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Abstract 

After the energy crisis in 1970s, the impacts of increasing numbers of vehicles, 

including natural gas vehicles (NGVs), on global air quality has highlighted the demand 

to optimise existing vehicle aftertreatment systems. Increasingly stringent emission 

regulations in many countries lead to challenges for automobile manufacturers to meet 

carbon monoxide (CO), total hydrocarbon and nitrogen oxides emission standards, 

thus further optimisation of current aftertreatment technologies is essential. 

Optimisation of the three-way catalysts (TWCs) converters is a challenge due to the 

spatially-distributed and transient nature of the operation of vehicles. The conventional 

method of investigating catalysts properties by analysis of the chemical species at the 

reactor outlet (end-pipe analysis method) provides large amounts of valuable 

knowledge, but due to the lack of intra-catalyst data, limits the possibility of designing 

and optimising catalytic converters. Spatially-resolved experimental techniques 

provide a solution to this drawback, by accessing spatiotemporal intra-catalyst 

information to help in the construction in more accurate and predictive models. Using 

spatially and/or temporally mapping of aftertreatment reactions in structured catalysts 

provide a density of information which is crucial for the optimisation of kinetics 

modelling for engine operations, however, difficult to access using traditional end-pipe 

analysis methods. 

The main requirement of catalytic converters modelling is to accurately predict their 

performance through mathematical expressions, representing physiochemical 

processes of these aftertreatment systems. These processes include mass transfer 

and surface reactions associated with the chemistry of interest. As mass transfers from 

the gas phase to the catalyst surface have significant influences in determining the 
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kinetics of the reactions, the accuracy in describing these processes is crucial. The 

aim of the present work is to develop a novel methodology to determine, 

experimentally, the mass transfer coefficients in monolith catalysts using a spatially-

resolved approach. 

In Chapter 1, the general background, aims and contributions of this subject were 

introduced. After the mid-1950s, the oil products used for road transports accounts for 

the large proportion of the world’s energy consumption and the large amount of 

harmful products are formed, thus become a hazard to air quality and human’s health. 

To meet the increasingly stringent emission standards for vehicles, it is important to 

improve the performance of catalytic converter used in vehicles. Therefore, it is 

necessary to have a deep insight for the process occurs inside the monolith catalyst, 

this is the main work in the research field of aftertreatment study. The general aim of 

this field is the accurate simulation of aftertreatment processes. To achieve this 

accuracy, not only the chemistry of the catalytic processes needs to be described but 

also effective diffusion needs to be investigated. As the result, the actual aim of this 

study is the accurate measurement of effective diffusion within monolith catalysts. 

Chapter 2 is the literature review of this study. Herein, the selection of type of model 

which describe the catalytic process within the monolith catalyst was reported. Since 

the diffusion is a crucial process for catalytic process, various methodologies were 

used to measure effective diffusivity within the monolith catalyst, the potential of using 

the spatially-resolved technique to measure the effective diffusivity was purposed. The 

limitations of this technique in the previous work were summarised. 

In Chapter 3, the spatially-resolved capillary-inlet mass spectrometry (SpaciMS) 

technique is introduced. Measurements of spatially-resolved species concentration 
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profiles of heterogeneous catalytic reactions are obtained with a movable sampling 

capillary translated along catalyst beds. The mapping of the concentration profiles 

inside the monolith core was carried out under steady-state conditions. Various 

gaseous species including oxygen (O2), carbon dioxide (CO2), methane (CH4) and CO 

were respectively fed into the central channel of monolith cores with the aim of 

calculating mass transfer coefficients. A commercially available aftertreatment 

modelling platform named Axisuite used in this project was introduced, which provides 

the panel of setting of kinetic equations. 

In Chapter 4, a SpaciMS technique was developed as a novel methodology to 

investigate the process of mass transfer in monolith catalysts and applied to the 

investigation of CH4 oxidation inside a commercial 3 wt.%Pd/Al2O3 monolith catalyst. 

The mass transfer coefficients of O2, CO2 and CH4 were measured and their effective 

diffusivities were calculated by a modified Bosanquet approach which confirms that 

the dominant diffusion regime type in the substrate and washcoat respectively. The 

applicability and efficiency of these new approaches were assessed via comparison 

of simulations of the CH4 catalytic oxidation using either correlation or experimental 

based mass transfer coefficients. This methodology provided the information which 

supported the need for accurate values of the catalyst’s physical properties 

coefficients and subsequent modelling of the catalytic oxidation reaction including the 

inhibition effects of water. 

In Chapter 5, the spatially-resolved analytical methodology developed in Chapter 4, 

was used to study the spatial distribution of the diffusion regimes of the reactants and 

products of the CO oxidation in a deactivated monolith catalyst (not the catalyst used 

in Chapter 4, but was used to run the CO oxidation experiments done in QUB). When 
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the rate of diffusion of species within porous medium is slow compared to the intrinsic 

rate of reaction, then the diffusion is considered to be the rate-controlling step and 

significantly impacts the catalyst’s performance. It is therefore important to measure 

the mass transfer parameters of the reactants and products, which are essential to 

develop catalysts with enhanced performances. The extension of the application of 

the SpaciMS technique was explored through the quantification of axial profiles of the 

mass transfer parameters: the intra-catalyst information such as the evolution of mass 

transfer parameters and diffusion coefficients have been depicted, their values were 

greatly influenced by the axial position especially for the front part of the monolith 

catalyst due to the higher level of deactivation occurs in the front. The resultant 

effective diffusivities of CO, O2 and CO2 were calculated using a modified Bosanquet 

approach which confirmed the local dominant diffusion regime type in the substrate 

and washcoat respectively. The reported in-situ spatially-resolved method is a novel 

approach that can be used to access the deactivation information in washcoated 

monolith catalysts, especially in the case of increased mass transfer resistance due to 

a reduction of pores opening. 
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Nomenclature 

This section includes the symbols, abbreviations and chemical symbols used within 

this documents.   

 

List of Symbols 

A Pre-exponential factor Unfixed 

ci,k Stoichiometric coefficients of i for reaction k mol·m-3 

cg,i Concentration of species in the gas phase - 

cm Molecular density of gas mol·m-3 

cp Specific heat J·kg-1·K-1 

cs,i Concentration of species in the solid wall - 

DAB,M Binary gas phase diffusivity of A and B m2·s-1 

Di,0 Total diffusivity of species i m2·s-1 

Di,1,eff Effective diffusivity of species i in substrate m2·s-1 

Di,2,eff Effective diffusivity of species i in washcoat m2·s-1 

Di,eff  Effective diffusivity of species i m2·s-1 

Di,K Knudsen diffusivity of species i m2·s-1 

Di,M Molecular diffusivity of species i m2·s-1 

D’A Effective diffusivity of gas A m2·s-1 

dh Channel hydraulic radius m 

dp Mean pore size of porous medium m  

Ea Activation energy kJ·mol-1 

f Friction factor - 
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Gz Graetz number - 

Kp Equilibrium constant - 

k Reaction rate constant Unfixed 

km Convective mass transfer coefficient m·s-1 

koverall Overall mass transfer coefficient m·s-1 

L Length m 

M Molecular weight g·mol-1 

p Pressure atm 

Pr Prandtl number - 

r Rate of reaction mol·L-1·s-1 

R Gas constant J·kmol-1·K-1 

Rk Rate of reaction mol·m-3·s-1 

Re Reynolds number - 

Sc Schmidt number - 

Sh Sherwood number - 

T Temperature K 

u Linear velocity m·s-1 

w Intralayer dimension - 

W Wall thickness m 

yi Mole fraction of component i - 

ΔE Enthalpy of reaction J·mol-1 

ΔHi Heat of adsorption of species J·mol-1 

ε Porosity of the material - 

θ Fraction of active site - 

λ Thermal conductivity W·m-1·K-1 
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μ Dynamic viscosity Pa·s 

ρ Density kg·m-3 

σAB Lennard-Jones collision diameter Å  

τ Tortuosity factor - 

ΩD Collision integral for molecular diffusion - 

List of Abbreviations 

1D  One dimensional 

2D  Two dimensional 

3D Three dimensional 

AFR  Air-fuel ratio 

CFD  Computational fluid dynamics 

CI  Compression ignition 

cpsi  Cells per square inch 

CVF  Conventional vehicle fuels 

DOC  Diesel oxidation catalysts 

DPF  Diesel particulate filters  

EU  European Union 

FTIR  Fourier transform infrared spectroscopy 

GC  Gas chromatography 

GWP  Global warming potential 

HC  Hydrocarbons 

I.D. Inside diameter 

ICE  Internal combustion engine 

IR Infrared 
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LEV  Low emission vehicle 

LNT  Lean NOx traps 

Mtoe  Million tonnes oil equivalent 

m/z Mass to charge 

MS  Mass spectrometry 

NGV  Natural gas vehicle 

NMHC  Non-methane hydrocarbons 

NMOG Non-methane organic bases 

O.D. Outer diameter 

ODE Ordinary differential equation 

OSC  Oxygen storage component 

PC Passenger car 

PDE Partial differential equation 

PGM  Platinum group metal 

PM  Particulate matter 

PN  Particle number 

ppm Parts per million 

QIC Quartz inlet capillary 

rpm  Revolutions per minute 

SCR  Selective catalytic reduction 

SEM Secondary electron multiplier/Scanning electron microscopy 

SI  Spark ignition 

SpaciMS  Spatially-resolved capillary-inlet mass spectrometry 

SULEV  Super ultra low emission vehicles 

TWC  Three-way catalysts 
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ULEV Ultra low emission vehicles 

UK United Kingdom 

VOC  Volatile organic compound 

WGS  Water-gas shift 

XAS  X-ray adsorption spectroscopy 

 

List of Chemical Symbols 

Al2O3  Alumina 

Ar Argon 

C2H6 Ethane 

C3H6  Propene 

C3H8  Propane 

Ca Calcium 

CeO2  Cerium dioxide 

CH3OH  Methanol 

CH4  Methane 

CO  Carbon monoxide 

CO2  Carbon dioxide 

Fe  Iron 

H2  Hydrogen 

H2O Water 

HCHO  Formaldehyde 

Mg Magnesium 

N2  Nitrogen 
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N2O  Nitrous oxide 

NO  Nitrogen oxide 

NO2  Nitrogen dioxide 

NOx  Nitrogen oxides 

O2  Oxygen 

O3  Ozone 

OH Hydroxyl ion 

Pd  Palladium 

PdO  Palladium oxide 

Pt  Platinum 

Rh  Rhodium 

Zn Zinc 
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Chapter 1 Introduction 

 

1.1 Energy Supply and Applications 

Increasing global population and life expectancy have created a great strain on the 

world’s natural resources. To meet people’s desire of improving their quality of life, the 

energy required is very substantial. Figure 1.1 [1] shows the steady increase in world’s 

energy consumption. In 2018, the global energy consumption was reported to be at 

13864.9 Mtoe, with Mainland China (3273.5 Mtoe), the United States (2300.6 Mtoe), 

India (809.2 Mtoe), Russia (720.7 Mtoe) and Japan (454.1 Mtoe), representing the 

main consumers. World energy consumption increased by 2.9% and the demand for 

every fuel increased in 2018. Since 2010, growth was the strongest and doubled the 

10-year average [1]. Fossils fuels especially oil account for the largest proportion of 

the world’s energy consumption.  

Since the mid-1950s, oil has been among the most important fuel sources of the 

industrialised countries. In 2017, the oil and its downstream products accounted for 

ca. 38% of the United Kingdom’s fuel consumption [2]. The breakdown of usage of the 

oil downstream products, such as diesel fuel, petrol fuel, aviation fuel, gas oil and 

burning oil, are detailed in Figure 1.2. Road transport is the largest consumer of oil 

products in the form of conventional vehicle fuels (CVF) such as diesel and petrol [3]. 

The widespread use of CVF has been attributed to their relatively low price, 

convenience of transport and distribution [4], and outstanding transportation 

compatibility with internal combustion engine (ICE) [5]. 
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Figure 1.1: Breakdown of total global consumption from 1993 to 2018 [1]. 

 

 

Figure 1.2: Consumption of oil products by sector, 2016 [2]. 
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In 2016, the global vehicle population was estimated around 1.32 billion and expect to 

increase to 2.8 billion by 2036 [6,7], this would lead to the large scale increase in CVFs 

utilisation and its subsequent environment impacts due to vehicle emissions, although 

electric vehicles would account significant proportion of the future vehicle fleet [7]. 

Nowadays air pollution is becoming a risk for the environment and the health of human 

beings and has received considerable attention over the past few decades. Air 

pollution caused by combustion of CVFs contributes majorly to air quality problems in 

urban area, which is considered to be one of the main hazards to public health in most 

cities in developing countries such as China. For developed countries, the 

implementation of legislation for air pollution reduction effectively addressed theses 

challenge and then confirmed by long-term evaluation [8]. 

Considering the finite oil reserves and its non-renewable nature, the long term use of 

CVFs is not sustainable. In addition to this, the increasing demand for energy supply 

security has led many countries such as China to develop alternative energy in order 

to reduce their dependence on imported oil [9]. The European Union (EU) has 

released the Renewable Energy Directive, which requires all EU member states to 

ensure that at least 10% of their fuels consumption in the transportation sector to come 

from renewable source by 2020 [10]. Overall, the negative aspects associated with the 

use of oil products, including CVFs, highlight the need for alternative vehicle fuels, 

meanwhile further investigation in emissions abatement methodologies must be 

continued. 

Alternative fuels such as natural gas, electricity, biofuels, hydrogen (H2), liquefied 

petroleum gas have all been utilised for automobiles applications. After the energy 

crisis in 1970s, natural gas has been used as one of the most promising alternative 
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vehicular fuels worldwide. The main positive properties of natural gas include 

environmental and economic advantages. Compared to CVFs, the use of natural gas 

produces less air pollutant such as nitrogen oxides (NOx) and particulate matter (PM) 

[11]. Moreover, natural gas is cheaper than CVFs price. Natural gas can fuel both 

spark ignition (SI) engines and compression ignition (CI) engines. Motivated by these 

advantages, natural gas vehicle (NGV) programs are developing rapidly and by 2018, 

there were around 26 million NGVs in use worldwide [12]. The major drawback of 

using natural gas is the fact that unburned methane (CH4) is a significant greenhouse 

gas. Compared to the global warming potential (GWP) of carbon dioxide (CO2), the 

GWP of CH4 is 25 times of CO2 in 100 years and it is even more for a shorter period 

of time [13]. What should be noted is the urgency of climate change would not tolerate 

people solving the global warming issue in the time scale of one century. 

 

1.2 Environmental and Health Implications of Automotive Vehicle Emissions 

In order to slow down global warming and improve air quality, automotive vehicle 

emissions have received considerable attention during the last decades. A large 

proportion of automotive vehicles utilise petrol and diesel as fuels. During the 

combustion processes inside the ICE of these vehicles, harmful products are formed 

including carbon monoxide (CO), NOx, un-combusted hydrocarbon (HC) and PM, 

which are significant concern in automotive exhaust streams [14]. The primary reason 

for the formation of CO and HC is the incomplete combustion of the fuel. This can 

occur when an ICE is operating under rich conditions, which denotes the condition that 

the fuel is excessive to air in stoichiometry. NOx stands for a combination of nitrogen 

oxide (NO), nitrous oxide (N2O) and nitrogen dioxide (NO2), which are formed under 

conditions of high combustion temperatures in excess to 1600 °C. PM emissions are 
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caused by the accumulation of small particles of unburned fuel, ash, sulphates and 

water [14,15]. Figure 1.3 [16] shows the composition of typical exhaust gases for petrol 

and diesel engines, respectively.  

 

 

Figure 1.3: Composition of exhaust gas in petrol engine and diesel engine [16]. 

 

As a result of the large scale use of ICE, significant quantities of exhaust gases 

including harmful products are emitted to the atmosphere. With respect to the 

detrimental effect of air pollutants to human health, CO is the most toxic. It is a 

colourless and odourless gas which combines with haemoglobin in the blood faster 

than oxygen (O2), thus inhibiting O2 delivery to the body’s organs. Inhalation of CO at 

short term low concentrations may result in headaches, dizziness, respiratory problem, 

fatigue, etc. High concentrations or long term exposure will result in convulsions, 

cerebral oedema and even death [17]. In the presence of sunlight, NOx contributes to 

the formation of photochemical smog and nitric acids in atmosphere which contributes 

to acid rain. NOx also react with volatile organic compounds (VOCs) to form ozone 

(O3). Long term exposure to NOx increase the risk of death associated with respiratory 

problems [18]. Mainly consisting of alkanes, alkene and aromatics, HC are generally 
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toxic and contributes to smog and O3 formation. Long term exposure to HC may 

increase the risk of cancer and other disease of the respiratory system [14,19]. PM is 

mostly emitted from diesel engine and nearly 90% of PM’s diameter is smaller than 1 

µm. The long term inhalation of PM has been proven to lead to cardiovascular and 

respiratory illnesses [20].  

So far, the combustion of all oil based fuels produce a range of greenhouse gases 

(CO2, water vapour, CH4, N2O, etc.), which contribute to global warming and climate 

change. It is important to be aware that CH4 has a high GWP, and is one of the exhaust 

gas composition of the NGVs. This means that emission produced by the NGVs could 

increase the global warming [21]. 

 

1.3 Emissions Legislation 

The increasing public concern with respect to the emissions from ICEs associated to 

negative effects on environment and health is related to the increase of global vehicle 

utilisation. For instance, in China, about 27.8 million motor vehicles were 

manufactured in 2018 and around 340 million motor vehicles are utilised on the roads 

in 2019 [22,23]. As reported by the Global Burden of Disease in 2015, approximately 

1.1 million people died due to air pollution in China only [24]. The seriousness of the 

situation exemplified by the China case has forced governments around the world to 

strengthen the legislation to limit vehicles emissions. 

The first European emission standards for vehicle emissions were introduced in 1993, 

which defined and limited a set of emission pollutants for vehicles including cars, 

lorries, and trains. Today, the current version is Euro 6 which is the most stringent 

regulation so far. As a result of this new legislation, evident health benefits have been 
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observed and recently confirmed by a long term evaluation [25]. Table 1.1 [26] reports 

the qualitative and quantitative summary of the emission standards for passenger cars 

and light commercial vehicles which utilise petrol or diesel. Nowadays, new 

automobiles compliance with emissions standards must be verified using standardised 

test cycles, and only the vehicles that meet the emission standards can be sold.  

 

Table 1.1: European Emission Standards for Petrol and Diesel Vehicles 

Tier Year 
CO 

[g/km] 
HC 

[g/km] 
NMHC 
[g/km] 

NOx 
[g/km] 

HC+NOx 
[g/km] 

PM 
[g/km] 

PN 
[#/km] 

Petrol Vehicles 

Euro 1 1993 2.72 - - - 0.97 - - 

Euro 2 1997 2.2 - - - 0.5 - - 

Euro 3 2001 2.3 0.2 - 0.15 - - - 

Euro 4 2006 1 0.1 - 0.08 - - - 

Euro 5a 2011 1 0.1 0.068 0.06 - 0.005 - 

Euro 5b 2013 1 0.1 0.068 0.06 - 0.0045 - 

Euro 6b 2015 1 0.1 0.068 0.06 - 0.0045 6×1011 

Euro 6c 2018 1 0.1 0.068 0.06 - 0.0045 6×1011 

Euro 6d-Temp 2019 1 0.1 0.068 0.06 - 0.0045 6×1011 

Euro 6d 2021 1 0.1 0.068 0.06 - 0.0045 6×1011 

Diesel Vehicles 

Euro 1 1993 2.72 - - - 0.97 0.14 - 

Euro 2 1997 1 - - - 0.7 0.08 - 

Euro 3 2001 0.66 - - 0.5 0.56 0.05 - 

Euro 4 2006 0.5 - - 0.25 0.3 0.025 - 

Euro 5a 2011 0.5 - - 0.18 0.23 0.005 - 

Euro 5b 2013 0.5 - - 0.18 0.23 0.0045 6×1011 

Euro 6b 2015 0.5 - - 0.08 0.17 0.0045 6×1011 

Euro 6c 2018 0.5 - - 0.08 0.17 0.0045 6×1011 

Euro 6d-Temp 2019 0.5 - - 0.08 0.17 0.0045 6×1011 

Euro 6d 2021 0.5 - - 0.08 0.17 0.0045 6×1011 
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In 1963, the Clean Air Act was implemented in the United States in order to address 

the air pollution challenge. It regulated the emission of non-methane organic gases 

(NMOG), CO, formaldehyde (HCHO) and PM. The reviews of four decades of 

implementation of the Clean Air Act demonstrated that it has been one of the most 

influential environmental law for automobile manufacturers. The state of California is 

the pioneer in the emission regulation which has so far been more stringent than 

federal standards. The emission standards are categorised as Low Emission Vehicles 

(LEV), Ultra Low Emission Vehicles (ULEV) and Super Ultra Low Emission Vehicles 

(SULEV) standards. From 2020, all vehicles must meet LEV III standards. Table 1.2 

[27] details the LEV III standards for all passenger cars (PCs). Note that LEV III 

standards use units of gram per mile (g·mi-1) while European emission standards use 

units of gram per kilometre (g·km-1). 

 

Table 1.2: California LEV III Emission Standards for PCs 

Emission 
Category 

NMOG+NOx 
[g·mi-1] 

CO 
[g·mi-1] 

HCHO 
[g·mi-1] 

PM 
[g·mi-1] 

LEV160 0.16 4.2 0.004 0.01 

ULEV125 0.125 2.1 0.004 0.01 

ULEV70 0.07 1.7 0.004 0.01 

ULEV50 0.05 1.7 0.004 0.01 

SULEV30 0.03 1 0.004 0.01 

SULEV20 0.02 1 0.004 0.01 

 

Largely following the European emission standards, the first Chinese emission 

standards for new PCs and light duty commercial vehicles were implemented in 2000. 
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Currently, China’s nationwide light duty vehicle emission standard is China 5 and the 

next more stringent version will be China 6a which is due for implementation in 2020 

[28]. It will be one of the most stringent standards in the world. Unlike the European 

standards, the same regulations apply to petrol and diesel vehicles and an N2O limit 

is applied in China 6a emission standards. Table 1.3 [29] reports the detail of China 

6a emission standards. 

