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Abstract 

Zone-coated diesel oxidation catalysts (DOCs) can be used to obtain overall improved 

performance in oxidation reaction extents. However, why this occurs and under what conditions 

an impact is expected are unknown. In order to demonstrate why these catalysts work better than 

their standard counterparts and how significant the improved performance is, the CO oxidation 

performance over a series of Pt−Pd/Al2O3 catalysts, each with a different distribution of precious 

metal down the length, while maintaining equivalent totals of precious metal, was modeled. 

Simulations with different flow rates, ramp rates, steady-state temperatures at the end of the 

ramp rate, different total precious metal loadings, and CO inlet values were compared.  

At conversions less than 50%, the most significant differences were noted when the temperature 

was ramped to just at the CO oxidation light-off point (a typical measure of 50% 

conversion/oxidation), with catalysts containing more precious metal at the downstream portions 

leading to better light-off conversion performance. However, in terms of cumulative emissions 

over a long period of time, a “front-loaded” design proved best. These results are readily 

explained by decreased CO poisoning and the propagation of the heat derived from the exotherm 

from the front to the rear of the catalyst. Also, although the trends were the same, regardless of 

change in the parameter, the impact of different distributions was more apparent under 

conditions where a catalyst would be challenged, i.e., at low temperature ramp rates, higher CO 

inlet concentrations, and lower amounts of total catalyst used. At higher ramp rates, the input 

heat from the entering gas stream played an increasingly important role, relative to conduction 

associated with the exotherm, dampening the effects of the catalyst distribution. Therefore, 
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although catalysts that are zone-coated with precious metals, or any active sites, could prove 

better in terms of performance than homogeneously distributed active site catalysts, this 

improvement is only significant under certain reaction conditions.  In a mixture of three 

reactants, CO, C3H6 and NO oxidation, it was found that a loading a larger amount of active sites 

in the catalyst middle, maintained better CO and C3H6 oxidation but not NO oxidation, which 

required the whole catalyst length. A faster light-off conversion was also related to higher 

amount of precious metal at the catalyst outlet. 

The CO conversion performance for a variety of distributed precious metal designs was 

evaluated as a function of exposure time to sulphur and the spatial accumulation profile of 

sulphur along the monolith length was predicted. The results illustrate that the sulphur 

accumulates near the catalyst inlet and decreases toward the outlet, resulting in shifting the 

reaction zones further toward the catalyst outlet. With sulfation, light-off temperatures (T50) 

increased and the time for back to front reaction propagation also increased. A back loaded 

catalyst resulted in the best light-off conversion compared to the other catalyst designs and a 

middle loaded catalyst maintained a higher overall conversion if sulphur poisoning takes place. 

These catalyst designs were also tested under thermal aging conditions by using a second order 

sintering model integrated with the CO oxidation reaction model. The spatial normalized 

dispersion profiles along the monolith showed that the catalyst outlet experienced significant 

damage relative to the inlet due to sintering.  A front loaded catalyst design had the highest 

catalytic activity due its resistance to sintering.   
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Chapter 1: Introduction 

1.1 Motivation 

Diesel engine vehicles are expected to increase in popularity [1]. In Europe, they represent 

approximately 50% of the new cars sold. Their popularity is due to their high fuel efficiency, 

which is 30 to 50% higher than that of a gasoline engine with comparable power output. This 

higher fuel economy translates to less emitted carbon dioxide (CO2) [1], greenhouse gas that 

contributes significantly to global warming. Besides these advantages, diesel engines emit low 

levels of carbon monoxide (CO) and hydrocarbon (HC) pollutants, since they operate in fuel-lean 

regimes where the relative air/fuel ratio, in terms of the stoichiometry for complete combustion, 

is greater than one. The major shortcoming of diesel engines is their high nitrogen oxide (NOx) 

and particulate matter (PM) emissions, both of which are responsible for public health problems 

[2, 3]. Therefore, diesel vehicle emissions standards have become more stringent with time. The 

progression of NOx and PM standards for diesel high-duty engines and applied technologies is 

presented in Figure 1-1 [4].  

Exhaust after-treatment systems are required in diesel vehicles to satisfy these pollutant 

emissions constraints. Two main technologies are currently used for NOx after-treatment, lean 

NOx traps (LNTs) and selective catalytic reduction (SCR) catalysts. Diesel particulate filters 

(DPFs) are used to control PM, while diesel oxidation catalysts (DOCs) are used to treat CO and 

HC and can oxidize nitric oxide (NO).  
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Figure 1-1: NOx and PM standards progression for heavy-duty diesel engines exhaust and applied 

technologies [4]. 

 

Diesel oxidation catalysts are the subject of this thesis. They are a key component of the after-

treatment system and are usually installed upstream of LNT, SCR and DPF components to 

provide NO2 through NO oxidation, since NO2 is a key intermediate or reactant for efficient 

performance of these technologies (engine out NO:NO2 levels are typically on the order of 9:1) 

[5]. Diesel oxidation catalysts can also be used to increase downstream exhaust gas temperatures 

via CO and HC oxidation. This is sometimes done to generate the high temperatures required for 

DPF regeneration [6].  

In terms of HC emissions, DOCs can effectively reduce aldehydes, polycylic aromatic 

hydrocarbons (PAHs) and the organic fraction of diesel particulate emissions [2]. They have 
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Figure 1-2: Honeycomb monolith [8

 

Diesel oxidation catalysts usually have a homogeneous distribution of precious metal down the 

length of the monolith. This is primarily due to ease of manufacturing, although some metal 

zoning has been used to account for oxidation versus reduction reactio
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50 % for PM, which is composed of soot, soluble organic

hey can also oxidize up to 90% of CO and HC emissions at gas 

[2, 7].  

Diesel oxidation catalysts consist of a honeycomb/monolith substrate with parallel channels.

of either metallic or ceramic materials coated with high surface area alumina or 

Precious metals, such as Pt, Pd or Pt/Pd blends, are dispersed on the 

washcoat surface. The washcoat provides a high surface area onto which the metal canbe 

The gas flow in the channel is usually laminar, even for high throughputs, due to the 

small diameters of the monolith channels. The geometric configuration of the monolith 

maximizes mass and heat transfer between gas and catalytic surface. Figure 

honeycomb monolith [2, 5]. 
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systems [9]. Some modeling studies [9-15] suggest that non-uniform catalyst distributions 

affect/enhance overall catalyst performance by taking advantage of the inherent reactant/reaction 

gradients during normal operation. 

Tronci et al. [10] observed that a higher catalyst concentration in the upstream section of the 

monolith, but with a fixed total catalyst amount, could minimize cold start emissions and achieve 

light off earlier than a catalyst with a uniform distribution [10]. It has also been shown for CO 

oxidation that an axial parabolic catalyst distribution results in shorter warm-up times compared 

to those obtained with a uniform catalyst distribution [11]. Oh and Cavendish suggested that 

faster converter light off can be achieved with smaller frontal area and higher Pt concentration in 

the catalyst upstream section [12]. Cominos and Gavriilidis developed a 2-D model to study the 

effect of axially non-uniform catalyst distribution on temperature and concentration gradients. 

They found that exponentially decreasing catalyst distributions initiate light-off at the inlet of the 

monolith [15]. In a recent study [13], a micro-genetic algorithm was used to predict the optimal 

precious metal distribution along a Pt/Rh catalyst, with the target to minimize cumulative CO 

emissions. The results showed that faster light-off temperatures and improved conversion 

performance occurred with a catalyst distribution that has a higher catalyst concentration in the 

upstream section of the monolith. These studies all indicate that gradients in active site 

concentrations could be used to improve catalyst performance. 

However, there has not been a systematic investigation of the effect of catalyst distribution on 

conversion performance. Also the effects of performance degradation on these catalyst designs 

has not been addressed.   
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1.2 Research objectives 

The first objective of this thesis was to employ a unidimensional mathematical model that 

accurately described the transient behaviour associated with DOC operation for uniform and 

non-uniform precious metal distributions, accounting for heat transfer, mass transfer, and 

chemical reaction phenomena inside the monolith. Oxidation kinetic rate parameters for CO, 

C3H6, and NO were estimated using data obtained from a Pt-Pd/Al2O3 catalyst.  

The second objective was to determine the effect of different catalyst distributions along the 

length of catalyst on CO, C3H6 and NO oxidation performance. The kinetic model was used for 

this evaluation. Although there were differences in the axial distribution of catalyst concentration 

along the washcoat, the total amount of catalyst was kept constant. Different reactions were 

modeled to compare the conversion performance and cumulative emissions under a variety of 

operating conditions. Finally, the effect of catalyst activity loss through thermal aging and 

sulphur poisoning on the performance of these catalyst designs was evaluated.  

To achieve these objectives, COMSOL Multiphysics© coupled with Matlab was used to solve 

the nonlinear system of partial and ordinary differential equations that describe the mass and 

energy balances for gas and solid phases in a monolith channel. A non-linear optimization 

method was used to estimate kinetic parameters that predict experimental data for CO, C3H6, and 

NO oxidation along the Pt-Pd/Al2O3 catalyst.  

1.3  Thesis outline 

This thesis consists of seven chapters. Chapter 1 focuses on the research motivation and 

objectives. Chapter 2 summarizes the literature regarding catalytic technologies for diesel engine 
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emission control, as well as key studies that focus on DOC modeling. Chapter 3 describes the 

model used to simulate a DOC. Chapter 4 explains the selected reaction kinetics and the method 

that was used to estimate the global reaction kinetics for CO, C3H6, and NO oxidation over a Pt-

Pd/Al2O3 catalyst. Chapter 5 describes the different designs for precious metal axial distribution 

and their effects on Pt-Pd/Al2O3 catalyst performance. Chapter 6 explains the mathematical 

model used to describe sulphur poisoning along the length of a monolith. Chapter 7 presents the 

impact of thermal aging on the different catalyst designs. Finally, Chapter 8 summarizes the 

main conclusions and recommendations of this research project. 
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Chapter 2: Literature Review 

2.1 Health and environmental effects of diesel combustion emissions 

Particulate matter emissions can cause aggravated asthma and lung damage. In addition, some 

hydrocarbons (HC) and their derivatives have been classified as human carcinogens. Carbon 

monoxide is an extremely toxic pollutant and symptoms of CO poisoning vary from dizziness 

and headaches to coma and death. Carbon monoxide poisoning symptoms include eye, nose and 

throat irritation, drowsiness and unconsciousness [16].  

Diesel exhaust pollutants can also have a negative environmental impact. Particulate matter (PM) 

from diesel engines contributes to haze, which restricts visibility. In addition, NO contributes to 

ozone formation (a component of smog), where the ozone is produced through photochemical 

reactions between NO and volatile organic compounds. Acid rain results from acidic gases such 

as SO2 and NOx, which dissolve in water and produce sulphurous, sulphuric, and nitric acids. 

Acid rain is responsible for building corrosion, vegetation and forest death, and water 

acidification [5, 16].  

Carbon dioxide accumulates in the atmosphere, increasing global surface temperatures and is 

considered a primary component of global warming. Global climate change has become an 

extremely important topic for governments and international organizations. Climate warming is 

leading to glacial ice sheet melting, rising sea levels, tornadoes, and floods [5, 16].  
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2.2 Emission regulation and control 

Canadian federal regulations establishing exhaust emission limits for gasoline and diesel on-road 

vehicles were first established in 1971 under the Motor Vehicle Safety Act, which was organized 

by Transport Canada. This authority was transferred to Environment Canada under the Canadian 

Environmental Protection Act 1999 (CEPA 1999). The standards include exhaust emissions of 

carbon monoxide (CO), hydrocarbons (HC), oxides of nitrogen (NOx), diesel particulate matter 

(PM), evaporative hydrocarbon emissions (HC), and smoke capacity. Canada and the U.S have 

uniform vehicle emissions standards for model years 2011-2016. By 2016, the new standards 

should reduce greenhouse gas emissions from vehicles by 25 % compared to 2008 models [17].  

The need to control vehicle emissions in the United States was acted on in 1970, when the US 

Congress passed the Clean Air Act and established the US Environmental Protection Agency 

(EPA), chartered to make significant improvements in air quality [1]. To meet the current 

requirements of the Clean Air Act, improvements in engine design have not typically been 

enough. The need for catalytic after-treatment system integration is critical in lowering vehicle 

emissions to meet these standards.   

There is increasing demand for diesel powered light-duty (LD) and heavy-duty (HD) vehicles 

due to their higher fuel economy. In the US, Europe, and Japan, essentially all trucks and buses 

operate with diesel-fueled engines. The acceptable emissions standards differ for each 

application and region. Each vehicle must meet specific emission standards as measured in 

standardized driving cycles, which reflect the duty cycle expected for the particular engine. 

Diesel engines are the main source of NOx emissions in California, with 18% from on-road 
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vehicles, and 19% from off-road vehicles [18].  According to the California Air Resources Board 

(CARB), 70% of all air pollutants were related to PM. The control of emissions from diesel 

engines in the US was initiated in the mid-1980s, by both the EPA and CARB. Their goal was to 

reduce emissions from HD trucks and road vehicles by taking into account new emission 

standards for both NOx and PM. Table 2-1 summarizes the emissions legislation limits for the 

US [1]. 

In Europe, emissions standards for LD and HD engines were addressed by Euro IV and Euro V 

regulations. Further NOx emissions reductions (up to 90%) and PM emissions reductions are 

required through new Euro VI regulations. Table 2-2 shows the HD emissions limits in Europe. 

India, China, and Brazil have implemented EURO IV emissions standards starting in 2010 [1, 

18].  

Table 2-1: Emissions Legislation Limits for the US (US HD Cycle; g/bhp-hr) [1]. 

Year HC CO NOx PM 
1998 1.3 15.5 4 0.1 
2004 0.5 15.5 2.5 0.1 
2007 0.14 15.5 1.2 0.01 
2010 0.14 15.5 0.2 0.01 

 

              

Table 2-2: Emissions Legislation Limits in Europe (HD Test Cycle; g/bhp-hr) [18]. 

Year HC CO NOx PM 
2000 (Euro III) 0.5 1.6 3.7 0.075 
2005 (Euro IV) 0.34 1.1 2.6 0.015 
 2008 (Euro V) 0.2 1.1 1.5 0.015 
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2.3 Catalytic technologies of diesel emission control 

Diesel engines operate with high air/fuel ratios compared with stoichiometric spark-ignited     

gasoline engines. Oxygen is always in excess in diesel engine exhaust. This also leads to cooler 

combustion and less CO and HC emissions than those of a gasoline engine [2, 5]. However, the 

nature of the combustion process results in still too high emissions of particulate matter, or soot, 

and NOx, and the CO and hydrocarbon levels, although low, are still higher than regulations 

allow. In the following sections, the most important technologies for after-treatment diesel 

emissions control will be discussed in detail. 

 

2.3.1 Diesel oxidation catalyst (DOC) 

Diesel emissions consist of three pollutant phases: 

1. Solid: dry carbon or soot. 

2. Liquid: unburned fuel, liquid fuel and oil adsorbed to particulate matter, called the 

soluble organic fraction (SOF), particulate sulfates and sulphuric acid. 

3. Gas: CO, HC, nitrogen oxides and sulphur oxides. 

As introduced in Chapter 1, a honeycomb monolith support is used for the DOC (and all other 

exhaust catalysts) due to the following features: (1) low pressure drop, especially under high 

fluid throughputs; (2) reduction of external mass transfer and internal diffusion limitations; (3) 

low axial dispersion and backmixing, and therefore high product selectivity; (4) larger external 

surface area; (5) uniform distribution of flow (gas phase); (6) elimination of fouling and 

plugging, and thus extended catalyst lifetime; and (7) easy scale-up [19]. 
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The following oxidation reactions occur over a DOC: 

CO + ½ O2 → CO2                                                                                                                     (2.1)  

CnH2m + (n+m/2)O2 → nCO2 + mH2O                                                                                       (2.2)                           

NO + ½ O2 → NO2                                                                                                                        (2.3) 

SOF + O2 → CO2 + H2O                                                                                                            (2.4)  

Some undesirable products can be produced as a result of other oxidation reactions. Sulphur 

dioxide (SO2) oxidation into sulphur trioxide (SO3) may ultimately form sulphuric acid (H2SO4), 

resulting in acidic emissions and possible formation of particulate sulphates that can reduce the 

catalyst effectiveness and contribute to total particulate matter emissions [5]: 

2SO2 + O2 → 2SO3                                                                                                                     (2.5)   

As an example of selectivity concerns, a catalyst containing high surface-area bulk CeO2 as an 

active part of the catalyst with a low level of Pt has been used to maximize SOF, HC and CO 

conversion, and minimize SO3 production. This technology is already used in some medium-duty 

trucks [20]. 

Diesel oxidation catalysts can provide very effective control of HC and CO emissions, with 

efficiencies up to 90% [7] at exhaust temperatures over 300 °C. The typical catalyst consists of 

Pt and/or Pd supported on Al2O3, sometimes with addition of CeO2 and a zeolite. Platinum as the 

active metal over Al2O3 is commonly used as a model for DOCs [21, 22, 23, 24]. Platinum is 

preferred because it has good low-temperature HC oxidation activity. Palladium is sometimes 

added to improve catalyst stability against sintering at high temperatures and also to increase 

conversion [25, 26]. Substitution of Pt by Pd also reduces the catalyst cost since Pd is cheaper 
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than Pt [2]. Results also show that the addition of high surface-area CeO2 leads to higher HC and 

CO conversions and to less SO3 formation [27]. In order to help meet cold start emissions limits, 

zeolite materials are sometimes added to the catalyst. They adsorb and trap gas-phase 

hydrocarbons, only releasing them at about 250 °C, which is above the HC oxidation light-off 

temperature for the Pt component [27]. 

Nitric oxide (NO) oxidation to NO2 occurs over the noble metal component. NO2 is a key 

intermediate or reactant for efficient NOx storage/reduction (NSR), selective catalytic reduction 

(SCR) or diesel particulate filter (DPF) performance. Therefore, DOCs are placed upstream of 

NSR, SCR and DPF technologies to provide NO2 through NO oxidation (engine out NO:NO2 

levels are typically on the order of 9:1) [5]. This reaction is kinetically limited at low 

temperatures (< 350 °C over Pt/Al2O3) and thermodynamically limited at high temperatures. The 

thermodynamic limitation is more significant at the high end of the diesel exhaust temperature 

range [28]. Nitric oxide oxidation is a reversible, exothermic reaction and when catalyzed by Pt, 

it has been found to be product-inhibited by NO2 [29]. Nitric oxide is kinetically not able to 

dissociate into O2 and N2 since the catalyst active sites have a high oxygen affinity [28, 29, 30, 

31]. Adding Pd to a Pt/Al2O3 catalyst can improve NO oxidation performance [32]. In mixtures 

of NO, CO and HCs, the NO oxidation reaction is inhibited by CO or HCs, with the oxidation of 

NO being minimal until CO and HC species are nearly completely consumed. This is because of 

reactant competition for active sites on the catalyst and NO2 produced from NO oxidation is 

consumed as an oxidant for C3H6 and CO oxidation [33, 34]. 
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2.3.2 Control of NOx under lean-burn conditions 

Under normal operating conditions, diesel exhaust contains 3-10% oxygen, which is 

advantageous for HC and CO oxidation, but not for NOx reduction to N2. Currently, two catalytic 

systems have been developed to convert NOx to N2 under the oxidizing conditions of lean-burn 

exhaust. They are selective catalytic reduction (SCR), and NOx storage and reduction (NSR) 

catalysis.  

2.3.2.1 NOx storage/reduction (NSR) 

In NSR technology, NOx is stored as a nitrate on the catalyst during normal driving (which is fuel 

lean relative to air), and then periodically reduced during a short reductant-rich period when 

some amount of the NOx-trapping material becomes saturated.  As shown in Scheme 2-1, 

oxidation of NO to NO2 is the first step.  

 

 

Figure 2-1: The NOx storage and the NOx release/reduction processes in NSR [35]. 
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M represents the storage component, typically an alkaline earth material such as Ba, or an alkali 

metal, such as K, for higher temperature operation [2, 5, 35].  

 

2.3.2.2 Selective catalytic reduction of NOx (SCR) 

In the second method, SCR, lean NOx control can be achieved by using a reductant that 

selectively reacts with NOx instead of O2. In one form of SCR, the reductant is a hydrocarbon 

already present in the exhaust gas, as illustrated in Scheme 2-2. 

 

            O2  H2O + CO2 

                                  HC 

                                       NOx                 N2 + H2O + CO2 

Figure 2-2: Lean NOx control method in SCR where the reductant is a HC. 

Selective catalytic reduction of NOx to N2 can be also achieved using ammonia as the reductant. 

The ammonia SCR reactions are summarized in Scheme 2-3. Ammonia SCR has been used 

extensively for NOx removal in power generation and chemical plant exhaust gases. There are 

two primary reactions in the ammonia SCR process. The first reaction is called the standard 

reaction; the second reaction, which includes the reduction of equimolar concentrations of NO 

and NO2 to N2 by ammonia, is known to be faster than the first reaction [2] and is called fast 

SCR. The ammonia in vehicle applications can be obtained from the decomposition of urea that 

is sprayed into the system as an aqueous solution [2,5]. 
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Figure 2-3: Lean NOx control method in SCR using ammonia. 

 

2.3.3 Control of diesel exhaust particulate matter 

Diesel particulate filters (DPF) are used to reduce soot emissions (the solid fraction of diesel 

particulates). Filter regeneration is needed periodically to reduce exhaust gas pressure drop in the 

filter as a result of accumulated particles. Oxidation of soot to CO2 at a sufficient temperature, 

with an oxidant such as O2 or NO2, regenerates the filters for continued performance [5]. Soot 

can be oxidized by NO2 at much lower temperatures than with O2, as NO2 is a much stronger 

oxidant [35].  

2.4 Oxidation reactions mechanisms 

The reaction mechanism for CO oxidation on Pt [36,37] follows the Langmuir-Hinshelwood 

dual-site mechanism. In this mechanism, the surface reaction between adsorbed CO adjacent to 

adsorbed oxygen is the rate limiting step. CO oxidation over Pd has also been observed to follow 

Langmuir-Hinshelwood kinetics [38]. Reaction steps for CO oxidation are as following:  
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CO has strong self-inhibition because the adsorption of CO blocks oxygen adsorption to the 

active sites and therefore inhibits the reaction [39,40]. CO self-inhibition decreases as 

temperature increases with no inhibition effects at temperatures above 370°C [41,42]. 

Accurate reaction kinetics for a given catalyst are required for reliable models to provide a 

reasonable prediction of the monolith reactor. The global kinetic approach is very common in 

catalytic converter kinetic modeling. In this approach, the reaction pathway can be described by 

a single algebraic expression. A typical kinetic rate equation that followed the Langmuir –

Hinshelwood mechanism for CO oxidation was given by Voltz et al.,  

                                                                                                              (2.9)   

 (2.10)   

They presented global oxidation kinetics for C3H6 and CO over Pt-based catalysts where O2 

adsorption was the rate limiting step, and developed a model for an isothermal, catalytic 

converter based on kinetics associated with those reactions. A resistance term that includes CO, 

C3H6, and NO inhibition effects was proposed for the oxidation reaction expressions [42]. It was 

proposed in another study with a similar rate expression that the inhibition term is independent of 

the number of sites as shown in Equation 2.11 [43].  

