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Spécialité: Génie des procédés et des technologies avancées

Présentée par

Kirsten LEISTNER

Pour obtenir le grade de

DOCTEUR de l’UNIVERSITÉ PIERRE ET MARIE CURIE
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Abstract

This study describes the development of kinetic models for platinum-ceria-zirconia
(Pt/CexZr1−xO2)-catalysed diesel particle filter (DPF) regeneration. Such models
have a practical purpose in that they can be used to calculate source terms in 3D
flow models, and they also have an intrinsic interest for the understanding of the
mechanisms of catalysed soot oxidation. The core of this kinetic analysis consists
in estimating Arrhenius parameters of a number of (semi) detailed reaction steps
by fitting calculated curves to experimental ones. In doing so, understanding of the
roles of the different reactants has been gained, and the efficacy and limitations of
the modelling procedure for gas-solid heterogeneous reactions investigated. Amongst
the examined aspects is the feasibility of attributing physically meaningful values to
individual parameters in large reaction mechanisms. This is achieved by fitting one
“subset”of reaction steps at a time. The procedure is illustrated by means of the
cases of soot oxidation by NO, NO2 and/or O2, NO oxidation catalysed by ceria-
based catalysts and soot oxidation catalysed by Pt/CexZr1−xO2. Experiments used
for these kinetic studies are temperature programmed tests in a fixed bed reactor.
In order to extract kinetic parameters, a reactor model describing gas flow through
a bed of particles and a meanfield model of soot and catalyst surface chemistry have
been developed. The interest of these detailed kinetic mechanisms lies in their ability
to describe all the reaction products instead of concentrating merely on global soot
consumption rate. The role of a heterogeneous reactive surface, such as that of soot
structure and ceria-zirconia composition/structure have been considered, as well as
the soot/catalyst ratio.

Keywords: meanfield model, kinetics, soot, catalytic oxidation, diesel particulate
filter, nitrogen oxides, ceria zirconia
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Resumé

L’objectif de cette ètude est de développer des modèles cinétiques pour la régénération
des filtres à particules Diesel (FaP), basés sur la catalyse par des formulations du type
platine-cérine-zircone (Pt/CexZr1−xO2). L’intérêt pratique de ce type de modèle est
lié à son utilité dans le calcul de termes sources chimiques dans des modèles 3D, et la
possibilité d’étudier le mécanisme réactionnel de l’oxydation catalysée de la suie. Au
coeur de cette analyse cinétique se situe l’estimation des paramètres d’Arrhenius pour
un ensemble d’étapes réactionnelles, en ajustant les courbes théoriques (calculées) à
celles obtenues expérimentalement. Ce faisant, l’objectif n’est pas seulement de com-
prendre le rôle des différents réactifs, mais aussi d’explorer l’efficacité et les limita-
tions de la modélisation des réactions hétérogènes à l’interface des phases gazeuses
et solides. Le défi principal de cette démarche est l’attribution de valeurs physiques
pertinents à des paramètres individuels dans un mécanisme réactionnel complexe.
Notre stratégie pour aborder ce problème consiste en un ajustement progressif de
sous-ensembles des étapes réactionnelles. Pour illustrer cette procédure, nous avons
développé trois configurations d’oxydation des suies : i) l’oxydation par O2, NO et/ou
NO2, non catalysée ii) l’oxydation par NO2 en présence d’un catalyseur en cérine, et
iii) l’oxydation catalysée par Pt/CexZr1−xO2. Les études cinétiques expérimentales
ont été menées sous forme de tests en température programmée, dans un réacteur à
lit fixe. Afin de déduire les paramètres cinétiques à partir de ces données, un modèle
de réacteur décrivant l’écoulement de gaz à travers un empilement de particules a
été construit. Ce modèle comprend un sous-modèle portant sur la surface chimique
des suies et du catalyseur, basé sur l’approximation du champ moyen. L’impact de
la structure graphitique des suies, la composition/structure de la cérine-zircone et du
ratio suie/catalyseur dans la réaction ont été considérés.

Mots-clefs: approximation du champ moyen, cinétique, suies, oxydation catalysée,
filtre à particules Diesel, oxydes d’azote, cérine zircone
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Introduction

L’objectif de cette thèse est de développer des modèles cinétiques pour la régénération
des filtres à particules Diesel (FaP), basés sur la catalyse par des formulations du type
platine-cérine-zircone (Pt/CexZr1−xO2). L’intérêt pratique de ce type de modèle est
lié à son utilité dans le calcul de termes sources chimiques dans des modèles 3D, et
la possibilité d’étudier le mécanisme réactionnel de l’oxydation catalysée de la suie.
Au coeur de cette analyse cinétique se situe l’estimation des paramètres d’Arrhenius
pour un ensemble d’étapes réactionnelles, en ajustant les courbes théoriques (cal-
culées) à celles obtenues expérimentalement. Ce faisant, l’objectif n’est pas seule-
ment de comprendre le rôle des différents réactifs, mais aussi d’explorer l’efficacité
et les limitations de la modélisation des réactions hétérogènes à l’interface des phases
gazeuses et solides. Le défi principal de cette démarche est l’attribution de valeurs
physiques pertinents à des paramètres individuels dans un mécanisme réactionnel
complexe. Notre stratégie pour aborder ce problème consiste en un ajustement pro-
gressif de sous-ensembles des étapes réactionnelles.

Pour illustrer cette procédure, nous avons développé trois configurations d’oxydation
des suies : i) l’oxydation par O2, NO et/ou NO2, non catalysée ii) l’oxydation
par NO2 en présence d’un catalyseur en cérine, et iii) l’oxydation catalysée par
Pt/CexZr1−xO2. La cinétique de ces réactions n’a pas été exhaustivement étudiée au-
paravant, et nos résultats ont apporté une meilleure compréhension de ce phénomène.
L’approche d’ajustement s’est démontré justifiée, car elle a permis la reproduction
de profils d’espèces-clés dans un ensemble de conditions expérimentales. Les études
cinétiques expérimentales ont été menées sous forme de tests en température pro-
grammée, dans un réacteur à lit fixe. Une partie de nos données expérimentales a été
obtenue directement ainsi, les autres donnée provenant d’études publiées par d’autres
groupes. Afin de déduire les paramètres cinétiques à partir de ces données, un modèle
de réacteur décrivant l’écoulement de gaz à travers un empilement de particules a
été construit. Ce modèle comprend un sous-modèle portant sur la surface chimique
des suies et du catalyseur, basé sur l’approximation du champ moyen. L’impact de
la structure graphitique des suies, la composition/structure de la cérine-zircone et du
ratio suie/catalyseur dans la réaction ont été considérés. Les paramètres décrivant
leurs effets ont été estimés.
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Dans le chapitre 1 de ce manuscrit, le contexte et l’état d’art concernant la recherche
sur les FaP sont présentés. Nous nous intéressons par la suite aux diverses mo-
tivations sous-tendant ces travaux, liées à la santé humaine, l’environnement et
la législation. Finalement, les modèles de FaP existants ainsi que leurs particu-
larités sont discutés. Le chapitre 2 présente la démarche expérimentale, le matériel
et méthodes, et le chapitre 3 porte sur notre approche de modélisation. Les Chapitres
suivants (4-6) traitent des systèmes réactionnels particuliers, et l’étude de leur cinétique
par des approches expérimentales et de la modélisation. Dans les Chapitres 4 et 5
certains aspects de la chimie du FaP sont traités, notamment l’oxydation des suies
en absence de catalyseur, et l’interaction du catalyseur avec les gaz d’échappement.
Enfin, le chapitre 6 porte sur la cinétique de la régénération dans l’ensemble d’un
FaP catalysé par Pt/CexZr1−xO2.



Scope and Outline

The objective of this Ph.D. thesis is the development of kinetic models for platinum-
ceria-zirconia (Pt/CexZr1−xO2)-catalysed diesel particle filter (DPF) regeneration.
Such models have a practical purpose in that they can be used to calculate source
terms in 3D flow models, and they also have an intrinsic interest for the understand-
ing of the mechanisms of catalysed soot oxidation. The core of this kinetic analysis
consists in estimating Arrhenius parameters of a number of detailed reaction steps
by fitting calculated curves to experimental ones. In doing so, the aim is not only to
understand the roles of the different reactants, but also to investigate the efficacy and
limitations of the modelling procedure for gas-solid heterogeneous reactions. Princi-
pal among the examined aspects is the feasibility of attributing physically meaningful
values to individual parameters in large reaction mechanisms. The problem is ap-
proached by fitting one “subset”of reaction steps at a time.

This procedure is illustrated by means of the cases of soot oxidation by NO, NO2

and/or O2, NO oxidation catalysed by ceria-based catalysts and soot oxidation catal-
ysed by Pt/CexZr1−xO2. Interesting insights are gained into the mechanisms of these
reactions, since the kinetics had often not been analysed thoroughly in the relevant
literature. The fitting approach is shown to be effective as it allows for reproduction
of several key species profiles in each of a number of experiments. Experiments used
for these kinetic studies are temperature programmed tests in a fixed bed reactor,
many of which were performed during the course of the study and data concern-
ing others taken from the literature. In order to extract kinetic parameters from
the temperature programmed data, a reactor model describing gas flow through
a bed of particles and a mean field model of soot and catalyst surface chemistry
are developed. The role of soot structure, ceria-zirconia composition/structure and
soot/catalyst ratio on reaction are considered. Parameters used to deal with their
effects are estimated.

This manuscript is structured as follows. In Chapter 1, we set the context of current
research concerning DPFs, consider the environmental, health related and legislative
motivations behind it as well as the state-of-the-art of modelling chemistry in DPFs
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and the specific issues arising in such models. The experimental setup, methods and
materials are described in Chapter 2 and the modelling approach in Chapter 3. Sub-
sequent chapters (4-6) deal with the specific reaction systems and the study of their
kinetics by means of the experiments and model. Chapters 4 and 5 concern certain
aspects of interest in DPF chemistry, i.e. the oxidation of soot without catalyst, and
catalyst interaction with some of the exhaust gases, respectively. Chapter 6 however
deals with the kinetics of regeneration in a Pt/CexZr1−xO2-catalysed DPF as a whole.



Chapter 1

Context and Literature Review

Abstract

Dans ce chapitre, on donne des informations sur le contexte des recherches pour les

FaP. En particulier, on aborde la question de l’origine des particules de suies dans

les moteurs Diesel et l’on explique pourquoi la destruction des suies présentes dans

les gaz d’échappement est souhaitable. Les technologies actuelles pour les FaP sont

exposées dans les grandes lignes, en se focalisant sur la régéneration du filtre (c’est-

à-dire l’oxydation des suies), dont la chimie est le sujet de cette étude. L’état de l’art

des dispositifs expérimentaux et des méthodes associées pour étudier la cinétique de

l’oxydation (catalysée) des suies est abordé et un état de l’art est également dressé

en modélisation cinétique.

⋆

In this chapter, information on the context of research for DPFs is given. In partic-

ular, it addresses the origin of soot particles from Diesel engines and explains why

there is a need for removal of these particles from the exhaust. Then current tech-

nologies for DPFs are briefly outlined, with a focus on the regeneration (i.e. soot

oxidation) process, the chemistry of which is the topic of this study. The state of

the art in experimental investigations for the kinetics of (catalytic) soot oxidation is

19



20 Chapter 1

addressed, and similarly the state of art in modelling such kinetics.

1.1 Background on Formation and Polluting Char-

acteristics of Soot

1.1.1 Physico-Chemistry of Soot Formation

Diesel soot particles are formed during fuel combustion at typical diesel engine op-

erating conditions: Temperatures between 1000 and 2800 K and pressures between

50 and 100 atm and sufficient air for overalll complete combustion. In practice most

soot particles are formed when locally hydrocarbons remain unburnt, condense and

become precursors for solid soot particles. This first formation of precursors from

the gaseous phase is known as nucleation. These particles then grow by the sur-

face growth mechanism, which entails gas-phase molecules attaching to the carbon

surface, and by coagulation of particles amongst each other. Oxidation of the soot

particles may spontaneously occur at any stage of the formation process.

10...

Figure 1.1: Formation of soot particles [1]
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Turbostratic particles are formed by stacks of crystallites (graphene layers) (Figure

1.1), which, in turn, are formed by stacks of polycyclic aromatic structures called

platelets [2, 3]. Hydrogen, oxygen and other heteroatoms are commonly present at

the edges of crystallite layers [4]. Ultrafine particles are usually formed by just nucle-

ation, which is the initial stage of the process by which several gaseous compounds

react together to form a solid. These particles are a few nanometres in size but

can grow up to 1 µm, either by additional gas condensing onto the particles or by

coagulation (when several particles combine to form a larger particle). It has been

shown that carbon black (CB) has a very similar, albeit more ordered, structure to

diesel particulate matter. Many studies are therefore based on CB, which has the

advantage of being produced in a reproducible manner.

1.1.2 Impact on Human Health and the Environment

Economic growth and urbanisation are leading to an ever-increasing number of ve-

hicles on the road [5, 6]. Ambient air pollution is increasing as a consequence and

international and European emission standards are being made ever-more stringent.

Road transport is a major source of pollutant emissions, while other sources include

stationary combustion plants, industrial processes and forest fires [3].

Some of the more common pollutants found in the atmosphere include:

� Particulate matter (PM) is the generic term for a broad class of chemically and

physically diverse substances that exist as discrete particles (liquid droplets or

solids) over a wide range of sizes. Particles originate from a variety of man-made

stationary and mobile sources as well as from natural sources. Particles may

be emitted directly or formed in the atmosphere by transformations of gaseous

species such as sulfur oxides, nitrogen oxides, and volatile organic compounds

(VOC). The chemical and physical properties of PM vary greatly with time,

region and source, thus complicating the assessment of health and environ-

mental effects. Common particle pollutants include dust, dirt, soot and smoke.

Particulate pollutants are very diverse in terms of size. The US Environmental

Protection Agency (EPA) distinguishes between ”inhalable coarse particles,”

with diameters larger than 2.5 micrometers and smaller than 10 micrometres

and ”fine particles,” with diameters that are 2.5 micrometres and smaller [7].
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The size of particles is directly linked to their potential for causing health prob-

lems. Small particles less than 10 micrometers in diameter pose the greatest

problems, because they are more likely to penetrate the lungs and get into the

bloodstream [7]. These include Diesel Particulate Matter. Fine particles (2.5

micrometres and smaller) are the major cause of reduced visibility (haze) in

parts of the United States [7]. Particles with a diameter smaller than 10 µm

(PM10) are most frequently used as an indicator and therefore often found in

statistics. On the other hand, PM2.5 is a better indicator of risk to health and

likely also a better for anthropogenic particles [3].

Polluting particulate matter also varies greatly in chemical composition and

includes carbonaceous particles such as those emitted by burning fossil fuels

and biomass and non-carbonaceous particles like mineral fly ash and fragments

of rock and dust.

� Carbon monoxide: CO is a colourless, odourless gas that is formed during in-

complete combustion of fossil fuels. CO originating from motor vehicles make

up about 56 percent of all CO emissions in the USA [7]. Other sources of

CO include industrial processes, residential wood burning, and natural sources

such as forest fires. Woodstoves, gas stoves and cigarette smoke are sources

of CO indoors. CO is harmful to humans at high concentrations, because it

reduces oxygen supply to the heart, brain and other tissues. It is therefore

particularly dangerous for individuals with heart disease and can negatively

affect the central nervous system [7].

� Nitrogen oxides: NO2 is the component of greatest interest and the indica-

tor for the larger group of nitrogen oxides. In addition to contributing to

the formation of ground-level ozone, NO2 contributes to the formation of OH

and, subsequently, ozone in the troposphere [8]. EPA set standards for NO2

at 0.053 parts per million (53 ppb), averaged annually [7], and fine particle

pollution, NO2 is linked with a number of adverse effects on the respiratory

system. Current scientific evidence links NO2 exposures with adverse respi-

ratory effects including airway inflammation in healthy people and increased

respiratory symptoms in people with asthma. NOx anthropogenic emissions
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are mainly due to road transport, as well as agriculture and industry.

� Sulphur dioxide: Sulphur dioxide (SO2) is a highly reactive gas. The largest

sources of SO2 emissions are from fossil fuel combustion in power plants (66%)

and other industrial facilities (29%) [7]. Current scientific evidence links ex-

posures to SO2 with a number of adverse respiratory effects, including bron-

choconstriction and increased asthma symptoms. EPA has set a 24-hour stan-

dard at 140 ppb and an annual average standard at 30 ppb.

� Volatile organic compounds (VOC) include a wide range of gas-phase hydrocar-

bons, oxygenates, halogenates and other carbon compounds [3]. Main sources

of atmospheric VOC are leakage from pressurised systems and fuel tanks and

incomplete combustion of fossil fuels [3].

� Ozone: Ozone (O3) is usually not emitted directly into the air, but created

at ground-level by a chemical reaction between NOx and volatile organic com-

pounds (VOC). In the earth’s lower atmosphere, ground-level ozone is unde-

sirable. Motor vehicle exhaust and industrial emissions, gasoline vapours, and

chemical solvents as well as natural sources emit NOx and VOC that help form

ozone. Ground-level ozone is the primary constituent of smog. Sunlight and

hot weather cause ground-level ozone to form in harmful concentrations in the

air. As a result, it is known as a summertime air pollutant. Ozone occurs

naturally in the stratosphere and forms a layer that protects life on earth by

preventing high-energy radiation from reaching the troposphere.

According to the EPA [7], numerous scientific studies have linked exposure to PM

to the following symptoms: respiratory problems1, decreased lung function, aggra-

vation of asthma, chronic bronchitis, an irregular heartbeat, nonfatal heart attacks

and premature death in people with heart or lung disease. The smallest particles

can be considered the most dangerous, because of the ease with which they can

1irritation of the airways, coughing, breathing difficulties.
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penetrate the lungs. They also have a large area/volume ratio, which means that

they can efficiently carry other toxic substances, such as heavy organic molecules and

transition metals (e.g. vanadium) which may be present in PM, the latter of which

has been linked to internal lesions, while the former may be carcinogenic [9]. Poly-

cyclic aromatic hydrocarbons (PAHs) on the particle surface are considered to have

inflammatory properties and cause allergic reactions [9]. Exposure to PM affects

different people differently [7], [10]. Long-term exposure to PM leads to a significant

reduction in life expectancy (12-14 % increase in risk of death) and is therefore more

relevant to public health than short-term exposure [11]. Thresholds below which

adverse effects on health do not occur have not been identified, because current

PM concentrations are often already a risk for health [3]. The exposure guidelines

recommended by the World Health Organization (WHO) can therefore not provide

full protection. According to the French Minister of Environmental Affairs, Chantal

Jouanno, “fine particles will in future be one of the major problems in air quality, as

they are responsible for 30000 premature deaths in France and 300000 in Europe.”

[12]. Particle deposition in the lungs ([13]) has been shown to trigger inflammation

and increased clotting ability of platelets, and nanoparticles in particular are easily

adsorbed into the lungs’ alveoli and impair the ability of the organism to remove

foreign particles. Carbon nano particles have also been shown to be cytotoxic (i.e.,

to kill human cells in culture) [13]. Lastly, it has been reported recently that soot

particles in the atmosphere are in fact not inert, but that solar radiation drastically

enhances the particles’ reaction with NO2 and subsequent conversion to HONO. This

presents potential hazards to the environment and human health by potential for-

mation of nitro-PAHs known for their toxicity [8].

While the Kyoto Protocol of 1997 did not take into account the global warming po-

tential of soot, it has in fact been shown that a reduction of black carbon emissions

could slow down global warming more than any reduction of CO2 and CH4 emissions

[14]. According to calculations by Jacobson (2002), 20-45 percent of net global warm-

ing could be eliminated within 3-5 years. Reducing CO2 by a third would produce

the same change, but after 50-200 years [15]. Solid particles present in the atmo-

sphere under form of aerosols may have either cooling or heating effects [16]. Black

carbon deriving from fossil fuels has a warming effect because it tends to absorb
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Table 1.1: EPA 2006 National Ambient Air Quality Standards (NAAQS) for fine and
coarse particles, averaged over 24 h and annually [µ g/m3], [7]

24 h annual
fine 35 15

coarse 150

incoming solar radiation and then warm the surrounding atmosphere, whereas par-

ticles derived from the burning of biomass have a cooling effect because they reflect

solar radiation back into space. Apart from these direct effects, aerosols may also

cause radiative forcing via an indirect effect by changing the properties of clouds,

such as their lifetime. This may cause problems on a local, rather than global scale.

Soot also produces radiative forcing by lowering the reflectance of ice and snow [14].

PM containing hydrocarbons and elemental carbon (EC) soils all sites on which it

deposits, including those of important cultural heritage. Inorganic elements (sili-

cates, metals) contained in airborne particulate matter also impacts on the surfaces

of historical buildings and monuments, causing mechanical abrasion and corrosion

[17]. Soot deposits on buildings constitute, together with other organic compounds,

a medium for the absorption of damaging gases like SO2 [18].

1.2 Pollution Regulations: Particulate Matter

In the USA, the Clean Air Act requires EPA to set air quality standards to protect

both public health and the environment (e.g. crops, vegetation, visibility). PM af-

fects both. The latest US emission standards can be seen in table 1.1

In Europe, the emission standard Euro 5 entered into being in September 2009.

Its main goal is to reduce the emission of particulate matter from diesel cars from

25mg/km to 5mg/km. Euro 6 is scheduled to enter into vigour in January 2014 and

will mainly lead to the reduction of NOx emissions from diesel cars [19].
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Table 1.2: EU emission standards for passenger cars (Category M1 ), g/km [19]

Date CO HC HC+NOx NOx PM
Compression Ignition (Diesel)

Euro 1� 1992.07 2.72(3.16) - 0.97(1.13) - 0.14(0.18)
Euro 2, IDI 1996.01 1.0 - 0.7 - 0.08)
Euro 2, DI 1996.01a 1.0 - 0.9 - 0.10
Euro 3 2000.01 0.64 - 0.56 0.50 0.05)
Euro 4 2005.01 0.50 - 0.30 0.25 0.025
Euro 5 2009.09b 0.50 - 0.23 0.18 0.005e

Euro 6 2014.09 0.50 - 0.17 0.08 0.005e

* At the Euro 1..4 stages, passenger vehicles > 2500 kg were type ap-
proved as Category N1 vehicles

� Values in brackets are conformity of production(COP) limits
a - until 1999.09.30 (after that date DI engines must meet the IDI limits)
b - 2011.01 for all models
e - 0.0045 g/km using the PMP measurement procedure

1.3 DPF Technology

In the light of progressively tightening air quality standards, much research is devoted

to the development and control of aftertreatment technologies for diesel engines.

However, the development of exhaust gas treatment technologies still represents a

challenge. DPFs physically capture diesel particulate matter. The main technology

in use is the wall-flow monolith, which is composed of many parallel channels. Ad-

jacent channels are plugged at opposite ends, so that an open channel will always

be surrounded by plugged channels. As can be seen in Figure A.1a, this forces the

reactive gas to flow through the porous channel walls. Consequently, solid particles

in the flow are deposited on the porous material, Figure A.1b. This type of filtration

can occur via two mechanisms [19]: Deep bed filtration, which occurs by inertial

or diffusional deposition of particles on the porous medium, and surface filtration

(cake filtration), which occurs when particles are larger than pore diameters, so that

particles are trapped by sieving. During soot loading, deep bed filtration initially

occurs, then giving way to the cake filtration regime [20].
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(a) Schematic diagram of a DPF monolith [21] (b) Scanning electron micrograph of the
fractured edge of a loaded DPF [22]

Figure 1.2: Wallflow monolith

The so-called cake, formed by the soot particles accumulating on the filtrating

medium, grows in size, and consequently the pressure drop over it grows, in a non

linear fashion2 [20]. To avoid this pressure drop reaching excessive levels, the accu-

mulated soot particles are removed in a process known as filter regeneration, i.e.,

the soot cake is oxidised to form gaseous products. Diesel particulate spontaneously

burns in air at about 500 - 600 ◦C [24]. This temperature range is not regularly

achieved in typical diesel vehicle applications for sufficient periods of time to enable

self-regeneration. Due to the low temperatures (150 - 240 ◦C) of diesel exhaust gases

and the high activation energies (100 - 210 kJ/mol) of the soot oxidation reaction,

catalysts are usually used.

The task of regeneration can be faced following two different approaches: either the

exhaust gas and/or the filter is heated up to the particulate ignition temperature,

or the ignition temperature is lowered with the aid of substances which catalyse

soot oxidation. In the former, the exhaust gas temperature can be raised by the

occasional post-injection of fuel that gets burned in a honeycomb oxidation catalyst

placed up-stream of the DPF or using an external heating system [1]. The filter

can also be heated up by means of electrically-driven devices or burners [24]. Con-

cerning the catalysed approach, there are two alternatives: organic derivatives of

2The non linearity of the pressure drop profile is due to the succession of the different filtration
regimes: deep-bed, mixed, and surface filtration [23]
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active metals may be used as fuel additives, or the catalyst can be deposited directly

onto the filter surface. EURO V regulations enforce the latter solution since 2008 [24].

The chemistry of particulate oxidation is complex due to the varied character of soot,

the formation and migration of surface complexes on both soot and catalyst and the

modification of chemical properties of soot due to exposure to high temperatures

(annealing) [25], amongst other factors detailed in the following section. Chemical

reaction can also be influenced directly by geometrical factors, such as the form of

catalyst, which have direct influence on the importance of mass transfer [26].

At temperatures above 500 ◦C, several issues arise in DPFs: Reaction kinetics may

change somewhat, different reactions, such as those with radicals (OH•) may occur

[27]. Thermal transfer, in particular by radiation, becomes important (T 4). It may

be necessary to take this into account to accurately predict temperature gradients,

the latter being required to describe and predict thermal problems such as local hot-

spots.

This latter phenomenon is one of several aspects, which can be captured more ac-

curately by a 3D description. Hot-spots arise if an excess of soot is collected on the

filter or if the flow in each channel of the DPF is not uniform in the radial direc-

tion (maldistribution), causing an unevenly distributed layer of soot particles on the

filtering wall. The exhaust gas temperature then rises due to the increased back pres-

sure, and this leads to a sudden burn off, which might cause the filter temperature

to rise above the melting point of the filter itself (thermal runaway) [24]. Flow mald-

istribution may be linked to DPF geometry: the pulsating flow of the engine along

with the geometry of the manifold creates highly non-uniform inlet conditions [28].

Such an occurrence also has a negative influence on conversion of the pollutants and

leads to partial utilisation of the catalyst surface [28]. In addition, it is important

to accurately calculate the temperature distribution in the DPF in order to account

for its thermal durability over its lifetime [28]. 0D or 1D (multi-0D) models cannot

take these mal-distribution effects into account as they use average flow parameters

[28].
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Manufacturers have identified a need for a software prediction tool to assess the

behaviour of such DPFs in the early design phase. Ideally, it should take into ac-

count the condition of a given car’s exhaust, the mileage of the car, its filter size

and its filter shape in a flow modelling tool [29]. The ability to predict the local

regeneration behaviour and thereby avoid excessive local temperatures is a major

requirement for the design of diesel filters consisting of less expensive but more tem-

perature sensitive material [29]. A practically useful description of the reactive flow

in a DPF is challenging. On the one hand, the complex character of the heteroge-

neous soot oxidation reaction and three dimensional flow phenomena call for detailed

chemical mechanisms and flow models. On the other, the amount of computational

time needed to model the complete system in such detail me would make it very dif-

ficult to use such a model in on-board control and even for development applications.

The European law limits will almost certainly bring about the use of active means to

occasionally raise filter temperature. This will most likely imply a fuel penalty of the

order of 4% [24]. Future targets in DPF development thus include finding the tech-

nological means to reduce or even eliminate this fuel penalty by both catalyst and

trap development, lower soot ignition temperatures and lower DPF pressure drops

[24].

1.4 Chemistry and Kinetic Modelling for DPFs

1.4.1 Non Catalytic Oxidation of Soot

Kinetics

A number of the components of Diesel exhaust fumes are relevant for DPF regener-

ation. Amongst the most prominent ones are O2, NO2, NO, CO, H2O and various

hydrocarbons because of their affinity for reaction with soot or with the catalysts

commonly present in DPFs. Reaction with gaseous SO2 and H2O assists in the pro-

cess by forming acids which are good oxidants. The reactions considered here are

those with NO2, NO and O2.
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At low temperatures a mixture of NO and O2 will equilibrate to include significant

amounts of NO2 below 500 ◦C and N2O4 below 100 ◦C. The magnitudes of the re-

action rates are found to be: NO2 > N2O ≈ NO ≈ O2 [30]. All of these reactions

proceed via adsorption of gas phase molecules onto the solid carbon/catalyst surface,

forming weak bonds (physisorption) or stronger bonds (chemisorption). The latter

give rise to surface species such as are nitro groups, alkyl nitrates and nitrate esters,

carboxylates, anhydrides and lactones. The most detailed mechanism with estimated

parameters for the C-O2 reaction is that of Miessen [31, 32], shown in Figure 1.3. It

involves six intermediate surface species and two types of site: edge sites, i.e. those

located at the edge of graphene sheets and more reactive, and bulk sites, located in

the midst of the graphene sheet. These sites interact with gas phase O2, CO, CO2

and O atoms to produce six different type of SOC, which may further interact with

each other and with gas phase molecules. Each elementary step is assumed to follow

a modified Arrhenius law k(T ) = AT β · e−
Ea
RT

f(θn), and the kinetic parameters are

taken from various sources in literature (R1,4: Kelemen 1985; R2,3: Hayns 1975;

other parameters are estimated).

