 as reactants. 

Table  3-7 gives the feed concentrations, whilst Figure  3-11 to Figure  3-15 

illustrate the ignition curves. Each figure shows the conversion of C3H6, the 

conversion of NO, the conversion of NOx, and the conversion of NO to N2O and 

NO2. 

Table 3-7: NO & Propene experiments, initial concentrations 

Run Propene, ppm NO, ppm 

16 500 150 

17 500 300 

18 500 600 

20 750 300 

21 750 600 

 

 

Figure 3-11: C3H6, NO, NOx, NO2 & N2O - Ignition curves, Run 16 
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Figure 3-12: C3H6, NO, NOx, NO2 & N2O - Ignition curves, Run 17 

 

 

Figure 3-13: C3H6, NO, NOx, NO2 & N2O - Ignition curves, Run 18 
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Figure 3-14: C3H6, NO, NOx, NO2 & N2O - Ignition curves, Run 20 

 

 

Figure 3-15: C3H6, NO, NOx, NO2 & N2O - Ignition curves, Run 21 
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It is clear that the reactions of NO in the presence of propene are more 

complicated than reactions with NO alone. At low temperature the NO can react 

with hydrocarbon to produce N2 and N2O, while at high temperature NO is more 

likely to react with oxygen and produce NO2. 

3.4.6 NO and CO oxidation 

Table  3-8 shows the feed concentrations for the next set of experiments, which 

used CO/H2 and NO as reactants. Again the conversion of CO and NO are given 

in Figure  3-16 to Figure  3-21. No N2O formation was observed. 

Table 3-8: CO, H2 & NO experiments, initial concentrations 

Run CO, ppm H2, ppm NO, ppm 

22 1000 333 150 

23 1000 333 300 

24 1000 333 600 

25 500 167 300 

26 2000 666 300 

27 500 167 600 

 

 

Figure 3-16: CO, NO, NOx & NO2 - Ignition curves, Run 22 
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Figure 3-17: CO, NO, NOx & NO2 - Ignition curves, Run 23 

 

 

Figure 3-18: CO, NO, NOx & NO2 - Ignition curves, Run 24 
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Figure 3-19: CO, NO, NOx & NO2 - Ignition curve Run 25 

 

 

Figure 3-20: CO, NO, NOx & NO2 - Ignition curve Run 26 
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Figure 3-21: CO, NO, NOx & NO2 - Ignition curve Run 27 

3.4.7 Mixture of CO, H2, C3H6 and NO Oxidation 

The final 27 experiments represent a full factorial analysis of all 3 reactants, 

CO/H2, NO and C3H6, at low, medium and high concentrations. Table  3-9 gives 

the feed concentrations for these runs. The ignition curves are presented in Figure 

 3-22 to Figure  3-48. Each graph shows the conversion of CO and C3H6. The 

reactions involving NO are presented as total conversion of NO, conversion of 

NO to NO2, conversion of NO to N2O, and total NOx conversion (i.e. conversion 

of NOx to N2). 

It is seen that some reduction of NOx occurs by reaction with C3H6, and that 

significant amounts of N2O are formed. Furthermore, it is observed that under 

some conditions, the ignition curve for C3H6 is not smooth but rather exhibits a 

two step shape.  
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Table 3-9: CO, H2, Propene & NO experiments, initial concentrations 

Run CO [ppm] H2 [ppm] Propene [ppm] NO [ppm] 

28 500 167 250 150 

29 2000 666 250 150 

30 500 167 750 150 

31 2000 666 750 150 

32 500 167 250 600 

33 2000 666 250 600 

34 500 167 750 600 

35 2000 666 750 600 

36 1000 333 250 150 

37 1000 333 250 600 

38 1000 333 750 150 

39 1000 333 750 600 

40 500 167 500 150 

41 2000 666 500 150 

42 500 167 500 600 

43 2000 666 500 600 

44 500 167 250 300 

45 2000 666 250 300 

46 500 167 750 300 

47 2000 666 750 300 

48 1000 333 500 150 

49 1000 333 250 300 

50 500 167 500 300 

51 1000 333 500 300 

52 2000 666 500 300 

53 1000 333 750 300 

54 1000 333 500 600 
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Figure 3-22: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 28 

 

 

Figure 3-23: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 29 
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Figure 3-24: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 30 

 

 

Figure 3-25: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 31 
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Figure 3-26: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 32 

 

 

Figure 3-27: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 33 
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Figure 3-28: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 34 

 

 

Figure 3-29: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 35 
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Figure 3-30: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 36 

 

 

Figure 3-31: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 37 
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Figure 3-32: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 38 

 

 

Figure 3-33: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 39 
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Figure 3-34: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 40 

 

 

Figure 3-35: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 41 
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Figure 3-36: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 42 

 

 

Figure 3-37: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 43 
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Figure 3-38: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 44 

 

 

Figure 3-39: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 45 
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Figure 3-40: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 46 

 

 

Figure 3-41: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 47 
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Figure 3-42: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 48 

 

 

Figure 3-43: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 49 
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Figure 3-44: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 50 

 

 

Figure 3-45: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 51 
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Figure 3-46: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 52 

 

 

Figure 3-47: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 53 
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Figure 3-48: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 54 
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4 Modelling 

4.1 Reactor Modelling 

The main goal of this thesis was to develop and validate a kinetic model for the 

Pt-Pd diesel oxidation catalyst. 

The validation of a proposed kinetic model requires the optimization of the 

parameters in it, which in turn requires an efficient and realistic reactor model, 

which can be coupled to an optimization routine. Because a very large number of 

reactor simulations must be performed during the optimization process, it is 

essential that the model execute very rapidly. To achieve the higher execution 

speed, some loss in physical realism must be accepted. 

The catalyst used in this work consists of a washcoated monolith. There are 

different mathematical ways to model a monolith reactor. In single channel model 

(SCM), we assume that all channels in a monolith behave exactly the same so we 

can model just one channel. A single channel model was selected for this work. 

Another important decision that we should make is to select modelling 

dimension. In one dimensional modeling which is simplest way of monolith 

modeling, we ignore radial or angular gradients of the parameters and consider all 

gradients only in axial direction. A two dimensional model considers axial and 

radial gradients but neglects angular possible changes in parameters. Finally in a 3 

dimensional model, every possible gradients including axial, radial or angular 

should be considered. It is clear that increasing dimension of model can increase 

the accuracy of the model but at the same time this will increase dramatically 

execution time. More calculation means more demand for computational 

recourses and will increase time required for doing such calculations. On the other 

hand, the difference between 1D and 2D or 3D models may not be significant. 

Researchers compared 1D and 2D models for simple experimental data and 

showed that the difference between 1D and 2D model in predicting temperature 

was just about 2
 
°C[23, 24]. Computational time for 1D models can be as low as, 
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or lower than 1/10
th

 time needed for 2D models, while a single iteration in 3D 

model can take more than 6 hours. We need a fast model which can be used in 

parameter optimization problem. 

For the mole and energy balance equations, we have two choices: 

1) Heterogeneous Model 

We have to write separate mole and heat balance equations for solid phase 

(washcoat) and gas phase (reactants and products) and couple these two by 

mass and heat transfer coefficients. 

2) Pseudo-homogenous Model 

Solid and gas phase concentrations and temperatures are assumed to be the 

same.  

The difference between heterogeneous and pseudo-homogeneous models 

depends on the reaction conditions. For conditions close to steady state, the 

observed differences between fluid and solid temperature and concentration may 

be small. However, regardless of the difference, it was felt that the improved 

performance of the pseudo-homogenous model was sufficient justification for its 

use. 

The internal diffusion resistance was not included in the reactor model, again 

for reason of execution time. Therefore, it must be emphasized that the kinetic 

parameters represent a combination of kinetic constants and heat and mass 

transfer coefficients.  

The flow in the channel was assumed to be plug flow. This assumption results 

in the conservation equations being first order ODE, or initial value problems. 

This gives the most efficient model. 

A mole balance equation must be solved for every species in the reactor. 

Furthermore an energy balance equation must also be solved. However, for the 

reactor system used in this investigation, it was not possible to solve the energy 

balance. The reactor was located inside a furnace, and the heating rates are not 
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known. However, the linear temperature profile along the reactor was measured at 

four points along the axis. Therefore, the following methodology was adapted. 

For each reactor simulation, the experimentally measured temperatures were 

imposed in the reactor. Temperatures between the four measured points were 

determined by linear interpolation. The gas phase was then assumed to be in 

steady state with the imposed temperature profile. The modeled ignition curves 

are thus pseudo steady state curves. For the relatively slow temperature ramps 

used in this work, this methodology is not unreasonable. 

The pseudo-homogenous plug flow reactor model mole balance equation can 

be written for species i as: 

i
i V

C
C

F
( R )

V


  


 ( 4-1) 

In equation 4-1 the reaction rate is based on the channel volume (Vc). Assume 

that the channel is a right circular cylinder of diameter DH surrounded by an 

annular ring of washcoat with an outside diameter Dwc. The ratio of washcoat 

volume Vwc to the channel volume is then given by: 

2 2

wc wc H

2

C H

V D D
=

V D


  ( 4-2) 

The mole balance equation with the reaction rate expressed in terms of 

washcoat volume is: 

2 2

wc Hi
i V 2wc

c H

D DdF
( R )

dV D


     ( 4-3) 

We can express molar flow rate in terms of velocity and concentration: 

2 2

wc Hi
m f i V 2wc

H

D DdY
u C ( R )

dz D


     ( 4-4) 

Here um is the mean velocity and Cf is the total molar concentration given by 

the ideal gas law. Writing equation 4-3 explicitly in terms of derivatives and using 

the ideal gas law to calculate um and Cf gives us the following equation:  
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wc

2 2
g refwc Hi

i 2V
H m,ref

R TD DdY 1
( R )

dz D P u

  
      

  

  ( 4-5) 

Temperature at reference state is 298 K, P is taken as 101.325 KPa and the 

value for Rg is 8.314 J/(mol.K). Washcoat thickness is 51.9 microns. Inlet velocity 

at 298 K is 0.6117 m/s.  Substituting these numbers in equation 4-5 gives us 

following equation for any species i. 

3i
i V

wc

dY
7.688 10 ( R )

dz

      ( 4-6) 

We measured concentration for five different species during the experiments, 

so we have to solve following five ODE simultaneously to calculate the 

concentration of each species as a function of distance from the inlet of the 

reactor. The equations are: 

3CO
CO

dY
7.688 10 ( R )

dz

      ( 4-7) 

3 6

3 6 2

C H 3

C H NO r1 NO r2 NO r3

dY 1 1
7.688 10 ( R ) ( R ) ( R ) ( R )

dz 2 2

  
          

 
  ( 4-8) 

 
2

3NO
NO NO r1 NO r2 NO r3

dY
7.688 10 ( R ) ( R ) ( R ) ( R )

dz

            ( 4-9) 

 2

2

NO 3

NO NO r3

dY
7.688 10 ( R ) ( R )

dz

       ( 4-10) 

2N O 3

NO r2

dY 1
7.688 10 ( R )

dz 2

  
   

 
  ( 4-11) 

4.2 Kinetic Formulation 

For each reaction term it is necessary to have a rate model. 

There are two different approaches for modelling catalytic converters: 
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1) Mechanistic Model 

This model contains lot of details regarding what is really happening on 

the surface of the catalyst and attempts to simulate exact chemical 

reactions over the catalyst surface.  

2) Global Model 

In this model, we just consider overall reactions happening on the surface 

regardless of what are the molecular steps of such reactions. This model is 

more empirical than a mechanistic model. 

In this study we used the global modelling approach. The overall reactions can 

be written as: 

2 22CO O 2CO    ( 4-12) 

3 6 2 2 22C H 9O 6CO 6H O     ( 4-13) 

2 2 22H O 2H O    ( 4-14) 

2 22NO O 2NO    ( 4-15) 

3 6 2 2 2 22C H 4NO 7O 2N 6H O 6CO       ( 4-16) 

3 6 2 2 2 2C H 2NO 4O N O 3H O 3CO       ( 4-17) 

3 6 2 2 2 2C H NO 4O NO 3H O 3CO       ( 4-18) 

 

 In the following sections we introduce models that we used. Each model 

contains different parameters, which are defined in Arrhenius form: 

i

g

E
k Aexp

R T

 
   

 

  ( 4-19) 

i

g

H
K Bexp

R T

 
   

 

   ( 4-20) 
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Lower case k parameters represent kinetic constants while capital K parameters 

represent adsorption inhibition constants. To increase optimizer stability and 

speed, and to decrease data ranges for the pre-exponential factors, we changed 

definition of parameters a little bit as follows: 

i
i i

g

E 1 1
k exp A

R T 450

  
       

  ( 4-21) 

i
i i

g

H 1 1
K exp B

R T 450

  
       

   ( 4-22) 

Sola [3] proposed five different models for the reactions of equations 4-7 to 4-

11 for a platinum diesel oxidation catalyst. These models were used as a starting 

point for this study to see if they were valid for platinum – palladium catalyst. 

