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Abstract 

Providing high thermal efficiency, a low CO2 emission to power ratio, and a low emission level of 

pollutants such as NOx and particulate matter, lean-burn natural gas (NG) engines become a promising 

type of engine to meet stringent emission regulations. Despite these advantages, the exhaust gas emitted 

from natural gas engines contains a significant amount of unburnt methane, which is of particular 

environmental concerns, as methane is a more potent greenhouse gas than CO2. Furthermore, 

formaldehyde is formed as an intermediate species in the oxidation of methane and is thus present in the 

exhaust gas of lean-burn operating NG engines. Formaldehyde is known for its carcinogenic properties 

to the human body and has therefore been classified as hazardous air pollutant, which has led to 

increasingly strict regulations. As the utilization of lean-burn NG engines in the energy sector 

experiences increasing popularity, appropriate measures for the reduction of methane as well as 

formaldehyde emission from lean-burn NG engines need to be taken. The present thesis intends to 

picture constraints but also improvement possibilities to after-treatment system of lean-burn NG engines 

with focus on methane and formaldehyde emission.  

Firstly, homogeneous oxidation reaction of hydrocarbons in the exhaust of lean-burn NG engines is 

studied by combining experiments and modeling under ambient pressure and pre-turbine conditions. 

The effect of pressure, temperature, net concentration of NOx, and NO/NO2 ratio were studied 

experimentally with gas compositions, which are typical for lean-burn NG engines, representing either 

a high methane or a high NOx slip. The results obtained by the lab-bench experiments and modeling 

revealed that high pressure up to 5 bar and elevated temperatures (> 550 °C) are imperative to exploit 

gas phase reactions for exhaust gas after-treatment. The presence of the exhaust gas component NOx 

significantly promotes the homogeneous oxidation of light alkanes.  

Then, the experimental results were interpreted in terms of two different detailed kinetic models. 

Comparison of simulated concentration profiles with the experimental measurements indicate that the 

homogeneous kinetics can be modeled with reasonable accuracy to find the most suitable exhaust 

conditions needed for minimized hydrocarbon emissions.  

Moreover, it was found that typical catalyst poisons such as SO2 do not affect the gas phase reaction. 

Hence, the results presented in this thesis demonstrate that an accurate choice of proper reaction 

conditions make oxidation catalysts partially redundant. This is of tremendous importance for stationary 

and large-bore NG engines typically operated under the conditions investigated. 
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The effect of increased pressure relevant to pre-turbine positioning of the catalytic converter on catalytic 

oxidation of methane is also investigated both experimentally and numerically. The activity tests are 

performed for a commercial Pd-Pt model catalyst under lean conditions. The possible gas phase 

reactions due to high temperature and pressure are tested with an inert monolith. Catalyst activity tests 

are conducted for both wet and dry gas mixtures and the effect of pressure is investigated at 1, 2 and 4 

bar. Experiments were carried out to check the effect of added water in the concentration range of water 

produced by methane oxidation on the catalyst activity. It is shown that, aside from the water in the inlet 

stream, the water produced by oxidation of methane in dry feed inhibited the activity of the catalyst. 

Based on the experimental results, a global oxidation rate equation is proposed. The reaction rate 

expression is first order with respect to methane and -1.15 with respect to water. Although higher 

pressure leads to longer residence time, it also increases the water concentration on the catalyst surface. 

Thus, the beneficial effect of pressure is affected by the inhibitory effect of water on the catalyst activity, 

particularly at lower temperatures. 

The kinetics and mass transfer of total oxidation of formaldehyde in a catalytically-coated metallic 

monolith converter with sinusoidal-shape channels applicable in after-treatment system of lean-burn NG 

engines is studied. Experimental and modeling studies are performed on a commercial Pt-based 

oxidation catalyst. The numerical model proposed in this work is based on a thermodynamically 

consistent detailed surface reaction mechanism consisting of thirty elementary-like-steps among six gas-

phase and ten surface species. The surface mechanism is evaluated by comparison of the results of the 

numerical simulation with the experimental measurements. The experimental data are derived from 

isothermal end-of-pipe tests over a powdered Pt-TiO2-SiO2 catalyst as well as spatially-resolved 

concentration measurements conducted with a catalytic monolith sample over a wide range of 

temperature. For the description of flow field and mass transport inside the channel as well as species 

diffusion and chemical reaction inside the porous washcoat, a three-dimensional approach is applied and 

the calculations are performed, using ANSYS-FLUENT. Three different computational models 

representing different washcoat distributions are compared. The effects of washcoat distribution and 

mass transfer on kinetics and catalyst activity are investigated in detail and the numerically obtained 

results are compared with experimental data.  

In spite of a very high intrinsic reaction rate at operation temperature, the complete conversion of 

formaldehyde could not be achieved experimentally. All three models have shown to operate in mass 

transport limited regime, where the diffusion distance from bulk to catalyst surface as well as reactant 

concentration play a significant role. Thus, very low levels of formaldehyde emissions are technically 

hard to achieve and a long catalyst is required to overcome the low diffusion rate due to the small 

concentration gradient. The computational results also indicate that due to individual structure of each 

channel of metallic monolith in real applications, they can behave distinctly from each other and one 
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channel does not represent the entire monolith. It is also evident from simulated data that the lack of 

knowledge of washcoat properties and distribution may bring about misleading results, since apparent 

reaction rates can be highly sensitive to this parameter for particularly catalytic reactions under mass 

transfer controlled conditions. 
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Kurzfassung 

Magermotoren zeichnen sich durch geringe CO2-Emissionen und einen niedrigen Ausstoß weiterer 

Schadstoffe, wie beispielsweise NOx und Feinstaub, aus. Da bereits innermotorische Maßnahmen die 

Emissionen von Magermotoren stark reduzieren können, gewinnen sie zunehmend an Bedeutung.  

Nachteilig erweist sich jedoch der hohe Ausstoß an unverbranntem Methan, das aufgrund eines höheren 

Treibhauspotenzials als CO2 ökologisch höchst bedenklich ist. Des Weiteren wird als Zwischenprodukt 

bei der Oxidation von Methan auch Formaldehyd gebildet, welches krebserregende Eigenschaften 

aufweist. Folglich müssen die für die Emission von Formaldehyd geltenden strengen Grenzwerte 

eingehalten werden. Durch die zunehmende Popularität von Magerkonzeptgasmotoren im Energiesektor 

müssen angemessene Maßnahmen zur Reduktion der Methan- und Formaldehydemissionen 

unternommen werden. In der vorliegenden Arbeit werden die technischen Beschränkungen und 

Verbesserungspotenziale der Abgasnachbehandlung für Magerkonzeptgasmotoren mit den 

Schwerpunkten Methan- und Formaldehydreduktion betrachtet. 

Zunächst wurde die homogene Oxidationsreaktion im Abgasstrang von Motoren untersucht. In einer 

Kombination aus experimenteller und numerischer Analyse wurde zwischen atmosphärischen 

Bedingungen und einer Hochdruckkonfiguration durch Positionierung der Abgasanlage vor dem 

Turbolader unterschieden. Der Einfluss von Druck, Temperatur, NOx-Konzentration und dem NO/NO2-

Verhältnis wurden experimentell mit verschiedenen für Magerkonzeptgasmotoren typischen 

Gaszusammensetzungen untersucht. Die Resultate der Experimente und Modellierungen verdeutlichten, 

dass Temperaturen über 550 °C und Drücke bis zu 5 bar notwendig sind, um die gewünschten 

Abbaureaktionen zu erzielen. Die Anwesenheit von NOx in der Gasphase fördert die Oxidation von 

leichten Alkanen signifikant. 

Die experimentellen Ergebnisse wurden mit zwei kinetischen Modellen aus der Literatur präzisiert. 

Vergleiche zwischen Simulation und Experiment zeigen, dass die untersuchten homogenen Reaktionen 

durch eine Simulation mittels eines geeigneten Modells gut beschrieben werden können. Dadurch wurde 

es möglich, die geeigneten Abgaskonditionen zur Reduktion von Kohlenwasserstoffen mit 

ausreichender Genauigkeit zu bestimmen. 

Des Weiteren wurde gezeigt, dass typische Katalysatorgifte, wie z.B. SO2, die Gasphasenreaktion nicht 

beeinträchtigen. Die Resultate dieser Arbeit verdeutlichen, dass durch die Wahl geeigneter 

Reaktionsbedingungen die Große der Oxidationskatalysatoren teilweise verringern werden kann. Dies 

ist insbesondere für stationäre Anlagen und Großmotoren bedeutend, da diese typischerweise unter 

stationäre Bedingungen betrieben werden. 
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Die Wirkung der erhöhten Druck, der bei der Positionierung des Katalysators vor der Turbine auftritt, 

wurde experimentell und numerisch umfassend untersucht. Die Tests wurden mit einem Pd-Pt-

Modellkatalysator unter mageren Bedingungen durchgeführt. Mögliche Gasphasenreaktionen bei hohen 

Temperaturen und Drücken wurden dabei mit einem inerten Monolithen untersucht. Die Aktivitätstests 

der Katalysatoren wurden mit Feucht- und Trockengas-Zusammensetzungen bei variierenden Drücken 

von 1, 2 und 4 bar durchgeführt. 

Der Einfluss von Wasser, welches als Produkt der Methanoxidation entsteht, wurde mittels gesonderten 

Experimenten unter Zugabe von Wasser untersucht. Es konnte gezeigt werden, dass die 

Katalysatoraktivität durch das entstehende Wasser bei der Oxidation von Methan vermindert wird. 

Basierend auf diesen experimentellen Resultaten wurde eine Gleichung zur globalen 

Oxidationsgeschwindigkeit entwickelt. Dabei handelt es sich um eine Reaktion 1. Ordnung bezüglich 

Methan und der Ordnung -1.15 bezüglich Wasser. Erhöhter Druck kann sowohl zu einer höheren 

Verweilzeit als auch zu erhöhter Wasserkonzentration auf der Katalysatoroberfläche führen. Besonders 

bei niedrigen Temperaturen negiert die Anwesenheit von Wasser die vorteilhafte Wirkung des erhöhten 

Druckes. 

Die Reaktionskinetik und Stoffübertragung zur vollständigen Oxidation von Formaldehyd wurde in 

einem katalytisch beschichteten Metallmonolithen untersucht, der einen sinusförmigen Querschnitt der 

Kanäle besitzt. Sowohl die experimentellen Untersuchungen, als auch die Simulationen wurden mit 

einem kommerziellen Pt-beschichteten Oxidationskatalysator durchgeführt. Das numerische Modell 

basiert auf einem Reaktionsmechanismus, der aus 30 elementaren Reaktionsschritten besteht. Dieser 

Reaktionsmechanismus wurde auf thermodynamische Konsistenz überprüft, und setzt sich aus sechs 

Gasphasenspezies und zehn Oberflächenspezies zusammen. 

Der Oberflächenmechanismus wurde durch Kombination der Ergebnisse aus den Experimenten und den 

numerischen Simulationen evaluiert. Die experimentellen Daten stammen dabei aus isothermen End-of-

pipe-Messungen über einem Pt-TiO2-SiO2-Pulverkatalysator sowie aus ortsaufgelösten 

Konzentrationsmessungen mit einem beschichteten Wabenkörper. Die Messungen deckten dabei ein 

breites Spektrum an Temperaturen ab. Sowohl zur Beschreibung des Strömungsfeldes und des 

Stofftransports im Kanal als auch der Spezies-Diffusion und der chemischen Reaktionen innerhalb des 

porösen Washcoats wurde ein 3-D Modell angewendet, welches mit einem CFD-Code berechnet wurde. 

Drei unterschiedliche Rechenmodelle repräsentieren dabei den Effekt der Washcoatverteilungen. Die 

Wirkung der unterschiedlichen Washcoatverteilungen auf den Stofftransport und die Reaktionskinetik 

und somit auf die Katalysatoraktivität wurden im Detail untersucht. Die erhaltenen Daten aus 

Simulationen und Experimenten wurden anschließend miteinander verglichen.  
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Ungeachtet der sehr hohen intrinsischen Reaktionsgeschwindigkeit bei den Betriebstemperaturen 

konnte experimentell kein vollständiger Umsatz von Formaldehyd erreicht werden. Alle drei Modelle 

haben gezeigt, dass die Stofftransportlimitierung eine große Rolle beim Umsatz spielt. Sowohl die 

Diffusionsstrecke zwischen Gasphase und Katalysatoroberfläche als auch die Konzentration des Edukts 

spielen eine entscheidende Rolle. Um die durch die geringen Formaldehydkonzentrationen bedingten 

geringen Diffusionsflüsse auszugleichten, müssten sehr lange Katalysatoren eingesetzt werden, was 

technisch eine große Herausforderung darstellt. 

Die numerischen Modelle zeigen darüber hinaus, dass durch die individuelle Struktur jedes Kanals nicht 

ein einziger Kanal den gesamten Monolithen in Real-Applikationen repräsentieren kann, da sich die 

Kanäle merklich voneinander unterscheiden. Zudem zeigen die Simulationen, dass fehlende 

Informationen zu den Eigenschaften des Washcoats irreführende Resultate liefern können, da bei 

stofftransportlimitierter Kinetik die scheinbare Reaktionsgeschwindigkeit hoch sensibel auf die oben 

genannten Parameter reagiert. 
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 Introduction 

Natural gas (NG) is a mixture of gaseous hydrocarbons consisting primarily of methane (up to 97%). It 

commonly includes varying amounts of other light alkanes such as ethane, propane and butane as well 

as traces of carbon dioxide, oxygen, nitrogen and hydrogen sulfide [1,2]. The composition of natural 

gas can vary widely depending on the field. Figure 1 demonstrates a typical composition of raw NG 

before refinement.  

 

 

Figure 1: Typical composition of natural gas (adapted from [2]). 

 

NG is a primary chemical feedstock to many chemical and petrochemical processes such as production 

of ammonia, methanol, ethane, syngas, hydrogen and carbon monoxide via steam and/or dry reforming. 

It is used in house furnaces, heaters, ovens, water boilers and cooking stoves. Besides, it can be stored 

and transported safely and easily burns cleaner and has lower environmental impact than other fossil 

fuels. The higher hydrogen-to-carbon ratio of natural gas compared to gasoline or diesel leads to less 

CO2 emission per unit of produced power. Furthermore, due to the absence of aromatic compounds and 

also reduced impurities compared to diesel, NG engines produce much lower particulate matters [3]. 

Low cost, significantly larger reserves compared with crude oil and providing high thermal efficiency 

are some key factors making the natural gas an attractive fuel in various applications such as light- and 

heavy-duty vehicles, marine applications stationary power generation and decentralized co-generation 

of heat and electricity. Moreover, progresses in production of methane from biomass (biogas) and 
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renewable sources can make methane a sustainable fuel. However, NG engines emit some amounts of 

unburnt hydrocarbons (UHCs) due to incomplete combustion. Emission of unburnt and partially 

oxidized hydrocarbons are of environmental and health concern. These emissions consist mainly of 

methane, which is of particular environmental concerns, as methane is a more potent greenhouse gas 

than CO2, but also of formaldehyde. Formaldehyde is a flammable and colorless gas with suffocating 

odor which is an important raw material for many chemical compounds used in the chemical industry, 

e.g. phenol-, and melamine-formaldehyde resins [4]. Besides widespread industrial applications, 

formaldehyde contributes to photochemical smog and since June 2014 is classified as carcinogenic to 

humans [5].  

The type and amount of harmful emissions depend strongly on the type of the engine, operation mode, 

air to fuel ratio and the fuel quality.  

1.1 Pollutant Emissions from Natural Gas Engines 

The ultimate chemical products of complete combustion of NG, consisting of different light alkanes are 

CO2 and water: 

 𝐶𝑛𝐻2𝑛+2 + ((3𝑛 + 1)/2)𝑂2 → 𝑛𝐶𝑂2 + (𝑛 + 1)𝐻2𝑂, R 1.1 

 
 

However, during the actual combustion process, a number of harmful gases such as Nitrogen Oxides 

(NOx), Carbon Monoxide (CO), Particulate Matter/ Soot (PM) and unburnt Hydrocarbons (HCs) as well 

as the intermediates formed during partial oxidation of hydrocarbons like aldehydes, are released.  

NOx is one of the regulated pollutants emitting from combustion engines. In the context of combustion, 

technically the gases nitrogen monoxide (NO) and nitrogen dioxide (NO2) are meant. The major NOx 

production occurs through thermal decomposition of N2 and subsequent oxidation with O2 at high 

temperatures during the combustion in the cylinder. Air-to-fuel ratio, combustion temperature and 

residence time affect the rate of NOx production. NOx can also be formed via the prompt formation 

mechanism, through early reactions of nitrogen molecules with the combustion air and hydrocarbon 

radicals. This mechanism is of importance only in fuel-rich conditions at low-temperatures and short 

residence times.  

NOx reacts with water vapor, oxygen, and oxidants to form nitric acid, which comes down to the earth 

as acid rain. NOx causes ozone depletion, which protects the earth from the harmful UV rays [6]. It 

reacts with volatile organic compounds in the presence of sunlight to form Ozone, which damages the 

lungs especially in children, elderly and asthmatic patients [7]. NO is a colorless, odorless and tasteless 
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gas which affects lung functions. In the presence of oxygen, it reacts to form NO2, which is a reddish-

brown gas with a pungent odor. NO2 is also a poisonous gas, which irritates the respiratory system and 

blood tissues and can cause paralysis. 

CO is formed due to incomplete oxidation of fuel mainly due to lack of oxygen or where residence time 

at high temperature is too short and the oxidation of hydrocarbons is not completely taking place. Carbon 

monoxide is a respiratory poison, which is dangerous to humans especially because of being an odorless, 

tasteless, colorless and non-irritating gas; therefore, it is hardly noticeable. CO has a much stronger 

relation to hemoglobin than oxygen, which prevents the transport of oxygen in blood and therefore can 

lead to acute respiratory problems, if CO passes through the lungs into the bloodstream. Even in small 

concentrations and short durations of exposure to CO can be lethal [8].  

PM emission results from agglomeration of very small noncombustible traces in the fuel and lubricating 

oil as well as from incomplete combustion of the hydrocarbons. Particulate matter causes several health 

and environmental problems such as asthma, lung cancer, and other cardiovascular issues. It contributes 

to the pollution of air, water, and soil. It reduces the visibility and is a threat to agriculture productivity 

and global climate change [9,10].  

HCs are either formed as partial oxidation products of higher hydrocarbons such as formaldehyde or 

remain unburnt during combustion process due to low combustion temperature, poor air-to-fuel mixing 

prior to, or during, combustion, incorrect air-to-fuel ratios in the cylinder during combustion and as a 

result of rapid cooling near the cylinder walls. The major unburnt hydrocarbon in NG-fueled engines is 

methane, as it constitutes up to 97% of NG. Methane emission results from low combustion temperature, 

leakage, and flame quenching in the combustion chamber and valve timing [11]. For instance, Figure 2 

illustrates the hydrocarbon emission resulting from quenching effects inside the combustion chamber in 

different engine strokes [12]. Firstly, the quench layers are formed (Figure 2.a) as the flame vanishes at 

the cool walls and in the crevice volume. In next step (Figure 2.b) and due to the pressure drop in cylinder 

the quench layers are expanded. Finally (Figure 2.c), the hydrocarbon-rich cylinder wall boundary layer 

rolls up into a vortex as the piston moves up and the quench layer near the exhaust port exits the cylinder 

when the valve opens [12]. 
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Figure 2: Schematic illustration of quench layer model for hydrocarbon emissions (adapted from [12]). 

Methane is a greenhouse gas contributing in global warming more than 20 times (depending on the life 

time in the atmosphere) stronger than CO2 [13].  Furthermore, formaldehyde is formed as an intermediate 

species in the oxidation of methane and is thus present in the exhaust gas of NG engines [4]. Earlier 

studies show [14–17] that the formaldehyde emission is an indication of low-temperature combustion 

and tracing formaldehyde formation during combustion has been a method for better understanding and 

description of combustion reaction mechanisms [18,19]. Aside from formaldehyde formed during the 

flame propagation, which is apparently not responsible for the formaldehyde emission as this kind of 

produced formaldehyde is consumed during combustion in the presence of O and OH radicals [18], 

formaldehyde can be produced in the “cold region” such as near walls and in crevices and also by 

quenching effects. Furthermore, partial oxidation of unburnt hydrocarbons in the exhaust is reported to 

be another major source for formaldehyde emission [14,20,21]. Besides carcinogenic properties, a 

number of studies have pointed to formaldehyde as an irritant causing Asthma, eye, respiratory tract and 

sensory irritation [22–26].  

1.2 Natural Gas Engines 

Natural gas can be fed into different type of engines with different combustion concepts; spark ignited 

(SI) engines, known as gasoline engines, and compression ignited (CI) engines, known as diesel engines 

in dual-fueling with pilot injection, in which diesel is the pilot fuel causing the NG combustion. The SI 

engines utilizes an external source of ignition (spark plug), where the fuel and air are premixed with 

limited compression ratio. It can operate in both stoichiometric and fuel-lean concept. Increasing the 

compression ratio in SI engines can substantially increase the thermal efficiency. The SI engines operate 

on Otto-cycle. Figure 3 illustrates the working principle of four strokes SI engines. In the first stroke, a 

mixture of air-fuel enters the cylinder. The rising piston compressed the mixture after closing the intake 
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valve in compression stroke. In the third stroke, the sparking plug create the spark coincide with 

expansion of ignited air-fuel mixture. At the end of the cycle, the exhaust valve opens and the piston 

removes the combustion product from cylinder.  

 

Figure 3: Schematic illustration of working principle of SI engine cycle. 

The CI engines work on Diesel-cycle. This type of engines is characterized by higher compression ratio 

and a quality controlled torque. In conventional diesel engines, only air enters the cylinder during the 

intake stroke and the fuel is first injected into the cylinder after air compression (Figure 4). Due to high 

knock-resistance of NG, the fuel enters the combustion chamber as air-fuel mixture in CI engines. A 

small quantity of diesel, which acts as a pilot fuel, to initiate the NG combustion, is injected into the 

compressed air-fuel mixture. 

 

 

Figure 4: schematic illustration of working principle of CI engine cycle 

Each type of the mentioned engines has its pros and cons from the emission control point of view. 

Emission of CO and non-methane hydrocarbons (NMHCs) are generally lower comparing to the other 
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fossil fuels. NG engines operating in stoichiometric mode emit less unburnt hydrocarbons owing to high 

combustion temperature. However, they produce lower thermal efficiencies compared to lean-burn 

engines because of the lower specific heat of the charge [11,27]. Therefore, the lean-burn engines are 

more attractive in view of cost and efficiency. The advanced spark timing1 (compared to typical SI 

engines) and the high combustion temperature in NG- fueled SI engines result in high NOx emission at 

stoichiometric mode. At the high lambda values used in lean-burn operation, due to lower combustion 

temperature, the formation of NOx is much lower, hence the lean-burn NG engines are typically able to 

meet NOx emissions standards without or with simple after-treatment system. Besides, through higher 

compression ratio employed in lean-burn combustion, higher thermal efficiencies are achievable. Even 

though the lean-burn concept has its drawback on methane slip, they are still attractive due to lower 

investment and maintenance costs and have better reliability [28]. The application of a turbo charger 

contributes to a further improvement of the efficiency due to higher air to fuel ratio, but has its drawback 

on formaldehyde emission [29]. 

1.3 Emission Control 

The growing global awareness towards harmful effects of hazardous pollutants emitting from 

combustion engines has led to impose the continually tightened regulations. Optimization of combustion 

process, improvements of engine hardware and controlling strategies, temperature and pressure 

regulation with aid of injection timing or exhaust gas recirculation are some measures taken to reduce 

the emissions from combustion engines. Meanwhile, the engine and combustion related strategies do 

not suffice to meet the requirements of new stringent regulations. Thus, after-treatment technologies and 

catalytic converters are nowadays an indispensable part of emission control systems.  

Although the catalytic removal of NOx, CO and PM from exhaust gas are challenging tasks, there are 

several well-established catalytic technologies such as oxidation catalyst, three-way catalyst, NOx trap 

and selective reduction catalyst developed over decades for this purpose, as the first limiting regulation 

laws for these emissions had been imposed in 1970 [30]. 

 

1 “After generation of spark in the cylinder, a definite time is required to start the burning of fuel. The effect of 

this lag time is that the maximum pressure is not reached at TDC (Top Dead Center) and it reaches late in the 

expansion stroke. In this case, the work area is less, and therefore, power developed per cycle and efficiency are 

lower. Thus, for getting maximum work output, a spark advance of 15° to 25° is required”. R. K. Rajput, Internal 

Combustion Engines, Laxmi publ. 1th ed. 2005 
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In recent years due to increased concentration of greenhouse gases, the emission of CO2, CH4 and N2O, 

has been strictly regulated. Figure 5 demonstrates the annually decreasing CO2 emission standard from 

2012 projected until 2025, applicable to the trucks in the United States [31]. “The emission of CH4 and 

N2O are regulated by defining the CO2-equivalent standard, where the N2O and CH4 emissions are added 

to the CO2 emissions using a CO2 equivalence factor of 298 for N2O and of 25 for CH4” [31]. 

With the continuous increasing popularity of NG as fuel, it is then necessary to design an efficient after-

treatment system for reduction of methane but also other harmful hydrocarbons emission from NG 

engines.  

 

 

 

Figure 5: CO2 emission standard for trucks in the US, adapted from [31]. 