Analysis of the products of the C-NO2 reaction shows the presence of CO2, NO and

N2. The global reactions

2 NO2 + C → 2 NO + CO2

NO2 + C → 1/2 N2 + CO2

are proposed. Several studies [30] report that the C-NO2 reaction is enhanced by

the presence of water vapour. However, this increase in rate diminishes as tempera-

ture is increased. The promoting effect is attributed to the formation of nitric and

nitrous acids. Jacquot et al. [33] find that soot oxidation with NO2 is enhanced

by the presence of O2. Water, CO2, O2 and nitrogen oxides are all present to some

degree in Diesel exhaust gases and may therefore play a role in DPF regeneration.

However, most studies focus on soot oxidation by O2 and also NO in catalysed regen-

eration. This choice is based on the fact that CO2 and H2O are much less reactive

towards carbon materials [34] at low temperatures. Globally, experiments show that



Chapter 1 31

O O
2

O
2

O

CO
2

CO
2

CO

CO

Figure 1.3: Surface mechanism, based on that of Miessen [32]

the non-catalytic carbon-O2 reaction leads to carbon dioxide and carbon monoxide

as products. Neeft et al. [35] and Yezerets et al. [36] are among those who propose

the following global reactions:

2 C + O2 → 2 CO
C + O2 → CO2

The global reaction rate is written as

r = k(T ) · Cn
oxidant (1.1)
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where the rate constant k(T ) is usually described by a simple Arrhenius law

k(T ) = A · e−
Ea
RT (1.2)

or a modified Arrhenius law,

k(T ) = AT β · e−
Ea
RT (1.3)

Global activation energies for soot oxidation with O2 range from 140 to 170 kJ/mol

[37]. Hurt and Calo [38] find Ea=105-180 kJ/mol and Reichert et al. 100-210 kJ/mol

from a review of literature. Reaction order n with respect to O2 varies strongly with

temperature. At higher temperatures (ca. 2230 ◦C) it is mostly assumed equal to 1

[39] and equal to zero at lower T (ca. 130 ◦C) [40].

The heterogeneous carbon-O2/NOx reaction is complex, as it involves several inter-

mediate steps, intermediate (surface) species and active carbon sites. The surface

complexes generated during reaction are numerous and therefore characterised by

a distribution of chemical properties. Their characteristics depend, amongst other

factors, on microscopic irregularities in the chemical structure of soot surfaces. Many

modelling studies treat the surface species as having uniform kinetic properties, in

what are termed lumped kinetic models while others [41, 4, 42] consider the

distribution of kinetic parameters. When numerous surface complex species are

present, a number of CO2 and CO peaks may be produced, with activation energies

of desorption of 115-380 kJ/mol [43]. The reaction occurs with a so-called ”turnover

mechanism”, in which active sites are regenerated when a carbon atom is consumed

to form a gaseous product, thereby making it possible to access a lower layer of car-

bon atoms. Surface species may migrate and interact with each other. Both mobile
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and immobile complexes may be formed, the mobile ones being due to ionic bond-

ing, and the immobile ones to covalent bonding. These latter covalent bonds are

characteristic of carbonyl, ether, lactone and acid anhydride functional groups [42].

The migration of oxygen complexes has been established by the work of Marsh and

Haynes [42]).

The CO/CO2 product ratio of the C-O2 reaction depends on temperature [44].

Campbell and Mitchell [42] find that during oxidation of char CO formation pre-

dominates at higher temperatures, and CO2 at lower temperatures. For modelling

the CO/CO2 ratio, it is important to attribute the formation of CO and O2 to the

correct reactions. Two main pathways have been proposed, the Eley-Rideal direct

interaction of an active carbon site with O2 and an interaction between SOCs. Ac-

cording to Hurt and Calo [38], the direct interaction of SOCs with O2 (Eley-Rideal)

is predominantly responsible for CO2 formation: 2 C*(O) + O2 → 2 CO2. Experi-

mental evidence is cited, such as the high CO/CO2 ratio in desorption experiments in

a vacuum. Others propose reaction between SOCs: 2 C*(O) → CO2 + C*, but this

is based exclusively on DFT calculations and global considerations are neglected [45].

An important consideration when trying to estimate kinetic parameters is that the

global oxidation rate will be limited by the slowest step of the mechanism. According

to Hurt and Calo and others [38, 46], activation energies for CO and CO2 desorption

assume the larger values than adsorption step energies, suggesting that formation of

CO and/or CO2 are the rate limiting steps in the temperatures of interest to DPF

regeneration (T = 350-14000 ◦C ) (Figure 1.4).
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Figure 1.4: Global Arrhenius diagram and rate determining regimes of carbon oxidation
[38]

Chemical Structure of Soot and its Relation to Reactivity

Diesel soot typically is made up of approximately spherical primary particles with

diameters of the order of 10-30 nm [47], which aggregate in chain-like structures [37].

Each of these particles contains:

� a graphitic carbon matrix making up the carbon nucleus of each of the particles.

This elemental carbon is arranged in graphene sheets, which form a wavy,

multi-layered structures giving rise to the name turbostratic particles.

� organic compounds (including unburned hydrocarbons, oxygenated hydrocar-

bons and polynuclear aromatic hydrocarbons), which at temperatures below

500 ◦C tend to condense and become adsorbed on the carbon nucleus.

� a small amount of inorganic ash (mineral and metallic substances originating

from engine lubricant and engine wear

Particulate matter is usually partitioned with an extraction solvent; this allows fur-

ther classification into a soluble fraction and a dry-soot fraction [48].

In kinetic modelling, the structure of the soot is important because of its relation

to soot reactivity and the following paragraphs aim to expose the correlation be-
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tween reactivity and various structural parameters. Reactivity is in fact dependent

on chemical or nano structure (in particular the degree of graphitisation), as well

as bulk properties such as porosity, H/C ratio and inorganic impurities (mineral

matter). These bulk properties may in turn be dependent on the nano structure

[49]. In a discussion of soot structure, it can be of interest to consider the spectrum

of carbonaceous materials. The latter may be seen as being delimited by graphite,

on the end of highly ordered carbons, and amorphous carbon on the end of highly

disordered carbons. Graphite is a form of pure carbon consisting of layers of hexag-

onally arranged carbon atoms in a plane (graphene layers). These layers are stacked

parallel to each other at a distance of 3.3354 Å (0.0335 nm) in a three-dimensional

crystalline long-range order [47, 49]. The chemical bonds within the layers are co-

valent with sp2 hybridisation [50]. Amorphous carbon is a carbon material without

long-range crystalline order. Exposed edge sites and defects are characteristic of

disordered, amorphous carbons. The forms of carbon existing in between graphite

and amorphous carbon are many and varied and their chemical structure may be

characterised by their degree of graphitisation. Graphitised carbons tend to have

more orderly stacked crystallite layers and consequently fewer exposed active sites.

Sometimes an irregular structure may evolve to become more regular, particularly

when the material is subjected to higher temperatures (T > 700-1100 ◦C [51]). This

process, known as graphitisation or thermal annealing3, often occurs during soot

formation, as seen in Figure 1.5.

3Note that the term annealing has also been interpreted as the process of closing a 5-membered
ring in place of an active site [52].
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Figure 1.5: Various steps of graphitisation [53]

Chemical structure influences reactivity via number and location of active sites [51]

and seems to be the predominant factor determining the reactivity of a carbon ma-

terial. For e.g., coal rank, i.e., degree of graphitisation, has been found to be the

main factor influencing reactivity of coals and their derived chars [54]. Indeed, re-

activity has been found to be higher on carbon surfaces containing many exposed

edge sites (mainly amorphous carbons) [4] and a linear relation between coal rank

and the pre-exponential factor A of the coal oxidation reaction has been identified

[55, 56]. Similarly, Vander Wal and Tomasek [57, 49] attribute the loss of reactivity

with higher degrees of graphitisation to the fact that ungraphitised carbons have

shorter graphene layers, and, therefore, a higher proportion of atoms in edge posi-

tions. These edge sites are more easily accessible than basal sites, and this leads to

a higher overalll reactivity. Soot formed at higher temperatures can be expected to

have a lower intrinsic reactivity, due to loss of active sites [51] and lower BET surface

area [58]. Figure 1.6a shows a TEM image of a diesel soot particle, highlighting its

onion-like turbostratic structure. Part b of this figure also shows how soot particles

are composed of a relatively disorganised (amorphous) core containing fine particles
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(3-4 nm) [58, 47, 49] and an external shell of neatly arranged concentric crystallite

layers. The reactivity of diesel particulate matter is therefore to be expected within

the spectrum of carbon materials, somewhere in between graphite and amorphous

carbon [59].

 

 

(a) TEM of soot particles [37] (b) Internal structure of a turbostratic particle
[37]

Figure 1.6: Structure of soot particles

A parameter that can be correlated with activity, is the curvature of graphene seg-

ments, as observed, for example, by Knauer et al. [60] employing high-resolution

transmission microscopy (HRTEM). Curvature, being defined as the ratio between

the length of the segment as observed in HRTEM images and the shortest distance

between its terminal points, is an indicator of the degree of graphitisation. Greater

values of curvature indicate a lesser degree of order, higher defect content and thus

higher functionalisation and reactivity [60]. According to Vander Wal and Tomasek

[57] and Jones [52], for a given segment length, higher curvature of graphene lay-

ers is due to the presence of 5-membered rings, which indicates weaker C-C bonds

and therefore increased bulk reactivity. Ideal graphitic lattices are planar hexagonal

structures of sp2-bonded carbon atoms, with a bond angle of 120 ◦[47, 53]. Differ-

ences in atomic arrangement and degree of organisation give rise to very different
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forms of carbon, which are characterised by very different physical and chemical

properties [53]. The degree of hybridisation of a carbonaceous material, defined by

Equation 1.4 as the percentage of sp2-bonded carbon, is in fact positively correlated

with the degree of graphitisation, as Knauer et al. observe by electron energy loss

spectroscopy (EELS) [49]. UV-Vis spectroscopy may also be used to investigate the

electronic structure. High UV-Vis adsorption values indicate large proportions of

sp2-bonded carbons [49].

sp2 =
[ area(π∗)
area(π∗+σ∗)

]sample

[ area(π∗)
area(π∗+σ∗)

]100%sp2ref

(1.4)

Raman microspectroscopy (RM) may be applied to soot and related carbon materials

to extract the two bands of spectroscopic intensities, G and D, representative in

general of graphitic and non graphitic (defect) content [58, 60]. G is the only band

of intensities found in pure graphite and it has a characteristic full-width at half-

maximum (fwhm) of 50 cm−1 and a peak located at 1580 cm−1. The character (i.e.

relative intensity and fwhm) of D on the other hand, varies between different carbon

materials. Knauer et al. go even further and distinguish four different components of

D, each responsible for different aspects of non graphitic behaviour (Figure 1.7). In

particular D1, which can provide information on non-graphitic carbon content such as

heteroatoms or the edge of a graphene layer [47] and D3, which provides information

on structural order [60, 58]. According to Sadezky et al. [47], the applicability of RM

parameters as distinguishing features of carbon materials may however be limited by

the heterogeneity of these materials.
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Figure 2. Exemplary spectrum (λ ) 514 nm) of untreated EURO VI

Figure 1.7: Raman spectrum of untreated EURO VI soot [60]. The G peak is repre-
sentative of graphitic content, whereas D1, D2, D3 and D4 indicate defect
content.

Alfè et al. [49] choose to describe the degree of graphitisation of various types of

soot by parameters quantifying the graphitised portion of the soot particles. These

portions are also known as basic structural units (BSU) or coherent domains and are

described by the number of parallel stacked graphene layers, N , their diameters, La,

their heights Lc and the mean interlayer spacings, d. The authors visually evaluate

these geometrical characteristics from fringe lengths in transmission electron micro-

scope (TEM) images, hypothesising a random distortion ratio of 40% and taking

the mean over 15-20 images. It is found that the d is almost the same for all types

of investigated soot (0.38 nm), although it is significantly different from the value

typical of graphite (dgraphite = 0.3354 nm). The remaining BSU parameters are in

some instances dissimilar for different soots, and in others quite similar. It is recalled

that smaller values of L give rise to a higher proportion of edge atoms, which being

more easily accessible, are more reactive [57].

Oxygen and hydrogen sites likely promote carbon reactivity since chemisorption on

non aromatic sites is usually favoured compared to aromatic sites [51, 58]. Heat

treatment and ageing, apart from ordering crystallite layers, provokes the loss of O

and H atoms, most of the oxygen being lost at temperatures ≤ 700 ◦C and most
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hydrogen atoms above this temperature. [51, 49]. H/C ratio as a bulk property is

dependent on nano structure, i.e. degree of graphitisation. Thus soot formed at high

temperatures is likely to have a lower H/C ratio and therefore be less reactive[58].

Soot with higher H/C ratios also has higher values of aromaticity. The aromaticity is

defined as the ratio of carbon atoms in aliphatic side chains versus carbon in aromatic

rings, as deduced from the areas under the curves in an X-ray diffractogram. When

H and O atoms are lost, aromaticity increases, as does the proportion of sp2-bonds.

High aromaticity is indeed also an indicator of low reactivity [58].

Soot particles are characterised by limited overalll porosity and absence of microp-

ores [58]. Porosity controls the accessible surface area and diffusion rates (the latter

in turn control reactant concentrations). It is worth noting that there is a certain

correlation between chemical structure and microporosity, as the imperfect arrange-

ment of crystallite layers in amorphous carbons is responsible for micropores [4].

Larger pores on the other hand, tend to be of physical origin, rather than due to

chemical structure.

Trace elements may act as catalysts, thus increasing overall soot reactivity. These

impurities are essentially located at crystallite edges [51]. Table 1.3 synthesizes the

structural properties which may be connected with material reactivity. For practical

use, a macroscopic property such as H/C and O/C ratio would be most suitable for

describing the effect of structure on oxidative reactivity.

A compilation of global rate constants for different carbon materials (Figure 1.8)

demonstrates how reactivity varies according to the nature of the carbon material.

Kinetic models describing the surface reactions of carbon oxidation may not always

take into account the exact nature of the intermediate SOCs and their differing

reactivities. Thus the energetics of the carbon surface are often described by average

properties, when in actual fact each complex possesses different kinetic parameters.

To take into account this dispersion of kinetic parameters without adding further

species participating in the equations, some authors have introduced the concept

of distributed activation energies. Thus one single complex C*(O) may possess a
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Table 1.3: A summary of some important structural parameters of carbonaceous materi-
als

Nano parameters
variable measure
aromaticity X-ray diffraction
H aromaticity
sp2 hybridisation EELS, UV-Vis
cluster size
curvature of graphene layers HRTEM
number of graphene layers in BSU TEM
length of graphene layers in BSU TEM
height of graphene layers in BSU TEM
interlayer spacing in BSU TEM
micro porosity

Bulk properties
variable measure
H/C RM
particle porosity
particle density HRTEM
ASA, TSA
BET
particle diameter

Material formation conditions
variable measure
temperature at formation
residence time at formation
maturity
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Figure 1.8: Arrhenius diagram of the specific rates of carbon particle oxidation (Jung et
al.). (a)Diesel soot from fuel with 2 percent lube oil, (b)Diesel soot, (c)Fuel
with Ce additive, (d)Diffusion flame soot, (e)graphite, (f)Ca-catalysed diesel
soot, (h)uncatalysed diesel soot, (i)carbon black, (j)Printex-U flame soot,
(k),(l)Diesel particulate [61]

broad range of activation energies [41, 4, 42] described by the function f(E), where

f(E)∆E is the fraction of the population of C*(O) complexes having activation

energy comprised between E and E + ∆E. Integration over all E yields unity,

f(E)dE = 1. Use of f(E) instead of a single value of E = E0 leads to a more general

equation, which contains the specific case

f(E) = δ(E − E0) ⇒

∫ Emax

Emin

f(E)A · exp

(

−E

RT

)

dE = A · exp

(

−E0

RT

)

(1.5)

Such a distribution of activation energies may be implemented for any of the reac-

tions present in a surface mechanism, but information in literature mostly concerns

the simple CO formation step. In fact, the characteristic parameters of a distribution

of activation energies for the above reaction may be determined via temperature pro-

grammed desorption experiments (TPDs). It has been shown that the probability of

a SOC having a specific energy of desorption is approximately Gaussian [42].
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Physical Soot Structure and its Relation to Reactivity

The reaction rates measured during experiments are not necessarily equal to the in-

trinsic rate of chemical reaction, but may actually be representative of some other

process, such as transport phenomena [62]. Oxidation of a carbon particle is in fact a

succession of several phenomena: Diffusion of gaseous reactants across the boundary

layer to the particle surface, diffusion of reactants in the pores of the solid particle,

adsorption of reactants onto the solid’s surface and formation of SOCs, chemical re-

action on the surface, desorption of reaction products from the surface of the pores,

diffusion of products in the pores, diffusion of reaction products from the external

surface of the solid, across the boundary layer towards the gaseous phase [51, 63].

Several oxidation regimes are distinguished (Figure 1.9), depending on which of these

steps is rate limiting, and therefore on temperature and concentrations of reactants

and other operating conditions (pressure, gas velocity) and solid properties (porosity,

active surface, impurities, presence of catalysts). In choosing experimental conditions

and setup, it is therefore important to take temperature and concentration into ac-

count and if necessary adjust for the limiting regime by using a transport model.

Figure 1.9: Oxidation regimes in an Arrhenius diagram. Here r = rate, dp = particle
diameter, pO2 = partial pressure of O2
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Zone I: At low temperatures, the rate of consumption of oxygen is only controlled by

the chemical reaction and kinetic data may be determined easily as measured values

correspond to intrinsic ones. Chemical reaction is relatively slow, compared to dif-

fusion outside of the particle and inside the pores of the particle. Thus, as can be

seen in the inset in Zone I, the concentration of reactant gas assumes the same value

both inside and outside the porous particle. In Zone II, chemical reaction is more

efficient than internal diffusion and the overalll rates are therefore controlled by this

diffusion in the solid’s pores. Any gas molecules which reach a pore by diffusion are

immediately consumed by reaction, so that gas concentration within the pore is much

lower than that outside the particle. At the high temperatures of Zone III, rates are

significantly influenced by boundary layer diffusion, also making accurate extraction

of kinetic parameters difficult. Reactant gas concentration is not sufficient within the

boundary layer around the particle and inside its pores. If kinetic parameters were

to be extracted from rates measured in the physical zones, II and III, they would

not be representative of the intrinsic chemical reaction rate. For e.g., the apparent

activation energy derived from the overalll rate in Zone II is Eapp = Eint/2 and in

Zone III: Eapp = 0 [64].

Surface Area

In most carbon oxidation models, the surface area Sa is the area which, exposed to

gaseous reactants, is covered by surface functionalities which then decompose into

reaction products. It comprises the external area of the carbon particles, as well as

the surface areas of accessible pores within the particle. It is sometimes modelled as

evolving in time, due to opening of previously closed pores. The random pore model

(Eq. (1.6)) put forward by Bhatia and Perlmutter [65, 66] describes the evolution

of absolute surface area or specific surface area per unit mass [m2/g] in function of

conversion x and a structural parameter, ψ = 4πL0(1 − ǫ0)/S
2
a0, where L0, ǫ0 and

Sa0 are total pore length, porosity and reaction surface area per unit volume at x = 0

respectively.

Sa/Sa,0 =
√

1 − ψ ln(1 − x) (1.6)
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This model assumes that pores are cylindrical and their inner surfaces make up the

reaction surface of the particle. As material is consumed, the pores become larger

and so do their reaction surfaces. At some point, neighbouring pores intersect, as the

solid separating them is consumed and replaced by product. The global oxidation

rate may thus be generalised by taking into account the influence of the evolution of

surface area [1, 35]. Thus Equation 1.1 becomes

rj = NT · kj(T ) · Cn
oxidant (1.7)

where NT is the total number of active carbon sites, which is often expressed as

NT = ΓSa (1.8)

where Γ is the active site density, charcteristic of the carbon material, and Sa, also

termed total surface area (TSA), comprises the external area of the carbon parti-

cles, as well as the surface areas of accessible pores within the particle. However,

the proportionality 1.8 is too simple, and probably holds for only a fraction of the

TSA [35]. For this purpose, the active surface area (ASA) and reactive surface areas

(RSA) have been proposed. Nevertheless, considering the definition dependent on

reaction conditions and difficulty in experimentally determining these surface areas,

Equations 1.8 and 1.7 are commonly used for deriving kinetic models. Both elemen-

tary and global reaction rates may be written this way. The concepts of ASA and

RSA are discussed in Section 4.7. TSA can be described as a function of conversion

by using an nth order model or grain model (specific case: shrinking core model), or

a random pore model.

In an nth order model, surface area can be written as

Sa

Sa,0

= (1 − x)nx (1.9)
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where x is the conversion and nx is the reaction order with respect to carbon. For

nx = 2/3, the nth order model is known as the ”shrinking core model”, because the

surface area is directly proportional to the outer surface area of the carbon particle,

which is assumed to be spherical.

The model is derived by Bhatia and Perlmutter for a specific reaction surface area Sa

per unit volume [m2/m3], but may be written for surface area per unit mass [m2/kg]

as

Sa

Sa,0

=
√

1 − ψ ln(1 − x) (1.10)

by using the density of the solid and assuming that particle porosity varies linearly

with conversion: ε = ε0+(1−ε0)x. Similarly, the expression 1.10 is valid for absolute

surface area [m2]. The dependence of surface area on conversion described by the

Bhatia-Perlmutter model is shown in Figure 1.10a. The maximum in Figure 1.10a

is caused by the concurrence of two opposing effects: growth of reaction area due to

widening of pores and loss of reaction area due to intersection of pores. In 1.10b,

Sa/Sa,0 increases monotonically, tending towards infinity for x → 1, which is rep-

resentative of solid mass being consumed completely towards the end of the reaction.
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(a) Sa per unit volume (m2/m3)
[65]

(b) Sa per unit mass (m2/kg) [42]

Figure 1.10: Development of the specific reaction surface with conversion according to
the random pore model

With reference to Figure 1.10a, it can be seen that the grain model with nx = 2/3

is roughly equivalent to the random pore model with ψ = 1. This suggests that the

concept of reaction order with respect to the mass of unconsumed solid is intimately

associated with pore structure [65].

Total surface area accessible to reactant gas (TSA) is commonly determined via the

BET adsorption isotherms [67]. However, it has been pointed out that BET provides

a valid estimate of carbon surface areas only for average pore sizes between 0.8 and

1.1 nm [67]. Not surprisingly, BET area profiles do not agree with those predicted by

the random pore or grain models, as shown by Suuberg et al. [67] in Figure 1.11. It

has been repeatedly shown that BET area increases with conversion up to a certain

point, where after it becomes constant [67, 37, 59]. Furthermore, BET surface areas

do also not correlate well with reaction rates [67]. Suuberg proposes that micropores

are not fully utilised, as presumed by the random pore model. Therefore BET area,

which is generally dominated by micropore contributions should not be expected to
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correlate with reaction rate.
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Figure 1.11: Variation of BET surface area with conversion, compared with different
models of surface area variation [67]. Eq (4) and Eq(3) correspond to Equa-
tions 1.9 and 1.10 respectively.

The lack of agreement between surface models, reaction rates and BET areas could

thus be explained by the inadequacy of BET as a measure for determining TSA. As an

alternative explanation, the literature has divided the TSA into fractions, only one of

which can presumably satisfy Equation 1.8 and be correlated with the oxidation rate

of carbon particles [68]. The principal candidates are the active surface area (ASA)

and the reactive surface area (RSA). These concepts are not defined in an absolute

way, but rather in relation to the experimental methods with which their values

may be determined. In fact, ASA is usually determined as the surface area covered

by C-O complexes under low temperature chemisorption conditions, as measured

by monitoring evolved CO and CO2 during temperature programmed desorption

(TPD) [69, 70]. The idea is that each complex has taken the place of a formerly

active site, contributing to ASA. Of course, the precise value obtained depends on

the temperature and other conditions of both chemisorption and desorption and on

the duration of TPD, as not necessarily all C-O complexes have been desorbed when

the TPD is stopped. This method also requires a hypothesis to be made about
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the nature of the desorbed C-O complexes. When the evolution of the measured

ASA with respect to conversion is to be investigated, TPD is performed on the

carbon sample at different stages of conversion, that is, after partial reaction. Many

investigations have been concerned with gasification by CO2 or H2O, and some the

oxidation by O2. It is obvious that the measured ASA values will depend on both

the type of reaction that is being investigated and on the conditions in which it takes

place. In this context, the RSA is introduced. Its measure presupposes that the C-O

complexes may be divided into two types: stable complexes which do not participate

in the investigated reaction because their activation energy is too great, and unstable

intermediate complexes, which participate in the reaction thanks to a lower activation

energy [69]. The latter cover sites which have contributed to the RSA. Again, RSA

is determined by TPD, and depends on experimental conditions, like the ASA, and

on the supposition that two types of complex exist. RSA measured in the adequate

conditions was indeed found to increase monotonically with conversion.

1.4.2 Catalysed Oxidation of Soot

Catalysed Oxidation by O2

Catalytic combustion is limited to the surface of a solid, and is under most circum-

stances (when particulate is not coarse etc.) limited by kinetics only (and not by

mass transfer), leading to Arrhenius behaviour [71]. Thus the process can occur at

very low temperatures, provided one of the reactants is activated. In the C-O2 reac-

tion this is preferentially O2, which dissociates into oxygen atoms that are stronger

oxidisers. Solids able to do this belong to two classes, noble metals and transition

metal oxides. Good metal oxide catalysts (see Figure 1.12) must have the capability

of switching very readily between two ionic valence states [71].



50 Chapter 1

Figure 1.12: Catalytic activity for gasification in O2 is represented by the height of the
left bar for each element [72]

A literature review finds that global activation energy values for catalytic combustion

by O2 are comprised between 13 and 209 kJ/mol, compared to the 100 - 210 kJ/mol

for the non catalytic reaction [37]. That is, much lower values of Ea are possible with

a catalyst. Temperature of maximum oxidation rate is found to be lower by 195-314
◦C [37].

Most research on diesel particulate filters focuses on catalytic filter regeneration, as

the application of catalysts can significantly lower ignition temperature. A catalyst

can be either added to the fuel, in which case it is incorporated into the soot as

it forms, or positioned in the filter, by impregnating a washcoat. In experimental

studies, catalysts are often studied by physically mixing collected soot with catalyst

particles. This mix may be in ”loose contact” or ”tight contact”, depending on how

it is prepared [39]. Mixing soot and catalyst powders with a spatula is defined by
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Neeft as loose contact, while tight contact means that the powders are mixed by a

mechanical mill. The tight contact mode makes it possible to study intrinsic kinetics

[73], while loose contact is more similar to real conditions, as mass transfer limita-

tions become important. On the other hand, diesel soot may be filtered from an

exhaust stream on a bed of catalyst particles; this situation, which seeks to replicate

real conditions, is defined as ”in situ contact” [1]. Neeft et al. measured catalyst

activities in function of the degree of contact (Figure 1.13). It was found that com-

bustion temperatures of samples with loose contact were similar to samples with in

situ contact; it was therefore concluded that the contact that arises during practical

conditions is similar to loose contact. Furthermore, it was also concluded that the

type of contact controls what reaction mechanism (redox or spillover) predominates.

Copper as a fuel additive has been found to be very efficient as a catalyst [39] but

is environmentally unacceptable. Iron is also effective, but cerium seems to be the

preferred fuel additive. Metal chlorides were investigated in a physical catalyst-soot

mix and Cu found to be superior to Mn and Co. The effect of metal oxides was also

investigated and PbO found to be the most active, followed by CuO and MnO2 [39].