Following is a summary of the models proposed by Sola. 

Each model has an equation for the oxidation of CO and C3H6. These equations 

are similar to those suggested by Voltz et al.[1]. The model for H2 oxidation (not 

shown) is the same form as for CO oxidation, and uses the same constant values. 

The models for the oxidation of NO were inspired by various literature sources. 

The model for the reduction of NO by C3H6 was inspired by the work of Ansell et 

al. [25] and Pandya [2]. For each major model proposed, a variation was added 

that included the reduction of NO2 to NO by C3H6. This rate was arbitrarily set to 

be 10 times faster than the rate of reduction of NO to N2. 
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Model C1a: 

Oxidation of CO: 

 
     

2

3 6 3 6

1 CO O
CO 2 2

5 CO 6 C H 7 CO C H 8 NO

k Y Y
R

T 1 K Y K Y 1 K Y Y 1 K Y

 
 

    
 

  ( 4-23) 

Oxidation of propene: 

 
     

3 6 2

3 6

3 6 3 6

3 C H O
C H 2 2

5 CO 6 C H 7 CO C H 8 NO

k Y Y
R
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   ( 4-24) 

Oxidation of NO: 

 
 

     

2

3 6 3 6

0.5
4 NO O

NO 2 2

5 CO 6 C H 7 CO C H 8 NO

k Y Y 1
R
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  ( 4-25) 

 
2

2

NO

0.5
eq ONO

Y1 1

K P YY


 
 
  

  ( 4-26) 

3
3 7 2 10 3

eq
6.344 10exp 5.045 2.3ln( ) 3.031 10 8.281 10 1.142 10K T T T T

T

  
          
 

  ( 4-27) 

Reduction of NO to N2: 
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C H 2 NO
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9 O
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Reduction of NO to N2O: 
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  ( 4-29) 

Model C1b: An equation for reduction of NO2 by hydrocarbon was added to the 

original model. 
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  ( 4-30) 
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Model C2a: 

Oxidation of CO: 

 
     

2

3 6 3 6

1 CO O
CO 2 2

5 CO 6 C H 7 CO C H 8 NO

k Y Y
R

T 1 K Y K Y 1 K Y Y 1 K Y
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Oxidation of propene: 

 
     

3 6 2
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3 C H O
C H 2 2
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R
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Oxidation of NO: 

 
 

     
2
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2

2

NO

0.5
eq ONO

Y1 1

K P YY


 
 
  

  ( 4-34) 

3
3 7 2 10 3

eq
6.344 10exp 5.045 2.3ln( ) 3.031 10 8.281 10 1.142 10K T T T T

T

  
          
 

  ( 4-35) 

Reduction of NO to N2: 
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Reduction of NO to N2O: 
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  ( 4-37) 

Model C2b: An equation for reduction of NO2 by hydrocarbon was added to the 

original model. 
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Model C3a: 

Oxidation of CO: 

 
     

2

3 6 3 6

1 CO O
CO 2 2

5 CO 6 C H 7 CO C H 8 NO

k Y Y
R

T 1 K Y K Y 1 K Y Y 1 K Y
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Oxidation of propene: 
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Oxidation of NO: 
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3
3 7 2 10 3

eq
6.344 10exp 5.045 2.3ln( ) 3.031 10 8.281 10 1.142 10K T T T T

T
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Reduction of NO to N2: 
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Reduction of NO to N2O: 
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Model C3b: An equation for reduction of NO2 by hydrocarbon was added to the 

original model. 
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Model C4a: 

Oxidation of CO: 
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Oxidation of propene: 
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Oxidation of NO: 
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3
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eq
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Reduction of NO to N2: 
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Reduction of NO to N2O: 
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Model C4b: An equation for reduction of NO2 by hydrocarbon was added to the 

original model. 
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Model C5a: 

Oxidation of CO: 
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Oxidation of propene: 
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Oxidation of NO: 
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3
3 7 2 10 3

eq
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T
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Reduction of NO to N2: 

 
 
 

3 6

2

C H 2 NO

NO r1
9 O

R k Y
R

1 K Y


 


  ( 4-60) 

Reduction of NO to N2O: 
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Model C5b: An equation for reduction of NO2 by hydrocarbon was added to the 

original model. 
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Description for each parameter used in these models is available in Table  4-1. 

Table 4-1: k1 to k4, K5 to K10 and k11 parameter description 

Parameter Description of Parameter 

k1 
A1 pre-exponential factor, CO oxidation rate constant 

E1 activation energy, CO oxidation rate constant 

k2 
A2 pre-exponential factor, NO reduction rate constant (N2 ) 

E2 activation energy, NO reduction rate constant  (N2 ) 

k3 
A3 pre-exponential factor, C3H6 oxidation rate constant 

E3 activation energy, C3H6 oxidation rate constant 

k4 
A4 pre-exponential factor, NO oxidation rate constant 

E4 activation energy, NO oxidation rate constant 

K5 
B5 pre-exponential factor, CO adsorption inhibition term 

H5 activation energy, CO adsorption inhibition term 

K6 
B6 pre-exponential factor, C3H6 adsorption inhibition term 

H6 activation energy, C3H6 adsorption inhibition term 

K7 
B7 pre-exponential factor, CO/C3H6 mixture adsorption inhibition term 

H7 activation energy, CO/C3H6 mixture adsorption inhibition term 

K8 
B8 pre-exponential factor, NO adsorption inhibition term 

H8 activation energy, NO adsorption inhibition term 

K9 
B9 pre-exponential factor, O2 adsorption inhibition term 

H9 activation energy, O2 adsorption inhibition term 

K10 
B10 pre-exponential factor, NO2 adsorption inhibition term 

H10 activation energy, NO2 adsorption inhibition term 

k11 
A11 pre-exponential factor, NO reduction rate constant (N2O ) 

E11 activation energy, NO reduction rate constant (N2O ) 

4.3 Parameter Estimation 

The principal objective of this research was to find a global kinetic model for 

the Pt-Pd diesel oxidation catalyst. To fit our models to experimental data, we 

have to have an efficient optimizer that can scan the whole range of data for each 

parameter, and then to find the best combination for parameters which gives the 

minimum error between experimental data and modelling results.  

At first it is necessary to define the objective function and then to minimize it 

using the proper optimization procedure. At first, a set of parameters and a model 

have to be selected. We used a MATLAB code to solve the appropriate 
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differential equations simultaneously. Because computation time was important, 

NAG toolbox solver, “d02ej” was used to solve stiff differential equations, which 

is almost two times faster than regular MATLAB solvers (e.g. ode15s or ode45).  

This gives the mole fraction of each species as a function of temperature. The 

fractional conversions are defined as follows: 

CO: 
   

 
CO CO0 f

CO
CO 0

Y Y
X

Y


    ( 4-63) 

C3H6: 
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NO: 
   

 
NO NO0 f

NO
NO 0
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NO to NO2: 
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Y
   ( 4-66) 

NO to N2O: 
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N O
NO 0

Y2
X

Y
   ( 4-67) 

Total NOx: 
       

 
2 2

X

N O NONONO f0 f f
NO

NO 0

Y YY 2Y
X

Y

  
     ( 4-68) 

Fractional conversions were calculated for both experimental data and 

modelling results. Minimum square rule was applied to them using the following 

equations: 

CO:    
n 2

CO COCO pred exp
i 1

1
X XO

n 

 
    ( 4-69) 

C3H6:    3 6 3 63 6

n 2

C H C HC H pred exp
i 1

1 X XO
n 

 
     ( 4-70) 
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Total NO:    
n 2

NO NONO pred exp
i 1

1
X XO

n 

 
    ( 4-71) 

NO to NO2:    2 22

n 2

NO NONO pred exp
i 1

1 X XO
n 

 
     ( 4-72) 

NO to N2O:    2 22

n 2

N O N ON O pred exp
i 1

1 X XO
n 

 
    ( 4-73) 

Total NOx:    X XX

n 2

NO NONO pred exp
i 1

1 X XO
n 

 
    ( 4-74) 

The total objective function is the sum of all of the above equations except for 

the total NO. Thus:  

3 6 X 2 2Total CO C H NO N O NOO O O O O O        ( 4-75) 

An optimization procedure is required to minimize the objective function. Sola 

used a General Pattern Search (GPS) algorithm. The GPS is a gradient free 

method, thus computation of the gradients is not necessary. This method can thus 

be easily coupled to “black box” solvers. In the case where the solver returns an 

invalid result e.g. division by zero, the optimizer can simply discard the result and 

continue without halting [3]. 

Though GPS is a very powerful algorithm to find a global minimum, it has 

some drawbacks for this problem. There are 22 different parameters and 

parameters ranges in our problem are so wide that the GPS was very time 

consuming. 

We decided to use one of the MATLAB predefined algorithms called fmincon. 

fmincon is a gradient based algorithm which attempts to find a constrained 

minimum of a scalar multivariable function starting at an initial point [26]. 

Providing a reasonable initial point for fmincon can significantly increase 

accuracy of the results. fmincon can trap into local minima easily if the initial 
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point is not wisely chosen. So we have to find a good way to determine an initial 

point that will lead to a good solution.  

Genetic Algorithm (GA) was used as a preliminary optimizer to locate 

reasonable initial points to start fmincon.  

The GA is a non-gradient method which can be used for solving both 

constrained and unconstrained problems. Basically, it works based on biological 

evolution theory. At each step, GA uses a pair of current population as parents to 

produce children for next generation. Over successive generations, the population 

evolves toward an optimal solution. There are three main rules which GA uses to 

produce the next generation from current populations: 

 Selection rules: Procedures for selecting parents. 

 Crossover rules: Procedures for combining two parents to form children. 

 Mutation rules: Procedures for applying random changes to individual 

parents to form children [27]. 

We used GA to scan whole data ranges to find best initial value for fmincon. 

This initial value was used by fmincon to find global minimum for our objective 

function. Combining these two methods gave better results in comparison with 

GPS algorithm. Determined parameters in both fmincon and GA for MATLAB 

users can be found in Table  4-2 and Table  4-3. 

Table 4-2: Genetic Algorithm parameters 

 

 

 

 

Table 4-3: fmincon parameters 

Algorithm Interior Point 

TolFun 1e-10 

TolX 1e-18 

TolCon 1e-2 

FinDiffType central 

MaxFunEval 20000 

EliteCount 5 

CrossoverFraction 0.3 

PopulationSize 80 

Generations 70 

StallGenLimit 30 

TolFun 1e-10 
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5 Results 

In this chapter, modelling results for different experiments are presented. 

Following the methodology of Sola, both individual experiments and sets of 

experiments were optimized. It is expected that it is easier to fit single 

experiments; however, it is necessary to have a single set of parameters that can 

fit all experiments if a general model is to be developed. 

5.1 Modelling of CO Oxidation 

In the first five experiments, the only reacting compounds are CO and H2. 

Although we have 5 different models, for experiments with CO only, models are 

the same. We have to optimize only k1 and K5 in this case. Initial concentrations 

for these runs are available in Table  5-1. 

Table 5-1: CO, H2 only experiments, initial concentrations 

Run CO, ppm H2, ppm 

1 500 167 

2(a) 1000 333 

2(b) 1000 333 

2(c) 1000 0 

3 2000 666 

Oxidation of CO: 

 
 

21 CO O
CO 2

5 CO

k Y Y
R

T 1 K Y
 


  ( 5-1) 

Following are the results for CO only oxidation case when each experiment was 

optimized separately. The parameter values are presented in Table  5-2 and the 

experimental and predicted conversions are given in Figure  5-1. 