1.3.1 Catalytic Converters for Total Oxidation of Methane and Formaldehyde 

As mentioned above, the lean-burn type of gas-fueled engines suffers from high methane slip. Moreover, 

due to the occurrence of oxidation of unburnt methane and other hydrocarbons within the exhaust 

system, an after-treatment system is needed to achieve a formaldehyde-free exhaust gas.  

Catalytic converters have commonly monolithic structures made of either ceramic or metal, consisting 

of hundreds of parallel channels coated with washcoat, and contain dispersed catalytic materials to 

increase the catalytic surface area. The catalytically active components are mostly precious noble metal 

particles.  
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Methane is chemically the most stable alkane with low reactivity thus the catalytic oxidation of methane 

requires a highly active catalytic material. Among all possible candidates for the catalytic material 

related to the total oxidation of methane, Pd-based catalysts exhibit the highest activity and are the most 

discussed ones in literature [32–35]. Addition of small amount of platinum to palladium catalyst has 

positive bearing on catalyst activity and stability [34–36]. However, several studies show a strong 

inhibition caused by water and catalyst poisoning by sulfide/sulfate compounds, particularly at lower 

temperatures during oxidation of methane over Pd-based catalysts [34,37–40]. Thus, in order to avoid 

sulfur poisoning and drastic catalyst deactivation by water, the required gas temperature for complete 

oxidation of methane to water and carbon dioxide under typical exhaust gas conditions is above 450 °C 

[41].  

The formaldehyde emission level allocates 1-2% of total unburnt hydrocarbons, which is typically less 

than 100 ppm [14,19]. Owing to its toxicity, formaldehyde should be removed as much as possible from 

the exhaust gas of internal combustion engines. In contrast to methane, the oxidation of formaldehyde 

occurs at low temperatures simply achievable in the exhaust. Pt-based catalysts demonstrate generally 

good oxidation activity and have shown superior catalytic performance for total oxidation of 

formaldehyde [42–45] particularly under lean-burn conditions [46–48].  

For the system efficiency, the choice of both appropriate catalytic materials and reactor structure with 

low pressure-drop at operation conditions, such as high gas volume flow for large engines is crucial. 

The ceramic monoliths can be designed with different channel shapes, commercially more widespread 

are the circular and square ones. The size of the channels and the thickness of the walls determine the 

cell density with most commonly 200-600 cells per square inch (cpsi), which corresponds to30-95 cell 

per square centimeter (cpscm). Owing to porosity of the ceramic, the washcoating process of ceramic 

monoliths is easier than the metallic one. The metallic monoliths provide higher thermal conductivity 

and heat transfer compared to the ceramic substrate. Hence, metallic monolith provides lower 

temperature gradient along the monolith for both exothermic and endothermic reactions and higher 

thermal stress resistance. Furthermore, thinner channel walls contribute to less pressure-drop over 

metallic converters. Thus, they are attractive for various industrial applications [49–51] as well as 

exhaust gas after-treatment systems [52]. The metallic monoliths are made of corrugated substrate, 

which have asymmetric-shaped channels. 

1.3.2 Numerical Modeling of Catalytic Converters 

Experimental studies are common methods for investigation of physical and chemical processes relevant 

to improvement of emission control technologies under real operation conditions. However, the 

execution of such experiments is often an expensive and time-consuming process.  
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With the progress in computer science and technologies over the last decades and development of 

numerical methods, the numerical simulation became a reliable tool in fluid mechanics, known as 

computational fluid dynamics (CFD). CFD is a cost-effective alternative to expensive experiments, 

through which physical and chemical processes in various geometries of different complexity can be 

modeled. Numerical simulations based on CFD methods serve as a powerful tool for a better 

understanding of the processes, estimation of the influence of different parameters and investigation of 

optimization possibilities in after-treatment system.  

The numerical fluid dynamics models are mathematical description of the flow field based on the 

solution of governing equations for mass, momentum and energy giving the time-dependent values of 

velocity, density, pressure, temperature and species mass fraction at each point of the calculation 

domain. These equations represent a coupled equation system of second order non-linear partial 

differential equations. According to complexity of the flow field, one-, two- or three-dimensional model 

can be applied [53]. In this thesis, CFD calculations are performed to model the chemical reactors as 

well as symmetric and asymmetric channels of catalytic converters.  

 

 

Figure 6: Cross-section of a 200 cpsi metallic honeycomb coated with the washcoat materials. The foil thickness 

is 0.05 mm.  

As mentioned above the channels of metallic-core monoliths have usually a sinusoidal cross-section. 

They are coated with the washcoat materials, which is not uniformly distributed, as the washcoat 

materials tends to accumulate on the corners (Figure 6). Hence, some precious catalytic materials lying 

deep in the washcoat may be left unused. Thereby, detailed numerical simulation can shed a light on 

various issues concerning optimization of a catalytic system. In this regard, the evaluation of external 

as well as internal mass transfer limitations inside monolith reactors has been discussed by many authors 
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[54–60]. Summarizing the definitions and criteria stated in the literature, a reaction is called to be 

externally mass transfer controlled if the reaction rate is so high that the concentration of reactant in the 

bulk is considerably larger than the concentration at the catalytic surface. Hays and Kolaczkowski [61] 

define 0.03 as a threshold value for the ratio of reactant concentration at the catalyst surface and bulk 

concentration. If this ratio is below 0.03, the external mass transport is the rate-limiting step. As the flow 

inside monolith channel in exhaust after-treatment application is laminar, the mass transport from bulk 

to the channel surface depends merely on molecular diffusion. However, the molecular diffusion has a 

poor temperature dependency so that raise of temperature has no pronounced effect on transport rate as 

it does on reaction rate, owing to the exponential temperature dependency. The long diffusion distance 

between channel center and catalyst surface or low diffusion coefficient intensify the external transport 

limitation. Depending on washcoat parameters such as washcoat thickness, porosity, tortuosity, pore 

size etc., catalytic reactions can also be inhibited by diffusion limitation within washcoat layer.  

Apart from the occurrence of chemical reaction, mass and heat transport considerations, the uneven 

washcoat and irregular asymmetric shape of the channel are the challenges for modeling of sinusoidal 

channels. Heat transfer and pressure-drop without consideration of chemical reactions and washcoat 

diffusion-reaction for sinusoidal channels have been debated in the literature using 3-D models [62,63]. 

Due to computational costs and efforts, many researchers tried to use simplified 1-D and 2-D models, 

describing physical and chemical processes within a channel of a monolith, most commonly with 

axisymmetric cross-sections [51,64–68]. Hayes et al. [59,69] introduced 1-D slice model based on 

Papadias method [70] for calculation of Sherwood number and effectiveness factor applicable for any 

kind of cross-section geometry but with limitation of use for sinusoidal channel. Hereby, the extreme 

variation in washcoat thickness results in large concentration variation around perimeter of the channel 

and on the surface leads to uncertainty of calculated Sherwood number. Accordingly, the effect of 

thickness of washcoat on the catalyst activity has been subject of many experimental as well as 

numerical studies since the importance of internal mass transport within the washcoat and its role of 

lowering the catalyst activity at high intrinsic reaction rates are widely acknowledged [55–57,71,72]. 

Thus, considerable efforts have been directed towards obtaining optimum washcoat thickness for 

different applications of monolithic reactors.  

The accuracy of the aforementioned simplified models for simulation of sinusoidal channels is difficult 

to judge and there is a lack of 3-D models of corrugated channel containing washcoat diffusion in the 

literature. Thus, a detailed 3-D simulation for calculation of flow field, chemical reaction, heat and mass 

transport including intraporous diffusion in the washcoat can support a better understanding and 

interpretation of challenges and limitations for designing an optimized metallic catalyst. 
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Moreover, investigation of catalytic systems in a profound manner requires the knowledge of kinetics. 

Thereby detailed reaction mechanisms on elementary steps, which are applicable for any catalyst 

configurations and operation conditions, are highly demanded. Based on the data of reactions 

mechanism and thermodynamic properties, the formation and consumption rate of chemical species can 

be obtained. A reliable kinetic model can be coupled with mass and heat transport models in order to 

provide insight into the behavior of catalytic converters. 

1.3.3 Pre-Turbo Positioning of the Catalytic Converters1 

The use of catalytic converters, especially in mobile applications, has its drawbacks in terms of 

additional weight and occupied space of the catalytic converter. Evaluation of the optimal temperature 

range for the efficient function of the catalytic converter is another critical issue in this context, as this 

temperature window is dependent on the type of the catalyst [74]. Since the exhaust gas temperature is 

directly related to the operation point of the engine, it is not easy to ensure the required temperature 

range. Especially at low engine load the temperature of the exhaust gas is often too low for the catalytic 

converter to work efficiently. Also, it may take a considerable amount of time to heat up the catalytic 

converter above its minimum working temperature. Probable solution to this problem can be the 

placement of the catalytic converter close to the engine manifold to rapidly heat up the catalyst by 

making use of the heat from the engine. In modern engines, this is limited by the exhaust gas turbine. 

Recent industrial work has shown that the placement of the exhaust catalysts upstream of the turbine 

might be possible and even favorable to the placement downstream of the turbine [75–77].  

A pre-turbine placement will result in an elevated pressure up to 5 bar depending on engine design and 

operation point. Therefore, with resulting increase in gas density and gas temperature, a more efficient 

catalytic conversion can be achieved and thus less catalyst volume and mass would be sufficient 

compared to a post-turbine placement of the catalytic converter. Also, due to the higher gas temperature 

close to the engine, the catalytic converter could achieve higher conversion level [75–79]. However, the 

possible gained performance of the catalytic converter will always be a trade-off between sufficient 

exhaust after-treatment and acceptable fuel consumption due to higher back-pressure and the thermal 

heat capacity of the catalytic converter lowering the efficiency of the exhaust gas turbo charger. 

Furthermore, increasing pressure reduces the diffusion rate leading to potential mass-transport 

limitations of the reaction rate.  

 

1 This paragraph is taken from [73]. 
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1.3.4 Gas-Phase Reaction of Hydrocarbons in the Exhaust  

Due to the low exhaust gas temperature and the required (higher) temperatures for catalytic reactions 

highlighted above, the exhaust gas after-treatment devices are moving closer to the engine, sometimes 

even upstream the turbocharger, and thus operate at higher temperature and even pressure, which leads 

to increased possibility of homogenous oxidation reactions to take place. Several studies have reported 

on the possibility of oxidation of unburnt hydrocarbons such as methane and ethane mainly in the 

exhaust port and to some minor extent in the exhaust manifold and the tailpipe of the lean-burn NG 

engines [21,80–82]. The oxidation reactions in the gas-phase directly correlates with the concentration 

of NOx in the gas mixture [19,21,80]. This can be attributed to decreasing the initiation temperature of 

hydrocarbon oxidation in the presence of the NOx acting as a homogenous catalyst [83]. Low NOx 

concentration on the order of few ppm in the exhaust reduces the initiation temperature of methane 

oxidation. Extensive studies are available on the promoting effect of NOx on the gas-phase oxidation of 

light alkanes [83–90]. The product of hydrocarbon oxidation inside the exhaust port are mainly CO and 

aldehydes [19,21,91–93]. In the absence of NOx, oxidation of methane occurs through H-abstraction 

with OH radicals, which proceeds by chain-propagation interaction of CH3 with O2 and formation of 

formaldehyde succeeded by series of oxidation reactions to carbon oxides. 

The suggested NOx-promoted oxidation mechanism from literature [21,87,88,94] involves two 

important cycle transformations of NO and NO2 .  

Formation of OH radicals is needed for H-abstraction from CH4 through interaction of NOx and O/H, 

which is described by: 

 𝑁𝑂 + 𝐻𝑂2 = 𝑁𝑂2 + 𝑂𝐻, R 1.2 

 
and  

 𝑁𝑂 + 𝑂𝐻 = 𝑁𝑂2 + 𝐻, R 1.3 

 
 

and have a lower energy barrier than the chain-branching reaction 

 𝐻 + 𝑂2 = 𝑂𝐻 + 𝑂. R 1.4 

 
 

Furthermore, consumption of CH3 and formation of HCHO are also catalyzed by NOx conversion 

through interaction with hydrocarbon radicals at short residence time according to: 

 𝐶𝐻3 + 𝑁𝑂2 = 𝐶𝐻3𝑂 + 𝑁𝑂. R 1.5 

 
 

 𝐶𝐻3𝑂 (+𝑀) = 𝐻𝐶𝐻𝑂 (+𝑀) + 𝐻 R 1.6 

 
 



13 

 

 𝐶𝐻3𝑂2 + 𝑁𝑂 = 𝐶𝐻3𝑂 + 𝑁𝑂2 R 1.7 

 
 

where, M stats for third body species. Additional interactions between hydrocarbon radicals and NOx, 

describing the production and consumption of nitrated hydrocarbons, e.g., nitromethane, is also 

considered in some mechanisms [80,86,87,95,96] 

 𝐶𝐻3 + 𝑁𝑂2(+𝑀) = 𝐶𝐻3𝑁𝑂2(+𝑀). R 1.8 

 
 

The studies of Kristensen et al. [21] and Bendtsen et al. [80] on exhaust oxidation of UHCs illustrate 

the feasibility of elimination of the oxidation catalyst with the aid of an extended exhaust pipe to gain 

longer residence time. However, the study of the effect of higher pressure on homogenous reactions and 

consequently longer residence time, as it is relevant to pre-turbine positioning, is scarce in the literature. 

1.4 Outline of the Thesis 

In order to utilize the benefits of gas-fueled-engines, an appropriate emission control system for the 

reduction of methane and formaldehyde emission is essential. This thesis deals in particular with some 

current shortcomings and constraints for reduction of methane and formaldehyde slip with aid of after-

treatment system. Additionally, it is intended to introduce some optimization possibilities for 

improvement of after-treatment system of lean-burn NG engines mainly by means of numerical 

simulations.  

In essence, this thesis addresses the following research sub-topics: 

1) Numerical and experimental investigation of the effect of elevated pressure on homogenous gas-

phase reactions and particularly on the formation of intermediates in the exhaust of lean-burn 

NG engines. The importance of gas-phase reactions and their impact on the exhaust gas 

composition under varying pressures and temperatures are the objective of Chapter 3. The 

methods and results of this study are published in: 

B. Torkashvand, P. Lott, D. Zengel, L. Maier, M. Hettel, J.-D. Grunwaldt, O. Deutschmann, 

“Homogeneous Oxidation of Light Alkanes in the Exhaust of Turbocharged Lean-Burn NG 

engines”, Chemical Engineering Journal, 2018. https://doi.org/10.1016/j.cej.2018.08.186 

2) Numerical and experimental investigation of the effect of Pre-Turbine placement of oxidation 

catalyst i.e. increased temperature and pressure, on removal of methane slip from exhaust gas of 

lean-burn NG engines. Chapter 4 of this thesis is dedicated to understanding of the effect of 

https://doi.org/10.1016/j.cej.2018.08.186
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elevated pressure on catalytic oxidation of methane under lean conditions. The materials of this 

study are already published in: 

B. Torkashvand, A. Gremminger, S. Valchera, M. Casapu, J.-D. Grunwaldt, O. Deutschmann, 

“The Impact of Pre-Turbine Catalyst Placement on Methane Oxidation in Lean-Burn Gas 

Engines: An Experimental and Numerical study”, SAE Technical paper 2017-01-1019 

3) Development of a thermodynamically consistent multi-step detailed surface reaction mechanism 

for the catalytic oxidation of formaldehyde on platinum-based catalysts. The proposed 

mechanism is evaluated based on experimental data in Chapter 5 and is published in: 

B. Torkashvand, L. Maier, P. Lott, T. Schedlbauer, J.-D. Grunwaldt, O. Deutschmann, 

“Formaldehyde Oxidation over Platinum: On the Kinetics Relevant to Exhaust Conditions of 

Lean-Burn Natural Gas engines”, Topics in Catalysis (2019) 62: 206-213.  

4) Evaluation of the role of the external and internal mass transport in a metallic substrate monolith 

by means of 3-D simulation for catalytic oxidation of formaldehyde. 

5) Numerical Investigation of the technical feasibility of ultra-low emission limits in the current 

monolith-like after-treatment technology. The results and discussions of last two topics are 

subject of Chapter 6 of this thesis. The impact of mass transport limitation and the role of 

washcoat distribution on overall performance of the monolithic converters are discussed in: 

B. Torkashvand, L. Maier, M. Hettel, T. Schedlbauer, J.-D. Grunwaldt, O. Deutschmann,” On 

the Challenges and Constraints of Ultra-Low Emission Limits: Formaldehyde Oxidation in 

Catalytic Sinusoidal-Shaped Channels”, Chemical Engineering Science (2019) 195: 841-850, 

2019  

 

After discussion and evaluation of the results and methods, the thesis is concluded in Chapter 7. In this 

chapter, the achievements of the thesis are summarized and an outline for future works is given. 
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 Mathematical Descriptions 

2.1 Chemical Reactions 

A chemical reaction is a process, in which chemical species are converted into others through collisions 

at the molecular level. The transformation of the species is a result of exchange and/ or rearrangement 

of the atoms. Chemical reactions occur either homogenously or heterogeneously. In homogenous 

reactions, reactant and products are in the same phase and mass transport and interaction between 

reactants happen in parallel steps. Heterogeneous reactions involve species in a different phase i.e. 

gaseous reactants and surface species (catalytic reactions) or reaction of gaseous reactants with solid 

material (e.g. coal combustion). Thereby, mass transfer and reaction take place throughout steps in series 

[97].  

The reaction mechanism can be described either as a global reaction or by elementary steps. An 

elementary reaction is a chemical reaction on molecular level where reactants form products in a single 

step with a single transition state. The characteristic of an elementary reaction is that the stoichiometric 

coefficients are equal to the reaction orders. Global reactions have complex rate laws where the reaction 

orders in general are no integers and depend on reaction conditions. On the contrary, the reaction orders 

of elementary reactions always are integers and are valid for all experimental conditions. Those reaction 

orders can easily be derived because they equal the molecularity of the elementary reaction. The 

molecularity of an elementary reaction is defined as the number of reacting particles involved in the 

reaction to form products. Hence an elementary reaction can be unimolecular such as dissociation 

reactions or bimolecular [98,99].  

2.1.1 Homogenous Reactions in Gas-Phase 

The elementary reactions in the gas phase are generally described by: 

 ∑𝜈𝑖𝑘
,

𝑁𝑔

𝑖=1

𝜒𝑖 → ∑𝑣𝑖𝑘
′′

𝑁𝑔

𝑖=1

𝜒𝑖  2.1 

𝜒𝑖 is the 𝑖-th species, 𝑣𝑖
′, 𝑣𝑖

′′ are the stoichiometric coefficient of reactants and products respectively. 𝑁𝑔 

is the total number of participating gas species. Parallel to Eq. 2.1 a corresponding backward reaction 

takes place.  
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 ∑𝑣𝑖𝑘
′′

𝑁𝑔

𝑖=1

𝜒𝑖 → ∑𝜈𝑖𝑘
,

𝑁𝑔

𝑖=1

𝜒𝑖 2.2 

The rate of formation or consumption of a species in a chemical reaction is called reaction rate and is 

described by the rate law. The reaction rate depends on the concentration of the participating species 

and temperature representing the probability of the collisions and the energy of the collisions 

respectively. This dependency is taken into account for a forward elementary reaction by the following 

expression:  

 
𝑑𝑐𝑖

𝑑𝑡
= (𝑣𝑖𝑘

′ − 𝑣𝑖𝑘
′′ )𝑘f𝑘 ∏𝑐𝑖

𝑎𝑖𝑘
′

𝑖

 
2.3 

Here 𝑘f𝑘 is the rate coefficient of forward reaction and 𝑎𝑖𝑘
′  is the reaction order of the reactants. In 

analogy, it can be written for the backward reaction: 

 
𝑑𝑐𝑖

𝑑𝑡
= (𝑣𝑖𝑘

′′ − 𝑣𝑖𝑘
′ )𝑘r𝑘 ∏𝑐𝑖

𝑎𝑖𝑘
′′

𝑁𝑔

𝑗=1

 2.4 

where 𝑘r𝑘 is the rate coefficient of reverse reaction and 𝑎𝑖𝑘
′′  is the reaction order of the products. 

At chemical equilibrium the rate of forward and reverse reactions are equal in microscopic scale so that 

in macro scales the concentration of species does not change with time:  

 (𝑣𝑖𝑘
′ − 𝑣𝑖𝑘

′′ )𝑘f𝑘 ∏𝑐𝑖

𝑎𝑖𝑘
′

𝑁𝑔

𝑗=1

= (𝑣𝑖𝑘
′′ − 𝑣𝑖𝑘

′ )𝑘r𝑘 ∏𝑐𝑖

𝑎𝑖𝑘
′′

𝑁𝑔

𝑗=1

. 2.5 

In case of an ideal gas, the ratio of reaction rate coefficients of forward and backward reactions, 𝐾c, can 

be calculated from the change of the free enthalpy (∆𝐺 = −𝑅𝑇𝑙𝑛 𝐾 = ∆𝐻 − 𝑇∆𝑆) at pressure of 

𝑝0 =  101325 Pa according to: 

 𝐾c =
𝑘f𝑘

𝑘r𝑘
= 𝑒𝑥𝑝 (−

∆𝑅𝐺0̅̅̅̅

𝑅𝑇
)(

𝑝0

𝑅𝑇
)

∑ (𝑣𝑖
′−𝑣𝑖

′′)
𝑁𝑔
𝑖=1

 2.6 

With Eq 2.6 it is possible to calculate the equilibrium constant (𝐾c) from thermodynamic data.  

Finally, the formation rate of gas phase species 𝑖 is given by sum of all reaction rates, in which the 

species 𝑖 is participating.  

 𝜔𝑖̇ =
𝑑𝑐𝑖

𝑑𝑡
= ∑(𝑣𝑖

′ − 𝑣𝑖
′′)𝑘𝑘 ∏𝑐𝑖

𝑎𝑖𝑘
′

.

𝑁𝑔

𝑗=1

𝐾𝑔

𝑘=1

 2.7 
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Here 𝐾𝑔 is the total number of reactions in the gas-phase. 

2.1.2 Temperature Dependency of the Rate Coefficient 

The temperature dependency of the rate law can be determined either empirically known as Arrhenius 

approach or theoretically applying different theories such as collision theory and transition state theory. 

Arrhenius approach: according to Arrhenius equation a chemical reaction can only take place if the 

kinetic energy of the colliding particles is sufficient to overcome the energy barrier know as activation 

energy, 𝐸a𝑘. The reaction rate coefficient of a chemical reaction can be expressed using modified 

Arrhenius model:  

 𝑘𝑘 = 𝐴𝑘𝑇
𝛽𝑘𝑒𝑥𝑝 (

−𝐸a𝑘

𝑅𝑇
) 

2.8 

where, 𝐴𝑘 is the pre-exponential factor. This is also known as frequency factor, and represents the 

frequency of collisions between reactant molecules. 𝛽𝑘 is the temperature exponent and describes the 

temperature dependency of the pre-exponential factor. 𝐸𝑎𝑘 is the activation energy and 𝑅 is the universal 

gas constant (8.314 J mol-1 K-1). At very high temperatures or very low activation energies, the 

exponential term in Eq. 2.8 approaches unity. In those cases, the reaction rate is only a function of 𝐴𝑘𝑇
𝛽. 

The pre-exponential factor has different meanings in uni- and bimolecular reactions. The reciprocal 

value of 𝐴𝑘 corresponds to the mean lifetime of molecule for unimolecular reactions. In case of 

bimolecular reactions, this factor corresponds to the number of collisions and the probability of reaction 

[99].  

The rate coefficient 𝑘𝑘 can be determined both experimentally and theoretically. The pre-exponential 

factor obtained experimentally is a constant value, while the factor calculated by the aid of the mentioned 

theories is a function of temperature and other physical parameters.  

The collision theory states that successful collisions are needed in order for a reaction to take place. 

The molecules, which lead to the successful collision must possess certain minimum amount of energy 

(activation energy) and collide in right orientation. The rate coefficient of a bimolecular reaction 

(𝐴 + 𝐵 → 𝐶), according to the collision theory, can be expressed as:  

 𝑘𝑘 = 𝑍 ∙ 𝜌 = 𝜎𝐴𝐵√
8𝑘𝐵𝑇

𝜋𝜇
𝜌 

2.9 

The term √
8𝑘𝐵𝑇

𝜋𝜇
 represents the average velocity of colliding particles. From the kinetic theory, it is 

known that the average velocity of two different moving bodies can be treated as one, which has the 
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reduced mass of both and moves with the velocity of the center of the mass. In the above equation 𝜇 is 

the reduced mass, 𝑘𝐵 is the Boltzmann constant (1.381 x 10-23 J K-1), 𝜎𝐴𝐵 is the collisional cross section 

and 𝜌 is the steric factor. As not all collisions occur in correct orientation, some do not result in the 

corresponding reaction. The steric factor accounts for disagreement in 𝐴 values between theory and 

experiment.  

According to the collisions theory the pre-exponential factor is a weak function of temperature compared 

with strong temperature dependency of the reaction rate owing to the exponential term.  

The transition state theory is based on formation of an activated complex (𝐴𝐵∗) from reactants. 