 

Table 1.3: China 6a Emission Standards 

Category Class 
CO 

[g/km] 
HC 

[g/km] 
NMHC 
[g/km] 

NOx 
[g/km] 

N2O 
[g/km] 

PM 
[g/km] 

PN 
[#/km] 

Type 1  0.7 0.1 0.068 0.06 0.02 0.0045 6×1011 

Type 2 I 0.7 0.1 0.068 0.06 0.02 0.0045 6×1011 

Type 2 II 0.88 0.13 0.09 0.075 0.025 0.0045 6×1011 

Type 2 III 1 0.16 0.108 0.082 0.03 0.0045 6×1011 

 

In the European and Chinese emission standards, CH4 emissions are not directly 

regulated, but covered to an extent within the HC regulation, both permitting 0.1 g/km 

for the PCs. In order to meet the emission standards for total HC, CH4 oxidation 

catalysts are used to convert the un-combusted CH4 into CO2 and water (H2O). This 

limits the large scale use of NGVs in many countries especially EU. However, outside 

of Europe, Figure 1.4 [12] shows the global NGV stock is rapidly growing.    
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Figure 1.4: Global NGV numbers by region, 2000-2018 [12]. 

 

1.4 Catalysis 

With respect to abatement of automotive emissions, investigation in catalysis refers to 

the use of catalysts capable of reducing the harmful gases produced by the 

combustion of fuel in an ICE. By providing an alternative pathway to the final products 

of a reaction, the use of a catalyst reduces the necessary energy to run the reaction, 

therefore, accelerating its reaction rate. In general, the basic working principle of a 

catalyst involves adsorption of reactant molecules on its surface, surface reaction and 

followed by products desorption from the catalyst surface. Regardless of the reaction 

following the catalysed or un-catalysed pathway, both of pathways will lead to the 

same products, however the steps involved in the reaction are different. For a given 

reaction, the use of a catalyst alters the kinetics of the reaction but not the 

thermodynamics, which means that the catalyst is only effective for thermodynamically 

favourable reactions. 



  

Chapter 1 Introduction 

 

11 

 

For a given chemistry, the energy required to initiate a reaction is known as the 

activation energy (Ea). Figure 1.5 [30] illustrates an un-catalysed and a catalysed 

pathway, where Ea(uncat) denotes the activation energy required in the absence of a 

catalyst, and Ea(cat) is the lower activation energy required in the presence of a catalyst. 

The net change in energy between the reactants and final products states are equal 

in both pathways as denoted by ΔE and represents the change of Gibbs free energy. 

Described by Arrhenius equation below, under identical temperature conditions, the 

reaction rate of the catalysed reaction with the lower Ea is expected to be faster than 

that of the un-catalysed one.  

 
aE

RTk Ae


  Eqn. 1.1 

 

 

Figure 1.5: Lowering the activation energy of a reaction by a catalyst [30]. 

 

Generally, catalytic processes can be divided into two types, homogeneous and 

heterogeneous. A homogeneous catalytic process is where the reactant and catalyst 

are in the same physical phase, usually in the liquid phase. With regards to a 
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heterogeneous catalytic process, catalyst and reactants are in different physical phase, 

with the catalyst commonly being a solid while the reactants are either gaseous or 

liquid. 

Depending on the type of interaction between the surface and the adsorbate, the 

interacting force can be categorised into physisorption and chemisorption. 

Physisorption is an adsorption process in which the forces involved are usually of a 

van der Waals type which is are relatively weak interactions. Conversely, 

chemisorption is adsorption in which the forces involved are much stronger. It occurs 

through sharing or transferring electrons between the adsorbate and surface, thus 

changing the orbitals electronic structure. Thermodynamic parameters, especially the 

heat of adsorption provides a guide to the energy involved in the adsorption process 

[31,32]. In the last step of the surface reaction, the product that will desorb from the 

surface requires energy which is known as the heat of desorption [33-35]. 

 

1.5 Catalytic Converters 

In the mid-20th century, a French mechanical engineer Eugene Houdry designed the 

first patented catalytic converter, with the initial aim of reducing the adverse effects of 

smokestack exhaust [36]. During the same period, other catalytic converters were 

developed as a solution to the exhaust gas produced by petrol fuelled automobiles 

which were significantly contributing to the high smog levels in Los Angeles. The 

utilisation of catalytic converters required that vehicle used unleaded petrol fuel, 

because lead destroyed the emission abatement capacity of these catalytic converters. 

In early 1970s, the United States started to phase out lead in fuel and passed a law 

which required the use of unleaded fuel in new vehicle fleets equipped with catalytic 
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converters. This act led to the growth of the use of catalytic converters as main 

automobile emission abatement methods worldwide [37]. 

To control emission from ICEs, alternative approaches such as engine modifications, 

sophisticated fuel injection systems and fuel additives have all been considered to be 

positive in reducing the level of incomplete combustion products. However, the 

increasingly stringent regulations in emission standard has made the additional 

aftertreatment technology necessary of which the catalytic converter remains the 

principal method. As shown in Figure 1.6 [38], the catalytic converter is positioned 

downstream of the engine and Figure 1.7 illustrates its main structure.  

 

 

 

Figure 1.6: Position of the catalytic converter in a vehicle. 
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Figure 1.7: Diagram of a catalyst converter. 

 

The three main components of catalytic converter are the monolithic substrate, the 

washcoat and the active phase.  

The substrate is made of either a ceramic or metallic honeycomb monolith. Figure 1.8 

[39] illustrates the difference between a ceramic and a metallic honeycomb monolith. 

A ceramic honeycomb monolith is usually made from synthetic cordierite 

(2MgO⋅2Al2O3⋅5SiO2) whose thermal expansion coefficient is low and porosity is high 

[40,41]. The extrusion procedures of raw materials into the shape of a monolith include 

mixing, plasticising, extrusion, drying and calcination. In details, mixing ensures the 

interaction of the raw material and binder. Plasticising uses a solvent (usually water) 

to process the material prepared for extrusion, while extrusion is carried out by using 

moulds to determine the geometry shape of monolith. Drying is employed to remove 

the remaining moisture within the monolith bulk. Calcination allows the monolith 

substrate to obtain desired physical properties. In the case of a cordierite honeycomb 
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monolith, the calcination is using operated at 1400 °C, thus obtaining a low thermal 

expansion property [40]. The material of a metallic honeycomb monolith is usually an 

aluminium-containing ferritic steel which is resistant to corrosion and the formation for 

surface oxide films [42].  

 

 

Figure 1.8: Two types of monolith catalysts substrates [39]. 

 

Typically, a ceramic honeycomb monolith has square, triangular or hexagonal 

channels, while a metallic honeycomb monolith has sinusoidal channels. The density 

of monolith channels typically vary between 300-1000 cpsi (cells per square inch). As 

illustrated in Figure 1.9 [43], monoliths with cell density between 200 and 600 cpsi are 

widely used in aftertreatment processes for automobiles [39]. The dimensions of these 

channels are generally between 0.5-2 mm with thin walls of 0.051-0.27 mm and 

straight parallel channels allowing low-pressure drop [40]. These characteristics allow 

for high conversion to be attained during the catalytic reaction processes even with 

high gas throughputs. Meanwhile, the good thermal shock and high temperature 

resistances help maintaining the substrate integrity. 
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Figure 1.9: The honeycomb monolith in cell density of 200, 400, and 600 cpsi [43]. 

 

Owing to the calcination at high temperature during the preparation of the monolith, 

sintering of the material occurs on the cordierite substrate. As a result, its specific 

surface area does not exceed 1 m2·g-1.  

The washcoat applied on the surface of the substrate is composed of a thin layer of 

inorganic or mixed oxides which effectively increases the internal surface area and 

supports the noble metals. γ-alumina (γ-Al2O3) is the material which is the most widely 

used due its high surface area (ca. 200 m2·g-1), good thermal stability and corrosion 

resistance [41]. Other oxides such as cerium oxide (CeO2) can also be added and is 

an important oxygen storage component (OSC) in catalytic converters. The γ-Al2O3 

powder is loaded into the walls of the channels by slurry deposition followed by drying 

and calcination at temperature typically about 550 °C, the quality of the deposited 

washcoat depends on the factors include the properties of the solid particles, 

properties of the solvent and the amounts of solids in the slurry [44]. In general, the 

washcoat loading is of 5-25 wt% [43,44]. As shown in Figure 1.10 [45], the thickness 

of the washcoat is typically of 20-40 µm while the deposit at the corners of the square 

channels is thicker at 60-150 μm. In terms of porosity, the pore size of the washcoat 

is in the range of 10-400 nm [46]. 
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Figure 1.10: Cross section of channel filled with washcoat [45]. 

 

Noble metals are often used as the catalyst active phase, and are deposited on the 

washcoat surface and located within the pores [39]. As shown in Figure 1.11 [47], Pt 

(platinum), Pd (palladium) and Rh (rhodium) are the usual metals employed and are 

deposited on the washcoat through deposition procedures. Oxidation catalysts 

generally use supported Pt and Pd, due to they are much less deactivated by sulphur 

in the fuel at temperatures smaller than 500 °C, higher specific activity for hydrogen 

oxidation, a superior cold-start performance and provide equivalent catalytic activation 

with smaller volumes. Reduction catalysts normally use supported Rh because it 

produces less ammonia which can be reconverted to nitrogen oxide [48]. 
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Figure 1.11: Micro structures of washcoat pores [47]. 

 

With respect to the specific aftertreatment process, petrol and diesel fuelled vehicles 

usually use one or a combination of the following catalytic converters types: 

 Three-way catalysts (TWC) 

 Diesel oxidation catalysts (DOC) 

 Selective catalytic reduction (SCR) 

 Diesel particulate filters (DPF) 

 Lean NOx traps (LNT) 

Additional examples of applications of monolith catalysts also include SCR for NOx 

abatement in power plants exhaust gases, the catalytic combustion of VOCs and the 

O3 destruction in airplanes [44,49].  

Similarly to petrol and diesel fuelled vehicles, NGVs utilise catalytic converters to 

remove emissions, in stoichiometric or lean-burn applications. Since 1980s, TWC 

converters have been the most utilised type of aftertreatment methods for petrol 

vehicles and NGVs. TWC converters are so named because they are able to 

simultaneously eliminate three harmful gases, CO, HC and NOx [50]. Generally, the 
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advantages of TWC converters for a vehicle abatement systems can be summarised 

as high internal surface area, high activity towards CO, HC and NOx conversion, low 

pressure drop, good poison resistance, high oxygen storage capacity, thermal and 

mechanical stability during operation. 

Wherein TWCs, the reduction catalyst is usually of Rh while for oxidation ones use Pt 

and Pd. Typically, the exhaust gases reach the reduction catalyst where NOx are 

removed, after which the remaining gases are reacted over the oxidation catalyst. At 

the outlet of the TWC converter, the raw exhaust gases are converted into nitrogen 

(N2), CO2, and H2O. The treatment of CO and HC within a TWC converter is introduced 

as an example reported below. 

Reduction: 

 2CO + 2NO → 2CO2 + N2 Eqn. 1.2 

 CO + N2O → CO2 + N2 Eqn. 1.3 

Oxidation: 

 2CO + O2 → 2CO2 Eqn. 1.4 

 HC + O2 → CO2 + H2O Eqn. 1.5 

Note that Eqn. 1.5 is not in chemical balance since it summarises the oxidation of HC 

species in general. Eqn. 1.2 to 1.5 simply summarise the catalytic reactions occurring, 

however, there are many complex chemical mechanisms and catalytic processes for 

the reaction of these gas species within the catalytic converters. 

Including the TWC, catalytic converters are required to convert pollutants in the 

exhaust gas with conversions as close to 100% as possible. The operating 
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temperature is critical with respect to the efficiency of catalytic converters. A period 

after engine ignition exists which is known as ‘cold start’ which can last. It corresponds 

to the time required for the catalyst to reach a sufficient temperature to activate the 

catalytic converter. Under these conditions, most pollutants can pass through catalytic 

converter without reaction and are therefore emitted to the atmosphere. To minimise 

the duration of these cold start conditions, engine based catalyst heating solutions are 

utilised such as retarded ignition timing and high idle speed.  

Another major design constraint for TWC converter is air-fuel ratio (AFR). The AFR is 

the quantity ratio of air to fuel in a combustion reaction, which refers to the optimum 

stoichiometry of reaction process. As shown in Figure 1.12 [51], the AFR has a large 

impact on the performance of a TWC converter, which confines the optimum fuel 

economy, maximal power and minimal pollutant emission. For petrol vehicle, the 

optimum AFR is around 14.7. There is an optimum window for AFR and a high 

conversion of CO, HC and NOx is attained. However, outside of this window the 

conversion significantly drops. If the engine is running under the lean condition (excess 

O2, AFR>14.7), NOx oxidation is not favoured, while the engine is running under the 

rich condition (excess fuel, AFR<14.7), the conversion of CO and HC will be poor. To 

ensure the efficient conversion of all pollutants, a compromise between lean and rich 

condition is necessary, and the AFR must remain close to the optimum stoichiometry. 
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Figure 1.12: Optimum AFR for fuel economy and emission minimisation [51]. 

 

The life time of typical vehicle is 800000 km, which is the demand for guaranteeing the 

performance of catalytic converter. However, in the extreme condition, the 

temperature of exhaust gas exceeds 1000 °C. High temperature can lead the platinum 

group metal (PGM) to be deactivated by sintering, therefore, reducing the surface area 

and catalytic activity [49,50]. Catalyst poisoning occurs when species such as sulphur, 

lead or silicone impurities from fuel or lubricant additives which irreversibly block the 

active sites [54], thus, leading deactivation effect and decreasing the activity of catalyst. 

As oil and natural gas used for fuel feedstock contain varying amount of sulphur 

compounds [55], to deal with the deactivation caused by poisoning is an important 

aspect for design and optimisation of catalytic converter. The deactivation is a process 

experienced by almost all catalytic converters, and an insight of the deactivation 

process is necessary for improving and optimising aftertreatment process and catalyst 

composition [49]. 
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Other design constraints for catalytic converters include mechanical durability of the 

catalyst, heat loss prevention, flow distribution, pressure drop, catalyst weight, catalyst 

length, density of honeycomb monolith cells, thickness of washcoat, porosity of 

washcoat, surface area of washcoat, oxygen storage capacity of washcoat, operating 

temperature and location of catalytic converter inside vehicle, they are critical 

parameters for the design of catalytic converters [56]. 

 

1.6 Catalytic Converter Testing 

The design of catalytic converters requires investigations in order to make them 

function more effectively and efficiently, whilst at the same time lowering their cost. 

Thus far, the main method to study the chemical process within monolith catalysts is 

the end-pipe approach, where the gas species at outlet of the catalytic converter is 

sampled and analysed by a number of techniques including gas chromatography (GC), 

mass spectrometry (MS) and Fourier transform infrared (FTIR) spectroscopy 

[14,52,57,58]. Although useful information with respect to the species conversions, 

selectivity and deactivation of the catalysts can be attained via this conventional 

approach, there is an absence of crucial intra-catalyst information under working 

conditions regarding temperature and reaction profiles, intermediates formation, 

spatial regions of catalyst deactivation and spatially-resolved reaction sequences 

[57,59]. To access such crucial intra-catalyst information within structured monolithic 

catalysts, a number of spatially resolved analytical techniques have been developed, 

employing physical and electromagnetic probes combined with GC [60,61], IR [62,63] 

and MS [57,63-65]. The performance of each technique is detailed in Chapter 2, 

Section 2.3. 
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The spatially-resolved capillary-inlet mass spectrometry (SpaciMS) technique has 

been developed by Oak Ridge National Laboratory for the monitoring of the local gas 

composition and temperatures within a monolith catalyst during operation [66]. The 

SpaciMS technique allows investigating spatial information about the physical and 

chemical processes occurring within the honeycomb monolith, by utilising a series of 

probes. In general, the probes consist of open ended fused-silica capillaries and 

thermocouples, which are positioned at multiple axial and/or radial locations along the 

monolith channels. Using the SpaciMS technique aids the optimisation of kinetic 

modelling and engine management systems. 
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1.7 Catalytic Converter Modelling 

In order to meet more stringent emission regulations, automotive industry and catalytic 

converter manufacturers have to optimise the design of their TWC converters to keep 

up with increasing demands. The performance of the catalysts and the catalytic activity 

can be enhanced through adding greater amount of PGM including Pt, Pd and Rh. 

However, this approach is limited by several aspects such as the expensive cost of 

the PGM materials and vehicle experimental studies. A more economic and detailed 

methodology is demanded to reduce the time and capital cost of research and 

optimisation of catalyst. One of the approaches commonly employed is developing 

predictive models. By means of using a specific set of experimental catalytic tests, a 

kinetic model which describes the reaction system can be developed, therefore, the 

performance of catalysts could be simulated. For the specific catalyst, kinetic 

parameters could either be taken from previous information or determined 

independently, subsequently used as inputs into the predictive model. This is a useful 

method in catalyst development, and the performance of reformed catalyst could be 

simulated prior to the potentially costly and time consuming procedures. 

Generally, most modelling methods are based on the end-pipe analysis, this limits the 

access to many information within the catalyst. To accurately estimate kinetic 

parameters and develop kinetic models, the access to operando intra-catalyst gas 

temperature and concentration profiles is necessary. This outcome could assist the 

optimisation in PGM loading and washcoat composition, therefore, increasing the 

catalysts activity and lowering the cost of producing the catalytic converter 

The modelling of catalytic converter is commonly used to simulate the processes 

occurring within the catalyst and aiding in the optimisation of the catalyst performances. 



  

Chapter 1 Introduction 

 

25 

 

The aim of using catalysts modelling is to reduce the amount of experimental testing 

required. The change of catalyst performance is simulated by using a catalyst model, 

which is not only a lower cost solution but also provides a greater understanding of the 

catalytic process, allowing optimisation of various parameters such as length, diameter, 

channel density and precious metal loading [52]. The employment of modelling is 

detailed in Chapter 2, Section 2.2. 

 

1.8 Project Aims and Objectives 

The main requirement of catalytic converters modelling is to accurately predict their 

performance through mathematical expression representing the physical and 

chemical processes of these aftertreatment systems. These processes include heat 

transfer, mass transfer, and the surface reactions associated with the chemistry of 

interest. As the mass transfers from the gas stream to the catalyst surface have strong 

influences in determining the kinetics of the reactions, the accuracy in describing this 

process is crucial [67-69]. The aim of the present work is to develop a novel 

methodology to experimentally determine the effective diffusivity using a spatially-

resolved approach. The applicability and efficiency of these new approaches will be 

assessed via comparison of simulations of CH4 oxidation over a Pd based catalyst 

using either correlation or experimental based effective diffusivity. The goodness of fit 

of the simulation with respect to spatially-resolved experimental data will then be 

discussed. The extension of the application of this new methodology will be explored 

through the axial profiling of the mass transfer parameters of a deactivated CO 

oxidation Pd catalyst. To complete the aims stated above, the main objectives are 

detailed as follows: 
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 Resolving the spatial in-situ gas concentration profiles within the monolith 

catalysts. 

 Validation of mass transfer parameters using the experimental data obtained 

through the spatially resolved method. 

 Investigation of the impact of experimentally defined mass transfer for CH4 

catalytic reaction simulations. 

 Investigation of the impact of deactivation on spatially resolved mass transfer 

parameters in a deactivated catalyst. 

 

1.9 Contribution to Knowledge 

The original contributions of this project are summarised as follows: 

 An in-situ spatially-resolved method at steady-state was developed, allowing 

the investigation of mass transfer processes within washcoated monolith 

catalysts. 

 A commercial modelling package was used to investigate the impact of mass 

transfer on CH4 catalytic oxidation modelling inside the washcoated monolith 

catalyst. Good agreement was achieved between experimental and simulated 

data across various conditions with a superiority of the fit in the case of 

experimentally defined effective diffusion. 

 The in-situ spatially-resolved method can be used to investigate deactivation in 

washcoated monolith catalysts, especially in case of increased mass transfer 

resistance due to alteration of the porosity.  
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2.1 Catalytic Converters in Vehicles 

2.1.1 Petrol Vehicles 

Until 2018, petrol engines have accounted for over 50% of the United Kingdom (UK) 

cars fleet [1], and have contributed to a large proportion of the pollutant emissions to 

the atmosphere. The exhaust gases produced by petrol vehicles are a mixture of CO, 

CO2, H2O, HC and NOx, which are formed during spark ignition (SI) inside the 

combustion chamber of the engine. In general, CO, HC and NOx are the critical 

pollutants in vehicle exhaust gases and are abated using TWCs [2-8]. The TWCs 

utilise PGMs including Pd, Pt and Rh as the active metals which are usually supported 

on an Al2O3 washcoat [9-11]. This process can be achieved using a dynamic cycling 

between lean (excess O2) and rich (excess fuel) conditions at frequencies of 0.5 to 1 

Hz [12,13]. In general, CO and HC are completely combusted to CO2 and H2O under 

lean conditions, while reduction of the NOx to N2 occurs under rich conditions. 

CeO2 is widely used as a component in TWCs to promote oxygen storage capacity in 

catalytic applications [14-17]. In the presence of CeO2, excess O2 can be stored under 

lean conditions, which can later be accessed by CO and HC under rich conditions. 

During rich conditions, CO and HC are reacted through reactions with the stored O2 

(in the form of CeO2 and PdO), improving the catalytic oxidation activity [18-20]. In 

addition, since steam is one of the components of the exhaust gas, it contributes to 

the oxidation of CO and HC through the water-gas shift (WGS) reaction and steam 

reforming respectively [21-23]. 
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2.1.2 Natural Gas Vehicles 

The TWC converter remains the main technology to abate the emissions from NGVs 

[24,25]. In the NGVs emissions, the unreacted CH4 is in the concentrations of 500-

1000 ppm, requiring relatively high temperatures to bring about complete oxidation 

[26-28]. Since breaking the CH3-H bond requires a high dissociation energy of 432 to 

469 kJ·mol-1, abatement of uncombusted CH4 is a significant challenge without a 

proper catalyst [29,30]. As a result, noble metal catalysts including Pd and Pt or non-

noble transition metals such as nickel and copper have been studied for CH4 oxidation 

at low temperature conditions [26,31-33]. Pd catalysts supported on Al2O3 are some 

of the most active materials and have been the focus of most researchers [26,27,34-

40]. For NGVs, water is a major component of exhaust gas and a product of CH4 

oxidation which affects the catalyst performances. Water affects the thermal stability 

of the catalysts through sintering of noble metals [41,42], supports [41] or by changing 

oxidation state of the metals [43]. 