 

                                                                        
(2.11)   
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Hydrocarbon oxidation reactions also follow a Langmuir-Hinshelwood dual-site mechanism 

between adsorbed O2 and HCs [42]. C3H6 has a strong inhibition effect as adsorption of C3H6 is 

stronger than O2 [42]. Voltz et al. reported the same form of rate expressions described for CO, 

shown in Equations 2.9 and 2.10.  

NO oxidation is kinetically limited at lower temperature and thermodynamically limited at 

higher temperatures [28]. Inhibition by NO increases with increasing temperature due to 

competitive adsorption of reactants on the catalyst surface [42].  

Olsson et al developed a global kinetic model for the NO oxidation reaction over Pt/Al2O3 for 

lean NOx traps [28].  

                                                                                         
(2.12)   

In a study by Mulla et al, it was shown that there is strong inhibition by NO2 on NO oxidation 

over Pt, with the kinetics described by Equations (2.13) and (2.14). This was justified by the 

strong adsorption property of NO2 on Pt [29]. Another study confirmed this finding [44].  

                                                                                            
(2.13)  

                                     

                                                                                                                 (2.14) 

 

2.5 Overview of modeling in monolithic catalytic converters 
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along the channel walls of a monolithic converter. They can be used to evaluate and to design 

new catalyst technologies. Several mathematical models have been developed for exhaust gas 

after-treatment systems. The first models described heat and mass transport phenomena using 0-

dimensional [45] or 1-dimensional [46] models. Later 2- and 3-dimensional models were 

developed. They were more sophisticated but required significantly greater computational power 

[47,48]. In terms of chemical reaction kinetics and mechanisms, models range from considering 

a single reaction, commonly CO oxidation, to multiple reactions with stationary [isothermal] 

Langmuir-Hinshelwood type rate expressions [42], non-stationary rate expressions [49] and 

detailed microkinetic rate expressions [50]. However, global Langmuir-Hinshelwood rate 

expressions with a classical heterogeneous 1-D plug flow model are among the most commonly 

used approach in the literature [46] because of its relative simplicity, high accuracy, and reduced 

computational efforts.  

There are various modeling scales according to the monolith structure; washcoat (catalyst layer), 

single channel and multi-channel or full reactor. A washcoat or catalyst layer scale can be used 

when the reaction and diffusion phenomena are the main concerns. At this scale, mathematical 

models do not necessarily give a good picture of the entire reactor. Single channel scale 

modeling is widely used in describing diesel and gasoline after-treatment systems. At this scale 

of modeling, it is assumed that all other monolith channels operate under identical conditions and 

that the single channel model can represent the entire reactor.  Multi-channel scale modeling can 

be used to account for non-uniform flows and heat transfer interactions between reactor channels 

and the surroundings [19]. It is difficult to extrapolate models at the washcoat scale for monolith 
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reactor design. Full scale models can provide the highest accuracy, but again require 

significantly more computation time. To make a compromise, modeling at the channel scale is 

currently still the most preferred choice. 

The modeling of a single channel includes two phases: the gas phase where the gas flows and the 

solid phase (or washcoat phase) where the gas adsorbs on the active sites and reacts to form 

products. The mass and energy balance equations need to be solved with suitable boundary and 

initial conditions. A single channel model can be formulated either in 1, 2 or 3 dimensions. One-

dimension models can be obtained by neglecting radial variations in concentration and radial 

temperature gradients in the gas and solid phases [46, 51]. The main equations used in 1D 

monolith modeling are described in detail in Chapter 3.    

Mauviot et al. [52] developed a simplified dimensionless model for a monolith reactor, which 

considered reaction accuracy (being able to model the conversions and concentrations) as well as 

CPU time. The model was dynamic, and included non-isothermal conditions. The model’s 

accuracy was illustrated by comparing the model’s predictions to experimental results from a 

three-way catalyst (TWC), a DOC, a LNT system, a SCR system and a DPF. The simulation 

results were in good agreement with the experimental results [52]. 

Oh et al. modeled the transient behaviour of automobile monolithic converters [46]. A one-

dimensional, non-isothermal model was developed to evaluate the dynamic response and light-

off behaviour of the catalyst. CO, C3H6, and H2 oxidation reactions as a function of operating 

conditions were considered. They used the expression proposed by Voltz et al. to describe CO 

and C3H6 oxidation reactions [46]. They examined the light-off as a function of catalyst design 
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parameters and also found that H2 and CO oxidation rate expressions were similar, because both 

reactions were inhibited by CO in the same manner.   

 

Hayes et al. used a 2-dimensional and unsteady state model to study the transient behavior of a 

monolithic reactor in which methane was oxidized, investigating both start-up and shut-down 

procedures. Their model included axial diffusion in the gas phase, and axial conduction and 

radiation in the solid. Steady state conditions were assumed for the gas and a developing velocity 

profile was considered. They found that heat losses by convection are greater than heat losses by 

conduction and radiation under laminar flow condition [53].  

Tischer et al. developed a 3-dimensional model of a monolithic catalyst, assuming steady state 

single channel flow fields and transient thermal behavior. This was due to the short residence 

time of the reactants relative to the inlet conditions and thermal response of the solid bulk. They 

studied methane combustion over a platinum-coated catalyst. High spatial resolution for surface 

and gas phase reactions was achieved. They found that most of the oxidation occurred in the hot 

inner channels during light-off [48].     

 
Several studies have used modeling with global kinetics to capture the DOC performance in 

which the rate expressions are calibrated with the experimental data using a 1-dimensional model 

[54, 55, 56]. A 1-dimensional steady state model of a commercial DOC was developed using 

results obtained during actual vehicle operating conditions [54]. Kinetic parameters were 

estimated through a numerical fit of the experimental data for a wide range of conditions. The 
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model predictions for NO and NO2 emissions at low engine loads and temperatures were poor 

due to poor NO oxidation at low temperatures, which was apparently not well captured, but it 

was fairly good for CO and HC emissions. They suggested that additional reactions, which 

would consider NO2 reduction to produce NO, were required to capture the catalyst NO outlet 

concentrations at temperatures below 200°C. The model predictions at higher loads and 

temperatures were good for all of the chemical species involved in the reactions. One model [55] 

considered more complicated phenomena associated with zeolite-containing catalysts, including: 

(i) HC gas diffusion into the catalyst layer, and (ii) HC gas adsorption and desorption. The 

kinetic parameters were estimated from experimental data, and the simulation methodology was 

used to predict two-dimensional HC conversion efficiency across radial and axial positions of the 

monolith [55]. In a separate study, the performance of a commercial DOC under vehicle 

operating conditions was predicted, and the kinetic parameters, such as activation energies and 

pre-exponential factors, were estimated for CO, HC, and NO oxidation over a fresh Pt/Al2O3 

catalyst [56]. The model used was a transient, one-dimensional plug-flow reactor model.  

Non-uniform axial catalyst distributions on catalytic monoliths have also been investigated. Oh 

and Cavendish [12] predicted the behavior of packed-bed catalytic converters during warm-up 

under transient conditions using a 1D model with assumptions of flow uniformity in the packed 

bed and that heat loss from the converter is negligible. They reported that non-uniform 

distributions, with a high Pt concentration at the front, can shift the light-off position towards the 

inlet of the monolith. In addition, they found a smaller frontal area of the monolith is associated 

with the faster light-off. 
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Tronci et al [10] employed the one-dimensional model proposed by Oh and Cavendish with the 

assumption of negligible mass and heat accumulation in the gas phase. They investigated the 

axial catalyst distribution in a monolithic converter under the constraint of fixed total catalyst 

surface area. Cold start emissions were minimized with the optimal distribution, where a higher 

amount of catalyst was used upstream. Also they found that the steady state performance was not 

different when the uniform or non-uniform catalyst distributions were compared.  

Cominos and Gavriilidis [15] carried out theoretical work on the steady state and transient 

behaviour of a monolithic reactor in which methane was combusted. They developed a 2-D 

model to investigate temperature and concentration gradients on an axially non-uniformly 

distributed catalyst. The catalyst distribution was implemented by considering variable washcoat 

thickness as a function of axial location with a constant catalyst loading. It was found that 

exponentially decreasing catalyst distributions initiate light-off at the inlet of the monolith and 

reduce temperature gradients as compared with uniform catalyst distributions under steady state 

conditions.   

Psyllos and Philippopoulos [11] developed a 1-D model of a single channel in a monolithic 

reactor to investigate CO conversion performance with an axial parabolic catalyst distribution 

under various operating conditions. High conversions were achieved with parabolic distributions 

even when operating conditions fail to light-off the uniform catalyst distribution, for constant 

precious metal being used.  
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Kim and Kim [13] used a 1-D model to predict the transient thermal and conversion performance 

of a dual catalytic converter with a Pt/Rh catalyst. A micro-genetic algorithm was used to 

optimize the precious metal distribution along the catalyst, with the target being performance in 

terms of minimizing cumulative CO emissions.  Also, faster light-off temperatures and improved 

conversion performances were investigated. Sixty percent reduction of the cumulative CO 

emissions with an optimal catalyst distribution was achieved compared to those obtained with a 

uniform catalyst distribution, where the optimal catalyst distribution had more active sites in the 

upstream section of the monolith and lower in the downstream section than that of the uniform 

distribution. 

Ramanthan et al [57] used a 1-D model to describe light-off behavior and cumulative emissions 

in a catalytic converter. They found that non-uniform catalyst loading with two zones of catalyst 

with more catalyst at the inlet prefers front-end ignition and therefore the transient time and the 

cumulative emissions were reduced and better steady state performance was achieved. It was 

also found that rectangular channel geometries had better transient performance.    

Kapur et al [58] presented a 2-D model to analyze light-off characteristics for CO oxidation in a 

diesel oxidation catalyst monolithic reactor by including non-uniform catalyst distributions in 

both the axial and radial directions. The axial catalyst distribution with more catalyst at the front 

resulted in better light off performance and lower net CO emissions. Under mass transfer limited 

conditions, the radial catalyst distribution with more catalyst near the washcoat interface reduced 

the net CO emissions.       
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2.6 Catalyst deactivation 

Catalyst deactivation is the loss of catalytic activity and/or selectivity over time, and can be 

classified as thermal, chemical and mechanical. Table 2-3 summarizes catalyst deactivation 

mechanisms [59]. In catalytic converter applications, including diesel after-treatment systems, 

mechanical deactivation as a result of physical breakage, attrition and crushing is relatively 

minimized in current monolith-supported catalysts. However, thermal and chemical 

deactivations are still of considerable concern and occur regularly [60], and are discussed in 

more detail below. 

 

Table 2-3: Catalyst deactivation mechanisms [59]. 

Mechanism  Type Brief description 

Poisoning  

Fouling 

Thermal degradation 

Vapor formation 

Vapor–solid and solid–solid reactions  

Attrition/crushing 

Chemical 

Mechanical 

Thermal 

Chemical 

Chemical 

Mechanical 

Strong chemisorption of species on catalytic sites, 
thereby blocking sites for catalytic reaction 
Physical deposition of species from fluid phase onto 
the catalytic surface and in catalyst pores 
Thermally induced loss of catalytic surface area, 
support area, and active phase–support reactions 
Reaction of gas with catalyst phase to produce 
volatile compound 
Reaction of fluid, support, or promoter with catalytic 
phase to produce inactive phase 
Loss of catalytic material due to abrasion 
Loss of internal surface area due to mechanical-
induced crushing of the catalyst particle 

 

2.6.1 Thermal degradation [sintering] 

Catalyst thermal degradation is caused by high operating temperature exposure and sudden 

temperature excursions, resulting in a loss of active catalytic area. Degradation occurs to both the 

catalyst support, due to crystal growth of either the bulk material or the active phase, and the 
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precious metal via agglomeration of small metal particles into larger ones, decreasing the 

precious metal dispersion [61, 62]. Figure 2-1 compares these two mechanisms. 

 

 

 

 

Figure 2-4 : Thermal degradation mechanisms: a) sintering of precious metal particles, and b) sintering of 

the support [washcoat] [63]. 

 

Alumina is commonly used as a washcoat for DOCs and has different phases. High temperatures 

can cause Al2O3 phase transformation, decreasing the surface area of the catalyst. For example, 

γ-Al2O3, which has the highest surface area, converts to α-Al2O3 at temperatures above 1000 °C 

[47]. Figure 2-5 shows the phase transformations of Al2O3. In addition, the presence of water 

vapour can accelerate sintering [64]. Sintering reduces the surface energy of the support by 

decreasing dispersion and/or eliminating pores in the support [25]. If pores close, the precious 

metal particles inside the pores are lost in terms of the reaction, which of course reduces catalyst 
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activity [25]. However, addition of BaO, CeO2, La2O3 and ZrO2 improves the stability of γ-Al2O3 

towards sintering by limiting the phase transformations of alumina to the non-porous phase [65].  

 

Figure 2-5: Phase transitions and surface areas of Al2O3 as a function of temperature [63]. 

 

Two main factors affect precious metal sintering: the catalyst material itself and temperature. For 

example, Rh is considered the most sensitive metal toward sintering at high temperature [66]; 

sintering of Pt and other precious metals occurs at temperatures above 600 °C [25]. Also, the 
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reaction atmosphere has a significant effect on metal sintering. For example, more rapid sintering 

occurs in oxidizing environments compared to neutral and reducing environments at high 

temperatures [51, 67]. 

The use of a bimetallic catalyst, such as Pd-Rh or Pt-Rh, can enhance long-term catalytic activity 

by slowing the sintering process at high temperatures [25, 26]. Other important factors in 

sintering are metal loading, the size and shape of the metal particles, and impurities in the 

support [25, 26]. 

In terms of spatial thermal deactivation, it is found that there are significant differences in the 

catalytic activity as a function of axial position in the monolith. It has been shown that the outlet 

region of catalytic converters suffers the highest damage due to reaction exotherms and the 

adiabatic nature of the converter package design [68].  

The kinetics of sintering are a function of temperature, time, pressure and the concentrations of 

different components. The following simple correlation for sintering kinetics has been applied by 

a number of researchers [69, 70], 

                                                                                                          
(2.12)   

where ks is the sintering rate constant, D is the metal dispersion or metal surface area, Do is the 

initial metal dispersion, and n is the sintering order. This expression assumes that after sufficient 

time, the metal surface area reaches zero. This assumption is not valid because even after long 

aging times some dispersion is still observed. An asymptotic approach which takes into account 

the dispersion versus time curve to a limiting dispersion, Deq, at finite time was developed by 

adding (–Deq/Do) to equation (2.12) [71],  

d D / Do( )
dt

= −ks (D / Do )n



 

28 

 

                                                                                          
(2.13)  

        

where Deq is the final metal dispersion. A more sophisticated study has been developed to 

incorporate a sintering model for the support material, Al2O3, as well as Pt sintering. Both used 

an asymptotic approach [72]. In that study, a factor that includes an Al2O3 phase change (crystal 

phase of the support material at high temperature) was used in a sintering model which resulted 

in better agreement with experimental data.   

 

2.6.2  Poisoning 

Poisoning is a chemical mechanism whereby a loss of catalytic activity occurs due to the 

chemisorption of impurities on the active sites of the catalyst and/or changing the geometric 

structure of the catalyst surface. These impurities originate from the fuel and lubricants and 

accumulate on the precious metal or support surface preventing adsorption of the desired 

reactants [73].  

Poisoning can be temporary or permanent. Permanent poisons interact strongly and irreversibly 

with the active sites. Temporary poisons can desorb or be removed, thereby regenerating the 

catalyst activity, fully or at least partially [60, 74]. Typical DOC poisons are lead (Pb), sulphur 

(S), phosphorus (P), zinc (Zn), calcium (Ca), and magnesium (Mg). However, sulphur is the 

most common poison on DOCs [73] and sulphur poisoning is reversible on automotive catalysts. 
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2.6.2.1 Sulphur effect 

Fuel contains small amounts of sulphur. New requirements concerning fuel sulphur content were 

introduced in 2006 - the standard for ultra-low sulphur diesel fuel is 15 ppm sulphur for on-road 

vehicles in Canada and the U.S. [75]. Sulphur in the exhaust is produced from sulphur bound in 

hydrocarbon species, such as thiophenes, and exits the engine as SO2 during combustion. 

Sulphur poisoning can form new inactive compounds on the catalyst surface and also can cause 

changes in the morphology, catalyst structure and electronic properties [76]. It is found that CO 

and HC oxidation performance decreases in the presence of sulphur on the catalyst [77]. Also the 

adsorbed sulphur compounds on the soot and PM increases the DPF system load [78]. Sulphur 

poisoning on the catalyst is reversible, and the poisoned catalyst can be regenerated and the 

catalyst activity can be partially restored via thermal treatment [60, 74].  

A significant amount of SO2 is oxidized to SO3 at temperatures above 300 °C. The produced SO3 

is stable up to 700 °C and can act as a catalyst poison or interact with basic components of the 

washcoat (ceria/Al2O3) or water vapour to form sulphuric acid and contribute to the total 

particulate matter [25]. Sulphur dioxide and SO3 adsorb on the catalyst surface at low 

temperatures (< 300 °C) and react with catalyst components. In rich conditions (fuel-air ratio is 

high), both SO2 and SO3 are reduced to produce hydrogen sulfide (H2S).  

A precious metal that is not active for SO2 oxidation would be great in terms of limiting DOC 

sulphur poisoning. Unfortunately, Pt is very effective in SO2 oxidation. Palladium is an attractive 

option because it has a lower intrinsic SO2 oxidation activity than Pt [80], but is not as active for 

key reactions over a DOC such as CO, HC and NO oxidation reactions.  
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A catalyst support that is less sensitive to sulphur adsorption is required since sulfate formation 

as a result of reaction between sulphur compounds and washcoat components is an important 

source of DOC deactivation. It can reduce the active surface area of the washcoat by changing 

the support structure and limiting the diffusion and adsorption of reactant molecules onto 

precious metals. Increase in sulphur deposits and a large decrease in BET surface area were 

found on an alumina-based catalyst after aging. However, no changes in the surface area of a 

silica-zeolite mixed oxide support were noted. The difference is due the formation of aluminum 

sulfates that reduce the catalyst surface area [81]. Indeed, aluminum sulfates (Al2(SO4)3) are 

considered a main source of DOC deactivation.   

Axial penetration profiles of sulphur poisoning, along the catalyst length and across the washcoat 

thickness, have been observed. It is found that more sulphur accumulated at catalyst upstream 

positions and the concentration gradually decreased toward downstream [38, 64, 82]. Sulphur (as 

sulfate) was noticed throughout the washcoat [64] and was homogeneously distributed within the 

washcoat layer [25].  

2.6.2.2 Desulfation  

Catalyst activity can be recovered by removing the sulphur from the catalyst surface, often called 

desulfation. Efficient desulfation can be achieved with H2 reduction and increased temperature. 

For example, sufficient desulfation was achieved at 500°C and above via H2 reduction of a 

pelleted Pt-based three way catalyst examined by Beck et al [83]. In another study, Pt/Al2O3 

desulfation was examined [84], and the results indicate that the process of desulfation involved 

initially a reduction of surface sulfates to SO2, then a reduction to H2S. The authors suggested 
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that the desulfation process is mass transfer limited by the sulphur species diffusing to the Pt 

sites for reduction or H diffusing from its adsorbed location to the sulphur sites. This was based 

on the high apparent reaction order with respect to sulphur. Sulphur release was greatly increased 

with increasing temperature and increasing H2 reductant concentration. The amount of sulphur 

released was 75% by treatment with H2 reduction at 400°C [84]. It was found in another study 

that treatment with O2 was effective in regenerate Pd/Al2O3, using a lean atmosphere at very high 

temperatures (700-900°C) [85]. Surface sulphur on a Pd catalyst cannot be significantly reduced 

in a reducing environment because of PdS formation in the presence of H2 [85].  

Sufficient CO and HC oxidation activity following sulphur exposure using a bimetallic Pt-Pd 

monolithic DOC was obtained by Tagawa et al [86]. They reported that smaller amounts of Pd 

relative to Pt can maintain high conversion of HCs even after very long driving distances, 

proving that the ratio of Pt:Pd is an important factor in the duration of sulphur exposure with 

respect to HC conversion [86]. 
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Chapter 3: Modeling the Diesel Oxidation Catalyst 

3.1 Overview 

After-treatment exhaust converters use monolith-supported catalysts, which have numerous 

narrow channels (a typical order of magnitude is 400 cells per square inch). This geometric 

configuration is an efficient design to maximize mass and heat transfer between the gas phase 

and catalytic surface. The most important processes in the monolith channel are convection of 

exhaust gas, heat and mass transfer between the flowing gas and the washcoat, internal diffusion, 

catalytic reactions in/on the washcoat, heat and mass accumulation and heat conduction. An 

illustration of these processes is shown in Figure 3-1.  

 

Figure 3-1: Chemical and physical phenomena taking place in monolith channels [13]. 
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The main phenomena taking place inside a DOC monolith may be described using a single 

channel model. This assumption is accurate for adiabatic operation and uniform inlet flow 

distribution. A 1D mathematical model that accounts for the physical and chemical processes 

occurring within the channels and along the channel walls of a DOC is used in this chapter.  

3.2 Catalyst structure 

The catalyst model in this study has monolith channels with square cross sections. Each channel 

is coated with alumina, with 8 g/ft3 loading of 1:2 Pt:Pd [87]. For modeling purposes, the 

monolith channel is divided into the gas phase, where the gaseous reactants and products flow, 

and the washcoat, where the reactant gases are adsorbed onto the free sites of the noble metals 

and react to form products. Figure 3-2 shows the 1D representation of the monolith channel. The 

channel cross section (2R) was measured and is 1.1 mm. The washcoat was assumed to have a 

uniform surface area with a thickness of 40 microns, and this thickness is labeled (σ). 40 microns 

was chosen as a mid-point of values used in previous studies, where 20-60 microns have been 

used [10, 12, 67]. 
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Figure 3-2: 1D representation of the monolith channel. 

 

The monolith sample modeled in this work had a cell density of 400 cells per square inch (cpsi), 

a diameter of 20.4 mm and a length of 35 mm. The sample had 203 channels based on the cell 

density and the sample diameter. The gas velocity was calculated to be 1.6 m/s based on the 

volumetric gas flow rate, which was 19.06 L/min, the number of channels and the channel 

diameter. 

 

3.3 Model assumptions and justifications 

The basic assumptions used in the proposed model are: 

1. The DOC reactor can be accurately described with a one-dimensional model in the 

monolith channels. Radial variations in the gas phase and washcoat phase are neglected 

due to the high aspect ratio of channel length to diameter [46, 49].  