Table 5-2: Runs 1-3 individual optimization results 

Parameter LB HB Run 1 Run 2(a) Run 2(b) Run 2(c) Run 3 

k1 

A1 0 30 19.8 24.7 20.4 28.1 21.3 

E1 20000 150000 22560 114664 62296 143996 50325 

K5 

B5 0 30 6.66 8.87 3.77 8.80 5.82 

H5 -150000 0 -44731 -17806 -120772 -74607 -108183 

 Cumulative Residual 78 26 16 84 27 
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Figure 5-1: Individual optimization result vs. Experimental data, Run 1-3 

Generally, it is seen that the fits are reasonable, although the initial portion of the 

curve is not reproduced well. This is particularly true for the experiment with the 

lowest concentration, 500 ppm. Experiments 2(a) and 2(b) were the same, and 

experiment 2(c) did not contain hydrogen. Therefore, the next step was to 

optimize experiments 1, 2(b) and 3 simultaneously. The results are shown in 

Table  5-3 and Figure  5-2.  
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Table 5-3: Runs 1, 2b & 3 simultaneous optimization results 

Parameter LB HB Run 1 Run 2(b) Run 3 

k1 

A1 0 30 19.6 

E1 20000 150000 20132 

K5 

B5 0 30 7.11 

H5 -150000 0 -36285 

 Cumulative Residual 114 255 202 

 

 

Figure 5-2: Simultaneous modelling result vs. Experimental data, Runs 1, 2b & 3 

The low concentration run tends to weight the results, and a closer match can 

be obtained by fitting experiments 2(a), 2(b) and 3 simultaneously. These results 

are presented in Table  5-4 and Figure  5-3. 

Table 5-4: Runs 2a, 2b & 3 simultaneous optimization results 

Parameter LB HB Run 2(a) Run 2(b) Run 3 

k1 

A1 0 30 25.2 

E1 20000 150000 93762 

K5 

B5 0 30 9.62 

H5 -150000 0 -16966 

 Cumulative Residual 59 41 33 
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Figure 5-3: Simultaneous modelling result vs. Experimental data, Runs 2a, 2b & 3 

With these results, it is seen that the model can predict CO oxidation very well 

at higher concentrations, although there is still some discrepancy for the initial 

part of the curve. 

5.2 Modelling of C3H6 Oxidation  

The next step was to optimize the experiments with propene only in the feed. 

Table  5-5 presents the initial concentration of the suitable experiments. 

Table  5-6 and Figure  5-4 present the results for the individual optimization of 

each curve. It is seen that the fit is very good in each case and the residual is low.  

Table 5-5: C3H6 only experiments, initial concentrations 

Run C3H6, ppm 

4(a) 250 

4(b) 250 

5 500 

6 750 
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Oxidation of propene: 

 
 

3 6 2

3 6

3 6

3 C H O
C H 2

6 C H

k Y Y
R

T 1 K Y

 



   ( 5-2) 

 

Table 5-6: Runs 4-6 individual optimization results 

Parameter LB HB Run 4(a) Run 4(b) Run 5 Run 6 

k3 

A3 0 30 21.3 19.6 20.4 19.9 

E3 20000 150000 114685 55868 97823 122031 

K6 

B6 0 30 1.04 6.87 7.27 5.53 

H6 -150000 0 -29840 -31117 -5428 -3.30 

 Cumulative Residual 2.5 2.9 1.3 5.2 

 

 

Figure 5-4: Individual optimization result vs. Experimental data, Runs 4-6 

When experiments 4(a), 5 and 6 were optimize simultaneously, the results 

shown in  

Table  5-7 and Figure  5-5 were obtained. It is clear in this case that the model 

works well. 
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Table 5-7: Runs 4a, 5 & 6 simultaneous optimization results 

Parameter LB HB Run 4(a) Run 5 Run 6 

k3 

A3 0 30 20.3 

E3 20000 150000 72151 

K6 

B6 0 30 8.01 

H6 -150000 0 -8886 

 Cumulative Residual 2.5 4.9 5.9 

 

 

Figure 5-5: Simultaneous modelling result vs. Experimental data, Runs 4a, 5 & 6 

5.3 Modelling of NO Oxidation  

Experiments 13, 14 and 15 have only NO as a reactant. We have five models to 

consider in this case. 

Model C1, Oxidation of NO: 

 
 

 
2

0.5
4 NO O

NO
8 NO

k Y Y 1
R

T 1 K Y


 


  ( 5-3) 

Model C2, Oxidation of NO: 
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Model C3, Oxidation of NO: 
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Model C4, Oxidation of NO: 
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   ( 5-6) 

Model C5, Oxidation of NO: 
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  ( 5-7) 

As with the CO and C3H6 experiments, each of the three experiments was fit 

individually for all of the five models. Initial concentrations are shown in Table 

 5-8, whilst the results are shown in Table  5-9 to Table  5-13 and Figure  5-6 to 

Figure  5-10. 

Table 5-8: NO only experiments, initial concentrations 

Run NO, ppm 

13 150 

14 300 

15 600 
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Table 5-9: Runs 13-15 individual optimization results, Model 1 

Parameter LB HB Run 13 Run 14 Run 15 

k4 

A3 0 30 14.3 14.1 14.0 

E3 20000 150000 21697 26558 27673 

K8 

B6 0 30 6.72 7.94 7.41 

H6 -150000 0 -76079 -62711 -52449 

 Cumulative Residual 0.48 0.21 1.2 

 

 

Figure 5-6: Individual optimization result vs. Experimental data, Runs 13-15, Model 1 
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Table 5-10: Runs 13-15 individual optimization results, Model 2 

Parameter LB HB Run 13 Run 14 Run 15 

k4 

A3 0 30 7.02 6.99 7.60 

E3 20000 150000 38880 18557 19947 

K10 

B10 0 30 1.52 1.56 1.84 

H10 -150000 0 -1.26 -137095 -124999 

 Cumulative Residual 17 0.22 1.3 

 

 

Figure 5-7: Individual optimization result vs. Experimental data, Runs 13-15, Model 2 
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Table 5-11: Runs 13-15 individual optimization results, Model 3 

Parameter LB HB Run 13 Run 14 Run 15 

k4 

A3 0 30 23.6 13.8 15.0 

E3 20000 150000 10482 12651 10705 

K8 

B6 0 30 26.1 16.6 16.6 

H6 -150000 0 -59414 -49892 -42631 

K10 
B10 0 30 19.1 8.75 9.02 

H10 -150000 0 -16483 -14424 -12727 

 Cumulative Residual 1.7 0.64 1.6 

 

 

Figure 5-8: Individual optimization result vs. Experimental data, Runs 13-15, Model 3 

  



67 

 

Table 5-12: Runs 13-15 individual optimization results, Model 4 

Parameter LB HB Run 13 Run 14 Run 15 

k4 

A3 0 30 22.8 15.9 15.1 

E3 20000 150000 31955 16984 16421 

K8 

B6 0 30 8.80 18.5 16.6 

H6 -150000 0 -11353 -51857 -44344 

K10 

B10 0 30 19.1 11.2 9.75 

H10 -150000 0 -18067 -19958 -20585 

 Cumulative Residual 29 0.32 1.3 

 

 

Figure 5-9: Individual optimization result vs. Experimental data, Runs 13-15, Model 4 
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Table 5-13: Runs 13-15 individual optimization results, Model 5 

Parameter LB HB Run 13 Run 14 Run 15 

k4 

A3 0 30 14.5 19.2 20.7 

E3 20000 150000 18983 15614 14581 

K8 

B6 0 30 5.96 10.7 11.0 

H6 -150000 0 -72204 -31734 -25395 

K10 

B10 0 30 7.98 11.4 11.4 

H10 -150000 0 -48123 -11799 -10343 

 Cumulative Residual 0.37 0.27 1.3 

 

 

Figure 5-10: Individual optimization result vs. Experimental data, Runs 13-15, Model 5 
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Table  5-14 to Table  5-18 and Figure  5-11 to Figure  5-15 are presenting results 

for modelling of all three experiments together with each of the different models. 

Table 5-14: Runs 13-15 simultaneous optimization results, Model 1 

Parameter LB HB Run 13 Run 14 Run 15 

k4 

A3 0 30 14.5 

E3 20000 150000 19359 

K8 

B6 0 30 8.40 

H6 -150000 0 -44844 

 Cumulative Residual 7.2 8.7 2.7 

 

 

Figure 5-11: Simultaneous optimization result vs. Experimental data, Runs 13-15, Model 1 
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Table 5-15: Runs 13-15 simultaneous optimization results, Model 2 

Parameter LB HB Run 13 Run 14 Run 15 

k4 

A3 0 30 18.1 

E3 20000 150000 29030 

K10 

B10 0 30 13.4 

H10 -150000 0 -33835 

 Cumulative Residual 55 23 36 

 

 

Figure 5-12: Simultaneous optimization result vs. Experimental data, Runs 13-15, Model 2 
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Table 5-16: Runs 13-15 simultaneous optimization results, Model 3 

Parameter LB HB Run 13 Run 14 Run 15 

k4 

A3 0 30 28.0 

E3 20000 150000 28003 

K8 

B6 0 30 28.5 

H6 -150000 0 -104341 

K10 

B10 0 30 24.0 

H10 -150000 0 -22913 

 Cumulative Residual 46 13 42 

  

 

Figure 5-13: Simultaneous optimization result vs. Experimental data, Runs 13-15, Model 3 
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Table 5-17: Runs 13-15 simultaneous optimization results, Model 4 

Parameter LB HB Run 13 Run 14 Run 15 

k4 

A3 0 30 27.8 

E3 20000 150000 35300 

K8 

B6 0 30 28.2 

H6 -150000 0 -96503 

K10 

B10 0 30 23.8 

H10 -150000 0 -19346 

 Cumulative Residual 41 10 37 

 

 

Figure 5-14: Simultaneous optimization result vs. Experimental data, Runs 13-15, Model 4 
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Table 5-18: Runs 13-15 simultaneous optimization results, Model 5 

Parameter LB HB Run 13 Run 14 Run 15 

k4 

A3 0 30 14.5 

E3 20000 150000 20132 

K8 

B6 0 30 7.28 

H6 -150000 0 -41960 

K10 

B10 0 30 7.06 

H10 -150000 0 -48909 

 Cumulative Residual 5.4 8.6 3.1 

 

 

Figure 5-15: Simultaneous optimization result vs. Experimental data, Runs 13-15, Model 5 

From the plots and results, it can be inferred that the best result was obtained 

with the Model 5, followed very close by Model 1. It is seen that despite other 

three models, these two models can capture the NO ignition curve at low initial 

concentration reasonably well. 

5.4 Modelling of Mixture of CO, H2 & C3H6 

Having considered the experiments with only a single reactant, experiments 

with combinations of reactants are now presented. In the first instance, 

experiments 7 to 12 are considered, in which combinations of CO/H2 and C3H6 

were used. 
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Because the NO mole fraction in the inlet gas was zero, there is no difference 

between oxidation in the first 4 models, but model 5 is different because of the 

different hydrocarbon reaction rate equation. So we have to apply two models to 

the results of the different experiments. Initial concentrations for these 

experiments are available in Table  5-19, whilst the results for the individual 

optimization of each experiment with the different models can be found in Table 

 5-20 to Table  5-23 and Figure  5-16 to Figure  5-29. 

Table 5-19: CO, H2 & Propene experiments, initial concentrations 

Run CO, ppm H2, ppm C3H6, ppm 

7(a) 500 167 250 

7(b) 500 167 250 

8 1000 333 250 

9 2000 666 250 

10 1000 333 500 

11 1000 333 750 

12 2000 666 500 

Model C1, Oxidation of CO: 
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  ( 5-8) 

Model C1, Oxidation of propene: 
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Table 5-20: Runs 7-9 individual optimization results, Model 1 

Parameter LB HB Run 7a Run 7b Run 8 Run 9 

k1 

A1 0 30 24.4 22.7 23.2 20.2 

E1 20000 150000 118024 83315 35067 73330 

k3 

A3 0 30 23.2 20.4 25.7 21.1 

E3 20000 150000 127381 75199 131914 149999 

K5 

B5 0 30 8.27 8.76 8.52 6.63 

H5 -150000 0 -1075 -5.67 -33067 -16761 

K6 

B6 0 30 8.80 7.60 9.18 5.81 

H6 -150000 0 -102 -9970 -44320 -80221 

K7 

B7 0 30 14.2 3.83 14.8 28.8 

H7 -150000 0 -75598 -68767 -74767 -33173 

M
o

d
el

 

1
 

CO Residual 81 72 18 7.4 

C3H6 Residual 28 12 37 9.4 

Cumulative Residual 109 84 55 16 

 

Table 5-21: Runs 10-12 individual optimization results, Model 1 

Parameter LB HB Run 10 Run 11 Run 12 

k1 

A1 0 30 22.4 24.1 25.5 

E1 20000 150000 20658 124110 97278 

k3 

A3 0 30 21.1 19.3 23.9 

E3 20000 150000 20818 21961 82411 

K5 

B5 0 30 2.21 7.01 1.15 

H5 -150000 0 -32174 -55379 -125642 

K6 

B6 0 30 9.62 7.69 8.98 

H6 -150000 0 -253 -22431 -108219 

K7 

B7 0 30 27 3.3 0.12 

H7 -150000 0 -100647 -8376 -75948 

M
o

d
el

 