 

2.2 Catalytic Reaction Modelling 

2.2.1 Aim of Modelling 

As introduced in Chapter 1, to manufacture automobiles which meet to the emission 

standards, the engine and catalytic converter must be optimised. Models which 

describe the systems can be developed by using mathematical expressions describing 

the chemical kinetics and reaction engineering principles. Theoretically, there is a 

potential to develop robust models based on kinetics information from previously 

published results obtained under similar conditions, however this is rare in the practical 
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case. Since differences exist between catalytic formulations, experimental conditions 

and testing approaches, this can lead to large variations in the reported data, kinetic 

parameter estimations, global model and mechanistic conclusions. As a result, it is 

usually desirable to combine the development of a kinetic model with experimental 

work from which applicable kinetics parameters are obtained. 

The type of reaction considered will determine the reaction model applicable i.e. 

homogeneous or heterogeneous. Homogeneous models assume that heat, mass and 

momentum transfer take place in a uniform phase, whereas heterogeneous models 

assume heat, mass and momentum transfer between a minimum of two phases. As a 

result, less computing resource is required for homogeneous models. With respect to 

heterogeneous models, the rates of reactants and products diffusion, surface reaction 

are important. This adds complexity to the model due to the need to include the impact 

of molecular and Knudsen diffusion as well as pore size and distribution [44]. When 

investigating a system, it is important to consider the scale of the model, i.e. micro, 

meso or macro scales. The micro scale is based on the atomic/molecular level, and 

involves the adsorptions/desorptions and surface reactions. The meso scale models 

include transport mechanisms to the surface through the washcoat, as well as gas 

flow in a single channel of the monolith. Because the interaction between the boundary 

layer and the surface must be taken into account, as well as various gas phase 

properties, the meso scale models can become very complicated. The macro scale 

models consider the entire monolith and consider heat, mass and momentum transfer 

interactions between channels.  
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The scale of the model has an influence on the dimensionality of the model with 

regards to the spatial coordinates. In general, the dimensionality of the model ranges 

from 0D to 3D: 

 0D - Time is the only independent variable to take into account. The system 

can be described using ordinary differential equations (ODEs). 

 1D - At steady-state, models have a dependency on one spatial dimension, 

which can be expressed through ODEs. In a transient-state, time and one 

spatial dimension are considered, and the system can be described using 

partial differential equations (PDEs). 

 2D and 3D - These models have a dependency on two and three spatial 

dimensions respectively, and are coupled with time as an independent variable 

under transient conditions. The quantity of calculations for 2D and 3D models 

is large. 

Generally, the models with higher dimensions are considered to represent the reaction 

system more accurately. For the vehicle emission abatement processes in a catalytic 

converter, heterogeneous catalytic reactions occur over the solid phase. To develop 

an accurate model for this type of catalytic reaction, heat and mass transfer must be 

considered in at least two spatial dimensions, thus leading to a 2D type model for both 

steady-state and transient conditions [45,46]. 

In theory, a complete 3D model combines micro to macro considerations. However, 

3D models require very large computing resources. In catalytic converters, the 

parameters system incorporates the velocity, temperatures and concentrations 

varying with x, y and z spatial dimensions. However, as mentioned earlier this is not 

practical for all cases. Reducing the dimensionality of models to produce lumped 
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parameter models is an alternative to reduce the complexity of such systems. As a 

result, some complex 2D and 3D models can be reduced to simpler 1D models which 

can be solved via ODEs and algebraic equations. The main drawback with lumped 

parameter models is the accuracy loss to some extent. Currently, a compromise 

should be employed due to limitations in the calculation capacity of most of personal 

computers. What should be noted is that lumped parameters are derived from 

experimental data and the model must have negligible impact on the accuracy of the 

overall solution. 

 

2.2.2 Dimensionality Types of Models 

Coupling kinetic models with an appropriate reactor model is a challenge. When 

developing the model of the monolith catalyst, physical properties information are 

required such as channel geometry, channel dimensions, density and wall thickness; 

heat transfer properties such as heat capacity, thermal conductivity, emissivity; mass 

transfer properties such as diffusion rate; operational properties including flow velocity, 

gas and solid temperature, pressure, etc. [47]. Various modelling approaches have 

been reported in literature, in which monolith reactors have been modelled using 

varying degrees of dimensionality: 1D [48-50], 2D [51,52], and 3D [53-55]. 1D single 

channel models are relatively simple to develop, under the assumption that gaseous 

temperature and species concentrations change along the axial direction, whilst radial 

heat and mass transfer between the gas and solid phase can be captured by a global 

heat and mass transfer correlations [56]. The equations for heat and mass balances 

between the solid and the gas phases can generally be developed by solving a 

combination of ordinary differential and algebraic equations [57,58]. 2D single channel 
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models generally make the assumption that momentum, heat and mass balances can 

be solved using the axisymmetric nature of the geometry of the monolith catalyst. In 

the 2D model assumption, momentum, concentration and energy is considered to vary 

to the same extent in all radial directions inside the channel, and vary in the axial 

direction [51]. 3D single channel models also solve the momentum, heat and mass 

balances in multiple dimensions within the channel. However, the shape and non-

uniform washcoat loading lead channels to be non-symmetrical. Similarly to the case 

of 2D models, PDEs are employed to describe the physiochemical processes 

occurring inside the channel with additional boundary conditions required to resolve 

the 3D domain [59]. 

Modelling is used as a crucial tool to study physiochemical processes inside catalytic 

converters. Two broadly classified hierarchical models are reported in the literature: 

3D or 2D convection-diffusion models with a wall reaction [60-63] and 1D models 

describing the axial variation of average temperature and concentration in a channel 

[60,64-68]. By means of mathematical expressions, the simulation of physical and 

chemical processes taking place inside the monolith can be developed. Here, physical 

processes consisting of mass transfer and chemical processes correlate with surface 

reactions [69,70]. Considering the compromise between model complexities, 

computational time, availability of highly resolved experimental data and accuracy of 

simulation, 2D and 1D modelling approaches have been employed in this work, which 

respectively described mass transfer in neighbouring monolith channels and reactions 

in a single channel. 
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2.3 Effective Diffusion inside Monolith Catalysts 

2.3.1 Aim of Measurement of Effective Diffusion 

Since the prediction of catalysts performance is strongly influenced by the diffusion 

from the exhaust gases to the catalyst surface [64], a precise description of this 

process is important in catalyst models and simulation. The mass transfer parameters 

introduced in the models are often expressed in terms of the Sherwood numbers and 

depend on various parameters, e.g. shape and dimensions of the channel, fluid 

properties, flow rates and washcoat characteristics, etc. [71,72]. It is a challenge to 

experimentally measure local concentrations inside monolith catalysts [73]. So far, the 

effective diffusivity has been computed from the concentration gradients computed by 

using 2D or 3D models [51,72]. 

Diffusion within the porous medium is one factor that limits the performance of many 

monolith catalysts. When a catalyst is distributed throughout a porous support, the 

majority of the active catalyst lies inside the pore. The reactants must therefore diffuse 

through the pores of the support material to reach the active sites. Similarly, the 

products of the reaction must diffuse to the catalyst external surface before being 

transported to the surrounding bulk gas phase. If the rate of diffusion is slow compared 

to the intrinsic rate of reaction, the reaction becomes diffusion limited with 

effectiveness factors different from unity. It is necessary to obtain accurate values of 

the effective diffusivity of the species of interest. Recently, Gu et al. [74] suggested 

that incorrect kinetic parameters and inaccurate prediction of reactor performances 

were correlated with inaccurate considerations of mass transfer in the reactor models. 

By performing a measurement of effective diffusivity in a washcoated monolith, the 

selection of model can be verified, and if necessary, an appropriate value of tortuosity 
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can be back-calculated. These expressions can then be used in the model of the 

catalytic converter. To quantify the extent of diffusion limitation and implement the 

complex performance models, it is also essential to have accurate estimation of the 

effective diffusivity of the species of interest [45,71,75,76-78]. Most diffusion models 

in washcoat use either an assumed value or a diffusion parameter based on a catalyst 

structure model that uses pore size distribution data to calculate an effective diffusivity.  

In aftertreatment applications, the porous washcoat employed consists of macropores, 

mesopores and micropores, depending on the crystal/particle size in the substrate and 

washcoat. Pore size distribution and sizing of the porous catalyst can be optimised to 

reduce the diffusional resistance as much as possible. Due to the main diffusional 

resistance inside the monolith mainly exists in the washcoat reported by literature [45], 

in this study, the pore size of washcoat was assumed as the mesoporous range while 

the substrate was assumed as the mesoporous to microporous range. 

 

2.3.2 Methods of Measurement of Effective Diffusivity 

The diffusion of gaseous molecules in a porous media involves molecular collisions 

between gas molecules as well as collisions between the gas molecules and the 

porous medium. These correspond to the two main diffusion regimes i.e. 

molecular/bulk diffusion and Knudsen diffusion, which depend on the characteristic of 

the gaseous species and the microstructure of the porous medium. In terms of the 

molecular diffusion, the binary diffusion coefficient DAB can be expressed as follow, 

based on Chapman—Enskog theory [79]: 
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Where: 

 DAB,M is in cm2·s-1 

 T is the temperature (K) 

 M is the molar mass of species A or B (g·mol-1) 

 p  is the total pressure (atm) 

 σAB is the Lennard-Jones collision diameter (Å) 

 ΩD is the collision integral for molecular diffusion 

In terms of the Knudsen diffusion, the diffusivity of a gaseous species DiK can be 

estimated using [80]: 
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Where: 

 dp is the average pore diameter (m) 

 R is the gas constant=8314 J·kmol-1·K-1 

 Mi  is the molecular mass (g·mol-1) 

If the total diffusivity of a species i in a binary mixture of i and j with molecular diffusion 

and Knudsen diffusion is considered, the combined diffusion coefficient Di,0 is 

determined by the Bosanquet equation [44]: 
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In monolith catalysts, pores are not likely to be straight, cylindrical and parallel with 

each other, but twisted with various diameters, thus, the diffusion pathway for the gas 

molecules inside the pores are tortuous. The equation for the effective diffusion 

coefficient Di,eff in an actual porous medium can be described by the Wheeler’s 

parallel-pore model [81]: 

 
, ,0i eff iD D




  Eqn. 2.4 

Where: 

 ε is the porosity of the material 

 τ is the tortuosity factor 

 Di,0  is the total diffusivity of species i (m2·s-1) 

Based on above, Wicke-Kallenbach diffusion cell is the well-known classical method 

of determining the effective diffusivity of a porous catalyst, by measuring the steady-

state diffusion. As shown in Figure 2.1, a cylindrical shaped pellet is mounted in the 

cell, with the sides sealed and the flat sides of the pellet each face a separate chamber. 

A concentration difference between the two chambers provides the driving force which 

generates a flux across the pellet are used to calculate the effective diffusivity. Several 

methods have been described to measure the effective diffusivity in a porous catalyst 

[82,83].  
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Figure 2.1: Wicke-Kallenbach diffusion cell. A, B-pure gases inlets, 1-impermeable 

disc, 2-porous pellets, 3-lower chamber, 4-upper chamber, 5-vavles, 6-GC [82]. 

 

Moreover, some of the techniques have been developed to make measurements on 

a washcoated monolith catalyst. Richardson [84] introduced a GC method for 

measuring effective diffusivity through a porous catalyst bed. A gas sampling valve 

was used to introduce a pulse of gas at the inlet of a reactor hosting the catalyst, and 

the resulting broadening of the pulse as it passed through the bed was analysed to 

get via modelling an estimate of the effective diffusivity. In general, this method was 

most useful for a large scale catalyst system and has the advantages including simple 

to be carried out, conveniently used over wide range of temperatures and pressures 

as well as can be used with commercial monolith catalyst. The main disadvantages of 

this method are utilisation of more complicated mathematical model (including axial 

dispersion, gas-to-solid mass transport). Except this, there are several problems need 

to be considered such as the fraction of the volume of the porous layer per entire 

monolith volume is relatively small, this leads to the issue of the small volume of porous 

structure; the distribution of washcoat is not uniform and may vary in the axial direction 

especially for the aged catalyst, this adds the difficulties and needs to be investigated. 

The feasibility of GC method was tested by Hayes et al. [83], using the simulation of 

the transient response from a monolith to a pulse input of non-reacting tracer. 
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Beeckman [78] suggested a method of using the steady-state diffusion cell to measure 

the effective diffusivity of nitrogen oxide through the porous wall of a specially built 

monolith channel. The diameter of the channel used in this work was however much 

larger than the channel diameter of the common monolith used in automotive industry. 

By taking advantages of the shape of the monolith, the steady-state diffusion flux of 

NO through the porous catalyst and effective diffusivity could be measured directly 

and not affected by finite heat transfer. However, the main disadvantages of this 

method are time consuming, dead-end pores are inaccessible and useful only for 

macropores diffusivity and unsuitable for measurements at high temperatures and 

pressures due to sealing weakness. In Beeckman’s work, the transport through entire 

the monolith wall was measured without the differentiation of relative through the 

washcoat and substrate, that means, when researchers using the monolith catalyst 

especially provide by commercial entities, it is very likely that there is no separate 

sample of catalyst without washcoat but only blank substrate is provided [46]. This 

highlights the key difficulty in measuring diffusivity within a monolith washcoat and 

substrate i.e. the discrete diffusion processes occur inside the porous medium and the 

rate of molecules transport through the porous washcoat. Hayes et al. [57] measured 

the flux through a composite structure from the central channel to its surrounding 

neighbours. By performing experiments on an uncoated monolith and then a coated 

structure, the effective diffusivity in the individual composition can be calculated. This 

study purposed that one key factor to predict the effective diffusivity of the monolith 

wall is the choice of model and value of tortuosity employed. Unfortunately, this 

method is not suitable to an impervious support structure such as metal monolith. 

Möller et al. [85] used a continuous stirred tank reactor to measure the effective 

diffusivity in a monolith catalyst, by cutting sections of monolith and mounting them 
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inside a spinning basket, or in a chamber through which the fluid is internally re-

circulated. However, the intra-phase diffusion was not discussed in this work. Further 

work was done by Bennett et al. [86], using a spinning basket to determine the reaction 

kinetics for a washcoated monolith.  

In author’s existing work, through using an in-situ spatially-resolved technique, the 

results of an experimental investigation of the measurement of the effective diffusion 

for various species diffusing in the wall of monolith samples was reported. The 

modified Bosanquet equations were employed to determine the dominant diffusion 

regime within the components of the monolith sample, then the calculated effective 

diffusivity for O2 was compared to those evaluated from the parallel pore model done 

by Sharma et al. [45]. 

 

2.4 Water Inhibition in Catalytic Oxidation 

Water is a major component of vehicle exhaust gas and a product of CH4 oxidation 

which affects the catalyst performances. In TWC converters, H2O is an oxidant of CO 

through the WGS reaction and of the HC by steam reforming [41]. H2O affects the 

thermal stability of the catalysts through sintering of noble metals [43,44], supports [41] 

or by changing oxidation state of the metals [43]. For the NGV catalytic converter, 

palladium is widely used as an active metal. At low temperatures (<723 K), the 

presence of H2O significantly reduces the Pd catalyst activity and this decrease can 

be partially reversed by removing H2O from the gas flow [37,87]. When the 

temperature is above 723 K, the impact of H2O on Pd catalysts for CH4 oxidation is 

non-reversible due to the crystallinity losses at high temperature and loss of thermal 

stability of the support [88,89]. 
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Many studies have focused on the effects of H2O on the CH4 catalytic oxidation over 

Pd catalysts [26,36-40,87,90]. The oxidation rate is influenced by temperature, 

reactants partial pressures, Pd state at reaction conditions (Pd0, PdO or a sub-oxide) 

and inhibition effect of the reaction products. The reported kinetic parameters vary 

over a wide range, especially the CH4 oxidation apparent activation energy [91]. Cullis 

et al. [36] first reported the inhibition effect of H2O on the CH4 oxidation reaction 

occurring on Pd/Al2O3 catalysts, suggesting that the formation of Pd(OH)2 (PdO + 

H2O→Pd(OH)2) reduces the access of CH4 to PdO active sites. Carstens et al. [92] 

have suggested that the rate data must account for the inhibition effect of H2O when 

determining the activation barrier. Ciuparu et al. [93] reported that the correction was 

complicated since the effect of H2O inhibition is temperature dependent. For example, 

when the temperature was below 465 K, the apparent activation energy over a Pd/ZrO2 

catalyst was estimated to be 180 kJ·mol-1. At temperatures higher than 465 K, the 

apparent activation energy reduced to 87 kJ·mol-1 [94]. This was attributed to the 

strong inhibition impact of H2O. However, the spatially-resolved impact of water on 

catalytic oxidation process within the monolith catalyst is relatively scarce in literature, 

therefore, in this work, the SpaciMS technique combined with a simulation platform 

was utilised to present inhibition effect of H2O. 

 

2.5 Spatially-Resolved Techniques 

Generally, the performance testing of monolith catalysts is carried out under steady-

state conditions. In these conditions, state variables such as temperature, flow rate, 

partial and total pressure are kept constant at the reactor inlet [95]. The steady-state 

analysis is a significant method for assessing catalytic performances which is typically 
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employed for kinetic investigations and optimisation of continuous process reactor 

including plug flow reactors and continuously stirred tank reactors [96,97]. The steady-

state testing is a desirable approach due to the relatively simplicity of designing and 

operating experimental setups combined with the general ability to solve the derived 

global kinetic models [98]. The steady-state analysis has provided investigation in 

various aspects of TWCs performance, for example the influence of the substrate on 

conversion efficiency, selectivity, deactivation, the effect of fuel type on non-criteria 

pollutant abatement, the impact of inlet gas concentrations and the catalyst formulation 

on catalyst activity. 

To optimise the performance of catalysts, a detailed understanding of the reaction 

kinetics is required. Operated under differential conditions, the catalytic system is 

maintained at an approximately steady-state with the catalyst i.e. equal temperature, 

pressure, concentration throughout. Under such conditions, a single rate can be used 

to describe the total reactor system. This kind of approach has been extensively 

employed to develop various hypothesised kinetic models for many reactions; 

however there are some potential drawbacks which need to be noted. Differential 

conditions are rarely employed in industrial applications, due to the low conversion 

incompatibility with achieving high products yields. Therefore, kinetics derived under 

these conditions tend to be impractical for real process conditions and use integral 

methods instead of the differential ones. Moreover, internal diffusion is one key factor 

in processes operating at high conversions and elevated temperatures, and must be 

considered in any model attempting to simulate the actual process [75]. Another 

drawback to the conventional kinetics assessment via the end-pipe differential testing 

is the loss of intra-catalyst information [99]. Regardless whether tests are taking place 
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under differential or integral conditions, information regarding intermediates formation 

and subsequent removal can be missed, meaning that hypothesised kinetic models 

could be developed without the consideration of crucial reaction steps. When 

operating under integral conditions, the reaction profiles are not accessible within the 

reactor system, thus limiting the possibility to monitor reaction pathways taking place 

within the monolith which is necessary to improve the catalyst. 

To better understand the intra-catalyst physiochemical processes taking place within 

the catalyst bed or structure, various spatially-resolved techniques have been 

developed, allowing access to a wealth of information within the reactor system. 

Access to this spatially-resolved information provides support to the increased 

accuracy of models, but also reduce model complexity and computational time, via 

identification and removal of irrelevant reactions. 

 

2.5.1 Spatially-Resolved Characterisation Techniques 

Spatially-resolved analysis techniques have been developed over the past 20 years 

to access intra-catalyst reaction information. These methods include fixed bed 

application using IR and MS as well as monolith catalyst testing using SpaciMS and 

Spaci-like techniques. Based on the type of probe used, these techniques can be 

categorised into two types: electromagnetic probing and physical probing [69]. A 

review of the publications on the development and utilisation of these spatially-

resolved methods is given in Table 2.1 and Table 2.2, for the electromagnetic probing 

and physical probing and summarise the reported capabilities and limitations. 
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The type of probe employed and the access approach strongly impacts the invasive 

nature of these characterisation methods [69]. In many applications, techniques based 

on electromagnetic interactions can be effectively non-invasive relative to those based 

on physical probes. Nevertheless, in some instances such as high-energy sintering or 

volatilizing material, electromagnetic-based techniques can change the nature of the 

device under evaluation due to the modification that need to be brought to the sample 

to allow access of the electromagnetic probing to the interior of the probed channels. 

These access limitations of the electromagnetic probe techniques have led to the 

exploring alternatives in the form of physical probes approaches. Table 2.2 

summarizes the publications reporting the use of physical probes in catalysts spatially-

resolved characterisation. 

 

 

 

 

 

 

 

 

 

 

 



 

 Chapter 2 Literature Review 

 

48 

 

 

 

Table 2.1: Electromagnetic Probes for Spatially-Resolved Monolith Catalyst 

Characterisation 

Researchers Technique Capability Limitation 

Rasmussen et 
al. [100] 

Raman spectroscopy 
Mimic industrial conditions in the 
monolith channels 

Knowledge of 
temperature and 
composition profile 
along whole 
monolith channel 
are limited 

Ulpts et al. [101] 

3D magnetic 
resonance 
spectroscopic 
imaging 

Mapping spatial concentration 
profile of ethylene hydrogenation 
in monolith catalysts 

Higher spatial 
resolution will 
require stronger 
phase encoding 
gradients 

Rasmussen et 
al. [102] 

In-situ FTIR 

MS 

Identify reaction pathways, active 
sites, intermediate- and spectator-
species for catalytic reactions 
under operando conditions in a 
shaped monolith catalyst 

No spatially-
resolved MS profile 
within the catalyst 

Zhang et al. 
[103] 

Synchrotron X-ray 
adsorption 
spectroscopy (XAS) 

X-ray absorption 
near edge structure 

End-pipe MS 

Applicable to pellet and monolith 
catalysts 

In situ spatially-resolved profiles 
of catalysts 

- 

Gänzler et al. 
[104] 

XAS 

IR thermography 

End-pipe MS 

Mapping spatial and temporal 
profile of catalysts temperature, 
metal oxidation state, co-
ordination environment within the 
catalyst bed 

Characterise the operando spatial 
and temporal oxidation reaction 
oscillation 

No more than four 
axial measurement 
points of XAS 

No spatially-
resolved MS profile 
within the catalyst 
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Table 2.2: Physical Probes for Spatially-Resolved Monolith Catalyst Characterisation 

Researchers Technique Capability Limitation 

Partridge et al. 