Thus Cu, Fe and Co are more active than Ni and Zn. Other metal oxides that were

found to have a catalytic effect are Co3O4, V2O5, Fe2O3, La2O3 and NiO [39]. Cr2O3,

MoO3 and AgO were still effective, but at a reduced level. It has been shown that

graphite oxidation is promoted by carbonates, oxides and hydroxides of the alkali

metals. Metals can be promoted by the addition of a promoter such as the alkali

metals or chlorides [39].
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Figure 1.13: Comparison between the temperatures at which the maximum rate of soot
oxidation is achieved for different catalyst powders [1]

A survey of the literature shows that ceria (CeO2) and other cerium compounds

are the preferred catalysts. 70% of reviewed publications (mainly from 2006 - 2009)

concern Ce-based catalysts, followed by 40% for Pt. Relatively few articles refer to

Fe2O3 catalyst and alkali (K, Ba) promoters, however it was found that good cata-

lysts have high selectivity towards CO2.

In a catalysed DPF, the surface reaction mechanism becomes more complicated than

in an uncatalysed filter. In addition to the carbon surface, the catalyst surface must

also be considered. Furthermore, the nitrogen oxides take on a a more important

role in catalysed carbon oxidation. The catalysed reaction mechanism therefore in-

volves many more gas phase and surface species and reactions. Literature generally

considers two types of surface mechanism involving catalysts: the Mars-van Krevelen

redox mechanism (electron exchange mechanism) and the oxygen spillover mecha-

nism (oxygen exchange mechanism).

The Mars-van Krevelen mechanism is followed by those metallic oxides capable of

oscillating between two valence states. The carbon atoms in contact with the metal

oxide catalyst take either one or two O atoms from the oxide, Reactions (1.11),

(1.12). Consequently, the catalyst is reduced and is then oxidised again. Basically,

the catalyst acts as a renewable oxygen donor.
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∗ C + 2 (−MO) → CO2 + 2 (−M−) (1.11)

∗C + (−MO) → CO + (−M−) (1.12)

2 (−M−) +O2 → 2 (−MO) (1.13)

Backreedy [74] proposed a redox type model in 2002, using FeO as a catalyst. In

its reduced state, the metallic oxide becomes -Fe. In 2007 Moulijn confirmed the

mechanism by proving the participation of lattice oxygen from the metal oxide [75].

Recently Issa et al. used this type of mechanism in two successive articles [76, 77] to

build a model of carbon black (CB) oxidation using ceria as a catalyst. Thus carbon

is oxidised by the catalyst under its oxidised form (1.14). Reduced metallic sites are

subsequently reoxidised with oxygen (1.15). Kinetic parameters for this mechanism

are provided assuming an Arrhenius dependency on temperature and direct propor-

tionality to contact area Ai and catalyst/CB ratio τ (r = k(T )Aiτ ·m
1
oxidant). Order

with respect to carbon is assumed to be equal to unity. Activation energies deter-

mined in the two papers are, respectively, Ea=124 kJ/mol, obtained from isothermal

experiments and Ea=134 kJ/mol.

∗ C + 2 CeO2 → CO2 + 2 Ce2O3 (1.14)

2 Ce2O3 + 0.5 O2 → 2 CeO2 (1.15)

Figure 1.14: Spillover mechanism on a catalyst surface [1]
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The oxygen spillover mechanism is illustrated in Figure 1.14. It applies to certain

catalysts which have the ability to catalyse the formation of a mobile compound that

is more reactive than O2. For example, O2 is dissociated into O atoms, Equation

(1.16), which are transferred to the soot particle, Equation (1.17). (O*) indicates

an adsorbed oxygen atom able to migrate on the catalyst surface. This mechanism

enables the reaction to go ahead without there being actual contact between the

catalyst and the carbon material [1]. Spillover rates can not be measured directly,

it is usually necessary to interpret data enclosing a number of sequential steps (via

isotopic TAP studies [78]) or a single step contributing to the spillover rate, such as

surface diffusion [79].

O2(g) + 2 ∗ → 2 (O∗) (1.16)

(O∗)
migration on catalyst
−−−−−−−−−−−−→ (O∗) (1.17)

(O∗) + ∗C → ∗C(O)...→ CO,CO2 (1.18)

Bianchi et. al [43] propose a mechanism for the catalytic oxidation of soot, using a

commercial fuel additive. This additive contains cerium sulphate (CexOySz) parti-

cles, which act as an oxygen reservoir for combustion of SOCs. CexOySz decomposes

and resulting O atoms diffuse to the soot surface, Eq. (1.19), according to the

spillover mechanism. Equation (1.20) is the oxidation of SOCs on the soot surface

and Equations (1.21) and (1.22) the desorption of these SOCs. Oxygen atoms on the

soot surface are denoted by Os, while Cf and CCf are active carbon sites. Cn are

bulk carbon sites. Cn−1 indicates that a bulk carbon was transformed into a surface

site. CCf (O) are stable SOCs, while C(O)Cf (O) are unstable.

CexOySz → Os + CexOy−1Sz (1.19)

CnCCfO → CO2 + Cn−1CCf (1.20)

CnCCfO → CO + Cn−1CCf (1.21)

CnC(O)Cf (O) → CO2 + Cn−1CCf (1.22)
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Kinetic parameters of the three elementary steps are obtained from temperature

programmed desorption (TPD) experiments, where the order of the decomposition

reaction is assumed to be equal to 1 (equation 1.23). Note that Oa indicate oxy-

gen atoms on the catalyst surface before they migrate to the soot surface. The

pre-exponential factors of Equations (1.23) and (1.24) are considered equal to the

theoretical value ∼ 10−13 s−1. This value has been recommended by several authors.

Activation energies are determined to be: Ed,a=230+70(1-θSOC) kJ/mol, EOs
<230,

kJ/mol, ECf O=260, kJ/mol. Calculations [43] show that the diffusion of O atoms is

quick enough not to have any significant impact on the experimental results. It is

also observed that the CexOySz decomposition, rather than the subsequent oxidation

of SOCs, controls CO2 formation.

−
d[Oa]

dt
= kd,a[Oa] (1.23)

d[Os]

dt
= kd,a[Oa] − kO[Os][CfO] (1.24)

d[CfO]

dt
= kd,SOC [CfO] + kO[Os][CfO] (1.25)

Jeguirim [80] uses a spillover mechanism to describe the action of oxygen in the oxi-

dation of CB with a commercial Pt/Al2O3 catalyst. Dolcetti et al. [81] test the effect

of various alkali metals as promoters for Ce based catalysts. Potassium is found to

be the most effective. Promotional effect is observed between a minimum and a

maximum amount, beyond which activity is decreased [81, 73]. The authors put

forward two hypothetical mechanisms of the promoting action of K: firstly, a redox

cycle interacting with the catalyst’s redox cycle, and, secondly, an oxygen exchange

mechanism. This latter hypothesis is deemed more likely [81]. Indeed, a similar

mechanism is proposed by Gross et al. [73]

Catalysed Oxidation by Nitrogen Oxides

Investigations on the catalytic reaction between soot and NOx have focused on single

or mixed metal oxides, perovskite-type and spinel-type oxides and noble metal-based
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catalysts (especially Pt) [30]. Again, it seems that catalysts composed of cerium oxide

and Pt-based catalysts are the most active. Most studies suggest that catalysts pro-

mote soot oxidation indirectly because the attack of NO on carbon proceeds via NO2,

so that catalysts that facilitate the oxidation of NO to NO2 are effective. Similarly,

for Ce-Zr mixed oxides, a linear relationship between temperature of maximum NO2

production and temperature of 50% soot conversion has been obtained [82]. This

result suggests that the oxidation rate of carbon by NO2 cannot be increased by the

addition of a catalyst [30]. However, this hypothesis has not been verified.

The already-mentioned indirect promotion of soot oxidation is a principal commonly

used by continuously regenerating trap (CRT) technology, where NO formed in the

engine is first oxidised to NO2 by the remaining oxygen over a catalyst in a flow-

through configuration. NO2 is then able to oxidise the soot deposited on a down-

stream DPF, to produce CO2 at typical exhaust temperatures for diesel engines. This

option requires low sulphur fuel to prevent poisoning of the NO oxidation catalyst.

Ceria-based materials oxidise NO to NO2 efficiently, even under loose contact [82].

For ceria, the maximum of NO oxidation to NO2 is observed around 450 ◦C, above

which conversion is limited by the thermodynamics [82]. Thermal stability of the

catalyst is an important requirement, considering that the temperature in a DPF

may attain 1100 ◦C and gradients as much as 100 ◦C/cm [82]. Stability of pure

CeO2 is improved by Zr4+ doping, and Ce-Zr mixed oxides calcined at 1000 ◦C also

present enhanced catalytic activity and selectivity towards CO2 [82], the improve-

ment being most significant for Ce0.76Zr0.24O2. The main surface species present after

adsorption (in the 30-350 ◦C range) of both NOx and NOx/O2, are nitrites and ni-

trates in chelated or bridged configurations [82]. Because of its desirable properties,

this particular catalyst composition has been chosen for use in experiments and for

investigation in this PhD thesis. While Atribak et al. [82] have characterised the

intermediate species and put forward reactions involved in this catalyst’s activity, no

studies concerning detailed mechanisms and elementary parameters have been found.
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1.4.3 Experimental Approaches for Kinetic Studies

The classical approach for studying chemical kinetics is to perform steady-state ki-

netic measurements while changing the experimental settings of temperature, pres-

sure, concentration, composition, space, time etc one by one, until the whole ex-

perimental space has been covered [62] and then adjust the parameters of a kinetic

model to fit experimental data. In particular, the oxidation of carbon particles may

be observed in isothermal oxidation (IO) experiments, where the temperature of the

carbon particles is kept constant. It is, however, also possible to use unsteady-state

techniques, where the temporal response of the reaction system is followed upon an

imposed change in a reaction variable (temperature, flow, concentration, labelled

components). For e.g., carbon particles can be oxidised in temperature-programmed

experiments (TPO). Such transient kinetic studies can cover a whole range of

operating conditions in only a few experiments and much less time is needed. It is

expected that this may result in more reliable extrapolation of kinetic models beyond

the range of applied experimental conditions [62]. This type of experimental study

also offers phenomenological insight into reaction pathways. Transient techniques,

also known as stimulus-response techniques, are characterized by imposing a change

in state variable (e.g. temperature) on a reacting system and following the temporal

response of this system [62]. Thus three main elements are considered, a stimulus, a

reaction system and a system of analysis to follow time dependent system response.

Typical stimuli are step functions, pulses and time dependent functions. The step

function marks the start of a reaction after the injection of reactant, a rapid tem-

perature or pressure increase, or a change in flow rate. Time dependent functions

comprise linear or periodically programmed changes of the independent variable,

temperature, for e.g.

Although the stimulus-response transient operation, it can be applied under unsteady

state as well as steady state operation of the reaction system [62]. Steady state oper-

ation occurs when the reacting system is not disturbed by the stimulus and transient

operation when the operational variables change in time. An appropriate reaction

system should be chosen based on whether the studied reactions are slow or fast, endo

or exhothermic and on the likelihood of significant transport limitations that could

interfere with the determination of kinetic rate data [63]. If transport limitations
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are present, their effect may be taken into account by appropriate reactor modelling.

The choice may also be influenced by other phenomena causing non ideality, such

as axial dispersion in a tubular reactor and inadequate macromixing [63]. There are

several techniques used to generate conditions where transport is not limiting. The

most common of these is the use of inert particles mixed with the reactive particles,

to artificially increase the active reactor bulk volume. This dilutes any heat effects

and, by dilution with fine particles, axial dispersion can be limited. To avoid intra

particle limitations, the only option is to operate with a smaller particle size. The

goal of a kinetic study is to use a simple reactor for the experiments, so that only

simple models are required [63] and the extraction of accurate parameters facilitated.

Depending on the rate of change of the variable that is used to detect the response

of the reaction system upon the stimulus, a suitable analysis technique should be

chosen. Two main techniques are in use for investigating the oxidation reactions of

carbon particles: Flow techniques and thermogravimetric analysis (TGA) [83]. Other

techniques for analysing the response of the reaction system include heat-based mea-

surements such as isothermal and adiabatic calorimeters, differential thermal analysis

(DTA), basket heating, crossing-point temperature (CPT) and Chen’s method [62].

Various physical and chemical analytical techniques have been applied to identify and

quantify surface oxygenated complexes. These techniques include physical and chem-

ical titration, infrared spectroscopy (IR), Fourier transform infrared spectroscopy

(FTIR), X-ray photoelectron spectroscopy (XPS), secondary ion mass spectrometry

(SIMS) and nuclear magnetic resonance (CNMR) [62]. TGA determines the change

in mass of a solid sample caused by the loss of volatile products as some function of

temperature is applied to the sample. The mass is measured using a microbalance

which is capable of determining a mass loss of 10−6 grams [83]. Thermogravimetric

analysis (TGA) allows a nearly direct measurement of reaction parameters, without

the added uncertainty of parameter extraction through transport models [38]. In

TPO experiments with flow reactors, a temperature ramp is applied to the

sample, and concentrations of gaseous species observed. From these, rate of produc-

tion may be derived in function of temperature, and subsequently kinetic parameters

extracted. In steady-state operation, a constant temperature is applied (IO) and in

order to obtain kinetic parameters valid for a range of temperatures, they have to
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be fitted with data from several IO experiments. However, interpretation of the

TGA information presents a number of practical difficulties for determining the true

chemical kinetic parameters4. Indeed, the literature survey shows that the most

commonly used reactor for investigating the oxidation reactions of carbon particles

is a fixed bed flow reactor. The minimum regeneration temperature for passive filters

is around 275-300 ◦C [19]. Typical diesel exhaust temperatures are often lower than

that. Most TPO data in recent studies concerns temperatures around 473-973 K,

while IO data pertains mainly to 573-743 K. TGA data on the other hand also refers

to higher temperatures, up to 1873 K, which is not surprising as it is a technique

that is relatively free from transport limitations.

4changes in the sample mass reflect formation of both gaseous and solid products, the magnitude
of mass change may be close to the instrumental sensitivity, desorption of inherent moisture may
significantly affect the experimental data [62]
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Chapter 2

Experimental Methodology

Abstract

La cinétique pour des systèmes complexes comme le FaP est généralement analysée

dans des réacteurs simples où elle peut être étudiée indépendamment de l’écoulement

et des transferts thermiques. Dans cette étude, on utilise des expériences en température

programmée dans un réacteur à lit fixe. Ce chapitre décrit la technique expérimentale

et le système réactif utilisé.

⋆

Kinetics for a complex system such as a DPF are generally determined experimen-

tally in simple laboratory reactors, in an effort to study them independently of flow

issues, thermal issues, etc. In this study, the experiments used for determination

of kinetic parameters are temperature programmed desorption or oxidation exper-

iments performed in a fixed bed reactor. This chapter describes the experimental

techniques, as well as the materials used.
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2.1 Materials

The ceria-zirconia (Ce0.73Zr0.27O2, Rhodia) supported platinum (0.45 wt.% Pt) cat-

alyst was prepared by the incipient wetness method with an aqueous solution con-

taining the appropriate amount of the platinum precursor H12N6O6Pt. After impreg-

nation, the catalyst was left at room temperature for approximately 1 hr, and then

dried at 100 ◦C for ca. 12 h. It was then calcined for 3h at 500 ◦C, in air. Brunauer-

Emmett-Teller (BET) surface area was found to be 105 m2/g. N2 adsorption at 77

K also allowed for pore characterization of the materials. The mean pore radius was

11.6 nm.

(a) Diesel soot (b) Graphite

Figure 2.1: TEM images of two carbon materials.

Diesel engine soot was supplied by IFP Solaize [84]. It was generated by a multi-

cylinder common rail diesel engine (DW10) from PSA, using conventional diesel fuel

at operating conditions typical of the ECE urban driving cycle (1500 rev/min, 5 bar).

Further details concerning the generation and collection of the soot are given in [84].

Engine specifications as well as properties of the diesel fuel are given in Table 2.1.

Elementary composition of the soot was determined by particle-induced X-ray emis-

sion (PIXE): 86.30% C, 8.78% O, 1.07% H, 0.14% N; and primary particle size of the

soot was deduced to be 21 nm from transmission electron microscopy (TEM) images.

Examples of such images are shown for both materials in Figure 2.1, and allow for
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the observation of the much more ordered graphitic structure in graphite, compared

to soot. Graphite (<44 µ) was provided by Alfa Aesar. Brunauer-Emmett-Teller

(BET) surface area was found to be 414 m2/g for soot and 4 m2/g for graphite.

For soot and graphite, the smallest significant pore radii were 1.5 nm and 1.2 nm

respectively; and the majority were located between 10 - 13 nm and 10 - 11.5 nm,

respectively.

Engine
Engine code PSA DW10 BTED4 Euro 4
Displacement 1998 cm3

Fuel injection common rail direct injection
EGR none
Max. rated power 100 kW at 4000 min−1

Max. rated torque 320 Nm at 1750 min−1

Compression ratio 18
Fuel
Cetane number 50.7
Lower heating value 41.72 MJ/kg
Aromatic content 22 wt. %

Table 2.1: Engine specifications and diesel fuel properties

2.2 Reactivity Experiments

The reactivity tests performed in this study are TPEs with samples of diesel soot,

graphite and/or Pt/Ce0.73Zr0.27O2 and different mixtures of O2 and NO diluted in

Ar. For parameter estimation, a number of experiments from the literature are also

simulated, notably those with NO2, carbon materials other than soot and graphite

and catalysts other than Pt/Ce0.73Zr0.27O2. After being weighed (soot and graphite

sample mass was ca. 5 mg and catalyst mass 25 mg, unless mentioned otherwise), the

sample in question was placed in the U-shaped quartz reactor (i.d. = 8 mm) shown

in Figure 2.2 by means of a funnel, forming a fixed bed of a depth of approximately

2 mm, on a porous frit.
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porous frit

thermowell

gas ingas out

8 mm

Figure 2.2: Quartz reactor

vent

NO

Ar

O
2

IR gas analyser

1

2

1 reactor + furnace

2 temperature controller

massflow meter

Figure 2.3: Setup for the reactor studies
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Total flow rate through the reactor was 250 ml/min (STP). The reactive mix during

TPOs contained 200 ppm NO and/or 10% O2 diluted in argon, all supplied by Air

Liquide. The reactor was placed inside a thermally isolated furnace (see Figure 2.3

for the setup) and flushed with Ar at room temperature for approximately 12 min.

Some air was flushed out of the reactor and small amounts of hydrocarbons were

in some cases observed during the purge, especially for soot samples. Once these

signals had subsided, the reactor feed was closed while concentration signals in the

reactive gas mixture stabilized. Then the reactor feed was switched to the flow of

reactive gas. Sample temperature was monitored by a K-type thermocouple located

in a thermowell centred in the particle bed and gas mixtures were produced using

calibrated Brooks 5850TR mass flow controllers. The CO, CO2 and N2O analyzer

(Siemens Ultramat 6) functions according to the infrared adsorption principle. NO

and NO2 mole fractions were measured by chemiluminescence. Mass spectroscopy

signals for 40, 44, 46, 32, 30 and 28 were also recorded. It was chosen not to dilute

the particle bed with an inert such as SiC, as no significant deviation of the mea-

sured temperature from the imposed temperature program was observed due to the

shallow particle bed.

For soot+catalyst experiments, soot and catalyst samples were mixed by shaking in

a closed container (loose contact) before being placed in the reactor. In one case only

were the two components ground together in a mortar in order to obtain tight contact.

In order to avoid annealing the carbons, as well as unwanted reaction with ceria, all

experiments used for fitting were performed without first desorbing existent adsorbed

species from the soot/graphite or any other thermal pre-treatment. One comparison

was however made of the TPO of soot under 10% O2 with the same experiment

performed on a sample which had first been subjected to a temperature ramp of 10
◦C/min under a flow of Ar. Overall, the effect of the pre-treatment on a TPO with

O2 is to increase peak global reaction rate by (xCOx,treated − xCOx
)/xCOx

=18% and

similarly between 550 and 650 ◦C. It is interesting to note that the effect of the ther-

mal pre-treatment on CO2 is relatively small, while the production of CO increases

more significantly. The amounts of COx produced during pre-treatment are similar

to those observed by Tighe et al. [85].
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Chapter 3

Detailed Kinetic Modelling of

DPF Chemistry

Abstract

La détermination des paramètres cinétiques à partir des expériences en température

programmée (Chapitre 2) nécessite un modèle de réacteur. De plus, puisqu’il s’agit

de réactions héterogènes gaz-solide, il est nécessaire de spécifier aussi un modèle de

la surface réactive (suies ou catalyseur). Dans cette étude, la chimie de surface est

décrite par l’approximation du champ moyen. Cela signifie que les hétérogénéités

de la surface réactive ne sont pas décrites explicitement, mais uniquement par des

paramètres cinétiques moyens, appliqués à touts les sites actifs. Cette approche per-

met de mieux connâıtre la physique de la surface, car le schéma microcinétique ou

detaillé peut impliquer de nombreuses étapes et espèces intermédiaires, élémentaires

ou non (regroupant plusieurs espèces). Dans ce chapitre, on introduit les modèles

de réacteur à lit fixe et de surface réactive, ainsi que la méthodologie employéé pour

l’estimation des paramètres par comparaison avec les profils expérimentaux.

⋆

Estimation of kinetic parameters from temperature programmed experiments such
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as those described in Chapter 2 requires a reactor model. Moreover, since the study

is concerned with heterogeneous gas-solid reactions, a model of the soot or catalyst

surface is also necessary. Here, surface chemistry is described by the mean field

approach, where heterogeneous features of the reactive surface are not explicitly

taken into account, but only via average mechanistic parameters applied to all active

sites. More physical insight is however gained than in global kinetics, because the

relatively detailed reaction mechanisms contains numerous steps and intermediate

surface species. Microkinetic or detailed schemes in this study are intended as those

with numerous elementary or lumped steps and species. The reactor model which

describes the fixed bed as a CSTR and the surface model are both described in this

chapter, as well as the methodology used for fitting model calculations to experimen-

tal data.

3.1 Method for Extraction of Quantitative Kinet-

ics

The purpose of the model described in this section is to characterize the main re-

activity trends of soot and various Pt and Ce-based catalysts with mixtures of NO,

NO2 and O2. Since the aim is to reproduce not only global reaction rate, but also

the principal reaction products, the traditional steady-state method used for deter-

mining global reaction parameters cannot be employed here. Multiple reactions are

required, each of which is described by a rate equation. We therefore have to evaluate

a large number of kinetic parameters, i.e., the pre-exponential factors and activation

energies of the reaction steps in Tables 3.1 and 3.2. Parameters are then determined

by fitting calculated species profiles to experimental data. The method adopted here

relies on the following points: 1) Dynamic, temperature programmed experiments,

2) numerous parameters require several species profiles, 3) reproduction of principal

trends with simplest possible mechanism, 4) manual (no use of an optimization pro-

gram, but rather by visual inspection), piece-wise fitting.

Extrapolation of kinetics from temperature-programmed (TP) techniques necessi-
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tates a description of the extrinsic dynamics of the experimental setup, i.e., a reactor

model, which is described in the following section. Using TPEs to fit kinetic parame-

ters ensures validity over a large range of temperatures and the resulting mechanism

is more likely to be robust to other changes of operating conditions, such as reactant

concentrations [62].

The parameters which have to be determined are numerous, and in order to evaluate

them in a physically meaningful manner, the constraints also have to be numerous

[86, 87]. Thus, as an example in the 13 steps of the mechanism concerning soot alone

(see Chapter 4, Table 3.1), there are 26 parameters to be determined and 25=5×5

experimental gas species profiles to be respected in 5 separate experiments. Very

few measurements of surface species concentrations during the course of soot oxida-

tion are available in the experimental literature. However, especially for an NO2 gas

feed, surface species present at certain temperatures have been identified and can

be compared with the calculated surface concentrations to ascertain whether surface

behaviour of the model is reasonable.

Since the parameters of a detailed mechanism are inter-dependent, they cannot be

determined separately. By fitting calculated concentrations manually however, we

may separate “blocks ”of reactions, each deemed important for a particular gas feed,

and fit them in a piece-wise manner. In other words, these subsets of the mechanism

were each tested and validated against experiments with simple reactive gas flows,

such as O2 or NO + O2 alone. The different “blocks” of reaction steps are then

assembled and re-adjusted for the final fit, so as to be compatible with all other gas

feeds. This procedure was followed in a number of cases in Chapters 4 and 5. For

instance, the parameters of steps R1, R2 and R3 were evaluated using soot-O2 ex-

periments [88]. Then parameters of R4b R6f, R7, R9f and R10 were determined in a

preliminary manner by fitting with soot-NO2 adsorption, temperature programmed

desorption (TPD) and isothermal oxidation (IO) experiments from literature [89, 85].

Similarly, R4f, R5f and R8 were determined from a fit with the soot-NO experiment

[90], using those previously found for the NO2-block. The latter were then slightly re-

adjusted, so as to be compatible with both NO2 and NO experiments. In a similar

way, the parameters for R6b and R9b were determined from a fit with the soot-
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NO+O2 experiment. In addition to separating into reaction subsets, steps within a

given “block ”can in some instances be held to be principally responsible for certain

species profiles. For instance, R8 is solely important for N2 formation and does not

affect any of the other steps. All simulated results shown here were determined with

the same set of final kinetic parameters.

In a similar manner, the catalyst-gas related parameters in Chapter 5 were esti-

mated following a piece-wise approach in the construction of the model. The differ-

ent “blocks” thus obtained were then assembled and validated with data from the

composite system. In particular, R1-R2 in Table 3.2 were calibrated alone using

data from reaction of cerium oxides with O2. Similarly, R3-R8 were calibrated using

experiments performed with cerium oxides under an atmosphere of NO + O2, while

leaving the parameters of R1-R2 unchanged. In the same way, Pt + O2 and Pt + O2

+ NO experiments were used to determine the parameters of R9-R10 and R11-R16,

respectively. Both TPD and oxidation experiments were used for calibration. The

model is therefore able to reproduce catalyst adsorption and desorption behaviour

as well as the NO oxidation by O2. Again, although the number of fitted parameters

is large, the model is also required to be compatible with a number of species con-

centrations (O2, NO and NO2) and experimental conditions (TPO, TPD, Pt only,

CeO2 only, differing composition of reactive flow). It was assumed that constants

calibrated against Pt/Al2O3 could be used to simulate either Pt alone or Pt/Al2O3

within more complex catalytic systems, thus effectively neglecting the impact of the

alumina support on the oxidative activity of the catalyst.

A subsequent rate-of-production (ROP) analysis allows us to identify the role of the

various reactants and intermediate species, and a sensitivity analysis identifies domi-

nant reaction steps and allows us to judge the integrity of the calibrated mechanism.

Normalized sensitivity coefficients are calculated as sj,i = Ai

Cj

∂Cj

∂Ai
, where Cj is the jth

gas species or remaining sample mass and Ai is the pre-exponential factor of the ith

step.

A major premise of this kind of piece-wise parameter estimation is that the different

“blocks” may be merged to model the composite system. It is part of the scope of
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this study to investigate up to what point this assumption is useful.

3.2 Reactor Model

Because of the complex nature of chemical kinetics, fast models are needed in order

to study reaction kinetics. 3D models, while exact in flow patterns, are too slow

to allow for calibration of kinetic models [28]. For this reason, a simple laboratory

system that may be modelled by a 0D description is used for estimation of kinetic

parameters. The most commonly used setup for such studies is the fixed-bed reactor

in which a flow of gas passes trough a stationary layer of catalyst or soot particles.

Two main ways of operating such a system are in use: Temperature of the reactant

gas flow may be changed in some programmed way, usually as a linear ramp, in this

case one speaks of a temperature programmed experiment/oxidation (TPE/TPO).

The sample may be kept at constant temperature, in this case the oxidation ex-

periment is called isothermal (IO). Over and above the derivation of global kinetic

parameters, the TPO technique has a phenomenological interest, as it demonstrates

at what temperatures intermediate species are produced and therefore kinetic param-

eters specific to semiglobal and elementary reactions may be extracted. To extract

global kinetic information, IO experiments may also be used. Here the sample is

heated to the desired temperature under an inert gas. Then the reactive mixture is

introduced and provokes reaction.

Fixed bed reactors (e.g. (Figure 3.1, left) are traditionally described by an ideal plug-

flow reactor (PFR) model in which balance equations are written for an infinitesimal

slice of reactor, of width dz (Figure 3.1). This model assumes homogeneous mixing

in all directions (radial and axial) within the slice, and no interaction between slices.