 𝐴 + 𝐵 ⇋ 𝐴𝐵∗ → 𝑃 
R 2.1 

 

The probability of the reaction is then a function of the concentration of the activated complex, the 

consumption rate of it and the way in which the complex decomposes; returns to the reactants or 

rearranges the chemical bonds and forms the products. The fundamental assumption of the transition 

state theory is that the activated complex is in equilibrium with the reactants and products. So that the 

equilibrium constant can be expressed as:  

  𝐾∗ =
[𝐴𝐵∗]

[𝐴][𝐵]
 

2.10 

The reaction rate is a function of the activated complex concentration and the frequency of the vibration 

𝜐 necessary for crossing the activation barrier in order to converting the activated complex to the 

product.  

  
𝑑𝑃

𝑑𝑡
= 𝜐 [𝐴𝐵∗] = 𝜐𝐾∗[𝐴][𝐵] 2.11 

So the reaction rate coefficient reads: 

 𝑘 = 𝜐𝐾∗ 
2.12 

The frequency of vibrations is given by:  

  𝜐 =  
𝑘B𝑇

ℎ
 2.13 

In which ℎ is Planck's constant (6.626 x 10-34 J s). Finally, the equilibrium constant depends on the 

thermodynamic properties of activated complex and reactants: 

 ∆𝑅𝐺0∗ = 𝐺0(𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑠𝑡𝑎𝑡𝑒) − 𝐺0(𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠) 
2.14 
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 ∆𝑅𝐺∗ = −𝑅𝑇𝑙𝑛 𝐾∗ = ∆𝑅𝐻∗ − 𝑇∆𝑅𝑆∗ 
2.15 

where, ∆𝐺∗ is the Gibbs energy of the activation, ∆𝑅𝐻∗ is the enthalpy of the activation and ∆𝑅𝑆∗ is the 

entropy of the activation. Substituting Eq. 2.13 and 2.15 into Eq. 2.12, the rate constant according to 

transition state theory can be written as:  

 𝑘 =
𝑘B𝑇

ℎ
𝑒−

∆𝑅𝐻∗

𝑅𝑇 + 𝑒
∆𝑅𝑆∗

𝑅  
2.16 

 

2.1.3 Pressure Dependency of the Rate Coefficient 

Pressure-dependency of a reaction indicate that the reaction is not a single step elementary reaction. 

Recombination or dissociation reactions are typical pressure-dependent reactions and are based on 

complex reaction sequences [99]. Decomposition is only possible if a molecule A has sufficient energy 

to break its bonds. The energy needed to split the bond is provided by a collision with another molecule 

M (third-body). The excited molecule A* can be either deactivated through another collision and lose its 

energy or it decomposes via a unimolecular step into the product P. Thus, the rate of these reactions 

depends on the number of collisions and accordingly on pressure. 

 𝐴 + 𝑀 ⇋ 𝐴∗ + 𝑀 
R 2.2 

 

  𝐴∗ ⟶ 𝑃 R 2.3 

 

At very low pressures, the number of collisions is limited and therefore the reaction rate is proportional 

to the concentration of the both third-body (M) and molecule A (Eq. 2.17). At high pressure, the reaction 

rate is first order with respect to the concentration of molecule A and zero order with respect to the 

concentration of M (Eq. 2.18). The rate constant corresponding to these two pressure limits can be 

modeled by Arrhenius equation. 

 𝑟 = 𝑘0𝐶𝐴𝐶𝑀, 𝑘0 = 𝐴0𝑇
𝛽0𝑒𝑥𝑝 (

−𝐸𝑎0

𝑅𝑇
) 

2.17 

 
𝑟 = 𝑘∞𝐶𝐴, 𝑘∞ = 𝐴∞𝑇𝛽∞𝑒𝑥𝑝 (

−𝐸𝑎∞

𝑅𝑇
) 

2.18 

At intermediate pressure, the so-called pressure fall-off region, the reaction rate is neither second-order 

nor first-order. There are several methods for the description of the reaction rate in the fall-off region.  

In this work, the Troe method [100], which is a modified expression of Lindemann theory [101,102], is 

applied and therefore will be briefly presented.  
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According to the Lindemann theory the apparent pressure-dependent rate constant can be written as: 

  𝑘 =  𝑘∞ (
𝑝𝑟

1 + 𝑝𝑟
)𝐹, 

2.19 

where 𝑝𝑟 is the reduced pressure: 

 𝑝𝑟 =
𝑘0[𝑀]

𝑘∞
 

2.20 

The effective concentration of third-body [𝑀] corresponds to concentration of all participating 

molecules multiplied by their collision efficiencies 𝑚𝑦𝑖: 

 [𝑀] = ∑ 𝑚𝑦𝑖[𝐶𝑖]
𝑖

. 
2.21 

𝐹 is the broadening factor in the fall-off region and is equal to 1 for the Lindemann model. According 

to Troe model [103], 𝐹 is a more complex function and is given by the description of the center of the 

fall-off range, 𝐹𝑐𝑒𝑛𝑡, 

 log 𝐹 = [1 + (
log𝑝𝑟 + 𝑐

𝑛 − 𝑑(log 𝑝𝑟 + 𝑐)
)
2

]

−1

log 𝐹𝑐𝑒𝑛𝑡 . 2.22 

With  

 

𝑐 =  −0.4 − 0.67 log𝐹𝑐𝑒𝑛𝑡 , 

𝑛 =  −0.75 − 1.27 log𝐹𝑐𝑒𝑛𝑡 , 

𝑑 =  −0.14 

2.23 

and 

 𝐹𝑐𝑒𝑛𝑡 = 𝛼 ∙ 𝑒𝑥𝑝 (−
𝑇

𝑇∗
) + 𝑒𝑥𝑝 (−

𝑇

𝑇∗∗
) + (1 − 𝛼) ∙ 𝑒𝑥𝑝 (−

𝑇∗

𝑇∗∗∗
)  . 

2.24 

There are ten parameters required for the calculation of the broadening factor 𝐹 .The formalism of Troe 

can be used to determine the rate constant at each temperature and pressure.  

Figure 7 illustrates the pressure dependency of rate constant at low, high and intermediate pressure range 

and the comparison between Lindemann and Troe model. 
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Figure 7: Rate constant as function of pressure at low pressure (𝑘0), at high pressure (𝑘∞) and in fall-off region 

applying Lindemann and Troe model for reaction H2O2↔ 2OH [98].  

2.1.4 Heterogeneous Catalyzed Reactions 

Unlike homogeneous systems, in heterogeneous catalysis, the reactants and the catalyst are in different 

phases. Hence, mass transfer plays a fundamental role. In particular the sequential steps, which occur 

during a catalytic reaction, are [104]: 

1. External or interphase diffusion of reactants: diffusion from the bulk fluid to the catalytic surface 

through the boundary layer 

2. Internal or intraphase diffusion of reactants: diffusion through the pores of the washcoat 

3. Adsorption of the reactants on the active sites of the catalyst surface 

4. Reaction on the catalyst sites 

5. Desorption of products from the catalyst sites 

6. Internal or intraphase diffusion of products: diffusion through the pores of the washcoat 

7. External or interphase diffusion of products: diffusion from the catalytic surface to the bulk 

fluid  

Alike gas-phase reactions, the micro reaction kinetics (steps 3-5) on the catalytic surface can be 

expressed using the reaction rate coefficient [53,105].  

 𝑠𝑖̇ =
𝑑𝑐𝑖

𝑑𝑡
= ∑(𝑣𝑖

′ − 𝑣𝑖
′′)𝑘𝑘 ∏ 𝑐

𝑗

𝑣𝑗𝑘
′

𝑁𝑔+𝑁𝑠

𝑗=1

𝐾𝑠

𝑘=1

 2.25 

In the above equation 𝐾𝑠 is the number of surface reactions including adsorption and desorption 

reactions.  
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The various adsorbates occupy different number of vacancies on the catalyst surface. It is therefore more 

practical using coverage degrees 𝜃𝑖 instead of concentration of adsorbed species 𝑐𝑖,𝑠 for the description 

of surface reactions. The coverage of species 𝑖 is defined by: 

 𝜃𝑖 =
𝑐𝑖,𝑠𝜎𝑖

Γ𝑐𝑎𝑡
 

2.26 

where, Γ𝑐𝑎𝑡 represent the surface site density and 𝜎𝑖 the number of sites occupied by one particle of the 

species 𝑖 respectively. The sum of all coverages and available vacancies should fulfill:  

 ∑𝜃𝑖 = 1.

𝑁𝑠

𝑖=1

 2.27 

Mean-field approximation 

The proposed detailed catalytic reaction mechanism in this work is developed using the mean-field 

approximation. Thereby, the adsorbates are assumed to be randomly distributed on the surface, and their 

temperature and coverage depend only on the macroscopic position on the catalyst surface [106,107]. It 

is also assumed that there is no interaction between adjacent adsorbates and surface vacancies are treated 

equally using averaged parameters for various crystallographic planes.   

The increasing coverages of adsorbed species alter the adsorption probability on the surface. A modified 

Arrhenius expression, which accounts for coverage dependency of the heat of formation of surface 

intermediate 𝑖 resulting in additional coverage-dependent contributions  𝜀𝑖 to the activation barrier 𝐸a𝑘, 

is used to describe the rate constant of surface reactions. 

 𝑘𝑘 = 𝐴𝑘 ∙ 𝑇𝛽𝑘 ∙ exp [−
𝐸a𝑘

𝑅𝑇
] ∙ ∏exp [

𝜀𝑖𝜃𝑖

𝑅𝑇
] .

𝑁𝑠

𝑖=1

 2.28 

Hereby 𝜀𝑖  is the coverage-dependent part of the activation energy ( 𝜀𝑖 > 0 represent repulsive self-

interactions of species 𝑖 on the surface.  

Rate constants for adsorption reactions are modeled through sticking coefficients. Considering the initial 

sticking coefficient 𝑠𝑖
0 of the gas-phase species 𝑖 with respect to the catalyst surface at zero coverage, 

the pre-exponential factor of an adsorption reaction 𝑘 involving gas-phase species 𝑖 is given as: 

 𝐴𝑘
ads =

1

Γ𝐶𝑎𝑡
𝑛𝑘−1 𝑠𝑖

0√
𝑅𝑇

2𝜋𝑀𝑖
. 

2.29 

Here, 𝑛𝑘 is the molecularity of the adsorption step 𝑘 with 𝑛𝑘 = 2 for molecular adsorption, 𝑛𝑘 = 3 for 

dissociative adsorption. 
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Thermodynamic Consistency  

One of the requirements of a microkinetic model is that in the limit of infinite time the thermodynamic 

equilibrium is properly predicted. A reliable reaction mechanism should ensure enthalpic and entropic 

consistency.  

In this section, derivations of the equations are written as they are given in [108]. 

The equilibrium of a chemical reaction for an arbitrary reaction only depends on the thermodynamic 

properties of the species involved.  

 ∑ 𝜈𝑖𝑘
,

𝑁𝑔+𝑁𝑠

𝑖=1

𝜒𝑖  
𝑘f
→

𝑘r
← ∑ 𝜈𝑖𝑘

,,

𝑁𝑔+𝑁𝑠

𝑖=1

𝜒𝑖  . 
2.30 

The equilibrium constant, 𝐾𝑝𝑘, which describes the equilibrium composition in terms of equilibrium 

activities, 𝑎𝑖
𝑒𝑞

, and their stoichiometric coefficients, 𝜈𝑖𝑘 = 𝜈𝑖𝑘
,, − 𝜈𝑖𝑘

,
  , is a function of temperature T   

 𝐾p𝑘(𝑇) = ∏(𝑎𝑖
𝑒𝑞

)
𝜈𝑖𝑘

𝑖

= 𝑒𝑥𝑝(−
𝛥𝑘𝐺

0

𝑅𝑇
) . 2.31 

R  is the gas constant. The change of free enthalpy 𝛥𝑅𝐺0 at normal pressure 𝑃0 can be written as 

 𝛥𝑅𝐺0 = ∑𝜈𝑖𝑘𝐺𝑖
0(𝑇).

𝑖

 2.32 

Here, the 𝐺𝑖
0(𝑇) is the standard free enthalpy of the species i , i.e., the chemical potential at normal 

pressure.  

In equilibrium, the rate coefficients of forward and reverse reactions obey the equation 

 
𝐾f𝑘

𝐾r𝑘
= 𝐾p𝑘 ∙ ∏(𝑐𝑖

0)
𝜈𝑖𝑘

𝑖

.  2.33 

The 𝑐𝑖
0 are reference concentrations at normal pressure, i.e., 𝑐𝑖

0 = 𝑝0/𝑅𝑇 for gas-phase species and  

𝑐𝑖
0 = Γ/𝜎𝑖 for surface species, in which Γ is the surface site density and 𝜎𝑖 is the number of the surface 

sites occupied by the species i .The rate coefficients of each reaction have to fulfill the Eq. 2.33. 

However, some of the 𝐺𝑖
0 involved on the right hand side of the equation are unknown. Usually, there 

are more reversible reactions than unknown chemical potentials. Thus, we have an over-determined 

system of equations with respect to the unknown 𝐺𝑖
0. 

In logarithmic form, we can write Eq. 2.33 as 
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𝑙𝑛 𝐾𝑓𝑘 − ln𝐾𝑟𝑘 = −

1

𝑅𝑇
∑𝜈𝑖𝑘𝐺𝑖

0(𝑇)

𝑖

+ 𝑙𝑛 (∏(𝑐𝑖
0)

𝜈𝑖𝑘

𝑖

 ). 2.34 

For a fixed temperature, this is a linear equation system in terms of the chemical potentials 𝐺𝑖
0 and the 

logarithms of the rate coefficients. After removal of the unknown 𝐺𝑖
0 by Gaussian elimination, an under-

determined system of linear equations for 𝑙𝑛 𝐾𝑓𝑘 and ln 𝐾𝑟𝑘 are left. Allowing a change of rate 

coefficients of selected reactions, the minimal changes required to satisfy the linear equation system at 

a fixed temperature can be calculated using a weighted least-square fit. This procedure is repeated for 

several temperatures and new Arrhenius parameters are fitted to the new temperature dependency of the 

rate coefficients. Details of this method can be found in [108,109]. 

2.2 Modeling of Chemically Reacting Flows 

Modeling chemical reactors is distinctly challenging owing to complex physical and chemical processes 

simultaneously taking place inside a reactor. The numerical model of the reactive flows should be 

capable of predicting the individual processes and their interactions. A reliable model accounts for 

accurate description of flow field, chemical reaction on the surface as well as in the gas-phase coupled 

with heat and mass transfer phenomena. Depending on reactor type and boundary conditions, different 

assumptions can be made to simplify the models required for simulation of reactive flows. This section 

introduces briefly the principle of modeling of reactive flows. More details to fluid dynamics, transport 

phenomena and chemical processes can be found in a number of textbooks [105,110–114].  

As long as a fluid can be treated as continuum, the most sophisticated description of flow field of 

multicomponent mixture is given by the transient three-dimensional Navier-Stokes equations together 

with the energy and species governing equations. These equations couple the macroscopic intensive 

properties, which are independent from the amount of matter viz. density, velocity and temperature 

within a certain spatial region called the control volume, building a coupled equation system of second 

order non-linear partial differential equations [53,112,115].  

The principle of mass conservation leads to the mass continuity equation. The rate of change of total 

mass (density, 𝜌) for every point within the control volume in differential form is given by:  

 
𝜕𝜌

𝜕𝑡
  +  

∂(𝜌𝑣𝑖)

𝜕𝑥𝑖
  =  𝑆𝑚 

2.35 

In Eq. 2.35, 𝜌 is density and 𝑣𝑖 is the velocity component and 𝑥𝑖(i=1,2,3) are the Cartesian coordinates. 

The source term 𝑆𝑚 disappears unless mass is either deposited on or ablated from the solid surfaces. 
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The first term on the right side corresponds to the local variation of 𝜌 over time and the second term is 

the convective derivative. In case of steady state conditions, the first term on the right side of Eq. 2.35 

vanishes. Here, the Einstein notation is applied. According to this, when an index variable appears twice 

in a single term and is not otherwise defined, it implies summation of that term over all the values of the 

index, except if the index refers to a chemical species.  

The change of momentum in control volume is defined by the sum of the net momentum flow rate from 

the control surface, body and surface forces. The body forces act on the volumetric mass of the fluid 

such as gravitational or magnetic forces and surface forces act on the surface of fluid element, consisting 

of shear and normal stress. The differential form of the conservation of the momentum is given by: 

 
∂(𝜌𝑣𝑖)

∂𝑡
+

∂(𝜌𝑣𝑖𝑣𝑗)

∂𝑥𝑗
+

∂𝑝

∂𝑥𝑖
+

∂𝜏𝑖𝑗

∂𝑥𝑗
= 𝜌g𝑖, 2.36 

Where 𝑝 is the static pressure, 𝜏𝑖𝑗 is the stress tensor, and 𝜌g𝑖 represents the components of the 

gravitational acceleration g⃗  in the direction of Cartesian coordinates 𝑥𝑗. The only body force considered 

here, gravity, is often neglected when modeling chemical reactors. The stress tensor is expressed as:  

 𝜏𝑖𝑗 = −𝜇(
𝜕𝑣𝑖

𝜕𝑥𝑗
+ 

𝜕𝑣𝑗

𝜕𝑥𝑖
) −

2

3
𝜇
𝜕𝑣𝑘

𝜕𝑥𝑘
δ𝑖𝑗 . 2.37 

In Eq. 2.37, 𝜇 is the mixture viscosity and δ𝑖𝑗 is the Kronecker delta, which is unity for 𝑖 = 𝑗, else zero. 

For a multicomponent system, in which species transport and chemical reactions are of importance, 

additional conservation equations for description of species mass fractions are mandatory. Through 

chemical reactions, the species are converted into each other. Thereby, the mass fraction 𝑌𝑖 describes 

the exact fraction of species 𝑖 in the gas mixture. The mass 𝑚𝑖 of each species 𝑖 obeys the conservation 

law, which leads to following set of governing equations: 

 
∂(𝜌𝑌𝑖)

∂𝑡
+

∂(𝜌𝑣𝑗𝑌𝑖)

∂𝑥𝑗
=

∂(𝑗𝑖,𝑗)

∂𝑥𝑗
+ 𝑅𝑖

ℎ𝑜𝑚     , (𝑖 = 1,… ,𝑁𝑔) 
2.38 

In the above equation, 𝑌𝑖 is the mass fraction of species 𝑖 in the mixture, 𝑅𝑖
ℎ𝑜𝑚 is the net rate of 

production due to homogenous chemical reactions and 𝑗𝑖,𝑗 is the diffusion mass flux:  

 𝑗𝑖,𝑗 = −𝜌
𝑌𝑖

𝑋𝑗
𝐷𝑖,M

∂𝑋𝑖

∂𝑥𝑗
− 

𝐷𝑖,T

𝑇

∂𝑇

∂𝑥𝑗
 

2.39 

The first term of the Eq. 2.39 on the right hand side represents the diffusion caused by concentration 

gradient and the second term corresponds to the diffusion caused by the temperature gradient between 
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different layers of fluid. 𝐷𝑖,M is the effective diffusion coefficient of species 𝑖 in the mixture and 𝐷𝑖,T is 

the thermal diffusion coefficient. The molar fraction 𝑋𝑖 is related to the mass fraction 𝑌𝑖 by: 

 

 𝑌𝑖 =
𝑀𝑖

𝑀̅
𝑋𝑖 2.40 

𝑀𝑖 is the molar mass of species 𝑖 in the gas mixture and 𝑀̅ is the molar mass of the mixture: 

 
𝑀̅ =

1

∑
𝑌𝑖

𝑀𝑖

𝑁𝑔

𝑖=1

 
2.41 

The temperature of the flow is defined by the energy conservation equation. This equation described the 

rate of change of internal energy in control volume. There are several reasons causing the change of 

internal energy: 

1) Heat flux from and into the control volume 

2) Thermal conduction  

3) Mass diffusion 

4) Chemical reactions 

5) External sources of energy 

6) Work done on the element due to body and surface forces 

The energy governing equation is commonly expressed in terms of the specific enthalpy ℎ: 

 
∂(𝜌ℎ)

∂𝑡
+

∂(𝜌𝑣𝑗ℎ)

∂𝑥𝑗
+

∂(𝑗𝑞,𝑗)

∂𝑥𝑗
= 

∂𝑝

∂𝑡
+ 𝑣𝑗

∂𝑝

∂𝑥𝑗
− 𝜏𝑗𝑘

∂𝑣𝑗

∂𝑥𝑘
+ 𝑆ℎ , 

 

2.42 

With 𝑆ℎ being the heat source. In multicomponent mixtures, the diffusive heat transport is divided to 

conductive heat transport and diffusion of mass: 

 𝑗𝑞,𝑗 = −𝜆
∂𝑇

∂𝑥𝑗
+ ∑ℎ𝑖

𝑁𝑔

𝑖=1

𝑗𝑖,𝑗 . 2.43 

with 𝜆 as thermal the conductivity of the mixture and ℎ𝑖 the specific enthalpy of species 𝑖. Following 

the first law of thermodynamics, the specific species enthalpy is expressed by:  

 ℎ𝑖(𝑇) = ℎ𝑖(𝑇𝑟𝑒𝑓) + ∫ 𝑐𝑝,𝑖

𝑇

𝑇𝑟𝑒𝑓

(𝑇′)𝑑𝑇′, 
2.44 

where 𝑐𝑝,𝑖 is the specific heat capacity at constant pressure. 
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The relation between the thermodynamic variables, density, pressure and temperature is given by the 

equation of state. The simplest model of this relation for gaseous flows is the ideal gas equation: 

 𝑝 = 𝜌
𝑅

𝑀̅
𝑇 

2.45 

In order to obtain unique solutions of governing equations, determination of boundary conditions with 

respect to the geometrical domain of fluid flow is required. Finally, the solution of this system results in 

time-dependent velocity component in x-, y-, and z-direction, pressure, temperature and density for each 

point of the flow field.  

2.2.1 Coupling of the Flow Field with Heterogeneous Chemical Reactions 

  

Instantaneous diffusion 

In this model, it is assumed that an infinite thin catalyst layer is distributed on the gas-solid interface so 

that mass transport within the washcoat is infinitely fast. The effect of washcoat parameters such as 

thickness, porosity or pore diameters of the inner pores is neglected. This means that the mass flux of 

each gas species due to diffusion and convection to/from the surface is balanced with its rate of 

consumption/production on the reacting surface. In this case, the species continuity equations at the gas-

surface interface and under steady-state conditions is given by: 

 𝑗𝑖 = −𝑅𝑖
ℎ𝑒𝑡 . 

2.46 

𝑗𝑖 is the diffusion flux of species 𝑖 and 𝑅𝑖
ℎ𝑒𝑡 is the heterogeneous surface reaction rate: 

 𝑅𝑖
ℎ𝑒𝑡 = 𝑠𝑖̇𝑀𝑖𝐹cat/geo. 2.47 

The term 𝐹𝑐𝑎𝑡/𝑔𝑒𝑜 is the ratio of the active catalytic surface area 𝐴𝑐𝑎𝑡 and the geometric surface area 

𝐴𝑔𝑒𝑜 

 𝐹cat/geo =
𝐴cat 

𝐴geo
 

2.48 

The first boundary condition states that all velocity components vanish on the surface. 

Effectiveness factor approach 

The simplest model to include the effect of internal mass transfer resistance within the washcoat layer 

is the effectiveness factor based on Thiele modulus. This model assumes that overall reactivity can be 

determined by one target species [53,116]. The effectiveness factor 𝜂 of species 𝑖 is given by:  
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 𝜂𝑖 =
𝑠̇𝑖,eff 

𝑠̇𝑖
, 

2.49 

with 𝑠̇𝑖,𝑒𝑓𝑓 the effective surface reaction rate inside the washcoat. In case of a first-order reaction in 

homogenous porous washcoat and under steady-state conditions, the effectiveness factor can be 

calculated analytically: 

 

 𝜂𝑖 =
tanh (𝜑𝑖) 

𝜑𝑖
, 

2.50 

where 𝜑𝑖 is the Thiele module that for a rate law of first order is defined by:  

 𝜑𝑖 = 𝐿√
𝑠̇𝑖γ 

𝐷𝑖,eff 𝑐𝑖,0
. 

2.51 

in which 𝐿 is the thickness of the washcoat layer, γ is the ratio of the catalytic surface area to geometrical 

washcoat volume, 𝐷𝑖,eff is the effective diffusion coefficient of species 𝑖, and 𝑐𝑖,0 is the concentration of 

species 𝑖 at the gas-solid interface. This approach can only be applied under conditions that the reaction 

rate of one target species represents the overall activity. Consequently, application of this models means 

that the diffusion coefficient of all present species is the same [53].   

One-dimensional reaction-diffusion-model in the washcoat 

The reaction-diffusion model serves a more precise description of mass transport within the washcoat 

as it calculates essentially the reaction-diffusion equations for all participating species. It assumes that 

the species transport within the washcoat is only due to the diffusion caused by concentration gradients 

in normal direction to the gas-solid boundary inside the washcoat. In transient form, this equation can 

be written as: 

 
∂𝑐𝑖,𝑤

∂𝑡
= −𝐷𝑖,eff

∂𝑐𝑖,𝑤

∂𝑧
+ γ𝑠̇𝑖,𝑤 2.52 

With 𝑐𝑖,𝑤 as the molar concentration of specie 𝑖 inside the washcoat and 𝑠̇𝑖,𝑤 as the surface reaction rate 

of specie 𝑖 in the washcoat. 