Currier et al. 

Choi et al. 
[105-108] 

SpaciMS with a 
thin fused silica 
capillary 

Minimal invasiveness 

Short response time of MS analysis 

Spatiotemporal resolved information 
within a monolith channel with full length 

Only one channel 
can be investigated 

Surface temperature 
of the catalyst is 
unknown 

Sá et al. 

Coney et al. 
[46,109] 

SpaciMS with 
multiple silica 
capillaries 

Up to 16 sampling capillaries and 8 
thermocouples to be used and 
simultaneously measure spatiotemporal 
concentration and temperature profiles 

Sampling rate can be controlled to 
minimise invasiveness 

Surface temperature 
of the catalyst is 
unknown 

Aftab et al. 

Shakir et al. 
[110,111]  

SpaciMS 
combined with IR 
thermography 

Spatiotemporally measures catalyst 
surface temperature by using IR camera 

Spatiotemporal resolution of gas 
composition 

Optical access has 
invasive nature in 
some degree 

Luo et al. [112] SpaciIR 
Easily differentiate composition of 
species containing overlapping mass 
fragments in MS 

Low flow rate 
reduces transient 
response of the FTIR 

Larger sampling 
capillary and higher 
flow rate lead to 
obvious invasiveness 

Horn et al. 
[113] 

Spaci-like 
technique 

A capped-end sampling capillary with an 
orifice is utilised to sample gaseous 
species 

Thermocouple is positioned inside the 
capillary 

The invasiveness of 
sampling probes are 
not discussed 

Methodology is 
suited to catalytic 
foam and large 
pellets due to the 
invasive nature of 
large probe size 

Donazzi et al. 
[114-116] 

Side-looking 
optical fibre 
connected to 
pyrometer 

Spatially measures wall temperature of 
monolith catalysts 

No gas composition 
profile within the 
monolith catalyst 

Choi et al. 
[117] 

SpaciMS 

Phosphor 
thermography 

Use a small optical fibre tipped with a 
thermographic phosphor to measure 
spatial intra-channel temperature 

Accurately resolve the spatial high 
temperature gradient  

- 
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The SpaciMS technique is considered to be a powerful method to study the intra-

catalyst information for monolith catalysts and has been the most widely adopted. It 

employs physical probes including thermocouples and thin open ended fused silica 

capillaries to map temperature and gas concentration profiles within the catalyst 

channels. A recent review on spatially-resolved techniques is available in [69] which 

includes extensive details regarding the SpaciMS. When employing physical probes, 

it is necessary to evaluate the invasive nature of such probes under operation 

conditions. Sá et al. [109] used 3D computational fluid dynamics (CFD) modelling and 

showed that the insertion of their small size probes presented a minimal invasive 

nature in their work. Hettel et al. [118] investigated the impact of the probes on 

spatially-resolved concentration measurements by means of CFD simulation in the 

case of the partial oxidation of CH4. The impact of the probe on the experimental data 

was found to be strongly related with its position within the channel: the invasiveness 

of the probe positioned in the channel corner would be small. The results reported so 

far indicate that if the experimental technique is carefully designed, the invasiveness 

of physical probes can be minimised in order to not affect the environment of the 

catalyst being investigated. 

 

2.5.2 Spatially-Resolved Study of Effective Diffusion 

Sharma et al. [45] have utilised the SpaciMS technique as a novel approach to 

measure the effective diffusivity of oxygen in porous washcoat, and through the porous 

walls of the monolith substrate. As shown in Figure 2.2, a mixture of argon (Ar) and 

O2 was introduced in a central channel, and the axial profile of O2 was measured in 

the neighbouring channels.  
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Figure 2.2: Probes setting at the front face of the sample [45]. 

 

The axial profile of O2 in the neighbouring channels depends on the diffusivities in the 

gas phase, in the washcoat layer and through the substrate wall. A mass balance was 

made in the adjacent channel to compare the calculated O2 concentration profile with 

the measured profile, and used to get the value of effective diffusivity. Experiments 

were done on various types of monolith cores to measure the effective diffusivity in the 

catalytic washcoat layer. The experiments were also repeated at different 

temperatures to get the temperature dependence of the observed effective diffusivity. 

The gas diffusion regime in the substrate was the molecular diffusion and in the 

washcoat was Knudsen diffusion. This method has tremendous potential as a way of 

getting a quick estimate of the effective diffusivity in the porous washcoats of catalytic 

monoliths. However, their work did not provide the concentration profile for all studied 

channels, instead presented the assumption for the case of the central channel. In 

addition to this, only O2 were studied in the diffusion tests while other reactants and 

products were not studied. Other limitations associated with this study include the lack 
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of detailed confirmation process of the dominant diffusion regime in the substrate and 

washcoat. As the results, one aim of author’s study is to address these limitations and 

make improvement on using the spatially-resolved technique to measure effective 

diffusivity for washcoated monoliths. 

 

2.5.3 Spatially-Resolved Study of Modelling 

In general, the SpaciMS technique is used to assess the activity of structured catalysts 

with respect to conversion, selectivity, deactivation etc. [69], however the exploitation 

of spatially-resolved data via kinetic modelling is relatively scarce in the literature. The 

accuracy of predictive simulations need to consider appropriate kinetic model (micro 

kinetic or global kinetic); kinetic parameters (literature or experimentally derived); 

dimensionality of the models (1D, 2D or 3D) and scale (micro, meso or macro). In 

terms of the studies using spatially-resolved methods, some investigators have 

measured local concentrations and temperatures profiles along a honeycomb 

monolith catalyst at operando conditions. Intra-catalyst resolutions provided numerous 

catalyst details including the network and sequence of reactions, reaction pathways 

and catalyst state and these information were used to develop a kinetics model. Coney 

et al. [119] used the SpaciMS technique to axially map the inhibitory effect of water on 

methane catalytic oxidation over a commercial Pd/Al2O3 monolith catalyst. The results 

suggested that high temperatures resulted in lower levels of inhibition. Based on the 

results of a global kinetic model, the inhibitory effect of H2O was attributed to the 

formation of Pd(OH)2 species under humid conditions. This work developed a 

parameter estimation approach to pre-screen experimental data sets for spatial 

regions where mass transfer limitations and significant gas-solid temperature 
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differences existed. Eventually, a dual sites global kinetic model with optimisation of 

the kinetic parameters was developed and Figure 2.3 provided simulation in 

remarkable agreement with the spatially-resolved experimental data. Although Coney 

et al. [119] obtained the global kinetic model to successfully predict the concentration 

profiles, the impact of diffusion on catalytic reaction is not discussed, therefore, one 

aim of author’s work is visualisation of this impact by simulating CH4 oxidation at 

various diffusion states, then can be used to validate the method of measurement of 

effective diffusivity. This is one of the novelties of this study. 

 

 

Figure 2.3: Experimental and simulated CH4 concentration at various temperatures 

and extra H2O concentrations. 

 

2.5.4 Spatially-Resolved Study of Catalyst Deactivation 

The study the catalyst deactivation occurring within the monolith is desirable for the 

optimisation of catalytic converters design. Spatially-resolved techniques, being non-

invasive, are looking promising in their application to provide sufficient sampling zones 
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and gradients of concentration within monolith catalysts. Hofmann et al. [120] 

examined the deactivation in a washcoated monolith using a combination of 

transmission electron microscopy and X-ray absorption/diffraction spectroscopy at 

various spatial scales. The inhomogeneity of the catalytic coating was demonstrated 

to play a critical role in the development of local deactivation. Alzahrani et al. [121] 

used the combination of 3D CFD modelling and spatially-resolved near-IR tomography 

to investigate the local deactivation within a gas-solid packed bed reactor. The local 

deactivation occurs in thin layers at the exterior of the catalytic particle in contact with 

the flow, the deactivation was sensitive to intra-particle diffusion. This information is 

crucial to author’s study for its insight of the impact of local deactivation on diffusion. 

The SpaciMS technique purposed by Stere [122] has tremendous potential as a way 

of getting spatial information about the distributed nature of the deactivation in aged 

catalytic converters. Herein, CO oxidation is widely used as a probe reaction to 

investigate spatially-resolved characterisation of concentration and temperature 

gradients along monolith catalysts. The concentration and temperature profiles along 

the Pd/Al2O3 washcoated monolith were investigated during light-off and steady-state 

experiments. The oscillatory behaviour during the measurement has emphasised the 

high sensitivity of the SpaciMS technique and the importance of intra-catalyst analysis. 

Although Stere’s work evaluated the impact of deactivation on the catalytic oxidation, 

more detailed knowledge of spatial deactivation such as the distribution of diffusion 

type was not provided. The improvements on these issues were the aims of author’s 

study: the effective diffusivity of gas species was measured along the monolith core 

samples to shed light on the local diffusion regime. This is one of the novelties of 

author’s study. 
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Considering the catalytic activity of PGM used in monolith catalysts, palladium is more 

sensitive than Pt and Rh to chemical deactivation, in particular to poisoning by sulphur, 

lead and phosphorus [123-125]. Phosphorus, zinc (Zn), calcium (Ca) and magnesium 

(Mg) compounds are typical impurities in the lubrication oils. Small amounts of these 

compounds are known to present a strong effect on the performance of the catalytic 

converter [126-128], mainly through deposition within the front of the monolith 

[123,129,130]. It was reported that up to 70% of phosphorus fed to the system is 

deposited on the catalysts [131] as an overlayer of Zn, Ca and Mg phosphates 

(M3(PO4)2, M=Zn, Ca or Mg), as aluminium phosphate and even in the form of cerium 

phosphates within the washcoat [126,132,133]. Phosphates block the pores of the 

washcoat by forming a film layer on the catalyst surface that prevents the gas 

molecules to reach the catalytic active sites, and also induces changes in electronic 

and geometric structure of the surface, thus reducing the gas diffusion inside the 

monolith [124]. 

Carbon particles are also known to accumulate on the active metal and the support, 

with strong carbon deposition leading to the disintegration of catalyst pellets and 

plugging of reactor voids [123,124]. Coke is produced by decomposition or 

condensation of HC over the catalyst surface, which generally consists of polymerised 

HC with high molecule weight [124]. It was shown for a Pd/SiO2 catalyst that 

regeneration from coking was possible at different temperatures, starting from 250 °C, 

depending on the Pd crystal structure type; the removal of the deposit on the support 

was done at a higher temperature (550 °C) [134]. 

Although the general reasons that were responsible for the deactivation within the 

monolith catalysts were discussed, identification of the exact reasons of deactivation 
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for the samples used in existing work was not carried out. This is due to the monolith 

core samples were obtained from commercial entities, such the information of the 

preparation and usage of the samples were untraceable and limited, therefore the 

samples were investigated with simply knowing they were not fresh catalysts. This is 

one limitation of this research. 
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Chapter 3 Experimental and Simulation Platform 

 

3.1 Catalysts 

3.1.1 CH4 Oxidation Catalyst 

The cordierite ceramic honeycomb monolith catalyst was supplied by Johnson 

Matthey. The catalyst consisted of 3 wt.% Pd supported on Al2O3, washcoated on a 

cordierite substrate. The washcoat PGM loading was 2.2 g·in-3 Pd, with fresh catalysts 

exhibiting dispersions of ca. 30 %. 

The monolith core had a channel density of 400 cpsi, and was ca. 102 mm in length 

with a diameter of ca. 17 mm. The monolith core was wrapped in a 2 mm thick layer 

of insulation quartz tape. The insulation tape had the dual role of limiting heat losses 

from the core to the reactor walls and also minimising gas flow bypassing. 

 

3.1.2 CO Oxidation Catalysts 

The cordierite ceramic honeycomb monolith catalyst was supplied by General Motors, 

and was removed from a pick-up truck after 128000 km drive. The washcoat PGM 

loading was 55.2 g·ft-3 Pd supported on Al2O3. As shown in Figure 3.1, the core sample 

used in the present study was extracted from the central of the full monolith brick. The 

extracted core sample was subsequently cut in two half parts with the sample F (front 

core) corresponding to the inlet half while the sample B (back core) corresponding to 

the outlet half of the brick. These two samples were used to determine the difference 

in catalytic performance between the inlet and outlet. 
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Figure 3.1: Two sample cores used for the experiments. 

 

The monolith cores had a channel density of 600 cpsi and were ca. 30 mm in length 

with a diameter of ca. 17 mm. Similarly to the CH4 oxidation catalyst, each monolith 

sample was wrapped in a 2 mm thick layer of insulation quartz tape. 

 

3.2 Spatially-Resolved Technique Equipment 

SpaciMS is derived from spatially-resolved capillary-inlet mass spectrometry as it uses 

thin fused silica capillaries axially inserted into the monolith channels which are 

connected to a mass spectrometer (MS). This technique is considered minimally 

invasive due to the low gas sampling rate (ca. 10 μL·min-1) and probe size (ca. 200 
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μm O.D.). The probes can be positioned at multiple axial and/or radial locations, and/or 

translated along a monolith channel, enables gas concentration profiles as well as the 

temperature profiles to be obtained with high spatial resolution. The SpaciMS 

apparatus employed in this work has been adapted from a previous work carried out 

by Coney et al. [1-3] at Queen’s University Belfast. As detailed in Figure 3.2 and 3.3, 

the major components of the SpaciMS instrument include: 

 MS 

 Sampling unit 

 Temperature interface 

 Z-motion drive unit 

 Tubular furnace and stainless steel reactor 

 

 

Figure 3.2: Schematic representation of the SpaciMS setup. 
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Figure 3.3: SpaciMS experimental setup; (a) closed view, (b) open view. 

 

A Hiden HPR20 quartz inlet capillary (QIC) quadrupole MS is connected to the 

sampling unit using a heated capillary. When a sample is introduced to the MS, the 

sample molecules are ionised through bombarding the sample with electrons with a 

filament based ionisation chamber. The ions are then accelerated by an electric field 
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to the ion analyser where they are separated depending on their mass to charge (m/z) 

ratio. The separated ions are detected and counted giving rise to the mass spectrum. 

Some chemical bonds can be broken during ionisation, resulting in fragmentation; 

these ion fragments are characteristic of each compound. The ionised molecules are 

filtered by the quadrupole, allowing ions with a selected m/z ratio passing through the 

analyser and being collected at the detector. 

The sampling unit is heated with a heating element to maintain the valve at 150 °C 

(Figure 3.4 (a)), limiting condensation of high boiling point materials [4]. 220 μm O.D. 

open ended fused silica capillaries (Polymicro Technologies) are used to sample the 

gaseous species and are axially inserted inside the monolith channels. The invasive 

nature of the capillaries is kept negligible in this work by using a similar configuration 

as reported by Sá et al. [4]. Each capillary is connected to the multi-position switch 

valve with 16 capillary sampling ports (Figure 3.4 (b)); it allows a selected capillary 

probe being connected to the MS and avoids pressure fluctuations when changing 

between sampled capillaries. The SC-type flow path of the valve (Figure 3.4 (c)) 

provides a direct connection between the selected capillary sampling probe and the 

QIC capillary and a bypass flow path for the non-selected capillary sampling probes. 
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Figure 3.4: Sampling system; (a) multi-position valve, (b) ports alignment, (c) SC-type 

flow path. 

 

As shown in Figure 3.5, the transition from the fused silica sampling probes to the 

ports of the switch valve is realised through low dead volume adapters, ensuring that 

the capillary does not shear inside of the valve and preventing damage to the valve. 

 

 

Figure 3.5: Connecting the sampling probes. 

 

As shown in Figure 3.6, the inlet controller provides the drive for the multi-position 

switch valve actuator, allowing manual positioning and homing of the multi-position 

valve, as well as the control of the non-selected bypass and purge flow through the 

flow meters. 
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Figure 3.6: Inlet controller [5] 

 

The gas temperature data is recorded continuously using up to 8 type K Omega 

thermocouples which have an outer diameter of 250 μm. The thermocouples are 

connected to a Pico technology 8-port interface, which logs the temperature readings. 

Due to the thermocouples having such a small outer diameter and considerable length, 

bending may occur. Such bending of the thermocouples would have a negative effect 

on the accuracy of the movement of the thermocouples within the channel. To increase 

mechanical resistance against bending, the probes are inserted in a fused silica tube 

with only the tip fully exposed to the gas flow, and the temperature data can be read 

from the Pico monitor [4]. 

To gain information at various axial positions within the monolith, the probes are 

required to move along the length of the monolith. This is guaranteed via a z-motion 

drive unit consisting of a stepper motor and bellows to control the linear movement of 
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the capillaries and thermocouples within the channels (Figure 3.7). Controlled by the 

Thorlabs APT Microstepping Controller (BSC101) toolbox (Figure 3.8), the smallest 

moving in steps of the probes is 0.1 mm with an accuracy of ±5%. 

 

 

Figure 3.7: Scan rig set-up. 

 

 

Figure 3.8: Thorlabs control toolbox interface. 
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The monolith is placed within a stainless steel reactor (I.D. ca. 20 mm, length 200 mm). 

As shown in Figure 3.9, the reactor has a removable top sealed with in-house 

developed copper gaskets. The reactor is heated using a 1 m long tubular split-furnace 

made by Carbolite, which is fitted with a Eurotherm controller. 

 

 

Figure 3.9: Sealing units for stainless steel reactor. 

 

The gases used in the experiments are supplied via a range of bottles supplied by 

BOC (UK’s largest provider of industrial and specialist gases). The gas feed included 

O2, CO2, CH4, CO and Ar. The SS/PTFE gas lines are connected to the gas cylinders, 

then to an in-line filter, a mass flow controller supplied by Flotech Solution Limited and 

Bronkhorst UK Limited, a quarter-turn plug valve, a poppet check valve and further on 

to the inlet of the reactor. 
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3.3 Spatially-Resolved Mass Transfer Experiments 

3.3.1 Experimental Conditions 

For the CH4 oxidation catalyst, O2, CO2 and CH4 were respectively fed into the central 

channel of the monolith core using an inlet capillary (Figure 3.10). The concentrations 

of O2, CO2 and CH4 used were 40, 40 and 2 vol% respectively. For the CO oxidation 

catalyst, a similar procedure as that used with the CH4 oxidation catalyst, O2, CO2, CO 

were respectively fed with concentration of 40, 40 and 5 vol% (CH4 and CO were used 

in low concentration for safety reasons). Argon was used as the balance gas and fed 

from the inlet port of the stainless steel reactor to supply uniformly to all the core 

channels. Under steady-state, the furnace temperatures employed were 200, 300 and 

400 °C for the CH4 oxidation catalyst, while the furnace temperatures were 25, 100 

and 200 °C for the CO oxidation catalyst.  

 

 

Figure 3.10: Schematic representation of the positioning of the inlet and sampling 

capillaries inside the monolith central channel. 

 

As shown in Figure 3.10, to guarantee that no gaseous species fed via the inlet 

capillary leaked to neighbouring channels from the upstream face of the monolith core, 
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the inlet capillary was positioned at a position 3 mm into the central channel. A gap of 

2 mm between the sampling capillary and the inlet capillary was set up, thus 

minimising the impact of unsteady flow at the exit of the inlet capillary which may lead 

the fluctuation in the MS detection, and also for measuring as much positions as 

possible within the channel. 

Figure 3.11 reports the sampling capillaries configuration. Two sampling capillaries 

were axially inserted from the downstream ends of the channels. Herein, one capillary 

was positioned in the central channel to measure the concentration profile, while a 

second capillary was positioned in a channel adjacent to the central and therefore 

sharing a wall, to measure the concentration of species diffused from the central 

channel through the wall. The sampling capillaries were moved axially with a total 

movement distance of 72 mm by using the stepper motor. 20 positions were set as 

measurement points where the gas phase composition was analysed using the MS. 

At each sampling position, the multi-position switch valve controlled the sampling 

capillary connected to the MS and the concentration of the gaseous species inside the 

central or adjacent channel was respectively measured.  
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Figure 3.11: Schematic representation of the inlet and sampling capillaries: the symbol 

“⦿” refers to the inlet capillary axially inserted into channel in the same direction with 

gas flow, while the symbol “⨂” refers to the sampling capillaries inserted upstream into 

the monolith channel from the outlet side. “Cin” is the inlet capillary, “Ccen” or “Cadj” is 

the sampling capillary inside the central or adjacent channel respectively. 

 

Table 3.1 and 3.2 summarise the set of conditions of the mapping of spatially-resolved 

concentration profiles within the monolith catalysts used in this project. 
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Table 3.1: Summary of Measurement Conditions of Concentration Profiles for CH4 Oxidation Catalyst 

Furnace 
Temperature 

(°C) 
200 300 400 

Gaseous 
Species 

O2 CO2 CH4 O2 CO2 CH4 O2 CO2 CH4 

Channel Central Adjacent Central Adjacent Central Adjacent 

 

Table 3.2: Summary of Measurement Conditions of Concentration Profiles for CO Oxidation Catalyst (Front and Back Cores) 

Furnace 
Temperature 

(°C) 
25 100 200 

Gaseous 
Species 

O2 CO2 CO O2 CO2 CO O2 CO2 CO 

Channel Central Adjacent Central Adjacent Central Adjacent 
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3.3.2 Baseline and Inlet Concentration Measurement Procedure 

Prior to experimental tests, each sampling capillary was positioned 5 mm before the 

monolith inlet, all cores were fed with 100 vol% Ar at a pressure of 1 atmosphere for 

a minimum period of 30 min at the selected temperature for each test. Table 3.3 

reports the Ar flow rate for the mass transfer tests for each species of interest. Baseline 

signals for the species of interests were deemed achieved when all recorded 

secondary electron multiplier (SEM) signals exhibited a fluctuation change of less than 

±5% over a period of 15 minutes. The SEM signals of the mass to charge ratios at 15 

(CH3), 16 (CH4), 28 (N2), 32 (O2), 36 (Ar), 44 (CO2) were continuously monitored by 

the MS. 