2. All reactions occur on the surface of the catalyst coating the monolith walls (washcoat), 

since there is no catalyst anywhere else in the monolith. 

Gas species

BulkSurface reaction

Half monolithic wall
Washcoat

Free site R R+σ
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3. The diesel exhaust gas contains 8 components: CO, O2, N2, CO2, NO, NO2, H2O and HC. 

4. The hydrocarbons in the diesel exhaust can be represented by C3H6 for simplicity. This 

assumption is commonly made in modeling [10, 13, 54, 55] and experimental [42, 88] 

investigations. 

5.  The monolith operates adiabatically. 

6.  The flow is laminar, based on the gas velocity in the monolith channels.  

7.  The gas velocity is assumed to be constant in and along the monolith channel, since the 

concentration of the reactive species is relatively small and the gas volume is not 

expected to vary significantly.  

8. The axial diffusion in the gas phase is negligible because of the high flow rate and gas 

velocity (1.6 m/s) commonly encountered in DOC monoliths. Axial convection in the gas 

phase is the main mass transfer mechanism. 

9. The effects of surface adsorption, desorption and pore diffusion are lumped together in 

the values estimated for the apparent rate constants in the global kinetic rate expression 

used in this investigation. 

10. Axial heat conduction in the washcoat is included because it has an important role in 

warming up the monolith. 
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3.4 Model equations 

The mole balance for the gas components flowing down the monolith channel is given by the 

classic diffusion-reaction equation, including accumulation, convection and external mass 

transfer,  
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ε
υ  ,         k = CO, O2, CO2, C3H6, H2O, NO, NO2                                    (3.1) 

where 

yk gas-phase concentration of the kth component, mol/m3 

ys
k washcoat concentration of the kth component, mol/m3 

 υ linear gas velocity, m/s 

 kc gas/washcoat mass transfer coefficient, m/s 

a  gas/washcoat interfacial area per unit reactor volume, m2/m3 

gε  monolith channel void fraction   

z monolith axial coordinate, m 

t time, s  

The mole balance in the washcoat, including accumulation, external mass transfer and catalytic 

reaction, is given by the following expression, 
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 where 

 sε  washcoat porosity 

jkv  stoichiometric coefficient of the kth component in the jth reaction  



 

37 

 

jR
 

rate of the jth reaction, mol/m3·s 

 

The energy balance for the gas phase, including accumulation, convection and gas-solid heat 

transfer, is given by the following expression, 
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where 

 gρ   gas-phase density, kg/m3 

 g
pc

 
gas-phase heat capacity, J/kg·K 

 T gas-phase temperature, K  

sT  washcoat temperature, K 

hk  heat transfer coefficient, J/m2·s·K    

 

The energy balance in the washcoat, including accumulation, axial heat conduction, gas-solid 

heat transfer and heat of reaction, is given by the following expression,  
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where 

 sρ  washcoat density, kg/m3 

 s
pc

 
washcoat heat capacity, J/kg·K  

sλ  effective axial heat conductivity in the washcoat, J/m·s·K 
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jrH ,∆
 
reaction enthalpy of the jth reaction 

                                          

3.5 Boundary and initial conditions  

To solve Equations (3.1) to (3.4), a set of boundary and initial conditions that describe the 

upstream and downstream concentrations and temperatures in the monolith channel needs to be 

specified. Inlet concentrations and temperature in the gas phase are specified with the equations, 

ky (0, t) = ky in = inlet concentration                                                                                           (3.5)                           

T (0, t) = Tin  = inlet temperature                                                                                                                                                (3.6) 

The change of the washcoat temperature with respect to axial position at the inlet and outlet of 

channel equals zero, 

z
T s

∂
∂

(0, t) = 0, upstream of the DOC       
 
                                                                                (3.7)                           

z
T s

∂
∂

(L,t) = 0, downstream of the DOC                                                                                    (3.8) 

where L is the length of the DOC channel.                   

Initial conditions for all variables are:  

ky (z, 0) = 0                                                                                                                                (3.9) 

s
ky (z, 0) = 0                                                                                                                               (3.10) 

sT (z, 0) = 
s

oT                                                                                                                  (3.11) 

T (z, 0) =   oT                                                                                                                            (3.12)                           
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3.6 Reaction kinetics model 

The main function of a DOC is to oxidize NO, CO and HCs. Diesel exhaust is typically lean, 

with high levels of O2, from about 3 to 10%. The following CO, C3H6, and NO oxidation 

reactions on the DOC will be considered in the model,  

222
1

COOCO →+                                                                                                                                (3.13)                                                                          

OHCOOHC 22263 33
2
9

+→+                                                                                                       (3.14) 

222
1

NOONO ↔+                                                                                                                              (3.15) 

Oxidation reactions for CO and C3H6 are assumed to follow the well-known Langmuir-

Hinshelwood mechanism. Rate-law expressions originally suggested by Voltz et al. are 

commonly used in the literature to model these reactions [42]. The kinetic rate parameters with a 

global kinetic reactions approach are adjusted to fit experimental data obtained by Irani [87] as 

will be discussed in detail in Chapter 4. 

The reaction rate expressions for CO and HC oxidation are given by the equations, 

GyykR O
s

CO
s

COCO /2=                                                                                                                       (3.16) 

GyykR O
s

HC
s

HCHC /2636363
=                                                                                                                (3.17) 

The term G is called the inhibition factor and is given by the expression [42], 
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The first term in G, 2
,, ]1[ 6363

HC
s

HCads
s

COCOads yKyK ++ , accounts for inhibition effects due to 

chemisorption of CO and C3H6 onto the catalyst sites. The second term, 

]1[ 22
,, 6363

HC
s

CO
s

HCCOads yyK+ , is required to fit the experimental data at higher concentrations of 

CO and C3H6. This term is empirically related to the decrease of adsorbed O2 adjacent to 

adsorbed CO and C3H6 at high concentrations. Finally, ]1[ 7.0
, NO

s
NOads yK+  accounts for the 

inhibition effect of NO on the oxidation rate. The adsorption constants, Kads,j, obey the Arrhenius 

law. The rate law expression for NO takes into account the fact that this reaction is reversible by 

introducing the equilibrium constant Keq,NO [28]. 
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The equilibrium constant Keq,NO can be calculated from the change in the Gibbs free energy, G∆ , 

which is strongly temperature dependent and can be obtained from the reaction enthalpy, ∆H, 

and the reaction entropy, ∆S [89], 

STHGeK RTG
NOeq ∆−∆=∆= ∆− ,/

,                                                                                                (3.20) 

The variables kj and ys
j are the reaction rate constants and concentrations of the species in the 

washcoat, respectively. The reaction rate constants, kj, follow the Arrhenius law, 

RTE
jj

jeAk /−=
                                                                                                                         (3.21)                           

From stoichiometry, the reaction rate for oxygen is given by, 
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2
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3.7   Mass and heat transfer in the catalyst channels 

The mass and heat transfer coefficients in Equations (3.1) to (3.4) were estimated based on 

empirical correlations for the Sherwood and Nusselt numbers,  

dh
DSh

k k
c =                                                                                                                                             (3.23)  

dh

Nu
k g

h

λ
=

                                                                                                                                          
(3.24) 

The Sherwood and Nusselt numbers were calculated based on correlations valid for laminar flow 

in square channels [90],   
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L
d

Nu =                                                                                                             (3.26)                           

The binary diffusivity of individual trace species in a mixture with nitrogen was calculated using 

the Fuller correlation [91],  
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where, 

dh hydraulic diameter of the channel, m  

kM  molecular weight of species k 

2NM
 

molecular weight of nitrogen 
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ε k  diffusion volume of species k 

ε N2 diffusion volume of nitrogen 

P pressure, atm 

Re Reynolds number 

Sc Schmidt number 

Pr Prandtl number 

gλ  gas thermal conductivity, W/(m k) 

d diameter of the channel, m  

L length of the monolith, m                                                                                                                                        

                                                                                                                                              

3.8 Conclusions 

In this chapter, a mathematical model used to describe mass transfer, heat transfer, and chemical 

reaction phenomena occurring inside a monolith-supported DOC, as well as the global kinetics 

model used in the simulation is described. The main assumptions and justifications leading to the 

proposed model were specified. Matlab connected to COMSOL Multiphysics was used to solve 

the model, where a finite element method was used to solve the nonlinear system of partial and 

ordinary differential equations that describe the mass and energy balances for gas-phase flow and 

solid-phase properties in a single channel. The isothermal, steady-state version of this model will 

be used to estimate the reaction kinetic parameters for CO, C3H6, and NO oxidation and will be 

validated against the experimental data over a Pt-Pd/Al2O3 DOC in Chapter 4. Also, the physical 

parameter values for model simulation will be listed in Chapter 4. 
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Chapter 4:  Kinetic parameter estimation  

4.1 Overview 

The development of appropriate reaction schemes and the evaluation of kinetic parameters are 

achieved using either a micro kinetic approach [92] or a global kinetic approach [28, 42, 49, 54, 

93]. A detailed reaction pathway is described using a micro kinetic approach when the kinetic 

constants for each of the elementary reactions are determined by fitting the experimental data to 

the reaction model.  

The global kinetic approach is the most popular in exhaust after-treatment modeling. In this 

approach, the reaction rates are modeled via global reaction mechanisms where adsorption, 

reaction and desorption steps are lumped together to reduce the overall number of kinetic 

parameters. The kinetic parameters are adjusted to fit experimental data. The rate constants are 

determined by minimizing the error between the rate model predictions and the experimental 

data. The oxidation rate expressions suggested by Voltz et al. [42] can be used to describe CO 

and C3H6 oxidation over Pt-based catalysts in a packed bed reactor. The model used a Langmuir-

Hinshelwood type rate expression, with CO, C3H6, and NO inhibition terms and assumed 

isothermal conditions. This rate expression has been used to describe the oxidation reactions in 

TWCs and DOCs by many researchers [10, 13, 47, 49, 93]. 

In this chapter, the overall catalyst model, including geometric catalyst parameters and the global 

reaction kinetics, is described and will be shown to accurately represent the reactions of interest 

over a Pt-Pd/Al2O3 DOC. The isothermal, steady state version of the 1D-model explained in 
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Chapter 3 was used to estimate the rate parameters of the kinetic expressions for CO, C3H6, and 

NO oxidation over the catalyst 

4.2 Experimental data 

The data used were obtained from steady-state experiments performed by Irani [87]. A monolith-

supported Pt-Pd/Al2O3 catalyst, with 8 g/ft3 loading of 1:2 Pt:Pd, was used in these experiments. 

The gas flow rate was 19.06 L/min (equivalent to a space velocity of 100,000 hr-1). The 

experimental data were CO, C3H6, and NO concentrations as a function of axial position in the 

monolith and temperature. The feed composition used in these experiments is shown in Table 4-

1. 

Table 4-1: Feed compositions. 

Gas Component Composition 

CO 800 ppm 

C3H6 800 ppm 

NO 200 ppm 

O2 10% 

N2 Balance 
 

 

4.3 Catalyst geometry and parameters for model simulation 

The monolith used to collect the reaction kinetic data was 35 mm in length, 20.4 mm in diameter, 

had a cell density of 400 cells per square inch [cpsi], and 203 channels. The gas velocity was 

calculated to be 1.6 m/s based on the volumetric gas flow rate, the number of channels and the 

channel diameter. Table 4.2 shows the parameter values that were used in the model. 
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Table 4-2: Parameter values for model simulation. 

 

4.4 Optimization model  

In order to estimate the rate parameters of the kinetic expressions for CO, C3H6, and NO 

oxidation over a Pt-Pd/Al2O3 DOC, the isothermal, steady-state version of the 1D-model 

discussed in Chapter 3 was used. The experimental data used to estimate the reaction kinetic 

                                                                                                                                           References 

Substrate cell density                                   400                                                                          
(cells per square inch - cpsi)                            

Monolith sample length                               3.5                                                                               
(cm)                                                                         

Monolith sample diameter                           2.04                                                                          
(cm)                                  

Velocity, υ                                                   1.6                                                                           
(m/s)                               

Washcoat porosity, sε                                  0.65                                                   (assumption, [12]) 

Monolith channel void fraction , gε            0.93                (bulk vol./ total vol. = π R2L/ π (R+σ)2L) 

Gas/washcoat interfacial area                      3333                                           (2π (R+σ)L/π (R+σ)2L)                                       
 per unit reactor volume, a   (m2/m3) 
                                       
Washcoat heat capacity,  s

pc                         1071+ 0.156 Ts – 3.435×107/Ts2                                   [94]    
(J/(kg·K)) 
 
Gas-phase heat capacity,  g

pc                        1023 + 0.125T                                                         [94]                                  
(J/(kg·K))                                                     
 
Effective axial heat conductivity,  sλ           1.675                                                                       [94]     
(J/(m·s·K))                      
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parameters were collected at steady-state [87] at near isothermal reaction conditions due to low 

levels of reactant species used. Therefore, Equations (3.1) and (3.2) were simplified to reflect 

these conditions to the forms shown below. 
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These equations were solved using COMSOL Multiphysics. The COMSOL software implements 

the finite element method for the solution of partial and ordinary differential equations. The 

reaction scheme and rate expressions that were used in the model are summarized in Table 4.3. 

To estimate the rate parameters for CO, C3H6, and NO, an objective function, S(θ ), was 

developed which was used to evaluate the model predictions against experimental observations 

(the concentrations of CO, C3H6, and NO along the monolith) at different temperatures for each 

species as shown in Figures 4-1, 4-2 and 4-3. The objective in this case is to minimize the square 

of the differences between the predicted and experimental values. The estimation is obtained by 

selecting the values of (θ ), and rate and adsorption constants (kj, Kads,j) that minimize the 

squared residuals: 
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where n is the number of experimental data points along the reactor axis. Model predictions of 

the axial concentrations for each data point of interest within the objective function are generated 

with a steady-state 1D reactor model, which solves the mole balance equations for the solid and 

gas phases. The simplex method, which is a nonlinear optimization method, was used to 

minimize the objective function and get a set of rate parameters that best fit the experimental 

results over the entire domain�using MATLAB software. The optimization routine outputs are 

the adsorption and rate constants that follow the Arrhenius law, Equation (3.13). To obtain pre-

exponential factors and activation energies for the rate constants, Arrhenius plots were used 

(logarithm of kinetic constants and adsorption constants plotted against the inverse temperature).   

Table 4-3: Summary of reaction scheme and model expressions. 

`Reaction                                                                              Rate expressions 

225.0 COOCO →+                                                          GyykR O
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4.5 CO, C3H6 and NO oxidation 

To estimate the rate constants for the oxidation reactions over the DOC, minimization of the 

square of the differences between the predicted and measured concentrations along the Pt-
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Pd/Al2O3 catalyst was run for CO, C3H6, and NO. The feed composition used in the model is 

detailed in Table 4.1. Table 4-4 lists the kinetic and adsorption parameters that were used as 

initial guesses and the converged values that gave the best fit with the experimental data. The 

reaction rate constants are consistent with other reported values [54, 93]. Figures 4-1 and 4-2 

compare experimental data and the model fit for CO and C3H6 concentrations at different 

temperatures. The pre-exponential factors for CO and C3H6 are 2 orders of magnitude lower than 

those obtained with the results reported in reference [49]. This is due to the low catalyst loading 

(8 g/ft3) of the catalyst modeled. This means less frequent collisions between the reactive species 

and the active catalyst sites and therefore lower pre-exponential factor values. The initial guess 

values for all activation energies are similar to the results predicted using the optimization 

routine.  The adsorption constant activation energy values for CO and C3H6 are higher than those 

first guessed, again likely related to the low levels of active sites compared to normal literature 

described catalysts, thus leading to stronger inhibition via adsorption of these species. However, 

the NO reaction and inhibition constants are in line with the initial values from references [42, 

28]. 
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Table 4-4: Initial and converged reaction and adsorption constants used in the model. 

Reactions Initial values From references Converged values 

CO oxidation  5×1016× exp[-95000/RT] [49] 2.9×1014× exp[-86700/RT] 

C3H6 oxidation               1×1018× exp[-105000/RT]         [49] 1.167×1016× exp[-107000/RT]         

NO oxidation 2.42×106 exp[-40000/RT] [28] 4.695×106 exp[-41700/RT] 

 

Adsorption constants:    

COadsK ,  65.6×exp[961/T] [42] 8.56×exp[2000/T] 

63, HCadsK  2.08×103×exp[361/T] [42] 4.56×102×exp[520/T] 

NOadsK ,  4.79×105×exp[-3733/T] [42] 9.676×104×exp[-3100/T] 

 

 

 

Figure 4-1: Predicted and measured CO concentrations. 
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Figure 4-2: Predicted and measured C3H6 concentrations. 

 

As discussed in Chapter 3, the NO oxidation reaction is reversible in the temperature range of 

interest. Therefore the equilibrium constant was calculated based on the change in the Gibbs free 

energy, G∆ , Equation (3.12). ∆G can be obtained from the reaction enthalpy, ∆H, and the 

reaction entropy, ∆S, and is a function of temperature. The enthalpy change value for the 

reaction is -58.1 kJ/mol and the entropy change value is -76 J/mol-K [89]. Predicted and 

measured NO concentrations are shown in Figure 4.3. The temperature range used to calculate 

the equilibrium constants was 523 - 723 K.  
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Figure 4-3: Predicted and measured NO concentrations. 

 

The outlet measured and predicted NO concentrations are also compared with the 

thermodynamic concentration limitations, and are shown in Figure 4-4. The NO conversion 

becomes limited by thermodynamics above 700 K under the conditions tested, but for lower 

temperatures, the NO oxidation conversion is limited by reaction kinetics.  
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Figure 4-4: Predicted and measured NO outlet concentrations compared to the corresponding 

thermodynamic equilibrium levels. 

 

The results from the optimization routine at different temperatures are plotted using Arrhenius 

plots. Figure 4-5 shows the Arrhenius plots obtained for CO, C3H6, and NO oxidation. The 

activation energies and pre-exponential factors for the oxidation reaction constants were 

calculated using the Arrhenius equation.  
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Figure 4-5: CO, C3H6 and NO Arrhenius plots, logarithm of kinetic constants ln k and adsorption 

constants ln Kads as a function of reciprocal temperature (K-1). 
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4.6 Conclusions 

In this section, a global kinetic model was developed and the reaction rates parameters for CO, 

C3H6 and NO were estimated based on the data obtained from a Pt-Pd/Al2O3 model catalyst. CO 

and C3H6 reactions were assumed to follow Langmuir- Hinshelwood mechanisms with the form 

originally suggested by Voltz. A simplified isothermal, 1D model integrated with an 

optimization routine was used to predict the reaction kinetic parameters and adsorption constants 

for the inhibition term. This model was used to evaluate the effect of axial catalyst distributions 

of precious metal along a Pt-Pd/Al2O3 catalyst on the reactions detailed above.  
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Chapter 5: Axial precious metal distribution effects on monolith-

supported catalyst  

In this chapter, a mathematical model that accounts for physical and chemical processes 

occurring within the channels of a monolithic converter was used to explain the reasons for 

changes in performance as a function of catalyst distribution, with five axial catalyst distributions 

chosen for comparison, each with a different distribution of precious metal down the length, 

while maintaining the same total mass of precious metal in the monolith. Conversions for CO, 

C3H6, and NO oxidation performance of the catalyst and total cumulative emissions were 

evaluated using the reaction kinetic constants estimated for the Pt-Pd/Al2O3 catalyst described in 

the previous chapter. 

To model the catalyst distribution, the pre-exponential factor is assumed to be a function of 

catalyst amount deposited in the washcoat. According to the chemical reaction collision theory 

[95], for a reaction to take place the molecules that are reacting have to collide with enough 

energy. The pre-exponential factor in the Arrhenius law equation, A, is a function of the collision 

frequency 

RTE jeAk /−=
                                                                                                                           (5.1)  

More frequent collisions with enough energy lead to an increase in the rate of reaction. For a 

catalytic reaction, collisions between the reactant molecules take place on the surface of the 

catalyst.  Therefore, collision frequency and catalyst site density are directly related. A key 

assumption in the proposed model is that changes in catalyst site density affect the collision 

frequency that will lead to chemical reactions. Therefore, if the value of the pre-exponential 
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factor is made a function of catalyst position in the bed, the catalyst distribution along the length 

of monolith is changed.  

The CO, C3H6, and NO oxidation pre-exponential factors for a sample with a homogeneous 

distribution of catalyst down the monolith were listed in Table 4-5. Figure 5-1 describes the five 

cases assessed in this investigation, represented by the value of the CO oxidation pre-exponential 

constant as a function of catalyst position in the washcoat. For Case 1, the distribution is uniform 

and the pre-exponential factor is constant for all positions along the monolith. For Case 2, the 

active site concentration decreases linearly from the upstream to downstream ends of the catalyst 

bed. Case 3 is the opposite, starting with no catalyst at the inlet of the monolith and increasing 

linearly along the bed length. Case 4 follows a triangular distribution profile, while Case 5 

follows an inverted triangular distribution. These precious metal gradients are of course 

fictitious, they are idealizations and are not meant to represent the monolith catalyst distributions 

currently used in practice. With these varieties though, they serve as excellent models to describe 

limiting behaviors in these systems. They can, therefore, be used to guide catalyst fabrication and 

development based on conditions that would be encountered in different driving cycles. 

 

 



 

57 

 

  
 

  

 

 

Figure 5-1: Five scenarios for axial catalyst distribution along the monolith. 
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5.1 CO oxidation 

In the simulations, the inlet gas temperature is increased from ambient to a target final 

temperature of 450 K. This temperature was chosen based on simulations showing that light-off 

occurred in this temperature region and a high steady-state conversion could be achieved after 

light-off. Two heating rates (5 K/min and 30 K/min) three reactant mixture flow rates (10, 19.06 

and 30 L/min), two precious metal loadings (8 and 16 g/ft3), and two inlet CO concentrations 

(400 and 800 ppm) were evaluated in the simulations.  

Figure 5-2 compares CO conversion as a function of time for the five different cases for the 

lower heating rate of 5 K/min. The conditions used for simulations are shown in Table 5-1. 

Table 5-1: Simulation conditions for CO conversion 

Heating rate 5 K/min 

Final temperature  450 K 

Flow rate 19.06 L/min 

Precious metal loading  8 g/ft3 

Inlet concentration 800 ppm CO, 10 % O2 

For uniform precious metal distribution along the bed (Case 1), 50% conversion – a typical 

measure for light-off conversion – is achieved after 27 minutes of reaction when the inlet 

temperature reaches 435K. The CO conversion increases with time/ temperature and ultimately 

reaches 99% conversion at steady state. The conversion profile follows a typical oxidation 

reaction light-off profile. Carbon monoxide conversion and bulk gas temperatures as a function 

of position and time for the uniformly distributed catalyst are shown in Figure 5-3a and 5-3b. 
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Figure 5-2: CO conversion at the catalyst outlet as a function of time for the five case scenarios of axial 

catalyst distribution.  

The monolith initially warms up via convective heat transfer from the increasingly hot inlet gas. 