1
 

CO Residual 9.6 32 43 

C3H6 Residual 17 15 13 

Cumulative Residual 27 48 56 
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Figure 5-16: Individual optimization result vs. Experimental data, Run 7a, Model 1 

 

 

Figure 5-17: Individual optimization result vs. Experimental data, Run 7b, Model 1 
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Figure 5-18: Individual optimization result vs. Experimental data, Run 8, Model 1 

 

 

Figure 5-19: Individual optimization result vs. Experimental data, Run 9, Model 1 
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Figure 5-20: Individual optimization result vs. Experimental data, Run 10, Model 1 

 

 

Figure 5-21: Individual optimization result vs. Experimental data, Run 11, Model 1 
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Figure 5-22: Individual optimization result vs. Experimental data, Run 12, Model 1 
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Model C5, Oxidation of propene: 
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Table 5-22: Runs 7-9 individual optimization results, Model 5 

Parameter LB HB Run 7a Run 7b Run 8 Run 9 

k1 

A1 0 30 21.6 28.0 22.1 21.8 

E1 20000 150000 44457 33167 107264 87558 

k3 

A3 0 30 19.5 29.4 22.6 21.8 

E3 20000 150000 38951 101485 147447 123836 

K5 

B5 0 30 9.06 12.1 5.64 5.17 

H5 -150000 0 -9768 -6404 -61415 -75312 

K6 

B6 0 30 3.95 12.6 8.18 9.03 

H6 -150000 0 -8353 -6898 -822 -48372 

M
o

d
el

 

5
 

CO Residual 40 19 29 8.7 

C3H6 Residual 19 39 25 15 

Cumulative Residual 59 59 55 23 

Table 5-23: Runs 10-12 individual optimization results, Model 5 

Parameter LB HB Run 10 Run 11 Run 12 

k1 

A1 0 30 29.2 21.5 20.0 

E1 20000 150000 88417 76466 24518 

k3 

A3 0 30 19.2 20.1 21.4 

E3 20000 150000 57296 84023 145002 

K5 

B5 0 30 10.9 4.13 6.86 

H5 -150000 0 -44167 -69676 -59323 

K6 

B6 0 30 5.03 6.66 3.23 

H6 -150000 0 -63869 -57096 -41709 

M
o

d
el

 

5
 

CO Residual 58 12 3.1 

C3H6 Residual 48 30 6.3 

Cumulative Residual 107 43 9.5 
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Figure 5-23: Individual optimization result vs. Experimental data, Run 7a, Model 5 

 

 

Figure 5-24: Individual optimization result vs. Experimental data, Run 7b, Model 5 
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Figure 5-25: Individual optimization result vs. Experimental data, Run 8, Model 5 

 

 

Figure 5-26: Individual optimization result vs. Experimental data, Run 9, Model 5 
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Figure 5-27: Individual optimization result vs. Experimental data, Run 10, Model 5 

 

 

Figure 5-28: Individual optimization result vs. Experimental data, Run 11, Model 5 
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Figure 5-29: Individual optimization result vs. Experimental data, Run 12, Model 5 

It is seen that both models are able to capture most of the details of the 

experiment in this case, although the low conversion portion of the CO oxidation 

curve is not captured well. Model 5 seems to be better than Model 1 in this regard. 

Now it is time to see if we can find a set of parameters which can be used to 

predict behaviours of the system at different initial condition. Table  5-24 to Table 

 5-25 and Figure  5-30 to Figure  5-41 are presenting the results of simultaneous 

optimization of different experiments with model 1 and 5: 
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Table 5-24: Runs 7-12 simultaneous optimization results, Model 1 

Parameter LB HB Run 7(a) Run 8 Run 9 Run 10 Run 11 Run 12 

k1 

A1 0 30 20.9 

E1 20000 150000 21679 

k3 

A3 0 30 20.9 

E3 20000 150000 61194 

K5 

B5 0 30 7.79 

H5 -150000 0 -39119 

K6 

B6 0 30 7.30 

H6 -150000 0 -24197 

K7 

B7 0 30 17.8 

H7 -150000 0 -84444 

M
o

d
el

 

1
 

CO Residual 75 43. 31 35 16 14 

C3H6 Residual 45 54 22 64 61 50 

Cumulative Residual 120 97 54 100 78 65 

 

Figure 5-30: Simultaneous optimization result vs. Experimental data, Run 7a, Model 1 



86 

 

 

Figure 5-31: Simultaneous optimization result vs. Experimental data, Run 8, Model 1 

 

 

Figure 5-32: Simultaneous optimization result vs. Experimental data, Run 9, Model 1 
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Figure 5-33: Simultaneous optimization result vs. Experimental data, Run 10, Model 1 

 

 

Figure 5-34: Simultaneous optimization result vs. Experimental data, Run 11, Model 1 
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Figure 5-35: Simultaneous optimization result vs. Experimental data, Run 12, Model 1 

Table 5-25: Runs 7-12 simultaneous optimization results, Model 5 

Parameter LB HB Run 7(b) Run 8 Run 9 Run 10 Run 11 Run 12 

k1 

A1 0 30 21.9 

E1 20000 150000 54852 

k3 

A3 0 30 22.1 

E3 20000 150000 102626 

K5 

B5 0 30 8.36 

H5 -150000 0 -18803 

K6 

B6 0 30 7.51 

H6 -150000 0 -16641 

M
o

d
el

 

5
 

CO Residual 92 41 26 29 17 12 

C3H6 Residual 29 73 25 65 60 39 

Cumulative Residual 122 114 51 95 78 52 
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Figure 5-36: Simultaneous optimization result vs. Experimental data, Run 7b, Model 5 

 

 

Figure 5-37: Simultaneous optimization result vs. Experimental data, Run 8, Model 5 
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Figure 5-38: Simultaneous optimization result vs. Experimental data, Run 9, Model 5 

 

 

Figure 5-39: Simultaneous optimization result vs. Experimental data, Run 10, Model 5 
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Figure 5-40: Simultaneous optimization result vs. Experimental data, Run 11, Model 5 

 

 

Figure 5-41: Simultaneous optimization result vs. Experimental data, Run 12, Model 5 
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Although both these two models can capture most of the details of the ignition 

curves, but Model 5 works slightly better than Model 1. It is also seen that both 

models have problem capturing the low conversion part of the CO oxidation 

curves in experiments with low CO concentration.  

5.5 Modelling of Mixture of CO, H2 & NO 

In experiments 22 to 27, the inlet gas contained of CO, H2 and NO. So, five 

different models can be tested. Initial concentrations for these experiments can be 

found in Table  5-26.  

Table 5-26: CO, H2 & NO experiments, initial concentrations 

Run CO, ppm H2, ppm NO, ppm 

22 1000 333 150 

23 1000 333 300 

24 1000 333 600 

25 500 167 300 

26 2000 666 300 

27 500 167 600 

The results for individual optimization of each experiment with each of the 

different models can be found in Table  5-27 to Table  5-36 and Figure  5-42 to 

Figure  5-71. 

Model C1, Oxidation of CO: 
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Table 5-27: Runs 22-24 individual optimization results, Model 1 

 Parameter LB HB Run 22 Run 23 Run 24 

k1 

A1 0 30 19.8 20.8 21.3 

E1 20000 150000 43563 55707 26448 

k4 

A4 0 30 14.1 14.0 14.2 

E4 0 150000 26313 31918 28013 

K5 

B5 0 30 6.40 7.29 8.07 

H5 -150000 0 -49970 -44216 -49088 

K8 

B8 0 30 4.05 5.86 4.54 

H8 -150000 0 -53213 -10601 -8182 

M
o

d
el

 

1
 

CO Residual 2.9 3.7 4.8 

NO Residual 2.8 1.7 2.4 

Cumulative Residual 5.7 5.4 7.2 

 

Table 5-28: Runs 25-27 individual optimization results, Model 1 

Parameter LB HB Run 25 Run 26 Run 27 

k1 

A1 0 30 21.3 20.1 19.5 

E1 20000 150000 77248 89073 38833 

k4 

A4 0 30 14.5 14.5 13.9 

E4 0 150000 31403 22558 32330 

K5 

B5 0 30 8.56 6.85 7.58 

H5 -150000 0 -1.98 -28889 -24238 

K8 

B8 0 30 6.55 3.33 0.60 

H8 -150000 0 -0.001 -44012 -63512 

M
o

d
el

 

1
 

CO Residual 38 2.5 31 

NO Residual 5.5 4.1 4.4 

Cumulative Residual 43.5 6.6 35.4 
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Figure 5-42: Individual optimization result vs. Experimental data, Run 22, Model 1 

 

 

Figure 5-43: Individual optimization result vs. Experimental data, Run 23, Model 1 
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Figure 5-44: Individual optimization result vs. Experimental data, Run 24, Model 1 

 

 

Figure 5-45: Individual optimization result vs. Experimental data, Run 25, Model 1 

 



96 

 

 

Figure 5-46: Individual optimization result vs. Experimental data, Run 26, Model 1 

 

 

Figure 5-47: Individual optimization result vs. Experimental data, Run 27, Model 1 
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Model C2, Oxidation of CO: 

 
   

21 CO O
CO 2
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k Y Y
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  ( 5-14) 

Model C2, Oxidation of NO: 
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  ( 5-15) 

Table 5-29: Runs 22-24 individual optimization results, Model 2 

Parameter LB HB Run 22 Run 23 Run 24 

k1 

A1 0 30 19.7 29.6 29.9 

E1 20000 150000 24649 62696 97151 

k4 

A4 0 30 6.65 13.3 23.9 

E4 0 150000 14142 60400 44887 

K5 

B5 0 30 6.79 12.8 11.8 

H5 -150000 0 -47408 -11887 -18813 

K8 

B8 0 30 4.59 2.33 8.22 

H8 -150000 0 -72638 -115203 -0.04 

K10 

B10 0 30 0.56 8.38 17.8 

H10 -150000 0 -52028 -0.000 -5947 

M
o

d
el

 

2
 

CO Residual 3.4 7.4 12 

NO Residual 2.5 2.3 1.4 

Cumulative Residual 5.9 9.7 13.4 

 

Table 5-30: Runs 25-27 individual optimization results, Model 2 

Parameter LB HB Run 25 Run 26 Run 27 

k1 

A1 0 30 25.3 19.2 18.5 

E1 20000 150000 25194 88918 36145 

k4 

A4 0 30 10.6 23.3 7.99 

E4 0 150000 17517 61970 43244 

K5 

B5 0 30 11.9 4.22 4.17 

H5 -150000 0 -4729 -113518 -86828 

K8 

B8 0 30 6.06 2.09 0.54 

H8 -150000 0 -2142 -3020 -20836 

K10 

B10 0 30 4.16 17.9 1.33 

H10 -150000 0 -26848 -2024 -1.2E-05 

M
o

d
el

 

2
 

CO Residual 9.4 12 54 

NO Residual 1.9 28 7.6 

Cumulative Residual 11.3 40 61.6 
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Figure 5-48: Individual optimization result vs. Experimental data, Run 22, Model 2 

 

 

Figure 5-49: Individual optimization result vs. Experimental data, Run 23, Model 2 
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Figure 5-50: Individual optimization result vs. Experimental data, Run 24, Model 2 

 

 

Figure 5-51: Individual optimization result vs. Experimental data, Run 25, Model 2 
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Figure 5-52: Individual optimization result vs. Experimental data, Run 26, Model 2 

 

 

Figure 5-53: Individual optimization result vs. Experimental data, Run 27, Model 2 

  



101 

 

Model C3, Oxidation of CO: 
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  ( 5-16) 

Model C3, Oxidation of NO: 
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  ( 5-17) 

Table 5-31: Runs 22-24 individual optimization results, Model 3 

Parameter LB HB Run 22 Run 23 Run 24 

k1 

A1 0 30 28.5 23.7 24.1 

E1 20000 150000 63607 147436 148106 

k4 

A4 0 30 13.7 7.92 18.6 

E4 0 150000 30704 49763 58084 

K5 

B5 0 30 4.18 3.88 4.15 

H5 -150000 0 -10407 -44308 -100692 

K8 

B8 0 30 14.4 8.41 9.97 

H8 -150000 0 -136200 -96094 -15522 

K10 

B10 0 30 9.96 3.76 14.1 

H10 -150000 0 -6797 -0.011 -5675 

M
o

d
el

 

3
 

CO Residual 3.1 12 26 

NO Residual 5.6 4.1 26 

Cumulative Residual 8.7 16.1 52 

 