On the scale of the whole reactor, homogeneous mixing is assumed within each slice,

but not along the axial direction. Variable dependency on the spatial coordinate z

is thus described by integrating for all slices over dz. It can be shown that a large

number of ideal continuously stirred reactor (CSTR) reactor models in series approx-

imate the PFR reactor model. This multi-0D approach presents a good compromise

between CPU performance and physical accuracy and is employed in the present
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study. In order to assess the validity of the assumption of a single differential reac-

tor (homogeneous approximation), the axial Peclet number is calculated as follows

[64, 91]:

Pe =
udp

Da

(3.1)

where u = v/ε is the interstitial velocity, assumed constant and dp the equivalent

particle diameter [91]. This expression for Pe is based on the dispersion model in

which a non-ideal PFR with much variation between adjacent slices is described by

in addition to convective bulk flow, a dispersion of material in the axial direction

is present [64]. This axial dispersion is expressed analogy to Fick’s law of diffusion,

so that every component in the mixture is transported through any cross-section of

the reactor at a rate equal to −DaAC
dY
dz

, where Da is the (longitudinal) dispersion

coefficient, which may be estimated according to the particular reactor geometry and

Ac the reactor’s cross-sectional area. Axial dispersion is not representative of any

single physical phenomenon such as molecular diffusion, but regroups all the phe-

nomena that contribute to the system’s deviation from the convective-transport-only

ideal reactor model. These may include, for e.g., molecular diffusion and turbulent

diffusion due to turbulent eddies.
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Figure 3.1: Left: A PFR in stationary conditions; Right: A series of CSTRs

Pe is used to calculate the residence time distribution (RTD) of a dispersive PFR.

By comparing this value to the RTD of N CSTRs in series, the number N of 0D

CSTRs needed to capture the non-ideal phenomena of the fixed-bed reactor may be

determined. Since the bed of carbon/catalyst particles is very thin (often < 1mm),

it is found that it can indeed be modelled by a single CSTR, Figure 3.1.
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The reactor model describing the flow through a fixed bed was coded in C and the

solver of the IFP-Exhaust library of the AMESim (LMS.IMAGINE.Lab) environment

was used via the graphical interface shown in Appendix B. The modelling approach of

this software is based on bond-graph theory, according to which any physical system

can be represented by a resistive or capacitive element in an electrical analogy [92]. In

this environment, each 0D reactor is composed of capacitive and resistive elements.

Capacitive elements are similar to an open volume where pressure and temperature

are deducted from mass and energy balances, whereas resistive elements are used to

compute mass and enthalpy flow rates using the Darcy pressure drop law for flow in

porous media, as is in Equation 3.3. The mass balance equation for a gaseous species

i in a capacitive element is hence:

dmi

dt
= ṁin

i − ṁout
i + ωi [kg/s] (3.2)

where ṁi are the mass flow rates in/out of the capacitive element and ωi is the

chemical source term for species i. Section 4.7 explains how this term is calculated.

In the low Reynolds number (laminar flow) regime, flow through a porous matrix

is governed by a linear Darcy’s law [64], [93], [94], [95], which links the fluid flux in

terms of the superficial (or apparent) velocity, v, with the applied pressure gradient

∆P by the linear relation

∆P

L
=
µ

k
· v (3.3)

where L is the width of the particulate layer, µ is the dynamic viscosity of the fluid

and k is a proportionality constant known as permeability [96]. To a large extent,

the proper description of the fluid flow through a porous medium depends on precise

relations between the physical properties involved, such as permeability and porosity.

Kozeny developed a simple capillary model for a porous medium and derived such a

relation. This was generalised by Carman, to account for the fact that the streamlines

in a porous medium are not straight and parallel to each other, an effect described

by the hydraulic tortuosity, τ = 〈Le〉
L

, where Le is the average length of the actual

path taken by the fluid. Kozeny’s model assumes that actual velocity in the pores
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(interstitial velocity) follows Poiseuille’s Law for laminar flow:

uT =
D2

e∆P

32µLe

(3.4)

where the hydraulic diameter De is De = 4ε
S(1−ε)

and Sg =
Sgrain

Vbed
. The interstitial

velocity is given by

uT = v
S

ST

= v
Le

εL
(3.5)

where S is the cross-sectional area of the bed of porous material and L its height.

From the above equations and considering the mean particle diameter Dp = 6/Sg,

the following semi-empirical relation can be derived:

kKC =
ε3

(1 − ε)2Sg
1
κ

=
D2

p ε
3

150(1 − ε)2
(3.6)

κ being a fitting parameter, which includes the effect of the non-measurable param-

eter Le. Substituting in Darcy’s law, one obtains Kozeny’s law1:

∆P

L
=

150(1 − ε)2µ

ε3
· v (3.7)

Elongation of streamlines not only affects the flow rate, but also other types of

transport phenomena in the porous medium. This has resulted in several theoretical

attempts to define the tortuosity. There is no clear consensus on the relation between

these definitions. Among all these definitions, τ = 〈Le〉
L

is not only the simplest, but

also widely adopted in theoretical studies, because it ties tortuosity with the under-

lying geometry and topology of the porous medium [96].

For non laminar flow regimes, the Forchheimer or Ergun extension is added to Darcy’s

law [64, 93, 19]:

∆P

L
=
µ

k
· v +

β

L
· ρ · v2 (3.8)

1Kozeny’s law is not universal and does not hold for complicated porous geometries [96]
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where β is the inertial resistance or Forchheimer coefficient. It can be shown that

β = 1.75:

∆P

L
=

150(1 − ε)2µ

ε3
· v + 1.75 · ρ · v2 (3.9)

The reactor model in this study employs a linear Darcy’s law (i.e., the Kozeny law)

to describe the flow of reactant gas through the bed of particles. The use of Darcy’s

law, instead of the extended Ergun version 3.9 is justified by calculating the value

of the dimensionless Reynolds number2 Re = dpu

ν
and thus verifying that the flow

regime is laminar.

The energy balance only takes into account heat transfer between the gas and solid

phase by convection. Heat of reaction and radiative and conductive transfer is

deemed not to be important for the simulated experiments since T <1000 ◦C.

3.3 Surface Chemistry Model

From literature, the reactions in Tables 3.1 and 3.2 were proposed as the minimal

set necessary to produce CO, CO2, NO, NO2 and N2 with soot and NO, NO2 and O2

with the catalysts. These mechanisms are discussed in further detail in the relevant

chapters. In Table 3.1, the carbon sample is seen as a single layer of C atoms; for

every consumed carbon atom, an unreactive “void site ” * is thus created and the

amount of active sites C* will thus depend on the extent of conversion. In order to

evaluate the corresponding kinetic parameters (Table 4.2, Chapter 4 and Table 5.3,

Chapter 5), the molar rate of every reaction is calculated according to the Arrhenius

law (Equation 3.10),

rj = Aj exp

(

−Ej

RT

)

(

Ng
∏

i=1

νi,j xi

Ns
∏

k=1

νi,j θk

)

[mol/m2/s] (3.10)

(3.11)

2dp=particle diameter, u=particle-to-fluid relative mean velocity and ν=kinematic viscosity
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Table 3.1: Surface reaction mechanism for soot with NOx and O2

Reaction Ref
R1 C* + 1/2 O2 → C*(O) [97, 38, 98]
R2 C*(O) → CO + * [89, 99, 97, 38, 98]
R3 C*(O) + 1/2 O2 → CO2 + * [97, 38]
R4f C* + NO → C*(NO) [100]
R4b C*(NO) → C* + NO [100]
R5f C*(NO) + C* → C*(N) + C*(O)
R6f C*(NO2) + C* → C*(O) + C*(NO) [101]
R6b C*(O) + C*(NO) → C*(NO2) [102]
R7 C*(NO2) + C*(O) → C*(ONO2) + C* [101]
R8 2 C*(N) → N2 + C* [103, 104, 105]
R9f C* + NO2 → C*(NO2) [106, 107, 108, 109]
R9b C*(NO2) → C* + NO2 [109]
R10 C*(ONO2) → CO2 + NO + * [89, 109, 101]

where Aj are the pre-exponential factors, Ej the activation energies in kJ/mol, xi

the mole fraction of species i and θk the dimensionless coverage of surface species k

and Ng and Ns the number of gas and surface species, respectively.

The chemical source terms ωi for gaseous species i are calculated according to Equa-

tion 3.12,

ωi = SaMi

N
∑

j=1

νi,jrj [kg/s] (3.12)

where Sa and Mi respectively are the active surface area of the considered catalyst or

carbon material and molar mass of the i-th gas-phase species, N is the total number

of reactions considered, νi,j the corresponding stoichiometric coefficients and rj the

reaction rate of the j-th reaction in mol/m2/s. Surface coverage of the k-th surface

species, θk, is described via:
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Table 3.2: Surface reaction mechanism of the interaction of NOx and O2 with ceria and
platinum

Reactions on support
R11 2 Ce + O2 → 2 Ce-O
R12 2 Ce-O → 2 Ce + O2

R13 Ce + NO2 → Ce-NO2

R14 Ce-NO2 → Ce + NO2

R15 Ce-NO2 → Ce-O + NO
R16 Ce-O + NO → Ce-NO2

R17 Ce-NO2 + Ce-O → Ce-NO3 + Ce
R18 Ce + Ce-NO3 → Ce-NO2 + Ce-O
Reactions on platinum
R19 2 Pt + O2 → 2 Pt-O
R20 2 Pt-O → 2 Pt + O2

R21 Pt + NO → Pt-NO
R22 Pt-NO → Pt + NO
R23 Pt-NO + Pt-O → Pt-NO2 + Pt
R24 Pt-NO2 + Pt → Pt-NO + Pt-O
R25 Pt + NO2 → Pt-NO2

R26 Pt-NO2 → Pt + NO2
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dθk

dt
=
rk

Γ
(3.13)

in which rk is the rate of generation or consumption of species k due to adsorption,

desorption or chemical reaction and Γ the material-specific site density of the cata-

lyst or carbon material, in mol/m2. For CeO2, site density is taken to be 2.7 × 10−5

mol/m2, whereas for Pt, a value of 1.7 × 10−5 mol/m2 is used [87]. Site density for

carbon materials is taken to be ca. 2 × 10−5 mol/m2, based on the area occupied

by a single carbon atom [100]. Some of the adsorption steps are described with pre-

exponential factor and activation energy, like the other steps. In this case no physical

significance can be ascribed to the value of activation energy. In the case of other

adsorption steps, a sticking coefficient is provided, from which the pre-exponential

factor is then calculated as

Aads = s0,j

√

RT

2πMi

. [m/s] (3.14)

Note that this study does not describe the chemical structure of the system in detail,

as the solid phase is represented globally, via an active surface and carbon/catalyst

atoms are assumed to exist in a monolayer. The surface area Sa used in calculations

is not the measured BET area. Rather, it is determined so as to fulfil the carbon

balance performed on the experimental COx profiles: Sa = (mol C in COx)/Γ , so

that it is representative only of the total number of C atoms, and not of their phys-

ical arrangement. In the case of catalysts, its value is determined by fitting, with

the rule of thumb that Sa < SBET , or, if the catalyst is a noble metal, the area

can be calculated from the dispersion. Some information on the physical structure

is contained in the value of Γ , namely the number of moles of carbon/catalyst per

m2. Note also that the model is based on the mean field approximation, with the

assumption that adsorbed species are randomly distributed on the surface, which is

viewed as being locally uniform. Site heterogeneity is thus averaged out by mean

rate coefficients [110, 111].
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3.4 Evolution of Reactive Surface Area

What extent of the TSA is RSA, is essentially a matter of surface chemistry [112]

and operating conditions [113]. It is well known that the ratio RSA/TSA varies

with temperature, pressure and carbon conversion [112, 114], as RSA is measured

by chemisorption at a certain temperature, chosen more or less arbitrarily [69, 114].

Thus, even if measures of RSA were available, one could use them as an input for

our model over a limited temperature range only. Li et al. [114] fit a parameter “B”

to C+NO oxidation data over a range of temperatures. This parameter acts almost

as a “switch” between a low-temperature and a high-temperature kinetic regime. It

represents the variation of RSA/TSA with temperature. Our model can reproduce

oxidation behaviour over a range of temperatures without recurring to a parameter

like B, because it contains a dynamic description of the carbon surface. The word

“dynamic” in this study refers to the time- and temperature-dependent behaviour of

the complex C*(O). The effect of B in our model is already included in the kinetic

parameters ki [112]. The value of RSA used as input for the model then, is the total

area which gave rise to products over the whole course of the reaction and there is

no need for a physical measure based on the definition of a random desorption tem-

perature. A physically more meaningful model of surface chemistry might describe

the reactivity of the C*(O) complex by using a distribution of activation energies

[41], rather than the switch between two regimes used by Li et al.

A comparison of soot and graphite oxidation by NO shows that different reaction

products are not affected in the same way by carbon structure. Because of the

rate formalism rj = kj · Sa, including chemical structure factors in Sa would make

it impossible to reproduce these diverse effects. All the rates rj would in fact be

affected equally by a change in Sa. see Section 4.7 for further discussion.

3.5 Transport Limitations

Film diffusion limitations are typically not significant in fixed bed reactors at low

operating temperatures (< 1000 ◦C) [115] and a calculation of the gas-solid mass

transfer coefficient for O2 and CO confirms this (fraction of external resistance < 2.5
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·10−3). Here, potential mass transfer limitations due to intra-particle (or internal)

diffusion are addressed. According to the Thiele approach [116], the effectiveness

factor η is calculated. The molecular binary diffusion coefficients Dbin of the two

components of the flow of gas (reactant O2 and inert N2 or Ar) are computed ac-

cording to the Chapman-Enskog Theory [117],

Dbin =
3

16

√

2πk3
BT

3/Mi1,i2

Pπσ2
i1,i2

Ω(1,1)
[m2/s] (3.15)

where Ω(1,1) denotes the first collision integral. The values of the Lennard-Jones

properties σi1,i2 and kB are computed from the GRI Mech 3.0 transport database.

According to the Bosanquet formula, an effective diffusion coefficient is then cal-

culated for each mixture component, to take into account the fact that diffusion is

occurring in a porous medium:

1

Deff

=
τ

εint

(

1

Dbin

+
3

4r

√

πMi1,i2

2RT

)

[m2/s] (3.16)

where r is the pore radius and the diffusion is adjusted for pore tortuosity τ and

particle porosity εint [118]. The Thiele modulus [64] is then calculated for each

reaction step in the mechanism. The effectiveness factor can be calculated as [119]:

η =
ractual

r(Csurf )
=

1

Φ tanh(3Φ)
−

1

3Φ
(3.17)

This expression for η assumes that the reaction it describes is of first order with

respect to O2, monodirectional, that it contains a single limiting reactant whose sto-

ichiometric coefficient equals 1 and that the porous particle considered is spherical.

It is the ratio of the reaction rate actually observed, ractual to the reaction rate that

would be calculated if the surface reactant concentration were to persist throughout

the interior of the particle (i.e., no reactant gas concentration gradient within the

particle; this would be the case if diffusion were not limiting) [120]. The effective-
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ness factor η (Figure 3.2) may assume values between 0 and 1. Its value allows to

distinguish whether the system is operating in a regime limited by internal diffusion

or by the chemical reaction rate:

� Φ < 0.3 =⇒ η → 1 =⇒ chemical reaction limiting

� Φ > 3 =⇒ η ∝
1
Φ

=⇒ internal diffusion limiting

� 0.3 < Φ < 3 =⇒ intermediate regime

For all cases simulated during the course of this study, Φ≪ 0.3. This holds even for

“extreme” values such as tortuosity = 5-10 and porosity = 0.5, which correspond to

a very large diffusion distance. The operating regime can therefore be considered to

be kinetic.
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Figure 3.2: Thiele approach for quantifying intra-particle diffusion limitations
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Chapter 4

Soot Oxidation by O2, NO and

NO2

Abstract

Dans ce chapitre, les paramètres cinétiques pour l’oxydation des suies par O2 et les

NOx sont déterminés en ajustant les profils calculés des produits réactionnels ma-

jeurs et de la réactivité globale. Selon le mélange réactif, il est possible d’obtenir N2

et NO2 ou CO2. Cet effet est dû à la concurrence entre deux réactions de surface, les

deux consommant l’espèce de surface C*(NO). L’adsorption et la conversion glob-

ale sont plus efficaces lorsque l’on ajoute de O2 à NO, puisque la présence d’oxygène

moléculaire favourise l’étape concurrente de réaction avec C*(NO). Pour l’oxydation

par NO, les étapes d’adsorption et désorption sont cinétiquement déterminantes,

les étapes de formation de CO et de CO2 devenant de plus en plus importantes

avec l’accroissement de la concentration en oxygène. Pour l’oxydation par NO2,

l’adsorption et la désorption sont déterminantes au-delà de 600 ◦C, au-dessous de

cette température, l’étape déterminante est plutôt la formation de C*(ONO2) sur la

surface. Une comparaison entre des expériences d’oxydation de suies et du graphite

montre qu’une modification de la valeur de la surface BET ne suffit pas à modéliser

les tendances observées pour la chimisorption de NO et la formation de CO et CO2.

La physique (via le paramètre de structure ψ) et la chimie (via les paramètres cinétiques

83
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kj) de la surface ont tous les deux un impact sur la réactivité des matériaux car-

bonés: r = kS(x, ψ)CO2, où x représente la conversion. La Section 4.7 vise à

décrire l’effet de la chimie de surface (c’est-à-dire de la structure graphitique) sur

la réactivité en terme de paramètres cinétiques (kj) uniquement. Étant donné que

l’on ne dispose pas de mesures de la surface RSA, les valeurs de ψ restent sans

grande signification physique. L’impact de la graphitisation de la structure carbonée

est représenté au travers un parametrage des constantes cinétiques d’oxydation. Des

paramètres cinétiques sont estimés pour l’oxydation de nombreux matériaux carbonés

ayant des réactivités assez différentes. Ces matériaux sont tous caractérisés par

une faible teneur en minéraux et une structure graphitique plus ou moins ordonnée.

Des expériences avec les suies Diesel et du graphite ont été réalisées et les données

expérimentales concernant un noir de carbone, des suies issues d’un brûleur et du

coke ont été traites de la bibliographie. Les paramètres cinétiques des étapes de pro-

duction de CO2 et CO sont estimés en fonction du contenu en C du matériel. On con-

state que les energies d’activation des étapes mentionnées augmentent linéairement

en fonction de la teneur en carbone dans le matériau. La valeur des kj englobe des

effets du taux de cristallinité et de la chimie surfacique.

⋆

Kinetic parameters for soot oxidation by O2 and NOx are estimated by fitting for

product selectivity and global rates. Depending on the gas mixture, the competition

of two surface reactions for lumped C*(NO) complexes determines whether N2 or

NO2 and CO2 are produced. NO adsorption and soot conversion are much improved

when O2 is added to NO because the presence of oxygen on soot favours the compet-

ing step of reaction with C*(NO). For NO, the adsorption/desorption steps are rate

determining; the importance of CO and CO2 formation steps grows with increasing

O2 concentrations. For soot+NO2, adsorption/desorption of NO2 controls the rate

above 600 ◦C, below this temperature, it is the surface formation of C*(ONO2). Ex-

periments with soot and graphite show that differences in BET area are not sufficient

to model tendencies in NO chemisorption and CO and CO2 formation.
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Surface physics (pore structure parameter ψ) and chemistry (kinetic parameters kj)

both have a bearing on carbon reactivity: r = kS(x, ψ)CO2, x being the conversion.

The goal of Section 4.7 is to describe the effect of surface chemistry (nanostructure)

on reactivity in terms of kinetic parameters (kj) only. Because of the lack of RSA

data, meaningful values of ψ cannot be obtained here. As for kj, the role of chemical

carbon structure, it is dealt with as follows: On the basis of a review of carbon

structural characteristics in Chapter 1, the effect of the degree of graphitisation on

soot oxidation is modelled by specially estimated kinetic parameters. To this end, a

kinetic study of the oxidation of carbon materials and an analysis of their differing

reactivities are presented. Oxidation experiments of diesel soot and graphite were

carried out and kinetics-limited oxidation experiments of graphite and a range of

low-mineral graphitic carbons - a carbon black, ethylene flame soot, diesel soot and

coke - were modelled. Kinetic parameters kj are expressed in terms of carbon con-

tent. Activation energies in particular, increase with carbon content. The values of

kj enclose intrinsic reactivity effects due to the degree of crystallinity and surface

chemistry (RSA/TSA).

4.1 Background

In both DPFs and four-way catalysts, the low-temperature (25 - 850 ◦C) reaction of

soot with the nitrogen oxides present in exhaust is an important aspect. In DPFs,

captured soot particles are oxidized by NOx in the exhaust gas, and in four-way

catalysts, the reduction of NOx to N2 is also desired. It is therefore of interest

to study the kinetics of these reactions. Many studies concerning soot reactivity

with NOx and O2 are carried out in more or less realistic environments, such as

exhaust aftertreatment systems [121, 122], or in laboratory reactors with complex

gas mixtures [123, 124, 125, 33]. Global rates of reaction of soot and similar carbon

materials with NOx and O2 in absence of other reactants are mostly investigated

in laboratory reactors [126, 127, 104, 128, 85, 129, 130, 89]. With equal molar

concentrations of these feed gases, the rates are generally known to decrease in the

following order [30, 131]
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rNO2
> rNO+O2

> rNO ∼ rO2
(4.1)

although O2 was found to be more reactive than NO at temperatures above 900 ◦C

[132]. Not only global reactivity depends on the feed gas; CO/CO2 ratio, evolution of

NO, NO2 and N2 also differ widely [133, 131]. Under NO2, the prevalent C-containing

product is CO2 [85, 134, 33], although a lesser amount of CO is also present and the

principal N-containing product is NO [30, 109] (sometimes small quantities of N2

or N2O are formed [131]). The reaction of NO with soot yields N2 and both COx

depending on temperature [133, 128, 135, 100, 136]. Temperature-programmed ex-

periments (TPEs) show that mainly small amounts of CO2 are emitted at lower

temperatures and larger quantities of CO above 850 ◦C ca. [128, 137, 108, 104], but

that CO tends to decline again at even higher temperatures [104]. This change in

favoured reaction product might well be connected with the transition between two

Arrhenius regimes of global reactivity [138]. The reaction of carbon with NO has

been found to be significant only above 500 ◦C [139, 140]. Addition of O2 enhances

the reaction of soot with NO [141, 142, 30], and NO and O2 have been shown to

compete for the soot surface [141]. CO and CO2 evolution with NO and O2 con-

centrations representative of diesel exhaust (6-20 % O2, several hundred ppm NO)

resembles that with O2 alone [30, 143]. At lower oxygen concentrations, character-

istics of the reaction with NO start to appear [135]. As under NO, N2 is formed as

well as small amounts of N2O and some NO2 [144, 143].

Several studies also investigate the surface intermediates formed during the soot-NOx

reaction via techniques such as FT-IR and DRIFTS spectroscopy [109, 101, 145, 134,

146]. This has allowed for the formulation of elementary or lumped steps leading to

the consumption of soot and the formation of gaseous reaction products such as NO,

NO2, N2, CO and CO2 [63, 62]. The process is generally considered to start with

adsorption of the reactive molecule onto the carbon surface: C* + O2 → C*(O2)

[42], C* + NO → C*(NO) [100], C* + NO2 → C*(NO2) [106, 107, 108]. These

ad-species ( C*(Ox), C*(NOx) ) can represent a variety of surface complexes in dif-

fering configurations such as the oxygenated lactone, carbonyl and quinone groups

[101] and nitrites, nitro compounds or acidic functional groups of the C*(ONO2)
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type [145, 109, 147]. Likewise, C* may represent different types of reactive car-

bon site [148, 149] It has been suggested that NO may adsorb as an (NO)2 dimer,

particularly on microporous carbons [136]. In more lumped models, chemisorption

may be represented as dissociative; for instance, the adsorption and dissociation of

oxygen is commonly modelled in a single step C* + 1
2

O2 → C*(O) [38, 97, 98].

In a similar way, NO may be considered to adsorb dissociatively, splitting into N-

and O-complexes, C* + NO → C*(N) + C*(O) [105]. The C*(ONO2) groups com-

monly observed on carbons under NO2 [109, 101, 145] are seen as originating from

the interaction of surface oxygen and gas-phase/surface NO2 [89, 101]. Some authors

propose that gas-phase oxygen adsorbs directly on C*(NO) complexes [150, 108] and

others the reaction of NO and O while on the carbon surface: C*(NO) + C*(O)

→ C*(NO2) [102]. C*(N) obtained from the dissociation of more complex nitrogen

groups is found to be very stable [139, 140] and is generally held to produce N2 at

high temperatures, whether via a reaction between two C*(N) [105, 100] or rather

by reaction with gaseous NO [151, 104].

However, very few values are known for kinetic parameters which would allow to

calculate the rates of these steps in the ordinary conditions of reactor experiments

or DPFs, although for some of the global models of the carbon + NO reaction,

activation energies and reaction orders have been compiled [126, 152]. In order to

reproduce the earlier-mentioned features of soot oxidation, it is clear that a kinetic

model must include a number of reaction steps in parallel or series, but it is sel-

dom practical to include all elementary steps, and surface species may therefore be

“lumped” together [63]. A mathematical description of the reactor model then al-

lows for extraction of quantitative kinetic data, most commonly by fitting TPEs to

the mathematical expressions [62, 153]. In models of this type, a large number of

steps and therefore kinetic parameters can lead to ambiguity in the estimation of

the latter, as the system is likely to be mathematically underdetermined. It is thus

important to strike the right compromise with the level of detail necessary to repro-

duce all available experimental data [154].

An important consideration for kinetic modelling of soot oxidation is the dependence

of oxidative reactivity on the structural characteristics of the soot. This is an issue
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common to a number of carbon materials, whose oxidation is of interest in indus-

try. Examples are the regeneration of coked catalysts [155], the oxidation of char

[55, 156, 157], and, more recently, the combustion of soot and carbon black in the

context of the regeneration of diesel particulate filters [158, 1, 159]. The aim of this

section is to create a model capable of describing the low temperature (< 1000 ◦C)

oxidation of a range of carbon materials, despite their widely differing crystallinities

and surface chemistries. As shown in Chapter 1, reactivity has been correlated with

various parameters characteristic of carbon material structure, including elemen-

tal composition [88], surface area [58, 141] and many more microscopic parameters

[160, 49, 161, 60]. Depending on the scale of modelling, a number of these may be

appropriate for use in models. Although surface area as a macroscopic characteristic

is often used in semi-detailed models, it appears uncertain how best to measure this

area, as various alternatives have been proposed [162]. Moreover, to our knowledge

no model using surface area to represent different carbon materials has been able to

predict species selectivity throughout the reactions of soot with NO, NO2 and/or O2.

In this section we formulate a detailed mechanism involving five lumped surface

species, and show that it is capable of describing the major trends of diesel soot

oxidation with NOx and O2 in conditions of interest to the functioning of a DPF

(25 - 850 ◦C, 70 - 1400 ppm NOx, 6 - 20 % vol. O2 [1]). The kinetic parameters

of the mechanism are validated by fitting calculated gas species mole fractions to

experimental measurements of the major species NO, NO2, CO, CO2 and N2. It

is shown that, with the proposed mechanism, different types of soot or carbon are

better modelled by using different kinetic parameters, rather than a surface area.

4.2 Surface Chemistry

Based on the literature, the mechanism in Table 3.1, which is reproduced here as

Table 4.1 was proposed as the simplest one capable of producing CO, CO2, NO,

NO2 and N2 under all the desired conditions (NO, NO + O2, NO2). This means

that several surface species are lumped into a single description. C*(O) for instance,

represents a whole group of oxygenated functionalities, of different geometries and
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Table 4.1: Surface reaction mechanism for soot with NOx and O2

Reaction Ref
R1 C* + 1/2 O2 → C*(O) [97, 38, 98]
R2 C*(O) → CO + * [89, 99, 97, 38, 98]
R3 C*(O) + 1/2 O2 → CO2 + * [97, 38]
R4f C* + NO → C*(NO) [100]
R4b C*(NO) → C* + NO [100]
R5f C*(NO) + C* → C*(N) + C*(O)
R6f C*(NO2) + C* → C*(O) + C*(NO) [101]
R6b C*(O) + C*(NO) → C*(NO2) [102]
R7 C*(NO2) + C*(O) → C*(ONO2) + C* [101]
R8 2 C*(N) → N2 + C* [103, 104, 105]
R9f C* + NO2 → C*(NO2) [106, 107, 108, 109]
R9b C*(NO2) → C* + NO2 [109]
R10 C*(ONO2) → CO2 + NO + * [89, 109, 101]

molecular weights. A single type of carbon site, C*, is proposed, again lumping

edge sites, bulk sites, armchair sites etc. into one. The parameters corresponding

to the proposed mechanism were fitted with data from the soot-NO, soot-O2 and

soot-NO2 experiments performed during the course of this study, as well as two sep-

arate soot-NO2 experiments from the literature [89, 85]. It should be pointed out

that this process was limited to those studies containing sufficient information on

the reactor and reaction products (NO, NO2, N2, CO2, CO profiles). Other possible

minor reaction products, such as N2O were neglected because their concentration is

generally not significant.