Porous washcoat layer 

The 3-D models with higher complexity than zero and 1-D models are the most sophisticated approach 

for description of mass transport coupled with catalytic reactions within the washcoat. Porous medium 

model applicable for homogenous porous media provides a good description of washcoat with low 

calculation efforts. In this approach, the entire system of conservation equations is considered in both 

fluid and porous medium domain. In the porous medium domain, the momentum equations are extended 
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by an additional source term, consisting of viscous and inertial loss terms that cause a pressure-drop in 

the porous medium, which is proportional to the respective velocity components in flow directions Eq 

2.53. The first term on the right side of the Eq 2.53 represents the viscous loss term (Darcy law) and the 

second one the inertial momentum loss relevant at high flow velocity. Here, 𝜇 is the dynamic viscosity, 

𝛼 the permeability, and 𝐶 the inertial resistance factor [117] . However, the high viscous resistance 

caused by very low permeability of the porous washcoat in the honeycomb catalytic converters with 

pore size as small as 12-25 nm leads to negligible convective species flux inside the washcoat [72].  

 𝑆 = −(
𝜇

𝛼
+

𝜌𝐶|𝑣⃑⃗|

2
) 𝑣⃑. 2.53 

The chemical reactions in the porous washcoat are added as a source term to the species conservation: 

 
𝜕

𝜕𝑡
(𝜌𝑌𝑖) + ∇ ∙ (𝜌𝑣⃑𝑌𝑖) = −∇ ∙ 𝐽𝑖⃗⃗⃑ + 𝑅𝑖

ℎ𝑒𝑡 + 𝑆𝑖. 2.54 

Here 𝑆𝑖 represents an arbitrary source or sink. The diffusive mass flux 𝐽𝑖⃗⃗⃑ is then given by Eq. 2.39. The 

diffusion coefficient 𝐷𝑖,M should be replaced by 𝐷𝑖,eff inside the porous medium domain. The calculation 

method of  𝐷𝑖,eff is briefly described in the following section.  

2.2.2 Calculation of Diffusion Coefficients 

Gas-phase 

Diffusion refers to a mass transport process due to concentration or temperature gradient in a mixture, 

resulting in a uniform distribution of the individual components in a multicomponent system. For the 

calculation of diffusive flux in a multicomponent system (made of species 𝑖 and 𝑗), the averaged  

diffusion coefficient 𝐷𝑖,𝑀 is introduced as: 

 
𝐷𝑖,M =

1 − 𝑌𝑖

∑
𝑋𝑗

𝐷𝑖𝑗
𝑗≠𝑖

 2.55 

where 𝐷𝑖𝑗 is the binary diffusion coefficient, which is calculated from the kinetic theory of diluted gases 

by Chapman-Enskog correlation [105]: 

 𝐷𝑖𝑗 =
3

16

√2𝜋𝑘𝐵
3𝑇3/𝑚𝑖𝑗

𝑝𝜋𝛩𝑖𝑗
2 𝛺𝑖𝑗

(1,1)∗
(𝑇𝑖𝑗

∗ )
 

2.56 

in which 𝑚𝑖𝑗, 𝛩𝑖𝑗, 𝑇𝑖𝑗
∗  and 𝛺𝑖𝑗

(1,1)∗
 are the reduced mass, length-scale in the interaction between two 

molecules, reduced temperature and the temperature dependence of the collision integral according to 

Lennard-Jones potential, respectively. 
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Washcoat 

For the modeling of the diffusion step inside the washcoat, the effective diffusion coefficient 𝐷𝑖,eff is 

needed, which is a function of molecular 𝐷𝑖,M and Knudsen 𝐷𝑖,Knud diffusion coefficients. The diffusive 

mass transport inside porous media is determined based on molecule-molecule collisions and molecule-

pore collisions. The diffusion process in porous media is strongly influenced by the pore size 

distribution. If the mean free path of the gaseous species is smaller than the mean pore diameter, the 

transport in the washcoat occurs mainly due to intermolecular collisions. Therefore, the effective 

diffusion coefficients are calculated from the averaged molecular diffusion coefficients [118–120]: 

 𝐷𝑖,eff =
𝜀

𝜏
(𝐷𝑖,M),          2.57 

where 𝜀 is the washcoat porosity and 𝜏 is the tortuosity of the pores. Porosity is defined as the ratio of 

void volume and geometrical volume of the washcoat. Tortuosity is a factor, which account for deviation 

of pore structure from ideal-cylinder.   

If the pore diameter is sufficiently small and the mean free path of the gaseous species is larger than the 

pore diameter, the molecule-pore collisions occur more often than molecule-molecule collisions. This 

regime of mass transport in the washcoat is called ‘Knudsen diffusion’. The Knudsen diffusion 

coefficient of species 𝑖 in a porous domain is calculated based on kinetic theory of the gases and the 

ideal gas law [56,105]: 

 𝐷𝑖,Knud =
𝑑p

3
√

8𝑅𝑇

𝜋𝑀𝑖
, 2.58 

in which 𝑑p is the mean pore diameter. The effective diffusion coefficient in this case is then expressed 

by: 

 𝐷𝑖,eff =
𝜀

𝜏
𝐷𝑖,Knud 2.59 

In porous medium with pore diameters in the range of the mean free path of gaseous molecules, the 

diffusive mass transport is a function of both molecule-molecule collisions and molecule-pore 

collisions: 

 
1

𝐷𝑖,eff
=

𝜏

𝜀
(

1

𝐷𝑖,M
+

1

𝐷𝑖,Knud
) 2.60 

This condition is common in after-treatment catalytic converters. 
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2.3 Numerical Solution of the Differential Equations 

As shown in section 2.2, the mathematical model for description of the flow filed is a system of coupled 

non-linear partial differential equations. Indeed, there is no analytic solution for such systems and 

therefore the numerical methods should be applied. The first step in numerical solution is the 

transportation of differential equations into algebraic equations through a discretization process. The 

general transport equation for a flow variable 𝜙 is given by: 

 
∂(𝜌𝜙)

∂𝑡
+

∂(𝜌𝑢𝑖𝜙)

∂𝑥𝑖
=

∂

∂𝑥𝑖
(Γ𝜙

∂𝜙

∂𝑥𝑖
) + 𝑆𝜙 

2.61 

 

The first term on the right hand side is the time-dependent change of variable 𝜙 and the second term is 

the convective term. On the left hand side of the Eq. 2.61 the first term represents the diffusive transport 

with Γ as diffusivity and the second term is an arbitrary source term, respectively. Under steady-state 

conditions, the time-dependent term is eliminated.  

2.3.1 Discretization of the Transport Equations 

The solution of the governing differential equations is approximated by discretization process. 

Discretization is referred to a process in which the continuous distribution of dependent variable 𝜙 is 

represented by 𝜙 -values at discrete positions so that the analytic solution of the differential equations 

can be replaced by numerical solution; so-called discretization equations [110]. The discretized domain 

is called grid. A discretization equation is an algebraic relation connecting the values of 𝜙 for a group 

of grid points. The solution of discretization equations for a large number of grid points is expected to 

approach the exact solution of the differential equations [111]. This property is denoted as convergence.  

There are different discretization methods. Three of the most commonly used methods are the finite-

difference method (FDM), the finite-element method (FEM) and the finite-volume method (FVM). In 

this work, the finite-volume method (ANSYS-FLUENT) and finite-difference method (DETCHEM) are 

applied.  

The FDM for discretization of a differential equation is based on approximating the derivatives in the 

differential equation by truncated Taylor series [111]. It is a straightforward method, in which the 

computational domain is divided into volume elements and the variable values will be obtained at each 

nodal point of the gird.  

In FVM, the calculation domain is divided into non-overlapping volume elements (control volumes) so 

that the variable of interest is located at the centroid of the control volume. The differential equation is 
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then integrated over each volume element. The variation of the variable between the cell centroids is 

given by interpolated variable profiles. The discretization equation obtained in this manner expresses 

the conservation principle for variable 𝜙, which is satisfied for each volume element as well as any 

group of control volumes and for any number of elements [111].  

Finite volume method uses the integral form of the equations and is based on the cell-averaged values. 

The integration of Eq. 2.61 over an arbitrary control volume with application of Gauss's theorem results 

in: 

 ∫
∂(𝜌𝜙)

∂𝑡𝑉

𝑑𝑉 + ∫ (𝜌𝑢𝑖𝜙)𝑛𝑖𝑑𝐴
𝐴

= ∫ (Γ𝜙
∂𝜙

∂𝑥𝑖
) 𝑛𝑖𝑑𝐴

𝐴

+ ∫ 𝑆𝜙𝑑𝑉
𝑉

 
2.62 

Here, 𝐴 denotes the surface of the control volume and 𝑛𝑖 the unit normal vector to the surface.  

2.3.1.1 Discretization of the Convective Term 

The convective term in Eq. 2.62 corresponds to the flows over control volume edges:  

 ∫ (𝜌𝑢𝑖𝜙)𝑛𝑖𝑑𝐴
𝐴

= ∑∫ (𝜌𝑢𝑖𝜙)𝑛𝑐𝑖𝑑𝐴𝑐
𝐴

.

𝑐

 
2.63 

Appling the cell-centered approach, the surface integral is approximated by  

 ∑∫ (𝜌𝑢𝑖𝜙)𝑛𝑐𝑖𝑑𝐴𝑐
𝐴𝑐

= ∑(𝜌𝑢𝑖𝑛𝑐𝑖𝛿𝐴𝑐)

𝑐

𝜙 . 
2.64 

Where 𝜌 and 𝑢𝑖 are assumed to be constant at control volume edges. For the further approximation of 

the convective fluxes, it is necessary to approximate 𝜙𝑐 by variable values in the control volume centers. 

In general, this involves using neighboring nodal values [113]. In the present study, the second order 

Upwind scheme is used for discretization of the convective term. In this scheme, the unknown variable 

𝜙 is approximated by a step function, taking the flow direction into account.  
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Figure 8: Flux dependent approximation of 𝜑𝑒 using Upwind scheme. Adapted from [113]. 

As shown in Figure 8: the value 𝜙𝑒 is assumed to be equal to the value at the upstream node. 

 

𝜙𝑒 = 𝜙𝑃 , 𝑖𝑓 𝑚̇𝑒 > 0 , 

 𝜙𝑒 = 𝜙𝐸 , 𝑖𝑓 𝑚̇𝑒 < 0 . 
 

The upwind scheme gives a good approximation if the convective flow is perpendicular to the control 

volume faces. Otherwise, the approximation can be quite inaccurate. Additionally, for large mass fluxes 

very fine grids are essential to obtain an accurate solution. Increasing the number of points for the 

approximation increases also the accuracy. In the second-order Upwind scheme, two upstream points 

are considered.  

2.3.1.2 Discretization of the Diffusion Term 

In analogy to the convective flux and with application of cell-centered approach, the diffusion term in 

Eq. 2.62 is determined by: 

 ∫ (Γ𝜙
∂𝜙

∂𝑥𝑖
) 𝑛𝑖𝑑𝐴

𝐴

= ∑Γ𝜙𝑛𝑐𝑖𝛿𝐴𝑐

𝑐

(
∂𝜙

∂𝑥𝑖
)
𝑐

. 
2.65 

For the determination of diffusive fluxes, the normal derivative of the variable 𝜙 at the surfaces of the 

control volume is needed. The simplest approximation of diffusive flux is obtained considering that 𝜙 

is a linear function between the point P and E (Figure 5):  

 (
∂𝜙

∂𝑥
)
𝑒
≈

𝜙𝐸 − 𝜙𝑃

𝑥𝐸 − 𝑥𝑃
 

2.66 

2.3.1.3 Discretization of the Source Term 

The source term can be divided into a constant term 𝑆𝜙,𝑐 and a linear variable dependent term 𝑆𝜙,𝐿: 
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 (𝑆𝜙)
𝑝

= (𝑆𝜙,𝑐 + 𝑆𝜙,𝐿 ∙ 𝜑)
𝑝

 
2.67 

Here, the indices 𝑝 means that the value of the variable 𝜙 in the center of the control volume represents 

the values over the entire control volume. The volume integral of the source term can also be 

approximated using the cell-centered approach:  

 ∫ 𝑆𝜙𝑑𝑉 = (𝑆𝜙)
𝑝

𝑉

𝛿𝑉 
2.68 

2.3.2 Solution of algebraic systems of equations 

The discretization process results in a system of linear algebraic equations: 

 𝐴𝜑 = 𝑏 
2.69 

The solution method for this equation system is an important part of each numerical simulation. The 

complexity and dimension of this system depends on dimension of the problem, cell number of the grid 

and discretization method. The solution of the linear algebraic equation system can be obtained by either 

direct methods (Gauss elimination method, Cholesky method, etc.) or iterative methods (Jacobi method, 

Gauss-Seidel method, etc.). Direct methods demand a large amount of computer memory [112,121]. 

Iterative methods are based on the multiple application of a relatively simple algorithm. Conventional 

iterative algorithm converge slower with increasing number of grid nods [113]. In many commercial 

CFD program multigrid approach is applied to reduce the number of iterations and the CPU-time 

required to reach a converged solution [117]. Details to the principle of the mentioned methods are 

beyond the scope of this work and can be found in number of textbooks [112,113,115,122] . 

2.4 Numerical Tools 

2.4.1 DETCHEM Code 

The DETCHEM (DETailed CHEMistry) software package is a numerical tool used for a detailed 

description of physical and chemical processes of a reactive system by coupling transport and chemistry. 

It has been designed for a better understanding of the interactions between transport and chemistry and 

can assist in reactor and process development and optimization. The DETCHEM software package is 

written in FORTRAN. Reaction rates and transport coefficients, i.e., binary diffusion coefficients, 

thermal conductivity, viscosity for each species and bulk phase, are calculated using library routines. 

Detailed gas-phase and surface reaction mechanisms are considered. In this study, zero-dimension 

DETCHEMBATCH and DETCHEMCSTR models are used for the investigation of gas-phase chemistry. 
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One-dimensional DETCHEMPACKEDBED and two-dimensional DETCHEMCHANNEL models are used for 

the evaluation of the proposed reaction mechanisms. Details of each model will be explained in the 

corresponding chapters, where the models are applied.  

2.4.2 ANSYS-FLUENT 

ANSYS FLUENT is a computer program for modeling fluid flow, heat transfer, and chemical reactions 

in simple to complex geometries. This CFD tool is written in the C computer language and it can be 

improved by the definition of user defined functions or scalars for any arbitrary numerical problem to 

enhance the standard features. It supports different types of meshing in 2- and 3-D. In this study, ASYS-

FLUENT is used for the modeling of a metallic honeycomb with sinusoidal-channel and irregular 

washcoat deposition. It is also used for the estimation of the residence time distribution of the flow 

inside the cross-flow reactor utilized for investigation of homogenous gas-phase reactions.  
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 Homogenous Oxidation of Light Alkanes in the Exhaust 

of Lean-Burn NG Engines1 

The main objective of this chapter is to investigate the effect of elevated pressure on homogenous 

reactions and particularly on the formation of intermediates in the exhaust of lean-burn NG engines. The 

study also attempts to determine the proper exhaust conditions of engines equipped with a turbo charger 

at which complete oxidation of unburnt hydrocarbons can be reached. For this purpose, the impact of 

exhaust gas composition at different pressures and temperatures is investigated experimentally. The 

experimental data are interpreted further with the data obtained numerically using detailed chemical 

reaction mechanisms. 

3.1 Experimental Set-up and Conditions2 

Kinetic measurements were performed in a counter-flow stainless steel reactor (Figure 9), which is 

dedicated for experiments at elevated pressure [40,76]. As some experiments were conducted in the 

presence of SO2, all setup parts including the reactor were coated with a sulfur-inert layer (SilcoNert® 

2000, SilcoTek). This silicon coating prevents direct contact between the gas species and the stainless 

steel, hereby averting not only corrosion of the setup parts but also undesired reactions, which might be 

catalyzed by stainless steel. The used apparatus is designed for catalytic tests over a wide range of 

temperatures up to 750 °C. As shown in Figure 9, the reactor is made of a coated outer and an inner 

stainless steel tube with 40 and 25 mm in diameter, respectively. The large reactor diameters prevent 

the interface of wall and gas-phase chemistry. The inlet gas enters the outer pipe at 180 °C and is 

consecutively heated up to the adjusted temperature prior to the catalyst position. However, the gas-

phase experiments were performed with the empty inner tube. Thus, the reactor involves both tubes with 

essentially an inconstant temperature profile, as inlet temperature of the gas mixture was kept low to 

prevent any reaction prior to the reactor inlet. The heating is realized by an electrical heating wire 

surrounding the outer tube. The gas temperature profile, required for the modeling study of the gas phase 

reactions, was measured inside the inner tube and back-calculated for the outer one, based on the reactor 

balance equations. A total gas flow of 20 l.min-1 was used at pressures of 1, 3, and 5 bar and a 

temperature range of 450 - 650 °C. Continuous gas analysis was carried out using a MKS Multigas 2030 

 

1 The procedure and results presented in this chapter are taken from [123]. 

2 The experimental work presented here were conducted by D. Zengel and P. Lott. 
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FT-IR spectrometer. The tested gas mixture matrix consisted of various gas compositions, which are 

typical for lean-burn NG engines, representing either a high methane or a high NOx slip (Table 1). 

Table 1: Composition of tested gas mixtures (GM), balance in N2. 

 CH4 /ppm C2H6 /ppm C3H6 /ppm CO /ppm NO /ppm NO2 /ppm O2 /vol. % H2O /vol. % 

GM 1 3200 150 25 500 120 30 10 12  

GM 2 1000 150 25 700 800 200 10 12 

 

Additional gas mixtures with variation in NOx and SO2 concentrations were also tested. The conversion 

was determined starting at 650 °C and cooling down stepwise by 50 °C to 450 °C. Note that the adjusted 

temperature can be reached only close to the controlling thermocouple inside the inner pipe prior to the 

catalyst position shown in Figure 9. 

 

Figure 9: Scheme of the reactor used for gas-phase experiments. 1) Reactor inlet (reactor zone 1), 2) Outer reactor 

pipe (reactor zone 2), 3) Inner reactor pipe (reactor zone 3), 4) Reactor outlet (reactor zone 4), 5) Position of 

catalyst in case of activity tests (position of adjusting thermocouple), 6) Heating elements. 

3.2 Numerical Approach 

The effect of pressure on the gas phase reaction was studied numerically using the DETCHEMBATCH 

code [120], which simulates homogeneous gas-phase as well as surface reactions in a batch reactor.  

The reaction time corresponds to the mean residence time of stream in the reactor. The residence time 

is proportional to the pressure according to: 
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 𝑑𝜏

𝑑𝑧
=

1

𝑢
 

3.1 

 
𝑢 = 𝑢s

T

𝑇s
∙
𝑃s
𝑃

 
3.2 

 
𝜏 = 𝑧

1

𝑢s
∙
𝑃 ∙ 𝑇s

𝑃s ∙ 𝑇
 . 

3.3 

Where,𝜏, 𝑧 and 𝑢 represent residence time, length in axial direction and axial velocity respectively. 𝑇s 

and 𝑃s are temperature and pressure at standard conditions. The time dependent profiles obtained from 

batch model can be used for a better understanding of the effects of temperature and residence time on 

the progress of gas-phase reactions. The governing equations for description of a batch reactor are as 

follows: 

Mass conservation for gas-phase species: 

 𝑑𝑛𝑖

𝑑𝑡
= 𝑉𝑅𝑖 + 𝐴𝑠̇𝑖 , 

3.4 

and the equation of state: 

 𝑃 ∙ 𝑉 = 𝑛 ∙ 𝑅 ∙ 𝑇 . 3.5 

In the above equations 𝑅𝑖, 𝑠̇𝑖, A, V, 𝛼 represent the gas phase reaction rate, surface reaction rate, catalytic 

surface area, reactor volume, and surface relaxation factor, respectively. The amount of species i, 𝑛𝑖, are 

expressed in terms of mole numbers. 

The batch model is further evaluated with a DETCHEMCSTR code based on the continuously stirred tank 

reactor model. A cascade of 12 CSTRs is used for the numerical model of the reactor used in this study. 

The inlet conditions of the nth CSRT within the cascade are given by the outlet conditions of (n-1)th 

CSTR: 

 𝑑𝑛𝑖

𝑑𝑡
= 𝑅𝑖 + 𝑛̇𝑖,𝑛−1 − 𝑛̇𝑖,𝑛, 

3.6 

 

3.2.1 Estimation of Temperature Profile 

The gas temperature profile was measured experimentally for an inert gas mixture consisting of 

10 vol. % O2, 12 vol. % H2O in N2, inside the inner pipe of the reactor and calculated for the inlet gas 

over outer tube. Since the reaction progress in the gas-phase at ambient pressure relies on temperature 

and residence time, the obtained temperature profile over reactor length was transferred to the profile 

over residence time (Figure 10). According to the extreme lean gas compositions investigated in this 



39 

 

study, the increase in temperature caused by exothermal oxidation reactions can be neglected. The 

maximum gas temperature is reached at the location of the controlling thermocouple at around 0.25 m 

length of the inner tube in stream direction. For the numerical calculations, the residence-time-dependent 

temperature profile was fed to DETCHEMBATCH code. Temperature profile used for simulation at 3 and 

5 bar are presented in the appendix. 

   

Figure 10: Temperature profile left: vs. reactor length, right: vs. residence time for the adjusted reactor 

temperature at 1 bar. 

3.2.2 Reaction Mechanism 

For the evaluation and interpretation of experimental results, a reliable reaction mechanism is 

mandatory. In this study, the detailed gas-phase reaction mechanisms released by Konnov (Release 5.0) 

[124] and Rasmussen et al. [86] were used and compared for the applied conditions. The mechanism of 

Konnov describes pyrolysis, ignition, oxidation and detonation of many small hydrocarbons (C1-4) as 

well as nitrogen-containing fuels reacting with different oxidizers over a wide range of conditions typical 

for combustion processes. The mechanism consists of 1207 reactions among 127 species. The reaction 

mechanism of Rasmussen et al. contains subsets of combustion mechanisms of C1-2 hydrocarbons, 

NO/NO2 reactions and interactions between NOx and C1-2 hydrocarbons proposed for the temperatures 

ranging from 500 to 1100 K and pressures from atmospheric to 100 bar. The mechanism consists of 415 

reactions among 62 species. Both mechanisms and the applied thermodynamic properties of species 

have been tested for various applications [19,86,88,93,124–127]. Detailed descriptions and discussions 

of individual elementary reactions are available in the publication of the authors of the mechanisms.  

The main difference between the employed mechanisms lies on the subset of nitro hydrocarbons such 

as nitromethane (CH3NO2) and nitroethane (C2H5NO2), considered by Rasmussen et al., which 

conceivably gains importance at high pressure. It is noteworthy to mention that the original version of 

mechanisms were applied and no adjustment has been made. 
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3.3 Ambient Pressure 

The effect of the exhaust temperature on the gas composition was investigated for gas mixture 1 and 2 

at ambient pressure and temperature ranging from 450 to 650 °C. The outlet concentration of 

hydrocarbons as well as the products of partial oxidation reactions, namely CO and to a lesser extent 

formaldehyde and ethylene, are present (Figure 11). The predicted concentrations present the result of 

numerical calculations applying the mechanisms of Konnov [124] and Rasmussen et al. [86] at 1 bar.  

The consumption of C3H6 and C2H6 starts already at 550 °C, where a small amount of formaldehyde has 

been measured. At 650 °C, the consumption of C3H6 is completed and almost 80 % of C2H6 is oxidized 

in both gas mixtures and a considerable amount of formaldehyde and ethylene are produced. Due to a 

higher methane concentration in gas mixture 1, the outlet concentration of formaldehyde is higher than 

that of gas mixture 2. The onset of methane oxidation is rather high and a considerable reduction in the 

initial concentration occurs first at 650 °C. The formation of CO as well as formaldehyde and ethylene 

are favored with elevated temperature. Further increase in temperature leads conceivably to a reduction 

of the formaldehyde concentration, as maximum formaldehyde concentrations are reported to peak 

around 675 °C [19,80], followed by a decline in concentration at higher temperatures. It is also evident 

from the results that homogenous reactions taking place outside of engines, such as in the exhaust port 

and manifold as well as in the exhaust pipe, are of particular importance for the design of emission 

control systems.  

The simulation results indicate that both mechanisms are appropriate for modeling of the exhaust under 

typical lean-burn NG engine conditions. The calculated curves based on the mechanism of Konnov show 

very good agreement with the experimental results for both gas mixtures 1 and 2. At temperatures below 

650 °C, the predicted intermediate yields and reactant conversions are rather under-predicted with the 

mechanism of Rasmussen et al. in case of gas mixture 1. The calculated concentrations at 650 °C are 

accurate for gas mixture 1 and well-predicted for gas mixture 2. It should be mentioned that C3 

hydrocarbons are not involved in the mechanism of Rasmussen et al., which may cause a slight 

discrepancy predicting the formaldehyde and ethylene concentration since the inlet concentration of 

C3H6 was 25 ppm.  
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Figure 11: Simulated (dashed lines: with the mechanism of Konnov, dotted lines: with the mechanism of 

Rasmussen) and measured concentration (solid lines with squares) profiles vs. temperature. Top:  GM1: 3200 

ppm CH4, 500 ppm CO, 150 ppm C2H6, 25 ppm C3H6, 120 ppm NO, 30 ppm NO2, 10 vol. % O2 and 12 vol. % 

H2O. Bottom:  GM2: 1000 ppm CH4, 700 ppm CO, 150 ppm C2H6, 25 ppm C3H6, 800 ppm NO, 200 ppm NO2,10 

vol. % O2 and 12 vol. % H2O, at 1 bar and volume flow of 20 slpm. 