Table 5-32: Runs 25-27 individual optimization results, Model 3 

Parameter LB HB Run 25 Run 26 Run 27 

k1 

A1 0 30 24.4 27.8 29.9 

E1 20000 150000 34950 37281 49271 

k4 

A4 0 30 11.5 15.3 23.3 

E4 0 150000 44595 30305 13110 

K5 

B5 0 30 9.28 5.01 6.65 

H5 -150000 0 -538 -19050 -34475 

K8 

B8 0 30 11.7 15.7 18.0 

H8 -150000 0 -10021 -144006 -310 

K10 

B10 0 30 6.29 10.2 18.7 

H10 -150000 0 -390 -4756 -43311 

M
o

d
el

 

3
 

CO Residual 16 4.4 37 

NO Residual 5.8 2.7 17 

Cumulative Residual 21.8 7.1 54 
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Figure 5-54: Individual optimization result vs. Experimental data, Run 22, Model 3 

 

 

Figure 5-55: Individual optimization result vs. Experimental data, Run 23, Model 3 
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Figure 5-56: Individual optimization result vs. Experimental data, Run 24, Model 3 

 

 

Figure 5-57: Individual optimization result vs. Experimental data, Run 25, Model 3 
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Figure 5-58: Individual optimization result vs. Experimental data, Run 26, Model 3 

 

 

Figure 5-59: Individual optimization result vs. Experimental data, Run 27, Model 3 
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Model C4, Oxidation of CO: 
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  ( 5-18) 

Model C4, Oxidation of NO: 
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   ( 5-19) 

Table 5-33: Runs 22-24 individual optimization results, Model 4 

Parameter LB HB Run 22 Run 23 Run 24 

k1 

A1 0 30 19.5 20.2 21.6 

E1 20000 150000 24814 29144 22966 

k4 

A4 0 30 6.71 6.15 8.11 

E4 0 150000 16377 20827 3656 

K5 

B5 0 30 6.74 6.91 8.14 

H5 -150000 0 -47263 -58783 -48892 

K8 

B8 0 30 4.32 6.16 6.62 

H8 -150000 0 -59110 -15062 -4098 

K10 

B10 0 30 3.85 0.931 2.75 

H10 -150000 0 -63606 -35578 -55847 

M
o

d
el

 

4
 

CO Residual 4.2 3.8 4.7 

NO Residual 41 1.0 0.70 

Cumulative Residual 45.2 4.8 5.4 

 

Table 5-34: Runs 25-27 individual optimization results, Model 4 

Parameter LB HB Run 25 Run 26 Run 27 

k1 

A1 0 30 22.9 20.0 29.1 

E1 20000 150000 20048. 98014 117729 

k4 

A4 0 30 11.2 8.49 21.2 

E4 0 150000 53952 57944 26294 

K5 

B5 0 30 4.73 5.13 6.98 

H5 -150000 0 -4.96 -78911 -0.018 

K8 

B8 0 30 11.4 7.73 14.0 

H8 -150000 0 -64500 -0.015 -31785 

K10 

B10 0 30 6.32 3.98 16.9 

H10 -150000 0 -389 -0.016 -38398 

M
o

d
el

 

4
 

CO Residual 42 9.1 51 

NO Residual 8.1 18 23 

Cumulative Residual 50.1 27.1 74 
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Figure 5-60: Individual optimization result vs. Experimental data, Run 22, Model 4 

 

 

Figure 5-61: Individual optimization result vs. Experimental data, Run 23, Model 4 
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Figure 5-62: Individual optimization result vs. Experimental data, Run 24, Model 4 

 

 

Figure 5-63: Individual optimization result vs. Experimental data, Run 25, Model 4 
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Figure 5-64: Individual optimization result vs. Experimental data, Run 26, Model 4 

 

 

Figure 5-65: Individual optimization result vs. Experimental data, Run 27, Model 4 
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Model C5, Oxidation of CO: 
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Model C5, Oxidation of NO: 
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  ( 5-21) 

Table 5-35: Runs 22-24 individual optimization results, Model 5 

Parameter LB HB Run 22 Run 23 Run 24 

k1 

A1 0 30 29.8 20.7 28.1 

E1 20000 150000 74877 53851 43540 

k4 

A4 0 30 24.0 14.4 18.1 

E4 0 150000 21728 34529 70983 

K5 

B5 0 30 11.7 7.26 10.8 

H5 -150000 0 -23666 -46152 -70770 

K8 

B8 0 30 9.34 3.78 6.11 

H8 -150000 0 -121039 -32362 -94811 

K10 

B10 0 30 15.4 8.67 10.9 

H10 -150000 0 -22746 -18063 -0.010 

M
o

d
el

 

5
 

CO Residual 33 3.7 35 

NO Residual 9.0 1.1 2.0 

Cumulative Residual 42 4.8 37 

 

Table 5-36: Runs 25-27 individual optimization results, Model 5 

Parameter LB HB Run 25 Run 26 Run 27 

k1 

A1 0 30 29.9 29.0 18.3 

E1 20000 150000 51017 144507 23882 

k4 

A4 0 30 26.0 22.7 13.9 

E4 0 150000 55995 40672 32662 

K5 

B5 0 30 12.5 4.15 5.05 

H5 -150000 0 -4465 -32335 -74676 

K8 

B8 0 30 13.6 11.0 0.98 

H8 -150000 0 -1987 -100615 -24238 

K10 

B10 0 30 14.8 13.3 3.31 

H10 -150000 0 -6629 -2771 -157 

M
o

d
el

 

5
 

CO Residual 36 28 50 

NO Residual 22 2.4 5.3 

Cumulative Residual 58 30.4 55.3 
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Figure 5-66: Individual optimization result vs. Experimental data, Run 22, Model 5 

 

 

Figure 5-67: Individual optimization result vs. Experimental data, Run 23, Model 5 
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Figure 5-68: Individual optimization result vs. Experimental data, Run 24, Model 5 

 

 

Figure 5-69: Individual optimization result vs. Experimental data, Run 25, Model 5 
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Figure 5-70: Individual optimization result vs. Experimental data, Run 26, Model 5 

 

 

Figure 5-71: Individual optimization result vs. Experimental data, Run 27, Model 5 
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For each model, All different experiments were selected to be optimized 

simultaneously to find a set of parameters for each model and use them as general 

correlation for NO and CO oxidation modelling. Table  5-37 to Table  5-41 and 

Figure  5-72 to Figure  5-101 are presenting the results. 

Table 5-37: Runs 22-27 simultaneous optimization results, Model 1 

Parameter LB HB Run 22 Run 23 Run 24 Run 25 Run 26 Run 27 

k1 

A1 0 30 20.2 

E1 20000 150000 42275 

k4 

A4 0 30 14.3 

E4 0 150000 25965 

K5 

B5 0 30 7.26 

H5 -150000 0 -34807 

K8 

B8 0 30 6.38 

H8 -150000 0 -21033 

M
o

d
el

 

1
 

CO Residual 33 25 19 69 3.4 57 

NO Residual 12.2 9.7 3.3 29 45 3.6 

Cumulative Residual 45.2 34.7 22.3 98 48.4 60.6 

 

 

Figure 5-72: Simultaneous optimization result vs. Experimental data, Run 22, Model 1 
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Figure 5-73: Simultaneous optimization result vs. Experimental data, Run 23, Model 1 

 

 

Figure 5-74: Simultaneous optimization result vs. Experimental data, Run 24, Model 1 
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Figure 5-75: Simultaneous optimization result vs. Experimental data, Run 25, Model 1 

 

 

Figure 5-76: Simultaneous optimization result vs. Experimental data, Run 26, Model 1 
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Figure 5-77: Simultaneous optimization result vs. Experimental data, Run 27, Model 1 
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Table 5-38: Runs 22-27 simultaneous optimization results, Model 2 

Parameter LB HB Run 22 Run 23 Run 24 Run 25 Run 26 Run 27 

k1 

A1 0 30 19.3 

E1 20000 150000 23551 

k4 

A4 0 30 7.64 

E4 0 150000 25870 

K5 

B5 0 30 6.79 

H5 -150000 0 -43861 

K8 

B8 0 30 5.82 

H8 -150000 0 -34052 

K10 

B10 0 30 0.86 

H10 -150000 0 -22496 

M
o

d
el

 

2
 

CO Residual 30 36 31. 70 8.0 52 

NO Residual 214 43 44 13 22 26 

Cumulative Residual 244 79 75 83 30 78 

 

 

Figure 5-78: Simultaneous optimization result vs. Experimental data, Run 22, Model 2 
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Figure 5-79: Simultaneous optimization result vs. Experimental data, Run 23, Model 2 

 

 

Figure 5-80: Simultaneous optimization result vs. Experimental data, Run 24, Model 2 
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Figure 5-81: Simultaneous optimization result vs. Experimental data, Run 25, Model 2 

 

 

Figure 5-82: Simultaneous optimization result vs. Experimental data, Run 26, Model 2 
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Figure 5-83: Simultaneous optimization result vs. Experimental data, Run 27, Model 2 

Table 5-39: Runs 22-27 simultaneous optimization results, Model 3 

Parameter LB HB Run 22 Run 23 Run 24 Run 25 Run 26 Run 27 

k1 

A1 0 30 19.7 

E1 20000 150000 22971 

k4 

A4 0 30 7.51 

E4 0 150000 27035 

K5 

B5 0 30 7.04 

H5 -150000 0 -43610 

K8 

B8 0 30 5.91 

H8 -150000 0 -36838 

K10 

B10 0 30 2.77 

H10 -150000 0 -23803 

M
o

d
el

 

3
 

CO Residual 29 27 20 84 4.8 59 

NO Residual 132 27 30 24 21 18 

Cumulative Residual 161 54 50 108 25.8 77 
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Figure 5-84: Simultaneous optimization result vs. Experimental data, Run 22, Model 3 

 

 

Figure 5-85: Simultaneous optimization result vs. Experimental data, Run 23, Model 3 
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Figure 5-86: Simultaneous optimization result vs. Experimental data, Run 24, Model 3 

 

 

Figure 5-87: Simultaneous optimization result vs. Experimental data, Run 25, Model 3 
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Figure 5-88: Simultaneous optimization result vs. Experimental data, Run 26, Model 3 

 

 

Figure 5-89: Simultaneous optimization result vs. Experimental data, Run 27, Model 3 
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Table 5-40: Runs 22-27 simultaneous optimization results, Model 4 

Parameter LB HB Run 22 Run 23 Run 24 Run 25 Run 26 Run 27 

k1 

A1 0 30 19.6 

E1 20000 150000 22955 

k4 

A4 0 30 7.56 

E4 0 150000 26884 

K5 

B5 0 30 7.03 

H5 -150000 0 -43496 

K8 

B8 0 30 5.88 

H8 -150000 0 -36793 

K10 

B10 0 30 2.72 

H10 -150000 0 -23780 

M
o

d
el

 

4
 

CO Residual 33 25 20 81 6.1 59 

NO Residual 136 29 25 20 15 14 

Cumulative Residual 169 54 45 101 21.1 73 

 

 

Figure 5-90: Simultaneous optimization result vs. Experimental data, Run 22, Model 4 
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Figure 5-91: Simultaneous optimization result vs. Experimental data, Run 23, Model 4 

 

 

Figure 5-92: Simultaneous optimization result vs. Experimental data, Run 24, Model 4 
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Figure 5-93: Simultaneous optimization result vs. Experimental data, Run 25, Model 4 

 

 

Figure 5-94: Simultaneous optimization result vs. Experimental data, Run 26, Model 4 
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Figure 5-95: Simultaneous optimization result vs. Experimental data, Run 27, Model 4 
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Table 5-41: Runs 22-27 simultaneous optimization results, Model 5 

Parameter LB HB Run 22 Run 23 Run 24 Run 25 Run 26 Run 27 

k1 

A1 0 30 19.1 

E1 20000 150000 20017 

k4 

A4 0 30 14.1 

E4 0 150000 33946 

K5 

B5 0 30 6.72 

H5 -150000 0 -47031 

K8 

B8 0 30 3.37 

H8 -150000 0 -85389 

K10 

B10 0 30 3.99 

H10 -150000 0 -149995 

M
o

d
el

 

5
 

CO Residual 67 39 87 64 12 45 

NO Residual 24 10 9.1 30 63 13 

Cumulative Residual 91 49 96.1 94 75 58 

 

 

Figure 5-96: Simultaneous optimization result vs. Experimental data, Run 22, Model 5 
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Figure 5-97: Simultaneous optimization result vs. Experimental data, Run 23, Model 5 

 

 

Figure 5-98: Simultaneous optimization result vs. Experimental data, Run 24, Model 5 
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Figure 5-99: Simultaneous optimization result vs. Experimental data, Run 25, Model 5 

 

 

Figure 5-100: Simultaneous optimization result vs. Experimental data, Run 26, Model 5 
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Figure 5-101: Simultaneous optimization result vs. Experimental data, Run 27, Model 5 

From the results, it is observed that when CO/H2 and NO are fed to the reactor, 

Model 1 is the best model to predict the behaviours of the system, followed by 

Model 5 and Model 4. It is interesting that the best model for CO/H2 and NO 

system is the same as the best model for modelling of the NO only system. 