 

Table 3.3: Argon Balance Gas Flow Rate for Mass Transfer Tests 

Species of Interest Total Flow Rate (mL·min-1) 

O2 (CH4 Catalyst) 1772.9 

O2 (CO Catalyst) 2626.5 

CO2 (CH4 Catalyst) 1513.1 

CO2 (CO Catalyst) 2626.5 

CH4 1642.5 

CO 2626.5 

 

After baseline measurement, the capillary Ccen was positioned 5 mm at the monolith 

inlet to measure the inlet gas concentrations. For each test, at the relevant 

temperature, the central channel was fed with a mixture of Ar and the species of 
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interest at 1 atmosphere for a minimum period of 30 min. Similarly to the baseline 

measurement procedures, SEM signals of the mass to charge ratios at 15, 16, 28, 32, 

36, 44 were continuously monitored by the MS. 

 

3.4 Simulation and Modelling Platform 

Axisuite is a software package for the simulation of vehicles aftertreatment systems. 

The platform consists of four separate modules (Figure 3.12) which are: 

 

 

Figure 3.12: Axisuite modules and scope of applications [6]. 

 

 Axicat - This module is aimed at the simulation of ‘flow-through’ honeycomb 

monolith catalysts. 

 Axitrap - This module is aimed at the simulation of ‘wall-flow’ diesel particulate 

filters. 
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 Axifoam - This module is designed to model the behaviour of foam-type 

catalytic converters and particulate filters. 

 Axiheat - This module is aimed at the simulation of heat transfer and fluid 

injection through pipes. 

The Axicat module of the Axisuite was used in this work since the sample under 

investigation was a flow-through monolith catalyst. The module requires catalyst 

specification data including PGM loading, dimensions and cell density. The inlet gas 

concentrations are specified by the user. These concentrations can be kept constant 

as required for gas reactor experiments, or derived from drive cycle emissions data 

taken from actual engine tests. Mass flow rates data are also essential simulation 

information. 

Axicat employs a quasi-steady assumption, according to which the rate of diffusion of 

species to the active catalytic sites is equal to the rate of chemical reaction. This 

means that there are no species accumulation take place on the solid catalytic surface. 

This assumption is practical for steady-state operation. The rates of diffusion and 

reaction depend on the local temperature and concentrations. The coupling between 

reaction and diffusion rates consists in calculating the molar fractions at the catalytic 

sites, for which the reaction rates are equal to diffusion rates. For this purpose, this 

assumption is formulated as a non-liner system of n-equations (one for each gaseous 

species, defined in the reaction scheme) with n unknowns. This is a totally defined 

non-liner system. What should be noted is that an adaptive time step algorithm is 

implemented in the solver. This algorithm decreases the user defined time step. This 

is done and only when needed internally without any interaction with the user, in order 

to handle stiff problems and enable the simulation to proceed. 
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The intralayer reaction/diffusion model describe the diffusion  

1. External diffusion of the reactants from the channel flow to the channel surface; 

2. Internal diffusion of the reactants through the substrate and washcoat; 

3. Adsorption of reactants on the catalytic sites; 

4. Conversion of reactants to products on the catalytic sites; 

5. Desorption of products on the catalytic sites; 

6. Internal diffusion of the products through the substrate and washcoat; 

7. External diffusion of the products from the channel surface to the channel flow. 

The diffusion steps of 1, 2, 6 and 7 is induced by the concentration gradients created 

by catalytic reactions. The difference with the surface reaction model is that this 

approach models step 2 and 4 separately, while the surface reaction model lumps the 

effect of both in the reaction rate of steps 3 to 5. The governing equation for coupled 

mass conservation and reaction of any species in the substrate and washcoat is: 

 ,
i

i i k k

km

y f
D f c R

w w c

  
  

  
  Eqn. 3.1 

Where: 

 Di is the total diffusivity of species i in channel wall pores (m2·s-1) 

 w is the intralayer dimension 

 yi is the mole fraction of component i 

 f is the friction factor 

 cm is the molecular density of gas (mol·m-3) 

 ci,k is the stoichiometric coefficients of species i for reaction k 
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 Rk is the reaction rate for reaction k (mol·m-3·s-1) 

The total diffusivity is calculated based on the parallel pore model (mixed diffusion). 

The mixed diffusion model uses the expressions as Eqn. 2.3 and Eqn. 2.4. 

The boundary conditions should couple the phenomena in the substrate and washcoat 

with the gas conditions in the channels. Regarding this boundary, one should consider 

the convective mass transfer from the gas bulk to the channel surface, which can be 

computed as usual based on the film approach with mass transfer coefficients km, 

corresponding to laminar channel flow: 

    , , ,

1

4
c

g g i m s i g i

h w

v y k y y
z d f


 


 Eqn. 3.2 

Where: 

 vg is the exhaust gas velocity (m·s-1) 

 dh is the channel hydraulic radius (m) 

 f-wc is the geometric parameter (ratio of layer thickness to channel diameter) 

 km is the convective mass transfer coefficient (m·s-1) 

Eqn 3.2 is applied at gas/solid interface of a square channel (intralayer coordinate -

wc). The convective mass transfer coefficient for each species is: 

 
,MSh AB

m

h

D
k

d


  Eqn. 3.3 

Where: 

 Sh is Sherwood number 
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 DAB,M is the binary gas phase diffusivity of A and B (m2·s-1) 

The molecular flow at the surface of the gas/solid interface in the square channel can 

also be expressed as: 

  2

,4
c c

i
i w h w g g i

s

y
D f d f v y

w z
 

 
  

 
 Eqn. 3.4 

Combining Eqn. 3.2 and Eqn. 3.4 yields the boundary condition at the channel: 

  , ,c c

i
i w m w s i g i
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y
D f k f y y

w
 


   


 Eqn. 3.5 

The second boundary condition is defined at the central of the channel wall. Due to 

symmetry, no mass transfer occurs at this boundary which is expressed as: 

 
0.5

0i

w w

y

w 





 Eqn. 3.6 

Due to the high convective mass transfer rates through the washcoat and wall, the 

species concentrations in the gas phase and at the gas/solid interface can be assumed 

equal. This justifies the use of uniform values for species concentrations in both the 

rate expressions and the mass balance equation. 

In Axicat, the module contains a list of more than 140 built-in reactions (Figure 3.13), 

which can be turned on or off by the user. The platform allows creating new user-

defined reactions with the standard gas species. 
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Figure 3.13: Reaction library for the Axicat module. Note that the reactions with the 

symbol “” are relevant in this work. 

 

The structures of the standard kinetic equations incorporated in the Axicat are based 

on literature and include the inhibiting terms and their respective kinetic coefficients 

for each reaction. The Axicat contains 56 pre-programmed inhibition parameters. 

These provided maximum flexibility with respect to derivation of the coefficient values 

for each new reaction. 

The pre-exponential and activation energy values are the variables required to 

calculate the k values for each inhibition term as per the Arrhenius equation. In the 
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Axicat the k value is known as auxiliary coefficient. This coefficient is then used in an 

expression along with its corresponding compound and is named as auxiliary function. 

Table 3.4 details the functions and coefficient added to the Axicat to account for H2O 

as inhibiting factors in CH4 oxidation reaction. The ‘G1’ prefix used denotes the group 

of inhibition coefficients within the Axicat. In the remainder of this document the 

auxiliary coefficients do not contain the ‘G1’ prefix and are referred to only as ‘K30’. 

 

Table 3.4: Inhibition functions and expressions introduced to the Axicat 

Compound 
Auxiliary 
Function 

Auxiliary 
Parameter 

Expression 

H2O G1_30 K30 1+K30*P_H2O^2 

 

The process of appointing pre-exponential and activation energy values for the K30 

value in inhibition term is detailed in Section 4.3. 

When all the required catalyst specification, gas inlet and temperature ramp 

parameters have been entered the model can run and produce the results requested 

in the form of graphs and data. The output data can be customised by the user to 

include specific output concentrations, conversion efficiencies, flow rates and 

temperatures. All data can be exported to external software for further analysis if 

desired. In this study the data was exported to Microsoft Excel for direct comparison 

with measured data.  

The ultimate goal in the use of the Axisuite platform is to produce a set of global kinetic 

expression and associate parameters allowing the simulation of the reactions 

occurring within the monolith catalysts. Axisuite gives a panel to build kinetic equations, 
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but it is not able to provide the exact value of kinetic coefficients for the specific system. 

Therefore it was the author’s focus to obtain kinetic coefficients which accurately 

represented the behaviour of the catalyst sample across the range of experiments 

described in Section 4.3. 
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Chapter 4 Effects of Effective Diffusion on CH4 Catalytic Oxidation 

 

4.1 Introduction 

This chapter focuses on the development of a novel methodology to experimentally 

determine effective diffusions using a spatially-resolved approach under steady-state 

conditions. The applicability and efficiency of this new approach was assessed via the 

goodness of fit of the simulations of CH4 oxidation over a palladium catalyst against 

measured spatially-resolved profiles. The simulation data was generated using either 

correlation or experimentally obtained diffusion coefficients. The core sample was 

obtained from Johnson Matthey; it was a 3 wt.%Pd/Al2O3 washcoated catalyst 

supported on a monolithic ceramic substrate. Figure 4.1 reports a workflow diagram 

illustrating the methodology of this work. 

 

 

Figure 4.1: Workflow of the study. 
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The main objectives of this work are detailed as follows: 

 Resolve the spatial in-situ gas concentration profiles within the monolith. 

 Determine the diffusion regime within the monolith via the calculation of internal 

mass transfer parameters. 

 Assess the applicability of the spatially-resolved method on measurements of 

effective diffusion through the investigation of experimentally-determined 

diffusion coefficients on CH4 catalytic oxidation reactions. 

 

4.2 Measurement of the Effective Diffusion 

To access the knowledge of effective diffusion, the measurement of concentration 

profiles of O2, CO2 and CH4 at central and adjacent channels of the monolith were 

carried out by using the SpaciMS technique under steady-state conditions. Figure 4.2 

to 4.4 report the spatially-resolved concentration profiles recorded at 200, 300 and 

400 °C. The concentrations obtained in the central channel presented monotonous 

declining profiles which were the consequence of gas diffusion from the central to 

adjacent channels through the porous channel walls. In contrast, a rise followed by a 

decrease in the gas concentration was observed in the adjacent channel. This was a 

consequence of the combined effect of the diffusion of gas species from the central 

channel and the further diffusion from the adjacent channel to the second adjacent 

channels. During the rising part, the diffusion from the central channel dominates until 

a maximum concentration is obtained. At longer axial distances, the subsequent 

diffusion from the adjacent channel to the second adjacent ones takes over which 

results in a progressive decreasing of the concentration with axial position. The impact 

of temperature on gas diffusion through the wall can be observed: at identical axial 
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position in the central channel, the concentration was higher under the lower 

temperatures. For the adjacent channel, the peak in maximum concentration was 

obtained at shorter axial positions at the higher temperatures. For the rear part of the 

monolith core, the gas concentrations under the higher temperatures displayed lower 

values. These changing concentration profiles were consistent with the gas diffusion 

presenting a positive temperature dependence i.e. faster diffusion with increasing 

temperature. 

 

 

Figure 4.2: Spatial concentrations of O2 in the central and adjacent channels at various 

temperatures: (a) 200 °C, (b) 300 °C, (c) 400 °C. Note that concentrations inside the 

central channel (blue circles) match the y-axis at left side, while concentrations inside 

the adjacent channel (green squares) matches the y-axis at the right side. In addition, 

each concentration data in both channels were the average value of around 100 

measurements at the same condition, and the error bars were obtained by calculating 

the standard deviations of the whole measurements.  
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Figure 4.3: Spatial concentrations of CO2 in the central and adjacent channels at 

various temperatures: (a) 200 °C, (b) 300 °C, (c) 400 °C. 

 

 

Figure 4.4: Spatial concentrations of CH4 in the central and adjacent channels at 

various temperatures: (a) 200 °C, (b) 300 °C, (c) 400 °C. 
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Sharma et al. [1] used the transport equation under the assumption of plug flow in the 

channels (zero radial gradients and zero axial diffusion). The axial change of the flow 

rate of gas species in the central channel is equal to the rate of mass transfer to the 

channel surface: 

  , ,

, ,  
g i g i m

g i s i

h

c c k
u c c

t x d

 
   

 
 Eqn. 4.2 

Where: 

 cg,i is the concentration in the gas phase 

 cs,i is the concentration in the wall 

 u is the linear velocity (m·s-1) 

 dh is the channel hydraulic radius (m) 

 km  is the mass transfer coefficient in the gas phase (m·s-1) 

Based on the mass flux balance, the transport to the channel surface is equal to the 

transport between channels, Eqn. 4.2 can be derived: 

    , , , ,1 g, ,2m g i s i overall g i ik c c k c c    Eqn. 4.3 

Where 

 koverall is the overall mass transfer coefficient (m·s-1) 

 cg,i,1 is the gas phase cup mixing concentration in channel 1 (the central 

channel) 

 cg,i,2 is the gas phase cup mixing concentration in channel 2 (the adjacent 

channel) 
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Thus the Eqn. 4.1 can be rewritten as: 
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 Eqn. 4.4 

At steady-state, the evolution of the concentrations of the gas is kept constant at each 

axial position regardless of time, thus the left term of Eqn. 4.3 is 0.  

Thus 

  ,

, ,1 , ,2

g i overall
g i g i

h

c k
u c c

x d


  


 Eqn. 4.5 

  , , ,1 , ,2
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g i g i g i

h

k
c c c x

d u
      Eqn. 4.6 

To derive the overall mass transfer coefficient koverall, in the washcoated monolith, data 

from Figure 4.2 to 4.4 were used. The steps described below were followed in the 

calculations. 

Since the axial concentration data cg,i,1(x) and cg,i,2(x) were measured experimentally, 

koverall could be calculated using Eqn. 4.6 (at steady-state) as a function of cg,i (see 

Appendix A for the for the details of the calculus steps). 

        
0

, , ,1 ,20
nx

overall
g i n g i g g

h

k
c x c c x c x x

d u
        Eqn. 4.7 

Where: 

 cg,i(xn) is the concentration at axial position of xn mm in the central channel 

 cg,i(0) is the inlet concentration 

When x=0, cg,i,2(0)=0 
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Since the change of total flow rate can lead the change of temperature, further can 

lead the change of diffusion performance. Considering the impact of gas flow on the 

temperature difference between the main body of the monolith and central channel, 

the difference of flow rate due to the extra gaseous species used for diffusion in the 

central channel is very small compared to the total argon flow (8.8 and 1772.9 mL·min-

1 for O2 diffusion experiments, with a difference of 0.5%; 7.5 and 1513.1 mL·min-1 for 

CO2 diffusion experiments, with a difference of 0.5%; 8.1 and 1642.5 mL·min-1 for CH4 

diffusion experiments, with a difference of 0.5%), thus the impact of flow rate of 

diffusion species on temperature difference can be considered to be negligible. 

Figure 4.5 summarises the calculated overall mass transfer coefficient profiles for O2, 

CO2 and CH4 respectively, with their respective local temperatures from 200 to 400 °C. 

The results were found as koverall values rise with temperature as well as molecular 

weight, within the expectation of faster diffusion under higher temperature and smaller 

diffusion resistance for smaller molecules. Due to the unsteady flow at the inlet of 

channel, the flat koverall profiles were observed from the monolith length of 20 mm, 

indicating the stable mass transfer state commenced at this position. 
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Figure 4.5: Spatial overall mass transfer coefficients at various temperatures: (a) 

200 °C, (b) 300 °C, (c) 400 °C. 

 

From the values of koverall at each position, the effective diffusivity of gaseous species 

could be calculated. Assuming that the thickness of the monolith wall and washcoat 

was uniform, Eqn. 4.7 can be obtained for the diffusion through the wall: 

 1 2

, .1, ,2,

2

i eff i eff i eff

W WW

D D D
   Eqn. 4.8 

Where: 

 W is the wall thickness (m) 

 Di,eff is the effective diffusivity through the monolith channel wall (m2·s-1) 

 Di,1,eff is the effective diffusivity through the substrate of thickness W1 (m2·s-1) 

 Di,2,eff is the effective diffusivity through the washcoat layer of thickness W2 

(m2·s-1) 

Table 4.1 reports the average thicknesses of the washcoat and substrate measured 

by scanning electron microscopy (SEM). These data were obtained from the 

measurement carried out by Coney et al. [2]. 
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Table 4.1: Measured Washcoat and Substrate Thickness [2] 

Washcoat  29 μm 

Substrate  137 μm 

 

Considering the combined effect of the washcoat and substrate, the overall mass 

transfer coefficient or effective diffusivity, can be written as Eqn. 4.8 [3]: 

  Eqn. 4.9 

Where: 

 km is the convective mass transfer coefficient (m·s-1) 

And km can be calculated as 
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  Eqn. 4.10 

DAB,M was calculated through the Hirschfelder’s equation (Chapman-Enskog theory) 

[5] 
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 Eqn. 4.11 

Where: 

 DAB,M is in cm2·s-1 

 T is the temperature (K) 

 M is the molar mass of species A or B (g·mol-1) 
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 p  is the total pressure (atm) 

 σAB is the Lennard-Jones collision diameter (Å) 

 ΩD is the collision integral for molecular diffusion 

Table 4.2 summaries the calculated DAB,M for O2, CO2 or CH4 mixed with Ar at various 

temperature using Eqn. 4.10. The value of Lennard-Jones collision diameter σAB and 

collision integral ΩD were referred from [6]. 

 

Table 4.2: Binary Gas Phase Diffusivity of O2/CO2/CH4 and Ar at the Temperature of 

200 to 400 °C 

T (°C) 
DAB.M (m2·s-1) 

O2/Ar CO2/Ar CH4/Ar 

200 4.33×10-5 3.27×10-5 4.78×10-5 

300 6.06×10-5 4.55×10-5 6.69×10-5 

400 7.94×10-5 6.01×10-5 8.87×10-5 

 

To confirm if the flow within the channel is laminar flow, a simplification method of the 

calculation of Reynolds number is purposed by using maximal value at the inlet of the 

channel: 

 
max

max

min

Re hd u


  Eqn. 4.12 

Where  

 u is the gas flow velocity (m·s-1) 
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 ρmax is the larger density among the binary species (kg·m-3) 

 μmin is the smaller dynamic viscosity among the binary species (Pa·s) 

The Remax for both the cases of O2/Ar, CO2/Ar and CH4/Ar from 200 to 400 °C are lower 

than 50, thus the flows can be found to be laminar flows inside the channels (See 

Appendix B for the details of the calculation steps). 

To determine if the flow within the channel is fully developed, the Graetz number was 

calculated 

  
max max

max

min

Re Pr
Gz hd

L


  Eqn. 4.13 

And 

 
max ,max

max

min

Pr
pc




  Eqn. 4.14 

Where: 

 L is the length (m) 

 Pr is Prandtl number 

 cp.max is the larger specific heat among the binary species (J·kg-1·K-1) 

 λmin is the smaller thermal conductivity among the binary species (W·m-1·K-1) 

The Gzmax for both the cases of O2/Ar, CO2/Ar and CH4/Ar from 200 to 400 °C are lower 

than 50, thus the flows can be found to be fully developed inside the channels (See 

Appendix B for the details of the calculation steps). Therefore, for fully developed 

laminar flow, Sherwood number can be calculated as [7]: 
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 Eqn. 4.15 

For square channel, ShL is 2.976, and 

 max
max

min ,M

Sc
ABD




  Eqn. 4.16 

Once Shmax are known, km can be calculated using Eqn. 4.9. And 
,i eff

W

D
 can be 

calculated using Eqn. 4.8. Figure 4.6 reports the spatially-resolved km1, km2 and 
,i effD

W
 

for O2/Ar, CO2/Ar and CH4/Ar at various temperature conditions. Interesting results 

were found as the mass transfer parameters profiles rise with the smaller molecular 

weight as expected. A steady distribution of mass transfer parameters was observed 

at the positions after 20 mm, further indicating a steady internal diffusion process take 

place on the relevant positions. As the result, the values of 
,i effD

W
 along the monolith 

length can be analysed as one average value at one fixed temperature, which 

increases under the higher temperature. Since the thickness of channel wall W is a 

constant for each case, the rise of Di,eff is attributed to the higher temperature.  
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Figure 4.6: Spatial mass transfer coefficients of O2, CO2 and CH4 at various 

temperatures: (a) 200 °C, (b) 300 °C, (c) 400 °C. 