Parameter estimation was carried out according to the piece-wise technique detailed

in Section 3.1 and the values obtained are shown in Table 4.2. In determining the

values of soot-O2 parameters, it was assumed that R2 and R3 are the rate-limiting

steps. This is based on the considerations made by Hurt and Calo [38]. In order to

ensure that adsorption (R1) was not limiting, the peak ratio of number of oxygenated

surface intermediates, C(O), to active carbon sites, C* was maintained greater than

10%, based on the observations of [42]. The chosen value of E1 was very low, so that

the rate r1 would be significantly higher than the other rates. Consequently, species
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Table 4.2: Parameters for the surface reaction mechanism

Aj or S0,j Ej [kJ/mol] Ref
R1 5.00×106 cm5/mol2/s 45 ts [88]
R2 3.60×105 1/s 164 tsa

R3 8.70×1010 cm3/mol/s 147 ts
R4f 4.80×105 cm3/mol/s 15 ts
R4b 4.50×104 1/s 40 ts
R5f 1.00×1017 cm2/mol/s 125 [154],ts
R6f 1.00×1017 cm2/mol/s 57 [154],ts
R6b 1.00×1014 cm2/mol/s 32 ts
R7 1.50×1023 cm2/mol/s 112 ts
R8 1.00×1017 cm2/mol/s 150 [154],ts
R9f 9.00×10−7 0 ts
R9b 1.00×1013 1/s 85 [154],ts
R10 1.00×105 1/s 70 ts
a this study

profiles were more sensitive with respect to the parameters of R2 and R3 than to

O2-adsorption parameters in all cases.

4.3 The Mechanism of Soot Oxidation by O2

A review of literature for the well-known carbon-O2 reaction (Table 4.3) gives an

idea of the ranges within which the activation energies are to be expected:

reaction Ea [kJ/mol]
R1 10 - 170
R2 100 - 350
R3 17 - 130

Table 4.3: Literature review of activation energies for reactions R1 - R3 in different car-
bons [38, 163]



Chapter 4 91

Reaction R1 is the dissociative adsorption of the oxygen molecule: O2 is adsorbed

and dissociates, forming C(O). Influence of C(O) coverage on the reaction rates is

neglected. Reaction R2 (Ea = 100 − 350 kJ/mol) represents the decomposition of

a C(O) complex and the only pathway to formation of the gaseous product CO.

According to Hurt and Calo [38], the limiting steps of this three-step mechanism

are R2 and/or R3 at T < 1400 ◦C. Reaction R3 is an Eley-Rideal step, representing

direct (collisional) interaction between gaseous species and surface complexes. In

this mechanism, it is the only path to production of CO2. Unlike the CO-formation

step, there is no agreement in literature on which global reaction to use to describe

formation of CO2 (although clearly there are studies investigating the microkinetics

behind these steps [45, 164]). Within our semi-global description, CO2 evolution can

be described by R3 [165, 166]. Like R1, this step is a lumped description of several

more elementary steps. It is not very well covered in literature, and only two single

values of Ea are found (Table 4.3). The global oxidation rate of the particle will be

limited by the slower between production and adsorption steps. According to Hurt

and Calo [38], Edes >> Eads for most sites. This finding is confirmed by a screening of

the literature, as activation energies for CO and CO2 production assume the largest

values, suggesting that formation of CO and/or CO2 (desorption and complex reac-

tion) are the rate limiting steps in the temperature range T = 350-1400 ◦C. When

adsorption is not limiting, the faster of the two parallel formation steps determines

the global rate.

When simulating TPOs, the model is capable of capturing the order of magnitude

of the dependence on heating rate quite well, as Figure 4.19 shows for a case of

coke oxidation (see Section 4.7). Moreover the significant impact of a change in

heating rate can be further interpreted in view of Figure 4.2. The ascending slope

of the C(O) concentration profile differs for different heating rates; at any given

temperature, more C(O) complexes have accumulated on the carbon surface for the

lower heating rate. The descending slopes are most likely governed by a competition

between the two producing reactions, R2 and R3, and indeed the product profiles rise

when C(O) profiles start to descend. From the experimental CO and CO2 profiles, it

can be seen that the ramp has a more significant effect on CO production. This is not

surprising, as the CO-producing step, R2, has a higher activation energy. It seems
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Figure 4.1: Experimental (symbols) and simulated (lines) species concentrations during
TPO of soot with 10% O2.

likely that the higher concentrations of gaseous products at a higher heating rate are

due to reactions R2 and R3 taking place in a temperature range more favourable to

CO and CO2 production, than the temperatures at which they take place at a lower

heating rate.

4.4 The Mechanism of Soot Oxidation by NO2

Figures 4.3-4.10 show measured and/or calculated species profiles from experiments

with differing gas composition and Figure 4.6 shows the sensitivity coefficients of

remaining soot mass and NO or NO2 mole fraction with respect to the rate constants.

The model described in Chapter 3 was coupled with the kinetic parameters in Table

4.2 for simulations of all the soot oxidation experiments. In this chapter, the balance

for species i is written as

Q∆xi = Q(xi,feed − xi,measured) (4.2)

for each instant of measurement, where Q is the molar flow rate and xi the mole

fraction of the ith species. The amount of i not accounted for by measured species

concentrations is represented by ∆xi.
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Figure 4.2: Impact of heating rate on simulated CO and CO2 concentrations. TPOs of
coke with 2% O2.

Experimental curves for NO2 adsorption on carbon black and subsequent tempera-

ture programmed desorption (TPD) are taken from Jeguirim et al. [89] and shown

in Figure 4.3 together with calculated mole fractions. During adsorption, some NO2

is consumed and NO is formed. Using the definition given earlier on in Equation

4.2, ∆xN = xNO2,in - xNO2
- xNO = xNO2,in - xNOx

> 0. If no N2 is formed, ∆N

moles of nitrogen accumulate on the surface. During TPD, both NOx and both COx

are evolved. In contrast with what is known from IOs, the amount of CO2 is not

much larger than CO, but it is formed at significantly lower temperatures. From an

oxygen balance, the amount of O on the carbon surface is ∆xO = 2xNO2,in - 2xNO2
-

xNO. The amounts of nitrogen and oxygen atoms evolved during TPD are, according

to the authors of the experiment, in reasonable agreement with those stored during

adsorption; therefore no species other than those shown in Fig 4.3 are formed. The

sharp NO2 peak upon switching to TPD is not reproduced in simulations. According

to the authors, this represents physisorbed NO2, which is not accounted for by the

mechanism in Table 5.1. The overall trends of NOx and COx production are well

described by the model. It reproduces the first (and major) CO2 peak correctly, but

not the later CO2 formation. For CO, low-temperature reactivity is underestimated.

Together with the above TPD, an IO experiment of diesel soot at 400 ◦C with 880

ppm NO2 by Tighe et al. [85] was used to fit parameters pertaining to NO2. Exper-
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ing adsorption under 400 ppm NO2 at 50 ◦C and subsequent TPD under He.
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imental mole fractions and the corresponding model fit are shown in Fig.4.4. The

small amount of CO which is formed (∼1 ppm), is not shown. According to N and

O balances by the authors, NO2 and NO are the only N-containing species, and the

oxygen in the products all originates from feed NO2. No sufficiently detailed TPO

results were available for NO2, so the parameters were fitted using the TPD and IO

above. The parameters thus obtained, in Table 4.2, allowed for the simulation of the

hypothetical NO2-TPO in Fig. 4.5. It is known from literature that NO is produced

immediately upon exposure to NO2 and that CO2 is much more abundant than CO,

and these general features are reproduced by the model in Fig. 4.5. As may be seen

in Figure 4.5c, simulations also allow for the observation of the “lumped” surface

species proposed in the mechanism (Table 5.1).

A balance for the NO2-TPD in Fig. 4.3 showed that 2∆xN < ∆xO; therefore all

surface species cannot be of the C*(NO2) form and some other surface complexes

must be present. This is not surprising, the existence of several functionalities has

been proven [101]. Muckenhuber and Grothe showed that NO2 is initially bound to

the surface in a step such as R9f [101]. In the model, it represents the order of surface

groups stable under NO at progressively higher temperatures. C*(NO2) is seen not

to be stable at temperatures below 200 ◦C. Thus, it is instantly converted to C*(NO)

upon adsorption of NO2 at low T (Fig. 4.5). The value of the sticking coefficient
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Chapter 4 97

of NO2 on soot, found in this study to be 10−7 (Table 4.2) fits well into the range

of values from literature (10−4-10−8, [167]). It was also shown that C*(NO2) splits

up at higher temperatures, forming a carbonyl group, C*(O), according to reaction

R6f. The CO2 profile is known to exhibit two peaks, one between 600 and 700 ◦C,

which concurs with the CO peak and is found to originate from functionalities of the

C*(Ox) type, for e.g. those formed earlier in R6f. The other is formed at ca. 140
◦C and is likely due to formation and decomposition of an acidic group C*(ONO2),

resulting in CO2 (g) and NO(g) [101, 89, 145]. Reactions R7 and R10 describe this

process and R10 allows for the reproduction of the CO2 peak at 140 ◦C. However

the proposed mechanism currently includes no CO2-desorption reaction involving

C*(Ox) and the second CO2 peak is therefore not reproduced in Figures 4.3 and 4.5.

Similarly, low-temperature CO formation in Figures 4.3 and 4.5 is underestimated

by the model and this could well be improved by letting a second type of oxygen

functionality produce some CO too, as suggested in the literature. In Figure 4.5c,

the simulation with the kinetic parameters of Table 4.2 shows how the functionalities

succeed each other in the order C*(NO2) → C*(NO), C*(O) → C*(ONO2) proposed

in literature.

Sensitivity coefficients were calculated for instantaneous soot mass and NOx mole

fractions with respect to all rate constants. For each case, rate determining and

other important steps vary with T . Overall, one may distinguish a high and a low

temperature regime, as there is either a significant change in rate determining step

or a significant difference in activity below and above 600 ◦C. For instance, NO ad-

sorption under NO mainly occurs above 600 ◦C, whereas under NO + O2 it occurs

below this temperature. Under NO2, NO2 adsorption is determined by R9b below

600 ◦C and above by R6b.

According to the sensitivity analysis, the steps which are determining for global reac-

tivity of the reaction between soot and NO2, are R7 in the low-temperature regime

and R9f,b at higher temperatures (Fig. 4.6d). The sensitivities towards all other

parameters are smaller. Major reaction paths in the model are shown in a schematic

way in Figure 4.7a. Below 600 ◦C, the formation of C*(ONO2) via R7 controls soot

consumption, NO2 on the surface is abundant. At higher temperatures however, des-



98 Chapter 4

orption of NO2 starts to become significant and soon the number of C*(NO2) surface

functionalities limits CO2 production; the adsorption/desorption steps R9 are rate

limiting. At this point C*(O) prevails on the surface as compared to C*(NO2) (Fig.

4.5), and instead of forming C*(ONO2), it starts to be channelled into CO via R2. To

form CO at lower temperatures, another CO-producing surface species would have

to be introduced, as has already been suggested.

Although both are dynamic (i.e., temperature programmed) experiments, there are

some differences between the TPD and the TPO of soot with NO2. In essence, as

seen by the model, these dissimilarities come down to two causes: the differing du-

ration and temperature of adsorption. Around 150 ◦C, CO2 production starts for

both TPO and TPD. The latter experiment however, causes the coverage of C*(O),

C*(NO2) and C*(ONO2) to be two orders of magnitude greater than in the TPO.

Despite this, the CO2 peak is larger for the TPO, because NO2 adsorption continues

and therefore feeds the CO2 formation process. But in the TPD, sufficient C*(O) is

still on the surface when C*(NO2) and C*(ONO2) have been consumed, and it can

go on to form CO at a somewhat lower temperature than is possible in the TPO.

This particular behaviour remains to be validated experimentally.

4.5 The Mechanism of Soot Oxidation by NO

Figures 4.8a and b show the results from TPO of soot under 200 ppm NO. At first,

NO remains constant at the inlet value, but is consumed from ca. 300 ◦C onwards.

From a nitrogen balance at every instant of time, the amount of N atoms not ac-

counted for by either NO or NO2 can be calculated as: ∆xN = xNO,in - xNOx
. Since

no NO2 is observed, ∆xN > 0; therefore some other N-containing species is being

formed. Because no N2O was detected, this is presumably N2 = ∆xN/2, which is

shown in Figure 4.8a.

An oxygen balance over soot shows that there is more O in the products than in

the feed (NOin - NO - CO - 2CO2 > 0); this discrepancy, likely due to previously

adsorbed oxygen, is found to constitute approximately 63% of O in the final prod-
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Figure 4.6: Sensitivity coefficients of NO or NO2 mole fraction and remaining soot mass
ms with respect to the rate constants, calculated for TPO of soot with 200
ppm NO (a,b), 200 ppm NO2 (c,d) and 200 ppm NO+10% O2 (e,f).
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(a) NO2

(b) NO

Figure 4.7: Schematic depiction of the main steps of the soot-NOx reactions according to
the mechanism in Table 5.1, the rate determining steps are designated with
the appropriate symbol.
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ucts CO and CO2 below 350 ◦C. Above this temperature, the percentage drops to

42 %. It is then not necessarily surprising that the model does not reproduce low

temperature COx and N2. Note also that SOF, which is often cited as the cause of

erratic low-temperature reactivity [168, 169], was not removed from the soot after

collection. The CO2 profile can be improved by specifying an initial surface concen-

tration of θC∗(O)=0.01, but CO is not affected by this measure.

There is considerable evidence of a break in the Arrhenius plot of the global rate

constant for carbon oxidation by NO [138]. The breaking point is located anywhere

between 600 and 800 ◦C. It separates a low- and a high-temperature regime, the lat-

ter of which has been found to have a larger activation energy. Values identified in

the literature are comprised between 120 and 240 kJ/mol. For the low-temperature

regime, the review by Aarna and Suuberg finds activation energies of 40 - 88 kJ/mol

[138]. Here the global activation energy calculated on the basis of the mechanism

in Table 4.2 is found to be 134 kJ/mol between 600 and 850 ◦C. The value was

determined from the simulated reaction rate in a series of IOs. Below 600 ◦C the

model is not capable of describing oxidation by NO. Hence, the proposed combi-

nation of mechanistic parameters suitably characterizes the soot-NO reaction only

in the high-temperature regime (600 - 850 ◦C). For the purpose of simulating the

reaction of soot with diesel exhaust in a DPF this is probably sufficient, since C-

NO reactivity is insignificant below 600 ◦C (ref. Fig. 4.8), especially in comparison

with the other reactions occurring at these temperatures. Moreover, since 42 - 63%

of oxygen in reaction products stems from previously adsorbed O, an attempt was

made to improve the fit by starting the simulation with θC∗(O) = 0.02. This measure

enables CO2 production at lower temperatures (dashed line, Figure 4.8b). However

it does not affect CO. A second CO-producing reaction involving a different oxygen

functionality might well be needed to reproduce low-T CO.

Very little information concerning the functionalities on the soot surface during reac-

tion with NO is available in the literature. Zawadzki et al. find an almost unchanged

FT-IR spectrum after adsorption, suggesting that very little NO is adsorbed at room

temperature [144]. The measured NO mole fraction in Fig. 4.8a also indicates that

the reaction with the soot surface only starts at 500 ◦C. In the model the reaction



102 Chapter 4

0 200 400 600 800 1000
0

20

40

60

80

100

120

140

160

180

200

N
O

x o
r 

N
2 [p

pm
]

Temperature [°C]

 

 

NO
NO

2

N
2

(a)

0 200 400 600 800 1000
0

10

20

30

40

50

60

70

80

90

100

C
O

x [p
pm

]

Temperature [°C]

 

 

CO
CO

2

sim CO
2
 (θ

C*(O)
=0)

sim CO
2
 (θ

C*(O)
=0.02)

(b)

0 200 400 600 800 1000
0

1.4

2.8

4.2

5.6

7
x 10

−3

θ

Temperature [°C]

 

 

C*(O)
C*(N)
C*(NO)

(c)

Figure 4.8: Experimental (symbols) and simulated (lines) species concentrations during
TPO of soot with 200 ppm NO.
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of NO has to proceed via R4f (Fig. 4.7b) and the coverage with adsorbed species is

clearly much smaller than under NO2. The low pre-exponential factor and non-zero

activation energy of this reaction render the adsorption of NO much less effective

than that of NO2. Some C*(NO) accumulates on the surface below 200 ◦C, but

above this temperature, surface reactions R5 and R6 (Fig. 4.11) become more signif-

icant. C*(NO) is split up into C*(N) and C*(O) (R5f, Fig. 4.7b) and consequently

N2 desorbs from C*(N). Reactions R6b, 7b, 8, 10 and to a smaller extent 9b, allow

for regeneration of C* sites, on which more NO can be adsorbed. While under NO2,

all adsorbed N atoms are liberated again as gaseous NO, the same is not true under

NO. Here C*(NO) is preferentially split up via R5f and the remaining C*(N) has

no other option but to form N2. The succession of the surface species in the order

C*(NO) → C*(NO2) → C*(ONO2) → C*(N), C*(O) can be observed in Fig. 4.8c.

The oxidation of C by NO2 is probably aided by the fact that twice as many O atoms

are available, and once adsorbed, only two steps are necessary to form C*(ONO2).

In order to form one mole of CO2, two moles of NO2 are sufficient according to R10,

but three moles of NO are needed. Thus it is not surprising that the C+NO2 reaction

is not as sensitive to the adsorption step as the C+NO reaction (compare the mag-

nitude of the sensitivity coefficients in Figures 4.6a and e). The sensitivity analysis

confirms that it is R4f which controls the adsorption of NO over the whole tempera-

ture range, although it is much more active above 600 ◦C. It also controls the global

reaction (consumption of soot) to form CO2 at 600 - 750 ◦C (Fig. 4.6a,b). Above

750 ◦C, the rate determining step for the global reaction is R4b, as NO desorption

becomes more efficient. This change in rate determining step occurs at about the

same temperature as the switch from CO2 to CO as the chief reaction product. Fur-

thermore, the second most important reaction also changes, it being R5f at first, and

then R6b. Once on the surface, C*(NO) can follow two possible paths, as depicted

in Fig. 4.11b, namely R5f or R6b. From the rates of production (ROPs), it can be

seen that R5 contributes most to the consumption of C*(NO). But while R6 is also

significant, its importance decreases starting at 750 ◦C. This causes progressively

fewer C*(NO2) and C*(ONO2) to be formed, with the result that CO2 production

is limited. But CO is produced in ever greater quantities as C*(O) is continually

produced via R5f.
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4.6 The Mechanism of Soot Oxidation by NO +

O2

NOx and COx profiles from soot oxidation with 200 ppm NO and 10% O2 are shown

in Figure 4.9. In contrast with the reactive feed containing NO only, here a certain

quantity of NO is adsorbed and converted into NO2 due to the presence of O2, but

only below 350 ◦C. NOin and NOx overlap, therefore no other N-containing species

such as N2 or N2O are formed.

∆xO, calculated as xNO,in - xNOx
- 2xCOx2 - xCO exhibits a large negative peak be-

tween 500 and 700 ◦C. Since the COx profiles are nearly identical to those obtained

under O2 only (Fig. 4.1), most O atoms in COx are likely to originate from gaseous

O2. This is also supported by the fact that no NO is consumed at these temper-

atures. However the precise contribution of pre-adsorbed O cannot be determined,

since no quantitative measures of O2 concentration were made. The possible contri-

bution to NO2 of O atoms originating from adsorbed NO is calculated as (xNO,in -

xNO)/2xNO2
. It accounts for 50% as long as NO2 production lasts (between 100 and

300 ◦C). If n is the number of moles of nitrogen atoms consumed from NO, n is also

the number of moles of nitrogen atoms to be found in NO2. 50% of moles of O in

NO2 amounts to 2n/2 = n. If all of the 50% (n) comes from NO, then a further n

moles of oxygen in NO2 must come from gaseous O2 or previously adsorbed O. To

distinguish the exact contributions of these three sources of oxygen is not possible

from the measurements, nor can one a priori assume that exactly n and no fewer

moles of O in NO2 originate from consumed NO.

Simulation of soot oxidation with 200 ppm NO and 10% O2 in Figure 4.9 fits the

experimental data quite well, with the exception of NO and NO2 below 100 ◦C. It

seems likely that this is due to pre-adsorbed O and the dashed lines in Fig. 4.9

show that a simulation with a non-zero amount of O on the surface leads to a better

agreement with measured NO2.
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COx formation is very similar under 10% O2 and 200 ppm NO + 10% O2, although

there is a slight increase in CO2 mole fractions between 450 and 650 ◦C when NO is

added. In the calculated profiles, this small gain in CO2 is seen at a slightly lower

temperature. Results from simulated TPOs with 200 ppm NO and 0.02 - 5% O2

are shown in Fig. 4.10. It can be seen that there is a gradual transition between

the case with no O2 and that with 10% O2. As the fraction of oxygen increases,

NO2 production increases too and is shifted to slightly lower temperatures. Also,

NO adsorption becomes less marked at high temperature and N2 becomes progres-

sively less abundant. Overall COx formation increases and so does the CO2/CO ratio.

It is generally acknowledged that the addition of O2 improves the global rate of the

C+NO reaction (i.e. CO and CO2 formation) [30]. The experimental results in Fig-

ure 4.9b support this, as CO2 production starts ca. 50 ◦C earlier and the peak is

about 300 ppm greater than under O2. The CO peaks are almost indistinguishable.

In the model, the production of C*(ONO2) under NO + O2 causes a small augmenta-

tion in CO2 mole fraction, although it occurs earlier than in the experimental profile.

It is also accepted that chemisorption of NO on carbon is enhanced by the presence

of O2 [150, 142]. At typical chemisorption temperatures of 60 - 200 ◦C [109], our

results in Fig. 4.9a do indeed show an improved consumption of NO. As under NO

only, NO consumption is most sensitive to R4f (Fig. 4.6e). However, according to the

N balance (Section 4.5), all of this NO adsorbed at low T is transformed into NO2.

At higher temperatures on the other hand, the trend is reversed and no significant

quantity of NO is adsorbed, in contrast with the findings for soot+NO only (Fig.

4.8). Consequently, no N2 is observed in presence of O2. It can be expected that

there is more C*(O) on the surface when O2 is present (compare calculated C*(O)

coverages in Figures 4.9c and 4.8c) and that C*(NO) preferentially reacts with this

C*(O). The calculated rates of production in Figure 4.11 support this idea: under

NO+O2, 100% of NO adsorbed by R4 goes on to create C*(NO2) via R6 and ulti-

mately C*(ONO2) or NO2. But under NO alone, a very large fraction of adsorbed

NO splits up via R5f. Most nitrogen atoms therefore end up as C*(N) and this is

the reason why N2 is produced under NO.
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Figure 4.9: Experimental (symbols) and simulated (lines) species concentrations during
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Another difference between the two cases is that NO adsorption takes place at much

lower temperatures when O2 is present, the peak of C*(NO) production by R4f is

centred at 300 ◦C as opposed to 800 ◦C under NO. In the literature it is not clear

whether the enhancing effect of oxygen is due to formation of gaseous NO2 which

then goes on to react with soot, or rather due to the reaction between NO and oxygen

functionalities. As under NO only, the rate determining step for NO chemisorption

is R4 below 400 ◦C. However, the sensitivity analysis indicates that, as the oxygen

mole fraction increases, R5f becomes gradually less important. Instead, R6, R7 and

R9 are important for NO adsorption in presence of oxygen: adsorbed NO rapidly re-

acts with the readily available C*(O). This leads to more NO being adsorbed. When

no oxygen is available, the only path of NO consumption is R5f. Since this reaction

has a much higher activation energy than R6, it only becomes important at higher

temperatures; only around 400 ◦C does it cause more NO to be adsorbed. In the

model, the improved reaction rate in presence of O2 is therefore caused by a shift in

the equilibrium of the couple R4f-R4b. This shift is a consequence of the differing

importance of reactions R5f and R6b competing for C*(NO).

A comparison of the ROPs of O2 and (net) NO adsorption (R1 and R4) shows that
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the majority of oxygen atoms on the surface originate from O2. Of those coming

from adsorbed NO, only a small percentage go on to form CO2 between 200 and

400 ◦C via R10, thus slightly increasing total CO2 production (mainly by R3) at

these temperatures. At lower oxygen concentrations, the proportion of O originat-

ing from NO increases as does the proportion of CO2 produced by R10. The effect

of pre-adsorbed oxygen can be simulated by initializing with a non-zero coverage,

θC∗(O)=0.1. As may be seen from the dashed lines in Fig. 4.9a, the main effect of

this is to improve early production of NO2.
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Note that using the parameters found in this study to simulate TPOs for different

reactive feeds allowed us to verify the global accuracy of the model. Although mass

consumption was not measured for all the cases, simulated remaining mass shows

that the well known order of reactivity of the feed gases is respected (Fig. 4.12). NO

alone is the least active oxidant, and NO+O2 (in equal concentrations) just a little

more reactive. At concentrations of 200 ppm, NO2 is the most reactive soot oxidant.

However, in conditions likely to occur in diesel exhaust gas (several % of O2 and a

few 100 ppm of NOx), the effect of O2 on soot oxidation in a (uncatalysed) DPF is

the most significant above 600 ◦C. Below this temperature, NO2 remains more active.
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Figure 4.12: Predictions of global reactivity of soot with different reactive gases.

4.7 The Role of Soot Structure and Surface Area

Kinetic models commonly describe the rate of carbon oxidation as rj = kj ·Sa. Inter-

pretation of the two factors may vary, but on the basis of considerations in Chapter

3, the common reactive surface area RSA approach is not used in this study. In-

stead, the value of Sa is calculated from a material balance on the reaction products

CO and CO2. This means that the total quantity of active sites taking part in the

reaction is given by the product Sa · Γ . Thus it does not correspond to BET surface

area (Table 4.4), also known as total surface area (TSA), but it is also not the actual

RSA [170, 160, 114]. RSA is in fact constituted by only those sites covered by surface
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complexes reactive enough to decompose and give CO or CO2. It is therefore only a

fraction of the TSA or BET area [171, 69] or of the Sa used here and is a measure of

chemical structure (arrangement of active carbon sites or degree of graphitisation)

of the carbon. In some of the simulations in this chapter, Sa is seen as evolving with

pore structure (Bhatia-Perlmutter random pore model). In other words, Sa here

describes the physics of the carbon surface, whereas the contribution of chemical

structure to oxidation rate is contained in the rate constant kj. This interpretation

is a modelling choice, and differs from the RSA-approach.

Very few studies provide an adequate evaluation of ψ, since it is difficult to separate

effects of the two factors in rj = kj · Sa(ψ). A fit of ψ as a function of temperature

during oxidation of char is presented by Li et al. [114], but as pointed out by the

authors, the theoretical significance of these variations needs further examination.

Here the default choice for all simulated cases was to set ψ = 0, i.e., to assume

that active surface area is constant with respect to reaction progress. We chose

ψ 6= 0 only in those cases where it was impossible to otherwise achieve a good fit,

or when more information was available. For the data on char, ψ = 2 was evaluated

in the original paper [42]. A tentative value of the reactive surface area Sa is used

at first, based on the value of active site concentration, Γ , typical for the material

in question Table 4.4. Initial Sa is then derived from the conservation of mass (i.e.

m =
∫ 1

0
Sa(x) MC Γ dx). Overall, ψ 6= 0 resulted for those carbons with particularly

high BET surface areas (Table 4.4). Although it can be presumed that these materi-

als are sufficiently porous in order for pore evolution to have an impact on reactivity

(i.e. ψ 6= 0), the procedure evidently entails some uncertainty which is implicitly

enclosed by the pre-exponential factors.

Choosing to enclose chemical structure of carbons in the rate constant k means that

different kinetic parameters may be estimated for differently structured carbons. In

this section, k2, k3 and k10 are estimated for a range of different carbon materials.

Firstly, a comparison of the results from TPO of soot and graphite under 200 ppm

NO (Figures 4.13a, b and 4.14a, b respectively) justifies the above-mentioned choice

show . NO consumption over graphite, also in Fig. 4.14a, is almost indistinguishable

from that over soot, although graphite is clearly much less reactive in terms of COx
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production (Fig. 4.14b). The nitrogen balance for Fig. 4.14 indicates that a similar

amount of N2 is produced over graphite and soot (Fig. 4.14a). In order to simulate

oxidation of graphite, the parameters of R2 were changed. An oxygen balance for

graphite shows that more O atoms are consumed from NO than are subsequently

liberated in COx; a certain amount of oxygen thus stays on the graphite surface.

Although NO mole fractions are very similar in the two cases, CO and CO2 forma-

tion is much less significant for graphite. We exclude transfer limitation effects by

calculating the Thiele Modulus as in Chapter 3. It is of course a well-known fact

that more graphitized materials such as graphite are less reactive than, say, soot.