5.6 Modelling of Mixture of C3H6 & NO 

The only reactants in experiments 16 to 21 are C3H6 and NO. In these 

experiments, we have all reactions occurring except CO oxidation. It is first time 

that we have to consider NOx reduction over catalyst by hydrocarbon. Table  5-42 

contains the initial values of the experiments and the results for individual 

modelling of each experiment with different models are available in Table  5-43 to 

Table  5-47 and Figure  5-102 to Figure  5-126. 
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Table 5-42: NO & Propene experiments, initial concentrations 

Run Propene, ppm NO, ppm 

16 500 150 

17 500 300 

18 500 600 

20 750 300 

21 750 600 

Model C1, Oxidation of propene: 
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   ( 5-22) 

Model C1, Oxidation of NO: 
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Model C1, Reduction of NO to N2: 
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  ( 5-24) 

Model C1, Reduction of NO to N2O: 
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Model C1, Reduction of NO2: 
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Table 5-43: Runs 16-21 individual optimization results, Model 1 

Parameter LB HB Run 16 Run 17 Run 18 Run 20 Run 21 

k2 

A2 0 30 27.8 20.7 15.5 22.8 9.5 

E2 0 150000 58698 72779 101523 93344 131070 

k3 

A3 0 30 17.5 17.9 23.2 17.2 24.3 

E3 20000 150000 108141 62022 73316 100539 21482 

k4 

A4 0 30 12.4 12.1 19.3 13.1 13.9 

E4 0 150000 67693 83243 29950 50190 116410 

K6 

B6 0 30 5.79 7.18 6.47 6.09 7.44 

H6 -150000 0 -3884 -1.54 -3245 -0.451 -5290 

K8 

B8 0 30 6.07 8.40 14.1 7.82 14.7 

H8 -150000 0 -12998 -74088 -15176 -22071 -78827 

K9 

B9 0 30 23.8 16.2 12.2 18.8 7.27 

H9 -150000 150000 87407 104053 148413 130532 132113 

k11 

A11 0 30 28.4 21.4 16.1 23.2 11.1 

E11 0 150000 62856 75497 120409 100177 110331 

M
o

d
el

 1
 

C3H6 Residual 16 5.6 4.3 9.6 14 

NOX Residual 1.7 2.0 2.3 2.9 19 

N2O Residual 46 12 5.7 24 9.6 

NO2 Residual 3.8 13 10 4.3 73 

Cumulative Residual 67 33 22 41 116 

 

 

Figure 5-102: Individual optimization result vs. Experimental data, Run 16, Model 1 
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Figure 5-103: Individual optimization result vs. Experimental data, Run 17, Model 1 

 

 

Figure 5-104: Individual optimization result vs. Experimental data, Run 18, Model 1 
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Figure 5-105: Individual optimization result vs. Experimental data, Run 20, Model 1 

 

 

Figure 5-106: Individual optimization result vs. Experimental data, Run 21, Model 1 
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Model C2, Oxidation of propene: 
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Model C2, Oxidation of NO: 
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Model C2, Reduction of NO to N2: 
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Model C2, Reduction of NO to N2O: 
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Model C2, Reduction of NO2: 
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Table 5-44: Runs 16-21 individual optimization results, Model 2 

Parameter LB HB Run 16 Run 17 Run 18 Run 20 Run 21 

k2 

A2 0 30 28.1 27.0 20.4 24.8 25.0 

E2 0 150000 63881 63840 38444 25572 51599 

k3 

A3 0 30 18.8 18.7 18.7 29.9 22.9 

E3 20000 150000 20979 87773 29282 59137 34118 

k4 

A4 0 30 17.0 15.4 15.5 15.7 14.4 

E4 0 150000 77146 89013 86083 4388 4072 

K6 

B6 0 30 3.44 8.49 9.03 14.3 7.97 

H6 -150000 0 -12962 -8693 -17340 -1319 -23788 

K8 

B8 0 30 10.6 8.74 3.93 7.1 12.9 

H8 -150000 0 -76511 -7796 -40823 -2879 -14562 

K9 

B9 0 30 24.0 22.4 17.2 20.9 21.7 

H9 -150000 150000 81431 112026 74736 58730 96062 

K10 

B10 0 30 16.7 12.1 11.6 13.4 11.7 

H10 -150000 0 -87208 -12618 -6794 -112063 -113820 

k11 

A11 0 30 28.7 27.6 21.0 25.2 25.7 

E11 0 150000 66031 76744 53086 33086 69956 

M
o

d
el

 2
 

C3H6 Residual 12 2.2 1.3 23 2.0 

NOX Residual 2.7 0.96 2.1 1.3 2.6 

N2O Residual 42 10 6.1 30 8.8 

NO2 Residual 6.7 7.0 5.0 5.6 6.5 

Cumulative Residual 64 20 14 61 20 

 

 

Figure 5-107: Individual optimization result vs. Experimental data, Run 16, Model 2 
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Figure 5-108: Individual optimization result vs. Experimental data, Run 17, Model 2 

 

 

Figure 5-109: Individual optimization result vs. Experimental data, Run 18, Model 2 
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Figure 5-110: Individual optimization result vs. Experimental data, Run 20, Model 2 

 

 

Figure 5-111: Individual optimization result vs. Experimental data, Run 21, Model 2 
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Model C3, Oxidation of propene: 
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Model C3, Oxidation of NO: 
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Model C3, Reduction of NO to N2: 
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Model C3, Reduction of NO to N2O: 
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Model C3, Reduction of NO2: 
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Table 5-45: Runs 16-21 individual optimization results, Model 3 

Parameter LB HB Run 16 Run 17 Run 18 Run 20 Run 21 

k2 

A2 0 30 8.30 17.9 21.8 29.6 22.8 

E2 0 150000 101988 51933 17892 77487 66891 

k3 

A3 0 30 27.2 21.1 24.8 29.0 18.8 

E3 20000 150000 39376 46324 26008 70934 32463 

k4 

A4 0 30 19.0 15.8 26.6 21.6 22.4 

E4 0 150000 21305 52942 6436 133355 40370 

K6 

B6 0 30 1.28 8.60 7.02 6.98 8.73 

H6 -150000 0 -37573 -4647 -79166 -2534 -16909 

K8 

B8 0 30 19.6 11.3 22.3 20.2 5.93 

H8 -150000 0 -21670 -47165 -88146 -7003 -63985 

K9 

B9 0 30 3.53 13.3 10.7 25.6 19.5 

H9 -150000 150000 146399 98618 149999 104983 111832 

K10 

B10 0 30 18.4 13.5 20.9 22.1 20.3 

H10 -150000 0 -86418 -43459 -34939 -26873 -63429 

k11 

A11 0 30 8.93 18.6 21.6 30.0 23.5 

E11 0 150000 105231 64067 21958 85254 85298 

M
o

d
el

 3
 

C3H6 Residual 2.2 2.0 43 4.4 2.5 

NOX Residual 8.6 0.86 85 2.5 2.7 

N2O Residual 5.1 10 18 32 9.3 

NO2 Residual 13 8.5 70 7.9 7.0 

Cumulative Residual 29 22 217 47 21 

 

 

Figure 5-112: Individual optimization result vs. Experimental data, Run 16, Model 3 
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Figure 5-113: Individual optimization result vs. Experimental data, Run 17, Model 3 

 

 

Figure 5-114: Individual optimization result vs. Experimental data, Run 18, Model 3 

 



143 

 

 

Figure 5-115: Individual optimization result vs. Experimental data, Run 20, Model 3 

 

 

Figure 5-116: Individual optimization result vs. Experimental data, Run 21, Model 3 
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Model C4, Oxidation of propene: 
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Model C4, Oxidation of NO: 
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Model C4, Reduction of NO to N2: 
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Model C4, Reduction of NO to N2O: 
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Model C4, Reduction of NO2: 
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Table 5-46: Runs 16-21 individual optimization results, Model 4 

Parameter LB HB Run 16 Run 17 Run 18 Run 20 Run 21 

k2 

A2 0 30 28.0 17.5 29.4 22.8 14.0 

E2 0 150000 32893 30386 119857 119709 59264 

k3 

A3 0 30 26.5 25.3 21.7 19.8 22.2 

E3 20000 150000 23596 37869 80483 74840 69793 

k4 

A4 0 30 11.5 13.5 25.8 9.69 17.3 

E4 0 150000 111535 27309 41509 123531 21055 

K6 

B6 0 30 5.94 13.1 5.41 4.82 7.24 

H6 -150000 0 -9356 -6575 -2.22 -0.274 -5860 

K8 

B8 0 30 18.3 5.97 12.7 11.6 12.9 

H8 -150000 0 -63127 -79016 -8868 -27097 -15759 

K9 

B9 0 30 23.9 13.0 26.2 18.8 10.8 

H9 -150000 150000 59045 75031 150000 149999 107068 

K10 

B10 0 30 10.9 10.8 24.9 9.34 15.9 

H10 -150000 0 -4950 -64742 -92842 -11660 -99299 

k11 

A11 0 30 28.6 18.1 30.0 23.2 14.8 

E11 0 150000 36830 41545 130270 124603 78846 

M
o

d
el

 4
 

C3H6 Residual 12 10 5.1 7.3 2.4 

NOX Residual 1.2 1.0 2.5 2.7 2.6 

N2O Residual 47 11 6.8 27 8.7 

NO2 Residual 2.9 5.0 11 7.0 7.4 

Cumulative Residual 64 27 26. 44 21 

 

 

Figure 5-117: Individual optimization result vs. Experimental data, Run 16, Model 4 
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Figure 5-118: Individual optimization result vs. Experimental data, Run 17, Model 4 

 

 

Figure 5-119: Individual optimization result vs. Experimental data, Run 18, Model 4 
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Figure 5-120: Individual optimization result vs. Experimental data, Run 20, Model 4 

 

 

Figure 5-121: Individual optimization result vs. Experimental data, Run 21, Model 4 
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Model C5, Oxidation of propene: 
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Model C5, Oxidation of NO: 
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Model C5, Reduction of NO to N2: 
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Model C5, Reduction of NO to N2O: 

 
 

 
3 6

2

C H 11 NO

NO r2
9 O

R k Y
R

1 K Y


 


  ( 5-45) 

Model C5, Reduction of NO2: 
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Table 5-47: Runs 16-21 individual optimization results, Model 5 

Parameter LB HB Run 16 Run 17 Run 18 Run 20 Run 21 

k2 

A2 0 30 18.1 28.9 8.76 29.1 29.2 

E2 0 150000 68458 66511 123600 55660 24772 

k3 

A3 0 30 17.3 29.0 29.3 24.4 20.2 

E3 20000 150000 99853 20586 93441 63285 102099 

k4 

A4 0 30 27.5 23.9 25.8 22.5 30 

E4 0 150000 71785 8790 82924 100282 97333 

K6 

B6 0 30 4.64 13.8 4.51 2.29 6.30 

H6 -150000 0 -2502 -38924 -10875 -71415 -1242 

K8 

B8 0 30 3.49 13.7 14.0 12.4 9.60 

H8 -150000 0 -86009 -47491 -424 -10941 -1298 

K9 

B9 0 30 14.0 24.4 5.65 25.2 26.0 

H9 -150000 150000 77363 120792 139419 73340 53231 

K10 

B10 0 30 22.3 14.0 18.7 19.6 21.9 

H10 -150000 0 -149187 -31044 -89429 -128531 -98760 

k11 

A11 0 30 18.7 29.6 9.59 29.6 30 

E11 0 150000 68522 84456 100564 57795 36719 

M
o

d
el

 5
 

C3H6 Residual 14 2.3 9.0 5.3 3.6 

NOX Residual 6.87 1.6 7.4 6.5 3.3 

N2O Residual 38 9.4 6.3 28 10 

NO2 Residual 12 1.8 37 19 21 

Cumulative Residual 71 15 60 59 39 

 

 

Figure 5-122: Individual optimization result vs. Experimental data, Run 16, Model 5 
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Figure 5-123: Individual optimization result vs. Experimental data, Run 17, Model 5 

 

 

Figure 5-124: Individual optimization result vs. Experimental data, Run 18, Model 5 
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Figure 5-125: Individual optimization result vs. Experimental data, Run 20, Model 5 

 

 

Figure 5-126: Individual optimization result vs. Experimental data, Run 21 Model 5 
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It is clear that our current model cannot predict NOx reduction reactions 

sufficiently well, even when only one experiment at the time is optimized. The 

prediction of total NOx conversion and conversion to N2O not satisfactory, 

therefore an effort was made to improve the model. 