As the oxidation reaction starts, heat is released due to the exothermic oxidation reaction. The 
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heat is generated and transferred upstream by conduction through the catalyst. This back-to-front 

reaction wave propagation is evident in Figure 5-3b and has been reported previously [36, 88, 96, 

97]. The CO conversions for all the cases are similar prior to approximately 26 minutes, as are 

the temperature profiles and as shown in Figure 5-2, indicating that the catalyst warms up 

primarily by convective heat transfer to that point, with little reaction occurring,  leading to slight 

increases in temperature  from the reaction exotherm.  

 

 

Figure 5-3: CO conversion and bulk gas temperature as a function of position and time for the uniformly 

deposited catalyst (Case 1).  
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For Case 2, the precious metal loading decreases linearly from the front to back of the monolith. 

The outlet conversion results shown in Figure 5-2 demonstrate that there is a more rapid increase 

in CO conversion once light-off begins relative to the uniform catalyst distribution; 99% 

conversion is reached between 28 and 29 minutes. Carbon monoxide conversion and bulk gas 

temperatures as a function of position and time for the front-loaded catalyst are shown in Figure 

5-4. As with the uniform distribution, the reaction front also travels from back to front under 

these conditions, with the only difference being that the propagation time is faster for Case 2. 

Reaction light-off starts at about 1.5 cm, which is more upstream than that for the uniform 

distribution. This is observed because there are fewer active sites at the back of the catalyst. As 

the reaction wave moves from the back to the front of the monolith, the density of active sites 

gradually increases causing the CO oxidation light off to occur later. However once light-off 

takes place the complete conversion was attained more quickly.  
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Figure 5-4: CO conversion and bulk temperature as a function of position and time for front-loaded 

monolith (Case 2).  
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The CO conversions and bulk gas temperatures as a function of catalyst position and time for 

Case 3 are shown in Figure 5-5a and 5-5b. The reaction zone moves from back to front through 

the catalyst with time, again through conductive heat transfer in the washcoat The inflection 

points in conversion and temperature rise are observed in the downstream portion of the catalyst, 

but as the reaction moves toward the front, the reaction zone stops at about 1.5 cm into the 

catalyst. The upstream portion of the catalyst is not catalyzing the reaction to any significant 

extent, with no significant temperature rise in that region, corresponding to the lack of significant 

conversion/reaction occurring. This is due to less active site density and the CO concentration is 

still high enough to cause the self-poisoning phenomenon on the small amount of catalyst in that 

portion of sample. Although higher conversions are attained at earlier times, ultimately Case 3 

distribution is the worst in overall conversion once steady-state is reached due to the low 

precious metal content of the upstream portion of the monolith.  
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Figure 5-5: CO conversion and bulk gas temperature as a function of position and time for back-loaded 

monolith (Case 3).  
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inlet since there is not enough active site density to overcome CO self-poisoning in the catalyst 

upstream region. As discussed above, high catalyst density in the back portion (Case 3) is 

responsible for the faster light off conversion once poisoning is overcome.  

 

 

Figure 5-6: CO conversion and bulk gas temperature as a function of position and time for triangular 

distribution (Case 4)  
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discussed earlier, this is because of the high catalyst density in the downstream portion of the 

catalyst with the back-to-front reaction wave propagation occurring under these conditions. The 

reaction propagation then slows as the reaction wave moves forward through the back half of the 

catalyst toward the middle point due to the decreasing amount of catalyst. There is an inflection 

upward in conversion observed at about 28.7 minutes, and afterwards 99% conversion is 

achieved. The upstream of the catalyst has high catalyst density which is sufficient to achieve 

high conversion as was observed with case 2. Figures 5-7a and 5-7b compare CO conversion and 

bulk gas temperatures with position and time for Case 5. CO conversion and bulk temperature 

continuously increase from back to front with time in the back half of the catalyst. Between 28.5 

and 29 minutes, the reaction wave “jumps” from the back half to the very front of the catalyst, 

i.e. the reaction front does not smoothly propagate from the middle to the front of the catalyst. 

This is due to the temperature at the front of the catalyst, which has increased due to convective 

heat transfer from the inlet gas as well as conductive heat transfer from the hotter outlet portion 

of the catalyst, exceeding that required to overcome CO poisoning, and the significantly higher 

amount of active sites relative to the middle portion. Thus there are two reaction light-off 

positions during this simulation. One occurs at the outlet, as was the case for the other designs, 

and one that occurs later at the front, resulting in an unsmooth reaction light-off profile.      
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Figure 5-7: CO conversion and bulk gas temperature as a function of position and time for inverted 

triangular distribution (Case 5).   
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Figure 5-8: Cumulative CO emissions as a function of time. 
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5.1.1 Effect of using a higher heating rate 

A 5 K/min ramp rate is admittedly slow for diesel engine applications. Therefore, a higher ramp 

rate of 30 K/min to a final inlet temperature of 450-K was also simulated. Outlet conversions are 

shown in Figure 5-9. The light-off time for all catalyst distributions decreases, but there are also 

less significant differences as a function of time between the cases. This is due to a larger 

contribution from convective heat transfer from the hotter inlet gases, which makes the reaction 

wave propagation less dependent on conduction from the downstream Therefore the effect of the 

precious metal concentration distribution is dampened. For Case 5, there is a smooth increase in 

conversion, without the jump after light-off as compared with the slower heating rate data, which 

is due to the higher ramp rate providing sufficient convective heat from the inlet gases such that 

the jump in light-off position is not observed, i.e. the propagation of the reaction front due to 

conduction originating from the exotherm is insignificant in terms of the conversion versus time 

profile. Overall, however, the trends are similar to those observed in Figure 5-2 for the 5 K/min 

ramp rate, but with significantly smaller differences in performance.  
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Figure 5-9: CO conversion as a function of time (heating rate of 30 K/min) 
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Figure 5-10: Cumulative CO emissions as a function of time at the outlet of DOC (heating rate of 

30K/min). 
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Figure 5-11: CO conversion as a function of time (catalyst density: 16 g/ft3). 
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Figure 5-2 are observed. For a flow rate of 30 L/min, the catalyst bed was not long enough to 

achieve 100% for all 5 case studies investigated.  

 
Figure 5-12: CO conversion as a function of time (Low flow rate of 10 L/min and high flow rate of 30 

L/min). 
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Figure 5-13: CO conversion as a function of time (800 and 400 ppm CO inlet). 
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differences as a function of time between the cases. Table 5-2 compares the effects as a summary 

of the differences between the designs on CO oxidation performance. 

 

5-14: CO conversion as a function of time (heating rate of 30K/min and 16 g/ft3 of catalyst density). 

 

Table 5-2: Summary of the extent of impact that the axial precious metal gradient has on CO conversion 

performance. 

 Low heating rate Low catalyst density High heating rate High catalyst density 

Low flow rate     

Low CO conc.     

 High flow rate     

High CO conc.     

 

These trends indicate that when the catalyst is under harsh conditions, i.e. lower amount of 

precious metal, low temperature, slow temperature ramp, high flow rate, and high CO 

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8

O
ut

le
t C

O
 c

on
ve

rs
io

n 
 [%

]

Time [min]

Case 1 Case 2 Case 3 Case 4 Case 5

More significant 

Less significant  Significant 

 Significant 



 

76 

 

concentration, an axial gradient in precious metal content can show a measurable difference in 

CO oxidation conversion. However, under less challenging conditions, the impact of the 

distribution becomes less meaningful. The simulations show that it is a combination of the 

significance of CO self-poisoning and of the reaction exotherm versus convective heat transfer 

from the inlet gases that determine whether the catalyst axial distribution is consequential. The 

former is related to the amount of Pt versus CO flux at any point in the catalyst, and therefore the 

distribution will have a direct impact on performance. The latter is related to the rest of the 

parameters evaluated. For example, with a faster temperature ramp rate, conductive heat transfer 

due to the exotherm generated from CO oxidation, with light-off at the back of the sample, is too 

slow to contribute versus the heat being brought in with the inlet gas. The effect of a lower 

steady-state inlet temperature would follow the same logic. Less CO not only lessens the self-

poisoning effect, but also leads to smaller exotherms generated, and thus less contribution again. 

Therefore, under specific conditions, the precious metal distribution along the catalyst length can 

contribute to improved CO oxidation performance relative to a homogeneously distributed 

sample, with those conditions correlated to the amount of Pt and significance of the exotherm.  

 

5.2 Simultaneous oxidation reactions 

In this section, the CO, C3H6 and NO oxidation performance as a function of the five axial 

precious metal distributions are evaluated and compared. Table 5-3 lists the conditions used in 

the simulation. The temperature was ramped from room temperature, 298 K, to 700 K at 30 
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K/min. The outlet oxidation conversions for the uniform axial precious metal distribution are 

shown in Figure 5.15. 

Table 5-3: Conditions used in simultaneous reaction simulations  

Heating rate 30 K/min 

Final temperature 700 K 

Flow rate 19.06 L/min 

Precious metal loading 8 g/ft3 

Inlet 800 ppm CO 

 800 ppm C3H6 

 200 ppm NO 

 5% H2O 

 10% O2 

 N2 balance 

 

 

 

Figure 5-15: CO, C3H6 and NO conversion at the catalyst outlet as a function of time for Case 1. 
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Carbon monoxide conversion begins first, followed by C3H6 conversion. Fifty percent CO 

conversion was reached at 9.2 minutes when the inlet temperature was 575 K. Fifty percent C3H6 

conversion was obtained after CO light off, at 9.4 minutes and an inlet temperature of 580 K. 

This is due to the inhibition effect of CO on C3H6 which is related to strong chemisorption of CO 

on the catalyst surface and thus poisoning the active sites [42]. The 100% conversions CO and 

C3H6 were achieved at 9.6 minutes and an inlet temperature of 580 K. Carbon monoxide and 

C3H6 inhibit NO oxidation. This inhibition effect is previously described in Equation 3.18. Nitric 

oxide conversion starts to increase just after the CO and C3H6 conversions approach 100% 

because once CO and hydrocarbons are consumed over the front of the catalyst, NO oxidation 

occurs in the remaining portion of the monolith [33, 34]. The maximum conversion reached for 

NO was 29% at 11.2 minutes at an inlet temperature of 640 K. Just after 11.2 minutes, the NO 

conversion decreased with increasing temperature. NO oxidation is kinetically controlled at low 

temperatures and thermodynamically controlled at high temperatures [28]. The thermodynamic 

limitation as a function of time and temperature is also plotted for reference in Figure 5.15. 

Figure 5.16 compares CO conversion as a function of time for the five different bed 

configurations. The overall conversion trends are similar to those observed for only CO 

oxidation. However, the inlet temperature required to reach a given CO conversion is higher than 

that noted for the pure CO case due to inhibition by the other species competing for adsorption 

sites.  
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There is almost no apparent difference in the 50% conversion of CO for the five different 

catalyst designs. However, more severe operating conditions [high flow rate, low ramping rate] 

were known to result in more significant differences in light off conversion between these 

designs when just CO oxidation was evaluated (section 5.1). The light-off conversions for all 

cases were achieved at 9.2 minutes, corresponding to 575 K, and then conversions increased with 

time to reach 100%. There was no conversion of the species prior to 5.5 minutes indicating there 

were no oxidation reactions taking place on the catalyst at that time/temperature. 

 

 

Figure 5-16:  CO conversion in a mixture at the catalyst outlet as a function of time for the five case 

scenarios of axial catalyst distribution. 
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approximately 6.5 min. As stated, CO and C3H6 inhibit NO oxidation. Therefore, NO conversion 

for all the five catalyst designs started just after CO and C3H6 light off, as shown in Figure 5.18. 

Also, the thermodynamic equilibrium conversions were reached at temperatures above 700 K.  

 

Figure 5-17: C3H6 conversion in a mixture at the catalyst outlet as a function of time for the five case 

scenarios of axial catalyst distribution. 
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Figure 5-18: NO conversion in a mixture at the catalyst outlet as a function of time for the five case 

scenarios of axial catalyst distribution. 
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once the reaction zones had moved into the front portion of the catalyst. Changes in NO 

conversion started at 9.5 minutes and a maximum conversion of about 29% was achieved at 11.2 

minutes in the back portion of the catalyst. These data clearly demonstrate that NO is oxidized 

after CO and C3H6 light off, proving significant inhibition impact of CO and C3H6 on the NO 

oxidation reaction. This effect is evident in equation 3.18, which takes into account the inhibition 

effects of CO and C3H6 on the NO oxidation reaction rate. CO, C3H6 and NO conversion 

increased with time and temperature. However, NO conversion was limited thermodynamically 

after 11.6 minutes, with conversion plateauing at the back of catalyst as shown in Figure 5.19.c. 

 

  

  

 
Figure 5-19:  a) CO, b) C3H6, c) NO conversion and d) bulk gas temperature as a function of position and 

time for Case 1. 
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In Case 2, which is the front loaded catalyst, CO oxidation light off was similar to the uniformly 

distributed catalyst and was achieved prior to C3H6 oxidation light off. Again once light-off 

began, there was rapid increase in both reactant conversions when compared to the uniform 

distribution, as shown in Figure 5.16 and 5.17. Nitric oxide oxidation started at 9.5 minutes and 

reached a maximum conversion of about 29% at 10.25 minutes. Conversions and bulk gas 

temperatures as a function of position and time for Case 2 are shown in Figure 5.20. The reaction 

wave propagation moved from back to front more quickly relative to the uniform distribution as 

the active site concentration gradually increased toward the inlet. The lesser number of active 

sites at the back of the catalyst do not affect the light off conversion for CO and C3H6 as 

compared with Case 1 because in this case, the catalyst front reacted some amount of CO and 

C3H6 prior to light off, leading to heat transferred conductively to the catalyst back along with 

the heat transferred convectively from the hot inlet gases. This increases the reaction temperature 

for initiating the light off at the back. The same trends were noticed in NO conversion, but again 

there was no conversion until 9.5 minutes. Twenty nine percent NO conversion was noticed 

earlier, at 10.25 minutes, relative to that for Case 1. However, thermodynamic limitations were 

observed at the same times for Cases 1 and 2. Overall, in this case higher conversions and 

temperature rises are predicted sooner, or at lower inlet temperature, when compared with case 1. 
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Figure 5-20: a) CO, b) C3H6, c) NO conversion and d) bulk gas temperature as a function of position and 

time for Case 2. 
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Case 3 shows better conversion at earlier time/lower temperature for all species but this design 

needs a longer time to reach steady state conversion as compared with Case 1 and Case 2. The 

reaction zone moved slowly toward the inlet, where there are less active sites and the 

temperature was not high enough to overcome the inhibition associated with the different 

reactants adsorbing to those few sites. 

 

 

  

 
Figure 5-21: a) CO, b) C3H6, c) NO conversion and d) bulk gas temperature as a function of position and 

time for Case 3. 
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For Case 4, the light off conversions for CO and C3H6 were similar to those of Case 2, as shown 

in Figures 5.16 and 5.17. Once light off began, there were more rapid increases in CO and C3H6 

conversions as compared with Case 2, reaching 100% conversion at 9.5 minutes. Nitric oxide 

conversion was slightly better up to the first 17% then slowly increased with time to reach a 

maximum conversion of 26% at 11 minutes as shown in Figure 5.18. Figure 5.22 compares the 

species conversions and bulk gas temperatures with position and time for Case 4. Carbon 

monoxide and C3H6 conversion rapidly increased from the back to the middle due to the steeper 

increase in active site density toward the middle, reaching full conversion at 9.4 minutes. This 

leaves more catalytic zone for the NO oxidation reaction to occur. Therefore better NO (17%) 

conversion was reached at 9.6 minutes at earlier times when compared with other designs. 

However, just after the reaction front reached the middle, the catalyst site density decreased 

toward the inlet, resulting in slower NO conversion changes; meanwhile, most of CO and C3H6 

oxidized before reaching the catalyst front prior to reaching the steady state. Therefore, Case 4 is 

the best catalyst design in overall conversions for CO and C3H6 when compared with others.  
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Figure 5-22: a) CO, b) C3H6, c) NO conversion and d) bulk gas temperature as a function of position and 

time for Case 4. 
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This is due to convective heat transfer from the inlet gas contributing to increasing temperature 

at the front of the catalyst and the low catalyst density in the middle of the catalyst. Thus the 

propagation of the reaction zones slows along the middle, as is also apparent by the relative 

“flat” portion of the conversion profile at the middle catalyst positions for all species, leaving 

more time for the inlet gas to contribute its heat to the front of the monolith, so that the reaction 

zone either propagates through the middle of the catalyst monolith quickly, or jumps as was 

observed in section 5.1. Unlike NO conversion which takes place along most of the catalyst 

length, CO and C3H6 conversion have smooth profiles since both species require more time to 

achieve full conversion before reaching the catalyst upstream due to the inhibition by CO and 

C3H6. The catalyst site density in the middle zone is less than the back and the front zones. The 

reaction propagations move slower from the center to the front as compared with pure CO 

reaction although higher conversions for CO and C3H6 were achieved at earlier times. This is due 

to the effects of poisoning by CO, C3H6 and NO species which prevent significant reaction to 

occur at the catalyst upstream portion at early times/low temperatures, and before reaching the 

steady state temperature (or nearly complete conversion temperature). All of the CO and C3H6 

are oxidized in the front portion of the catalyst (1cm) at higher inlet temperature.  
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Figure 5-23: a) CO, b) C3H6, c) NO conversion and d) bulk gas temperature as a function of position and 

time for Case 5. 
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different axial metal content profiles led to different reaction propagation rates through the 

catalyst, which led to different times required to reach steady state, and thus total cumulative CO 

emissions differed. Increasing the ramp rate led to smaller differences as the heat associated with 

the inlet gas dominated the surface temperature profiles, minimizing the impact of the exotherm. 

Under conditions where meaningful differences were observed, a higher precious metal loading 

at the outlet portion led to earlier light-off, but ultimately higher cumulative CO emitted, whereas 

a front-loaded catalyst led to the lowest cumulative CO emitted. These results demonstrate that 

precious metal distribution can impact CO oxidation, but under relatively specific conditions. 

For the mixture of the three reactants, CO, C3H6 and NO oxidation, the results point out that faster light-

off conversion performance for the mixture is directly related to a larger amount of precious 

metal at the back of catalyst, as in Case 3 and 5. The more significant amount of precious metal 

in the middle portion of the catalyst also led to better CO and C3H6 conversions when in a 

mixture, different than what was observed with a single reactant, where front loaded designs 

proved favorable. This is related to the high exotherm from CO and C3H6 oxidation being 

generated at the back of the catalyst, with high active site densities in the middle, so that 

oxidation reactions for both species are completed before reaching the catalyst upstream. 

Therefore, case 4 can be a good design for CO and C3H6 conversion but not for NO conversion, 

which requires the whole catalyst length. The front loaded catalyst can improve overall 

conversion performance for NO, and for CO and C3H6 once there is a significant amount of 

active sites in the catalyst middle. 
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Chapter 6: Effects of sulphur on the performance of the axial precious 

metal distribution catalyst designs 

6.1 Overview 

Performance degradation is a common issue in automotive catalysis. Two primary modes of 

degradation are thermal aging and sulphur poisoning. With increasingly stringent environmental 

regulations being implemented, improved and more durable catalysts are desired. 

DOCs are usually installed upstream of  NOx storage and reduction (NSR) catalysts, selective 

catalytic reduction (SCR) catalysts, and diesel particulate filter (DPF) technologies in order to 

provide NO2 through NO oxidation, since NO2 can increase performance efficiency of these 

technologies [5]. DOCs also play an important role in controlling the exhaust line temperature, 

using the heat produced from CO and HC exothermic oxidation reactions to increase exhaust line 

temperatures. For example, a temperature between 450 °C and 600 °C is required for active 

particulate filter regeneration in the presence of oxygen [2], whereas exhaust temperatures are 

typically much cooler. 

As the DOC is the first catalytic unit placed in the exhaust after-treatment systems, it is exposed 

to higher sulphur levels [98]. Sulphur poisoning occurs due to the chemisorption of sulphur 

species, inherent in diesel fuel or gasoline, on the catalyst active sites, causing changes in the 

geometric structure of the catalyst surface. Current Canadian and U.S. legislations requiring no 

more than 15 ppm sulphur content in fuel (ultra-low sulphur diesel) for on-road vehicles started 

in 2006, and for off-road vehicles in 2010 [75]. But with exposure time, sulphur will eventually 

accumulate on the catalyst surface. Sulphur is the most common poison found on DOCs [73].  
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In terms of spatial deactivation, significant differences have been found in catalytic activity as a 

function of axial position of the monolith. Sulphur poisoning is observed upstream in the 

catalyst, with a gradual decrease toward downstream [99, 100]. Differences in spatial 

deactivation can change or limit the reaction zone along the catalyst bed.  

The goal of this study was to use a 1-D mathematical model to understand DOC performance as 

a function of catalyst distribution for a variety of distributed precious metal designs under 

conditions that include sulphur poisoning. The model includes the ability to predict, as a function 

of exposure time, the catalyst activity loss due to sulphur poisoning along the catalyst bed. The 

effect of the loss of catalyst activity on the conversion performance of these catalyst designs with 

respect to CO oxidation was evaluated. The CO conversion performance of a Pt-Pd/Al2O3 

catalyst was modeled with various distributions of the precious metal, while maintaining the total 

amount of catalyst.  

 

6.2 Sulphur poisoning 

Sulphur poisoning on the catalyst is a reversible reaction. The catalyst can be regenerated so that 

the catalyst activity can be at least partially restored via thermal treatment [60, 74]. Sulphur is the 

most common poison on a DOC, and usually comes in the form of SO2 and as particulate matter 

[77]. A significant amount of SO2 is oxidized to SO3 at temperatures above 573 K [77].  Sulphur 

dioxide and SO3 adsorb on the catalyst surface at lower temperatures (<573 K) and react with the 

catalyst components.  

In this work, SO2 was considered as the sulphur source. It was assumed that SO2 adsorption 

begins at 298 K. The maximum SO2 uptake was found at 573 K. At temperatures between 573 
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and 723 K, sulphur is released from catalyst surface and at temperatures higher than 723 K it was 

assumed that no sulphur uptake would occur. This assumption were based on data obtained over 

a 1 % Pt/Al2O3 catalyst, where adsorbed sulphur species were oxidized and released at higher 

temperatures (>573 K) [101].  

 
Sulphur adsorption/desorption model: The sulphur poisoning reaction is considered to be a 

first order reaction with respect to sulphur concentration (S) and to the amount of active 

adsorption sites on the catalyst surface (A), with the adsorption leading to an inactive deposit (I),    

IAS
ka

kd
↔+                                                                                                                                           (6.1) 

The forward reaction term represents the rate of sulphur adsorption on the active sites in the 

washcoat [95]. The backward reaction term was added to represent the rate of sulphur removal 

from the active sites (desorption rate). The following expression describes the sulphur poisoning 

reaction rate:  

s
Id

s
A

s
sas ykyykR −=                                                                                                                        (6.2) 

where ka, kd are the adsorption and desorption constants; ys
s is the concentration of the sulphur 

component in the washcoat; s
Ay  and s

Iy  represent the concentration of the active and inactive 

sites in the washcoat.  