3.4 Effect of Pressure 

The effect of pressure on the conversion of hydrocarbons was examined at 3 and 5 bar for gas mixture 1. 

Pressure can affect the gas-phase reaction in different ways. In a plug flow reactor with constant mass 

flow, an increase of pressure causes a longer residence time for the reactants in the reactor. Additionally, 

the rate of pressure-dependent reactions alter with variation of pressure. Figure 12 demonstrates the 

experimental results, associated with the respective simulation results by applying the kinetic model of 

Konnov. 

Increasing the pressure significantly decreases the initiation temperature and remarkably enhances the 

methane conversion. Thus, almost complete conversion of methane is achieved at 650 °C and 5 bar, 

which is a feasible condition upstream of the turbo charger. A similar and more prominent trend is 

observed for the other hydrocarbons present. 
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The amount of C3H6 and C2H6 decreases with an increase in pressure level. The concentrations of C3H6 

and C2H6 start to reduce at 500 °C and 3 bar. 20% of C3H6 is oxidized already at 450 °C and 5 bar. The 

consumption of C3H6 and C2H6 is completed at 600 and 650 °C, respectively. Figure 12 also shows the 

oxidation of methane at temperatures as low as 550 °C with a pressure of 5 bar. Consequently, 

formaldehyde and ethylene formation start at a lower temperature and reach a maximum at 600 °C. The 

maximum concentration of these species are lower at higher pressures. From 600 °C on, the 

concentration of both formaldehyde and ethylene decreases with temperature. Formation of CO is also 

inherently enhanced with pressure at lower temperature. The simulated outlet concentrations represent 

a good prediction of the experimental results under all tested conditions. There are some discrepancies 

in predicting the maximum concentration of formaldehyde and ethylene, which are more pronounced at 

higher pressure. However, both experiments and simulation confirm the enhancing effect of pressure on 

methane oxidation and the possibility of lowering the maximum formaldehyde concentration. 

 

  

  

Figure 12: Simulated (dashed lines) and measured (solid lines with squares) concentration profile of 

hydrocarbons and CO vs. temperature at top: 3 bar and bottom: 5 bar. Inlet gas composition GM1: 3200 ppm 

CH4, 500 ppm CO, 150 ppm C2H6, 25 ppm C3H6, 120 ppm NO, 30 ppm NO2, 10 vol. % O2 and 12 vol. % H2O 

in N2. Mechanism of Konnov was used for calculation of concentration profiles.  
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To shed a light on the effect of pressure on the progress of oxidation reactions, the modeled 

concentration profiles along the reactor at 1 and 5 bar are compared. The calculations were performed 

using both reaction mechanisms for an adjusted reactor temperature of 650 °C and the results are shown 

in Figure 13. For the sake of clarity, the measured and calculated values at the reactor outlet are 

summarized in Table 2. 

 
Table 2: Concentration of gas species at reactor outlet determined numerically and experimentally at 1 and 5 bar 

for adjusted reactor temperature of 650 °C. Inlet gas mixture GM1: 3200 ppm CH4, 500 ppm CO, 150 ppm C2H6, 

25 ppm C3H6, 120 ppm NO, 30 ppm NO2, 10 vol. % O2 and 12 vol. % H2O. 

 
CH4 

ppm 

C2H6 

ppm 

C3H6 

ppm 

CO    

ppm 

HCHO  

ppm 

C2H4 

ppm 

NO     

ppm 

NO2    

ppm 

 1 bar 

Experiment 2362 41 2 1260 139 80 14 126 

Konnov 2205 33 1 1400 160 76 58 83 

Rassmussen et al. 2300 24 - 1191 177 83 58 63 

 5 bar 

Experiment 345 2 0 2353 17 6 5 141 

Konnov 490 0 0 2700 35 5 40 108 

Rassmussen et al. 1260 5 - 2069 99 41 5 138 

 

Reactant conversions to partial oxidation products generally begin 60 cm after the reactor inlet at 1 bar, 

where the gas mixture reaches a temperature of 590 °C (Figure 13). Destruction of both formaldehyde 

and ethylene occurs close to the reactor outlet at around 650 °C. 

The prediction of formaldehyde and ethylene formation is slightly shifted to farther reactor positions for 

the mechanism of Rasmussen et al., as propylene oxidation is not considered in the mechanism. 

However, the concentration profile of ethane and bell-shaped profile of produced hydrocarbons are very 

well-comparable.  

The model prediction of the concentrations of nitrogen-containing species is different considering both 

mechanisms, as the nitrated hydrocarbons are not included in Konnov’s mechanism. The experimentally 

measured NOx concentration at the reactor outlet deviates about 10 ppm from the inlet value. The origin 

of this deviation could not be explained experimentally. The effluent gas mixture modeled by the 

mechanism of Rasmussen et al. contains 25 ppm nitromethane, which, however, does not fit perfectly 
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to the nitrogen balance. Nitromethane can be formed as a product of the interaction between methoxy 

radicals and NO2. Nitromethane formation is a pressure-dependent reaction (R 1.8), which is favored 

with increasing pressure at the expense of reduction in concentration of NOx [86]. The formation of 

CH3NO2 is even more pronounced in fuel-rich conditions. However, depending on gas composition and 

pressure level, the temperature range adequate for the destruction of nitromethane is reported to be lower 

than 600 °C [86,128]. Therefore, the 7 ppm nitrous acid predicted by the Konnov model might be a 

better explanation for the 10 ppm loss of NOx at the reactor outlet. Formation of HONO and its isomers 

in presence of NOx has been widely discussed in literature [86,90,129,130]. HONO can be formed either 

through interaction of NO2 and methane via 

 𝐶𝐻4  + 𝑁𝑂2 = 𝐶𝐻3 + 𝐻𝑂𝑁𝑂, R 3.1 

 
 

or as a product of chain-terminating reactions: 

 𝑁𝑂2  + 𝐻𝑂2 = 𝐻𝑂𝑁𝑂 + 𝑂2, R 3.2 

 
 

 𝑁𝑂 + 𝑂𝐻(+𝑀) = 𝐻𝑂𝑁𝑂(+𝑀). R 3.3 

 
 

HONO is a stable species and decomposes slowly [86,88,89]. When either HONO or CH3NO2 are 

formed in the mixture they acts as a sink for NOx and make the promoting effect of NOx less effective. 

After reaching an equilibrium concentration, they are decomposed by backward reactions (Figure 13).  

As seen previously at higher pressures, the initiation temperature is lower, thus the reduction in 

hydrocarbon concentrations starts at around 500 °C at 40 cm of reactor length. Reduction in methane 

concentration is more gradual considering the mechanism of Rasmussen et al., and the outlet 

concentration of methane and byproducts are higher. As expected, decomposition of HCHO and C2H4 

occurs earlier at a lower temperature of around 600 °C, predicted with both mechanisms. At the reactor 

outlet, the nitrogen oxides consist mostly of NO2, with more pronounced promoting effect at higher 

temperatures in comparison with NO [80,89]. According to the prediction of Rasmussen et al., 

nitromethane is formed as the NO2 concentration increases, reaching a maximum of 22 ppm and 

decomposing later on reaching 6 ppm prior to the reactor outlet.   
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Figure 13: Concentration profile of gas components vs. reactor length simulated with mechanism of Konnov 

(solid lines) and mechanism of Rasmussen et al. (dashed lines). Left: 1 bar. Right: 5 bar. Inlet gas composition 

GM1: 3200 ppm CH4, 500 ppm CO, 150 ppm C2H6, 25 ppm C3H6, 120 ppm NO, 30 ppm NO2, 10 vol. % O2 

and 12 vol. % H2O in N2. 

Since the reaction time in the exhaust is rather short and of milliseconds order, the description of the 

reaction in its initial stages plays an important role for a reliable modeling study. Figure 14 and Figure 

15 illustrate the main pathway of methane consumption after 10 and 200 ms at 5 bar and constant 

temperature of 650 °C, modeled with the mechanism of Rasmussen et al. and Konnov, respectively. The 

flow analysis of reactions at 1 bar (not shown) illustrate similar pathways to 5 bar for both mechanisms. 

The thickness of arrows represents the percentages of consumption of each species. The reactions with 

contribution of 1 % or less are not shown. As can be seen in Figure 14 and Figure 15, H-abstraction 

from methane occurs via interaction with chain-initiating OH radicals in presence of NOx. According to 

C
o

n
c

e
n

tr
a

ti
o

n
 /

 p
p

m

0

500

1000

1500

2000

2500

3000

3500

T
e

m
p

e
ra

tu
re

 /
 °

C

200

250

300

350

400

450

500

550

600

650

Reactor length / m

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

CH4

CO

  Konnov
                     Rasmussen et al.

C
o

n
c

e
n

tr
a

ti
o

n
 /

 p
p

m

0

500

1000

1500

2000

2500

3000

3500

T
e

m
p

e
ra

tu
re

 /
 °

C

200

250

300

350

400

450

500

550

600

650

Reactor length / m

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

CH4

CO

T
e

m
p

e
ra

tu
re

 /
 °

C

200

250

300

350

400

450

500

550

600

650

C
o

n
c

e
n

tr
a

ti
o

n
 /

 p
p

m

0

20

40

60

80

100

120

140

160

180

200

220

Reactor length / m

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

HCHO C2H6

C3H6

C2H4 T
e

m
p

e
ra

tu
re

 /
 °

C

200

250

300

350

400

450

500

550

600

650

C
o

n
c

e
n

tr
a

ti
o

n
 /

 p
p

m

0

20

40

60

80

100

120

140

160

180

200

220

Reactor length / m

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

C2H4

HCHO C2H6

C3H6

T
e

m
p

e
ra

tu
re

 /
 °

C

200

250

300

350

400

450

500

550

600

650

C
o

n
c

e
n

tr
a

ti
o

n
 /

 p
p

m

0

20

40

60

80

100

120

140

160

Reactor length / m

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

NO2

NO

CH3NO2

HONO

T
e

m
p

e
ra

tu
re

 /
 °

C

200

250

300

350

400

450

500

550

600

650

C
o

n
c

e
n

tr
a

ti
o

n
 /

 p
p

m

0

20

40

60

80

100

120

140

160

Reactor length / m

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

NO2

NO

CH3NO2

HONO



46 

 

the Rasmussen mechanism, consumption of methyl involves four pathways. The formation of 

formaldehyde precursors, methylperoxyl together with methoxy radicals, through interaction with either 

O2 or NO2 are shown to be the major pathways. The main consumption reaction of formaldehyde does 

not involve direct interaction with NOx, but it is mostly consumed by OH radicals in presence of NOx, 

which has a lower energy barrier than the reaction with O2 [95]. Almost 6 % of the methyl radicals 

contribute to the formation of nitromethane over short reaction time. Consumption of CH3NO2 happens 

after reaching the equilibrium concentration [86]. According to Figure 14, destruction of CH2NO2 to 

NO and formaldehyde facilitates NOx recycling from nitromethane at short reaction time. But indeed, 

the backward reaction producing CH3 and NO2 dominates the decomposition of CH3NO2 at longer 

reaction times [86,86].   

 

 

Figure 14: Main reaction pathway of methane oxidation according to the mechanism of Rasmussen et al.  Black 

arrows represent the pathway at 10 ms and gray arrows at 200 ms at constant temperature of 650°C and 5 bar. Inlet 

gas mixture GM1: 3200 ppm CH4, 500 ppm CO, 150 ppm C2H6, 25 ppm C3H6, 120 ppm NO, 30 ppm NO2, 10 vol. 

% O2 and 12 vol. % H2O in N2.   

The oxidation of methane analyzed by the mechanism of Konnov appears to have a simpler pathway. 

Conversion of the methyl radical is here limited to two previously-mentioned main reactions with 

comparable reaction rates at 10 ms. Beside nitromethane, the formation of methylperoxyl radicals 

appears to play no substantial role in reaction flow calculated with the Konnov’s mechanism.  

Increasing the reaction time to 200 ms, the pathways obtained from both mechanisms become more 

similar. The reaction steps responsible for nitromethane and methylperoxyl radical production almost 

disappear and methyl radicals are largely consumed by NO2 to form methoxy radicals.   
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Figure 15: Main reaction pathway of methane oxidation according to the mechanism of Konnov.  Black arrows 

represent the pathway at 10 ms and gray arrows at 200 ms at constant temperature of 650°C and 5 bar. Inlet gas 

mixture GM1: 3200 ppm CH4, 500 ppm CO, 150 ppm C2H6, 25 ppm C3H6, 120 ppm NO, 30 ppm NO2, 10 vol. % 

O2 and 12 vol. % H2O in N2.   

The nitrogen compounds cycle shown in Figure 16 reveals that the concentration of released OH radicals 

as a product of the disproportionation reaction of NO and NO2 in the first step is limited by a side 

reaction between nitrogen oxides and CH3O2/CH3O radicals, according to Rasmussen et al. However, 

this reaction is considered to play an important role in oxidation of NO to NO2 at initial stages [96]. 

Hence, the absence of this reaction may cause an incorrect prediction of NOx composition at very short 

reaction times. As seen previously, this reaction is of minor importance at longer residence time, when 

NO2 is the dominating nitrogen oxide. On the other hand, the formation of HONO is enhanced at longer 

residence time considering the mechanism of Konnov. Reaction of HONO with OH radicals contributes 

to NO formation. The cycle of nitrogen-containing species clearly shows that nitrogen oxides play the 

role of a homogenous catalyst and can be recycled through various reactions. 

The aforementioned differences in mechanisms lead to a prediction of different nitrogen-containing 

species at the reactor outlet and slightly different concentration profiles along the reactor. Nevertheless, 

the comparison of modeling results reveals that despite differences in the description of the reaction 

mechanisms, mechanisms extracted from literature are able to give good prediction of oxidation 

reactions under the condition studied here. 
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Figure 16: Cycle of nitrogen compounds according to the mechanism of Konnov (top) and Rasmussen et al. 

(bottom). Black arrows represent the pathway at 10 ms and gray arrows at 200 ms at constant temperature of 

650°C and 5 bar. Inlet gas mixture GM1: 3200 ppm CH4, 500 ppm CO, 150 ppm C2H6, 25 ppm C3H6, 120 ppm 

NO, 30 ppm NO2, 10 vol. % O2 and 12 vol. % H2O in N2.   

3.5 Evaluation of Reactor Model 

Among all reactor and flow models, computational fluid dynamic (CFD) based on numerical analysis is 

the most sophisticated approach for calculation of flow filed and species conservation. Taking the large 

number of species and reactions into account, in our case CFD calculations are not straightforward.  

Since the hydrodynamics of real reactors are extremely complicated, idealized models such as batch, 

plug or ideal stirred tank reactors with less computational efforts have been proposed. Application of 

these models enables us to obtain analytical solutions for the flow properties, temperature profile as well 

as species concentrations. In practical cases, fulfilling the assumptions made for ideal reactor models is 

hard to achieve. For this study, a batch model based on an averaged residence time of the stream in the 

reactor was used. In order to find the impact of simplified residence time calculation on the reactor 

performance, the batch model is compared with CSTR-cascade approach, which accounts for deviations 

from ideal behavior. The comparison procedure applied is described in detail in the following. 
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For nonideal reactors, the distinction of an appropriate model requires a comprehensive knowledge of 

residence time distribution (RTD) as characteristic of nonideal reactors. RTD can be either measured 

experimentally or calculated numerically by recording the response of a pulse or step signal at the reactor 

outlet. For the reactor used in this study a CFD simulation is performed for determination of RTD 

function. Firstly, the developed axial-velocity profile (Figure 17) in both reactor pipes is shown to be 

laminar for all conditions with a Reynolds number ranging between 250 and 1500. 

 

 

Figure 17: Axial-velocity (m s-1) profile inside the reactor for a volume flow of 20 l min-1 at standard conditions. 

Due to symmetrical geometry in axial direction only one half of the entire reactor is modeled.  

 

Secondly, transient calculations of flow field were performed, which involved a pulse injection of a 

tracer into the reactor inlet (Figure 18). The tracer concentration is recorded afterwards at the reactor 

outlet as function of time.   

 

 

Figure 18: Concentration of tracer injected to outer reactor pipe. Due to symmetrical geometry in axial direction 

only one half of the entire reactor is modeled.  

 

Figure 19 shows the normalized RTD as function of dimensionless residence time which was calculated 

based on the Levenspiel method [104]. The asymmetric shape of the RTD indicates that the flow inside 

reactor deviates from an ideal plug flow. The early peak is an indication of stagnant flow as can be 

expected from the axial velocity profile shown in Figure 17 for the flow prior to the inner pipe inlet.  
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Figure 19: Normalized RTD of tracer. 𝜃 =
𝑡

𝜏
 , t = residence time, 𝜏 = mean residence time 

One approach, which can help to find a model, fits the best to the RTD function is a series of continuous 

stirred tank reactors (CSTR-cascade). The number of tanks can be determined by calculating the 

dimensionless variance, 𝜎𝜃, for the tracer response curve according to Eq.3.7-3.9.  

 

 
 𝜎2 =

∫ 𝑡2𝐶𝑑𝑡
∞

0
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0
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2 

3.9 

In the above equations 𝑡 represents time, 𝐶 is the tracer concentration, 𝜏 is the mean residence time, and 

𝜎 is the variance of the spread of injected tracer curve. The number of tanks (𝑛) necessary to model the 

reactor, used for this study was estimated to be 12. It should be noted that for these calculations 

isothermal conditions were implied since CSTR-cascade model is only applicable for identically sized 

tanks with identical residence time. 

Figure 20 demonstrates the concentration profiles calculated with batch and CSTR-cascade models at 

the highest experimental temperature of 650 °C and at 550 °C. Depending on the pressure and gas 

mixture, these temperatures were observed to initiate methane oxidation during the experiments at 1 bar. 

At 650 °C the concentration profile of the most gas components are very well comparable. Only the 
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consumption rates of CH4, CO and HCHO are shown to be higher to some extent when applying the 

batch model. At 550 °C this deviation is disappearing for CH4 and CO. The concentration profiles of 

other species are also in good agreement. It should be mentioned that results of pressure of 5 bar (Figure 

2 in the appendix) illustrate the same trend for different species at each temperature.  

It is evident from the results presented here that the application of a batch model shows some 

discrepancies compared to CSTR-cascade model. However, the qualitative interpretation of the 

simulation results does not change and it still allows to infer the impact of temperature and pressure on 

the oxidation reactions relevant for this study. Considering the deviation of real exhaust condition from 

ideal plug flow, the simplified calculation of residence time can also be used for estimation of chemical 

composition of the exhaust gas in the real applications. 
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Figure 20: Concentration profile of gas components vs. reaction time simulated with the mechanism of Konnov 

with a batch (solid lines) and a CSTR-cascade (dashed lines) model. Left: 650°C. Right: 550°C. Inlet gas 

composition GM1: 3200 ppm CH4, 500 ppm CO, 150 ppm C2H6, 25 ppm C3H6, 120 ppm NO, 30 ppm NO2, 10 

vol. % O2 and 12 vol. % H2O in N2. 
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3.6 Effect of NOx Concentration 

The mechanism discussed in the section above confirms a remarkable influence of NOx on the reaction 

pathway of methane conversion. Moreover, apart from temperature and pressure, hydrocarbon 

conversion in the exhaust also depends on the composition of the radical pool and the concentration of 

nitrogen-containing byproducts, which vary based on the NO/NO2 ratio and NOx concentration level.  

Therefore, various experiments with different gas mixtures at different pressures and temperatures were 

performed to clarify the role of nitrogen oxides. Figure 21 shows the concentration profiles of the dosed 

gas species as function of the inlet NOx concentration. The inlet NOx amount consists of either pure NO 

or a mixture of NO/NO2 with a ratio of 4:1. At 1 bar and 650 °C (Figure 21, top), no methane conversion 

could be observed in absence of NOx, whereas methane conversion to CO increases with increasing NOx 

concentration, reaching a plateau at 500 ppm NOx. Further rise of NOx dosage cannot further improve 

the conversion. Many studies discussed the inhibition due to an excessive amount of NO [80,96,125] by 

consumption of OH radicals according to R 3.3 and  

 𝐻𝑂𝑁𝑂 + 𝑂𝐻 = 𝑁𝑂2  + 𝐻2𝑂, R 3.4 

 
 

as present in the flow analysis (Figure 16). The conversion of the other hydrocarbons C2H6 and C3H6 is 

also positively influenced by the presence of NO, even achieving full conversion if 500 ppm NOx or 

more are dosed. The partial oxidation product formaldehyde as well as the side product C2H4 pass a 

maximum when 100 ppm NOx are dosed at the inlet and stabilize on a plateau at 500 ppm NOx inlet 

concentration, where the NO2 concentration is also plateaued. Increasing the pressure to 5 bar (Figure 

21, middle) has a beneficial effect on the conversion of all hydrocarbons, resulting in full conversion of 

CH4, C2H6 and C3H6 and even of HCHO and C2H4 if 500 ppm NOx or more are present. Only CO with 

1000 ppm is not fully oxidized and therefore still present in a significant amount. This observation is in 

accordance with a study of Glarborg et al. [125], who report that a large amount of NOx, particularly 

NO2, inhibits the CO oxidation. This inhibition is attributed to radical removal. 

Decreasing the temperature to 550 °C (Figure 21, bottom) leads to a lower conversion of all species. 

However, the beneficial role of NOx can clearly be seen as the hydrocarbon conversion continuously 

increases with increasing NOx inlet concentration. At this condition, the outlet NOx consists mainly of 

NO2 and the outlet NOx concentration is less than the inlet one. This difference can be referred to 

formation of nitrogen-containing species such as nitromethane and nitrous acid at sufficiently low 

temperature. 

Taking all tested conditions into account, high temperature (650 °C) and high pressure (5 bar), as they 

are common in pre-turbo applications, seem to be sufficient to convert not only ethane and propylene, 
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but also the most stable hydrocarbon methane. Addition of NOx heavily influences the hydrocarbon 

conversion in a positive way and even leads to full conversion of methane if 500 ppm are added at 

650 °C and 5 bar. Further increase of NOx inlet concentration only has a neglectable effect on the CO 

conversion, indicating the optimal NOx inlet concentration being ~ 500 ppm under the chosen 

conditions.  

  

  

  

Figure 21: Result of experiments with variation in NOx inlet concentration. Top: at 1 bar and 650 °C. Middle: 

at 5 bar and 650 °C. Bottom: at 5 bar and 550 °C. The concentration of other gas components were kept the 

same as GM1: 3200 ppm CH4, 500 ppm CO, 150 ppm C2H6, 25 ppm C3H6, 10 vol. % O2 and 12 vol. % H2O 

in N2. 
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3.7 Effect of SO2  

As Figure 22 clearly demonstrates, SO2, which is a strong catalyst poison and therefore a major 

challenge in heterogeneous catalysis [40,43,131], only has a minor effect on the gas phase reaction of 

methane at 650 °C. At ambient pressure, the presence of SO2 changes neither the methane nor the carbon 

monoxide conversion. Addition of NO, on the other hand, increases the methane conversion 

significantly, likely following the mechanism already discussed above. The presence of 5 ppm SO2 does 

not influence the NOx sensitized methane oxidation. At elevated pressure (5 bar), methane conversion 

is slightly higher compared to 1 bar, which is attributed mostly to higher residence time. Furthermore, 

the addition of SO2 leads to a slight decrease of methane concentration going along with an increase of 

CO concentration, indicating an even promotional effect of sulfur dioxide on the conversion in the 

absence of NOx. Possibly SO2 may act as an oxygen source for the partial oxidation of methane. This 

promoting effect could not be observed when NO was added to the gas mixture. To conclude, few ppm 

of SO2 present in exhaust gas mixtures obviously do not affect the mechanism at all in the presence of 

NOx and therefore do not participate in the reaction. If no NO is dosed, it even plays a beneficial role. 

In contrast, a pronounced deactivation of methane oxidation catalysts is reported in the presence of SO2 

with time on stream [40]. The Pd-based catalysts suffer from formation of surface and bulk sulfites and 

sulfites on both, the noble metal and the support [132]. Hence, gas phase oxidation of methane at 

elevated temperatures and pressures, which are typically relevant in pre-turbo applications, could be a 

possible route to avoid the negative effects of sulfur compounds as no catalyst might be needed. 

 

 

Figure 22: Experimental result of methane oxidation in presence of 5 ppm SO2. Inlet (dashed lines) and outlet 

(solid lines) concentration of CH4, CO and NOx as function of time at 650 °C for two different pressure (1 and 

5 bar). Changes in inlet gas composition according to figure. 
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3.8 Summary 

Hydrocarbon emissions of lean-burn NG engines can be controlled by adjusting the pressure and NOx 

concentration to accelerate the gas-phase reactions responsible for hydrocarbon oxidation. The 

prolonged residence time only has positive bearing on the desired oxidation in the exhaust of lean-burn 

NG engines. Oxidation of hydrocarbons can be initiated at temperatures as low as 550 °C resulting from 

sensitizing effect of NOx. Formation of nitrogen-containing intermediates such as CH3NO2 or HONO, 

through chain-terminating reaction, and removal of OH radicals is enhanced with a higher amount of 

NOx, particularly at lower temperatures. Therefore, higher NOx concentration does not necessarily 

increase the hydrocarbon consumption and also has a drawback on undesirable intermediates.  

The partial oxidation of hydrocarbons in the exhaust is a major source of formaldehyde emission. 