 

The monolith used in this study has the channel wall which is made up of one substrate 

and washcoat layers, thus Eqn. 4.8 can be further rewritten as 

 1 2

1 .1, ,2, 2

21 1 1

overall m i eff i eff m

W W

k k D D k
      Eqn. 4.17 

Using the Effective diffusivity depends on the porosity and tortuosity of medium, can 

be written as: 

 
, ,0i eff iD D




  Eqn. 4.18 

Where: 

 ε is the porosity of the material 

 τ is the tortuosity factor 

 Di,0  is the total diffusivity of species i (m2·s-1) 
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The total diffusion through the substrate or washcoat can be expressed using the 

Bosanquet approach: 

 

1

,0

,M ,K

1 1
i

i i

D
D D



 
   
 

 Eqn. 4.19 

Where: 

 Di,M  is the molecular diffusivity of species i (m2·s-1) 

 Di,K  is the Knudsen diffusivity of species i (m2·s-1) 

Thus 

 

1

,

,M ,K

1 1
i eff

i i

D
D D







 
   

 
 Eqn. 4.20 

And Di,M can be calculated using Eqn. 4.10, which is a constant when temperature 

and species are known. Knudsen diffusion coefficient Di,K can be calculated as [8] 

 
,K

8

3

p

i

i

d RT
D

M
  Eqn. 4.21 

Where: 

 dp is the average pore diameter (m) 

 R is the gas constant=8314 J·kmol-1·K-1 

 Mi  is the molecular mass (g·mol-1) 

Due to porosity and tortuosity being different for the substrate and the washcoat, 
,i eff

W

D
 

in Eqn. 4.8 can be fully expressed as 
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 1 2

1 1

,

1 2,M ,1,K ,M ,2,K

2

1 1 1 1i eff

i i i i

W WW

D

D D D D

 

 

 
 

      
                

  Eqn. 4.22 

Either molecular or Knudsen diffusion respectively acts as the dominant diffusion 

regime inside the substrate or washcoat depending on the mean free path of the 

molecule and the pore diameter [1,4,9]. Therefore, to estimate the unknown diffusion 

parameters and the nature of the dominant diffusion regimes inside the subsrate and 

washcoat, a set of functions were developed and solved under four assumptions: 1) 

MM: both the diffusion within the substrate and the washcoat are in molecular regimes 

(Eqn. 4.22); 2) MK: the diffusion within the substrate is in the molecular regime and 

the Knudsen regime within the washcoat  (Eqn. 4.23); 3) KM: the diffusion within the 

substrate is in the Knudsen regime and in the molecular regime within the washcoat 

(Eqn. 4.24); 4) KK: both the diffusion within the substrate and the washcoat are in the 

Kundsen regime (Eqn. 4.25). 
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Eqn. 4.23 
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 Eqn. 4.24 
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Eqn. 4.25 
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 Eqn. 4.26 
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And 

 
,K ,K,

8

3

p

i i eff

i

d RT
D D

M

 

  

   
    

   
 Eqn. 4.27 

Although the porosity, tortuosity and mean pore diameter for the substrate and 

washcoat are unknown in Eqn. 4.22 to 4.25, ε and τ in the range from 0 to 1 and 1 to 

10 respectively. Meanwhile, τ is essentially a structural factor, thus it is independent of 

both temperature and the nature of diffusing species. dp1 in the cordierite substrate is 

in the mesoporous to macroporous range from 2 nm to 10 μm [10], dp2 in the γ-alumina 

washcoat is in the mesoporous range from 2 to 50 nm [3,4]. Herein, 



 and pd





 
 
 

 

are lumped as one number respectively and further optimised. This means that for 

each of the four assumptions we have two unknown numbers to determine. 

Using the data from Figure 4.6, i.e. 
,i effD

W
  at various temperatures, the best 

assumptions and associated parameters could be indentified through the assessment 

of the smallest residual sum of squared errors between the experimental and 

calculated 
,i effD

W
. Table 4.3 reports the best fitted 

1





 
 
 

, 
2





 
 
 

, 1

1

pd




 
 
 

 and 2

2

pd




 
 
 

for O2, CO2 and CH4 employed in four assumptions, and Figure 4.7 correspondingly 

describes the best fit for the calculated 
,i effD

W
 for all three gaseous species for each 

assumption. However it is difficult to identify the best fitted approach through the 

graphs, as a result, Table 4.4 reports the residual sum of squared errors of calculated 

and experimental value for Figure 4.7. If consider the same diffusion assumption 
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employs on both of three species, the MK approach gives the smallest deviation 

between the experimental data compare to other three assumptions. 

 

 

Table 4.3: Optimised Parameters for Four Assumptions 

 MM MK KM KK 

1





 
 
 

 0.1 0.45 - - 

2





 
 
 

 0.7 - 0.2 - 
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1
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 - - 4.0×10-8 m 5.0×10-8 m 
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2
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 - 1.3×10-8 m - 2.0×10-8 m 
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Figure 4.7: Validation of assumptions of O2, CO2 and CH4 diffusion: (a) substrate: 

molecular diffusion, washcoat: molecular diffusion; (b) substrate: molecular diffusion, 

washcoat: Knudsen diffusion; (c) substrate: Knudsen diffusion, washcoat: molecular 

diffusion; (d) substrate: Knudsen diffusion, washcoat: Knudsen diffusion. 

 

Table 4.4: Residual Sum of Squared Errors for the Species at Four Assumptions 

 O2 CO2 CH4 Sum 

MM 7.82E-05 2.80E-04 3.55E-04 7.13E-04 

MK 4.09E-05 1.27E-04 1.08E-04 2.76E-04 

KM 9.96E-05 3.71E-04 4.51E-05 5.16E-04 

KK 7.65E-05 1.14E-04 2.31E-04 4.21E-04 
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Corresponding to Figure 4.7, Figure 4.8 reports the parity plots which were used to 

illustrate the satisfactory correlation between the experimental and calculated 
,i effD

W
. 

For the assumption of diffusion within the substrate and washcoat is respectively in 

molecular and Knudsen regimes (Figure 4.8 (b)), the results obtained displayed little 

deviation of the data points from the parity line with most points well within the ±10% 

window (exclude the cases of CO2), thus suggesting that the calculation results are 

close to the experimental data. This suggested that the diffusion within the substrate 

and washcoat was in molecular and Knudsen regimes respectively (MK approach), 

and also presented a good prediction for the correlation with molecular weights of each 

species. Since the molecular diffusion is independent of the pore diameter dp, while 

Knudsen diffusivity depends on the pore size, the determined MK approach indicates 

that in this monolith sample, the molecular collision is dominant inside the washcoat 

than the substrate due the smaller pore diameter and porosity in the washcoat, which 

is similar to the conclusions reported in literature [1,11,12]. The smaller pore diameter 

can lead to greater diffusion resistance, therefore, once the diffusion within the 

washcoat becomes the rate limiting step, the insight of diffusion regimes are significant 

to the heterogeneous catalytic reaction process and provide a guidance that which 

component needs more modificiations to improve the catalytic performance of 

monolith catalysts. 

 



  

Chapter 4 Effects of Effective Diffusion on CH4 Catalytic Oxidation 

 

107 

 

 

Figure 4.8: Parity plots of assumptions of O2, CO2 and CH4 diffusion: (a) substrate: 

molecular diffusion, washcoat: molecular diffusion; (b) substrate: molecular diffusion, 

washcoat: Knudsen diffusion; (c) substrate: Knudsen diffusion, washcoat: molecular 

diffusion; (d) substrate: Knudsen diffusion, washcoat: Knudsen diffusion. 

 

In addition, althouth the MK approach is considered to be the most potential diffusion 

regime, it can still be observed that 
,i effD

W
 of CO2 gives significant deviation between 

the calculated and experimental, this was supposed to be the experimental failure 

since this situation was not take place for the similar CO2 diffusion tests in Chapter 5. 

Moreover, it should be emphasised that CO2 is a product of CH4 oxidation which is not 
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involved in the rate equation also does not work as an inhibiting species, therefore to 

obtain more accurate optimised value of 
1





 
 
 

and 2

2

pd




 
 
 

, CO2 cases can be 

excluded from the optimisation and only use the O2 and CH4 data to fit the ratios. 

Similarly to the analysis procedures of Table 4.3, Table 4.5 reports the further 

optimised 
1





 
 
 

and 2

2

pd




 
 
 

for O2 and CH4 employed for the MK approach. 

Compared to Figure 4.7 and Figure 4.8, when introducing the parameters reported in 

Table 4.5 and simply take O2 and CH4 species in assessment, Figure 4.9 validates the 

smaller deviation to the experimental data, which well within the ±10% window. 

 

Table 4.5: Optimised Parameters for O2 and CH4 in the MK Approach 

1





 
 
 

 0.35 

2

2

pd




 
 
 

 1.6×10-8 m 

 

 

Figure 4.9: Validation of optimised monolith parameters for O2 and CH4 diffusion: (a) 

calculated versus experimental; (b) parity plot analysis. 
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Considering the molecular and Knudsen diffusion coefficients are dependent on the 

temperature, with temperature dependence of T1.5 and T0.5 respectively for the 

substrate and washcoat, the following equations can be written. For the substrate 

 1.5

,M ,1,M, ,1,M0

1

i i eff iD D D T




 
  

 
 Eqn. 4.28 

And 
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3

,1,M02
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p



 

  
  

     
 

 Eqn. 4.29 

What should be note is the collision integral for molecular diffusion ΩD is a function of 

temperature. However, the variation of ΩD is not significant when the variation of 

temperature is not too big (±25 °C). In this study, ΩD at 425 °C was used as an 

approximate value which independent of temperature, we did this approximation to 

simplify the expression of effective molecular diffusivity Di,1,M,eff. 

For the washcoat 

 0.5

,2,K ,2,K, ,2,K0

2

i i eff iD D D T




 
  

 
 Eqn. 4.30 

And 

 
2 ,2,K0

2

1 8

3
p i

i

R
d D

M



 

 
  

 
 Eqn. 4.31 

Table 4.6 summarises the calculated diffusion coefficients in the substrate and 

washcoat (Di,2,K0) for the O2 and CH4 species, when using Eqn. 4.28 and Eqn. 4.30. 
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What should to be noted is that the values of 
1





 
 
 

 and 2

2

pd




 
 
 

 are referred from 

Table 4.5, and are also employed for the determination of Di,1,M0 and Di,2,K0 of CO2. In 

addition, due to water is the main products of CH4 oxidation reaction system, its 

diffusion coefficients were also determined for the following works. 

 

Table 4.6: Optimised Diffusion Coefficients of Derived from the Bosanquet Approach 

Gas 
Molecular Diffusion 

Coefficients (Substrate) 
Di,1,M0 (m2·s-1·K-1.5) 

Knudsen Diffusion 
Coefficients (Washcoat) 

Di,2,K0 (m2·s-1·K-0.5) 

O2 1.54×10-9 1.37×10-7 

CH4 1.70×10-9 1.94×10-7 

CO2 1.16×10-9 1.17×10-7 

H2O 1.82×10-9 1.83×10-7 

 

Most monolith catalysts used for automotive applications using similar cordierite based 

material, therefore the effective diffusivities in such substrates would be expected to 

be within a similar order of magnitude [1]. The calculated effective diffusivity for O2 in 

the substrate at 100 and 200 °C (373.15 and 473.15 K) using Eqn. 4.27, were 1.11×10-

5 and 1.58×10-5 m2·s-1 respectively. These results are comparable to the values of 

9.28×10-6 and 1.29×10-5 m2·s-1 at the same temperatures reported by Sharma et al [1]. 

For the washcoat, the calculated effective diffusivity for O2 at 100 and 200 °C using 

Eqn. 4.29 were 2.65×10-6 and 2.98×10-6 m2·s-1 respectively. These results are 

comparable to the values of 2.21×10-6 and 2.50×10-6 m2·s-1 at the same temperatures 

again reported by Sharma et al. [1], which were also measured by the spatially-
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resolved technique and the washcoat was also the single layer type. The agreement 

indicates that the method proposed here is valid. 

Except the measurement carried out by Sharma et al., Hayes et al. [3] measured the 

effective diffusivity of CH4 in N2 through the washcoated monolith catalyst at 1 bar 

pressure and a temperature of 291 K. The measured effective diffusivity in the 

cordierite substrate was 9.2 (±3.8) ×10-7 m2·s-1, whilst in the γ-Al2O3 washcoat was 

found in the range 0.6-4.2×10-7 m2·s-1. The values of Hayes et al. were compared to 

those obtained from Eqn. 4.27 and 4.29 (8.43×10-6 m2·s-1 for substrate and 3.31×10-6 

m2·s-1 for washcoat), however were found to be smaller. This is mainly due to the 

different shapes of the cross section of monolith samples: Hayes et al. used hexagonal 

shaped while squared shaped used in this work. Moreover, Hayes et al. used N2 as 

the balance gas for diffusion experiment while this work used argon, this can lead the 

difference on the calculation of molecular diffusivity for substrate, then lead the 

difference of results between these works. 

 

4.3 CH4 Catalytic Oxidation Kinetics Model and Simulation 

The steady-state spatially-resolved study of complete CH4 oxidation reactions were 

carried out by Coney et al. [2] in Queen’s University Belfast. The SpaciMS approach 

was employed to test the impact of water feed concentration and temperature on CH4 

oxidation reactions. A total gaseous flow of 2 L·min-1 was applied to the monolith 

sample at a pressure of 1 atm, with the feed consisting of 0.4 vol% methane, 12 vol% 

oxygen, 0, 1 and 5 vol% water, balanced with argon. Three steady-state furnace 

temperatures of 400 °C, 425 °C and 450 °C were selected study the effect of 
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temperature on H2O inhibition on the CH4 oxidation reaction. Axial monolith length of 

between 0-57 mm were scanned.  

Different with the binary species diffusion experiments condition in Section 4.2, the 

gas system of Coney et al. [2] was in mixture, therefore the diffusion in mixture system 

needs to be considered. On the basis of the theories of Maxell and Stefan, Fairbanks 

et al. [13] developed the equation (see Eqn. 4.31) for the calculation of effective 

diffusivity for multicomponent gases in a long tube. 

 
' 1 A
A

CB D

AB AC AD

y
D

yy y

D D D




  

  Eqn. 4.31 

Where: 

 D’A  is the effective diffusivity of gas A with respect to the total gas mixture, 

 yA, yB, yC is the mole fraction of components A, B, C, etc., 

 DAB, DAC, DAD, etc. are the respective binary diffusivity of component A with 

respect to each component of the mixture. 

Since the reaction of Coney et al. was carried out at the constant pressure system, the 

unknown mole fraction can be converted to the volume concentration which was 

known. 

Referring the relevant reactants and products concentrations at start and end position 

for each experiment, the diffusivity in multicomponent gas mixtures can be calculated. 

Figure 4.10 report the parity plots of the gas diffusivity in binary and mixture system, 

the condition was selected as the CH4 oxidation with extra 5% of water, thus 

maximizing the difference between the binary gases condition.  
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Figure 4.10: Parity plots of mixture and binary diffusivity of O2, CH4, H2O and CO2 at 

various temperatures and positions: (a) 400 °C, 0 mm; (b) 425 °C, 0 mm; (c) 450 °C, 

0 mm; (d) 400 °C, 57 mm; (e) 425 °C, 57 mm; (f) 450 °C, 57 mm. Note that no CO2 

diffusivity at 0 mm since the reaction has not occurred at the inlet position. 

 

The deviation of binary and mixture molecular diffusivity was found well within the ±5% 

window (see Appendix C for the detail of calculation steps), indicating small difference 

between two calculation approaches. Although the mixture molecular diffusivity gives 

the higher accuracy, the calculation approaches of binary molecular diffusivity are 

relatively simple, and what important is, the accuracy of binary molecular diffusivity can 

be guaranteed.  
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Based on the reported in-situ concentration and temperature information as well as 

kinetic parameters, Axisuite was used to simulate the spatially-resolved concentration 

evolutions. The novel methodology was validated via the goodness of fit of the 

simulations against experimentally spatially-resolved profiles. As reported by Coney 

et al. [2], when Pd is used as the active metal in the Al2O3 washcoat and used for 

methane oxidation, two types of active sites are evident in the presence of H2O; Site 

1 (S1) represents PdO and site 2 (S2) represents the hypothesized Pd(OH)2 formed by 

the adsorption of H2O on S1 described by Eqn. 4.32. 

 1 2 2S 2H O S    Eqn. 4.32 

Both S1 and S2 will be involved in the CH4 reaction and the total rate is: 

 
1 2S STr r r    Eqn. 4.33 

It was assumed that all available active sites are distributed between S1 and S2, thus 

the total amount of active sites can be described as: 

      1 2S S ST     Eqn. 4.34 

Dividing Eqn. 4.34 by [ST] gives the fraction of the respective active sites as: 

 1 21      Eqn. 4.35 

The reaction rate of CH4 oxidation on the active sites of S1 and S2 can be respectively 

represented as: 

 
1 4S 1 1 CHr k p   Eqn. 4.36 

 
2 4S 2 2 CHr k p   Eqn. 4.37 



  

Chapter 4 Effects of Effective Diffusion on CH4 Catalytic Oxidation 

 

115 

 

Where: 

 pCH4 is the partial pressure of CH4 

Eqn. 4.38 presents the equilibrium constant equation for the reaction depicted in Eqn. 

4.32: 

 
 

  
2
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1 2

S

S H O
pK    Eqn. 4.38 

Using Eqn. 4.34: 
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  Eqn. 4.39 

And 

 
 
   

1

1 2

2

S 1

S 1 H OT pK
  


  Eqn. 4.40 

By substituting Eqn. 4.40 into Eqn. 4.36 and 4.37, Eqn. 4.33 can be rewritten as Eqn. 

4.41: 

 
4 2 4

2 2

2

1 CH 2 H O CH

2 2

H O H O1 1
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p p

k p k K p p
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  Eqn. 4.41 

The rate constants ki and the equilibrium constant Kp can be respectively written in 

Arrhenius form: 

 0

aiE

RT

i ik k e

 
 
    Eqn. 4.42 

 
0
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RT

pK K e

 
 
    Eqn. 4.43 
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Table 4.7 details the kinetic parameters determined by Coney et al. [2]. Based on the 

assumption that the reaction of CH4 oxidation occurred on S1 with little inhibition, while 

the formation of Pd(OH)2 species significantly inhibited the reaction of CH4 on S2, the 

rate constant k1 > k2 and activation energy Ea,S2 > Ea,S1. The value of Kp indicated that 

the equilibrium is favourable to the formation of Pd(OH)2 sites in the presence of H2O 

under the conditions explored. Axisuite was subsequently used to simulate CH4 

oxidation using the global kinetics equation Eqn. 4.41 with associated kinetic 

parameters reported in Table 4.7. 

 

Table 4.7: Kinetics Parameters from Coney et al. [2] 

S1 S2 

K0 
ΔHi 

(J·mol-1) k0 
Ea 

(J·mol-1) 
k0 

Ea 

(J·mol-1) 

4.19×1010 85932 4.17×108 101520 38.91 -938 

 

To assess the impact of mass transfer sub-models on the simulation of the catalytic 

reactions taking place inside the catalyst, the simulations were carried out under two 

conditions: 1) the effective diffusivity were measured through the methodology 

described in Section 4.2; 2) the monolith property parameters were obtained from the 

Axisuite library (Table 4.8). 
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Table 4.8: Monolith Property Setting in Simulation Package Library 

 Substrate Washcoat 

Porosity 0.495 0.4 

Tortuosity 1.1 1.5 

Pore Size (m) 3.50×10-6 8.00×10-8 

 

For Conditions 1, the measured diffusion parameters had to be introduced into Axisuite 

prior to simulation of the CH4 oxidation reaction. Since the data for the pore size and 

tortuosity for the substrate and washcoat were unknown, the measured diffusion 

parameters, optimised monolith properties parameters and temperature dependent 

functions reported in Table 4.6 and Table 4.5, Eqn. 4.27 and Eqn. 4.29 were 

introduced. As shown in Figure 4.11 and 4.12, two external files for the effective 

diffusivity for each gaseous species through the substrate and washcoat was 

produced by using Fortran and subsequently loaded into Axisuite. 
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Figure 4.11: Substrate external diffusion file. 
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Figure 4.12: Washcoat external diffusion file. 

 

Figure 4.13 to 4.15 report the experimental and simulated concentration profiles of 

CH4 and CO2 in the central channel of the monolith core for water concentrations of 0, 

1 and 5 vol%. With increasing water concentrations, the impact of H2O on the 
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concenration profile becomes more prominent. This is the result of the inhibition effects 

of H2O on limiting the rate of CH4 oxidation [2,14]. The simulations using the measured 

effective diffusivity gave the smallest deviations from the experimental data compared 

to the Condition 2. The results under Condition 1 presented the larger deviation. The 

simulation results indicated that the diffusion had a significant impact on the accuracy 

of the resultant simulation. 

 

 

Figure 4.13: CH4 and CO2 concentration profile at dry condition under two simulation 

conditions at: (a) 400 °C, (b) 425 °C, (c) 450 °C. Condition 1: using the measured 

effective diffusivity; Conditiion 2: using the monolith property parameters obtained from 

the Axisuite library. 
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Figure 4.14: CH4 and CO2 concentration profile with 1 vol% of external H2O under two 

simulation condition at: (a) 400 °C, (b) 425 °C, (c) 450 °C. 

 

 

Figure 4.15: CH4 and CO2 concentration profile with 5 vol% of external H2O under two 

simulation condition at: (a) 400 °C, (b) 425 °C, (c) 450 °C. 

 

Figure 4.16 reports the parity plots for the CH4 concentration profiles for the 

simulations corresponding to Figure 4.13 to 4.15. The simulated results obtained at 

Condition 1 show little deviation of the data points from the parity line with the majority 
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of points well within the ±10% window, this present the quality of the goodness of fit of 

the simulation and suggest that Condition 1 gives the best fit. 

 

 

 

Figure 4.16: Validation of CH4 concentration simulation for Condition 1 and 2: (a) dry 

condition, 400 °C, (b) dry condition, 425 °C, (c) dry condition, 450 °C, (d) 1 vol% H2O, 

400 °C, (e) 1 vol% H2O, 425 °C, (f) 1 vol% H2O, 450 °C, (g) 5 vol% H2O, 400 °C, (h) 5 

vol% H2O, 425 °C, (i) 5 vol% H2O, 450 °C. 
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It also important to note that the work of Coney et al. [2] used a different simulation 

approach, with a 1D model supported by the Athena Studio platform to define the 

kinetics parameters. The fact that the portage of these kinetics to Axisuite resulted in 

such a good quality of fit is remarkable and further support the validity of the orignal 

model by Coney et al. [2] and of the kinetic papameters defined. The results obtained 

clearly demonstrate the importance of accurately representing the effective diffusion 

to obtain accurate simulations of the catalytic process. 

 

4.4 Conclusions 

An in-situ spatially-resolved method was modified which allowed mapping of the gas 

concentration profiles within the monolith catalyst by using capillaries translated along 

monolith channels, demonstrating that the SpaciMS technique supports the collection 

of crucial intra-catalyst data with respect to the effecitve diffusion, which is an improved 

method compared to tranditional end-pipe ananysis approaches.  

At three temperature settings, the mass transfer parameters of O2, CO2 and CH4 were 

measured and their effective diffusivities were calculated by a modified Bosanquet 

approach which confirms that the dominant diffusion regime in the substrate and 

washcoat are molecular and Knudsen diffusion respectively.  