The fraction of inactive sites is described by the equation, 
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(6.3)  
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  where If is the fraction of the adsorption sites covered with an inactive deposit (I).  The 

monolith is assumed to be initially unpoisoned, If  = 0. The concentration of the sulphur 

component in the gas phase and washcoat was calculated by applying molar balance Equations 

(3.1) and (3.2) from chapter 3. As a simulation temperature-programmed oxidation technique 

was used to evaluate catalyst performance, sulphur poisoning occurred under nonisothermal 

conditions, so the energy balances in the gas phase and the washcoat, Equations (3.3) and (3.4), 

were solved together with the mass balance. 

The CO reaction model and the sulphur accumulation model were solved simultaneously, with 

the CO reaction rate being decreased by (1- If )  as the poisoning increased. The corresponding 

model equations in the solid phase will be 
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6.3 Results and Discussions 

6.3.1 Sulphur adsorption and desorption temperature versus axial length  

 

Sulphur is present in the exhaust gas at ~1 ppm [64]. In the simulations shown in this chapter, the 

inlet sulphur amount in the gas phase was set to 15 ppm to accelerate the trends. The rate 

constants ka and kd in Equation (6.2) were calculated to reflect the fact that sulphur adsorption 

begins at 298 K (adsorption of 50% of the entering sulphur is assumed to occur at room 
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temperature – this is a purely speculative assumption) and continues until the maximum uptake 

of 90%, which occurs at 573 K. This is based on our parameter values of adsorption and 

desorption rate constants used for the simulations. These values are listed in Table 6-1.   

 

Table 6-1: Sulphur adsorption and desorption constants used in the model. 

 

 

Sulphur desorption begins after 573K because sulphur reaction is reversible thus the amount on 

the catalyst is less than that at saturation. All sulphur is removed from the active sites on the 

catalyst by 723 K. These assumptions are consistent with the literature [101]. Figure 6-1 

illustrates what the outlet sulphur concentration would be, when exposing afresh, non-sulphur 

containing Pt-Pd/Al2O3 sample to the 15 ppm-containing inlet gas stream, as a function of the 

outlet temperature. This plot does not describe a temperature ramp with continuous exposure to 

sulphur. Each point shown in Figure 6-1 represents data that would be obtained on a fresh, non-

poisoned catalyst.  

 

 

Adsorption constant, ka      7.087×103× exp[-9770/RT] 

Desorption constant, kd             5.221×1016× exp[-161033/RT]         
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Figure 6-1: Sulphur concentration as a function of outlet temperature with a 15 ppm sulphur inlet on non-

poisoned uniformly distributed Pt-Pd/Al2O3 catalyst. 

 

6.3.2 Sulphur accumulation profile along the monolith length at various temperatures and 

times 

Figure 6-2 shows how the adsorbed sulphur accumulates along the monolith channel with 

exposure time [after 4, 8, and 16 hours] at 550K. As previously stated, SO2 is adsorbed on the 

catalyst surface and at temperatures below 573 K there is no desorption, but at higher 

temperatures desorption occurs. Therefore, at 550 K, sulphur is in purely adsorption mode. After 

the exposure times listed at 550K, the catalyst temperature was raised to 600 K, at which point 

sulphur desorption can occur, leading to a less S-saturated surface of the poisoned catalyst .  

Equation (6.3) was applied in order to define the sulphur coverage, If , shown in Figure 6-2. It 

can be clearly seen that the accumulation of sulphur is greater near the catalyst inlet and that it 

gradually decreases toward the catalyst outlet. Sulphur accumulation also increases with 

increasing exposure time. The sulphur coverage along the catalyst length is higher at 550 K than 
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poison accumulation near the catalyst inlet has been previously experimentally observed [99, 

100], and the model shows consistency with such results. 

 

 

Figure 6-2: Sulphur accumulation profile as a function of the monolith axial length for 4, 16 and 32 hours 

of S exposure on Pt-Pd/Al2O3. 

6.3.3 Sulphur poisoning of five designs for axial catalyst distribution. 

 

Figure 6-3 describes the Pt-Pd distributions of the five cases of precious metal distributions (for a 

fixed precious metal amount) as a function of axial position for fresh and poisoned catalysts. 

Four-hour contact time was simulated for the poisoned profiles exposed to 15 ppm of sulphur at 

550 and 600K. Since sulphur tends to accumulate near the catalyst inlet, it will have a larger 

impact on catalyst designs that are “front loaded”. For all catalyst designs, the exposed amount 

of precious metal is lower at 600 than 550K, due to some desorption at the higher temperature. It 
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is apparent that for Case 1, in which the precious metal is uniformly distributed, there is a 

significant loss of available precious metal at the front of the catalyst, with the catalyst outlet 

portion remaining less affected by sulphur poisoning. In Case 2, in which the precious metal 

loading decreases linearly from front to back, the catalyst inlet is significantly degraded in terms 

of catalyst activity compared with the other cases. 

 

 

 

 

 

Figure 6-3: Five case scenarios for axial catalyst distribution along the monolith (fresh versus poisoned 

catalyst with 15 ppm sulphur inlet, 4 hours, 550K and 600K. 
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In Case 3, the precious metal amount increases linearly from front to back, and in Case 4, the 

precious metal follows a triangular distribution profile. In both of these cases, the amount of 

precious metal content remaining active is higher than those with the other designs.  Table 6-2 

lists the percentage of the precious metal content not poisoned after the S exposures at 550 and 

600 K. In Case 5, in which the precious metal has an inverted triangular distribution, the loss in 

catalyst dispersion at the catalyst inlet is greater; however, there is high amount of precious metal 

that exists at the back of the catalyst. As expected and as illustrated in Table 6-2, Case 3 results 

in the highest remaining amount of precious metal while Case 2 results in the lowest because the 

sulphur accumulation leads to the greatest loss of the inlet catalyst fraction.   

  

Table 6-2: Percentage of precious metal content remaining active after sulphur poisoning.  

Temperature Case 1 Case 2 Case 3 Case 4 Case 5 

550K 58% 45.4% 70.6% 59.5% 56.5% 

600K 75.4% 67.1% 83.7% 76.4% 74.5% 

 

 

6.3.4 Conversion performance of CO oxidation for fresh and poisoned catalysts 

 

Figure 6-4 compares the CO conversions and bulk temperature as a function of axial position and 

time for a fresh and uniformly deposited catalyst. Table 6-3 shows the conditions used in our 

simulation.  
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Table 6-3: Simulation conditions of CO conversion for fresh and poisoned catalysts. 

Heating rate 30 K/min 

Final temperature  550 K 

Flow rate 19.06 L/min 

Precious metal loading  8 g/ft3 

Inlet concentration 800 ppm CO, 10 % O2 

 

Initially, the monolith warms up, due primarily to the convective heat transfer from the hot inlet 

gas, which is ramped from ambient temperature to 550 K at 30 K/min. Convective heat from the 

hot gas warms the catalyst, as well as some CO conversion with the exotherm resulting in some 

conduction which is transferred downstream, leading to some, although small, levels of CO 

conversion occurring by the back of the catalyst.  With the build-up in heat and CO conversion, 

which also leads to less CO poisoning at the rear of the catalyst, at 4.73 minutes, the distinct CO 

oxidation becomes apparent at the back of the catalyst (3.2 cm). The inflection in the conversion 

and temperature then rapidly propagates with time from back to front, highlighted by the x 

symbol. At 5.3 minutes, the front of the catalyst reaches a significantly high temperature and the 

inflection in CO conversion is observed at the very front (0.05 cm). At this point, the solid 

temperature and the inlet gas temperature keeps increasing at the monolith entrance until 

reaching the steady state temperature. 

 

 

 

 



 

  

Figure 6-4: CO conversion and bulk gas temperature as a function of position and time for the 

fresh/uniformly deposited catalyst: Case 
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CO conversion and bulk gas temperature as a function of position and time for the 

fresh/uniformly deposited catalyst: Case 1. 

comparison of time to inflection in conversion and temperature along the axial position for 

the five designs of precious metal distribution before poisoning is shown in Figure 

ase 1 distribution, as explained previously (Figure 6-4), the inflection in conversion and 

temperature starts at approximately 3.2 cm, at the very back, and moves upstream through the 

catalyst with time. This is due to the convective and conductive heat leading to higher 

For the Case 2 distribution, which is a front-loaded catalyst, the 
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is shown in Figure 6-5.  For the 
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leading to higher 

loaded catalyst, the 
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reaction front also moves from back to front. The inflection in conversion and temperature is first 

observed at 2 cm, closer to the inlet when compared with Case 1, indicating that there is a lack of 

reaction occurring at the back of the catalyst prior to 2 cm because of the lower precious metal 

content, but once enough conduction heat is produced from the CO reaction, the reaction zone 

moves rapidly and a faster propagation time than in Case 1 is observed. 

 

Figure 6-5: Time to inflection in conversion/temperature along the axial position for the five case 

scenarios of axial catalyst distribution for the fresh catalyst (same conditions as those described in Figure 

6-4). 

In Case 3, which is a back-loaded catalyst, the inflection in conversion and temperature also 

moves from back to front with time.  At the beginning, the inflection can be observed at the very 

back of the catalyst (3.4 cm) due to the high downstream density of the catalyst. However, the 

movement of this inflection towards the inlet takes longer time, due to the smaller amount of 

exothermic heat, corresponding to the lack of significant reaction occurring with a smaller 

number of active sites available upstream. 
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In Case 4, the highest amount of precious metal is in the middle of the catalyst, with the lowest 

amounts at the very back and in the front portions. The performance level is midway between 

those of Cases 2 and 3. No reaction propagation is observed at the downstream locations prior to 

2.4 cm since there are not enough active sites to initiate the conversion/temperature inflection. 

The upstream propagation is initially rapid due to the increase in the active site density toward 

the middle part. However, after the reaction reaches 1 cm, the propagation slows due to the 

decrease in the active site density toward the inlet and takes long time to complete: up to 7.2 min 

as in Case 3. 

Case 5 is the opposite of Case 4: the precious metal contents in the back and front of the catalyst 

are equally high, with decreasing amounts toward the middle of the catalyst. With a back-to-front 

reaction wave propagation, for this case, the propagation starts at the same position as in Case 3 

(3.4 cm) because of the high precious metal amount in the catalyst back. The reaction 

propagation then stops toward the middle portion of the catalyst due to the lack of active site 

density, and an inflection in the conversion and temperature appears again at 0.5 cm toward the 

catalyst inlet. Complete CO conversion is achieved rapidly at 5 minutes: the same time as for 

Case 2. The jump in the inflection is due to the existence of the higher number of active sites at 

the inlet relative to the middle part and the temperature of the front section of monolith, which 

has increased due to heat transfer from the hot inlet gas and conduction originating from the 

downstream reaction exotherm.  
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Figure 6-6 shows the time to inflection as a function of axial position for the five sulphur 

poisoned catalyst designs. For Case 1 after S exposure, the increasingly hot inlet gas heats up the 

catalyst and the heat accumulates throughout and enough is at the back of the catalyst prior to 5 

minutes, with lower CO due to some oxidation and some heat via the exotherm generated 

upstream. Once enough heat is generated, the inflection in conversion and temperature can be 

seen at 3.2 cm at the very back. The inactive portion upstream produces a smaller amount of heat 

via exotherm, thus increasing the time required for the reaction to propagate toward the catalyst 

upstream. The time to achieve 100% CO conversion is slower compared to that of the fresh 

catalyst due to the slower reaction wave propagation.  

 

 

Figure 6-6: Time to inflection in conversion/temperature along the axial position for the five case 

scenarios of axial catalyst distribution after poisoning with 15 ppm sulphur inlet, 4 hours of sulphur 

exposure at 550K. 
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For Case 2 after S exposure, the appearance of the inflection occurs nearer the outlet and a later 

time than it does in the fresh case (at 2 cm and 4.75 minutes): at 2.5 cm and at 5.3 minutes. The 

front-loaded catalyst design experiences the greatest amount of S poisoning degradation, leaving 

a wider zone for the CO reaction to propagate compared with the fresh case. The time required 

for the reaction to propagate upstream is also increased, and full CO conversion occurs at 6 

minutes, which is faster than the time for the poisoned Case 1 because the front portion of the 

catalyst, which has the highest reduction in the catalyst activity in Case 2, still has a higher 

remaining amount of precious metal than Case 1.  

With poisoning, Case 3 ends up with the minimum number of inactive sites. The inflections still 

occur at the very back of the catalyst, as in the fresh case, corresponding to the reaction zone still 

starting in the outlet section. However, the severely poisoned upstream section leads to the 

requirement for more time for the reaction to propagate in order to overcome CO poisoning. In 

the poisoned Case 4, the reaction inflection begins at the same position it did with the fresh 

catalyst (at 2.4 cm) but at a later time. There is no significant change in catalyst activity at the 

back of the catalyst and there is enough heat generated via the exotherm, making the reaction 

inflection remains in a similar position even after sulphur poisoning.  

The propagation also requires more time to overcome the CO poisoning at the inlet. With 

poisoning, Case 5 shows the same trend at the back of the catalyst as in Case 3 and in the front of 

the catalyst as in Case 2, with a slight difference in the middle portion of the catalyst. Figure 6-7 

shows the axial profiles of CO conversions and bulk temperatures as a function of time and 

position for Case 5, with the precious metal distribution overlaid. The increase in CO conversion 
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and temperature with time from back to front along the catalyst length is again observed. 

However, there are interesting patterns in CO conversion in the middle zone of the catalyst, 

highlighted by the arrows. The catalyst activity in the middle zone is considerably less than the 

back and the front zones due to the small amount of active catalyst site density. Although light-

off occurs at the back, there is increasing conversion in the front 1 – 1.5 cm, but after this zone, 

there is little to no conversion in the middle due to the small amount of catalyst. Once past 2 – 

2.5 cm, the conversion increases more significantly again. The small catalyst density in the 

middle region makes it prone to CO poisoning. Once enough heat has built up in the front section 

(1.5 cm), then substantial conversion is occurring, CO poisoning decreases downstream and once 

these two have reached some level, corresponding to 5.45 minutes, the reaction propagates very 

rapidly from the center to the front, since once it passes the middle, small precious metal density 

zone, the increasing amount of catalyst induces the rapid reaction zone rate.  

 

 

 

 

 



 

Figure 6-7: CO conversion and bulk gas temperature as a function of position and time for Case 5 

distribution after poisoning. 
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CO conversion and bulk gas temperature as a function of position and time for Case 5 

As can be seen from these results, for all catalyst design distributions, poisoning of the catalyst 

inlet increases the time required for reactions to propagate from back to front 

es the reaction zone width for Case 2, resulting in a delay in CO oxidation 

clearly illustrated in Figure 6-8, which shows a comparison of the outlet CO conversion 

temperature before and after sulphur poisoning for the five case 

sh catalyst, Case 1 reaches light-off conversion at 439 K, and then CO 

conversion increases with time and temperature to reach 100% conversion at 445 K. The 
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CO conversion and bulk gas temperature as a function of position and time for Case 5 

As can be seen from these results, for all catalyst design distributions, poisoning of the catalyst 

from back to front for all cases and 

in CO oxidation light-off. This 

, which shows a comparison of the outlet CO conversion 

poisoning for the five case 

off conversion at 439 K, and then CO 

conversion increases with time and temperature to reach 100% conversion at 445 K. The 
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conversion profile follows a typical oxidation reaction light-off profile. For Case 2, which is a 

front-loaded catalyst, the light-off conversion is achieved at 438 K, with only 1 K difference 

from the Case 1 light-off temperature. However, once light-off is reached, 100% conversion 

occurs more quickly than in Case 1. In Case 3, which is a back-loaded catalyst, the light-off 

conversion occurs at a lower temperature than in Case 1 or 2. However, in this catalyst design, 

the increase in CO conversion becomes slower after light-off due to the smaller amount of 

precious metal at the catalyst front, making the steady state performance slowly achieved.  

 

 
Figure 6-8: CO conversion at the catalyst outlet as a function of bulk temperature for the five case 

scenarios of axial catalyst distribution before and after Sulphur coverage for 4 hours at 550 K [adsorption 

mode]. 
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Table 6-4: Light off temperatures for the five designs before and after S poisoning.  

Catalyst Design Fresh  Poisoned 

Case 1 439 K 446 K 

Case 2 438 K 449.5 K 

Case 3 437.5 K 441.5 K 

Case 4 438.5 K 445 K 

Case 5 437.5 K 444.5 K 

 

The performance for Case 4, with the middle-loaded catalyst, is midway between that of Cases 2 

and 3.  Case 5 results in an earlier light-off conversion at a lower temperature than does Case 3 

due to the high catalyst density at the outlet. However, an inflection in the conversion can be 

observed at 445 K, afterwards resulting in 100% conversion due to the increase in the active site 

density toward the catalyst inlet relative to the middle portions.  

With poisoning, the light-off temperature in all catalyst designs increases as a result of the loss of 

precious metal content. Table 6-4 shows the light-off temperature for all cases before and after 

poisoning. Case 3 shows the best light-off conversion compared with the other cases due to the 

higher amount of active sites available after deactivation. However, this design requires a higher 

temperature for complete conversion due to the low active site density at the catalyst front before 

and after poisoning. Case 2 is the worst design with respect to light off conversion since it is 

more affected by sulphur poisoning. In Case 5, the absence of active sites in the catalyst front is 

responsible for the reduction in the overall performance and the disappearance of the upward 

inflection in the conversion. The Case 4 design is considered to be the best in overall conversion, 

of 90% and above. In this design, there is enough catalyst activity concentrated at the middle 

portion of the catalyst even after sulphur poisoning.  
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Figure 6-9: CO conversion at the catalyst outlet as a function of bulk temperature for the five case 

scenarios of axial catalyst distribution after Sulphur coverage for 4 hours at 600K (desorption mode). 
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shown in Figure 6-9. The percentage of precious metal content remaining after sulphur poisoning 

under these conditions is shown in Table 6-2. Compared with the results shown in Figure 6-8, 

these data are midway between those of the fresh and poisoned catalyst, and the light-off 

temperatures are reduced in all cases relative to those poisoned at the lower temperature.  In Case 

1, Case 2 and Case 5,  where the damage caused by sulphur poisoning was  more severe, clearly 
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some restoration of the catalyst activity at the front portion is attained and all were able to reach 

100%  conversion at lower temperature.  

 

Case 2, the front loaded catalyst design, proved the best in overall conversion performance 

before poisoning. However, after poisoning, this design experiences the highest sulphur damage 

and the reaction zone is shifted further toward downstream. Sulphur damage makes the reaction 

light off occur at higher temperature to overcome sulphur and CO poisoning relative to other 

catalyst designs. The sulphur damage did not widen the reaction zone for other catalyst designs 

under this condition of sulphur poisoning. However, the light off temperatures increased for all 

catalyst designs and the time for back to front reaction propagation also increased after 

poisoning.  

6.4 Conclusions 

A 1D mathematical model that describes the transient behaviour associated with a DOC was 

used to describe CO conversion performance after sulphur poisoning for five catalyst designs 

that vary with respect to the distribution of precious metal down the length of the catalyst. A 

sulphur accumulation model was included in order to describe sulphur adsorption/desorption 

along the length of the modeled catalyst. The model predicts that the sulphur accumulates near 

the catalyst inlet and then decreases toward the outlet. With sulphur exposure, catalyst activity is 

reduced in the upstream portion, an area that plays an important role in overall DOC 

performance. Although the back-loaded designs (Case 3 and 5) show the best light-off 

temperature relative to the other cases, these designs also result in the worst steady state 
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conversion performance. However, Case 3 has better light-off conversion than Case 5 since Case 

3 is less affected by S exposure.  

When the catalysts operate at higher temperatures (> 573 K), the catalysts are more active due to 

less S accumulation. Case 4 is considered to be the best catalyst design in terms of maintaining a 

high overall conversion, and Case 3 is considered to be good catalyst design in terms of low 

light-off temperature and therefore the minimum cold start emissions if sulphur poisoning takes 

place. 
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Chapter 7:  Aging behavior of the five distributed precious metal 

catalyst designs  

7.1 Overview 

A primary deactivation mode in automotive exhaust catalysis is thermal degradation. Exposure 

to high temperatures sinters the precious metals, causing a loss in active surface area. The 

sintering of precious metals is significant above 600 °C [63, 79]. In terms of degradation, 

significant differences have been found in catalytic activity as a function of monolith axial 

position. For thermal degradation, the downstream section of the catalytic converter exhibits the 

greatest damage because of the adiabatic nature of these systems and the exotherms generated 

during reaction [68]. 

Distributing the active sites non-uniformly is of interest as a means of improving the overall 

performance of the catalyst. Modeling results for gasoline engine exhaust systems show that 

gradients in precious metals could affect the catalyst performance [10-15]. However, there are no 

studies investigating the loss of catalyst performance of non-uniformly distributed catalysts. 

The target of this part of the research was to use the 1-D mathematical model to understand the 

DOC performance as a function of catalyst distribution for a variety of distributed precious metal 

designs under conditions that include thermal aging. The model simulates thermal aging as a 

function of temperature and time and the effect of the loss of catalyst activity on the conversion 

performance of these catalyst designs with respect to CO oxidation. 
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7.2 Sintering 

Precious metal sintering model: The kinetics of sintering are a function of temperature, time, 

pressure and environmental conditions for a given catalyst. The following simple correlation has 

been applied by a number of researchers to describe catalyst sintering [69, 70]:
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−=                                                                                                    (7.1) 

where ks is the sintering rate constant, D is the metal dispersion or metal surface area, Do is the 

initial metal dispersion, and n is the sintering order. In this study, a second order correlation was 

used to describe the aging conditions in the developed catalyst designs. This correlation was 

obtained in a previous literature study of a 5% Pt/Al2O3 sample. The activation energy was 97 

kJ/mol and the pre-exponential factor was 238 s-1 for the sintering rate constant [102].  