Formaldehyde formation starts at rather low temperature and has a bell-shaped profile vs. temperature. 

After reaching the maximum concentration, further increase of the exhaust temperature decreases the 

concentration of formaldehyde. 

Results of this study suggest that, at proper reaction conditions, either a smaller amount or even no 

oxidation catalyst might be required for abetment of methane slip, which could decrease costs and efforts 

related to catalyst poisoning and deactivation significantly. The amount of formed formaldehyde as 

product of partial methane oxidation can also be controlled to some extent. The presence of 5 ppm SO2 

in the gas mixture did not affect the oxidation rate of hydrocarbons in the gas phase, which indicates 

that the gas phase reaction is not sensitive to the presence of sulfur dioxide under the tested conditions. 

The well-predicted concentration profiles, simulated with aid of original mechanisms from literature, 

indicate that the homogenous reactions can be modeled with reasonable accuracy to find proper exhaust 

conditions needed for minimized hydrocarbon emissions. The modeling study based on simplified 

calculation of residence time is shown to be applicable for estimation of the exhaust composition at 

different conditions. 

 



57 

 

 Catalytic Oxidation of Methane under Pre-Turbo 

Conditions1 

Although Pd-based catalysts provide a high activity for total oxidation of methane [32,33] but they 

require a high operation temperature ( >450 °C) to avoid inhibitions caused by water and sulfur 

poisoning [34,37–39,134].  

For lean-burn turbocharged engines, a solution to this problem is positioning the catalyst upstream of 

the turbine to take advantage of higher temperatures closer to the engine, resulting in faster kinetics over 

the catalyst. Pre-turbine placement of the catalyst will also result in higher pressures, depending on 

engine design and operation point. 

Pressure has an effect on residence time and the external mass transfer. An increase in pressure leads to 

a longer residence time of the exhaust gas stream inside the catalyst (Eq 3.1-3.3), whereas the diffusion 

coefficient varies inversely with pressure (Eq. 2.56), hence mass transport slows down at higher 

pressures [135]. Consequently, a pre-turbine catalyst placement can lead to higher conversion levels if 

the catalytic reaction is rather controlled by kinetics than mass transfer [75–77]. Additionally partial 

pressure of reactants and consequently the surface concentrations vary with pressure.  

In this contribution, the effect of the increased pressure on catalytic oxidation of methane is 

experimentally investigated for a Pd-Pt-based catalyst at 2 and 4 bar and compared with conventional 

post-turbine catalyst condition at 1 bar. Based on the experimental results, a mathematical model is 

developed using a global reaction mechanism to simulate catalytic oxidation of methane over a wide 

range of temperature and different pressures.  

4.1 Experinemtal2 

4.1.1 Catalyst 

For this study, a Pd-Pt model catalyst provided by Heraeus, a technology group headquartered in Hanau, 

Germany, was used as described in [34]. The washcoat with 100 g.ft-3 (3.53 Kg.m-3) noble metal loading, 

consisting of Pd and Pt in a weight ratio of 5 to 1 on 𝛾-Al2O3, was deposited on a cordierite honeycomb 

 

1 Parts of this chapter are taken from [133].  

2 The experimental work was performed by A. Gremminger.  
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with 400 cpsi (62 cpscm). For activity measurements, cylindrical cores of the honeycomb structure of 

3 cm length and a diameter of 2.5 cm were used. 

4.1.2 Flow Reactor Experiments 

An in-house made plug-flow reactor setup, explained in section 3.1 , was used to measure the catalyst 

activity as well as reactions in the gas phase. The stainless-steel reactor is coated with a corrosion 

resistant and inert layer (Silco Tek). Heating was realized by an electrical furnace and temperature was 

controlled by a Eurotherm 2208 controller with two radially-centered K-type thermocouples placed 

3 mm in front and behind the catalyst. Gases were dosed by mass flow controllers (Bronkhorst) via 

heated lines and water vapor was dosed using a controlled evaporation mixer (CEM, Bronkhorst). 

Reaction products were analyzed by an FT-IR analyzer (MKS Multigas 2030) [76]. 

Gas-phase reactions 

Gas-phase experiments were performed to check if pronounced gas phase reactions could occur and 

interfere with the catalytic reactions. This analysis was carried out using an inert cordierite monolith in 

place of the coated one. For this test, a gas mixture consisting of 800 ppm CH4, 10 % O2 and 12 % H2O 

diluted with N2 at 10 slpm (1.67×10-4 Nm3.s-1) was fed into the reactor. Temperature was ramped up 

with 5 K/min at 1 bar up to 700 °C at which the pressure was increased to 2 and 4 bar, consecutively. 

Cooling was realized under the same conditions at 4 bar pressure.  

Catalytic activity 

Light-off Experiments 

Light-off experiments were performed with two different gas compositions (Table 3) maintaining a 

constant mass flow and a gas hourly space velocity (GHSV) of 60.000 h-1. To investigate the effect of 

pressure, two consecutive heating and cooling cycles ranging from 200 to 450 °C (up to 600 °C in the 

case 12 % water are present) with 3 K/min were conducted at 1, 2 and 4 bar representing the pressure at 

post (1 bar) and pre-turbine (2 and 4 bar) catalyst positioning. Prior to each run of light-offs at certain 

pressure, the sample was pretreated to preserve a defined state of the catalyst and prevent wrong results 

due to deactivation effects. The pretreatment consisted of reduction with 2 % H2 in N2 at 600 °C, 

reoxidation in 10 % O2 in N2 at 600 °C and consecutive cooling to 200 °C in 10 % O2 in N2. This 

pretreatment was found to provide reproducible light-off curves.  
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Table 3: Composition of wet and dry gas mixture for light-off tests 

Gas Mixture CH4  ppm O2   % H2O % Balance 

1 1000 10 - N2 

2 1000 10 12 N2 

 

Effect of water 

The inhibition of water present in the feed at high concentration (> 1%) has been extensively analyzed 

at ambient pressure in literature [41,136,137]. On the other hand, in literature, the possibility of 

inhibition due exclusively to the water produced by the reaction is only assumed without any test aimed 

at verifying and having an insight into this inhibiting phenomenon. For this reason, in the present work, 

some tests were carried out specifically to corroborate the results already collected and to strengthen the 

theory of inhibition caused by water produced by methane oxidation. To simulate the effect of water 

produced by reaction, water was added to the reaction mixture consisting of 1000 ppm CH4, 10 % O2 in 

N2, in steps of 500 ppm ranging from 0 to 2000 ppm H2O while balancing the flow rate with N2. These 

tests were performed at 300 °C and 400 °C at 1 bar with a GHSV of 30.000 h-1. 

4.2 Modeling Approach 

4.2.1 Reactor Model 

The numerical simulations are executed by DETCHEMCHANNEL [120]. The single catalytically coated 

channel is assumed to be an axis symmetric cylinder which results in axial and radial spatial coordinates 

as independent variables. DETCHEMCHANNEL calculates the 2-D steady state concentration and 

temperature profiles of chemically reacting gas flow through a cylindrical channel using the boundary 

layer approximation. The boundary-layer method produces accurate results with much lower 

computational cost than the Navier-Stokes. This assumption is applicable for systems, in which the 

velocity in flow direction is sufficiently high or the channel diameter is small enough that the diffusive 

transport along the axial direction is negligible compared to the convective flow [56,68]. These 

conditions are met for the case studies in this thesis. The boundary-layer approach leads to the following 

governing equations for a single channel simulation. 

Continuity equation:  

 
𝜕(𝜌𝑢)

𝜕𝑧
+

1

𝑟

𝜕(𝑟𝜌𝑣)

𝜕𝑟
= 0. 

4.1 

Axial momentum:  
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 𝜌𝑢
𝜕𝑢

𝜕𝑧
+ 𝜌𝑣

𝜕𝑢

𝜕𝑟
= −

𝜕𝑝

𝜕𝑧
+

1

𝑟

𝜕

𝜕𝑟
(𝜇𝑟

𝜕𝑢

𝜕𝑟
). 

4.2 

Radial momentum: 

 
𝜕𝑝

𝜕𝑟
= 0. 

4.3 

Species continuity: 

 𝜌𝑢
𝜕𝑌𝑖

𝜕𝑧
+ 𝜌𝑣

𝜕𝑌𝑖

𝜕𝑟
= −

1

𝑟

𝜕(𝑟𝑗𝑖,𝑟)

𝜕𝑟
. 4.4 

Where 𝑗𝑖,𝑟 is the radial diffusion flux of species 𝑖. 

Energy continuity: 

 𝜌𝑢
𝜕ℎ

𝜕𝑧
+ 𝜌𝑣

𝜕ℎ

𝜕𝑟
= 𝑢

𝜕𝑝

𝜕𝑧
−

1

𝑟

𝜕(𝑟𝑞𝑟)

𝜕𝑟
. 4.5 

4.2.2 Washcoat Model 

The detailed washcoat model solves the reaction-diffusion equations in radial direction for every species 

𝑖 within the washcoat. The species gradients in the washcoat affect the local surface reaction rates 𝑠̇𝑖. 

Assuming that the axial concentration gradients are considerably lower compared to the radial gradients 

leads to the one-dimensional discretization of the washcoat model. Therefore, the reaction–diffusion 

equation can be calculated with the following expression [56]: 

 
𝜕𝑗

𝜕𝑟
− 𝛾𝑠̇𝑖 = 0, 

4.6 

where the radial diffusion flux of species 𝑖 is calculated by  

 𝑗𝑖 = −𝐷𝑖,eff

𝜕𝑐𝑖

𝜕𝑟
. 4.7 

4.3 Kinetic Model 

The complexity of the kinetics of the catalytic oxidation of methane over bimetallic Pd-Pt catalyst is 

well-known through several studies [138–140]. Since the catalyst activity is a function of various 

parameters viz. operation conditions, composition of gas mixture, support material of washcoat, 

preparation method of catalyst, particle size of the noble metals and even oxidation state of palladium 

[34–36,141], finding a detailed reaction mechanism including all mentioned parameters is not 
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straightforward. Thus many authors tried to describe the kinetic of methane oxidation over Pd-Pt 

catalysts with a global power law reaction rate expression [41,142–144].  

The order of the reaction rate with respect to methane is mainly obtained to be one. The impact of 

oxygen, water and carbon dioxide concentrations present in the gas mixture on the kinetic of methane 

oxidation are commonly known. In lean burn operation and excess of oxygen, the order of reaction rate 

with respect to oxygen is zero. The catalyst activity is affected by adsorbed water on the catalyst surface 

at low to moderate temperatures. Water inhibition is often explained by formation of hydroxyl species 

at low to moderate temperatures and even at high temperature, depending on the support type [142], 

which covers the catalyst surface and forms palladium hydroxide from palladium oxide which is the 

main active site for methane oxidation. This process causes a reversible deactivation during long-term 

usage [39,145]. It has been shown that only the palladium oxides present in the catalysts are responsible 

for the lowering of conversion since no water inhibition originates from the interaction with platinum 

sites [146]. No self-inhibition by addition of water is given by the Pt sites present in the bimetallic 

catalyst, also at a high concentration of water in the feed. Assuming a negative influence of water, the 

order of reaction with respect to water is often suggested to be -1 or slightly higher. The inhibition effect 

of carbon dioxide in comparison with those of water is negligible [142].  

For modeling of the chemical reactions, kinetic parameters are required to define the reaction rate of the 

corresponding reaction. Although kinetic parameters are usually evaluated through Arrhenius analysis 

using data obtained at differential conditions, light-off curves can provide all the necessary kinetic 

information such as order of reaction, activation energy, and pre-exponential factor with reasonable 

accuracy [147]. 

The activation energy of methane oxidation over Pd reported in literature is usually a function of 

temperature and water concentration [142–144]. In a dry gas feed as temperature is rising, a reduction 

in activation energy is observed; adding water to the gas mixture leads to a higher apparent activation 

energy. In this study, an attempt was made to find an activation energy and rate constant which is valid 

for dry and wet conditions as well as low and high temperatures. 

4.4 Results and Discussion 

4.4.1 Gas-Phase Reactions 

The result of the gas phase experiment is presented in Figure 23. Temperature, methane conversion, CO 

concentration and HCHO concentration are represented by red, black, blue and orange lines, 

respectively. Products of partial oxidation of methane, namely CO and formaldehyde, were observed 



62 

 

starting above 650 °C at 1 bar. However, due to a low extent of total and partial oxidation only 

approximately 1 % of methane is converted at 700 °C and 1 bar. Rising pressure from 1 to 2 and 4 bar 

leads to an increase in CH4 conversion and in the concentrations of CO and HCHO. Highest methane 

conversion (5 %) is found at highest elevated temperature and pressure. This can be explained by a 

higher residence time within the reactor due to an increase in pressure while keeping a constant mass 

flow. The cooling curve at 4 bar shows that the products of partial oxidation can already be observed 

above 600 °C compared to 650 °C at 1 bar. In Figure 23, one can see that gas phase reactions have a 

bearing on total methane oxidation only at T > 600 °C. As the catalytic tests were conducted up to a 

temperature of 600 °C, the outcome does not suffer from any interference caused by reactions in the gas 

phase. Hence, the methane conversion detected in catalytic tests can be attributed only to the catalyst 

activity.   

 

 

Figure 23: Reactor temperature (red line), CH4 (black line) conversion, CO (blue line) and HCHO (orange line) 

concentration of gas phase reaction at 1, 2 and 4 bar. Gas mixture: 800 ppm CH4, 10 % O2 and 12 % H2O diluted 

with N2 at 10 slpm. 

4.4.2 Effect of Pressure 

The experimental results of a second run of light-off tests with gas mixture 1 and 2 are depicted in Figure 

24. In these cases, the experiments were conducted at three different pressures between 200- 600 °C. 

The conversion-temperature profile shows the typical S-shape of light-off curves for methane oxidation 

for both dry and wet feeds. The results show a dramatic drop in catalyst activity in wet conditions (Figure 

24, right) which leads to a shift of the light-off curve towards a higher temperature in comparison to the 

light-off curves obtained in a dry feed. In the case of wet feed, methane starts to react at 370 °C, where 

the conversion in the dry feed has already achieved its maximum and has plateaued for all pressure 
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levels. The considerable loss of activity due to the presence of additional water in the feed is thoroughly 

in line with former, previously discussed, studies [34,37–39,134]. 

 

  

Figure 24: Figure 2: Methane conversion during 2nd heating as a function of temperature at 1, 2 and 4 bar, left: 

with gas mixture 1 and right: wit gas mixture 2. 

 

Considering the effect of pressure on the catalyst activity for dry feed, there is no significant change in 

the conversion of methane during light-off, which is in contrast to the beneficial effect of longer 

residence time on catalyst activity caused by higher pressure. 

Assuming a first order reaction in a plug-flow reactor, an increase in residence time shifts the conversion 

curve to lower temperatures. For example, at 260 °C, the doubling of the residence time increases the 

conversion from 17 % to 31 % (see Figure 30). Taking the effect of pressure on mass transport and the 

diffusion coefficient of species into account, the obtained results might be an evidence of transport-

controlled kinetic caused by the limitation in radial diffusion of species into the catalytic surface. 

Another possible explanation for the performed catalyst activity at higher pressures can also be the 

inverse reaction rate dependency to the water concentration as pointed out in the literature. Concerning 

this matter, simulations were done for better analysis of the experimental results.  

 



64 

 

 

Figure 25: Comparison of experimental (dashed line) and simulated results (solid line) at 1 bar with gas mixture 

1. For the 2-D model, the first order reaction rate with respect to methane without inhibition factor (Eq. 14) is 

applied 

Figure 25 shows the experimental and simulated results of the light-off curve for dry feed at 1 bar using 

the reaction rate expression in Eq. 4.8. The Arrhenius parameters required for the reaction constant were 

calculated from experimental results of tests under the same condition. An activation energy of 114 

kJ.mol-1 and a pre-exponential factor of 3.01×108  m.s-1 are obtained under a kinetically controlled 

regime (from 200 to 220 °C).  

 −𝑟𝐶𝐻4
= 𝑘1𝐶𝐶𝐻4

  4.8 

In Figure 25, one can see that simulated light-off curves match the experimental one perfectly for a 

temperature below 300 °C, where the light-off point is not yet reached. For temperatures higher than 

300 °C, the model shows higher methane conversion. Applying the same reaction rate expression for 2 

and 4 bar results in an overestimation of catalyst activity. In these cases, the simulated results are the 

same as expected with longer residence time (Figure 26). The higher performance obtained from Eq. 4.8 

is not reproducing the real catalyst performance. Nevertheless, it is an indication of a kinetically 

controlled reaction since higher pressure leads to higher simulated conversion over the whole 

temperature ranges. 
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Figure 26: Comparison of experimental (dashed line) and simulated results (solid line) at 1 bar with gas mixture 

1. For the 2-D model, the first order reaction rate with respect to methane without inhibition factor (Eq.4.8) is 

applied 

To explain the conversion-pressure trend for the case of dry feed, it is necessary to consider the 

possibility of an inhibiting effect of the water produced by total oxidation of methane. Thus, an inhibition 

term (Eq. 4.9) was added to the reaction rate expression and the corresponding parameters have been 

tuned. The activation energy and the pre-exponential factor were not changed.  

 𝐼 =
1

(1 + 𝑘𝐻2𝑂,0𝐸𝑥𝑝 (
−∆𝐻𝑎𝑑𝑠

𝑅𝑇 )𝐶𝐻2𝑂
𝛽

)
. 

4.9 

 

The order of the inhibition term with respect to the water was set to 1.15, which is higher than the order 

suggested in the literature [13,22,26]. However, this assumption is consistent with the experimental 

results. After modifying (Eq. 4.10), the rate constant is decreased for all temperatures depending on the 

water concentration presence in the gas mixture, as expected.  

 −𝑟𝐶𝐻4
=

𝑘1𝐶𝐻4

1 + 𝑘2 𝐶𝐻2𝑂
1.15 . 4.10 

 

The related simulation results are depicted in Figure 27. As shown here, the obtained curves with the 

implemented model match the experimental data. The inhibition factor added to the reaction rate reduces 

the catalyst activity at higher temperatures while water concentration produced by methane oxidation 

increases, especially after reaching the light-off temperature.  
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Figure 27: Comparison of experimental (dashed line) and simulated results (solid line) at 1 bar (red lines), 2 bar 

(blue lines) and 4 bar (black lines) with gas mixture 1. For the 2-D model, the first order reaction rate with respect 

to methane including an inhibition factor (Eq. 4.10) is applied. 

In case of the wet feed, the activity-pressure relation changes in comparison to the dry feed. Figure 24, 

right exhibits an inversion in the conversion-pressure trend around 525 °C. At lower temperatures than 

525 °C, higher pressure leads to lower activity and at temperatures higher than this, an increase in 

pressure causes an increase in catalyst activity. As mentioned previously, higher pressure determines 

higher water inhibition, lowering in turn the level of conversion at the same temperature. It must be 

highlighted that this water inhibition effect is not constant with temperature: At higher temperature, the 

potentially less active palladium hydroxyl sites are less stable [22,26,27]. Hence, the conversion-

pressure trend in the light-off curve could be explained by considering this contribution and weighing 

the main effects determined by pressure changes. At lower temperatures, the water inhibition prevails 

over the increasing residence time when pressure increases. Thus, activity becomes lower with the 

pressure. At higher temperatures, the water inhibition becomes minor and the residence time has the 

main contribution, bringing about an increase of activity with pressure. To sum up, this change in trend 

over the temperature range analyzed can be attributed directly to the water effect, getting weaker with 

temperature increase. 

Applying a modified reaction rate Eq. 4.10 in the case of wet feed gives the simulation results depicted 

in Figure 28. The model is able to simulate the catalyst performance with a reasonable accuracy up to 

light-off temperature for each investigated pressure. The lower catalyst activity after this point in the 

experimental results can be attributed to deactivation of the catalyst in the presence of water, which 

becomes faster with a higher concentration of water. This suggestion is in line with literature [6,28]. It 

should be pointed out that using one as order of water concentration in the inhibition term, leads to an 

over estimation of catalyst activity since the negative effect of water can be totally compensated by the 

effect of longer residence time. Hence, the value of 1.15 enables us to have a better prediction of pressure 

effects on methane conversion over temperature in both cases of with and without additional water.  
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Figure 28: Comparison of experimental (dashed line) and simulated results (solid line)  at 1 bar (red lines), 2 bar 

(blue lines) and 4 bar (black lines) with gas mixture 2. For the 2-D model, the first order reaction rate with respect 

to methane including inhibition factor (Eq. 15) is applied. 

4.4.3 Effect of Water 

The light-off tests carried out with dry feed at different pressures showed interesting results that can be 

explained by taking the inhibition effect caused by the water produced by the reaction into account, of 

which concentration ranges at very low values.  

Many studies have already brought well-established results in the higher percentage water content range 

[9,14,15], but the effect of only water produced by the oxidation of methane has not been deeply 

investigated. Therefore, further tests were performed to elucidate this effect.  

Figure 29 shows that the addition of water acts as a deterrent to the catalyst activity at 300 °C. In absence 

of additional water, 70 percent of methane is converted. The conversion level is affected by additional 

water and is reduced drastically to 45 percent in presence of 2000 ppm water in the inlet feed. Even 

500 ppm water in reactor feed causes considerable reduction in catalyst activity. It is worth mentioning 

that 500 ppm water will be produced by oxidation of methane at 270 °C where 25 % of methane is 

converted.   

Moreover, while at 300 °C the conversion drops as the water concentration is increased, at 400 °C, 

where there is full conversion, the activity does not decrease. Simulated conversion of methane using a 

modified rate expression displays the same trend as experiments at 300 °C and matching well with the 

experimental results at 400 °C. 
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Figure 29: Effect of added water (experimental and simulation) (0 -2000 ppm) to dry feed (1000 ppm CH4, 10 % 

O2 in N2) on methane conversion at 300 °C  (blue lines) and 400 °C (red lines) at 1 bar. 

4.5 Summary 

According to the obtained results presented in this study, elevated pressure as a result of pre-turbine 

placement of the catalyst has two major effects on the catalytic oxidation of methane using the Pd-Pt 

model catalyst [34]: 

1) In case of dry feed, no particular change in catalyst activity with pressure is measured. Complete 

conversion can be reached at low temperature ranges where the inhibiting effect of water produced by 

methane oxidation is present and hinders the catalyst activity. Thus, the positive effect of longer 

residence time caused by higher pressure is balanced by inhibition due to water. This observation could 

be simulated with the proposed model.  

2) In case of wet feed, besides the shift of the light-off curve to higher temperature compared with 

dry feed, an inversion in the conversion-pressure trend over temperature is observed. From this inversion 

point, the positive effect of longer residence time can outweigh the inhibitory effect of water, which gets 

weaker at higher temperatures. The model was able to reproduce the experimental results with 

acceptable accuracy. 
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 Kinetics of Catalytic Oxidation of Formaldehyde1 

This chapter is dedicated to development of a thermodynamically consistent multi-step detailed surface 

reaction mechanism for the catalytic oxidation of formaldehyde on platinum-based catalyst. For this 

purpose, kinetic experiments were performed over Pt-based catalyst under exhaust conditions of lean-

burn NG engines. Furthermore, the applicability of the newly proposed reaction kinetics at low 

temperature was tested on the experimental data of Peng et al. [149], who performed a comprehensive 

study on the total oxidation of formaldehyde on Pt-TiO2 catalyst at different operation and preparation 

conditions. 

5.1 Experimental2 

5.1.1 Exhaust Relevant Conditions 

The development of the microkinetic model has been supported by two sets of experiments in the 

temperature range from 120 to 500°C (393-773 K). In the first set, the formaldehyde conversion is 

measured for powdered Pt-TiO2 catalyst in a packed-bed reactor, while in the second set of 

measurements a catalytic coated honeycomb monolith is used as sample in a flow reactor equipped with 

an in-situ probe technique.   

Powder catalyst 

The model catalyst is prepared by Incipient Wetness Impregnation (IWI). A commercial titania (anatase) 

carrier containing 10 wt. % silica for higher thermal stability (TiO2 -SiO2, Cristal Global) and as a 

precursor tetraamminplatin (II)-nitrate (Pt(NH3)4 (NO3)2, Alfa Aesar) were used. The impregnated 

catalyst was dried for 8 h at 70° C and then calcined at 700° C for 5 h in the air. The Characteristic of 

the sample is given in Table 4. 

The reactor used for activity measurements of powder catalyst consists of quartz tube filled with 500 mg 

powdered catalyst. The reactor diameter and packing length were 8 and 10  mm respectively. The detail 

of the fixed bed reactor, were already described in [109]. The experiments operated with a gas flux of 

1.0 standard liter per minute (slpm) at 1 bar. Temperature is ramped up with 5 K/min from 120 °C up to 

500 °C (393 - 773  K). The dosage of the gas components (10 vol.   %O2, 6 vol.   %CO2, 12 vol. % H2O 

 

1 The materials of this chapter are taken from [148]. 

2 The experimental works presented in this chapter were performed by T. Schedlbauer and P. Lott. 
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and N2) is controlled by mass flow controllers made by Bronkhorst Hi-Tec. Water is provided by a liquid 

flow controller from a water reservoir and 80 ppm HCHO is dosed over an in-house-developed saturator 

[150]. Reaction products are analyzed by an FT-IR analyzer (MKS Multigas 2030).  