This means that graphite only starts being consumed at much higher temperatures

than soot, as is indeed confirmed in Figures 4.8 and 4.14. But since the only source

of oxygen, NO, is being consumed at the same rate approximately, more O is clearly

stored on the graphite surface. Some parameter inherent to COx production but not

to NO chemisorption must therefore be responsible for the observed behaviours.

According to the literature, COx formation (soot consumption) is proportional to

the TSA, i.e. BET, or more commonly, RSA, which is measured as that area covered

by oxygen complexes reactive enough to decompose into CO and CO2 at a given

temperature [171, 69, 114]. Whether NO chemisorption activity can be correlated

with BET area of carbons is disputed. Some, like Illán-Gómez et al. [137] find that

the onset of NO consumption is proportional to BET area, but many others see no

relation [172]. Our experimental findings for soot and graphite do not follow the

pattern found by Illán-Gómez et al., despite the fact that BET area of graphite (4

m2/g in our case) is much lower than that of soot (414 m2/g). Considering these

incongruities in the literature, it seems probable that the explanation for this be-

haviour should be sought at a more detailed level of representation. It might, for

instance, be due to the presence of different reactive sites with different geometries;

some of which are responsible for the attachment of NO to the carbon surface and

others for the release of COx from the carbon surface. Graphite would then contain

fewer of the latter type of site than soot.

In a model of our type, where surface area is used only to quantify the amount of
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Figure 4.13: Experimental (symbols) and simulated (lines) species concentrations during
TPO of soot with 200 ppm NO.
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Figure 4.14: Experimental (symbols) and simulated (lines) species concentrations during
TPO of graphite with 200 ppm NO.
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Table 4.4: Sources of data on oxidation of carbons

Material H/Ca O/Ca %Cab ashg BETf Γh Reactor Type Ref
FCC coke 0.75 0.047 53 1.07 6 2.7·10−5 FB TPO [97]c

char 0.47 0.067 65 9.00 425 3.3·10−4 TGA [42]d

ethylene soot 0.13 0.0019 88 0.00 105 7.1·10−3 TGA [173]
diesel soot 0.069 0.059 89 0.32 414 2.7·10−5 FB IO
carbon black 0.050 0.0087 95 0.30 30 3.3·10−4 FB IO [133]e

graphite 0.00 0.00 100 0.00 4 3.2·10−5 FB IO
graphite 0.00 0.00 100 0.00 10 3.2·10−5 FB TPO [174]
a molar values
b Most values calculated assuming the carbon to be composed of only C, H and O
c Typical composition from [175, 176]
d carbon composition from [177]
e carbon composition partly from personal communication with author
f [m2/g]
g [wt.%]
h [mol/m2/s]

carbon present, the observed differences between the behaviours of soot and graphite

could not be modelled by changing the surface area. This would affect all reactions,

and a smaller area would make both NO consumption and COx production less ef-

ficient. However, using different CO and/or CO2 production parameters (E2 = 190

kJ/mol , A2 = 4.00×104 s−1) as done in a previous study [88] allows us to reproduce

the lower reactivity of graphite whilst not altering NO consumption significantly

(lines in Figure 4.14). At the scale of modelling which we use here, it thus makes

sense to include chemical structure (i.e. arrangement of C atoms) in the intrinsic

reactivity (i.e. the kinetic parameters) of the examined carbon material.

The scope thus is to distinguish the oxidative parameters of carbons displaying dif-

fering crystallinities and surface chemistry. The idea is to characterise each carbon

in terms of a simple bulk parameter, such as routinely available elemental carbon

content. Considering the complex surface chemistry of this reaction, it is likely that

more than one reaction step will have to depend on carbon structure to be able to

predict rate and CO/CO2 product ratio over a large range of conditions. With this in

mind, E2 and E3 were estimated by comparing calculated and experimental CO and

CO2 profiles as well as mass consumption profiles for a number of carbon materials

(Table 4.4). Many of the experimental data were taken from literature, but compar-
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isons of the isothermal reactivity experiments of graphite and diesel soot performed

in this study, with the results of the numerical model are shown in Figures 4.15 and

4.16. The kinetic parameters with which the profiles in Figures 4.15-4.21 were simu-

lated are summarised in Figure 4.22. Adsorption parameters were not adjusted and

kept equal for all cases (E1=5 m3/mol/s, A1=45 kJ/mol). Note that the values of

the kinetic parameters for steps R2 and R3 of diesel soot oxidation by O2 used in this

section have slightly different values from those used in the rest of the manuscript

(E2 and E3 differ by less than 4% from the usual values). This is due to the use of

the pore evolution model in this section. This model has not been used in the rest

of the manuscript. Overall agreement is deemed to be quite good, especially for the

oxidation of graphite. This comes as no surprise, as graphite is a high-purity carbon.

The mechanism, which does not take into account interference by content such as

hydrogen, oxygen and mineral matter, is predictably most suited for the simulation

of high-purity carbons.

Another experiment with graphite from the literature is reproduced in Figure 4.17

and oxidation data of carbon black, which is also a very pure carbon material, is

shown in Figure 4.18. In Figure 4.19, the model is shown to be capable of predicting

TPO experiments of coke. Although CO2 concentration is overestimated somewhat

at 10 ◦C/min; this could most likely be dampened by adjusting reaction orders. Fits

for char and flame soot oxidation are shown in Figures 4.20 and 4.21.

The model accurately predicts CO/CO2 ratios for the examined materials. This re-

quired an extensive screening of literature to find carbon oxidation data containing

both CO and CO2 concentrations. Following the study of the oxidation of miscel-

laneous carbons, semiglobal activation energies E2 and E3 and the corresponding

pre-exponential factors A2 and A3, obtained by optimisation, are plotted in Figure

4.22. Activation energies for both CO and CO2 production steps increase with the

carbon’s C content (Figure 4.22a), which is to be expected, if C content is taken

to be a measure of the degree of crystallinity of the carbon. For all studied car-

bons, E2 > E3, as found by Hurt and Calo [38] for a similar kinetic mechanism.

The “effective activation energy” for the CO/CO2 ratio, E = ECO-ECO2
= E2-E3,

is compatible with the material-specific ranges found by Li and Brown [174]. Some
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Figure 4.15: Comparison of measured and calculated CO and CO2 mole fraction profiles
during IO of graphite with 10 % O2. Thick lines represent simulations and
thin lines experiments.
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scattering is found in the absolute values of A and E when reviewing different cases

of carbon oxidation in literature, which can probably be attributed to the nature of

the carbon [164, 170, 178, 179]. As can be seen in Figure 4.22a, E increases with

C content in a roughly linear fashion, predicting an increasing overlap between CO

and CO2 peaks for more graphitised materials, which is confirmed by inspection of

TPO profiles [174].

The behaviour of the natural logarithm of A, obtained by calibrating our semi-global

model with different carbons, is shown in Figure 4.22b. In some studies [156, 55, 56],

a negative slope was found for the correlation with parent coal C content in oxidation

[55] and a positive slope for steam gasification [56]. However, swelling and devolatil-

isation effects would have to be taken into account before extrapolating these results

to the derived char; it is therefore not necessarily surprising that the slope found in

the present study is positive in the greater part of the range. It is to be expected

that a correlation based on activation energies results in a clearer fit, as effects of

many factors, such as choice of the pore structure parameter ψ, of the reaction order

n, and of the different experimental conditions, are included in the pre-exponential

factors. Obviously, the uncertainty in the determination of C content is also reflected

in both these correlations. Overall, an increase of A2 and A3 is observed for more

graphitised carbons. The curvature observed for both ln(A2) and ln(A3) however,

makes a quadratic fit a better choice than a linear fit.



Chapter 4 119

0.000

0.001

0.002

0.003

0.004

0.00 0.20 0.40 0.60 0.80 1.00

Normalised remaining weight [mg]

R
a

te
 o

f 
o

x
id

a
ti

o
n

 [
m

g
/s

]

simulation - 850 °C

Mendiara et al. - 850 °C

simulation - 900 °C

Mendiara et al. - 900 °C

(a) Comparison of measured [133] and calculated (ψ = 0)
oxidation rate

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0.00 0.20 0.40 0.60 0.80 1.00

Normalised remaining weight [mg]

C
O

/C
O

2

simulation - 850 °C

Mendiara et al. - 850 °C

simulation - 900 °C

Mendiara et al. - 900 °C

(b) Comparison of measured [133] and calculated (ψ = 0)
CO/CO2 ratio

Figure 4.18: IOs of carbon black with 500 ppm O2 at 850 and 900 ◦C.



120 Chapter 4

0

20

40

60

80

100

120

140

400 500 600 700 800

Temperature [°C]

M
o

le
 f

ra
c
ti

o
n

 [
p

p
m

v
]

CO2 - Kanervo et al.
CO - Kanervo et al.
simulation CO - psi=0
simulation CO2 - psi=0

(a) TPO of coke with 2% O2 at 5 K/min

0

20

40

60

80

100

120

140

400 500 600 700 800

Temperature [°C]

M
o

le
 f

ra
c

ti
o

n
 [

p
p

m
v
]

CO2 - Kanervo et al.
CO - Kanervo et al.
simulation CO - psi=0
simulation CO2 - psi=0

(b) TPO of coke with 2% O2 at 10 K/min

Figure 4.19: Comparison of measured [97] and calculated (ψ = 0) CO and CO2 mole
fraction profiles



Chapter 4 121

0,0

0,2

0,4

0,6

0,8

1,0

0 3600 7200 10800

Time [s]

n
o

rm
a

li
s

e
d

 r
e
m

a
in

in
g

 m
a
s

s
 (

m
/m

0
)

600°C - Campbell
550°C - Campbell
450°C - Campbell
simulation 450°C - psi=2
550°C - FBx - psi=2
600°C - FBx - psi=2

Campbell et al.

(a) Normalised remaining carbon mass

0

500

1000

1500

2000

2500

3000

3500

0 3600 7200 10800

Time [s]

C
O

2
 m

o
le

 f
ra

c
ti

o
n

 [
p

p
m

v
]

600°C - CO2 - Campbell
550°C - CO2 - Campbell
450°C - CO2 - Campbell
simulation 550°C - CO2 - psi=2
450°C - CO2 - FBx- psi=2
600°C - CO2 - FBx - psi=2

Campbell et al.

(b) CO2 mole fraction

Figure 4.20: Comparison of measured [42] and calculated (ψ = 2) profiles during IO of
char with 6% O2



122 Chapter 4

0,0

0,2

0,4

0,6

0,8

1,0

0 1000 2000 3000 4000 5000 6000

Time [s]

n
o

rm
a
li

s
e

d
 r

e
m

a
in

in
g

 m
a
s

s
 (

m
/m

0
)

600 °C 873K - Du

545 °C 818 K - Du

480 °C 753 K - Du

simulation 753 K 

818 K - FBx

873 K - FBx

Du et al.

(a) Normalised remaining carbon mass

0,4

0,6

0,8

1,0

1,2

1,4

0 1000 2000 3000 4000 5000 6000

Time [s]

C
O

/C
O

2

600 °C 873K - Du
545 °C 818 K - Du
480 °C 753 K - Du
simulation 753 K
818 K - FBx
873 K - FBx

Du et al.

(b) CO/CO2 ratio

Figure 4.21: Comparison of measured [173] and calculated (ψ = 0) profiles during IOs of
ethylene soot with 21% O2



Chapter 4 123

y = 1,01x + 78,29

R
2
 = 0,97

y = 1,22x + 44,07

R
2
 = 0,95

100

110

120

130

140

150

160

170

180

45 55 65 75 85 95 105

C content [% mol]

E
 [

k
J
/m

o
l]

E2
E3
Linéaire (E2)
Linéaire (E3)

coke

char

ethylene 

soot

diesel

soot

graphite
linear fit E2

linear fit E3
carbon 

black
E2

E3

obtained by

calibration

(a) Activation energies of different carbons

7

8

9

10

11

12

13

14

15

16

17

45 55 65 75 85 95 105

C content [% mol]

ln
 A

ln A2

ln A3

polynomial fit ln A2

polynomial fit ln A3

lnA2 = -0,000842x² + 1,68x + 4,55

R²  = 0,46

lnA3 = -0,00175x² + 3,51x + 5,77

R² = 0,77

obtained by

calibration

(b) Pre-exponential factors of different carbons

Figure 4.22: Kinetic parameters for a range of carbons. In both figures, points represent
optimised values of the parameters for data from literature [174, 42, 97, 173]
and the experiments performed in this study. The lines are fits.

Sensitivity analyses were performed for a range of carbons under various operating

conditions. An example is shown in Figure 4.23. The normalised sensitivity coef-

ficients of peak concentrations as well as concentrations at 30 and 60% of carbon

conversion are not surprising. As expected, the adsorption step R1 has not much

influence, with a maximum of 0.4 in Figure 4.23d. Further, CO concentrations are

sensitive to the CO formation step, R2, and CO2 concentrations to the CO2 for-

mation step, R3. Only in the final stages of the reaction (conversion=90%) do the

concentrations become more sensitive to the competing reactions, i.e., CO to R3
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Figure 4.23: Normalised sensitivity coefficients (sj,i) of CO and CO2 mole fractions dur-
ing IO of graphite (773 K, 10% O2)

and CO2 to R2. This presumably reflects the intensified competition for C* sites

as progressively fewer of these sites are available. In fact, at an advanced stage of

reaction, the rates r2 and r3 can be shown analytically to be dependent on k3 and

k2 respectively, whereas the same is not true at low reaction progress (t ≈ 0 s). In

a similar manner, R1, or adsorption, also becomes more important as availability of

C* decreases. CO and CO2 peak concentrations (Figure 4.23a) are also fairly sensi-

tive to the adsorption step R1 in this isothermal case, with sCO,R1=0.43. However,

although for profiles in TPO (e.g. Figure 4.19), peak concentrations are not strongly

affected (sCO,R1=-0.07), the location of CO and CO2 peaks was shown to be quite

sensitive to adsorption.

Using the relationships in Figure 4.22 to calculate material-specific kinetic param-

eters, the proposed model takes into account the nature of the carbon. Resulting
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simulations are shown in Figure 4.24. As can be seen in Figure 4.24a, the quadratic

dependency of the lnA has an interesting effect on the predicted CO/CO2 ratio.

Product concentrations exhibit non monotonic behaviour with a maximum or mini-

mum at a certain degree of structural order of the carbon (ca. 80% C). The model

also anticipates a shift in temperature of highest CO and CO2 production, due to

the increasing activation energies. With the proposed model, some insight into the

state of the reactive carbon surface during oxidation can be gained (Figure 4.24b).

Formation of C(O) does not vary, as adsorption of O2 onto the C surface was chosen

to be described independently of carbon nature. In the zone of product forma-

tion (400-800◦C), all carbon sites have already reacted and nearly the whole surface

is therefore covered by the intermediate complex C(O). Reaction of C(O) to form

gaseous products starts earlier with less graphitised carbons. Difference in global

reactivity is therefore seen as a difference in reactivity of the C(O) complex in this

semi-global model, a view which has some physical significance. In fact, the type

of surface complex formed, differs according to the carbon concerned, an occurrence

which is sometimes described by one single complex C(O) possessing a distribution

of activation energies [41, 4, 42].

It is well established that reactivity depends on carbon structure. For example,

Radovic et al. [160] and Laine et al. [170] correlate severity of heat treatment and

carbon nature with ASA and with a global rate constant. Elemental composition is

also correlated with reactivity. For instance, Niksa et al. and Hurt [55, 56, 180, 156]

correlate semi-global pre-exponential factors of char combustion and gasification with

carbon content of the parent fuel. Hurt [180, 156] proposes the idea of using H/C

or O/C ratios to model differing char reactivities. Some studies correlate carbon

content and reactivity [181, 182]. Similarly, it is known that chars exhibit increasing

reactivity with CO2 with decreasing rank of parent coal [183]. The present study

considers carbon reactivity to be constant throughout the course of the oxidation,

but it is known that thermal annealing (densification of the carbon structure and loss

of H atoms) leads to a decrease in reactivity [184]. Predictive tools of this process

already exist. For instance, Senneca et al. [185, 186] present a kinetic submodel

in which active sites become annealed sites according to the Arrhenius law. The

concept developed in this study could be further developed by representing thermal
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annealing with carbon hydrogen or carbon content as an indicator. Other authors

define reactivity indices such as critical temperature value or the char burning rate

at a standard reference temperature and find an empirical correlation between these

and the parent fuel’s C content [187, 180, 188, 189, 190]. Chan et al. [181] find that

intrinsic reactivity of coal chars overall decreases with parent fuel carbon content,

but no attempt was made to establish an analytical correlation. Specific surface area

and porosity have also been found to correlate negatively with parent fuel carbon

content [188, 191, 180]. Global activation energies are known to depend on structural

order [147, 192]. The increasing activation energies in Figure 4.22a are representa-

tive of progressively more graphitised materials. High C content is used here to

distinguish more crystalline materials. This somewhat simplified representation may

be justified in the context of lumped, semi-global descriptions. Carbon content has

certainly been shown to be an easily obtainable input parameter for a model capable

of predicting oxidative behaviour of a wide range of carbons.

4.8 Conclusions

Mechanistic parameters for the oxidation of soot by O2, NO, NO2 and NO + O2 were

estimated by fitting calculated to measured NO, NO2, N2, CO and CO2 concentra-

tions. The mechanism contains five lumped surface species and thirteen reaction

steps. It allows major trends of soot oxidation, such as NO, NO2, N2, CO and CO2

selectivity and global reaction rates to be predicted. The principal shortcoming is

its underestimation of low temperature CO formation under NO and NO2; it shows

that even in a lumped-species model, at least two CO-forming surface species are

required. On exposure of soot to NO2, NO is produced immediately because the

lumped surface species C*(NO2) is not stable. Below 600 ◦C, the reaction with NO2

is controlled by the formation of the C*(ONO2) complex, and above 600 ◦C NO2

adsorption/desorption becomes rate determining. Under NO however, the oxidation

of soot is limited by the NO adsorption/desorption steps at all temperatures; it is for

this reason that it is less reactive than NO2. The oxidation of soot by NO is enhanced

by the addition of O2 because the increased number of C*(O) on the surface affects

the competition for C*(NO): it preferentially reacts with C*(O), eventually forming
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C*(ONO2), but in lack of C*(O) the prevailing step is the splitting of C*(NO) into

C*(O) and C*(N). Consequently the latter goes on to form N2 in significant quanti-

ties only under NO, but not when O2 or NO2 are present. Experiments with soot and

graphite show that BET surface area impacts on CO and CO2 formation, but not

on NO chemisorption. These unalike effects can be modelled by applying different

CO and CO2 formation parameters, but, with the current model formulation, not by

using different reactive surface areas.

Different kinetic parameters for the oxidation of different types of carbons by O2

were also estimated. The model is capable of describing traits of oxidation, such

as CO-CO2 selectivity and global reactivity (temperature shift in TPO), depending

on the nature of the carbon, despite the widely differing crystallinities and surface

chemistry of the materials. This material-specific behaviour is reproduced by char-

acterising each carbon in terms of routinely available elemental carbon content. The

values of kj for each material enclose intrinsic reactivity effects due to the degree of

crystallinity, as well as information on the surface chemistry (RSA/TSA ratio). De-

spite its simplicity, it is able to predict the differing reactivities and CO/CO2 ratios

of diverse carbon materials over a range of different temperatures and temperature

ramps due to the behaviour of the surface complex C(O). The results suggest that

increasing activation energies can be used to model carbons with an increasing car-

bon content.
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Interaction of

Platinum/Ceria-Zirconia Catalysts

With O2, NO and NO2

Abstract

Dans ce chapitre on analyse la cinétique de l’oxydation et du stockage des NOx

sur Pt/Al2O3, CexZr1−xO2 et Pt/CeO2. Un schéma detaillé impliquant des in-

termédiaires de surface tels les nitrites et nitrates a été proposé pour décrire l’interaction

entre NO, O2 et la cérine zircone. Les paramètres correspondants ont été évalués par

comparaison avec des expériences d’oxydation, adsorption et desorption issues de la

littérature récente. Des tendances importantes du comportement des cérine zircones

(x = 0 − 0.84), du platine et de Pt/CeO2 ont été reproduites avec succès dans une

large gamme de températures. Il est confirmé que la teneur en zirconium réduit la

capacité d’oxydation de NO. Le stockage des NOx est décrit par l’accumulation de ni-

trates sur la surface de l’oxyde (CexZr1−xO2). Les processus d’oxydation et de stock-

age sur Pt/CeO2 peuvent dans certains cas être simulés en utilisant les paramètres

evalués séparément pour Pt et Ce. Bien que l’oxydation soit surtout affectée par Pt,

des nitrates sont stockés sur CeO2, et ce stockage est plus efficace dans le cas de

mélanges NO+O2 que sous NO2. À nombre de sites actifs identique, le stockage de

NOx sur Pt/CeO2 est moins efficace que sur Pt/BaO/Al2O3.

129
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⋆

The kinetics of NOx oxidation and storage were studied over Pt/Al2O3, CexZr1−xO2

and Pt/CeO2. A detailed kinetic mechanism involving lumped nitrate and nitrite

species was proposed for the interaction of NOx and O2 with ceria(-zirconia) and its

parameters estimated using oxidation and adsorption/desorption experiments. Im-

portant trends in the behaviour of ceria-zirconia catalysts (x = 0 − 0.84), platinum

and Pt/CeO2 were reproduced over a wide range of temperatures. Thus zirconium

affects redox behaviour of the oxide, ultimately decreasing its ability to oxidise NO

to NO2. NOx storage is described via the accumulation of nitrates on the oxide

surface. In some cases oxidation and storage over Pt/CeO2 can be reproduced by

fitting ceria and platinum-related parameters separately. While oxidation behaviour

is mainly dictated by Pt, nitrate storage occurs on CeO2 and is shown to be more

efficient under a NO+O2 flow than NO2. However when considering an equal number

of active sites, Pt/CeO2 stores NOx less efficiently than Pt/BaO/Al2O3.

5.1 Background

The oxidation of NO to NO2 is crucial in a number of exhaust gas treatment pro-

cesses. These include NOx removal with LNTs [193] and the oxidation of soot in

catalysed diesel particulate filters (DPFs) [1, 43]. The NOx storage-reduction (NSR)

catalysts used in LNTs typically contain noble metals for NOx oxidation and reduc-

tion and alkali/alkali earth metal compounds for NOx storage [193]. The use of CeO2

and CeO2-ZrO2 mixed oxides as either storage component or support is common in

DPFs [43, 194, 195, 196], LNTs [197, 195, 196] and in three-way catalysts because

of the oxides’ oxygen storage capacity [71]. These applications mostly see ceria(-

zirconia) as a part of composite catalyst formulations and few articles investigate

the NSR behaviour of these oxides on their own. The NOx trapping performance

of the storage component is generally assumed to occur in the form of sorbed ni-
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trites or nitrates on its basic adsorption sites [193]. The common NSR catalyst

Pt/BaO/Al2O3 is known to adsorb NO2 more efficiently than NO [87, 198] and in

this case the oxidation of NO to NO2 prior to the storage phase is a definite advan-

tage. While with Pt/BaO/Al2O3, NO oxidation takes place mainly over Pt, CeO2

has been shown to be an “active” support, capable of acting as an oxidation catalyst

itself [199]. Dispersed Pt particles on ceria-zirconia are known to resist ageing better

than the common Pt/BaO/Al2O3 [200]. Most studies employ complex gas flows; few

investigate the role and especially the kinetics of NOx oxidation/storage in simpler

systems such as Pt/CeO2 and Pt/CeO2-ZrO2 under O2/NO/NO2 streams [201, 199].

Although many data obtained by first principles calculations [202, 203, 204] help

understand the reaction mechanism, most of these cannot be directly employed in

mean-field kinetic models because they are sensitive to the structure of the crystal

lattice and site heterogeneity in general, and these aspects are not taken into account

in our kinetic approach. Overall, the role of ceria in NSR remains controversial [193].

While some studies [205, 206] demonstrate that NOx storage benefits from the ad-

dition of ceria to Ba-based NSR catalysts, others [207] observe no noticeable effect.

In order to fully understand the complex mechanism of exhaust gas catalysis, it is

appropriate to study all the involved phenomena separately. Therefore the present

paper deals with NO/O2 and NO2 gas feeds only. Parameters pertaining to these

different experimental gas feeds are determined separately. These values are deter-

mined by fitting model equations to data of temperature-programmed experiments,

a technique which is well known [62, 208]. Based on data from literature, this study

aims to elucidate the kinetics of NO oxidation in a simple gas flow over CeO2 and

CeO2-ZrO2, and model the main NOx-oxidation-storage trends over a Pt/CeO2-ZrO2

NSR catalyst.

5.2 Surface Chemistry Model

Minor species such as N2 and N2O were not included in the mechanism. Apart from

the two Ce-O surface species, the mechanism involves two kinds of Ce-N and Pt-N

as well as one Pt-O surface species, all of which are lumped representations of inter-

mediates which may be observed experimentally.
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Table 5.1: Surface reaction mechanism of the interaction of NOx and O2 with ceria and
platinum

Reactions on support
R11: 2 Ce + O2 → 2 Ce-O
R12: 2 Ce-O → 2 Ce + O2

R13: Ce + NO2 → Ce-NO2

R14: Ce-NO2 → Ce + NO2

R15: Ce-NO2 → Ce-O + NO
R16: Ce-O + NO → Ce-NO2

R17: Ce-NO2 + Ce-O → Ce-NO3 + Ce
R18: Ce + Ce-NO3 → Ce-NO2 + Ce-O
Reactions on platinum
R19: 2 Pt + O2 → 2 Pt-O
R20: 2 Pt-O → 2 Pt + O2

R21: Pt + NO → Pt-NO
R22: Pt-NO → Pt + NO
R23: Pt-NO + Pt-O → Pt-NO2 + Pt
R24: Pt-NO2 + Pt → Pt-NO + Pt-O
R25: Pt + NO2 → Pt-NO2

R26: Pt-NO2 → Pt + NO2
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Reactions R11 - R18 are elementary steps proposed to describe the global reaction

2NO + O2 ⇋ 2 NO2. Pre-exponential factors are given in the compatible units (using

cm, mol and s), making it possible to readily implement the scheme in the Chemkin

code [111] too. The mechanism for CeO2 (Reactions R11 - R18) was proposed and

optimised as explained in Section 5.3. A choice was made to employ the same surface

mechanism to describe the behaviour of both CeO2 and a range of CeO2-ZrO2 mixed

oxides (CexZr1−xO2). Since the reducibility of CexZr1−xO2 is strongly dependent on

the Zr content of the material [209, 210], the kinetic parameters of R12 were ad-

justed to reproduce differing NO oxidation activity of CexZr1−xO2. The mechanism

involving Pt (Reactions R19-R26) was proposed in a previous study [87]. Kinetic

parameters have however been optimised during the course of the present study.

The current approach also differs from the previous study in that kinetic backward

constants are fitted to experimental data at high temperature to ensure the reaction

reaches equilibrium consistently with thermodynamics.

5.3 Kinetics of NO Oxidation and Storage over

CeO2

Experiments simulated in Sections 5.3, 5.4 and 5.5 are listed in Table 5.2. The pa-

rameters obtained by calibration of the model or taken from literature are given in

Table 5.3. Generally speaking, models in automotive catalysis are only reliable for

the exact catalyst on which they have been tested [211]. Therefore our aim was

to identify lumped reaction intermediates and reaction steps which are character-

istic of the class of CexZr1−xO2 catalysts as a whole. These features should not

be dependent on the precise conditions of synthesis and storage of the catalyst be-

fore the experiment. For instance, the lumped species Ce-NO2, Ce-NO3, Ce and

Ce-O were proposed because an extensive survey of the relevant literature showed

that surface nitrates and nitrites, Ce4+ and Ce3+ and their interactions have been

identified in measurements from several different sources. Since ceria catalysts are

very complex, these species do not represent actual physically measurable species,

but rather enclose a number of such measurable species. We tried to minimise the

possibility of non-unique sets of values by fitting the same parameters with several
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Table 5.2: Experiments used for model validation

Catalyst xNO xO2 Temperature Figure Type Ref
Ce1.0Zr0.0O2 0 10−3; 10−5 1200 ◦C; 1725 ◦C n/ad n/a [212]a

CexZr1−xO2
b 0.0005 0.05 10◦C/min 5.1,5.4 TPO [82]

CexZr1−xO2
c 0 0 10◦C/min 5.2,5.6 TPDe [82]

7.7 wt % Pt/Al2O3 0 0 40◦C/min 5.7 TPDf [86]
2.3 wt % Pt/Al2O3 0.0006 0.08 5◦C/min 5.8 TPO [86]
a The model was compatible with the phase diagram in [212]
b Values of x were 1, 0.76, 0.56, 0.36 and 0.16
c Values of x were 1 and 0.76
d Not applicable
e After adsorption of 200 ppm NO + 5% O2 at 350 ◦C
f After adsorption of 2% O2 at 400 ◦C

experimental profiles. For ceria, thirteen parameters were estimated by fitting to

three experimental curves and the overall thermodynamic NO-O2 equilibrium had to

be respected. In addition, a qualitative criterion was for the appearance of surface

species to correspond to temperature ranges known from literature. Once the pa-

rameters had been estimated, the parameter correlation matrix was evaluated, and

the majority of correlation coefficients are smaller than 0.7. Notably, A and Ea for

a given reaction are not highly correlated, whereas all the αθ (dependence of Ea on

coverage)) are more than 70% correlated with other parameters. A7-E7 and A8-E8

correlation coefficients are however significant, which comes as no surprise because

these are surface reactions, with no measured concentration directly used in fitting.