To simulate catalyst aging, a second order sintering model combined with the CO oxidation 

reaction model was used. The simulation included aging the Pt-Pd/Al2O3 sample through 

exposure to 20 cycles of temperature ramps in series. Each cycle had a gas flow rate of 19.06 

L/min (equivalent to a space velocity of 100,000 hr-1). The feed gas contained 5000 ppm C3H6, 

10% oxygen, and a balance of N2. During each cycle, the inlet gas temperature was increased 

from ambient temperature to 550 K at a 30 K/min ramp rate. The temperature difference across 

the catalyst was approximately 250 K due to the heat generated by the exothermic oxidation 

reaction of the 5000 ppm C3H6. The dispersion of Pt-Pd over alumina was calculated by 

predicting the normalized dispersion as a function of the axial length after each aging cycle. The 

CO oxidation conversion performance of the aged catalyst after a given cycle was also evaluated 

by simulating the mole and energy balances in the gas and solid phases, Equations (3.1), (3.2), 
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(3.3) and (3.4), listed in Chapter 3. However, the catalytic activity decreases with each cycle, 

which is modeled by multiplying the reaction rate with sintering rate (Equation (7.1)). The final 

value of the precious metal dispersion at the end of the cycle is the initial value for the later 

cycle. The corresponding model equations in the solid phase are 
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7.3 Results and Discussions 

7.3.1 Precious metal dispersion  

Thermal aging was simulated with aging conditions listing in Table 7-1 for each cycle. Twenty 

cycles were run in series. For each cycle, the inlet gas temperature was ramped at 30 K/min from 

ambient temperature to 550 K and then the inlet temperature was held constant for 6.6 minutes, 

with the total simulation time of 15 minutes. A cycle of 15 minutes was chosen so that a 

complete combustion of 5000 ppm C3H6 can occur under the operating temperature of 30 K/min 

to generate a high exotherm. 

Table 7-1: Simulation conditions used for aging cycle. 

Heating rate 30 K/min 

Final temperature  550 K 

Flow rate 19.06 L/min 

Precious metal loading  8 g/ft3 

Inlet concentration 5000 ppm C3H6, 10 % O2 
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With the reactor being modeled as adiabatic, the exothermic reaction increased the temperature 

at the back of the catalyst to 800 K. A greater degree of sintering occurred at this section, while 

the catalyst front had the least damage. The temperature profile along the catalyst length at the 

end of the 15 minutes is shown in Figure 7-1. The normalized dispersion (the ratio of the 

precious metal at any position to the initial value) as a function of the axial length for every five 

cycles of aging is shown in Figure 7-1 as well. The sintering rate increases exponentially with 

temperature. The precious metal particles sinter rapidly in the first ten cycles, then sintering 

becomes less sensitive to temperature. This effect corresponds to the limiting dispersion that is 

usually observed after a long period of sintering. Extending the aging time at high temperature 

results in further activity loss, due to the loss in precious metal dispersion, but at a slower rate 

relative to the initial effects.  
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Figure 7-1: Normalized surface area as a function of axial length during sintering of Pt-Pd/Al2O3 and 

temperature profile per cycle. 

 

7.3.2 Thermal aging effect on the five case scenarios  

The precious metal distributions as a function of the position of the catalyst length before and 

after the 20-cycle thermal aging simulation, for the 5 case designs discussed above, are shown in 

Figure 7-2. The damage at the back of the catalyst is more significant than that at the front for all 

designs. For all designs, the integral amounts of precious metal are the same for the fresh catalyst 

cases. With aging, the differences in the amounts of the precious metal do not change, but their 

dispersion does, resulting in less catalytic surface area.  Table 7-2 shows the percentage of 

exposed precious metal remaining after each five cycles of thermal aging. In Case 1, the 

uniformly distributed catalyst, significant loss in dispersion occurs at the back of the catalyst. 
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involve a front-loaded catalyst and are thus less sensitive to the thermal aging process simulated 

here. The damage in Cases 3 and 4 are more severe, and the amounts of exposed precious metal 

(active sites) remaining are extremely small: 18% and 19% for Case 3 and Case 4, respectively.  

 

  

  

 

 

Figure 7-2: Five case scenarios showing the axial catalyst distribution along the monolith (fresh versus 

aged precious metal after 20 cycles of aging). 
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Table 7-2: Percentage of exposed precious metal remaining after each five cycles of thermal aging. 

Aging 
Cycles 

Case 1 Case 2 Case 3 Case 4 Case 5 

5 69% 73% 66% 65% 74% 

10 49% 55% 43% 43% 55% 

15 35% 42% 28% 29% 42% 

20 26% 34% 18% 19% 33% 

 

7.3.3 CO oxidation performance before and after aging 

Simulations were run for both fresh and thermally aged catalysts. The outlet CO conversions as a 

function of time were compared with the results shown in Figure 7-3. The conditions used for 

simulations are shown in Table 7-3. The data were obtained from the catalyst outlet after each 

five cycles of aging. 

Table 7-3: Simulation conditions of CO conversion for fresh and aged catalysts.  

Heating rate 30 K/min 

Final temperature  550 K 

Flow rate 19.06 L/min 

Precious metal loading  8 g/ft3 

Inlet concentration 800 ppm CO, 10 % O2 

 

For Case 1 with fresh catalyst, light-off conversion is reached at 4.7 minutes, or an inlet 

temperature of 439 K, and then conversion increases with the time to reach 100 % conversion at 

4.9 minutes, or 445 K. With thermal aging, light-off conversion takes a longer time to reach for 

each subsequent aging cycle due to the increasing loss in catalytic activity associated with the 

increasing loss in exposed active sites. Prior to light off, some heat was generated via the 
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exotherm generated from the small amount of CO converted. This heat is carried downstream, 

leading to more CO oxidation, which is accelerated by the decreasing amount of CO and thus 

self poisoning. With enough heat and less CO, light-off at the outlet occurs. With thermal aging, 

the CO oxidation reaction light-off condition therefore requires a higher temperature (longer 

time) in order to overcome the lower level of the reaction downstream as well s higher CO 

poisoning due to the smaller amount of exposed metal relative to the CO, so that light-off 

conversion after 20 aging cycles occurs at 5.4 minutes (457.5 K) for Case 1. However, an almost 

consistent delay time is evident in the overall conversion profiles for every five-cycle interval. 

After the first five aging cycles, T50(5) increased by 5 K.  In other words, the drop in catalyst 

activity at the back of the catalyst due to the loss in precious metal dispersion, of 31%, after the 

first five aging cycles requires a higher temperature, of 5 K, to initiate the light-off conversion.  

In comparing the T50 difference profiles between each five cycles, it is found that the 

T50(10),T50(15) and T50(20) increased by 4, 4 and 3.5 K, respectively. This indicates that under 

these conditions the limiting dispersion was not approached.  

For Case 2 with fresh catalyst, light-off conversion is achieved at 4.7 minutes (438 K), and 100 

% conversion is reached more quickly than with Case 1. When the conversion profiles for each 

five-cycle interval are compared, it is apparent that the increase in time (or inlet temperature) 

before light-off increases up to 10 cycles, and after, although they still increase, the changes are 

not as significant. In other words, after 10 cycles, the Case 2 design becomes less sensitive to 

thermal aging. Case 2 also proves better overall performance relative to Case 1, with light off 

after 20 aging cycles occurring earlier, or at lower inlet temperature. Prior to light off, the higher 
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level of catalyst upstream (double the value compared to Case 1 at the very inlet) results in more 

CO conversion and heat generated. Furthermore, in this catalyst design less number of active 

sites are distributed downstream which means less catalyst activity was lost at the back of the 

catalyst when compared to the uniform distribution. Case 2 is therefore considered a good 

catalyst design under these conditions of thermal aging, because the drop in catalyst activity is 

less affected by aging compared with Case 1. 

For Cases 3 and 4 with aging, the loss in catalyst activity continually increased with thermal 

aging cycle number for both cases, indicating there that the dispersion lower limit was not 

approached under these conditions. The T50 difference profiles between each five cycles for 

Case 3; T50 (5) ,T50(10), T50(15) and T50(20) increased by 4.5, 7, 7 and 6 K, respectively. It is noted 

that the increase in light-off temperature after the first five cycles is lower compared with 

subsequent aging cycles. This is unusual aging behavior, as normally the most significant aging 

is observed at first, with subsequent aging being less severe.  This suggests that there was still 

sufficient catalyst activity after the first aging cycle set so that the T50 change was not 

significant, but then more critical loss was suffered during the 2nd set. Therefore, although the 

back of the catalyst was affected, the remaining catalyst amount in the outlet section was still 

sufficient to catalyze the reaction until the 2nd set of aging, wherein there was too much catalyst 

lost, resulting in the small amounts of metal in the middle and front sections not being effective 

enough.     
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Also, it is found that no significant differences in light-off temperatures were observed between 

the five cases after the first five cycles. This is because there is still enough precious metal 

dispersion in all cases, even with the various axial precious metal distributions.  

Case 4 shows almost similar trends in light-off temperature delay between each five cycles. 

Cases 3 and 4 show the worst level of CO conversion with respect to time for each cycle. Both 

designs have lower levels of active sites at the catalyst front. Case 3 has most of the precious 

metal at the outlet region, which suffers the most thermal degradation. Case 4, the triangle 

distribution, also has little at the front, but also little at the back. However, the damage in the 

middle is still more extensive than that at the inlet, resulting in this design also proving poorer 

relative to Case 2. Overall,  prior to light off, the catalyst front reacted less CO, since there is less 

precious metal, leading to a smaller amount of heat transferred to the aged back, where there is 

poorer catalyst activity due to the thermal aging damage.  

In Case 5 with fresh catalyst, as described earlier, the reaction moves with a back-to-front wave 

propagation, with the high catalyst density at the catalyst outlet responsible for the earlier light-

off and the higher catalyst density in the upstream allowing high conversions to be reached 

relatively rapidly, as with Case 2. With aging, the earlier light-off behaviour is no longer evident 

due to the loss of active site density in the back of the catalyst. As well, the inflection in 

conversion after light-off is no longer observed. After aging, the downstream activity is 

significantly decreased, thus the remaining activity is not enough to induce significant reaction 

extents, making light-off occur upstream. Case 5 is then similar to Case 2 and is less sensitive to 



 

123 

 

thermal aging, especially after the first 10 cycles as both have almost similar dispersion after 

aging.  

 

 

  
 

  
 

 

Figure 7-3: CO conversion at the catalyst outlet as a function of time for the five case scenarios of axial 

catalyst distribution before and after aging. 
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To further analyze the effects of aging on these catalyst designs, the times required to reach 50% 

and 90% conversions along the monolith for the five catalyst designs before and after aging (20 

cycles) were compared and are shown in Figure 7-4. 

For the Case 1 design, the time to reach 50% conversion increases with length for the fresh 

catalyst, as shown in Figure 7-4a, since the reaction propagates from back to front. Light-off 

conversion begins at 2.5 cm/4.3 minutes and the reaction zone moves toward the inlet. With 

aging, more significant damage at the back of the catalyst occurs, leading to an increase in the 

time required to reach light-off conversion. At this point, light-off conversion is predicted to be at 

5.4 minutes, and also occurs deeper into the catalyst when compared to the unaged catalyst. 

During the warm-up period, the aged part at the back of the catalyst is inactive and the heat 

conducted from any upstream oxidation and due to the inlet portion being initially warmer 

contributes less to oxidation. However, once the temperature is high enough to reach light-off 

conditions, the reaction wave moves much more rapidly along the monolith toward the inlet than 

it does in the fresh catalyst. This is because the inlet temperature is now higher, which means the 

remaining exposed sites are more active, and with more at the front, the reaction will propagate 

faster.  

Data were also compared for catalyst performance after light-off: with 90% chosen as a measure 

and the data are shown in Figure 7-4b. Similar trends, relative to 50% conversion, are observed.  

The time required for 90% conversion is higher after aging, and once the catalyst reaches the 

required temperature for 90% conversion, the conversion travels more rapidly from back to front 

than was observed with the fresh catalyst. Unlike the 50% conversion behaviour, the reaction 
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zone location for 90% conversion is wider and shifted more toward the catalyst downstream in 

the fresh catalyst than in the aged one, due to the lower level of catalyst activity at the back of the 

catalyst after aging. Of course, higher temperature is required to achieve higher conversion 

(90%).  

 

 

 
Figure 7-4: Time to a) 50% and b) 90% CO conversions as a function of axial position for the five case 

scenarios of axial catalyst distribution before and after aging. Unaged/Fresh catalyst: solid line, Aged 

catalyst: dashed line. 
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active site density increases, resulting in the reaction propagating upstream. Once light off 

occurs, a faster propagation time is observed compared with the other designs, due to the 

increasing catalyst density.  

With aging, light-off moves toward the outlet and occurs at an earlier time (5.1 minutes) relative 

to the other designs. In this case, the larger amount of precious metal at the front of the catalyst, 

where less dispersion loss occurs, results in more CO conversion along the front section, leading 

to less CO poisoning downstream and more heat generated via the oxidation reaction to be 

carried downstream. Once light-off occurs, the conversion travels more quickly from back to 

front because the active site density is high toward the inlet.  

For Case 2, 90% conversion is first observed at 2.5 cm with the fresh catalyst, and after steady 

state is reached, it is achieved by 1.5 cm. However, with the aged catalyst, although 50% 

conversion was reached deeper in the catalyst, 90% conversion was not. In other words, although 

significant levels of oxidation were occurring in the outlet portion, there was not enough activity 

to reach high conversion. However, once the reaction wave reaches the front, high conversions 

can be achieved, but this results in the 90% conversion “appearing” at 1.5 cm (at one position of 

reaction zone along the catalyst), as highlighted by the dot sign. Carbon monoxide conversions 

and bulk gas temperatures as a function of axial length are shown in Figure 7-5, and the results 

demonstrate that 50% conversion and below are attained at the back of the catalyst. With time, 

the reaction propagation moves very quickly form back to front, where there is higher catalyst 

activity and therefore higher conversion. 

 



 

127 

 

 

 

 

Figure 7-5: CO conversion and bulk gas temperature as a function of axial length for Case 2 (Front 

loaded catalyst) after aging. 
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thermal degradation is realized, after aging, Case 3 takes longer to reach the 50% light-off 

conversion than do the other designs. A similar trend is observed for the 90% conversion. A 

minimum level of the catalyst activity at the upstream is required to generate enough heat from 

reaction to achieve high conversions. 

The Case 4 design prior to aging results in light-off conversion at 2.5 cm/4.7 minutes. The 

propagation slows as it approaches the inlet due to the smaller number of active sites at the inlet 

relative to the middle. The same trend is observed for 90% conversion, which starts at 4.7 

minutes, with the only difference being that this conversion is reached initially at the extreme 

back of the catalyst. The highest active site density is in the middle portion, which has the effect 

of shifting the zone where high conversions are achieved more toward the outlet. In general, this 

design is midway between Case 2 and Case 3 because the active site density is highest in the 

middle part of the catalyst. With aging, this design results in a longer time for the initiation of 

light-off due to the low level of catalyst activity at the outlet region, as in Case 3, but better light 

off performance (faster) is observed as the reaction propagates from back to front. The loss in the 

catalyst activity in the middle for Case 4 is less than Case 3 (Figure 7-2). Also, more time is 

required in order to attain 90% conversion at the front of the catalyst for the same reason. 

For Case 5 prior to aging, the 50 and 90% conversions are achieved at the back of the catalyst, 

due to the high catalyst density at the back. The reaction propagation then moves slowly toward 

the middle of the catalyst due to the decreasing catalyst density. Past the middle, the reaction 

moves more rapidly toward the inlet due to the increasing amount of active sites, and ends up 

being similar to Case 2. With aging, both conversions are initially achieved more toward the 
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inlet; 50 and 90% conversions are reached by 0.5 and 1.5 cm. The back-to-front propagation of 

the reaction from the outlet of the monolith does not occur due to the insufficient amount of the 

active zone in the middle and the back portions of the catalyst after aging.   

 
Figure 7-6: CO conversion at the catalyst outlet as a function of bulk temperature for the five case 

scenarios of axial catalyst distribution before and after 20 cycles of aging. 
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performance due to the smaller number of active sites in the upstream in this catalyst design. 

Case 4 shows better steady state conversion relative to Case 3. Table 7-4 lists the T50 values for 

the aged and unaged catalysts for each design. The worst performances are achieved with the 

Case 3 and 4 designs. Under conditions of thermal aging, the preferable catalyst design is one 

with more active sites upstream.  

 

Table 7-4: Light-off temperatures for the five designs of axial catalyst distribution before and after aging. 

Catalyst Design Unaged Aged 

Case 1 439 K 457.5 K 

Case 2 438 K 450.5 K 

Case 3 437.5 K 462 K 

Case 4 438.5 K 461.5 K 

Case 5 437.5 K 451 K 

 

7.4 Conclusions 

A 1D mathematical model that describes the transient behavior associated with a DOC was used 

to describe CO conversion performance after thermal aging for five catalyst designs that vary 

with respect to the distribution of precious metal down the length of the catalyst. A second order 

sintering model was used with the transient CO oxidation model in order to evaluate the 

performance of the DOC after thermal aging. The precious metal dispersion profile shows that 

the catalyst outlet was more significantly damaged compared to the inlet.  For all five catalyst 

designs, the outlet CO conversions as a function of temperature were compared before and after 

aging. In all cases, in the aged scenarios, the light-off conversions occurred at higher 
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temperatures due to decreased exposed active site content in the back portion of the catalyst after 

aging. The front-loaded designs were the least affected by thermal aging.  
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Chapter 8: Conclusions and future work. 

8.1 Conclusions 

In this thesis, the transient behavior of a monolith-supported DOC (diesel oxidation catalyst), as 

used in after-treatment systems of diesel vehicles, has been studied. A one-dimensional, non-

steady state model that accounts for physical and chemical processes occurring within the 

channels of a monolithic converter was used to simulate the oxidation reactions of CO, C3H6, and 

NO. Five axial catalyst distributions of Pt-Pd/Al2O3 catalyst were chosen for comparison to 

explain the reasons for improved or decreased performance as a function of catalyst distribution, 

each with a different axial precious metal distribution down the length, while maintaining 

equivalent totals of precious metal. This performance was evaluated under both fresh and 

deactivated catalytic activity. Two categories of catalytic activity loss have been considered: 

sintering and sulphur poisoning. The marked features of this work are as follows:  

 

1. Global oxidation reaction kinetics were developed for CO, C3H6, and NO over a Pt-Pd/Al2O3 

DOC. A simplified isothermal 1-dimensional model associated with an optimization routine 

was used to estimate the rate parameters of the kinetic expressions based on the data obtained 

over Pt-Pd/Al2O3. This rate model was used to predict the oxidation reaction performance 

under variety of axial catalyst distributions of precious metal.   

2. For CO oxidation performance, flow rates, temperature ramp rates, total precious metal 

loading, and CO inlet values were compared. Under specific conditions where measurable 

differences were observed, a higher precious metal loading at the outlet portion led to earlier 
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light off, but ultimately higher cumulative CO emitted, whereas a front-loaded catalyst led to 

the lowest cumulative CO emitted. These results prove that precious metal distribution can 

impact CO oxidation, but under relatively specific conditions, and can also be used to guide 

catalyst design to optimize a system for distinct drive cycle applications. 

3. The impact of the exotherm was more apparent for the mixture of the three reactants, CO, 

C3H6 and NO oxidation. It was found that a middle-loaded catalyst proved the best in CO and 

C3H6 conversion performance with the reasoning correlated to the significance of the 

exotherm. This did not hold for NO conversion, which requires the whole catalyst length. 

Also a back-loaded catalyst led to faster light-off conversion as was observed with just CO 

oxidation.    

4. A 1-D mathematical model was developed which can describe the sulphur accumulation 

profile along the monolith length for a variety of distributed precious metal designs. The 

catalyst activity loss due to sulphur poisoning was predicted as a function of exposure time to 

the poison. The effect of the loss of catalyst activity on the conversion performance of these 

catalyst designs with respect to CO oxidation was evaluated.  The results demonstrate that the 

sulphur accumulates near the catalyst inlet and then decreases toward the outlet. As a 

consequence, the catalysts experienced the highest damage in the catalyst upstream and the 

reaction zone was shifted further toward downstream.  A back-loaded catalyst showed the 

best light-off temperature relative to the other cases, but also still results in the worst steady 

state conversion performance. A middle loaded catalyst was considered to be the best catalyst 

design in terms of maintaining a high overall conversion if sulphur poisoning takes place. 



 

134 

 

5. A second order sintering model integrated with the CO oxidation reaction model was used to 

describe the catalyst activity loss of distributed precious metal designs after thermal aging. 

The simulation included aging the Pt-Pd/Al2O3 sample through exposure to 20 cycles of 

temperature ramps in series. The normalized dispersion as a function of the axial length over 

Pt-Pd/Al2O3 was calculated after each aging cycle. The results show that the catalyst outlet 

had more significant damage compared to the inlet. The performance of the catalyst designs 

with respect to CO oxidation was evaluated after the catalyst activity loss.  Under conditions 

of thermal aging, the front-loaded designs were the preferable catalyst design.  

8.2 Recommendations for future work 

The work presented here can be extended in the following directions.  

First, the reaction between C3H6 and NO2 can be added since NO2 acts as an oxidant in the 

reaction with C3H6. One of the main functions of the DOC is to provide NO2 through NO 

oxidation, since NO2 is a key intermediate or reactant for efficient performance of downstream 

LNT, SCR and DPF technologies. However, C3H6 reduces NO2 outlet levels. The axial precious 

metal distribution designs could be used for evaluating the best design that increase the NO2 

output.  

Second, the global kinetic expressions used here can be replaced with more detailed micro-

kinetic models to account for finite rates of adsorption, desorption, and interactions at the 

catalytic site level.  

Third, more complex washcoat structures where the precious metal loading varies with the 

washcoat depth can be modeled to study the effect of radial gradients in concentration and 
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temperature on conversion performance.  

Fourth, the model can be used to analyze the effects of various precious metal distributions on 

cooling performance of the monolith to maintain high catalyst activity and good heat 

conductivity under conditions where the catalyst temperature decreases, as when the vehicle 

slows or stops/idles. 

Fifth, parametric sensitivity analysis can be conducted to improve the catalyst performance by 

changing washcoat thickness, BET surface area, monolith wall thickness, total monolith volume 

or monolith length.  