5.6.1 Kinetic and Mechanism of the reduction of NOx by C3H6  

Many efforts have been made to understand the mechanism of NOx reduction 

by hydrocarbons. Burch et al. showed that the reaction mechanism is strongly 

affected by reaction conditions such as gas composition, temperature and type of 

hydrocarbon [28-30]. They found that unsaturated hydrocarbons can absorb on 

surface of Pt catalyst more strongly and irreversibly than their saturated 

counterparts [30]. Denton et al. proposed that oxygen main role is not to oxidize 

NO into NO2 and NO acts as an intermediate during NOx reduction [31]. In case 

which N2O is the product, nitrosyl, dinitosyl species, nitrates and nitrites species 

could be considered as intermediate species during NOx reduction [32]. 

It was observed that C3H6 conversion and NOx reduction start at the same 

temperature, and increased with increasing temperature. Maximum NOx 

conversion occurs at temperature that 100% hydrocarbon conversion is reached 

[33]. Comparing data for NO only experiments with NO, C3H6 showed that NO 

inhibited propene oxidation, which is in agreement with the results of Burch et al. 

[34]. Burch also showed that even with high presence of oxygen in lean condition, 

oxygen coverage on the Pt surface is too small while C3H6 coverage or at least 

hydrocarbon derived species coverage on catalyst site is at saturation. The double 

bond of propene make it possible to react strongly with Pt sites which results a 

high coverage of propene on the surface [33]. So there is no active site available 

for NOx to react until adsorbed hydrocarbon species react, which means reduction 

of NOx is secondary and dependent on reduction of the active sites by propene 

oxidation.  

On the other hand, after reduction of the catalyst surface by hydrocarbon 

oxidation, NO will adsorb on the surface and will be reduced to N2 or N2O. After 
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decomposition of NO, Oads would be built up on the catalyst surface and this will 

oxidize the surface, which can be interpreted as self poisoning effect of NO, 

because oxidized sites cannot adsorb and decompose further NO molecules[30]. 

In Figure  5-127 you can see briefly what occurs on the surface in the presence 

of NO and C3H6: 

 

Figure 5-127: Oxidation and reduction of the catalyst surface 

These two effects, hydrocarbon inhibition effect on NOx reduction and NO self 

poisoning effect, should be considered to have a more realistic model. For the 

hydrocarbon inhibition effect, we suggest to add adsorption inhibition term into 

denominator of the rate equations for NOx reduction. We also define here a new 

parameter, called K12, which represents self poisoning effect of NO and we added 

this term to the denominator of the rate reaction as well. The modified rate models 

are as follow: 

Reduction of NO to N2: 
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Reduction of NO to N2O: 
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Reduction of NO2: 
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It is clear that since oxidation of NO always happens after full conversion of 

hydrocarbon, we do not have to change NO oxidation rate equations. 

To validate the new model, it was applied to experiments 16 to 21, both 

individually and simultaneously. Results for individual optimizations as well as 

simultaneous optimizations were very good, so here we report only simultaneous 

results. Table  5-48 to Table  5-52 and Figure  5-128 to Figure  5-152 are presenting 

the results for simultaneous optimization of experiments 16 to 21 with respect to 

different new models: 
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Table 5-48: Runs 16-21 simultaneous optimization results, Model 1 

Parameter LB HB Run 16 Run 17 Run 18 Run 20 Run 21 

k2 

A2 0 30 8.24 

E2 0 150000 43868 

k3 

A3 0 30 17.9 

E3 20000 150000 46743 

k4 

A4 0 30 13.6 

E4 0 150000 38150 

K6 

B6 0 30 7.26 

H6 -150000 0 -0.14 

K8 

B8 0 30 8.20 

H8 -150000 0 -44846 

K9 

B9 0 30 2.63 

H9 -150000 150000 103639 

k11 

A11 0 30 8.84 

E11 0 150000 57298 

K12 

B12 0 30 8.16 

H12 -150000 150000 10081 

M
o

d
el

 1
 

C3H6 Residual 8.1 14 14 5.8 3.3 

NOX Residual 8.2 8.9 3.3 11 3.9 

N2O Residual 3.9 41 4.7 4.1 1.5 

NO2 Residual 5.7 5.4 3.4 3.3 2.2 

Cumulative Residual 26 71 25 24 11 

 

 

Figure 5-128: Simultaneous optimization result vs. Experimental data, Run 16, Model 1 
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Figure 5-129: Simultaneous optimization result vs. Experimental data, Run 17, Model 1 

 

 

Figure 5-130: Simultaneous optimization result vs. Experimental data, Run 18, Model 1 
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Figure 5-131: Simultaneous optimization result vs. Experimental data, Run 20, Model 1 

 

 

Figure 5-132: Simultaneous optimization result vs. Experimental data, Run 21, Model 1 
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Table 5-49: Runs 16-21 simultaneous optimization results, Model 2 

Parameter LB HB Run 16 Run 17 Run 18 Run 20 Run 21 

k2 

A2 0 30 28.1 

E2 0 150000 93914 

k3 

A3 0 30 18.0 

E3 20000 150000 60601 

k4 

A4 0 30 14.8 

E4 0 150000 112693 

K6 

B6 0 30 7.25 

H6 -150000 0 -160 

K8 

B8 0 30 8.46 

H8 -150000 0 -28797 

K9 

B9 0 30 23.1 

H9 -150000 150000 87826 

K10 

B10 0 30 12.2 

H10 -150000 0 -2143 

k11 

A11 0 30 28.7 

E11 0 150000 99969 

K12 

B12 0 30 8.04 

H12 -150000 150000 59926 

M
o

d
el

 2
 

C3H6 Residual 8.4 16 11 5.9 2.4 

NOX Residual 5.2 7.3 3.7 7.5 5.8 

N2O Residual 23 46 4.7 10 2.8 

NO2 Residual 15 15 14 16 9.5 

Cumulative Residual 52 85 35 39 20 

 

 

Figure 5-133: Simultaneous optimization result vs. Experimental data, Run 16, Model 2 
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Figure 5-134: Simultaneous optimization result vs. Experimental data, Run 17, Model 2 

 

 

Figure 5-135: Simultaneous optimization result vs. Experimental data, Run 18, Model 2 
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Figure 5-136: Simultaneous optimization result vs. Experimental data, Run 20, Model 2 

 

 

Figure 5-137: Simultaneous optimization result vs. Experimental data, Run 21, Model 2 

  



161 

 

Table 5-50: Runs 16-21 simultaneous optimization results, Model 3 

Parameter LB HB Run 16 Run 17 Run 18 Run 20 Run 21 

k2 

A2 0 30 29.3 

E2 0 150000 78095 

k3 

A3 0 30 18.0 

E3 20000 150000 36563 

k4 

A4 0 30 12.6 

E4 0 150000 124405 

K6 

B6 0 30 7.28 

H6 -150000 0 -341 

K8 

B8 0 30 8.24 

H8 -150000 0 -69951 

K9 

B9 0 30 24.5 

H9 -150000 150000 85878 

K10 

B10 0 30 14.4 

H10 -150000 0 -86754 

k11 

A11 0 30 29.8 

E11 0 150000 81191 

K12 

B12 0 30 7.85 

H12 -150000 150000 25075 

M
o

d
el

 3
 

C3H6 Residual 14 10 17 8.0 3.8 

NOX Residual 4.4 7.6 6.5 10 12.6 

N2O Residual 29 43 8.4 22 7.1 

NO2 Residual 14 47 42 16 25 

Cumulative Residual 62 108 75 57 49 

 

 

Figure 5-138: Simultaneous optimization result vs. Experimental data, Run 16, Model 3 
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Figure 5-139: Simultaneous optimization result vs. Experimental data, Run 17, Model 3 

 

 

Figure 5-140: Simultaneous optimization result vs. Experimental data, Run 18, Model 3 
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 Figure 5-141: Simultaneous optimization result vs. Experimental data, Run 20, Model 3 

 

 

Figure 5-142: Simultaneous optimization result vs. Experimental data, Run 21, Model 3 
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Table 5-51: Runs 16-21 simultaneous optimization results, Model 4 

Parameter LB HB Run 16 Run 17 Run 18 Run 20 Run 21 

k2 

A2 0 30 29.1 

E2 0 150000 119860 

k3 

A3 0 30 17.9 

E3 20000 150000 44959 

k4 

A4 0 30 22.1 

E4 0 150000 52279 

K6 

B6 0 30 7.17 

H6 -150000 0 -13945 

K8 

B8 0 30 8.38 

H8 -150000 0 -39215 

K9 

B9 0 30 24.1 

H9 -150000 150000 119165 

K10 

B10 0 30 20.5 

H10 -150000 0 -59398 

k11 

A11 0 30 29.7 

E11 0 150000 125450 

K12 

B12 0 30 8.11 

H12 -150000 150000 55263 

M
o

d
el

 4
 

C3H6 Residual 11 19 14 8.1 3.4 

NOX Residual 5.3 7.6 3.5 8.0 6.0 

N2O Residual 22 48 4.3 10 2.8 

NO2 Residual 15 15 14 14 9.6 

Cumulative Residual 55 90 37 40 21 

 

 

Figure 5-143: Simultaneous optimization result vs. Experimental data, Run 16, Model 4 
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Figure 5-144: Simultaneous optimization result vs. Experimental data, Run 17, Model 4 

 

 

Figure 5-145: Simultaneous optimization result vs. Experimental data, Run 18, Model 4 
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 Figure 5-146: Simultaneous optimization result vs. Experimental data, Run 20, Model 4 

 

 

Figure 5-147: Simultaneous optimization result vs. Experimental data, Run 21, Model 4 
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Table 5-52: Runs 16-21 simultaneous optimization results, Model 5 

Parameter LB HB Run 16 Run 17 Run 18 Run 20 Run 21 

k2 

A2 0 30 22.9 

E2 0 150000 40500 

k3 

A3 0 30 18.4 

E3 20000 150000 32530 

k4 

A4 0 30 13.9 

E4 0 150000 32185 

K6 

B6 0 30 7.92 

H6 -150000 0 -17868 

K8 

B8 0 30 7.86 

H8 -150000 0 -47612 

K9 

B9 0 30 17.8 

H9 -150000 150000 52536 

K10 

B10 0 30 4.80 

H10 -150000 0 -99990 

k11 

A11 0 30 23.5 

E11 0 150000 53977 

K12 

B12 0 30 7.58 

H12 -150000 150000 70273 

M
o

d
el

 5
 

C3H6 Residual 9.9 12 19 6.5 3.2 

NOX Residual 5.7 5.7 3.8 11 3.3 

N2O Residual 10 33. 7.0 2.7 3.1 

NO2 Residual 5.2 3.0 2.8 2.9 1.5 

Cumulative Residual 31 55 32 23 11 

 

 

Figure 5-148: Simultaneous optimization result vs. Experimental data, Run 16, Model 5 
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Figure 5-149: Simultaneous optimization result vs. Experimental data, Run 17, Model 5 

 

 

Figure 5-150: Simultaneous optimization result vs. Experimental data, Run 18, Model 5 
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Figure 5-151: Simultaneous optimization result vs. Experimental data, Run 20, Model 5 

 

 

Figure 5-152: Simultaneous optimization result vs. Experimental data, Run 21, Model 5 
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It is seen that, although the low conversion portion of the CO oxidation curve 

is not captured very well by any of the models, Model 5 followed very close by 

Model 1, are the best models to predict behaviours of the system when C3H6 and 

NO are fed to the reactor. 

5.7 Modelling of Mixture of CO, H2, C3H6 & NO 

This section presents modelling results obtained when all of the reactants 

(CO/H2, NO and C3H6) were fed to the reactor. Initial concentrations for these 

experiments are shown in Table  5-53. 

For these experiments, as it shown in Figure  5-153 and Figure  5-154, some 

unusual results were observed for the C3H6 ignition curves. Typical behaviour is 

shown in the next two figures, where a “Two Stage” ignition shape is observed. 