Methane oxidation including the inhibition effects of water was used as a probe 

reaction to investigate the impact of the diffusion on goodness of fit of this reaction’s 

simulation, with the diffusion process showing a significant sensitivity. 
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Chapter 5 Effects of Deactivation on Effective Diffusion 

 

5.1 Introduction 

This chapter focuses on the investigation of the impact of deactivation on spatially-

resolved effective diffusivity in a deactivated catalyst. The structure of the porous 

catalyst strongly influences the diffusion processes of gaseous species. Generally, the 

reactants diffuse into the porous structure to reach an active catalytic site and the 

products of reaction need to diffuse back to the external surface of the catalyst before 

being transported to the bulk of the gas phase [1]. This mass transfer process is called 

intra-phase diffusion and is one of the steps in heterogeneous catalytic reactions [2]. 

When the rate of diffusion is slow compared to the intrinsic rate of reaction, then the 

diffusion is considered to be the rate-controlling step and significantly impacts the 

catalyst’s performance. It is therefore important to measure the diffusion of the 

reactants and products, which are essential to develop catalysts with enhanced 

performance [3]. 

Catalytic converters used to abate the emissions from petrol or diesel vehicle engines, 

while the loss of catalytic activity occurs with time. Deactivation of exhaust gas 

catalytic reactor may result from different processes such as chemical processes, 

thermal processes and mechanical processes. Chemical processes including the 

poison deposition on the catalyst’s surface which can lead to deactivation by blocking 

access of the reactants to the active sites, and also preventing or reducing their 

surface diffusion [4]; thermal processes are physical processes which lead to a 

catalytic deactivation at high temperatures, including changes of the pore structure 

and reduce the diameter of the passage which reduces the mass transfer rate [5]; 
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mechanical processes including loss of catalytic components due to abrasion of 

internal surface area due to mechanical-induced crushing of catalyst [5]. 

To investigate the possible spatial distribution and impact of deactivation on monolith 

catalysts, and the temperature dependence on effective diffusivity of CO, O2 and CO2, 

a SpaciMS approach was employed to study the CO oxidation reaction at steady-state 

furnace temperatures of 25, 100 and 200 °C. The intra-catalyst axially resolved gas 

concentration profiles for each gaseous species were measured within two radial 

neighbouring channels for the front and rear sections of an aged catalyst under three 

temperatures. As reported in Chapter 4, the effects of diffusion are significant to the 

monolith catalyst’s performance, thus this work has enabled an assessment of the 

local impact of deactivation on the effective diffusion within the channel. 

 

5.2 CO Oxidation inside a Deactivated Catalyst 

As reported in Section 3.1.2, the core samples were extracted from the full monolith 

brick and were subsequently cut in half with the sample F (front) corresponding to the 

inlet half of the catalyst brick while the sample B (back) corresponded to the outlet half. 

The monoliths cores used for the SpaciMS tests were ca.17 mm in diameter and 30 

mm in length. Referring to earlier experimental results reported by Stere et al. [6] with 

respect to these monolith cores, CO oxidation light-off experiments were carried out 

for both cores using a mixture of 1 vol% CO, 0.525 vol% O2 (5 % stoichiometric excess 

of O2) and 1 vol% krypton (tracer). The balance consisted of argon. The total flow rate 

was 200 mL·min-1. The catalysts were pre-heated for 2 hours in Ar at 150 ºC to remove 

any residual water in the washcoat. After pre-treatment, the catalyst was heated at a 

rate of 1 ºC per minute from room temperature to 400 ºC. The mass spectrometry 
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signals were recorded with one capillary inserted in a central channel of the catalyst 

and temperature was monitored in various channels of the monolith. As shown in 

Figure 5.1, the experiments were performed with the gas sample probe located at 

three fixed axial positions: 1, 9 and 19 mm from the monolith catalyst’s inlet.  

 

 

Figure 5.1: Measurement points in the monolith. 

 

Figure 5.2 reports the CO2 concentration profiles obtained during the light-off tests for 

the front and back cores. For the B core, (Figure 5.2(b)), a slightly different shape was 

observed between the curve obtained at 1 mm and that at 9 mm. Conversely, the 

shape of the curve obtained at 19 mm was very similar to that at 9 mm. In all cases, 

the local temperature required to achieve 50% conversion of the CO (T50) decreased 

with increasing axial position (Table 5.1). The axial position dependence of the T50 

temperature was consistent with its expected dependence on the amount of catalyst 

upstream of the measurement point and the residence time. 
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Figure 5.2: CO2 formation versus temperature at 1 mm (blue lines), 9 mm (red lines) 

and 19 mm (green lines) inside (a) the F core and (b) B core. 

 

Table 5.1: Light-off Temperatures (T50) for CO Oxidation over the F and B cores 

Axial Position (mm) F Core (°C) B Core (°C) 

1 270 236 

9 228 216 

19 213 203 
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In the case of the front core, a more dramatic change in the shape of the light-off 

curves was observed between the inlet (1 mm) and middle (9 mm) locations (Figure 

5.2(a)), with much sharper profiles at 9 and 19 mm compared to the 1 mm position. 

This clearly indicates that much higher temperatures were required for the CO to be 

fully converted to CO2 at the monolith’s inlet position (about 335 °C) compared to the 

middle and end part, where the CO was fully consumed at ca. 234 and 220 °C 

respectively, one possible reason of this phenomenon is some of the heat at the front 

will be used by the downstream oxidation (lower speed of the heat wave than the mass 

wave). 

In addition, since the catalytic activity was related to the number of active sites on the 

surface [7,8], it could be deduced that, in the front region of the monolith, the loss in 

catalytic activity was the highest. The reasons of this phenomena include channel 

blocking and degradation of structure, then leads the loss of catalytic surface and 

active sites as well as the resistance to internal diffusion. These can be validated via 

the characterisation of catalyst materials. Except this, thermal stresses occur as the 

rapid heating or cooling process can lead to fracture and separation of monolith 

catalyst coating [9]. The consequence of such catalyst modifications will be an 

alteration of the apparent reaction rate constant hence the change in the profile of the 

light-off for 1 mm in the F core compared to the other axial positions. If poisons/fouling 

material had affected the entire monolith uniformly, similar light-off profiles would have 

been observed with both the F and B cores. However as shown in Figure 5.2 and 

Table 5.1, the inlet of the B core was much more active than that of the F core. The 

observations on the low performance at the front part of the catalytic converter and the 
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higher performance at the rear parts of the catalyst were in agreement with other 

studies of the position-dependent phenomena in catalytic converters [7,10]. 

A similar trend was observed for the B core, but there was less variation in the light-

off temperatures from its inlet to outlet. For the B core, the formation of CO2 at 1 mm 

started at a temperature of about 165 °C, while with the F core it was not observed 

until 195 °C. The smaller difference between the temperatures at which full CO 

conversion was obtained at the inlet (ca. 266 °C) and outlet (ca. 209 °C) of the B core 

compared to the F core also supported the hypothesis that no significant alteration in 

the distribution of active sites had taken place for the back core. 

Heck et al. [11] reported the idealised conversion versus temperature plot. As shown 

in Figure 5.3, a reduced number of sites of an aged catalyst would lead to a shift in 

the reactant conversion curve to higher temperatures compared to a fresh catalyst. 

The two curves in this case should have the same slope since the remaining available 

sites can function as before, thus the reaction remains under kinetic and mass transfer 

control for the same range of conversion efficiencies as that of the fresh catalyst. This 

situation was observed for the curves at 9 and 19 mm for both the B and F cores, 

which is consistent with expectations that the length of 9 mm has less catalyst than 

the length of 19 mm. Conversely, the behaviour of the 1 mm curve shape appeared 

different. 
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Figure 5.3: Idealised conversion versus temperature for various aging phenomena [11] 

 

The slope of the curve correlates to the rate-limiting step, which is observed when the 

reaction is controlled by pore diffusion or pore masking. Operando variations to the 

structure of the washcoat can occur when sintering processes take place or masking 

leads to pore blockage, thereby leading to an increase in the diffusional resistance. An 

increase in the slope of the conversion curve is observed at higher conversion 

efficiencies. This explanation seems to fit with the profile observed at the 1 mm position 

inside the F core (Figure 5.2(a)). However a difference in the profile shape for the 1 

mm of the B core was also observed, which is unlikely to be related to sintering/pore 

blockage since the 9 and 19 mm positions of the F core were unaffected by such 

factors i.e. under vehicle operation, and these positions encountered the exhaust gas 

before the 1 mm location of the B core. It has been reported that when the gas flow 

initially comes into contact with the catalyst, an obstruction leads the formation of un-

fully developed flow and laminar flow does not initially materialise. This mass transfer 
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effect would occur at the inlet of any core, and so there would be a contribution of such 

un-fully developed flow to the F core. However the main reason for the reduced slopes 

of the F core at 1 mm is likely to be sintering and pore blockage as indicated above.  

When free of reaction, it is possible to explore further the hypothesis of the deactivation 

being due to increased diffusional resistance and being spatially distributed. The 

diffusion parameters of gaseous reactant and product species through the F and B 

cores were measured using the newly developed spatially-resolved methodology. This 

is the focus of the following sections. 

 

5.3 Measurement of Effective Diffusion for Aged Catalyst 

Similarly to the procedures described in Section 4.2, the concentration profiles of CO, 

O2 and CO2 in the central and adjacent channel of the monolith were measured using 

the SpaciMS technique under steady-state conditions. Figure 5.4 to 5.9 report the 

spatially-resolved CO, O2 and CO2 concentration profiles recorded at furnace 

temperatures of 25, 100 and 200 °C. Note that concentration profiles inside the central 

channel (blue lines) are related to the left-hand y-axis, while the concentration profiles 

inside the adjacent channel (green lines) relate to the right-hand y-axis. The central 

channel presented monotonous declining profiles. In contrast, a rise of the 

concentration was observed in the adjacent channel as a function of axial position. 

These changing concentration profiles were also consistent with gas diffusion 

presenting a positive temperature dependence i.e. faster diffusion with increasing 

temperature. 
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Figure 5.4: Spatial concentrations of CO in the central and adjacent channels of the F 

core: (a) 25 °C, (b) 100 °C, (c) 200 °C. 

 

 

Figure 5.5: Spatial concentrations of CO in the central and adjacent channels of the B 

core: (a) 25 °C, (b) 100 °C, (c) 200 °C.  

 

 

Figure 5.6: Spatial concentrations of O2 in the central and adjacent channels of the F 

core: (a) 25 °C, (b) 100 °C, (c) 200 °C. 
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Figure 5.7: Spatial concentrations of O2 in the central and adjacent channels of the B 

core: (a) 25 °C, (b) 100 °C, (c) 200 °C. 

 

 

Figure 5.8: Spatial concentrations of CO2 in the central and adjacent channels of the 

F core: (a) 25 °C, (b) 100 °C, (c) 200 °C. 

 

 

Figure 5.9: Spatial concentrations of CO2 in the central and adjacent channels of the 

B core: (a) 25 °C, (b) 100 °C, (c) 200 °C. 
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For each gaseous species, a significant change in concentration profile existed 

between the two monolith cores, with steeper curves inside the B core compared to 

the F core. A difference in curve slope is indicative of a change in mass transfer e.g. 

pore diffusion. It has previously been reported that variation in the porous structure of 

the washcoat can have a direct effect on gas diffusion [12]. The reduction in the 

gradient of the curve in the F core is indicative of an alteration to the structure of the 

washcoat, which can occur when sintering reduces the pore diameter thereby 

increasing diffusional resistance. The present results strongly support an axial gradient 

in the reduction in pore diffusion, which may significantly contribute to the deactivation 

of the catalyst. This variation in diffusion is consistent with the present results and 

other spatially-resolved studies which conclude that deactivation occurs from the front 

end of the catalytic converter, and evolves in a plug-like manner [13,14].  

Figure 5.10 reports the measurement of the local temperatures inside the adjacent 

channel for the cores at 25, 100 and 200 °C under argon flow. It is worth noting that 

the Ar flow rates for each diffusion experiment were equal, and the flow rate for the 

gaseous species of interest in the central channel was very small compared to the 

total Ar flow (13.1 and 2626.5 mL·min-1 for CO diffusion experiments, 8.8 and 2626.5 

mL·min-1 for O2 diffusion experiments, 8.8 and 2626.5 mL·min-1 for CO2 diffusion 

experiments). Their impact on the temperature profile could therefore be considered 

negligible. 

 



  

Chapter 5 Effects of Deactivation on Effective Diffusion 

 

136 

 

 

Figure 5.10: Gas temperature profiles for diffusion experiments at temperature of: (a) 

25 °C, (b) 100 °C, (c) 200 °C. 

 

To obtain further spatially-resolved information regarding the diffusion and the impact 

of the deactivation within the F and B cores, the overall mass transfer coefficients were 

calculated via the procedures introduced in Section 4.2. Figure 5.11 reports the 

calculated overall mass transfer parameters for each gaseous species. Although the 

experimental tests for the F and B cores were carried out separately, it is worth 

recalling that they corresponded to one connected monolith core which had been 

divided into front and back sections. Consequently, the results obtained were 

summarised in one profile to evaluate the coherence of the axial evolution of the 

overall mass transfer parameters. Remarkably, the combined results for all species 

and at all temperatures displayed an apparent monotonous profile of the overall mass 

transfer parameters. 
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Figure 5.11: Spatial evolution of overall mass transfer coefficients at increasing 

temperatures for: (a) O2, (b) CO, (c) CO2. (○) 25 °C, (□) 100 °C, (△) 200 °C. 

 

As shown in Figure 5.11, the front of the F core gave further confirmation of the fact 

that the deactivation mainly affected the front part of the catalytic converter, this is 

mainly due to a small but significant fraction of deposition on monolith walls, masks or 

blocks catalyst macropores, and plugs flow channels [15]. If deactivation had affected 

the entire monolith uniformly, similar overall mass transfer coefficients should have 

been obtained for both the F and B cores. However the koverall of all gaseous species 

in the B core were higher than those in the F core. Moreover, with the F core, the koverall 

at the outlet (25 mm) were much larger than that at the front part (7 mm). Much smaller 

differences between the front (37 mm) and outlet (55 mm) of the B compared to the F 

core also suggested that no significant change in pore diffusion had occurred in the 

rear section of the catalyst (Table 5.2 summarise the quantified difference between 

these positions). Therefore, the average value of koverall in each position of the B core 

was used to determine the effective diffusivities. 
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Table 5.2: Difference of koverall between the Inlet and Outlet of the F and B Core at 

200 °C 

Gas 
F Core B Core 

7 mm 25 mm 37 mm 55 mm 

O2 0.024 0.036 0.039 0.043 

CO 0.030 0.039 0.042 0.043 

CO2 0.025 0.031 0.033 0.035 

Note that the unit of koverall is m·s-1 

 

SEM was used to obtain an estimated value for the thickness of washcoat and 

substrate applied to the monolith cores. Figure 5.12 and 5.13 display components of 

a cross section of the B core channel, detailing the washcoat and substrate thickness, 

with the average value for washcoat and substrate thickness reported in Table 5.3, 

these data then be used for the calculation of the effective diffusivities. 
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Figure 5.12: Cross sectional SEM image of the washcoat of the B core. 

 

 

Figure 5.13: Cross sectional SEM image of the substrate of the B core. 
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Table 5.3: Washcoat and Substrate Thickness 

Washcoat  35 μm 

Substrate  109 μm 

 

Similarly to the procedures introduced in Section 4.2, Table 5.4 summaries the 

calculated DAB,M for O2, CO or CO2 mixed with Ar at various temperature. Figure 5.14 

reports the spatially-resolved 
,i effD

W
 for O2/Ar, CO/Ar and CO2/Ar at various 

temperature conditions for the B and F cores respectively. The evolution profiles of 

mass transfer parameters depend on molecular weight, with smaller molecules 

correspond to larger mass transfer parameters. At the end of monolith core especially 

for the B core,  gives the largest value, where the impact of deactivation is 

minimal. 

 

Table 5.4: Binary Gas Phase Diffusivity of O2/CO/CO2 and Ar at the Temperature of 

25 to 200 °C 

T (°C) 
DAB.M (m2·s-1) 

O2/Ar CO/Ar CO2/Ar 

25 1.95×10-5 1.93×10-5 1.43×10-5 

100 2.87×10-5 2.84×10-5 2.16×10-5 

200 4.33×10-5 4.28×10-5 3.27×10-5 

 

,i effD

W
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Figure 5.14: Spatial mass transfer parameters of O2, CO and CO2 within the B and F 

cores at various temperatures: (a) 25 °C at the B core, (b) 100 °C at the B core, (c) 

200 °C at the B core, (d) 25 °C at the F core, (e) 100 °C at the F core, (f) 200 °C at the 

F core. 

 

Similarly to Section 4.2, 
,i eff

W

D
 can be expressed as:  

 1 2

1 1

,

1 2,M ,1,K ,M ,2,K
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Again, to estimate the unknown diffusion parameters and the nature of the dominant 

diffusion regimes inside the substrate and washcoat, the modified Bosanquet 

approaches were developed and solved under four assumptions:  

1) MM: both the diffusion within the substrate and the washcoat are in molecular 

regimes (Eqn. 5.2); 

2) MK: the diffusion within the substrate is in the molecular regime and the Knudsen 

regime within the washcoat  (Eqn. 5.3);  

3) KM: the diffusion within the substrate is in the Knudsen regime and in the molecular 

regime within the washcoat (Eqn. 5.4);  

4) KK: both the diffusion within the substrate and the washcoat are in the Kundsen 

regime (Eqn. 5.5). 
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By using the approach introduced in Section 4.2, Table 5.5 reports the optimised 
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for O2, CO and CO2 employed in four assumptions for the 

B core, and Figure 5.15 correspondingly reports the best fit for the calculated 
,i effD

W
 

for all three gaseous species for each assumption. Table 5.6 reports the residual sum 

of squared errors of calculated and experimental value for Figure 5.15. If consider the 

same diffusion assumption employs on both of the three species, the MM approach 

gives the smallest deviation between the experimental data compare to other three 

assumptions.  

 

Table 5.5: Optimised Parameters for Four Assumptions for the B Core 

 MM MK KM KK 

1





 
 
 

 0.25 0.4 - - 

2





 
 
 

 0.35 - 0.15 - 

1

1

pd




 
 
 

 - - 1.00×10-7 m 1.00×10-7 m 

2

2

pd




 
 
 

 - 3.00×10-8 m - 2.50×10-8 m 
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Figure 5.15: Validation of assumptions of O2, CO and CO2 diffusion in the B core: (a) 

substrate: molecular diffusion, washcoat: molecular diffusion; (b) substrate: molecular 

diffusion, washcoat: Knudsen diffusion; (c) substrate: Knudsen diffusion, washcoat: 

molecular diffusion; (d) substrate: Knudsen diffusion, washcoat: Knudsen diffusion. 
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Table 5.6: Residual Sum of Squared Errors for the Species at Four Assumptions in 

the B Core 

 O2 CO2 CO Sum 

MM 5.45E-05 3.01E-05 1.76E-05 1.02E-04 

MK 3.47E-04 4.30E-05 1.07E-05 4.01E-04 

KM 1.51E-04 1.89E-05 5.56E-05 2.26E-04 

KK 5.50E-04 1.06E-04 8.70E-05 7.43E-04 

 

Corresponding to Figure 5.15, Figure 5.16 reports the parity plots which were used to 

illustrate the satisfactory correlation between the experimental and calculated 
,i effD

W
. 

For the assumption of diffusion within the substrate and washcoat are both in 

molecular regimes (Figure 5.16(a)), the results obtained displayed little deviation of 

the data points from the parity line with most points well within the ±15% window, thus 

suggesting that the calculation results are close to the experimental data. This 

suggested that in the B core, the diffusion within the substrate and washcoat were 

both in molecular diffusion regimes (MM approach). Different with the diffusion regime 

in the monolith core used for the CH4 oxidation in Chapter 4, which was determined to 

be MK regime, the MM regime in the B core indicating that the washcoat pore size in 

the B core is larger than that in CH4 oxidation monolith. 
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Figure 5.16: Parity plots of assumptions of O2, CO and CO2 diffusion: (a) substrate: 

molecular diffusion, washcoat: molecular diffusion; (b) substrate: molecular diffusion, 

washcoat: Knudsen diffusion; (c) substrate: Knudsen diffusion, washcoat: molecular 

diffusion; (d) substrate: Knudsen diffusion, washcoat: Knudsen diffusion. 

 

Considering the molecular diffusion coefficients are dependent on the temperature, 

with temperature dependence of T1.5 for both the substrate and washcoat, the following 

equations can be written. For the substrate 
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For the washcoat 
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Table 5.7 summarises the calculated diffusion coefficients in the substrate (Di,1,M0) and 

washcoat (Di,2,M0) for the O2, CO and CO2 species. 

 

Table 5.7: Calculated Diffusion Coefficients of Species for the MM Approach 

Gas Di,1,M0 (m2·s-1) Di,2,M0 (m2·s-1) 

O2 9.98×10-10 1.40×10-9 

CO 9.87×10-10 1.38×10-9 

CO2 7.46×10-10 1.04×10-9 
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The proposed effective diffusivity calculation approach for the B core was checked 

against calculated results and reference data. The calculated diffusivity for O2 in the 

substrate at 100 and 200 °C (373.15 and 473.15 K) using Eqn. 5.6 were 7.19×10-6 and 

1.03×10-5 m2·s-1 respectively. These results are comparable to the values of 9.28×10-

6 and 1.29×10-5 m2·s-1 at the same temperatures reported by Sharma et al. [16], which 

were also measured by the spatially-resolved technique. It is expected that the 

cordierite substrate used in both cases in essentially the same, and the agreement 

between these two investigations is excellent [16].  

Except the measurement carried out by Sharma et al., Zhang et al. [2] measured the 

effective diffusivity of CO in N2 through the washcoated monolith catalyst using a 

modified form of a Wicke-Kallenbach type of diffusion cell. The experiments were 

performed at 290 K and pressures between 106 and 150 kPa. The calculated 

diffusivity for CO in the substrate at 290 K using Eqn. 5.6 was 4.87×10-6 m2·s-1. This 

result is comparable to the value of 1.00×10-6 at the same temperatures reported by 

Zhang et al. [2]. For the washcoat, the calculated effective diffusivity for CO at 290 K 

using Eqn. 5.8 was 6.82×10-6 m2·s-1. This result is in the same order of magnitude to 

the value of 1.5×10-6 m2·s-1 at the same temperatures again reported by Zhang et al. 

[2]. The agreement indicates that the method proposed here is valid. 