Monolithic catalyst 

For the activity measurement of the monolithic sample, a 400-cpsi cordierite honeycomb with 

dimensions of 12 mm in length and 19 mm in diameter is used. The slurry for the washcoating is 

prepared by adding 300 wt. % of distilled water to the calcined powder, described above, and ball-

milling it for 1 hour at 400 rpm. The amount of water added is due to the optimal fluidity of the final 

slurry. The washcoating resulted in a noble metal loading of 0.66 kg.m-3 (18.7 g.ft-3). Firstly, the catalyst 

is dried at 70 °C for 12 h and then is calcined with a temperature ramp rate of 5 K/min till 600 °C in air 

and kept at this temperature for 5 hours. 

The activity measurement is conducted under isothermal condition and the concentration profiles are 

recorded inside a single channel of the monolith applying spatial resolved measurement technique. 

Details of the set-up and sampling method can be find elsewhere [151,152]. The experiment is conducted 

at gas hourly space velocity (GHSV) of 100000 h-1 with 80 ppm HCHO, 10 vol % O2, 6 vol % CO2, 12 

vol % H2O in N2. The gases were preheated up to 90 °C (363 K). The reactor is placed inside a furnace 

with a fixed temperature of 220 °C (493 K).  

5.1.2 Indoor Formaldehyde Abatement  

Due to the high activity of platinum for the oxidation of formaldehyde, the full conversion could be 

accomplished at room temperature depending on the support material, preparation procedure and 

experimental conditions [42–44,149]. Therefore, Pt-based catalysts were widely discussed and 

investigated in the literature for removal of formaldehyde from indoor air. For better evaluation of the 

proposed mechanism, experimental data at low temperature are required. Since water is present in the 

formalin solution, from which formaldehyde is fed to the gas mixture, dosage of formaldehyde at 

temperatures lower than the dew point of water could lead to technical problems. Hence, experimental 

data are extracted from study of Peng et al. [149], in which HCHO(g) was produced by heating of the 

solid para-formaldehyde. The tests were conducted on powdered Pt-TiO2 catalyst for various 

formaldehyde concentrations in the feed. The catalyst parameters used in the study of Peng et al. are 

listed in Table 4. 

In these experiments, an isothermal fixed-bed reactor consisting of a quartz tube of 6 mm in diameter 

filled with 0.25 g catalyst was employed. The catalyst was diluted with quartz wool. The catalyst activity 

was determined at temperatures ranging from room temperature to 120 °C and at a total flow rate of 
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1200 ml min-1.  The concentration of formaldehyde ranges from 75 ppm to 300 ppm in the feed, 

containing 22 % O2 balanced with N2. 

Table 4: characteristic of powder samples  

Catalyst 
Specific 

Surface area 

Pore 

volume 

Average 

pore 

diameter 

Dispersion 

Pt 

metal 

size 

 

Reference 

 m2.g-1 cm3.g-1 nm % nm  

1 wt.% Pt/TiO2 104 0.36 14 10 1 This work 

0.6 wt.%Pt/TiO2 63.8 0.24 11.3 68.5 2.6 Peng et al. [149] 

 

5.2 Modeling Approach 

The numerical simulation of the flow, mass transport and kinetics in the reactors have been executed by 

the DETCHEMTM software package [120]. For validation of the detailed reaction mechanism and 

comparison with experimental data fixed bed reactor simulations a performed with 

DETCHEMPACKEDBED code.  

5.2.1 1-D Packed-Bed Model 

The DETCHEMPACKEDBED code is designed for a nondispersive one-dimensional flow of a chemically 

reacting ideal gas mixture. All the axial diffusive terms are neglected by assuming that the velocity in 

flow direction is sufficiently high, that the diffusive transport along the axial direction is negligible 

compared to the convective flow. All the radial variations are neglected by assuming that diffusive 

transport (mixing) is fast in the radial direction. The input parameters were taken from experimental 

tests and catalyst sample. The one-dimensional isothermal fixed-bed reactor model is based on the 

following set of equations: 

Continuity equation 

 
𝑑(𝜌𝑢)

𝑑𝑧
= 𝑎𝑣 ∑𝑠̇𝑖

𝑁g

𝑖=1

𝑀𝑖. 

 

5.1 

Species conservation 
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 𝜌𝑢
𝑑(𝑌𝑖)

𝑑𝑧
+ 𝑌𝑖𝑎𝑣 ∑𝑠̇𝑖

𝑁g

𝑖=1

𝑀𝑖 = 𝑀𝑖(𝑎𝑣𝑠̇𝑖 + 𝜔̇𝑖𝜀) . 

 

5.2 

Conservation of energy 

 𝜌𝑢𝐴𝑐

𝑑(𝑐𝑝𝑇)

𝑑𝑧
+ ∑𝜔̇𝑖h𝑖𝑀𝑖𝜀

𝑁g

𝑖=1

+ ∑ 𝑠̇𝑖h𝑖𝑀𝑖

𝑁g+𝑁s

𝑖=1

𝑎𝑣 = 
4

𝑑h
𝑈(𝑇w − 𝑇) . 

5.3 

 

and equation of state 

 𝑝 ∙ 𝑀 =  𝜌 ∙ 𝑅 ∙ 𝑇. 
5.4 

 

The area to volume ratio used in the fixed bed model, (𝑎𝑣) is calculated with the following expressions:  

  𝐴𝑐𝑎𝑡 = 𝐷𝑃𝑡 ∙
𝑚𝑃𝑡

𝑀𝑃𝑡
∙
1

Γ
. 

5.5 

 

  𝑎𝑣 = 
 𝐴𝑐𝑎𝑡

𝑉bed
. 

5.6 

 

For the calculation of catalytic surface ( 𝐴𝑐𝑎𝑡), platinum dispersion, 𝐷𝑃𝑡, of 10 and 69 % were used. The 

surface-site density value Γ = 2.72 ∙ 10−5 mol.m−2  is taken from the literature [153]. In Eq. 5.5, 𝑀𝑃𝑡 

represents the molar mass of platinum (191.7 g.mol-1) and  𝑚𝑃𝑡 is the net weight in % Pt (g). In Eq.  5.6, 

𝑉bed is the total volume of the catalytic bed (m3). 

The numerical simulations for modeling study of monolith sample are executed by DETCHEMCHANNEL, 

described in section 4.2. 

The simulation parameters required for the numerical calculations with DETCHEMCHANNEL code are 

presented in Table 5. 
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Table 5: Catalyst parameter of the monolith sample used for modeling 

Parameter Value Units 

Cells per square inch, CPSI 400 inch-2 

Washcoat thickness 50 µm 

Length of monolith 12 Mm 

Diameter of monolith 19 Mm 

Pt loading 18.7 g.ft-3 

Catalytic to geometric surface area 9 - 

Mean porosity of washcoat 0.5 - 

Tortuosity of washcoat 4 - 

Mean pore diameter 10 Nm 

 

5.3 Surface Reaction Mechanism 

The kinetics of adsorption and decomposition of formaldehyde on Pt has already been in the focus of 

few studies [46–48,154,155]. The surface reaction pathway of formaldehyde oxidation under lean 

conditions, has been suggested to proceed via direct decomposition of the adsorbed HCHO to formyl 

(HCO(s)) and further to CO(s) and H(s) followed by oxidation to CO2(s)  and H2O(s) [154,155]. An 

alternative oxidation pathway is proposed by other studies [44,46,48]; it involves formation of 

H2COO(s)  and formate (HCOO(s)) in the presence of oxygen succeeded by either formyl formation or 

decomposition to CO2(s). The second oxidation pathway is however not supported experimentally and 

is in contrast to studies, which reported high activation energy (~ 70 kJ mol-1) for decomposition of 

formate on Pt [156,157]. So that decomposition of HCOO expected to be the rate-limiting step, which 

is in contradiction with low activation energy of formaldehyde oxidation on Pt. 

Moreover, the detailed surface mechanisms available from literature are not examined for 

thermodynamic consistency, which aside from misleading prediction of equilibrium state, can also 

results in incorrect solution of mass and energy conservation equations [158]. 

The reaction mechanism proposed in this study consists of 6 gas-phase species (HCHO, O2, CO, H2, 

CO2, H2O), 10 surface intermediates (HCHO(s), C(s), CO(s), CO2(s), HCO(s), O(s), H(s), OH(s), 

H2O(s), Pt(s)), and a total of 30 elementary-step based reactions. The mechanism is presented in  

Table 6. Therein, Pt(s) denotes a free platinum surface site. 

Pre-exponential factors are derived from transition state theory and are within the reasonable range for 

uni- and bimolecular surface reactions steps [106,159]. The activation energies of all elementary steps 
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as well as the enthalpies of formation of surface intermediates, and reaction enthalpies have been 

determined using the UBI-QEP (Unity Bond Index-Quadratic Exponential Potential) method [160,161]. 

For the verifying of a thermodynamic consistency of mechanism, an iterative adjustment procedure was 

applied [109], which corrects the kinetic source data (𝐸a,𝑘, 𝐴𝑘, and 𝛽𝑘 ), to obtain a set of thermodynamic 

consistent kinetic parameters.    

 

Figure 30: Reaction scheme of formaldehyde oxidation on Pt 

The adsorption reactions (R1–R6) of the gas-phase species have been modeled with sticking 

coefficients. The sticking coefficient of formaldehyde, that adsorbs molecular on Pt, was initially taken 

as unity [154,155] and afterward corrected to fit the model predictions with experimental results keeping 

the mechanism thermodynamically consistent. Eisert and Rosén [162] determined the coverage and 

temperature dependent sticking probabilities of hydrogen and oxygen on Pt(111). STM and HREELS 

results from Germer and Ho [163] as well as Völkening et al. [164] indicate that hydrogen and oxygen 

adsorb dissociative on platinum. The sticking coefficients of hydrogen range between 0.001 and 0.5 in 

literature [162,165–168]. In many publications, the sticking coefficient is 0.046 [169,170]. Hydrogen 

shows a high mobility on the platinum surface. Therefore, the reaction order can be changed. The 

sticking coefficients for oxygen are reported between 0.003 and 0.08 [162,169,171–173]. CO adsorbs 

molecular on platinum. Sticking probabilities, published in literature, are between 0.5 and 0.8 

[171,174,175]. The CO2 adsorption has been studied much less in literature. Gavril et al. [176] observed 

a small activation energy of 6 kJ.mol-1 during CO2 adsorption via gas chromatography. Zerkle et al. 

[177] supposed a sticking coefficient of 0.005 during their investigations of ethane oxidation.  A sticking 

probability for the adsorption of H2O was identified between 0.5 and 1 from Fisher and Gland [178]. In 

this work the sticking coefficients required for description of adsorption reactions of O2, CO, H2, CO2 

and H2O have been taken from [179] and are well comparable with values from literature. 
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Adsorbed hydrogen and oxygen desorb associatively (R7, R8). The activation energy corresponds 

approximately to the adsorption heat of the adsorbat bond. At low H(s) coverage, hydrogen desorbs with 

an activation energy of 63 to 83 kJ.mol-1  [166,180–182]. The value of 75 kJ.mol-1 is used in the present 

study for the activation energy of hydrogen desorption as determined from UBI-QEP method. Due to 

strong Pt-O-bond, the adsorption heat of oxygen on platinum is relatively high and lies between 209  

and 240 kJ.mol-1  [169,171,183,184]. With increasing oxygen coverage on the catalyst surface, the 

activation energy decreases significantly [169,171]. The initial value of 213 kJ.mol-1 used in this work 

is in good agreement with previous studies. 

Desorption of CO occurs molecular with an energy of 134 kJ.mol-1 (R12). In literature, desorption 

energy of 100-120 kJ.mol-1 [185,186] is proposed. However, these publications do not consider coverage 

dependencies of desorption. CO2 desorbs relatively easy due to its leak bond energy. The value of 

14.9 kJ.mol-1 lies between activation energies from 5 to 27 kJ.mol-1 reported by other researches 

[177,187,188]. 

The desorption barrier of water observed to be 40 – 65 kJ.mol-1 and independent of the surface coverage 

[178,187]. The calculated value of 39.6 kJ.mol-1 is very close to energy barriers from literature.  

The reaction pathways for the oxidation of formaldehyde on Pt is schematically illustrated in Figure 30.  

The Langmuir-Hinshelwood reaction scheme assumes two different activation paths of adsorbed 

formaldehyde. The first pyrolytic path involves the stepwise abstraction of hydrogen from CHxO(s) (x 

= 1 – 2) species on the free platinum sites down to surface carbon monoxide. In absence of O(s) and on 

the clean Pt(s) decomposition of formaldehyde to CO and H2 has been reported to be the dominant 

pathway [47,48,155]. A barrier of 45.6 kJ.mol-1 for first H abstraction from HCHO (R27) is calculated 

here and is close to temperature and coverage dependent barrier applied by Mhadeshwar et al. [154].  

The second path considers oxygen-assisted formaldehyde activation through pre-adsorbed O(s) 

accompanied by the production of surface OH(s) species. This reaction path was shown by sensitivity 

analysis to be especially important in fuel lean mixtures with high oxygen excess. The produced formyl 

through HCHO + O(s) → HCO(s) +OH(s) is rapidly oxidizes to CO(s) and OH(s) (R25).  

Adsorbed CO reacts with adsorbed oxygen atoms on the platinum surface Langmuir-Hinshelwood-like 

to CO2 (R21). Activation energies between 80 kJ.mol-1 and 126 kJ.mol-1 are observed for this surface 

oxidation reaction [154,174,189] that decrease with enhancing CO and O coverage on the surface [171]. 

The reverse reaction CO2(s) → CO(s) + O(s) has hardly been studied in literature. Zerkle et al. [177] 

used an activation energy of 173 kJ.mol-1 that decreases to 94 kJ.mol-1 at total oxygen coverage on the 

platinum surface. In our study, the activation energy for reverse reaction (R22) was calculated from the 

UBI-QEP method, yielding a barrier of 137 kJ.mol-1.  
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CO(s) may decompose to C(s) and O(s) on the surface (R20) at high temperatures due its high energy 

barrier, as it was observed during the oxidation of methane [173,179].  

Water is formed by the reaction of adsorbed hydroxyl species with H(s). However, Anton and Cardogan 

[154,190] show two parallel pathways (R15 and R17) for formation of water on Pt. The barrier of 

formation of water over OH(s) + H(s) → H2O(s) varies between 0 and 66 kJ.mol-1 [153,154,190,191], 

while the activation of the second path 2OH(s) → H2O(s) is higher and lies between 48 and 100 kJ.mol-

1 [153,178,190], indicating that the first pathway is the dominant path for formation of water in presence 

of adsorbed hydrogen. The activation energy calculated for R15 and R17 in proposed mechanism are 9 

and 100 kJ.mol-1 respectively. 

Table 6: Surface reaction mechanism for HCHO oxidation over platinum (thermodynamic consistent). 

Reaction A (mol, cm, s) β (-) Ea (kJ.mol-1) 

Adsorption/ Desorption    

R1 H2 + 
2 

Pt(s) 
→ 2H(s)   6.45×10-02 -0.046 0 

R2 O2 + 
2 

Pt(s) 
→ 2O(s)   3.54×10-02 0.001 0 

R3 H2O + Pt(s) → H2O(s)   3.92×10-01 0.026 0.12 

R4 CO2 + Pt(s) → CO2(s)   4.05×10-03 -0.027 0.04 

R5 HCHO + Pt(s) → HCHO(s)   9.73×10-01 0.005 0.03 

R6 CO + Pt(s) → CO(s)   7.60×10-01 0.008 0 

R7 2H(s) → 2Pt(s) + H2   1.30×10+21 0.185 75.44 

R8 2O(s) → 2Pt(s) + O2   2.32×10+21 -0.002 213.61-90.00∙θO(s) 

R9 H2O(s) → Pt(s) + H2O   8.06×10+14 -0.106 39.69 

R10 CO2(s) → Pt(s) + CO2   2.33×10+08 0.11 14.90 

R11 HCHO(s) → Pt(s) + HCHO   1.44×10+15 -0.079 7.16 

R12 CO(s) → Pt(s) + CO   4.47×10+12 -0.03 134.63-40.00∙θCO(s) 

Surface Reactions    

R13 H(s) + O(s) → OH(s) + Pt(s) 2.42×10+21 -0.095 85.24-45.00∙θO(s) 

R14 OH(s) + Pt(s) → H(s) + O(s) 6.20×10+20 0.095 63.70 

R15 H(s) + OH(s) → H2O(s) + Pt(s) 5.55×10+21 -0.1 9.49 
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R16 H2O(s) + Pt(s) → H(s) + OH(s) 2.70×10+21 0.1 127.65 

R17 2OH(s)   → H2O(s) + O(s) 2.18×10+21 -0.005 99.99 

R18 H2O(s) + O(s) → 2OH(s)   4.14×10+21 0.005 239.70-45.00∙θO(s) 

R19 C(s) + O(s) → CO(s) + Pt(s) 5.20×10+21 0 0.4 

R20 CO(s) + Pt(s) → C(s) + O(s) 2.50×10+21 0 226.3-40.00∙θCO(s) 

R21 CO(s) + O(s) → CO2(s) + Pt(s) 2.33×10+20 0.11 
79.90-45.00∙θO(s)-

40.00∙θCO(s) 

R22 CO2(s) + Pt(s) → CO(s) + O(s) 1.29×10+23 -0.11 137.178 

R23 CO(s) + H(s) → HCO(s) + Pt(s) 1.11×10+20 -0.087 150.36-40.00∙θCO(s) 

R24 HCO(s) + Pt(s) → CO(s) + H(s) 1.67×10+21 0.087 0.63 

R25 HCO(s) + O(s) → CO(s) + OH(s) 2.84×10+22 -0.008 0 

R26 CO(s) + OH(s) → HCO(s) + O(s) 4.82×10+20 0.008 128.09-40.00∙θCO(s) 

R27 HCHO(s) + Pt(s) → HCO(s) + H(s) 4.91×10+21 0.087 45.63 

R28 HCO(s) + H(s) → HCHO(s) + Pt(s) 2.79×10+21 -0.087 55.16 

R29 HCHO(s) + O(s) → HCO(s) + OH(s) 9.69×10+21 -0.008 26.90-45.00∙θO(s) 

R30 HCO(s) + OH(s) → HCHO(s) + O(s) 1.41×10+21 0.008 14.89 

 

5.4 Results and Discussions 

5.4.1 Exhaust Relevant Conditions 

The operating conditions and gas compositions in the first set of the experiments have been chosen based 

on the typical condition in the exhaust of lean-burn NG engines and the results represent the conditions 

and constraints in the practical applications.  
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Figure 31: Comparison of experimentally measured (symbols) and computationally predicted (solid line) 

conversion of formaldehyde as a function of temperature in a fixed-bed reactor; inlet gas composition of 80 ppm 

HCHO, 10 vol.% O2, 12 vol.% H2O and 6 vol.% CO2 in N2 with the total flow rate of 1 slpm. 

The experimentally determined conversion of formaldehyde over powdered Pt sample, shown in Figure 

31, confirms the high activity of Pt yielding full conversion of formaldehyde over entire temperature 

range. The numerically predicted conversion agrees very well with the experimentally derived data. 

Here the oxygen-rich surface at the operation temperature contributes to the formyl formation and the 

subsequent formation of CO(s) and H(s) is followed by oxidation to CO2 and H2O as the final products 

at a very short contact time.  

In the case of monolith sample, a central channel was chosen for recording the concentration profiles. 

In Figure 32 the axial position z=0 mm represents the start of the monolith sample with 12 mm length. 

Despite the very high intrinsic oxidation rate of HCHO at 220 °C, the catalyst is not able to completely 

convert all formaldehyde (Figure 32) and the effluent gas mixture contains 8 ppm formaldehyde 

accounts for 90 % conversion. From Figure 32, it can be seen that the consumption of HCHO is initially 

fast and 50 % conversion is reached after 2 mm length from the channel inlet. However, the consumption 

rate is getting gradual from this position on and plateaus over the last 2 mm of the channel length, so 

that just another 40 % reduction in formaldehyde concentration is achieved over the rest of the channel 

length (10 mm). From previous studies as well as results of conversion measurements over powdered 

catalyst, it is known that very low Pt loading is sufficient to accomplish 100 % oxidation of 

formaldehyde at 220 °C, hence the unexpected low catalyst activity here cannot be related to Pt-loading. 

Nevertheless, this behavior can be attributed to mass transport limitation since the operation temperature 

is much higher than the light-off temperature point. Thus, the decline in reactant concentration along the 

channel length causes a reduction in radial diffusion rate of molecules from channel center to the 

catalytic surface, which concurrently reduces the overall apparent reaction rate. The transport-limited 
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kinetics here, prevents full conversion of formaldehyde. This experimental observation is perfectly 

predicted by the simulation results. The simulation data presented in Figure 32 exhibit the cross-

sectional average concentrations for each axial point.  

 

 

Figure 32: Comparison of spatial concentration profile of formaldehyde determined experimentally (symbols) and 

computationally predicted cross-sectional average concentration (solid line) as a function of axial position in a 

channel of 400 cpsi monolith sample at 220 °C. Inlet gas composition: 80 ppm HCHO, 10 vol % O2, 12 vol % 

H2O and 6 vol % CO2 in N2 and the GHSV of 100.000 h-1. 

The 2-D concentration profile, depicted in Figure 33, indicates a substantial concentration gradient 

between channel wall and channel center verifying the assumption of the dominating transport-

limitations. Due to the very high reaction rate at the operation temperature, the formaldehyde 

concentration is nearly zero on the catalytic surface and rather large channel diameter as well as low 

reactant concentration in the bulk weaken the radial diffusion, which is the only responsible transport 

phenomena for the mass transfer since the flow inside the channel is laminar. This phenomenon will be 

discussed in more details in chapter 6. 

 

Figure 33: 2-D concentration profile of formaldehyde in a channel of 400 cpsi monolith sample at 220 °C. Inlet 

GM: 80 ppm HCHO, 10 vol. % O2, 12 vol. % H2O and 6 vol. % CO2 in N2 and the GHSV of 100.000 h-1. 
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5.4.2 Indoor Formaldehyde Abatement  

Figure 34 shows the comparison of experimentally derived results of formaldehyde conversion with the 

numerically predicted one as a function of temperature in a fixed bed reactor. The formaldehyde 

concentration appears to have significant impact on formaldehyde oxidation indicating the higher the 

concentration the less is the conversion over tested temperature range. Experimental results indicate 

that, 41% of formaldehyde is oxidized already at room temperature at an inlet formaldehyde 

concentration of 75 ppm. Accordingly, the conversion declines at higher formaldehyde feed 

concentrations. In Figure 35, one can see that the shortage of adsorbed oxygen competes with adsorbed 

OH species. This is the main reason why less formaldehyde is converted at higher inlet concentrations. 

The mechanism is able to predict the catalyst performance and the decrease in conversion for higher 

formaldehyde concentrations with reasonable accuracy. The numerically predicted light-off temperature 

is well comparable with the experimental one for all three concentration levels but from light-off point 

on, the simulated conversion is higher than the measured one. This deviation can be attributed to mass 

transport limitations caused by dilution of catalyst with quartz wool. This finding is in agreement with 

the experimental results presented in the literature [42,44], which show complete conversion of 

formaldehyde at room temperature and GHSV= 50000 h-1 on pure (not diluted catalyst) Pt-TiO2 catalyst. 

A longer residence time and a homogenous catalyst bed prevent external transport limitations. As 

expected, a raise in the temperature enhances the formaldehyde oxidation and the complete conversion 

of formaldehyde obtained experimentally is accomplished for all three concentrations at 90°C. 

Simulated conversions are completed for all cases at 60°C in absence of transport limitations.   

    

Figure 34: experimental (dashed lines with squares) and simulated (solid lines with squares) conversion of 

formaldehyde as a function of temperature for 75 ppm (left), 180 ppm (middle) and 300 ppm (right) 

formaldehyde in the feed. 

For better understanding of formaldehyde oxidation on platinum, Figure 35 shows the coverage profiles 

of surface species at catalyst bed exit over temperature in case of a feed concentration of 180 ppm 

formaldehyde. Most abundant surface species are O(s), OH(s), CO(s) and Pt(s). In excess of oxygen, 

adsorbed HCHO species dissociate mostly into HCO(s) and OH(s) followed by oxidation of HCO(s) to 

CO(s) and OH(s) according to R29 and R25. Thus, below the ignition temperature the surface is mainly 

C
o

n
v

e
rs

io
n

 /
 %

0

20

40

60

80

100

Temperature / °C

20 40 60 80 100 120

HCHOin=75 ppm

C
o

n
v

e
rs

io
n

 /
 %

0

20

40

60

80

100

Temperature / °C

20 40 60 80 100 120

HCHOin=180 ppm

C
o

n
v

e
rs

io
n

 /
 %

0

20

40

60

80

100

Temperature / °C

20 40 60 80 100 120

 Exp.
     Sim.

HCHOin=300 ppm



81 

 

blocked with OH(s) species. With increasing in temperatures, OH(s) and H(s) species react to form 

water and with the reduction of OH(s) species, adsorbed oxygen becomes the most abundant surface 

species. Simultaneously, free Pt(s) sites are reduced up to 90°C, where the maximum amount of oxygen 

is adsorbed on the surface. As increasing temperatures favor higher desorption rates of oxygen, more 

Pt(s) sites become available.   