Sixth, sulphur penetration profiles across the washcoat depth can be described and the conversion 

performance after its exposure to the poison can be evaluated.  
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Appendix 

 

§ A 1D-mathematical model used to solve DOC channel (m-file):  

 

function G = Monolith1Dmodel  
  
  
% COMSOL Multiphysics Model M-file 
% Generated by COMSOL 3.5a (COMSOL 3.5.0.603, $Date: 2008/12/03 17:02:19 $) 
  
flclear fem 
  
tic 
  
% COMSOL version 
clear vrsn 
vrsn.name = 'COMSOL 3.5'; 
vrsn.ext = 'a'; 
vrsn.major = 0; 
vrsn.build = 603; 
vrsn.rcs = '$Name:  $'; 
vrsn.date = '$Date: 2008/12/03 17:02:19 $'; 
fem.version = vrsn; 
  
% Geometry 
g1=solid1([0,0.036]); %Monolith length 
  
% Analyzed geometry 
clear s 
s.objs={g1}; 
s.name={'I1'}; 
s.tags={'g1'}; 
  
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
  
  
% Initialize mesh 
fem.mesh=meshinit(fem,'hmax',0.0002);  % Step size of the monolith length 
  
% Application mode 1 
% Mass balance: Gas phase  
clear appl 
appl.mode.class = 'FlPDEC'; 
appl.dim = {'u_CO','u_O2','u_CO2','u_C3H6','u_H2O','u_NO','u_NO2','u_N2', ... 
  'u_CO_t','u_O2_t','u_CO2_t','u_C3H6_t','u_H2O_t','u_NO_t','u_NO2_t', ... 
  'u_N2_t'}; 



 

137 

 

appl.name = 'c_Bulk'; 
appl.gporder = 4; 
appl.cporder = 2; 
appl.assignsuffix = '_c_Bulk'; 
clear bnd 
bnd.r = {0,{'CO_in';'O2_in';'CO2_in';'C3H6_in';'H2O_in';'NO_in';'NO2_in'; ... 
  'N2_in'}}; 
bnd.type = {'neu','dir'}; 
bnd.ind = [2,1]; 
appl.bnd = bnd; 
clear equ 
equ.f = {{'kc_CO*Sg*((us_CO*(us_CO>0))-
(u_CO*(u_CO>0)))';'kc_O2*Sg*((us_O2*(us_O2>0))-(u_O2*(u_O2>0)))'; ... 
  'kc_CO2*Sg*((us_CO2*(us_CO2>0))-
(u_CO2*(u_CO2>0)))';'kc_C3H6*Sg*((us_C3H6*(us_C3H6>0))-(u_C3H6*(u_C3H6>0)))'; 
... 
  'kc_H2O*Sg*((us_H2O*(us_H2O>0))-
(u_H2O*(u_H2O>0)))';'kc_NO*Sg*((us_NO*(us_NO>0))-(u_NO*(u_NO>0)))'; ... 
  'kc_NO2*Sg*((us_NO2*(us_NO2>0))-
(u_NO2*(u_NO2>0)))';'kc_N2*Sg*((us_N2*(us_N2>0))-(u_N2*(u_N2>0)))'}}; 
equ.c = 0; 
equ.be = 'v'; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{1} = appl; 
  
% Application mode 2 
% Mass balance: Solid phase 
clear appl 
appl.mode.class = 'FlPDEC'; 
appl.dim = {'us_CO','us_O2','us_CO2','us_C3H6','us_H2O','us_NO','us_NO2', ... 
  'us_N2','us_CO_t','us_O2_t','us_CO2_t','us_C3H6_t','us_H2O_t','us_NO_t', 
... 
  'us_NO2_t','us_N2_t'}; 
appl.name = 'c_Washcoat'; 
appl.gporder = 4; 
appl.cporder = 2; 
appl.sshape = 2; 
appl.assignsuffix = '_c_Washcoat'; 
clear prop 
clear weakconstr 
weakconstr.value = 'off'; 
weakconstr.dim = {'lm17','lm18','lm19','lm20','lm21','lm22','lm23','lm24', 
... 
  'lm25','lm26','lm27','lm28','lm29','lm30','lm31','lm32'}; 
prop.weakconstr = weakconstr; 
appl.prop = prop; 
clear bnd 
bnd.type = {'dir','neu'}; 
bnd.ind = [1,2]; 
appl.bnd = bnd; 



 

138 

 

clear equ 
equ.f = {{'(kc_CO*Ss*((u_CO*(u_CO>0))-(us_CO*(us_CO>0)))-
r1)/e_s';'(kc_O2*Ss*((u_O2*(u_O2>0))-(us_O2*(us_O2>0)))-0.5*r1-4.5*r2-
0.5*r3)/e_s'; ... 
  '(kc_CO2*Ss*((u_CO2*(u_CO2>0))-
(us_CO2*(us_CO2>0)))+r1+3*r2)/e_s';'(kc_C3H6*Ss*((u_C3H6*(u_C3H6>0))-
(us_C3H6*(us_C3H6>0)))-r2)/e_s'; ... 
  '(kc_H2O*Ss*((u_H2O*(u_H2O>0))-
(us_H2O*(us_H2O>0)))+3*r2)/e_s';'(kc_NO*Ss*((u_NO*(u_NO>0))-
(us_NO*(us_NO>0)))-r3)/e_s'; ... 
  '(kc_NO2*Ss*((u_NO2*(u_NO2>0))-
(us_NO2*(us_NO2>0)))+r3)/e_s';'(kc_N2*Ss*((u_N2*(u_N2>0))-
(us_N2*(us_N2>0))))/e_s'}}; 
equ.c = 0; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{2} = appl; 
  
% Application mode 3 
% Energy Balance: Gas phase 
clear appl 
appl.mode.class = 'FlPDEC'; 
appl.dim = {'u_T','u_T_t'}; 
appl.name = 'c_Bulktemp'; 
appl.sshape = 2; 
appl.assignsuffix = '_c_Bulktemp'; 
clear prop 
clear weakconstr 
weakconstr.value = 'off'; 
weakconstr.dim = {'lm33','lm34'}; 
prop.weakconstr = weakconstr; 
appl.prop = prop; 
clear bnd 
bnd.r = {0,'TQ'}; %here 
bnd.type = {'neu','dir'}; 
bnd.ind = [2,1]; 
appl.bnd = bnd; 
clear equ 
equ.f = 'kh*Sg*((u_Ts*(u_Ts>0))-(u_T*(u_T>0)))'; 
equ.da = 'p*Cp'; 
equ.c = 0; 
equ.init = {{'T_init';0}}; 
equ.be = 'v*p*Cp'; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{3} = appl; 
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% Application mode 4 
% Energy Balance: Solid phase 
clear appl 
appl.mode.class = 'FlPDEC'; 
appl.dim = {'u_Ts','u_Ts_t'}; 
appl.name = 'c_Washcoattemp'; 
appl.sshape = 2; 
appl.assignsuffix = '_c_Washcoattemp'; 
clear prop 
clear weakconstr 
weakconstr.value = 'off'; 
weakconstr.dim = {'lm35','lm36'}; 
prop.weakconstr = weakconstr; 
appl.prop = prop; 
clear bnd 
bnd.type = 'neu'; 
bnd.ind = [1,1]; 
appl.bnd = bnd; 
clear equ 
equ.f = '(kh*Ss*((u_T*(u_T>0))-(u_Ts*(u_Ts>0))))-(delta_H1*r1)-(delta_H2*r2)-
(delta_H3*r3)'; 
equ.da = 'ps*Cps'; 
equ.c = 'lenda'; 
equ.init = {{'Ts_init';0}}; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{4} = appl; 
fem.frame = {'ref'}; 
fem.border = 1; 
clear units; 
units.basesystem = 'SI'; 
fem.units = units; 
  
% Constants 
fem.const = {'Rg','8.314', ...  % Gas constant 
  'Sg','(2*0.00056)/(.00056^2)', ...  % gas interfacial area per unit reactor 
volume 
  'Ss','(2*0.00056)/(.0006^2-0.00056^2)', ...  % washcoat interfacial area              
per unit reactor volume 
  'e_s','0.65', ...  %  Washcoat porosity 
  'p','0.8', ...     %  Gas phase density 
  'ps','1501', ...   %  Solid phase density 
  'lenda','1.675'};  %  Effective axial heat conductivity                      
  
  
time=0;   
  
% Global expressions 
fem.globalexpr = {'CO_in','(0.0008*101325*(flc2hs(t-
0.01,0.01)))/(8.314*T_in)', ... % CO inlet mol/m^3 
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  'O2_in','(0.1*101325*(flc2hs(t-0.01,0.01)))/(8.314*T_in)', ...                    
% O2 inlet 
  'CO2_in','0', ...                                                                 
% CO2 inlet 
  'C3H6_in','(0.0008*101325*(flc2hs(t-0.01,0.01)))/(8.314*T_in)', ...                
% C3H6 inlet 
  'H2O_in','0', ...                                                                 
% H2O inlet 
  'NO_in','(0.0002*101325*(flc2hs(t-0.01,0.01)))/(8.314*T_in)', ...                 
% NO inlet 
  'NO2_in','0', ...                                                                 
% NO2 inlet 
  'N2_in','(0.7978*101325*(flc2hs(t-0.01,0.01)))/(8.314*T_in)', ...                 
% N2  inlet 
  'v','(19.06/(1000*60*203))/(.00056^2*3.14)', ...                                     
% velocity  
  'F','(T_in*10^6*8.314)/(101325)', ...                                             
% Fraction to convert PPM to mol/m^3 
  'T_in','TQ', ...                                                                  
% T inlet @ x=0 
  'T_init','298', ...                                                               
% T @ t=0 
  'Ts_init','298', ...                                                              
% Ts @ t=0 
  'r1','A1*k1*((us_CO*(us_CO>0))*(us_O2*(us_O2>0)))/G', ...                                                     
% CO reaction rate 
  'r2','A2*k2*((us_C3H6*(us_C3H6>0))*(us_O2*(us_O2>0)))/G', ...                                                 
% C3H6 reaction rate 
  'r3','((k3*(us_NO.*(us_NO>0))*(us_O2.*(us_O2>0))^0.5)-
((us_NO2.*(us_NO2>0))*k3/Keq))/G', ...                 % NO reaction rate 
  'k1','A1*exp(-86700/Rg/(u_Ts*(u_Ts>0)))*(flc2hs(t-0.01,0.01))', ... 
  'k2','A2*exp(-107000/Rg/(u_Ts*(u_Ts>0)))*(flc2hs(t-0.01,0.01))', ... 
  'k3','A3*exp(-41716/Rg/(u_Ts*(u_Ts>0)))*(flc2hs(t-0.01,0.01))', ... 
  'A1','2.9*10^14', ... 
  'A2','1.167*10^16', ... 
  'A3','4.695*10^6', ... 
  'G','    
((1+K1*(us_CO.*(us_CO>0))+K2*(us_C3H6.*(us_C3H6>0)))^2)*(1+K3*((us_CO.*(us_CO   
>0))^2)*((us_C3H6.*(us_C3H6>0))^2))*(1+K4*((us_NO.*(us_NO>0))^0.7)) 
 ', ...                                                                 
 % Inhibition term 
  'K1','65.6*exp(961/u_Ts)', ... 
  'K2','2080*exp(361/u_Ts)', ... 
  'K3','(4.79*10^5)*exp(-3733/u_Ts)', ... 
  'Cp','1009.1248+(0.2182*u_T)', ...                                            
% Gas-phase heat capacity J/(kg K)                                                     
  'Cps','1071+(0.156*u_Ts)-(3.435*10^7*u_Ts^-2)', ...                          
% Washcoat heat capacity J/(kg K) 
   'dG','(76.0341*u_Ts*(u_Ts>0))-58115.72',...                               
  'Keq','exp(-dG/8.314/(u_Ts*(u_Ts>0)))*((Rg*u_Ts/100000)^0.5)', ...           
% NO to NO2 equilibrium 



 

141 

 

  'delta_H1','-(282984+Cp*((u_T*(u_T>0))-298))'...                             
% CO heat enthalpy 
  'delta_H2','-(2058400+Cp*((u_T*(u_T>0))-298))'...                            
% C3H6 heat enthalpy 
  'delta_H3','-(56570+Cp*((u_T*(u_T>0))-298))'...                              
% NO heat enthalpy 
 'D_CO','(0.0000095895/10000)*(u_T)^1.75',...                                  
% Binary diffusivity  
 'kc_CO','(3*D_CO)/0.00217'...                                                 
% Mass transfer coefficient 
  'D_CO2','(0.0000076739/10000)*(u_T)^1.75',... 
 'kc_CO2','(3*D_CO)/0.00217'... 
  'D_O2','(0.0000096943/10000)*(u_T)^1.75',... 
 'kc_O2','(3*D_CO)/0.00217'... 
  'D_C3H6','(0.0000096624/10000)*(u_T)^1.75',... 
 'kc_C3H6','(3*D_CO)/0.00217'... 
  'D_H2O','(0.000012334/10000)*(u_T)^1.75',... 
 'kc_H2O','(3*D_CO)/0.00217'... 
 'D_NO','(0.000011219/10000)*(u_T)^1.75',... 
 'kc_NO','(3*D_NO)/0.00217'...                       
  'D_NO2','(0.0000113/10000)*(u_T)^1.75',... 
 'kc_NO2','(3*D_NO)/0.00217'...   
   'D_N2','(0.000011/10000)*(u_T)^1.75',... 
 'kc_N2','(3*D_NO)/0.00217'...   
  'lendas','2.260*10^-4*u_T^0.832',... 
 'kh','(10.5677*lendas)/0.00217',...                                         
% heat transfer coefficient  
  'TQ','(298+(0.5*t))*(t<=804)+700*(t>804)'};                                
% ramping rate equation: T increased from 298K to 700K at 30K/min 
  
  
% Different ramping rate functions:  
%((298+(5*t/60))*(t<=4824)+700*(t>4824))           5C/MIN. 700K 
%(298+(0.5*t))*(t<=804)+700*(t>804)                30C/MIN. 700K 
 
  
% Case 1 distribution for corresponding reactive species, CO, C3H6 and NO: 
  %A1= 2.9*10^14 
  %A2= 1.167*10^16 
  %A3= 4.695*10^6 
  
  
% Case 2 distribution: 
%A1=((-5.8*10^14/0.036)*x)+5.8*10^14 
%A2=((-2.334*10^16/0.036)*x)+2.334*10^16 
%A=3((-9.39*10^6/0.036)*x)+9.39*10^6 
  
  
% Case 3 distribution:  
%A1=((5.8*10^14/0.036)*x) 
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%A2=((2.334*10^16/0.036)*x) 
%A3=((9.39*10^6/0.036)*x) 
 
  
  
% Case 4 distribution: Triangle shape: 
%A1=((5.8*10^14/0.018)*x)*(x<=0.018)+(((-5.8*10^14)/0.018)*(x-
0.018)+(5.8*10^14))*(x>0.018) 
%A2=((2.334*10^16/0.018)*x)*(x<=0.018)+(((-2.334*10^16)/0.018)*(x-
0.018)+(2.334*10^16))*(x>0.018) 
%A3=((9.39*10^6/0.018)*x)*(x<=0.018)+(((-9.39*10^6)/0.018)*(x-
0.018)+(9.39*10^6))*(x>0.018) 
  
  
% Case 5 distribution: V shape 
%A1=(((-5.8*10^14)/0.018)*x+(5.8*10^14))*(x<=0.018)+((5.8*10^14/0.018)*(x-
0.018))*(x>0.018) 
%A2=(((-
2.334*10^16)/0.018)*x+(2.334*10^16))*(x<=0.018)+((2.334*10^16/0.018)*(x-
0.018))*(x>0.018) 
%A3=(((-9.39*10^6)/0.018)*x+(9.39*10^6))*(x<=0.018)+((9.39*10^6/0.018)*(x-
0.018))*(x>0.018) 
  
  
  
% ODE Settings 
clear ode 
clear units; 
units.basesystem = 'SI'; 
ode.units = units; 
fem.ode=ode; 
  
% Multiphysics 
fem=multiphysics(fem); 
  
% Extend mesh 
fem.xmesh=meshextend(fem); 
  
  
 
% Solve problem 
fem.sol=femtime(fem, ... 
                
'solcomp',{'u_O2','u_CO2','u_CO','u_T','us_CO2','u_Ts','us_O2','us_CO','u_C3H
6','us_C3H6','u_H2O','u_NO','u_NO2','u_N2','us_H2O','us_NO','us_NO2','us_N2'}
, ... 
                
'outcomp',{'u_O2','u_CO2','u_CO','u_T','us_CO2','u_Ts','us_O2','us_CO','u_C3H
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6','us_C3H6','u_H2O','u_NO','u_NO2','u_N2','us_H2O','us_NO','us_NO2','us_N2'}
, ... 
                'tlist',[colon(0,1,900)], ... 
                'atol',{'1e-6'}, ... 
                'rtol',1e-4, ... 
                'maxorder',2, ... 
                'tout','tlist'); 
  
% Save current fem structure for restart purposes 
fem1=fem; 
  
% Plot solution 
  
dlmwrite('u_CO.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'u_CO*F',fem1.mesh.p,'solnum','all')],  'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('us_CO.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'us_CO*F',fem1.mesh.p,'solnum','all')],  'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('u_CO2.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'u_CO2',fem1.mesh.p,'solnum','all')], 'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('u_O2.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'u_O2',fem1.mesh.p,'solnum','all')],  'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('u_C3H6.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'u_C3H6*F',fem1.mesh.p,'solnum','all')],  'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('us_C3H6.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'us_C3H6*F',fem1.mesh.p,'solnum','all')],  'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('u_H2O.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'u_H2O',fem1.mesh.p,'solnum','all')], 'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('u_NO.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'u_NO*F',fem1.mesh.p,'solnum','all')],  'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('us_NO.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'us_NO*F',fem1.mesh.p,'solnum','all')],  'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('u_NO2.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'u_NO2',fem1.mesh.p,'solnum','all')], 'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('u_N2.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'u_N2',fem1.mesh.p,'solnum','all')],  'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('u_T.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'u_T',fem1.mesh.p,'solnum','all')],  'delimiter', 
'\t','precision', '%.6f'); 
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dlmwrite('u_Ts.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'u_Ts',fem1.mesh.p,'solnum','all')], 'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('G.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'G',fem1.mesh.p,'solnum','all')], 'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('A1.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'A1',fem1.mesh.p,'solnum','all')],  'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('A2.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'A2',fem1.mesh.p,'solnum','all')], 'delimiter', 
'\t','precision', '%.6f'); 
dlmwrite('A3.txt',[postinterp(fem1,'t',0,'solnum','all')+time 
postinterp(fem1,'A3',fem1.mesh.p,'solnum','all')], 'delimiter', 
'\t','precision', '%.6f'); 
  
toc 
  
fclose('all'); 
%% 
  
close all 
  
load('u_CO.txt') 
load('us_CO.txt') 
load('u_CO2.txt') 
load('u_O2.txt') 
load('u_C3H6.txt') 
load('us_C3H6.txt') 
load('u_H2O.txt') 
load('u_NO.txt') 
load('us_NO.txt') 
load('u_NO2.txt') 
load('u_N2.txt') 
load('u_T.txt') 
load('u_Ts.txt') 
load('G.txt') 
load('A1.txt') 
load('A2.txt') 
load('A3.txt') 
 
T_in= 298; 
F=(T_in*10^6*8.314)/(101325); 
  
  
 
figure(1)  
  
plot([0:0.0002:0.036],u_CO(2:end,2:end));hold on; 
legend ('CO') 
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figure(2) 
  
plot([0:0.0002:0.036],u_C3H6(2:end,2:end));hold on; 
legend ('C3H6') 
  
figure(3) 
  
plot([0:0.0002:0.036],u_NO(2:end,2:end));hold on; 
legend ('NO') 
  
figure(4) 
  
plot([0:0.0002:0.036],u_T(2:end,2:end));hold on; 
legend ('T') 
  
  
figure(5) 
  
plot([0:0.0002:0.036],u_Ts(2:end,2:end));hold on; 
legend ('Ts') 
  
figure(6) 
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§ Outlet conversions in a mixture for the five case scenarios of axial catalyst distribution 

(Low temperature ramp rate: 5K/min, 700 K inlet  temperature, high flow rate: 30 L/min , 

8 g/ft3 loading, 800 ppm CO ,800 ppm C3H6, 200 ppm NO, 10% O2, 5% H2O and a N2 

balance). 
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§ Outlet conversions in a mixture for the five case scenarios of axial catalyst distribution 

(High temperature ramp rate: 30 K/min, 700 K inlet  temperature,  flow rate: 19.06 

L/min, high catalyst density: 80 g/ft3 loading, 800 ppm CO ,800 ppm C3H6, 200 ppm NO, 

10% O2, 5% H2O and a N2 balance). 
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Nomenclature  

a Gas/washcoat interfacial area per unit reactor volume, m2/m3 

A Pre-exponential factor, mol/m3·s 
g
pc

 
Gas-phase heat capacity, J/kg·K 

s
pc

 
Washcoat heat capacity, J/kg·K 

 d Diameter of the channel, m 

dh Hydraulic diameter of the channel, m  

E Activation energy, kJ/mol   

jrH ,∆
 
Reaction enthalpy of the jth reaction 

kc Gas/washcoat mass transfer coefficient, m/s 

hk  Heat transfer coefficient, J/m2·s·K  

kj Reaction rate constants, m3/mol·s 

ka Adsorption constant for poisoning reaction, mol/m3·s 

kd Desorption constant for poisoning reaction, 1/s 

ks Sintering rate constant, 1/s 

D Metal dispersion 

D0 Initial metal dispersion 

n Sintering order 

Kads,j Adsorption constant for species j, m3/mol 

Keq,NO Equilibrium constant for NO-NO2 reaction 

L Length of the monolith, m 

kM  Molecular weight of species k 

2NM
 

Molecular weight of nitrogen 

P Pressure, atm 

Re Reynolds number 

jR
 

Rate of the jth reaction, mol/m3·s 
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sR
 

Rate of the poisoning reaction, mol/m3·s 

If  Fraction of the adsorption sites covered with an inactive deposit.   

Sc Schmidt number 

Sh Sherwood number 

Nu Nusslet number 

Pr Prandtl number 

T Gas-phase temperature, K  
sT  Washcoat temperature, K 

υ Linear gas velocity, m/s 

yk Gas-phase concentration of the kth component, mol/m3 

ys
k Washcoat concentration of the kth component, mol/m3 

z Monolith axial coordinate, m 

t Time, s 

 

Greek letters 
gε  Monolith channel void fraction.  
sε  Washcoat porosity 
gρ  Gas phase density, kg/m3 

sρ  Washcoat density, kg/m3 

sλ  Effective axial heat conductivity in the washcoat, J/m·s·K 

 Gas thermal conductivity, W/m·k 

ε k Diffusion volume of species k 

ε N2 Diffusion volume of nitrogen 

jkv  Stoichiometric coefficient of the kth component in the jth reaction  

 

 

 

gλ



 

159 

 

Acronyms 

DOC Diesel oxidation catalyst 

DPF Diesel particulate filter 

LNT Lean NOx trap 

NSR NOx storage/reduction 

SCR Selective catalytic reduction  



 160 

References 

1. Heck, R.M.; Farrauto, R. J.; Gulati, S. T. Catalytic air pollution control. Third edition, 
P295. 

2. www.dieselnet.com. 

3. David, B.; Staffan, L.; Norimasa, L. Evolving technological systems for diesel engine 

emission control: balancing GHG and local emissions, Clean Technol Environ Policy 

2009, 11,339–365.   

4. Maus, W.; Bruck, R. Exhaust gas after-treatment systems for commercial vehicles-

technologies and strategies for the future. ICBC 2007-2.1. 

5. Majewski, W.A.; Khair, M. K. Diesel emission and their control. SAE Int. J. 1996, P367-

377. 

6. Van, N. M.; Tennison, P. Control method and system for diesel particulate filter 

regeneration. US Patent 7047729, 2006. 

7. U.S. Environmental protection agency. Written statement of the manufacturers of 

emission controls association. 2004, ID: OGC-2004-0007. 

8. Tomasic, V. Application of the monoliths in DeNOx catalysis. Catal. Today 2007, 

119,106-113. 

9. Collins, N.R.; Cooper, J.A.; Morris, D.; Ravenscroft A.; Twigg, M.V. Advanced three-

way catalysts optimization by targeted zoning of precious metal. SAE Paper 2005, 01-

2158. 