 

5.4 Spatial Distribution of Diffusion Regimes 

As can be observed from Figure 5.11, unlike the overall mass transfer coefficients 

obtained within the B core, which showed a uniform nature at the same temperature, 

it is worth noting the obvious distribution of koverall in the F core. Although the 

temperatuare evolution exists within the catalyst, the major reason of this phenomenon 
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can be considered as the impact of local deactivation or mass transfer resistance. 

Therefore it is necessary to locally analyse the distribution of diffusion regime for each 

measurement position from 2 to 20 mm for the F core which corresponding to the B 

core.  

Similarly to the analysis procedures introduced in Section 5.3, Table 5.8 reports the 

optimised 
1





 
 
 

, 
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, 1

1

pd




 
 
 

 and 2

2

pd




 
 
 

for O2, CO and CO2 employed in four 

assumptions at 4 mm of the F core and Figure 5.17 correspondingly reports the best 

fit for the calculated internal mass trasnfer coefficient 
,i effD

W
 for all three gaseous 

species for for each assumption. Table 5.9 reports the residual sum of squared errors 

of calculated and experimental value for Figure 5.17 and the MK approach gives the 

smallest deviation between the experimental data compare to other three assumptions. 

 

Table 5.8: The Optimised Parameters for Four Assumptions at 4 mm of the F Core 

 MM MK KM KK 

1





 
 
 

 0.15 0.15 - - 

2





 
 
 

 0.15 - 0.3 - 

1

1

pd




 
 
 

 - - 2.0×10-8 m 2.5×10-8 m 

2

2

pd




 
 
 

 - 2.5×10-8 m - 2.5×10-8 m 
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Figure 5.17: Validation of assumptions of O2, CO and CO2 diffusion at 4 mm of the F 

core: (a) substrate: molecular diffusion, washcoat: molecular diffusion; (b) substrate: 

molecular diffusion, washcoat: Knudsen diffusion; (c) substrate: Knudsen diffusion, 

washcoat: molecular diffusion; (d) substrate: Knudsen diffusion, washcoat: Knudsen 

diffusion. 

 

 



  

Chapter 5 Effects of Deactivation on Effective Diffusion 

 

151 

 

Table 5.9: Residual Sum of Squared Errors for the Species at Four Assumptions at 

the Position of 4 mm of the F Core 

 O2 CO2 CO Sum 

MM 2.02E-05 2.83E-05 1.66E-05 6.51E-05 

MK 1.35E-06 7.26E-06 3.38E-06 1.20E-05 

KM 1.88E-05 2.46E-06 2.05E-05 4.17E-05 

KK 4.78E-05 9.79E-06 4.07E-05 9.82E-05 

 

Figure 5.18 reports the parity plots which were used to illustrate the satisfactory 

correlation between the experimental and calculated 
,i effD

W
. At the position of 4 mm of 

the F core, the assumption of diffusion within the substrate and washcoat is 

respectively in molecular and Kundsen diffusion regimes (Figure 5.17(b)) present the 

calculation results close to the experimental data. Unlike the MM diffusion regime in 

the entire B core, this suggested that the diffusion within the substrate and washcoat 

at the position of 4 mm was in molecular and Knudsen regimes respectively (MK 

approach), and Knudsen diffusion is due to the deactivation. As the result, the diffusion 

within the washcoat of the F core is Knudsen diffusion, which reflects greater 

deactivation effect and the smaller pore size compare to the B core at this position. 
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Figure 5.18: Parity plots of assumptions of O2, CO and CO2 diffusion at 4 mm: (a) 

substrate: molecular diffusion, washcoat: molecular diffusion; (b) substrate: molecular 

diffusion, washcoat: Knudsen diffusion; (c) substrate: Knudsen diffusion, washcoat: 

molecular diffusion; (d) substrate: Knudsen diffusion, washcoat: Knudsen diffusion. 

 

Including the position of 4 mm, the same analysis method for the diffusion regime was 

used on the each of position at the F core (see Appendix C for remaining positions), 

Table 5.10 summarise the spatial diffusion regime and the monolith property 

parameters for the entire F core. Impacted by the deactivation effects in different 

extents which depend on axial position, the diffusion regimes within the F core present 
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a discrete nature. The deactivation impacts on the front part of the F core is more likely 

to be greater than that on the posterior, and compare to the substrate, the washcoat 

component is considered to be more sensitive to the deactivation effects by reducing 

pore size, thus presents Knudsen diffusion regime at the position of 2 and 4 mm. What 

should be noted is that the dominant diffusion regime at the posterior is the MM regime, 

which is coherent with the regime for the B core connected with the posterior of the F 

core. 

 

Table 5.10: Spatial Distribution of Diffusion Regime and Monolith Property 

Coefficients for the F Core 

Length 
(mm) 

Diffusion 
Regime 

1





 
 
 

 
2





 
 
 

 1

1

pd




 
 
 

 2

2

pd




 
 
 

 

2 MK 0.15 - - 2.0×10-8 m 

4 MK 0.15 - - 2.5×10-8 m 

6 MM 0.20 0.20 - - 

8 MM 0.25 0.20 - - 

10 MM 0.25 0.25 - - 

15 MM 0.25 0.30 - - 

20 MM 0.25 0.30 - - 

 

Using the data reported in Table 5.10, Figure 5.19 to 5.21 report the spatial profiles of 

effective diffusivity for the O2, CO and CO2 species in the substrate and washcoat 

respectively at various temperatures. For the MK regime, the calculation equations for 

effective diffusivity in the substrate are Eqn. 5.6 and Eqn. 5.7, in the washcoat are 
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 Eqn. 5.10 
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d D
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 Eqn. 5.11 

For the MM regime, the calculation equation of effective diffusivity in the substrate are 

Eqn. 5.6 and Eqn. 5.7, in the washcoat are Eqn.5.8 and Eqn. 5.9. A rise of effective 

diffusivity in the F core illustrates the evolution of deactivation on diffusion. For the B 

core, the diffusion coefficients reported in Table 5.7 were used as constant values to 

calculate effective diffusivity which is independent of local position. 

 

 

 

Figure 5.19: Spatial effective diffusivity of O2 for the F and B cores: (a) substrate, (b) 

washcoat. 
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Figure 5.20: Spatial effective diffusivity of CO for the F and B cores: (a) substrate, (b) 

washcoat. 

 

 

 

Figure 5.21: Spatial effective diffusivity of CO2 for the F and B cores: (a) substrate, 

(b) washcoat. 
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For the F and B cores, the smaller diffusion coefficients in the F core can be explained 

by the effect of deactivation of the washcoat, leading to a reduction in the pore 

openings, thus inhibiting the gas diffusion from the central to adjacent channel through 

the washcoat. This can be considered as the major reason of change in concentration 

profiles existing between the two monolith cores. The effective diffusivity in the 

substrate for the B and F cores were approximately the same, thus, suggesting the 

deactivation impacts in washcoat are greater than that in substrate. 

Figure 5.22 reports the parity plots which were used to illustrate the satisfactory 

correlation between the experimental and calculated effective internal mass transfer 

parameters using Eqn. 5.12 for the O2, CO and CO2 species, by applying the local 

effective diffusivity reported in Figure 5.19 to 5.21. The results displayed little deviation 

of the data points from the parity line with most points well within the ±10% window, 

thus suggesting that the calculation results are close to the experimental data, verified 

the purposed diffusion regime analysis methodology. 

 

1

, 1 2

.1, ,2,

2i eff

i eff i eff

D W W

W D D



 
   
 

 Eqn. 5.12  
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Figure 5.22: Parity plots between the measured and calculated internal mass transfer 

coefficients in the F and B core: (a) O2, (b) CO, (c) CO2. 

 

5.5 Conclusions 

The light-off species profiles at various axial locations within the front and back cores 

have provided important information on the deactivation of catalytic converters: 

parallel CO2 concentration profiles obtained for the B core (9 and 19 mm axial positions) 

indicated a lower amount of accessible active sites in the front part of the catalyst. The 

profiles generated at 1 mm axial position showed a slower light-off for the F core 

compared to the B core, indicating a substantial reduction in the pore openings for the 

F core and, therefore, an increase in the diffusional resistance. The higher level of 

deactivation at the inlet of the converter determined pore diffusion was the rate-

controlling step. These results highlight the importance of studying the spatially-

resolved diffusion processes taking place within aged monolith cores. 

This chapter explored the application of an in-situ spatially-resolved method to study 

the spatial effect of deactivation on the effective diffusion in aged monolith cores. 

Axially-resolved effective diffusivity have been acquired for different species 
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representative of the reactants and products of the CO oxidation. A more accurate and 

comprehensive quantified axial evolution of mass transfer parameters were obtained 

from the SpaciMS analysis of monolith cores. The intra-catalyst information such as 

the evolution of overall mass transfer coefficients have been depicted and their values 

were greatly influenced by the axial position, especially for the front core, while no 

significant change in pore diffusion within the back core was observed. The internal 

mass transfer coefficients of O2, CO and CO2 were measured at different temperatures 

and the resultant effective diffusivities were calculated using a modified Bosanquet 

approach which revealed the local dominant diffusion regimes in the substrate and 

washcoat respectively. Further analysis of the effective diffusions revealed 

quantitatively that the major reason of the difference of concentration profiles between 

the F and B cores stemmed from the reduction in internal mass transfer within the 

washcoat, most likely due to a reduction of pore opening caused by deactivation. 
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Chapter 6 Conclusions, Novelties and Recommendations 

 

This chapter summarises the conclusions and novelties of this thesis in Section 6.1 

and Section 6.2, the recommendations for future work are in Section 6.3. 

 

6.1 Conclusions 

As there were two main research sections, the conclusions of each section are 

presented separately. 

 

6.1.1 Effects of Effective Diffusion on CH4 Catalytic Oxidation 

This work developed a spatially-resolved methodology to directly measure the 

effective diffusivities of reactants and products involved in the wet methane oxidations 

over a 3 wt.% Pd/Al2O3 monolith catalyst. The SpaciMS technique allowed mapping 

of the gas concentration profiles within the monolith catalyst by using capillaries 

translated along monolith channels. The mass transfer coefficients of O2, CO2 and 

CH4 were measured and their effective diffusivities were calculated by a modified 

Bosanquet approach which confirms that the dominant diffusion regime in the 

substrate and washcoat are molecular and Knudsen diffusion respectively. By using 

the measured physical information, a novel methodology was developed to accurately 

describe the CH4 oxidation process using a single global kinetics model which included 

the inhibition effects of water at a range from 0 to 5%. This is a remarkable 

improvement on previous literatures which traditionally require two set of kinetics 
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parameters for dry and wet conditions. When simulating CH4 oxidation via a 

commercial vehicle aftertreatment simulation package (Axisuite), the impacts of 

diffusion on catalytic performance simuation were studied using the combined 

spatially-resolved experimental data and simulation which the effective diffusion 

showing the significant sensitivity on goodness of fit. 

 

6.1.2 Effects of Deactivation on Effective Diffusion 

A comprehensive quantitative axial evolution of mass transfer parameters was 

obtained from the SpaciMS analysis of monolith cores. The intra-catalyst information 

such as the evolution of overall mass transfer coefficients have been depicted and 

their values was greatly influenced by the axial position especially for the front core, 

while no significant change in pore diffusion within the back core was observed. The 

conclusions of this study were as follows: 

 The loss in catalytic activity at the front part of the monolith was the highest and 

was concomitant with an increase in the diffusion resistance most likely the 

consequence of reduction of pores opening on deactivation.  

 A modified Bosanquet approach was developed to calculate the local internal 

mass transfer parameters of O2, CO and CO2 which determined that the local 

dominant diffusion regimes in the substrate and washcoat respectively. 

 The in-situ spatially-resolved method can be used as a novel approach to 

investigate spatial deactivation in washcoated monolith catalysts, especially in 

the case of increased diffusion resistance due to alteration of the porosity 

through deactivation. 
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6.2 Novelties 

 Develop a novel method to measure effective diffusivity using the SpaciMS 

technique. 

 The modified Bosanquet approaches were developed to determine the 

dominant diffusion regime. 

 Using the simulation platform to visualise and evaluate the impact of diffusion 

on reactions. 

 The in-situ spatially-resolved method was developed to visualise spatial 

deactivation in washcoated monolith catalysts. 

 

6.3 Recommendations 

6.3.1 Measurement of Heat Transfer Parameters 

Since the temperature is another important factor to impact the reaction occurs within 

the monolith channel, it is worth to investigate the heat transfer information e.g. 

temperature profiles within the catalyst prior to catalytic reactions, and current 

spatially-resolved method allows to achieve this aim. Combined with the aftertreatment 

simulation package Axisuite, the measured temperature profiles inside the monolithic 

catalyst can be simulated and the heat transfer coefficients can be determined. 

Moreover, the sensitivity with respect to the accuracy of the heat and mass transfer 

can be investigated via their impact on goodness of fit of simulation of CH4 oxidation. 
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6.3.2 Optimisation of Diffusion Coefficients 

As introduced in Section 4.2, the parameters of 



 and pd





 
 
 

 were lumped as one 

number respectively and further optimised, and the best assumptions and associated 

parameters could be determined through the assessment of the smallest residual sum 

of squared errors between the experimental and calculated internal mass trasnfer 

coefficients. However, the range of lumped numbers were actually simplified as 28 

discrete values, thus the best assumed value was among these pointed values, and 

this method were used as a brute force optimiser. Although this rough approach gave 

good outcomes to figure out the diffusion coefficients which made the calculated 

internal mass transfer coefficients showing the good fit with experimental values, the 

missing values between two discrete values may lead the loss of the theoretical best 

solution. One future work can be carried out by developing a more precise optimiser 

which allows considering all values within the predicted range of coefficients. 

Another important future work can be carried out to investigate the relevance of 

deactivation level and effective diffusivity, porosity/tortuosity. To do this, some 

characterisation works need to be carried out. For instance, BET tests can be done to 

provide a distribution of the specific surface area of each position, to shed light on the 

level of axial deactivation on monolith samples. Prior to this study, the monolith sample 

must be cut into individual pieces. Moreover, using the mercury intrusion porosimetry 

can determine the pore size distribution of the monolith sample. These works could 

add valuable knowledge about how deactivation impacts the monolith structure. 

However, these kind of characterisation approaches will lead the irreversible damage 

on samples, then unable to be used for further study. Since the samples were provided 
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by commercial entities and we are not able to produce the home-made porous 

monolith sample, it demands a cautious design on experimental works. 

 

6.3.3 CO Catalytic Oxidation Simulation 

The investigation of the CH4 catalytic oxidation reaction profiles reported in Chapter 4, 

yielded large amounts of useful spatially-resolved information regarding the water 

inhibition, the impact of temperature and diffusion. This work has locally assessed the 

effect of diffusion on reaction profile and drawn the conclusion that the reaction profiles 

are very sensitive to diffusion states. Therefore the diffusion information can also be 

considered important to the accuracy of the simulation of CO catalytic oxidation, 

especially within the deactivated porous catalysts. For the study of deactivation of the 

CO oxidation catalyst, there would be some further works that can be carried out. 

While the evolution of effective diffusivity inside the B core (back) could be considered 

reasonably constant spatially, the profile obtained for the F core (front) showed an 

increased from inlet to outlet and could not be considered uniform. Such spatial 

distribution may lead the difficulties in describing the diffusion behaviour with 

subsequent impact on the CO oxidation simulation in the front part of the aged catalytic 

converter, that is, it will be significant to shed light on the information and rules about 

the deactivation evolution along the axial length, therefore, additional programme for 

diffusion parameters correlate with local positions are demanded when using Axisuite 

for simulation. 
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Appendices 

 

Appendix A Calculation Steps of Overall Mass Transfer Coefficients 
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Appendix B Calculation of Mass Transfer Parameters 

To determine if the flow within the channel is laminar flow, a simplification method of 

the calculation of Reynolds number is purposed by considering assumed maximal 

value at the inlet of the channel was calculated and used for the subsequent 

calculations: 

 
max

max

min

Re hd u


  Eqn. A.1  

 

Where 

 dh  is hydraulic diameter (m) 

 u  is flow velocity (m·s-1) 

 ρmax is the larger density among the binary species (kg·m-3) 

 μmin is the smaller dynamic viscosity among the binary species (Pa·s) 

 
6 60.001308 137 10 2 29 10 0.001113mhd          Eqn. A.2 
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For O2/Ar 
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 Eqn. A.4 

For CO2/Ar 
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 Eqn. A.6 

For CH4/Ar 
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 Eqn. A.8 

For O2/Ar 

T=200+273.15 K, ρmax(Ar)=0.9608 kg/m3, μmin=2.93×10-5 Pa·s, Remax=12.34 

T=300+273.15 K, ρmax(Ar)=0.8006 kg/m3, μmin=3.37×10-5 Pa·s, Remax=8.94 

T=400+273.15 K, ρmax(Ar)=0.6862 kg/m3, μmin=3.76×10-5 Pa·s, Remax=6.87 

For CO2/Ar 

T=200+273.15 K, ρmax(CO2)=1.059 kg/m3, μmin=2.19×10-5
 Pa·s, Remax=15.50 
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T=300+273.15 K, ρmax(CO2)=0.8824 kg/m3, μmin=2.80×10-5 Pa·s, Remax=10.10 

T=400+273.15 K, ρmax(CO2)=0.8144 kg/m3, μmin=2.99×10-5 Pa·s, Remax=8.73 

For CH4/Ar 

T=200+273.15 K, ρmax(Ar)=0.9608 kg/m3, μmin(CH4)=1.63×10-5 Pa·s, Remax=12.6 

T=300+273.15 K, ρmax(Ar)=0.8006 kg/m3, μmin(CH4)=1.88×10-5 Pa·s, Remax=9.1 

T=400+273.15 K, ρmax(Ar)=0.6862 kg/m3, μmin(CH4)=2.11×10-5 Pa·s, Remax=6.95 

Thus, the flow is laminar flow inside the channel. 

To determine if the flow within the channel is fully developed, Graetz number was 

calculated: 

  
max max

max

min

Re Pr
Gz hd

L


  Eqn. A.9 

And 

 
max ,max

max

min

Pr
pc




  Eqn. A.10 

Where  

 L is the length (m) 

 Pr is Prandtl number 

 cp.max is the larger specific heat among the binary species (J·kg-1·K-1) 

 λmin is the smaller thermal conductivity among the binary species (W·m-1·K-1) 
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For O2/Ar 

T=200+273.15 K, μmax(Ar)=3.28×10-5 Pa·s, cp,max=956 J·kg-1·K-1, λmin=0.0246 W·m-1·K-1, 

Prmax=1.275, Gzmax=8.756 

T=300+273.15 K, μmax(Ar)=3.77×10-5 Pa·s, cp,max=988 J·kg-1·K-1, λmin=0.0284 W·m-1·K-1, 

Prmax=1.312, Gzmax=6.527 

T=400+273.15 K, μmax(Ar)=4.22×10-5 Pa·s, cp,max=1017 J·kg-1·K-1,  

λmin=0.0318 W·m-1·K-1, Prmax=1.350, Gzmax=5.161 

Thus, Gzmax<1000, the flow is fully developed. 

For fully developed laminar flow, 

 
0.45

max max
max L

0.095 Re Sc
Sh =Sh 1 hd

L

 
 

 
 Eqn. A.11 

For square channel, ShL is 2.976, and 

 max
max

min ,M

Sc
ABD




  Eqn. A.12 

For O2/Ar 

T=200+273.15 K, L=0.002 m, ρmin=0.7696 kg/m3, Scmax=0.984, Shmax=3.72, km1=0.145 

m·s-1 

T=300+273.15 K, L=0.002 m, ρmin=0.6413 kg/m3, Scmax=0.97, Shmax=3.527, km1=0.192 

m·s-1 

T=400+273.15 K, L=0.002 m, ρmin=0.5497 kg/m3, Scmax=0.967, Shmax=3.408, km1=0.243 

m·s-1 
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For CO2/Ar 

T=200+273.15 K, L=0.002 m, ρmin(Ar)=0.9608 kg/m3, Scmax=1.044, Shmax=3.93, 

km1=0.115 m·s-1 

T=300+273.15 K, L=0.002 m, ρmin(Ar)=0.8006 kg/m3, Scmax=1.035, Shmax=3.628, 

km1=0.148 m·s-1 

T=400+273.15 K, L=0.002 m, ρmin(Ar)=0.6862 kg/m3, Scmax=1.023, Shmax=3.542, 

km1=0.191 m·s-1 

For CH4/Ar 

T=200+273.15 K, L=0.002 m, ρmin(CH4)=0.3859 kg/m3, Scmax=1.778, Shmax=4.23, 

km1=0.182 m·s-1 

T=300+273.15 K, L=0.002 m, ρmin(CH4)=0.3215 kg/m3, Scmax=1.753, Shmax=3.919, 

km1=0.236 m·s-1 

T=400+273.15 K, L=0.002 m, ρmin(CH4)=0.2756 kg/m3, Scmax=1.726, Shmax=3.712, 

km1=0.296 m·s-1 

 

Appendix C Calculation of Diffusivity in Multicomponent Gas Mixtures 
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  Eqn. A.13 

At 400 °C and 57 mm, DO2/CH4=1.04×10-5 m2/s, DO2/CO2=7.21×10-5 m2/s, 

DO2/H2O=1.13×10-4 m2/s, DO2/Ar=8.84×10-5 m2/s, yO2=0.1148, yCH4=0.0014, yCO2=0.0025, 

yH2O=0.055 and yAr=0.8263, then D’O2=8.04×10-5 m2/s. 
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Compare to the binary diffusivity for O2, which is 7.94×10-5 m2/s, the deviation between 

them is 1.24%. 

 

Appendix D Local Diffusion Regime for the F Core 

 

Figure A.1: MK diffusion regime for O2, CO and CO2 at 2 mm. 
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Figure A.2: MM diffusion regime for O2, CO and CO2 at 6 mm. 

 

 

 

 

Figure A.3: MM diffusion regime for O2, CO and CO2 at 8 mm. 
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Figure A.4: MM diffusion regime for O2, CO and CO2 at 10 mm. 

 

 

 

 

Figure A.5: MM diffusion regime for O2, CO and CO2 at 15 mm. 
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Figure A.6: MM diffusion regime for O2, CO and CO2 at 20 mm. 

 