In this section, the values obtained during calibration of the mechanism R11-R18 for

the catalytic behaviour of CeO2 are presented and discussed with reference to the

current literature. When treated in a reducing atmosphere at high temperatures,

CeO2 is known to form a continuum of oxygen deficient, non-stoichiometric CeO2−x

oxides (0 < x ≤ 0.5) [209]. The couple Ce3+-Ce4+ exhibits redox behaviour [71], but

at room temperature and high partial pressures of oxygen (> 10−5 bar) the affinity

of ceria for oxygen is considerable [212]. Oxygen vacancies are thus filled by oxygen

from the gas-phase [71, 213] and ceria is quasi exclusively present as fully oxidised

CeO2. This ready oxidation behaviour has been represented through reactions R11

and R12 by calibrating A12. It is here seen as the only interaction of ceria with O2



Chapter 5 135

Table 5.3: Parameters for the surface reaction mechanism

CeO2 Aj [cm,s,mol] or S0,j Ej [kJ/mol] Ref
R11 0.75 0.00 [214]
R12 5.00× 1012 100 [214, 212]
R13 1.00× 10−4 0 tsa

R14 2.00× 1012 175 ts
R15 5.00× 1016 158-190 θCe−NO2

+80 θCe4+−O ts
R16 1.00× 10−8 0 ts
R17 1.00× 1014 87 ts
R18 1.00× 1015 50 ts
Pt Aj [cm,s,mol] or S0,j Ej [kJ/mol] Ref
R19 0.03 0 [86]
R20 4.00× 1027 232-35 θPt−O ts
R21 0.85 0 [86]
R22 5.00× 1015 130 ts
R23 1.00× 1021 115 ts
R24 7.00× 1017 70 ts
R25 0.97 0 [86]
R26 7.00× 1011 88 ts
a this study

and therefore encloses the effects of adsorbed surface species such as peroxides and

superoxides [71]. S0,11 and E12 were kept constant at the values given in [214] and E12

was compatible with the enthalpy values given in [215, 216] (see Section 5.4). The

resulting value of A12 was used for all operating conditions, extrapolating its validity

to partial pressures of O2 higher than 10−3 bar. Note that atomic O/Ce ratios were

within 3% of the experimental values [212] at 1200 and 1725 ◦C at pressures of 10−3

and 10−5 bar.

Atribak et al. [82] published results from a 10◦C/min temperature-programmed oxi-

dation (TPO) experiment of ceria in presence of 500 ppm NO + 5% O2 and a gas flow

rate of 500 N cm3/min. The same publication also contains data from a temperature-

programmed desorption (TPD) experiment under an inert gas at 10◦C/min, starting

from 350◦C. The TPDs were preceded by an adsorption phase under 200 ppm NO

+ 5% O2 at 350 ◦C. Both experiments were simulated using the surface area of 64
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Figure 5.1: Predictions of NOx content, NRMSD=8.80% (a) and surface intermediates
(b) during TPO of CeO2 in presence of NO and O2. Experimental data from
[82]

m2 measured by Atribak et al. Maintaining the parameters already derived for R11

and R12, rate parameters for R13-R18 were calibrated by simulating these two ex-

periments. Simulation results are shown in Figures 5.1 and 5.2 and the normalised

root mean square deviation (NRMSD) for the fit is 8.80%. It is known that surface

nitrites result from the interaction of NO and NO2 with ceria [209, 82], as described

by R13 and R16. These reactions are in agreement with DFT studies [203, 204].

In accordance with the finding from DRIFTS data that the main pathway leading

to surface nitrates is the surface oxidation of nitrites [82], the couple R17-R18 was

proposed. Nitrites are readily converted into nitrates [82], resulting in the low value

of E17. Since ceria has been shown to adsorb little NO at room temperature [71],

the very low value employed for the sticking coefficient S0,16 seems reasonable. The

dependence of NO oxidation on surface coverage by various ad-NOx species [82] is

here represented by the θ-dependent value of E15.

Given the larger rate constant of nitrite production (k13 > k17) at T < 200 ◦C, ni-

trites are initially formed, and transformed into nitrates starting from 200◦C (Figure

5.1b). This is consistent with the fact, pointed out by Atribak et al., that nitrates are

in general more stable than nitrites. The transformation is however reversed later
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on, as nitrates are changed back into nitrites to subsequently form NO and NO2. As

can be seen later on (in Section 5.4, Figure 5.5), the typical twin-peaked NO profile

of ceria [201] can be produced with the proposed model; this is also further discussed

in Section 5.6 (Figure 5.9b).

Like during TPO, a nitrite peak is also formed during desorption at 350 ◦C (Figure

5.2b). The tendencies of NO and NO2 desorption are fairly well reproduced in Fig-

ure 5.2a. Measured curves indicate an immediate production of NO2 upon exposure,

whereas NO formation becomes significant only a little later, at around 370 ◦C. This

trend is reproduced by the mechanistic parameters in Table 5.3. An analysis of the

simulated rates of production shows that this characteristic of TPD is achieved by

an increased activity of R12 due to the absence of O2. Simulations show significant

production of O2 by R12 during TPD, a behaviour which is confirmed by experi-

mental observations [82]. Consequently, more Ce is formed, which in turn causes an

immediate transformation of nitrates into nitrites (R18) and therefore NO2 produc-

tion (R14). The model overestimates NO2 desorption somewhat between 360 and

400 ◦C, with the effect that NO formation is underestimated above 400 ◦C. DRIFTS

spectra show that several ad-NO species, for e.g. hyponitrites, nitrites and bidentate

nitrates, contribute to NOx formation below 350 ◦C [217, 218]. In our mechanism,

these are all represented by Ce-NO2, the only NOx-forming species. The parameters

were fitted to optimise NO2 formation in TPOs, but this meant compromising on the

quality of the TPD fit. We presume that another intermediate species, reactive be-

low 350 ◦C, would allow for a better fit of TPDs. For the simulations in Figure 5.2a,

ad-NOx species at the start of TPD are presumed to be those stable at 350 ◦C, which

according to a simulation of the adsorption process correspond to θCe−NO2
= 0.0005

and θCe−NO3
= 0.0160. The desorption of these species yields NO2 first and then NO

at higher temperatures as k14 > k15.

The surface nitrite, Ce-NO2, is clearly an important intermediate species. It is in-

volved directly in all reactions other than R11 and R12. The two products, NO and

NO2, are only produced directly from Ce-NO2. There is thus a competition between

R14, R15 and R17, who in parallel convert Ce-NO2 into NO2, NO and Ce-NO3, re-

spectively. An analysis of the normalised rates of Ce-NO2 production/consumption
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Figure 5.2: Predictions of NOx content, NRMSDNO=23.44%, NRMSDNO2
=32.62% (a)

and surface intermediates (b) during TPD of CeO2 under an inert flow of
gas. Experimental data from [82]
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was performed in Atribak’s TPO conditions under 500 ppm NO + 5% O2; the results

are shown in Figure 5.3a. This allows us to explain how the mechanism is able to

reproduce certain particularities of CeO2. Up to 110 ◦C, it is loaded with both ni-

trites and nitrates via R17 and R16. At 200 ◦C, a second nitrate storage phase (R17)

begins, until R18 becomes more important due to a higher temperature (300 ◦C).

Nitrates are then transformed back into nitrites. Above 300 ◦C then, the nitrites are

left with only two parallel paths (R14 and R15). The importance of R14 reaches a

peak at around 500 ◦C; up to this temperature R14 produces NO2, but here thermo-

dynamics takes over and R15 becomes dominant once again, in equilibrium with its

reverse reaction R16. During the course of the experiment, R17 (nitrate formation)

and then R14 (formation of NO2) momentarily outcompete R15, this results in the

two peaks of NO production often observed experimentally (see also Fig. 5.5). In

Figure 5.3b, the analysis was extended to a hypothetical case with the same condi-

tions as in Figure 5.3a, but using 500 ppm of NO2 as reactive gas instead. In this

case there is a single extended phase of nitrate storage (R17) until 300 ◦C and no

formation of NO via R15 below 300 ◦C. As under NO + O2, Ce-NO2 is successively

transformed, first into nitrates (R17) until 400 ◦C, then into NO2 (R14) until 450
◦C and finally into NO (R15). In conclusion, the major difference between the two

cases can be seen firstly at low temperatures, under 300 ◦C, where an analysis of

R11 and R12 indicates that their net rate produces Ce-O in the first case, but Ce

in the second case. The absolute value of nitrate storage rate by R17 (r17) then is

significantly smaller than in the first case. Secondly, the shape of the rate of R17

is different in the two cases, and in particular the monotonically increasing rate in

Fig. 5.3b prevents the formation of a second peak of NO. Overall, the model predicts

better NOx storage on ceria under NO + O2, which is confirmed later on (Section

5.6). Furthermore, in this kinetic model the typical double-peak profile of NO over

ceria results from a competition between R14, R15 and R17, all of which are fuelled

by nitrites.
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Figure 5.3: Normalised rates of production/consumption of Ce-NO2 by R13-R18 during
simulation of the TPO of a) CeO2 with NO+O2, b) CeO2 with NO2 and c)
Ce0.56Zr0.44O2 with NO+O2.
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Table 5.4: Kinetic Parameters for CexZr1−xO2

% Zr x A12 [cm,s,mol] E12 [kJ/mol]
0 1.00 5.00× 1012 100
24 0.76 4.00× 109 62.5
44 0.56 2.00× 109 62.5
64 0.36 5.00× 108 62.5
84 0.16 2.00× 107 62.5

5.4 Kinetics of NO Oxidation and Storage over

CexZr1−xO2

In this section, the results of a generalisation of the mechanism R11-R18, in order to

employ it for the simulation of a series of ceria-zirconia mixed oxides, are presented.

In accordance with the fact that the redox behaviour of CexZr1−xO2 is dependent

on Zr content, the kinetic parameters A12 and E12 were adjusted to reproduce dif-

fering behaviours in CexZr1−xO2 (Figure 5.4). Whereas oxidation enthalpy does not

seem to vary much amongst different ceria-zirconia oxides (on average −∆H = 500

kJ/mol O2 for 0.14 < x < 0.81), reduction of pure CeO2 is comparatively difficult

with approximately −∆H=800 kJ/mol O2 [215, 216]. Since these values apply to the

fluorite-structured crystalline oxides, they are divided by eight to obtain activation

energies for the single site represented in reaction R12: E12=100 kJ/mol O2 for pure

CeO2, as already proposed in the literature [214] and E12=62.5 kJ/mol O2 for mixed

oxides. In agreement with average oxidation entropies of the mixed oxides taken

from Zhou et al. [215], the proposed values of A12 decrease exponentially with Zr

content. These values are summarised in Table 5.4.

Since the present mechanism was shown to perform well over a wide range of operat-

ing conditions, we saw it fit to perform a parametric study of Zr content. Like pure

ceria, mixed oxides are expected to adsorb NO and form Ce-NO2 to then oxidise it to

Ce-NO3 with increasing temperature [219]. As already mentioned in Chapter 3, this

study focuses on kinetics, while structural aspects are described in a global manner,

by an active surface. All CexZr1−xO2 were presumed to have the same surface area
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and site density, a choice made on the consideration that BET surface area played a

minor role in the NO oxidation experiments [82]. With progressively higher Zr con-

tent, A12 decreases and R13 becomes less efficient, ultimately leading to the loss in

catalytic activity experimentally observed by Atribak et al. NO conversion peaks are

adequately reproduced in Figure 5.4a with NRMSDs of 8.80%, 10.09%, 11.16% and

8.25% for 0, 24, 44 and 64 % Zr, respectively. At higher Zr contents, low temperature

behaviour is predicted less accurately (NRMSD84%Zr=42.84 %), presumably because

the type of nitrate formed on the CexZr1−xO2 surface is also affected by Zr-doping.

Azambre et al. [217] find that nitrates are more stable on Zr-rich oxides (x ≤0.5).

Implementation of such a less reactive nitrate (either by rendering R18 less efficient,

or by actually adding another nitrate species), would allow us to shift the peak in

Figure 5.4(a) to 500 ◦C as observed experimentally for Ce0.16Zr0.84O2. It can be seen

in Figure 5.4b, that although a change in Zr content has practically no effect on the

evolution of surface nitrites, the nitrate storage phase is prolonged.

The impact of Zr content is further investigated by an analysis of normalised rates of

production of Ce-NO2. From Figure 5.3c it can be seen that the major difference be-

tween pure ceria (Fig. 5.3a) and a mixed oxide is the peak height/ shape of R18 and

R14, which results in a higher second peak of NO production (R15); NO conversion

is therefore less efficient as the experimental data in Figure 5.4 shows. The cause

of this change in behaviour with addition of Zr is in fact the decrease of A12, which

leads to a diminished presence of Ce; this in turn affects R13 and R18. The latter’s

production of Ce-NO2 consequently slows down as observed in Figure 5.3c. As a re-

sult, Ce-NO3 is also consumed more slowly by R18, which explains the longer storage

phase observed in Figure 5.4b. Atribak et al. also performed TPD for Ce0.24Zr0.76O2.

The directions of the changes are reproduced by the model (Figure 5.6), although

the predicted extent of change is somewhat smaller. As for the TPD of pure CeO2

(Figure 5.2, shown again for comparison in Figure 5.6), NO is overpredicted for 24%

Zr (NRMSD=33.78%). NO2 however is underpredicted (NRMSD=24.10%). This is

even more marked for mixed oxides with more Zr, and as in the case of the NO-TPO

over Ce0.16Zr0.84O2, we can presume that Zr-doping affects nitrate stability and that

this must necessarily be taken into account to correctly predict TPD behaviour for

84% Zr and above. In summary, simulations using the kinetic parameters derived
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Figure 5.4: Simulated and experimental [82] values of NO conversion (a) and simulated
evolution of surface intermediates (b) during TPO of CexZr1−xO2 in presence
of NO and O2.
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Figure 5.5: Predictions of NO content during TPO of CexZr1−xO2 in presence of NO and
O2. Feed: 500 ppm NO + 5 % O2.

during the course of this study are in agreement with catalytic experiments from

disparate sources. The model is in particular capable of correctly predicting NO ox-

idation behaviour of various ceria-zirconia mixed oxides (%Zr ≤ 64%) over a range

of temperatures and adsorption/TPD behaviour over CeO2.

5.5 Kinetics of NO Oxidation over Pt/Al2O3

Details on the mechanism R19-R26 are provided in [87]. The updated parameters

are shown in Table 5.3. The interaction of Pt with O2 (R19-R20) was modelled

on the TPD performed by Olsson et al. [86] and the resulting fit shown in Figure

5.7. O2 evolution in the gaseous phase is adequately reproduced, as is the profile

of surface oxygen modelled by the authors of the original article. R21-R26 were

calibrated using the experimental NO and NO2 values in Figure 5.8. Overall, the

fit is reasonable, although the low-temperature reactivity is underestimated. Other

studies also indicate that reactions R19-R26 allow for prediction of the overall trend,

but are not sufficient to reproduce activity below 200 ◦C [220, 86]. Note that the

Pt/Al2O3 surface displays a peak of Pt-NO between 150 and 250 ◦C, but NOx storage

on Pt remains negligible (θPt−NO2
< 0.05 between 0 and 500 ◦C) in comparison to

ceria-zirconia.
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Figure 5.6: Predictions of NOx content during TPD of CexZr1−xO2 under an inert flow
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=24.10%. Experimental
data from [82].
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5.6 NO Oxidation and Storage over Pt/CeO2

The feasibility of coupling reaction mechanisms for CeO2 (R11-R18) and Pt/Al2O3

(R19-R26) in order to simulate Pt/CeO2 or Pt/CeO2/Al2O3 was studied. To our

knowledge, the only study which reports on the catalytic activity of Pt/CeO2 for

oxidation of NO in a gas flow containing NO and O2 alone, is an article by Benard et

al. [207]. The authors of the study carried out experiments in the same conditions

for both Pt/CeO2 (Cat1) and Pt/Al2O3 (Cat2). Both experiments were simulated

and are shown in Figure 5.9a. The surface areas of CeO2 and Pt resulting from the

calculation are 3.5 m2 and 1.72 · 10−4 m2 (Cat1 and Cat2) respectively. The latter

corresponds to a dispersion of 0.03 % calculated using the area of one Pt site (8.00

· 10−20 m2/atom from [86]) and a weight fraction of 1 % Pt as measured by Benard

et al. Since a typical Pt dispersion on ceria is about 20% [221, 207], it must be pre-

sumed that all of the surface area of the 200 mg of catalyst used in the experiment

was not accessible. The fits in Figure 5.9a are reasonable, considering that the kinetic

parameters used for the simulation were derived from experiments in very different

operating conditions and featuring differently synthesised catalysts. Position in tem-

perature is not altogether correctly simulated, but peak shapes and heights are fairly

well reproduced, as well as the fact that the major difference between Pt/Al2O3 and



148 Chapter 5

Pt/CeO2 in NO oxidation is a very slight temperature shift [222, 207]. Note that

the slight double peak for Cat2 is not always seen to be a characteristic of NO ox-

idation over this catalyst (e.g. [86]). Clearly, reactivity between 100 and 200 ◦C is

again underpredicted as it was for Pt/Al2O3 in this and other studies. In particular,

the “wavy” shape of the ascending slope for Cat1 is captured. As found in Section

5.3, this profile (also observed in Figures 5.5 and 5.9b) arises because Ce-NO2 is

successively channelled into nitrates and NO2, leaving fewer nitrites as an input for

NO production at 350 and 450 ◦C circa. The shape of the “wavy” NO profile is

attenuated by the presence of Pt. Overall, NO oxidation over Pt/CeO2 differs very

little from that over Pt/Al2O3 and the advantage of ceria appears to be mainly its

storage capacity.
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Figure 5.9: Predicted and experimental curves for the oxidation of 1000 ppm NO in
20% O2 over Pt/CeO2 (NRMSD=20.94%) and Pt/Al2O3 (NRMSD=34.40%).
Experimental data from [207].

Results from an NO oxidation experiment over Pt/Ce0.73Zr0.27O2 performed in this

study are shown in Figure 5.10. NO conversion and NO2 production commence im-

mediately at room temperature. This is interesting considering that NO conversion

over the Pt/CeO2 catalyst in Figure 5.9 starts much later, around 160 ◦C. Similarly,

pure ceria, ceria zirconia or Pt/Al2O3 cause NO conversion to start around 300 or

150 ◦C respectively, in the conditions of Figures 5.4a and 5.8. No further measure-
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ments of NO conversion or NO2 formation over Pt/CeO2 or Pt/CeZrO2 could be

found in the literature for direct comparison. However, strong synergies are often

known to exist between platinum and ceria-based supports, modifying chemisorp-

tion and catalytic properties of the metal, although this varies greatly according

to the reaction conditions [223, 224]. Pure ceria improves dispersion of supported

metals and forms intermetallic cation-CeO2 compounds under oxidising conditions

[209, 225, 226]. Some other studies do not find any synergies between noble metal

and ceria-based supports [222, 207], but further experiments would be necessary to

determine whether formation of Pt2+ species or the introduction of Zr lead to the

improved NO adsorption in our conditions. The parameters estimated from the ex-

periments in previous sections underestimate activity below 300 ◦C (Fig. 5.10), and

one can surmise that this low-temperature reactivity might be improved by adding

a further, more reactive, surface species to the mechanism. Alternatively, in some

reaction systems, ceria has been proposed to enhance the catalytic activity of Pt by

storing oxygen spilt-over from Pt onto CeO2 [79]. It has also been shown that oxygen

spills over from Pt to ceria during catalytic soot oxidation under NO+O2 [78]. An-

other way to model the low temperature activity of Pt/CexZr1−xO2 catalysts might

therefore be the inclusion of such a spillover step in the mechanism.
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Figure 5.10: Predicted (solid lines) and experimental (symbols) curves for the oxidation
of 200 ppm NO in 10% O2 over Pt/Ce0.73Zr0.27O2.

Storage behaviour of Pt/CeO2 was further studied by comparing it to that of Pt/BaO/Al2O3,
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which we have modelled previously [87, 198] and investigating the impact of NO+O2

versus NO2 feed. A steady state (constant T and feed composition) experiment

performed by Scotti et al. [227] was chosen as appropriate for quantifying storage

behaviour. As shown in Figure 5.11, when modelling NOx storage and oxidation

[198], BaO stored 1.17 and 1.48 mol NOx/mol of storage sites for NO+O2 and NO2

feeds, respectively. In the same conditions, CeO2 stored 0.22 and 0.12 mol NOx/mol,

in agreement with the finding for more complex gas feeds that Ba stores more effi-

ciently than CeO2 [228, 229, 230]. It is well known that more basic supports store

more NOx [231, 232] and our model reproduces this trend. Pt/CeO2 stores NOx

better in presence of NO and O2, although the difference is small, whereas Pt/BaO

stores more efficiently in presence of NO2. Note that the comparison was made using

the same amount of active storage sites for both catalysts. These results also confirm

the finding in Section 5.3 that NO/O2 co-adsorption on ceria is more efficient. As

pointed out earlier, the couple R11-R12 produces lattice oxygen (Ce-O) when ex-

posed to the NO+O2 feed, thereby facilitating the storage of nitrates (Ce-NO3) via

R17. Under an NO2 feed, the only oxygen available is that of the lattice, which is

consequently consumed by R11-R12, thereby deteriorating storage by R17.
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5.7 Conclusion

A detailed kinetic surface mechanism for the oxidation and storage of NOx over

platinum-, ceria- and ceria-zirconia-based catalysts was validated against experimen-

tal data from literature. The mechanism was coupled with a fixed-bed reactor model

in order to extract the kinetic parameters. It was shown to perform well for data

from different sources and operating conditions. The kinetic parameters obtained al-

low reproduction of the main trends of NO + O2 desorption, NO oxidation and NOx

storage on the various catalysts. Storage on ceria and ceria-zirconia in the shape of

nitrates stable until 350 ◦C is sufficient to reproduce NO+O2 TPOs for %Zr≤64%

and TPDs over pure CeO2. However, a more detailed description involving at least

one more N-surface species would probably improve TPD simulation. Efficiency of

NO oxidation over ceria-based catalysts decreases with Zr content (0 - 64 mol %) and

therefore depends on redox behaviour of the oxide, as demonstrated by the different

values of kinetic parameters in the mechanism for ceria-zirconia catalysts. But above

64% Zr, it becomes necessary to take into account the effect of Zr-doping on the sta-

bility of nitrates. It was shown that in some cases it is possible to estimate detailed

kinetic parameters for NO oxidation over platinum and ceria separately and obtain a

reasonable prediction of the behaviour of Pt/CeO2 by combining these parameters.

In other cases however, significant synergies appear between noble metal and ceria-

based support, and in this case the simple “block-merging”approach is not sufficient

to model catalyst behaviour. Some experimental observations show however that

modelling an additional, more active Pt species or an oxygen spillover step between

Pt and CeO2 may allow for reproduction of the low-temperature activity observed in

some Pt/CexZr1−xO2 catalysts. When coupling the present mechanisms for platinum

and ceria, oxidation behaviour is dictated by Pt, but storage occurs over ceria. BaO

remains a more efficient storage component than CeO2, when considering an equal

number of active sites, and unlike BaO, ceria stores NO (in presence of O2) more

efficiently than NO2.
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Chapter 6

Pt/Ce0.73Zr0.27O2-Catalysed Soot

Oxidation by O2, NO and NO2

Abstract

Certaines étapes réactionnelles d’intérêt pour le FaP n’ont pas été étudiées exhaus-

tivement d’un point de vue cinétique et à notre connaissance aucun modèle capable

de prédire réactivité globale et sélectivité entre produits de l’oxydation des suies par

NOx + O2 en présence de Pt/CexZr1−xO2 n’a été publié. Nous remarquons en re-

vanche diverses études expérimentales importantes [82, 75, 233, 201] et des études

visant à reproduire la formation de CO2 pour des systèmes suies-CeO2-O2 [234]. Ces

études nous ont permis d’établir des étapes réactionnelles probables, dont certaines

ont été simulées dans les chapitres précédents. Dans ce chapitre, nous couplons ce

schéma cinétique avec une étape de spillover d’oxygène entre cérine et suies dont

nous ajustons les paramètres. Nous montrons qu’il est ainsi possible de bien prendre

en compte l’impact de différentes valeurs du ratio catalyseur/suies sur les profils de

COx.

⋆

The kinetics of some steps of interest for DPFs have not been studied extensively and

153
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to our knowledge no model capable of predicting global reactivity and species selectiv-

ity of soot oxidation by NOx + O2 over Pt/CexZr1−xO2 has been published. There are

however several significant experimental studies of the latter subject [82, 75, 233, 201]

and a modelling study which reproduces CO2 formation of the CeO2-catalysed soot-

O2 reaction [234]. These have yielded sufficient data on reaction products and in-

termediates to be able to conceive of a number of likely reaction steps. Some of

these, such as the reaction of soot with NOx and O2 and NO and O2 interaction

with Pt/CexZr1−xO2 have been modelled in the previous chapters [235, 90]. Here,

we merge these set reaction steps with a description of oxygen spillover between ceria

and soot to predict soot reactivity with Pt/Ce0.73Zr0.27O2. The new parameters are

estimated by fitting model equations to TPOs performed during the course of the

study. It is shown that such a mechanism is able to describe some of the major trends

of Pt/Ce0.73Zr0.27O2-catalysed diesel soot oxidation with NOx and O2 in conditions

of interest to normal DPF operation (25 - 850 ◦C, 70 - 1400 ppm NOx, 6 - 20 % vol.

O2), including the effect of a variation of catalyst/soot ratio.

6.1 Catalysed Soot Oxidation in Absence of Re-

active Gases

Most experiments in this chapter refer to a loose contact mixture of 5 mg soot and

25 mg Pt/Ce0.73Zr0.27O2, except for those performed to investigate the role of the

soot/catalyst ratio or the type of contact. The designation Pt/CeZrO2 is used in this

chapter to refer to Pt/Ce0.73Zr0.27O2. A TPO of the typical soot/catalyst mixture

was performed under argon alone (Figure 6.1). While the amount of CO2 produced

is small, CO concentration is negligible. Production of COx in this case has to be

ascribed to oxygen previously adsorbed on the soot and the catalyst and/or lattice

oxygen from ceria. Temporal integration of the product mole fractions shows this

amount of oxygen to be 6.47·10−5 mol. Assuming that the amount of oxygen origi-

nating from the soot surface is equal to the 3.74·10−5 mol found to be on soot in a

soot-NO experiment (presented earlier, in Figure 4.8), the oxygen contribution of the

catalyst can be calculated to be 2.73·10−5mol O. These oxygen atoms presumably

migrate from the catalyst to the soot surface.
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Figure 6.1: Experimental CO and CO2 production from soot oxidation in presence of
Pt/Ce0.73Zr0.27O2.

In support of this, TAP experiments by Bueno-López et al [78] show that O2 is ad-

sorbed on the active sites of Pt and CeO2, and then transferred from Pt to CeO2.

Reactor experiments in a number of other studies back up these findings [236]. The

resulting active oxygen species reacts with soot in a spillover reaction to produce

CO and CO2 [78, 234, 236, 43, 237]. On this basis, the experimental data in Figure

6.1a were used to propose a spillover step (R27), as shown in Table 6.1. Subse-

quent oxidation of the spiltover oxygen to yield CO2 appears to occur by reaction

between two spilt-over oxygenated surface species on soot, since no O2 is present in

the atmosphere. This kind of oxidation step is also proposed by [78, 234]. However

experiments with gas phase O2 (Figure 6.1b) show that much more CO2 is produced

and one cannot exclude that this increased reactivity may be due to reaction of spilt-

over oxygen with gas phase O2. An oxidation step of spilt-over oxygen is therefore

proposed in analogy with the mechanism of the non catalytic soot-O2 reaction: R28

in Table 6.1. Some of the more important steps of the mechanism are shown in

Figure 6.2.