10. Tronci, S.; Baratti, R.; Gavriilidis, A. Catalytic converter design for minimization of 

cold-start emissions. Chem. Eng. Comm.1999, 173, 53. 

11. Psyllos, A.; Philippopoulos, C. Modeling of monolithic converters with axial catalyst 

distribution. Appl. Math. Modell. 1993, 17.  

12. Oh, S. H.; Cavendish, J. C. Mathematical modeling of catalytic converter light-off. Part 

II: Model verification by engine-dynamometer experiments. AlChE J. 1985, 31,935. 

13. Kim, Y. D. ; Jeong, S. J. ; Kim, W. S. Optimal design of axial noble metal distribution for 

improving dual monolithic catalytic converter performance. Chem. Eng. Sci. 2009, 64, 

1373. 

http://www.dieselnet.com/


 

161 

 

14. Ura, J.; Theis, J.; Goralski, C. Lean NOx trap with PGM zoned axially. U.S. Appl. 2011, 

10/904,414.  

15. Cominos, V.; Gavriilidis, A. Theoretical investigation of axially non-uniform catalytic 

monoliths for methane combustion. Chem. Eng. Sci. 2001, 56, 3455-3468. 

16. Technical highlights. EPA420-F-03-016, www.epa.com 

17. www.ec.gc.ca, The on-road vehicle and engine emission regulations 

18. Chatterjee, S.; Walker, A. P.; Blakeman, P. G. Emission control options to achieve Euro 

IV and Euro V on heavy duty diesel engines. SAE Int. J. 2008. 

19. Chen, J.; Yang, H.; Wang, N.; Ring, Z.; Dabros, T. Mathematical modeling of monolith 

catalysts and reactors for gas phase reactions. Appl. Catal., A 2008. 

20. Farrauto, R. J.; Voss, K. E. Monolithic diesel oxidation catalysts. Appl. Catal., B 1996, 

10, 29-51 

21. Chaitanya, S.; Edward, J.; Chmielewski, M.; Assanis, D.  Global kinetics for platinum 

diesel oxidation catalysts. Ind. Eng. Chem. Res. 2007, 46, 7993-8003. 

22. Chaitanya, S.; Edward, J.; Chmielewski, M. Global kinetics for a commercial diesel 

oxidation catalyst with two exhaust hydrocarbons. Ind. Eng. Chem. Res. 2008, 47, 311-

322. 

23. Salomons, S.; Hayes, R.E.; Votsmeier , M. The promotion of carbon monoxide oxidation 

by hydrogen on supported platinum catalyst. Appl. Catal., A 2009, 352, 27–34. 

24. Makino, M.; Kondo, T.  Evaluation of advanced diesel oxidation catalyst concepts Part 2. 

SAE Int. J. 2006. 

25. Neyestanaki, A.K.; Klingstedt, F.; Salmi, T.; Murzin, D.Y. Deactivation of 

postcombustion catalysts- a review. Fuel 2004, 83, 395-408. 

26. Beck, D.D.; Sommers, J.W.; DiMaggio, C.L. Axial characterization of catalytic activity 

in close coupled lightoff and underfloor catalytic converters. Appl. Catal., B 1997, 11, 

257-272. 

27. Ronald, M.; Farrauto, R. J.  Automobile exhaust catalysts. Appl. Catal., A 2001, 221 

443–457. 

http://www.epa.com/
http://www.ec.gc.ca/


 

162 

 

28. Olsson, L.; Blint, R.; Fridell, E.  Global kinetic model for Lean NOx Traps. Ind. Eng. 

Chem. Res. 2005, 44, 3021-3032.  

29. Mullaa, S.S.; Chen, N.; Delgass, W.N.; Epling, W.S.; Ribeiro, F.H.  NO2 inhibits the 

catalytic reaction of NO and O2 over Pt. Catal. Lett. 2005, 100, 3–4. 

30. Crocoll, M.; Kureti, S.; Weisweiler, W. Mean field modeling of NO oxidation over 

Pt/Al2O3 catalyst under oxygen-rich conditions. J. Catal. 2005, 229, 480–489. 

31. Lee, J.; Kung, H. Effect of Pt dispersion on the reduction of NO by propene over 

alumina-supported Pt catalysts under lean-burn conditions. Catal. Lett. 1998, 51, 1–4. 

32. Kaneeda, M.; Iizuka, H.; Hiratsuka, T.; Shinotsuka, N.; Arai, M. Improvement of thermal 

stability NO oxidation Pt/Al2O3 catalyst by addition of Pd. Appl. Catal., B 2009, 90, 564-

569. 

33. Irani,K.; Epling, W.S.; Blint, R. Effect of hydrocarbon species on NO oxidation over 

diesel oxidation catalysts. Appl. Catal., B 2009, 92, 422-428. 

34. Katare, S.R.; Patterson, J.E.; Laing, P.M. Diesel aftertreatment modeling: a system 

approach to NOx control. Ind. & Eng. Chem. Res. 2007, 46, 2445. 

35. Twigg, M.V. Progress and future challenges in controlling automotive exhaust gas 

emissions. Appl. Catal., B 2007, 70– 2–15. 

36. Keren, I.; Sheintuch, M., Modeling and analysis of spatiotemporal oscillatory patterns 

during CO oxidation in the catalytic converter. Chem. Eng. Sci. 2000, 55, 1461-1475. 

37. Sales, B.C.; Turner, J.E.; Maple, M.B. Oscillatory oxidation of CO over Pt, Pd and Ir 

Catalysts: Theory. Surf. Sci. 1982, 114, 381-394. 

38. Fernandez-Garcia, M.; Martinez-Arias, A.; Iglesias-Juez, A.; Hungria, A.B.; Anderson, 

J.A.; Conesa, J.C.; Soria, J. New Pd/CexZr1−xO2/Al2O3 Three-Way Catalysts prepared 

by microemulsion part 1. Characterization and catalytic behavior for CO oxidation. Appl. 

Catal., B 2001, 31, 39-50. 

39. Salomons, S.; Hayes, R.; Votsmeier, M.; Drochner, A.; Vogel, H.; Malmberg, S.; 

Gieshoff, J. On the use of mechanistic CO oxidation models with a Platinum monolith 

Catalyst. Appl. Catal., B 2007, 70 ,305-313. 



 

163 

 

40. Carlsson, P.; Osterlund, L.; Thormahlen, P.; Palmqvist, A.; Fridell, E.; Jansson, J.; 

Skoglundh, M. A Transient In Situ FTIR and XANES Study of CO oxidation over 

Pt/Al2O3 catalysts. J. Catal. 2004, 226, 422-434. 

41. Langmuir, I., The mechanism of the catalytic action of Platinum in the reaction 2CO + O2 

= 2CO2 and 2H2 + O2 = 2H2O. Trans. Farad. Soc. 1922. 

42. Voltz, S.E.; Morgan, C.R.; Liederman, D.; Jacob, S.M. Kinetic study of carbon monoxide 

and propylene oxidation on Platinum catalysts. Ind. Eng. Chem. Prod. Res. Dev. 1973, 12 

,294-301. 

43. Hauff, K.; Tuttlies, U.; Eigenberger, G.; Nieken, U. A global description of DOC kinetics 

for catalysts with different Platinum loadings and aging status. Appl. Catal., B 2010, 100 

,10-18. 

44. Guthenke, A. Development and application of a model for a NOx storage and reduction 

catalyst. Chem. Eng. Sci. 2007, 62.18-20, 5357-63. 

45. Kuo, J. C.; Morgan, C. R.; Lassen, H. G. Mathematical modeling of CO and HC catalytic 

converter systems. SAE Trans 1971, 80, 1098-1125. 

46. Oh, S. H.; Cavendish, J. C. Transients of monolith catalytic converters: response to step 

changes in feed stream temperature as related to controlling automobile emissions. Ind. 

Eng. Chem. 1982, 21, 29-37. 

47. Shamim, T.; Shen, H.; Sengupta, S.; Son, S.; Adamczyk, A. A. A comprehensive model 

to predict three-way catalytic converter performance. J. Eng. Gas Turbines Power 2002, 

124,421-428. 

48. Tischer, S.; Correa, C.; Deutschmann, O. Transient three-dimensional simulation of a 

catalytic combustion monolith using detailed models for heterogeneous and 

homogeneous reactions and transport phenomena. Catal. Today 2001, 69, 57-62. 

49. Jirát ,J.; Milan, K.; Marek M. Mathematical modelling of catalytic monolithic reactors 

with storage of reaction components on the catalyst surface. Catal. Today 1999, 53, 583–

596. 



 

164 

 

50. Sawatmongkhona, B.; Tsolakisa, A.; Theinnoib, K.; Yorkc, A.B.E.; Millingtonc, P.J.; 

Rajaramc, R.R. Micro-kinetic modeling of selective catalytic reduction (SCR) of NOx by 

propane in a silver-based automotive catalytic converter. Appli. Catal., B 2012, 111, 165-

177.  

51. Groppi, G.; Tronconi, E. Theoretical analysis of mass and heat transfer in monolith 

catalysts with triangular channels. Chem. Eng. Sci 1997, 52, 3521.    

52. Mauviot, G.; Le Berr, F.; Raux, S.; Perretti, F.; Malbec, L.; Millet, C. 0D Modelling: a 

promising means for after-treatment issues in modern automotive applications. Oil gas 

Sci. Tech. 2009, 64, 285-307. 

53. Hayes, R. E.; Kolaczkowski, S. T.; Thomas, J. W.; Titiloye, J. Transient experiments and 

modeling of the catalytic combustion of methane in a monolith reactor. Ind. Eng. Chem. 

Res. 1996, 35, 406–414. 

54. Wang, T. J.; Baek, S. W. Kinetic parameter estimation of a diesel oxidation catalyst 

under actual vehicle operating conditions. Ind. Eng. Chem. Res. 2008, 47, 2528-2537. 

55. Tanaka, Y.; Hihara, T.; Nagata, M.; Azuma, N.; Ueno, A. Modeling of diesel oxidation 

catalyst. Ind. Eng. Chem. Res. 2005, 44, 8205-8212. 

56. Kim,Y.; Kim,W. Re-evaluation and modeling of a commercial diesel oxidation catalyst. 

Ind. Eng. Chem. Res. 2009, 48, 6579–6590. 

57. Ramanathan, K; West, D. H.; Balakotaiah, V. Light-off and cumulative emissions in 

catalytic monoliths with non-uniform catalyst loading. Ind. Eng. Chem. Res. 2004, 43, 

4668–4690. 

58. Kapur, N.; Wang, L.; Truex, T.J.; Fujdala, K. L.; Nicholas, J. B. Light-off characteristics 

for diesel oxidation catalyst in monolith reactors: effect of catalyst distribution schemes. 

Nanostellar Inc., Redwood City, CA, USA, jnicholas@nanostellar.com. 

59. Bartholomew, C.H. Mechanisms of catalyst deactivation. Appli. Catal., A 2001, 212, 17-

60. 

60. Koltsakis, G.C.; Stamatelos, A.M. Catalytic automotive exhaust aftertreatment. Prog. 

Energy Combust. Sci. 1997, 23, 1-39. 



 

165 

 

61. Gunter, P.L.G.; Niemantsverdriet, J.W.; Ribeiro, F.H.; Somorjai, G.A. Surface science 

approach modelling supported catalysts, Catal. Rev. Sci. 1997, 39, 77-168. 

62. Stakheev, A.Y.; Kustov, L.M. Effects of support on the morphology and electronic 

properties of supported metal clusters: modern concepts and progress in 1990s. Appli. 

Catal., A 1999, 188, 3-35. 

63. Lassi, U. Deactivation correlations of Pd/Rh three-way catalysts designed for Euro-IV 

emmission limits- effect of ageing atmosphere, temperature and time. University of Oulu, 

Oulu, Finland, 2003. 

64. Mowery, D.L.; Graboski, M.S.; Ohno, T.R.; McCormick, R.L. Deactivation of PdO-

Al2O3 oxidation catalyst in lean-burn natural gas engine exhaust: aged catalyst 

characterization and studies of poisoning by H2O and SO2. Appli. Catal., B 1999, 21,157-

169. 

65. Heck, R.M.; Farrauto, R.J. The automobile catalyst: Its present and future family tree. 

Cattech 1997, 2, 117-124. 

66. Taylor K.C. Nitric oxide catalysis in automotive exhaust systems, Catal. Rev. Sci. Eng. 

1993, 35, 457-481. 

67. Mandur, J. M.A.Sc. Thesis-Modeling a NOx storage and reduction catalyst. UW-Space 

2009. 

68. Lambert, C.K.; Cheng, Y.; Dobson, D.; Hangas, J.; Janger, M.; Jen, H.; Warner, J. Post 

mortem of an aged tier 2 light-duty diesel truck aftertreatment system. SAE Tech. Paper 

2009, 01, 2711. 

69. Beck, D.D.; Carr, C.J. A study of thermal aging of Pt/Al2O3 using temperature-

programmed desorption spectroscopy. J. Catal. 1988, 110, 285-297. 

70. Wanke, S.; Flynn, P.C. The sintering of supported metal catalysts. Catal. Rev. Sci. Eng. 

1975, 12, 93-135. 

71. Bartholomew, C.H.; Fuentes, G.A. Catalyst deactivation. Elsevier, Amsterdam, Stud. 

Surf. Sci. Catal. 1997, 111. 



 

166 

 

72. Nagashima, K.; Nagata, M. Modeling of catalyst sintering and study of accelerated aging 

based on Pt/Al2O3 as a model catalyst, SAE J. 2007,01,1134. 

73. Lanzerath, P.; Guethenke, A.; Massner, A.; Gaertner, U. Analytical investigations on 

ageing phenomena of catalytic exhaust gas aftertreatment components. Catal. Today 

2009, 147, S265-S270. 

74. Forzatti, P.; Lietti, L. Catalyst deactivation. Catal. Today 1999, 52, 165-181. 

75. Guthrie, J. Sulphur in liquid fuels 2006. http://www.ec.gc.ca/cleanair-airpur/5B4D506F-

E73E-440A-B9CE-7C805D4FD15D/Sulphur in liquid fuels 2006-En.pdf. 

76. Rodriguez, J.A.; Hrbek, J. Interaction of sulphur with well-defined metal and oxide 

surfaces:  unraveling the mysteries behind catalyst poisoning and desulphurization. Acc. 

Chem. Res. 1999, 32 (9), 719-728. 

77. Corro, G. Sulphur impact on diesel emission control. React. Kin. Catal. Lett. 2002, 75 

(1), 89-106. 

78. Xue, E.; Seshan, K.; van Ommen, J.G. Catalytic control of diesel engine particulate 

emission: studies on model reactions over a EuroPt-1 (Pt/SiO2) Catalyst. Appli. Catal., B 

1993, 2, 183-197. 

79. Neyestanaki, A.K.; Klingstedt, F.; Salmi, T.; Murzin, D.Y. Deactivation of 

postcombustion catalysts, a review. Fuel 2004, 83, 395–408. 

80. Horiuchi, M.; Ikeda, Y.; Saito, K. Exhaust gas purification catalyst. 1991. 

81. Oh, S.T.; Kim, S.M.; Yoon, M.S.; Lee, H.K.; Yeo, G.K.; Lee, H.I. Influence of 

supporting materials on the deactivation of diesel exhaust catalysts. React. Kin. Catal. 

Lett. 2007, 90 (2), 339-345. 

82. Tanaka, Y.; Hihara, T.; Nagata, M.; Azuma, N.; Ueno, A. Modeling of diesel oxidation 

catalyst. Ind. Eng. Chem. Res. 2005, 44, 8205-8212. 

83. Beck, D.D.; Krueger, M.H.; Monroe, D.R. The impact of sulphur on Three-Way 

Catalysts: storage and removal. SAE Tech. 1991,  910844. 

http://www.ec.gc.ca/cleanair-airpur/5B4D506F-E73E-440A-B9CE-7C805D4FD15D/Sulfur%20in%20liquid%20fuels%202006-En.pdf
http://www.ec.gc.ca/cleanair-airpur/5B4D506F-E73E-440A-B9CE-7C805D4FD15D/Sulfur%20in%20liquid%20fuels%202006-En.pdf


 

167 

 

84. Luo, J.-Y.; Kisinger, D.; Abedi, A.; Epling, W.S., Sulphur release from a model Pt/Al2O3 

diesel oxidation catalyst: temperature-programmed and step-response techniques 

characterization. Appl. Catal., A 2010, 383 (1-2), 182-191. 

85. Arosio, F.; Colussi, S.; Groppi, G.; Trovarelli, A. Regeneration of S-poisoned Pd/Al2O3 

and Pd/CeO2/Al2O3 catalysts for the combustion of methane. Top. Catal. 2007, 42-43 (1-

4), 405-408. 

86. Watanabe, T.; Kawashima, K.; Tagawa, Y.; Tashiro, K.; Anoda, H.; Ichioka, K.; Sumiya, 

S.; Zhang, G. New DOC for light duty diesel DPF system. SAE Tech. 2007,  (2007-01-

1920). 

87. Irani, K. M.A.Sc. Thesis- characterization of competitive oxidation reactions over a 

model Pt-Pd/Al2O3 diesel oxidation catalyst. UW-Space 2009. 

88. Russell, A.; Epling, W. S.; Hess, H.; Chen, H.; Henry, C.; Currier, N.; Yezerets, A. 

Spatially-resolved temperature and gas species changes in a lean-burn engine emission 

control catalyst. Ind. Eng. Chem. Res. 2010, 10.1021/ 1005299. 

89. Barin, I. Thermochemical data of pure substances. 1995 Third edition,VCH: Weinheim, 

Germany, vol.II. 

90. Hawthorn, R. D. AIChE Symp. 1974 , Ser. 70 (137), 428.  

91. Welty, R.;Wicks, E.;Wilson, E.; Rorrer, L. Fundamentals of momentum, heat and mass 

transfer. 2007 Fifth edition, WILEY, 409-414. 

92. Olsson, L.; Persson, H.; Fridell, E.; Skoglundh, M.; Andersson, B. A kinetic study of NO 

oxidation and NOx storage on Pt/Al2O3 and Pt/BaO/Al2O3. J. Phys. Chem. B. 2001, 105, 

6895. 

93. Koltsakis, G. C.; Konstantinidis, P. A.; Stamatelos, A. M. Development and application 

range of mathematical models for 3-way catalytic converters. Appli. Catal., B1997, 12, 

161. 

94. McBride, B. J.; Gordon, S.; Reno, M. A. Coefficients for calculating thermodynamic and 

transport properties of individual species. NASA Technical Memorandum 1993, 4513.  

95. Fogler, H. S. Elements of chemical reaction engineering. Third edition 1999,Appendix G 



 

168 

 

96. Shakir, O.; Yezerets, A.; Currier, N. W.; Epling, W. S. Spatially resolving concentration 

and temperature gradients during the oxidation of propylene on Pt/Al2O3. Appli. Catal., A 

2009, 365, 301-308.   

97. Luss, D. Temperature fronts and fatterns in catalytic systems. Ind. Eng. Chem. Res. 1997, 

36, 2931. 

98. Cheng, Y.; Xu, L.; Hangas, J.; Jagner, M.; Lambert, C. Laboratory postmortem analysis 

of 120k mi engine aged Urea SCR catalyst. SAE Tech. 2007, 1579. 

99. Takahashi, Y.; Takeda, Y.; Kondo, N.; Murata, M. Development of NOx trap system for 

commercial vehicle-basic characteristics and effects of sulfur poisoning. SAE Tech. 

2004, 01-0580. 

100. Oh, S.H.; Cavendish, J.C. Design aspects of poison-resistant automobile monolithic 

catalysts. Ind. Eng. Chem. Prod. Res. Dev. 1983, 22, 509-518. 

101. Corro, G.; Montiel, R.; Vazquez, C. Promoting and inhibiting effect of SO2 on propane 

oxidation over Pt/Al2O3. Catal. Commun. 2002, 533-539. 

102. Somorjai, G. A. X-ray and electron methods of analysis. Plenum Press. New York. 
1968, chapter 6. 

 

 

 


	Chapter 1 : Introduction
	1.1 Motivation
	1.2 Research objectives
	1.3 Thesis outline

	Chapter 2 : Literature Review
	2.1 Health and environmental effects of diesel combustion emissions
	2.2 Emission regulation and control
	2.3 Catalytic technologies of diesel emission control
	2.3.1 Diesel oxidation catalyst (DOC)
	2.3.2 Control of NOx under lean-burn conditions
	2.3.2.1 NOx storage/reduction (NSR)
	2.3.2.2 Selective catalytic reduction of NOx (SCR)

	2.3.3 Control of diesel exhaust particulate matter

	2.4 Oxidation reactions mechanisms
	2.5 Overview of modeling in monolithic catalytic converters
	2.6 Catalyst deactivation
	2.6.1 Thermal degradation [sintering]
	2.6.2 Poisoning
	2.6.2.1 Sulphur effect
	2.6.2.2 Desulfation



	Chapter 3 : Modeling the Diesel Oxidation Catalyst
	3.1 Overview
	3.2 Catalyst structure
	3.3 Model assumptions and justifications
	3.4 Model equations
	3.5 Boundary and initial conditions
	3.6 Reaction kinetics model
	3.7 Mass and heat transfer in the catalyst channels
	3.8 Conclusions

	Chapter 4 :  Kinetic parameter estimation
	4.1 Overview
	4.2 Experimental data
	4.3 Catalyst geometry and parameters for model simulation
	4.4 Optimization model
	4.5 CO, C3H6 and NO oxidation
	4.6 Conclusions

	Chapter 1
	Chapter 5 : Axial precious metal distribution effects on monolith-supported catalyst
	5.1 CO oxidation
	5.1.1 Effect of using a higher heating rate
	5.1.2 Effect of catalyst density
	5.1.3 Effect of flow rate
	5.1.4 Effect of CO inlet concentration
	5.1.5 Combined effects

	5.2 Simultaneous oxidation reactions
	5.3 Conclusions

	Chapter 6 : Effects of sulphur on the performance of the axial precious metal distribution catalyst designs
	6.1 Overview
	6.2 Sulphur poisoning
	6.3 Results and Discussions
	6.3.1 Sulphur adsorption and desorption temperature versus axial length
	6.3.2 Sulphur accumulation profile along the monolith length at various temperatures and times
	6.3.3 Sulphur poisoning of five designs for axial catalyst distribution.
	6.3.4 Conversion performance of CO oxidation for fresh and poisoned catalysts

	6.4 Conclusions

	Chapter 7 :  Aging behavior of the five distributed precious metal catalyst designs
	7.1 Overview
	7.2 Sintering
	7.3 Results and Discussions
	7.3.1 Precious metal dispersion
	7.3.2 Thermal aging effect on the five case scenarios
	7.3.3 CO oxidation performance before and after aging

	7.4 Conclusions

	Chapter 8 : Conclusions and future work.
	8.1 Conclusions
	8.2 Recommendations for future work

	Nomenclature
	References