To the best of our knowledge, this type of behaviour has not previously been 

reported in the literature.  
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Table 5-53: CO, H2, Propene & NO experiments, initial concentrations 

Run CO [ppm] H2 [ppm] Propene [ppm] NO [ppm] 

28 500 167 250 150 

29 2000 666 250 150 

30 500 167 750 150 

31 2000 666 750 150 

32 500 167 250 600 

33 2000 666 250 600 

34 500 167 750 600 

35 2000 666 750 600 

36 1000 333 250 150 

37 1000 333 250 600 

38 1000 333 750 150 

39 1000 333 750 600 

40 500 167 500 150 

41 2000 666 500 150 

42 500 167 500 600 

43 2000 666 500 600 

44 500 167 250 300 

45 2000 666 250 300 

46 500 167 750 300 

47 2000 666 750 300 

48 1000 333 500 150 

49 1000 333 250 300 

50 500 167 500 300 

51 1000 333 500 300 

52 2000 666 500 300 

53 1000 333 750 300 

54 1000 333 500 600 
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Figure 5-153: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 46 

 

 

Figure 5-154: CO, C3H6, NO, NOx, NO2 & N2O - Ignition curve Run 42 
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To find the cause for this deviation, we can compare different experimental 

results. 

 

Figure 5-155: Ignition curves comparison, Run 18 vs. Run 42 

Figure  5-155 compare runs 18 and 42. Both experiments used 500 ppm 

propene and 600 ppm NO; however run 42 included 500 ppm CO (with 167 ppm 

hydrogen). 

 As can be seen, all of the ignition curves are essentially the same for the two 

experiments, but the propene ignition curve shows an obvious deviation in 

comparison with the other experiment hydrocarbon ignition curve. The obvious 

conclusion is that this unmoral behaviour in hydrocarbon oxidation is because of 

presence of CO. Since we did not see any major deviation in hydrocarbon ignition 

curves in experiments which we only had CO, H2 & C3H6, it is clear that only 

presence of CO and H2 with propene and NO have such an interesting effect on 

propene oxidation. 

The shape of the propene ignition curve was observed to depend on feed 

concentrations. For example, Figure  5-156 shows a comparison of experiments 34 
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and 35. Both experiments used 750 ppm C3H6 and 600 ppm NO, but the CO 

concentrations were 500 and 2000 ppm for experiments 34 and 35 respectively. 

As seen in Figure  5-156, increasing the CO concentration in the feed can 

smooth the deviation of the ignition curve, and increases the temperature at which 

deviation happens. 

 

Figure 5-156: C3H6 Ignition curves comparison, Run 34 vs. Run 35 

The shape of the deviation is also affected be the NO and C3H6 concentrations. 

Figure  5-157 compares the C3H6 ignition curves for experiments 28 and 30 (500 

ppm CO and 150 ppm NO), two runs with different C3H6 concentration (250 ppm 

and 750 ppm). The run at 750 ppm C3H6 shows a sharper deviation with a longer 

“flat” section. 
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Figure 5-157: C3H6 Ignition curves comparison, Run 28 vs. Run 30 

Figure  5-158 compares the C3H6 ignition curves for runs 28 and 32. Both these 

runs used 500 ppm CO and 250 ppm C3H6, but with NO concentrations of 150 and 

600 ppm respectively. The higher NO concentration causes a sharper deviation 

with concomitant flat area. 
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Figure 5-158: C3H6 Ignition curves comparison, Run 28 vs. Run 32 

We now test the predictive ability of the modified model presented in the 

earlier sections. As a first step, the model was tested using individual experiments. 

The results for experiments 38, 39 and 53 are shown in Table  5-54 to Table  5-55 

and Figure  5-159 to Figure  5-161 for model 5. The model equation can be found 

on the page 52.  
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Table 5-54: Runs 38, 39 & 53 individual optimization results, Model 5 

Parameter LB HB Run 38 Run 39 Run 53 

k1 

A1 0 30 26.8 26.8 26.8 

E1 20000 150000 140992 13469 146130 

k2 

A2 0 30 28.7 28.8 28.7 

E2 0 150000 69388 104726 103051 

k3 

A3 0 30 21.6 21.7 21.9 

E3 20000 150000 32836 34982 32613 

k4 

A4 0 30 16.6 16.7 17.5 

E4 0 150000 74984 87349 93096 

K5 

B5 0 30 4.44 5.46 4.41 

H5 -150000 0 -149995 -145256 -149991 

K6 

B6 0 30 7.35 7.27 6.93 

H6 -150000 0 -39388 -47548 -46624 

K7 

B8 0 30 15.3 15.7 13.2 

H8 -150000 0 -76646 -78896 -65622 

K8 

B8 0 30 11.5 10.3 10.9 

H8 -150000 0 -18934 -21712 -18353 

K9 

B9 0 30 23.9 25.0 24.5 

H9 -150000 150000 132602 148595 149282 

K10 

B10 0 30 11.9 11.0 12.1 

H10 -150000 0 -739 -922 -971. 

k11 

A11 0 30 29.5 29.5 29.4 

E11 0 150000 119684 117024 133958 

K12 

B12 0 30 7.75 5.79 5.55 

H12 -150000 150000 69790 19321 83681 

M
o

d
el

 5
 

CO Residual 12 11 8.5 

C3H6 Residual 43 14 18 

NOX Residual 19 0.91 3.8 

N2O Residual 8.0 4.0 7.3 

NO2 Residual 9.0 3.5 7.1 

Cumulative Residual 92 33 45 
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Figure 5-159: Individual optimization result vs. Experimental data, Run 38 Model 5 

 

 

Figure 5-160: Individual optimization result vs. Experimental data, Run 39 Model 5 
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Figure 5-161: Individual optimization result vs. Experimental data, Run 53 Model 5 

 

Our model can predict the behaviour of all of the ignition curves except the 

propene ignition curve. This observation is not surprising, because there is 

nothing in the model that would account for or predict this two stage C3H6 

ignition shape. Furthermore, there are no literature results that offer clues as to the 

cause. 

Based on experimental results, we hypothesize that this kind of behaviour 

could be caused by changing in mechanism during propene oxidation. It seems 

that we have two different mechanisms for propene oxidation, with switching 

between them a cause for this deviation. It is observed that this deviation started 

to happen when CO conversion was reaching 100%. So we can say that switching 

between two different mechanisms for propene oxidation which controls by CO 

conversion rate may cause this deviation in propene ignition curves. 

Based on what we hypothesized previously, we proposed a new equation for 

hydrocarbon oxidation rate as follow. In these equations, we defined a new 

parameter, called K13, which relate propene oxidation rate to CO oxidation rate 

with respect to hydrocarbon mole fraction.  
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Modified rate of propene oxidation, Models 1 to 4: 

 
     

3 6 2 3 6 2

3 6

3 6 3 6

3 C H O 13 C H O CO
C H 2 2

5 CO 6 C H 7 CO C H 8 NO

k Y Y k Y Y ( R )
R

T 1 K Y K Y 1 K Y Y 1 K Y

 
 

 
    

 

  ( 5-50) 

Modified rate of propene oxidation, Model 5: 
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As before, we apply these new models to our experimental data and see if they 

can successfully predict system behaviours. The results are presented in Table 

 5-55 and Figure  5-162 to Figure  5-164 for individual optimization tests. 
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Table 5-55: Runs 38, 39 & 53 individual optimization results, New Model 5 

Parameter LB HB Run 38 Run 39 Run 53 

k1 

A1 0 30 21.9 21.9 21.9 

E1 20000 150000 107923 109010 113770 

k2 

A2 0 30 22.1 22.2 22.2 

E2 0 150000 77495 86601 84672 

k3 

A3 0 30 16.7 16.0 16.7 

E3 20000 150000 106997 138331 118463 

k4 

A4 0 30 29.9 29.9 29.9 

E4 0 150000 98852 53295 56536 

K5 

B5 0 30 6.68 6.69 6.68 

H5 -150000 0 -44828 -52519 -40727 

K6 

B6 0 30 4.49 4.49 4.51 

H6 -150000 0 -93724 -93431 -98137 

K7 

B8 0 30 15.5 15.5 15.5 

H8 -150000 0 -75610 -75610 -75610 

K8 

B8 0 30 6.59 6.59 6.65 

H8 -150000 0 -65176 -40271 -49099 

K9 

B9 0 30 16.5 16.5 16.5 

H9 -150000 150000 49544 49110 49471 

K10 

B10 0 30 21.2 20.2 21.1 

H10 -150000 0 -41137 -69663 -90411 

k11 

A11 0 30 22.9 23.0 22.9 

E11 0 150000 89681 96334 88877 

K12 

B12 0 30 10.4 10.0 10.2 

H12 -150000 150000 77700 73699 69188 

K13 

B13 0 30 15.6 15.6 15.6 

H13 -150000 150000 -21896 -20582 -23965 

M
o

d
el

 5
 

CO Residual 5.8 5.5 5.7 

C3H6 Residual 3.6 5.1 2.4 

NOX Residual 17 1.4 7.0 

N2O Residual 9.5 5.0 7.9 

NO2 Residual 11 12 10 

Cumulative Residual 47 30 33 
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Figure 5-162: Individual optimization result vs. Experimental data, Run 38 New Model 5 

 

 

Figure 5-163: Individual optimization result vs. Experimental data, Run 39 New Model 5 
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Figure 5-164: Individual optimization result vs. Experimental data, Run 53 New Model 5 

It seems that the modified model, at least for single experiments, can predict 

the behaviour of the system reasonably well. The next step for validating this 

model is to apply it to several experiments at the same time, and see if we can 

have a good fit in this condition. Simultaneous optimization of experiments 38, 39 

and 51 yielded the results shown in Table  5-56 and Figure  5-165 to Figure  5-167. 
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Table 5-56: Runs 38, 39 & 53 simultaneous optimization results, New Model 5 

Parameter LB HB Run 38 Run 39 Run 53 

k1 

A1 0 30 21.8 

E1 20000 150000 107743 

k2 

A2 0 30 22.2 

E2 0 150000 86487 

k3 

A3 0 30 16.5 

E3 20000 150000 86954 

k4 

A4 0 30 29.9 

E4 0 150000 64623 

K5 

B5 0 30 6.73 

H5 -150000 0 -44814 

K6 

B6 0 30 4.39 

H6 -150000 0 -89642 

K7 

B8 0 30 15.5 

H8 -150000 0 -75610 

K8 

B8 0 30 6.63 

H8 -150000 0 -51685 

K9 

B9 0 30 16.6 

H9 -150000 150000 49836 

K10 

B10 0 30 21.2 

H10 -150000 0 -95706 

k11 

A11 0 30 22.8 

E11 0 150000 80123 

K12 

B12 0 30 10.1 

H12 -150000 150000 60755 

K13 

B13 0 30 15.6 

H13 -150000 150000 -16574 

M
o

d
el

 5
 

CO Residual 5.3 12 5.3 

C3H6 Residual 4.3 13 5.1 

NOX Residual 35 2.6 10 

N2O Residual 26 11 10 

NO2 Residual 13 24 11 

Cumulative Residual 85 64 43 
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Figure 5-165: Simultaneous optimization result vs. Experimental data, Run 38, New Model 5 

 

 
Figure 5-166: Simultaneous optimization result vs. Experimental data, Run 39, New Model 5 
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Figure 5-167: Simultaneous optimization result vs. Experimental data, Run 53, New Model 5 

 

It is seen that at least for these three experiments, the new model is able to 

predict system behaviours reasonably well for multiple runs. We tried to use this 

set of parameters for other experiments but the results were not very good. So it 

seems that further investigation should be made into these models in order to find 

a global model which can be used in all these experiments successfully. 
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6 Conclusions and Future works 

The Pt diesel oxidation catalyst kinetic model proposed by Sola was used as 

base to propose a global model which can simulate the results of the Pt-Pd diesel 

oxidation converters at various operating conditions. It was observed that this 

model could predict behaviours of the Pt-Pd system in simple cases, but for more 

complicated conditions like NOx reduction with hydrocarbon, some modifications 

should be applied. Hydrocarbon adsorption inhibition and NO self poisoning 

effects were considered into modified models which improved the results a lot. 

An interesting behaviour in hydrocarbon ignition curve has been detected in 

experiments which all three effective species (CO, NO & C3H6) were present. 

Effects of species concentration on sharpness of these deviations were surveyed. 

It was observed that the presence of CO was vital to see such behaviour. 

We hypothesized that this deviation can be caused by switching between two 

different mechanisms for hydrocarbon oxidation. Based on this, we proposed a 

new model which could predict system behaviours in some cases but in other 

conditions, it did not work very well.  

We suggest that, in future works, surface characterization experiments should 

be done to understand what is happening on the catalyst surface when CO is 

added to other species. Our knowledge about exact mechanism of hydrocarbon 

oxidation at presence of CO and NOx is low so these experiments can help us 

understand mechanisms better and propose a better global model. 
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