The descending slope of the CO2 profile in Fig. 6.1a breaks between 800 and 900 ◦C

and appears to make way for the start of a second peak. The same observation was
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Table 6.1: Spillover and oxidation reactions

Reaction
R27 C* + Ce-O → C*(Ospill) + Ce
R28 2 C*(Ospill) + O2 → CO2 + *

made by Bassou et al. [234], who attributed the second peak to ceria bulk oxygen

as a second oxygen reservoir. The first oxygen reservoir is seen as being the surface

oxygen on ceria. The comparison between the experiments with O2 and under an

inert gas shows that the surface oxygen reservoir is used preferentially. Bulk oxygen

only reacts at T > 850 ◦C, when no surface or gas phase oxygen is available. The

bulk species therefore have no bearing on a DPF application, and the reactions of

ceria are thus represented by the surface species in Tables 6.1 and 5.1. CO produc-

tion was neglected because of the small amounts formed in all experiments involving

Pt/Ce0.73Zr0.27O2. The new parameters used for the simulation in Figure 6.1 are

relative to the reactions in Table 6.1, and all the other parameters are kept as in

Tables 4.2 and 5.3. Low-temperature activity is not accurately reproduced, and CO2

formed below 600 ◦C is assumed to originate from oxygen previously adsorbed on

soot.

6.2 Catalysed Soot Oxidation by NO

A TPO experiment of soot alone under NO (Chapter 4) showed that NO is reduced

to form N2, but no NO2 is formed because of the absence of the oxidant O2. When

Pt/Ce0.73Zr0.27O2 is added, and the experiment repeated in the same conditions (Fig-

ure 6.3), again no NO2 or N2O are produced, so that the only N-containing product

can be assumed to be N2 (Figure 6.4). However, as Figure 6.4 shows, the amount of

N2 (calculated from a nitrogen balance) formed is much greater in the presence of

the catalyst. It can be presumed that both soot and catalyst contribute to the reduc-

tion of NO, since both Pt and CeO2 are known to decompose NO [238, 219]. When

adding oxygen to the reactive mix (Fig. 6.4 and 6.5), much less NO is consumed,

NO2 is formed and N2 formation inhibited. A similar behaviour had been observed
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Figure 6.2: Schematic depiction of some of the more important reaction steps in the
model.

in Chapter 4 for TPOs in absence of the catalyst. It must hence be assumed that on

both the soot and the Pt/Ce0.73Zr0.27O2 surface, oxygen is adsorbed preferentially, at

least at the quantities used for these experiments [238]. Considering the significant

O2 concentration in diesel exhaust fumes, the conditions in a DPF are not conducive

to the formation of N2, except to a lesser degree at temperatures below 200 ◦C, where

small amounts of N2 are observed even in the presence of O2 (see red line, in Figure

6.4). NO dissociation over soot (Fig. 4.8) and/or over Pt/CexZr1−xO2 (Fig. 6.4) is

thus inhibited by the presence of O2 , in favour of NO2 formation. NO reduction

over platinum and ceria can be taken to have no bearing in such conditions and we

do not plan to model the steps in this subsystem.

Figure 6.3b shows the effect of adding Pt/Ce0.73Zr0.27O2 to soot-NO experiments on

CO and CO2 profiles. As all the experiments with soot and catalyst in this study

do, it shows strong selectivity towards CO2, with typically no more than 5 ppm of

CO produced, as opposed to the 20 ppm produced with soot alone. Total COx emis-

sions over time, calculated as CO + CO2, hardly differ in the two cases. The only

exception to this is the initial 40 ppm-peak of CO2 at 100 ◦C observed in presence

of the catalyst. Similar peaks of about 30-40 ppm are observed in Pt/Ce0.73Zr0.27O2-

soot-NO-O2 and Pt/Ce0.73Zr0.27O2-soot-O2 experiments. Since this early peak is not
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Figure 6.3: Experimental mole fractions during soot oxidation with or without
Pt/Ce0.73Zr0.27O2 under 200 ppm NO.

observed in experiments on soot alone, it can be surmised that it is due to an early

spillover of some previously adsorbed species (e.g. carbonates [236]) from the cata-

lyst surface.

An oxygen balance for the soot-catalyst-NO experiment shows that there are an ad-

ditional 3.55·10−5 mol O in the products. As in the previously described TPO with

100% Ar, the extra oxygen atoms are presumed to originate from the soot surface

and the catalyst. However, if the amount of oxygen pre-adsorbed on soot is again

taken to be close to the 3.74·10−5 mol calculated in the soot-NO experiment, very

little of the extra oxygen in the reaction products comes from the catalyst. This is

not necessarily surprising: the reaction of carbon with O originating from NO might

well be more favourable than that of carbon with lattice or surface oxygen from

Pt/Ce0.73Zr0.27O2 and isotopic studies using 18O and 16O could clarify this point.
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Figure 6.4: N2 production from soot oxidation with or without Pt/Ce0.73Zr0.27O2 and
under different reactive atmospheres.

6.3 Catalysed Soot Oxidation by NO + O2

In Figures 6.6a,b, CO and CO2 mole fractions of a soot-catalyst TPO under NO and

O2 are compared with those obtained under different gas feeds or without catalyst.

Only the oxygen-containing gas feeds are considered in this figure, as reaction with

NO alone yields much smaller quantities of COx (Figures 4.8b and 6.3b). For easier

comparison, the mole fractions shown here are normalised with respect to carbon

mass obtained by integration of the CO and CO2 profiles. As expected, the exper-

iments show that addition of Pt/Ce0.73Zr0.27O2 improves soot oxidation. However,

the impact of the catalyst is more significant in presence of NO: Temperature at peak

concentration is 515 ◦C as opposed to 580 ◦C under O2 alone and 680 ◦C in absence

of catalyst.

Considering that COx production in absence of Pt/CeZrO2 is hardly affected by

the addition of NO, it seems likely that the interaction of NO with the catalyst

plays a role in the improved oxidation. It can be presumed that reaction with NO2

(produced by NO oxidation on the catalyst) is partly responsible for improved soot

consumption. This is supported by the fact that overall COx production under NO

alone (i.e. no NO2 is formed) is not increased by the catalyst.
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Figure 6.5: NO, NO2 and NOx mole fractions during soot oxidation in presence of
Pt/Ce0.73Zr0.27O2 and 200 ppm NO, with or without 10% O2.

However, at the typical NO content of 200 ppm, the contribution of carbon atoms ox-

idised by NO2 remains minor. If one calculates the amount of NO2 originating from

NO oxidation over the catalyst from the area under the grey curve in Figure 6.6c

and the amount of NO2 not reacting with soot from the area under the red curve,

then their difference (the hatched area) represents NO2 that did react with soot

(neglecting NO2 produced over soot itself, area under the violet curve, Fig. 6.6c).

From integration of the measurements, this was found to be 7.34·10−5 - 4.61·10−5

= 2.72·10−5 mol NO2. The amount of O in this quantity of NO2 is 5.46·10−5 mol

O, which is only 6% of the 8.64·10−4 mol O found in the products COx (red curves,

Figures 6.6a and b). Moreover, the addition of Pt/CeZrO2 to soot-O2 experiments

leads to a shift toward lower temperatures by 110 ◦C, whereas the addition of NO

to soot-Pt/CeZrO2-O2 experiments decreases it by only 45 ◦C. These considerations

support the idea that oxygen spillover from catalyst to soot plays a more important

role than NO2 in enhancing soot oxidation in presence of Pt/CeZrO2.
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Figure 6.6: Experimental mole fractions during soot oxidation with or without
Pt/Ce0.73Zr0.27O2 under 200 ppm NO + 10 % O2.

Neglecting for the moment the low-temperature activity of the catalyst (see Chapter

5), the oxidation of CO over the catalyst and some other expected interactions, the

experimental CO2 profile for a catalyst/soot ratio of 5 (red line in Fig. 6.7) was

used to estimate the parameters of R27 and R28 (Table 6.1). The values of A27 and

E27 are 1017 cm2/mol/s and 85 kJ/mol, respectively, and A28 and E28 equal 4·109

cm3/mol/s and 102 kJ/mol.

Addition of Pt/Ce0.73Zr0.27O2 to soot enhances the rate of oxidation. An example of

the effect is shown in Fig. 6.7, as the experimental CO2 peak shifts to temperatures
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below 650 ◦C. The more catalyst is added, the more marked the effect becomes, and

the TPO curves become taller and narrower. The simulation results in Figure 6.7

show that progressively lower pre-exponential factors for the oxidation step by lattice

oxygen, A28, allow for the reproduction of CO2 formation with different catalyst/soot

ratios. A fit of these values turns out to follow logarithmic behaviour with respect

to the catalyst/soot ratio:

A28 = 1.264· 109ln
(c

s

)

+ 1.975· 109 [cm3/mol/s] (6.1)

For all c
s
, spillover is favoured over the other possible path of oxygen onto the soot

surface, direct adsorption.
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Figure 6.7: Experimental (symbols) and simulated (lines) CO2 profiles for different cat-
alyst/soot ratios, 200 ppm NO, 10 % O2, 10 ◦C/min.

The value of A28 encloses the effects of the initial catalyst/soot ratio, of its variation

during the course of the reaction and of the contact area between soot and catalyst

on the oxidation rate of spilt-over lattice oxygen. It is also indirectly representative

of the effect of the above mentioned factors on the spillover rate. While the CO2

mole fractions corresponding to different values of are well reproduced for all the ex-

periments using loose contact, this coarse representation is not sufficient to simulate

reactivity of a tight contact mixture (Fig. 6.7, black symbols) as well. A number
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of modelling alternatives can be suggested: the spillover could be considered as the

rate determining step [234]; and A27 can be expressed as a function of c
s
, in a manner

similar to the modelling study of soot oxidation by CeO2 by Bassou et al. [234],

where however not only c
s

influences the rate, but also a number of other contact

parameters. Furthermore, the evolution of contact area could be taken into account

explicitly, as done for a global oxidation reaction of carbon black by CeO2 in [76].

6.4 Conclusions

Kinetic parameters for a detailed mechanism of the Pt/Ce0.73Zr0.27O2-catalysed soot

oxidation by NOx + O2 were estimated using concentration profiles of the major

product species. Soot oxidation in presence of catalyst occurs by oxygen spillover

from the ceria support. This transfer is more efficient than direct oxygen adsorption

on soot. Parameters of oxidation by spiltover lattice oxygen were found to display

logarithmic behaviour with the catalyst soot/ratio. Work on a number of further

reaction steps of this system is currently in progress.



164 Chapter 6



Chapter 7

Conclusions and Outlook

This study is an attempt at understanding the kinetics of some of the heterogeneous

catalytic and non-catalytic reactions relevant for diesel particle filters (DPFs) us-

ing the microkinetic/semi-detailed meanfield modelling approach. In particular, the

approach is applied to soot oxidation catalysed by Pt/Ce0.73Zr0.27O2, a catalyst for-

mulation known to be particularly active. Microkinetic meanfield modelling allows

for a description of the reaction kinetics in some detail, often via “lumped” interme-

diate species representative of a group of the physically observed species. However,

it neglects the effects of surface heterogeneity of the reactive solid (soot or catalyst).

A point that is applicable to all the reaction systems studied here, is that the mea-

surement of surface species can mostly contribute only qualitative phenomenological

information to meanfield modelling (nature and temperature of appearance of inter-

mediate species), but no quantitative measurements of surface coverage. However

quantitative gas species measurements are used for parameter estimation.

During the course of this study, the meanfield approach has been used to gain insight

into the mechanism of soot oxidation by NOx and NOx+O2. In the current literature,

these systems had not yet been studied extensively from a meanfield perspective, un-

like the C-O2 reaction, which is modelled more frequently. This study has drawn on

the many parameters proposed in the literature for the C-O2 reaction as well as the

mechanisms proposed on the basis of experimentally observed surface species. Many

previously unavailable kinetic parameters were determined by comparison with gas

phase product concentrations measured both in the literature and in experiments
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performed in this study. The soot-NO mechanism suffers from lack of availability

of surface species measurements and future work on this aspect would allow one to

improve the mechanism’s level of detail. However, the information on soot oxidation

by O2 or NO2 is more relevant to DPFs and the literature much more abundant.

Overall, the mechanistic parameters determined for the C-NOx-O2 reaction allow for

the prediction of a number of temperature programmed fixed bed experiments.

Using the same approach, NO oxidation over ceria was modelled and kinetic param-

eters determined using several fixed bed experiments. The mechanism was proposed

on the basis of the relatively abundant literature on observed surface species. While

NO oxidation and other reaction over ceria are commonly studied experimentally,

no meanfield models were available for comparison. Similar experiments from the

literature were then modelled for ceria-zirconia catalysts with differing zirconium

contents. For molar zirconium contents below 64%, the effect of increasing zirco-

nium content can be modelled by smaller activation energies and pre-exponential

factors in a microkinetic reduction step of ceria, without the need to introduce the

Zr species in the mechanism.

Parameters of NO oxidation over Pt/Al2O3 were determined on the basis of a well-

established mechanism from the literature. It was then shown that high tempera-

ture activity of a Pt/CeO2 catalyst could in one case be successfully reproduced by

coupling the two previously mentioned mechanisms. However, many experiments,

including one performed in this study, lead to the conclusion that platinum and ceria

when combined in a single formulation can exhibit significant synergetic effects, the

composite formulation can be active at temperatures below 100 ◦C, where neither

of the single components would be expected to be active. When such effects are

present, the “piece-wise” approach to parameter estimation is insufficient, and fu-

ture work would aim to describe the synergy explicitly, by formation of a more active

surface species, for instance. The piece-wise method for parameter fitting has how-

ever been used successfully for fitting all the parameters in this study, since many of

these cases present no specific synergy between the components being merged. The

methodology consists in determining small subsets of parameters at a time by com-

parison with all the reaction products from relevant experiments, then fixing these
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parameters and determining further parameters subsets with other experiments. For

instance, parameters pertaining to the soot-NO reaction were determined by fitting

to NO, N2, CO and CO2 measurements from a soot-NO experiment. An analogous

method was used for soot-O2, and a further subset of parameters was determined

from soot-NO-O2 experiments when merging the previously determined parameters.

In some of the soot-related systems, attempts were made to overcome the limitation

of neglecting surface heterogeneity, typical of the meanfield approach. Since kinetic

parameters in meanfield modelling represent average effects of the whole surface, dif-

ferent values of such parameters can represent different states of the surface. Where

the oxidation of soot is concerned, one often distinguishes differently measured sur-

face areas (ASA, TSA, RSA) as macroscopic averaged indicators of surface structure.

In this study, it was shown that the oxidation of carbon materials with increasingly

regular (surface) structure can be modelled employing linearly increasing activation

energies for some of the CO2-producing steps in a microkinetic mechanism, where it

was assumed that molar carbon content was indicative of structural order. Unlike

the use of surface areas, this approach allows one to model the disparate effects that

differing degrees of structural order of the reactive surface can have on the different

steps in a microkinetic mechanism. This use was illustrated by means of the C-NO

reaction, where the NO adsorption step is modelled as not being affected by greater

structural order, which the CO2-producing step on the other hand is affected by.

The various subsets of steps were merged for a mechanism of soot oxidation catal-

ysed by Pt/Ce0.73Zr0.27O2 and two new steps introduced, including oxygen spillover

from ceria to soot. Several steps of potential interest to this system (such as CO

oxidation on Pt) have been neglected, but work on meanfield models of these steps

is ongoing. However, the present mechanism is sufficient to reproduce the catalysed

soot oxidation by a mixture of NO and O2, and more or less efficient oxidation step

parameters for spilt-over oxygen can account for the effect of different catalyst-soot

ratios.
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Conclusions et Perspectives

Ce travail porte sur la compréhension de la cinétique des réctions hétérogènes cat-

alytiques et non catalytiques qui ont de l’intérêt pour les FaP. L’approche utilisée

est basée sur l’approximation du champ moyen et des schémas réactionnels mi-

crocinétiques ou semi-détaillés. Cette approche est appliquée à l’oxydation des suies

par Pt/Ce0.73Zr0.27O2, qui est une formulation catalytique identifiée comme partic-

ulièrement active. L’approche de modélisation employée permet de décrire les étapes

reactionnelles de manière plutôt détaillée par des étapes élémentaires ou “lumpées”,

ou éventuellement des espèces lumpées. Cependant, l’approche utilisée ne tient pas

compte de l’hétérogénéitée des surfaces réactives (suie ou catalyseur). Les paramètres

cinétiques des étapes reactionnelles sont estimés en ajustant les concentrations gazeuses

calculées aux mesures expérimentales. Les mesures d’espèces surfaciques peuvent

toutefois n’être utilisées que de façon qualitative. Elles permettent d’observer la for-

mation des intermédiaires, mais pas la valeur des concentrations de surface.

Une approche de modélisation basée sur l’approximation du champ moyen a été

utilisée pour étudier les mécanismes de l’oxydation des suies par des mélanges NOx

et NOx+O2, qui n’avaient pas fait l’objet d’une étude similaire auparavant. Les

paramètres cinétiques correspondants ont été évalués. Ce faisant, nous avons ex-

ploité des nombreuses données bibliographiques, particulièrement celles portant sur

l’oxydation de la suie par O2. La modélisation du mécanisme d’oxydation par NO

bénéficiera dorénavant de données expérimentales supplémentaires, puisque l’on retrouve

très peu de mesures d’espèces de surface pour des expériences de ce type. Cepen-

dant, les réactions avec O2 et NO2 sont plus représentatives du fonctionnement d’un

FaP, et les données bibliographiques plus nombreuses. Dans l’ensemble, le modèle

permet de reproduire un nombre important de résultats expérimentaux obtenus en
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température programmée.

La même approche a été appliquée à l’oxydation de NO sur cérine. Nous avons pro-

posé le mécanisme reactionnel sur la base des nombreuses observations d’espèces de

surface que l’on retrouve dans la bibliographie. Cependant, l’approche de modélisation

basée sur l’approximation du champ moyen n’avait auparavant pas été appliquée à

l’oxydation de NO sur cérine. De façon analogue, nous avons ensuite étudié la

cinétique mise en jeu sur des cérine-zircones dans ces conditions opératives. Pour

une teneur en zircone inférieure à 64%, l’effet de la teneur en zirconium dans la phase

active peut être reproduit par des énergies d’activation et facteurs pré-exponentiels

d’une des étapes considérées.

Concernant l’oxydation de NO sur Pt/Al2O3, nous avons exploité des études expérimentales

bien renseignées. Dans un cas, il a été possible de coupler les schémas cinétiques

déjà mentionnés pour reproduire l’activité du catalyseur composé Pt/CeO2. Cepen-

dant nos tests catalytiques font apparâıtre une synergie importante entre le platine

et la cérine-zircone. La réactivité à basse température obtenue dans cette expérience

est plus élévée que pour les autres catalyseurs étudiés. Dans ce cas, la méthodologie

de couplage des sous-ensembles d’étapes ne suffit pas pour modéliser les résultats

obtenus pour le catalyseur composé de façon satisfaisante. De nombreux cas ne

représentant pas de synergie particulière ont en revanche été reproduits avec succès

par la technique d’ajustement. Cette méthodologie consiste en un ajustement progres-

sif de sous-ensembles des paramètres cinétiques. Par exemple, les paramètres portant

sur l’oxydation de suies par NO ont été évalués par ajustement des profils simulés avec

des mesures de NO, N2, CO et CO2 provenant d’une expérience d’oxydation de suies

par NO. La méthodologie suivie pour la modélisation des expériences réalisées sur

le système suies-O2 est identique et d’autres paramètres ont ensuite été déterminés

à partir des expériences sur le système suies-NO-O2, en couplant les étapes figées

précedémment.

Dans certains cas, nous avons tenté de tenir compte de l’hétérogénéité de la sur-

face réactive carbonée dans le modèle cinétique. Étant donné que les paramètres

cinétiques dans notre modèle représentent des effets moyens, une valeur différente
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de ces paramètres peut correspondre à un ensemble d’états différents pour la surface.

Nous avons donc montré que l’oxydation de suies avec une structure graphitique plus

ordonnée peut être reproduite par une énergie d’activation plus importante pour de

l’étape de production de CO ou CO2. En particulier, cette énérgie d’activation crôıt

linéairement avec la teneur en carbone, cette teneur étant considérée comme un indi-

cateur d’une structure plus ou moins ordonnée. Contrairement à une approche basée

sur la valeur de la surface réactive (RSA), cette méthodologie nous permet de pren-

dre en compte les effets complexes d’une structure plus ou moins hétérogène sur les

différentes étapes réactionnelles. Pour illustrer cette procédure, nous avons appliqué

cette démarche à la réaction entre la suie et NO. L’étape d’adsorption de NO est

insensible à une structure plus ordonnée, l’étape de formation de CO2 en revanche

est bien affectée.

Les sous-ensembles d’étapes réactionnelles ont été couplés, et deux étapes supplémentaires

ont finalement été introduites afin de reproduire l’oxydation des suies catalysée par

Pt/Ce0.73Zr0.27O2. Les étapes rajoutés décrivent le “spillover” d’oxygène de la cérine

vers la suie. Tout en négligeant certaines étapes potentiellement intéressantes, nous

avons montré que le schéma proposé suffit pour représenter nos expériences d’oxydation

pour diverses valeurs du ratio catalyseur/suies.
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Appendix A

Application: 3D Model of Soot

Oxidation in a Fixed Bed

A.1 Scope and Outlook

DPFs typically function according to a wall flow arrangement (see Chapter 1), where

soot particles are separated from the exhaust gas as it flows through a porous fil-

tering medium. In order to model a full scale DPF then, a description of the gas

flow through such a medium is needed, the pressure drop across a porous medium

being of particular importance in such representations. Because of the complex flow

in DPFs, 3D models are often appropriate for predicting and analysing phenomena

such as hotspots and maldistribution. On the other hand, simpler (0D) descriptions

can also be useful, such as the DPF component in the IFP Exhaust library of the

LMS AmeSim Environment described in Appendix B.

In the interest of understanding some of the more complex phenomena that can be

observed when coupling detailed chemistry and flow descriptions [239], engineers at

IFP Energies nouvelles are developing a 3D CFD model of a DPF. So far, a model

of flow in porous media has been coded. The proper functioning of this code with

respect to heat transfer and pressure drop has been verified during the course of

this study. Furthermore, some of the reaction kinetics developed during the thesis

were implemented into this 3D model with a view to simulating some of the fixed
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bed experiments described in Chapter 2. This procedure allowed for validation by

comparison with the CSTR model described in Chapter 3, since no spatial dishomo-

geneities are expected in laboratory fixed bed reactors. Flow entering the fixed bed

is thus at first taken to be homogenous, and at a later stage the impact of a flow

pattern more representative of conditions in a DPF will be tested. This initial phase

is seen as a test of the model representing the porous filtering medium, Figure A.1,

where only the oxidation of a deposit of soot is simulated, but not the process of

deposition of soot particles. The fixed bed of porous material (Figure A.1) therefore

represents a bed of particles such as in a laboratory reactor, or a layer of soot in a

DPF together with the filtering medium on which it is charged. The soot deposit

is assumed to be homogeneous, but an investigation of the impact of an uneven

distribution of soot particles is planned as one of the next steps. Once all of the

mentioned aspects have been tested, the initial model is to be developed further so

as to reproduce the functioning of an entire wallflow monolith.

Figure A.1: Schematic depiction of a wallflow monolith and the porous subsystem cur-
rently being modelled at IFPEN.
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A.2 The Model

A pseudo-continuum approach is used, which means that the flow is described via

modified Navier-Stokes equations and the solid and gas phases are distinguished via

the porosity, ε [240]. These pesudo-continuous equations of motion are established

by coupling the empirical Carman-Kozeny pressure drop correlation with the Navier-

Stokes equations. The model is written as the system of equations A.1-A.5 and the

time derivatives are currently discretised in time according to the explicit, first-order

Euler method and in space according to a finite volume method.

∂t(ερi) + ∇ · (ερiu) = ω̇i (A.1)

∂t(Cs,k) = ω̇k (A.2)

∇p = −S (A.3)

∂t(ερe) + ∇ · (ερeu) + p∇ · (εu) = ∇ · (λ∇T ) + εsηs(Ts − T ) (A.4)

∂t(εsρses) = ∇ · (λs∇Ts) + εsηs(T − Ts) + ω̇E (A.5)

Equations A.1 and A.2 represent Ng mass conservation equations for the gas phase

species i and Ns mass conservation equations for the surface species k, respectively.

Total density in the gas phase is designated as ρ, whereas the fractional densities ρi

of gas phase species i are defined by

ρ =

Ng
∑

i=1

ρi (A.6)

where Cs,k is the concentration of surface species k in mol/m2, u the gas velocity

vector and ω̇i and ω̇k the source terms of gas species i and surface species k, respec-

tively. Equation A.3 describes the conservation of momentum, where p is the gas

pressure and the vector S is a source term which accounts for two different types of

friction, as already seen in Chapter 3 where the Carman-Kozeny relation was applied

macroscopically.
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S(ε, ρ,u) = D

(

1 − ε

ε

)2

u + F

(

1 − ε

ε

)

ρ‖u‖u (A.7)

The first term on the right hand side of Eq. A.7 contains the Darcy coefficient D

and is linear in u, whereas the second term contains the Forchheimer coefficient F

and depends on the square of u. Equations A.4 and A.5 are conservation equations

of the gas phase and solid internal energies, e and es. All symbols with the subscript

s indicate solid phase quantities, including the solid fraction, which is defined as the

ones’ complement of ε:

εs = 1 − ε (A.8)

λ and λs indicate thermal conductivity of gas and solid phase, respectively, and T

and Ts the respective temperatures. The terms εsηs(Ts − T ) and εsηs(T − Ts) are

representative of thermal exchange between solid and gas phase. The volumetric

heat transfer coefficient ηs in W/m3/K between the two phases is evaluated as [241]:

ηs =
Nu λs

dp/6
(A.9)

where Nu is the Nüsselt number as calculated from the Ranz correlation.

Mass and energy source terms are calculated as

ω̇i =

Ng
∑

j=1

νi,jrjSaMi [kg/s] (A.10)

ω̇k =
Ns
∑

j=1

νi,jrj [mol/m2/s] (A.11)

ω̇E =
nreac
∑

j=1

(

Ng
∑

j=1

νi,jei +
Ns
∑

k=1

νk,jek

)

rjSa [W/s] (A.12)

where heat of reaction is considered to be liberated in the solid phase only, since
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the reaction steps involve surface species. Some of the symbols appearing above

are already defined in Chapter 3, including the reactive surface area, Sa. Note

however that, in the CFD model Equations A.1-A.5 are solved in every mesh cell

of the discretised domain. In each of these cells Sa is therefore a local surface area,

which represents only a fraction of the reactive surface used in the 0D calculations in

Chapter 3, and is calculated as a fraction of the total area proportional to the volume

of mesh cell q: Sa,q = Sa,tot
vq

vtot
. The underlying assumption is that the reactive solid

(soot, in the cases simulated in this chapter) is evenly distributed. The internal

energy associated with gas i or surface species k is computed as

ei = Hf,i +

∫

cp,idTs −
pMi

ζi
(A.13)

ek = Hf,k +

∫

cp,kdTs (A.14)

Here, the enthalpies of formation of the species, Hf,i and Hf,k, and the coefficients

needed to approximate the integral in Eq. A.13-A.14 are taken from the NIST

database. Of the above quantities, those pertaining to all the soot-surface species

are approximated by using the NIST values for graphite.
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Appendix B

Using the IFP Exhaust Library for

Kinetic Modelling in Fixed Beds

Figure B.1 shows a screenshot of the LMS AmeSim working window. A fixed bed

reactor system is modelled by the ensemble of drag-and-drop components in Fig. B.1.

The component denoted by FB represents the model of the actual layer of reactive

solid (soot or catalyst) in the reactor. Other components allow for the injection of a

reactive gas stream with a certain composition, flow rate and temperature, and the

gas analyzer component allows one to visualise the gas composition downstream of

the fixed bed. The flow source and gas analyzer components are provided in LMS

AmeSim libraries, but the FB component, including flow through the porous particle

bed and all the surface reactions, was formulated and coded during the course of this

thesis.
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Figure B.1: Screenshot of the LMS AmeSim graphical user interface.
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dal, N. Hickey, and J. Kašpar, “Reduction of high surface area ceo2-zro2 mixed
oxides,” Journal of Physical Chemistry B, vol. 104, no. 39, pp. 9186–9194,
2000.

[211] L. Olsson and B. Andersson, “Kinetic modelling in automotive catalysis,” Top-
ics in Catalysis, vol. 28, pp. 89–98, 2004.



Bibliography 201

[212] M. Zinkevich, D. Djurovic, and F. Aldinger, “Thermodynamic modelling of the
cerium-oxygen system,” Solid State Ionics, vol. 177, no. 11-12, pp. 989 – 1001,
2006.

[213] I. Atribak, B. Azambre, A. Bueno-López, A. Garćıa-Garćıa, L. Zenbury, and
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