 

Figure 35: Computed temperature dependent surface coverages (logarithmic scale) on platinum, values taken at 

the outlet of catalyst bed for formaldehyde concentration of 180 ppm 

The comparison of concentration and surface coverage profiles, Figure 36, confirms the inhibiting role 

of adsorbed OH species on the surface. The initial OH(s) blockage is obvious within first mm of the 

catalyst bed, where no substantial conversion of formaldehyde takes place. Once dissociation of instable 

HCO(s) species progresses, the surface is provided with more H(s) species leading to consumption of 

OH(s) and formation of H2O(s). The continuously increasing H2O(s) species along the catalyst bed 

experience a sharp reduction which coincides with diminishing of OH(s) species, while O(s) species 

become the dominating surface species. Concurrently to the ignition of formaldehyde caused by oxygen-

rich surface, the amount of intermediate surface species decrease as no formaldehyde is present anymore 

in the stream.   
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Figure 36: Concentration profile of HCHO, CO2 and H2O (left) and computed surface coverage profiles (right), 

along the catalytic bed length (logarithmic scale) at 60°C for formaldehyde concentration of 180 ppm. 

5.5 Summary 

A detailed reaction mechanism on the oxidation of formaldehyde over Pt was proposed and validated 

with experimental results. The Pt-catalyzed oxidation of formaldehyde has shown to have a very low 

light-off temperature, therefore low Pt-loading is sufficient for complete oxidation of formaldehyde in 

a packed-bed reactor under typical conditions of exhaust of lean-burn NG engines. The experimental 

results from literature denoted that the increase in the formaldehyde concentration lowers the oxidation 

rate up to a certain temperature. This observation could be modeled with the aid of the proposed 

mechanism here, revealing that the lower reaction rate is a result of blockage of surface with OH(s) and 

shortage of O(s) up to ignition temperature, at which O(s) becomes the most abundant surface species. 

In spite of very high intrinsic reaction rate of the formaldehyde oxidation on Pt, complete consumption 

of formaldehyde was not attained experimentally and the spatially measured concentration profile 

plateaued over the last 2 mm of the channel length suggesting a transport-limited kinetics more 

pronounced for lower reactant concentration. The 2-D simulation results revealed that external mass 

transfer is the rate-limiting step under tested conditions in monolithic sample. 
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 Formaldehyde Oxidation in Catalytic Sinusoidal-

Shaped Channels1 

The first objective of this chapter is the evaluation of role of the external and internal mass transport in 

a sinusoidal channel by means of 3-D simulation for catalytic oxidation of formaldehyde. The second 

objective focuses on the technical feasibility of ultra-low emission limits in the current monolith-like 

after-treatment technology. 

The calculation domain of the 3-D model consists of a channel of real corrugated metallic monolith 

optimized for formaldehyde oxidation of exhaust gas of the lean-burn NG engines. The influence of the 

washcoat distribution on the reactor performance is discussed in detail and the catalyst activity and 

conversion obtained numerically are compared to experimental data. For the modeling of the chemical 

reactions, the proposed mechanism in Chapter 5 is applied.   

6.1 Experimental2 

6.1.1 Monolith Sample 

For this study, a Pt model catalyst provided by Heraeus, Hanau, Germany, is used. The washcoat, 

consisting of 40 g.ft-3 (1.41 kg.m-3) Pt was deposited on a metallic honeycomb with 200 cpsi (31 cpscm). 

The large channel cross-sections are beneficial for a low pressure-drop. For activity measurements, a 

cylindrical core of the honeycomb structure with 5 cm length and a diameter of 2.5 cm was used.  

6.1.2 Experimental Setup 

The catalytic activity for formaldehyde oxidation was measured on an in-house developed test bench. 

The catalyst samples were placed in a cylindrical quartz glass sample holder inside a quartz tube reactor. 

The reactor was heated by a 1.4 m long electrical oven (HTM Reetz GmbH) which provided a 

homogeneous temperature profile along the catalyst bed. Temperature was controlled by a Eurotherm 

2208 device with two N-type thermocouples placed 3 mm in front of and behind the monolithic sample. 

The measurements were conducted at three gas hourly space velocity (GHSV) of 25.000, 50.000 and 

 

1 The methods and results presented in this chapter are taken from [192]. 

2 The experimental part is done by T. Schedlbauer. 
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100.000 h-1, corresponding to flow of 11, 22 and 44 slpm (1.83×10-04, 3.67×10-04 and 

7.33×10- 04 Nm3.s- 1). The tested gas mixtures consist of 100 ppm HCHO, 10 vol. % O2, 12 vol. % H2O 

and 6 vol. % CO2 balanced in N2. Temperature was ramped up with 5 K/min from 200 to 500 °C (473-

773 K). Reaction products were analyzed by an FT-IR analyzer (MKS Multigas 2030). More details 

about experimental procedure and set-up description can be found in the study of Schedlbauer et al. 

[150].  

6.2 Modeling Approach 

The catalytic activity of the sinusoidal-shape channel was investigated using a three-dimensional model. 

For modeling of the flow field in the monolith channel, calculation of complete Navier-Stocks equations 

is conducted. The channel and washcoat boundaries were defined from a microscopic picture of the 

monolith. The calculation domain of the flow field includes the entering flow prior to the channel inlet 

and the flow passing through the channel. The washcoat was defined as a homogenous isotropic porous 

medium. Simulations were performed under steady-state isothermal conditions. The CFD code ANSYS- 

FLUENT [193] was applied for the numerical simulation of the three-dimensional flow field and 

chemical reactions in the sinusoidal channel. The second-order upwind method was applied for the 

discretizing of the convective terms. 

6.2.1 Computational Domain and Boundary Conditions 

The computational domain and boundaries were defined based on microscopic pictures taken from the 

monolith studied (Figure 37). One single channel was selected randomly. It is worth mentioning that, 

due to manufacturing issues for metallic monoliths, the cross-sectional shape of the channels and 

washcoat distribution are not essentially the same and the study here attempts to identify the main 

influencing parameter on the performance of sinusoidal catalytic channels. From Figure 37, it is obvious 

that, the washcoat materials are mostly gathered at the corners and there is no particular existence of 

washcoat material on the rest of the perimeter for the modeled channel. The geometrical structure 

obtained from microscopic picture was then used for making the grid in ANSYS-ICEM [193].  
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Figure 37: Light microscopic picture of selected channel from tested metallic monolith with 200 cpsi. The foil 

thickness is 0.05 mm. 

 

Three different washcoat distribution assumptions were investigated in this study (Figure 38), while the 

channel geometry was kept the same for all three cases. 

The first model assumes a non-uniform distribution of the washcoat accumulated on the channel corners 

(“corner” model). In this case, the heterogeneous reactions take place in the washcoat volume as 

indicated by the red area in Figure 38. 

The second model implies a uniformly distributed washcoat over the entire channel perimeter 

(“uniform” model). This model completely neglects the physical thickness of the washcoat. Hence, the 

catalytic reactions occur only at the interface between wall and channel (red marked area in the figure). 

In order to consider the effect of washcoat on catalytic surface area, the ratio of catalytic surface area to 

geometrical surface (𝐴cat/𝐴geo) was used. Details concerning this ratio are explained further below. 

The last model (“close-to-real”) combines the approaches taken in the “corner” and “uniform” models. 

The corners are threated identical to first case. Additionally, the channel wall is assumed to be 

catalytically active, similar to the second model. However, only 10% of the channel wall area is 

catalytically active in this model considering irregular deposition of washcoat material on metallic 

substrate. The (𝐴cat/𝐴geo) ratio of the catalytic wall defined to be unity. This model resembles the actual 

washcoat distribution most realistically. This can be seen in Figure 37, which shows the washcoat 

deposits within the channel. While the majority of the washcoat material is accumulated in the corners 

in all of the channels, some of the channels also contain spots of washcoat material on the walls.  
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Figure 38: Illustration of washcoat distribution in the modeled sinusoidal channels for 1) first case: non-uniform 

porous washcoat volume in the corners, “corner”, 2) second case: uniform and infinitely thin washcoat layer over 

channel perimeter, “uniform” and 3) third case: combination of non-uniform porous washcoat volume and partly 

catalytic active channel wall, “close-to-real”. The red colored areas represent the washcoat boundaries for each 

case.   

The employed computational models further included 1.0 cm of the entering flow upstream the channel 

inlet. The size of the grid is 680.000 tetrahedral cells in all cases, which are concentrated near channel 

inlet with increasing length along axial direction of the channel (Figure 39). 

The initial conditions and parameters of the simulations are derived from the experiments. Temperature 

is set to 400 °C (673 K) for all cases with the gas volume flow of 22 slpm (3.67×10-4 Nm3.s-1) 

corresponding to GHSV= 50.000 h-1 and uniform inlet velocity of 2 m s-1 at 400 °C. The gas properties 

are calculated using mass weighted mixing law [117]. The washcoat porosity, tortuosity and dispersion 

here are estimated to be 0.5, 3 and 0.1, respectively. These assumptions are in agreement with the values 

in the literature given for automotive catalytic converters [56,194]. The mixture and effective diffusion 

coefficient of formaldehyde in bulk and porous medium are calculated to be 6.8×10-5 and 1.3×10-5     

m2.s-1 at 400 °C. The ratio of the catalytic surface area to geometrical area in second case is derived from 

Eq.2.48 and 5.5. The calculation leads to 𝐴cat/𝐴geo of 16 in the second case.  
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Figure 39: Calculation grid (first case) 

6.3 Results and Discussion 

6.3.1 Experimental Investigation of the Metallic Monolith 

The experimental results of monolith activity tests are depicted in Figure 40. The high Pt-loading and 

operation temperature above formaldehyde light-off temperature lead to high conversion over entire 

temperature range. At lowest space velocity of 25.000 h-1 complete conversion of formaldehyde is 

reached already at 200 °C. In the present study the complete conversion points to formaldehyde 

concentration <1.0 ppm at catalyst outlet. In spite of good activity at lowest temperature, the complete 

conversion of HCHO could not be reached even at temperature as high as 500 °C at higher space velocity 

of 50.000 h-1. Increase of volume flow to obtain GHSV of 100.000 h-1 leads to a substantial reduction 

of formaldehyde conversion over entire tested temperature range. However, a minor increase in 

conversion from 83% at 200 °C to 90% at 500 °C can be seen. The experimental errors that could lead 

to deviation from 100% conversion, such as bypassed flow and precision of FT-IR device, were checked. 

The attainable complete conversion with lowest volume flow indicates that bypassed flow is excluded. 

Moreover, the lowest formaldehyde detectable with used FT-IR analyzer in this study is 36 ppb 

measuring over 5 minutes time increment and 0.6 ppm measuring every second. The FT-IR 
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measurement time here is set to 5 seconds to ensure the detection of the formaldehyde concentrations 

below 1.0 ppm. Each run of light-off tests is repeated three times and the reproducibility and validity of 

obtained results was confirmed.  

 

 

Figure 40: Experimental conversion of HCHO as a function of temperature for tested Pt-catalyst. Gas mixture: 100 

ppm HCHO, 10 vol. % O2, 12 vol. % H2O and 6 vol. % CO2 balanced in N2, GHSV = 25.000 h-1 (red points) 50.000 

h-1(blue points) and 100.000 h-1 (black points) 

6.3.2 Computational Investigation of Metallic Monolith  

The modeling study in the following attempts to enlighten the issues and constraints preventing the 

complete conversion of formaldehyde in the tested metallic monolith.  

Porous and Non-Uniform Washcoat Distribution 

Based on Figure 41 the z-velocity profile at channel outlet indicates a significant impact of channel and 

washcoat shape on convective flow and consequently on local residence time of species. Very low 

permeability of washcoat volume prevents any convective flow inside the washcoat so that the z-velocity 

at washcoat-channel-interface is equal to zero alike to channel wall. The deeper concavity of washcoat 

zone on the left side results in faster convective flow on the left edge of channel compared to the right 

side. The z-velocity profile is fully developed after 5 mm from channel inlet. Convective flow in x and 

y directions can also be observed over entrance length and particularly at channel inlet. Except for the 

flow at aforementioned zones, x- and y-velocity components are found to be zero over the entire 

calculation domain as expected (not shown here).   
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Figure 41: x-, y-velocity profiles at channel inlet in xy-plane and z-velocity in the zy-plane along calculation 

domain and at the channel outlet in xy-plane (first case).  

The 3-D concentration distribution of formaldehyde over the entire domain and at inlet, middle and end 

of the channel in xy-plane are shown in Figure 42. Here a significant concentration gradient 

perpendicular to the direction of gas flow can be seen. On one hand, the high reaction rate in the 

washcoat leads to nearly zero concentration of formaldehyde at the washcoat-flow interface and on the 

other hand, rather large hydraulic diameter of the channel and respective long diffusion distance cause 

the concentration gradient. Additionally, an inappropriate accumulation of washcoat material at the 

edges lengthens the diffusion distance between bulk and catalytic layer. Similar to the velocity profile, 

the asymmetric cross-sectional shape of the channel and different washcoat geometries on the left and 

right side affect the concentration distribution. The deeper concavity on the left side causes longer 

diffusion length in addition to faster convective flow, so that an uneven concentration distribution is 

formed on the right and left sides.  

From Figure 43, which shows the concentration distribution with higher resolution from zero to 25 ppm 

at channel outlet; can be seen that density of formaldehyde differs around the channel perimeter. The 

maximum concentration is located between upper channel rim and channel center due to longest 

diffusion length to the washcoat and higher axial convective flow respectively. Generally, no 

formaldehyde is detected inside the washcoat as a result of the very high reaction rate. 

The calculated formaldehyde concentration exhibits a dominating external mass transport limitation. 

Since the concentration gradient as driving force for diffusion of formaldehyde molecules becomes 

smaller along the channel, the inhibited mass transport plays a more pronounced role on formaldehyde 

consumption with reduction of formaldehyde concentration over the channel length. 
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Figure 42: 3-D concentration distribution of formaldehyde along calculation domain and in xy-plane at inlet, 

middle and outlet of simulated channel (first case).  

 

 

 

Figure 43: Concentration distribution of formaldehyde in xy-plane at channel outlet in the range of 0 to 25 ppm 

(first case). 

This observation is plotted in Figure 44, which demonstrates the cross-sectional average concentration 

of formaldehyde for each axial point over channel length. Almost 50% of inlet formaldehyde is 

converted after 1.1 cm distance from channel inlet but from this position on the initial steep 

concentration curve becomes more gradual over the rest of the channel length. The concentration at 

channel outlet is 15 ppm and accounts for 85% conversion, which considerably differs from the 

conversion level (99%) measured experimentally. The variation of HCHO concentration in Figure 44 

reveals that a longer catalytic converter can compensate the low diffusion rate in spite of the fact that 

higher pressure-drop and loss of precious catalyst material are inevitable.  
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Figure 44: Cross-sectional averaged formaldehyde concentration vs. channel length (first case). 

Figure 45 illustrates the influence of local geometric shape of the washcoat on adsorption rate of HCHO 

along channel length. The highest adsorption rate for both right and left side washcoat volume occurred 

on the red colored zones. These areas profit from short penetration depth due to thin coating and large 

contact surface with the channel flow. Except for within the first 2 mm length of the washcoat, no 

substantial adsorption takes place in the rest of the washcoat volume and the most catalytic material here 

appears to be left unused. The contribution of dark blue colored region over the first 2 mm can be 

attributed to not yet developed velocity profile and conceivably convective mass transfer from bulk to 

washcoat surface immediately at channel entrance in x and y directions. Since the Pt distribution in the 

washcoat is assumed to be uniform, thicker washcoat with enhanced intraporous diffusion resistance, 

causes internal mass transport limitation, inadequate for diffusion into the washcoat and further reaction 

steps.  
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Figure 45: Adsorption rate of HCHO in porous washcoat volume (first case). 

Uniform Infinitely Thin Washcoat Distribution 

Figure 46 presents concentration distribution of HCHO for an even and infinitely thin washcoat layer, 

neglecting the impact of internal mass transport. Due to high reaction rate at 400 °C and uniform 

washcoat coating, the complete conversion is gained after 3 cm distance from the channel inlet. The 

concentration profile over reacting channel length shows highest concentration in the channel center and 

nearly zero at wall, following the velocity distribution, which inherently corresponds to the residence 

time distribution of the reactant. The high reaction rate on the catalyst surface causes the concentration 

gradient between bulk and channel wall so that the reaction becomes transport limited over reacting 

length. Nevertheless, the sufficiently long residence time compared with diffusion time facilitates the 

complete conversion of HCHO prior to channel outlet.  

The simulation results with different value of 𝐴cat/𝐴geo (Figure 47) exhibit similar concentration profile, 

without any noticeable variation, highlighting that at high intrinsic reaction rate, the catalyst activity is 

solely a function of mass transfer. Furthermore, it can be observed that the catalyst with very low noble 

metal loading of 2.5 g.ft-3 can compete fairly with catalysts having considerably higher Pt-loading to 

perform the similar overall activity. The predicted concentration profile changes only slightly with eight 

times higher Pt-loading and there is no visible difference between profiles simulated with 20 g.ft-3 and 

40 g.ft-3 Pt-loading. According to unchanged diffusion length and initial concentration, no improvement 

in catalyst activity with higher Pt-loading is attainable.   
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Figure 46: 3-D concentration distribution of formaldehyde along calculation domain and in xy-plan at inlet, middle 

and outlet of simulated channel (second case) 

The averaged formaldehyde concentration along the channel (Figure 47) confirms the enhanced catalyst 

activity particularly over first 0.5 cm of the channel length, where the diffusion rate is higher than the 

rest of the channel due to higher concentration of formaldehyde in the bulk. The predicted total 

conversion shows that the uniformly distributed washcoat can outweigh the transport limitations under 

tested conditions without changes in catalyst cell density, which essentially increases the pressure-drop 

over monolithic converter. 

 

 

Figure 47: Cross-sectional averaged concentration vs. channel length (second case). Simulated with different 

platinum loading of 2.5 (solid line), 20 (dashed-line) and 40 (dashed-dotted-line) g ft-3.  
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Porous and Non-Uniform Washcoat Distribution with Partially Coated Channel Wall 

Applying the preceding operation conditions, the third case is a combination of the previous cases 

consisting of porous washcoat volume at channel edges together with some coating over channel top 

and bottom rim. This case represents the channels with visually detected washcoat spots on the channel 

walls in Figure 37, i.e. the most realistic case. 

Comparison of the 3-D and 2-D concentration profile in Figure 48 and Figure 49 with the profiles of the 

first case indicates that partly catalytic activated channel wall substantially enhanced the catalyst 

performance.  

The xy-plane slices in the middle and outlet of the channel in Figure 48 illustrate a more even 

concentration distribution followed by acceleration of formaldehyde consumption, which indeed can be 

attributed to shortened diffusion distance as the amount of catalytic material was kept constant. The 

catalytic active parts on the channel wall induce concentration gradients, intensifying the mass transport 

from the channel center to the catalytic surfaces. The adsorption rate is accordingly higher on catalytic 

coated sections of the channel wall in absence of internal diffusion limitation than that in porous 

washcoat. In this case, 50 % conversion is gained after 0.8 cm distance from the channel inlet and the 

effluent gas mixture contains 1 ppm HCHO. The computationally predicted outlet concentration is now 

well comparable with experimental data.  

 

 

 

Figure 48: 3-D concentration distribution of formaldehyde along calculation domain and in xy-plan at inlet, middle 

and outlet of simulated channel (third case, porous WC with partially coated channel wall) 
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Figure 49: Cross-sectional averaged concentration vs. channel length (third case). 

All three models confirmed that the catalytic oxidation of formaldehyde in the tested monolith is limited 

by external mass transport, which is a function of concentration gradient and diffusion distance between 

bulk and catalytic surface. The rather large channel diameter and decreasing reactant concentration along 

reacting length weaken mass transfer leading to a reduced apparent reaction rate. Nevertheless, the 

simulation result of second case “uniform” has shown that modeled channel is able to convert 

formaldehyde completely after 3 cm from channel inlet. At this axial point, the accomplished conversion 

levels are 73 % and 90 % for first case “corner” and third case “close-to-real” respectively.  

After all, the experimentally measured conversion level was a result of performance of diverse channels 

and washcoat geometry, which were assuredly operated under mass transport inhibited regime over 

entire tested temperature range. The slightly less conversion obtained experimentally at lower 

temperature can be related to lower diffusion coefficient of formaldehyde with decreasing temperature 

and minor reduction of mass transport rate. Note that the simulations shown in this study were conducted 

with GHSV =50.000 h-1. In the real application, this value can be as high as 200.000 h-1 or higher, which 

worsens the problem. The high volume flow causes shorter residence time, not long enough to overcome 

the diffusion limitation so that for low concentration level of formaldehyde a long catalyst, providing 

longer residence time, is needed to reach a formaldehyde-free exhaust gas. 
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6.4 Summary 

Metallic honeycombs, used as formaldehyde oxidation catalyst in this study, are popular in after-

treatment applications due to higher stability, better thermal conductivity and lower back-pressure 

comparing with the ceramic one. 

This chapter reported on mathematical modeling of a sinusoidal channel of a washcoated metallic 

honeycomb for abatement of formaldehyde emissions from lean-burn engines. It is shown 

experimentally that at a typical space velocity of 50.000 h-1 or higher the complete conversion of 

formaldehyde cannot be reached. A CFD isothermal model fully accounting for 3-D distribution of 

variables including internal distribution in the washcoat layer is adopted to investigate the oxidation of 

formaldehyde at very high conversion levels. To assure that the study accounts for all distribution 

possibilities, three different WC distribution were modeled. Specifically, the effect of washcoat 

distribution is investigated by comparing two limiting cases, i.e. washcoat only present in the channel 

corners and perfectly uniform washcoat thickness along the channel perimeter, with a more "realistic" 

one which assumes washcoat accumulation in the corners and partial coating of the channel perimeter.  

While the experimental results demonstrate a very high activity over the entire temperature range, the 

simulation results point that all three washcoat distribution models operate under mass transport limited 

regime. This study reveals constraints and limitation of monolithic substrate in term of ultra-low 

emission level. It also emphasizes that in case of ultra-low emission level the apparent reaction rate is 

independent of amount of catalytic material and washcoat distribution.  

Moreover, it is found out that due to irregular washcoat deposition fully detailed multi-channel models 

are required for correct prediction of the performances, particularly when very high conversion levels 

are required. 
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 Summary and Outlook 

Natural-gas-fueled engines are becoming an attractive technology in the energy sector and the 

decentralized power generation owing to their principally lower environmental impact compared to 

other engines powered by fossil fuels. In this field, the lean combustion concept has shown to improve 

thermal efficiency and to lower the emission of nitrogen oxides, simultaneously. The application of a 

turbo charger contributes to further improvement of efficiency due to the higher air to fuel ratio, but has 

its drawback on formaldehyde emission as an intermediate species of methane oxidation. Formaldehyde 

contributes to photochemical smog and has carcinogenic properties, and is hence categorized as a 

hazardous air pollutant. Furthermore, the strong contribution of methane to the greenhouse effect, the 

continuously tightening emission legislation and the growing popularity of gas engines have led to the 

development of measures and strategies for abatement of unburnt hydrocarbons and intermediates from 

gas engines.  

The origin of hydrocarbon emissions is the incomplete fuel combustion. The unburnt hydrocarbons at 

exhaust port further reacts to form other hydrocarbons or exit the tailpipe as hydrocarbon slip. The 

initiation temperature of hydrocarbon oxidation is generally higher than exhaust temperature. However, 

presence of a few ppm NOx significantly reduces the onset temperature of the hydrocarbon oxidation. 

Application of turbocharge in lean-burn NG engines results in an elevated pressure prior to the turbine. 

The pressure in the exhaust can reach up to 5.0 bar prior to the turbo charger, which consequently 

prolongs the gas residence time upstream the turbine position. It is shown both experimentally and 

numerically that the extended residence time in combination with the catalytic effect of NOx on the 

oxidation of hydrocarbons results in substantial conversion of hydrocarbons depending on operating 

conditions. Under lean conditions, the promoting effect of NOx depends on temperature, pressure, 

NO/NO2 ratio, net concentration of NOx, and composition of the radical pool. The main oxidation 

product under exhaust condition is CO accompanied by few ppm (up to 150 ppm) formaldehyde and 

ethylene. At high temperature and sufficiently long residence time, the products of partial oxidation 

react further to form water and CO2. It is shown experimentally that high NOx concentration > 500 ppm 

particularly at low temperatures leads to the formation of undesired nitrogen containing species like 

HONO and CH3NO2. Once these species are formed, they remain in the mixture and act as sink in NOx 

concentration. The presence of 5 ppm SO2 in the gas mixture does not affect the oxidation rate of 

hydrocarbons in the gas phase. The experimental observations and results are modeled applying detailed 

reaction mechanisms from literature. The concentration of intermediate and ultimate concentration of 

hydrocarbons under various conditions could be predicted with reasonable accuracy. The used reactor 

model is evaluated based on results derived from a CSTR-cascade approach, which accounts for 
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nonideal conditions in practical applications. It can be concluded from the results presented in this study 

that under proper exhaust conditions significant oxidation of hydrocarbons can be gained in the gas-

phase. However, further studies are needed to investigate operational issues and challenges, as the gas-

phase reaction times are not as short as catalytic ones. For stationary and large-bore gas engine 

applications operated without fast load changes, the method introduced in this thesis might be of great 

interest. 

Beside primary measures to reduce pollutant emission, catalytic systems have been widely used as a key 

part of the emission control system over the last decades. Several studies discussed the application of 

Pd- and Pt-based catalysts for lean-burn gas engines as they showed superior catalytic performance for 

the total oxidation of methane, and formaldehyde respectively, under lean-burn conditions 

[33,37,38,46–48,137]. However, the inevitable exhaust gas component, water, inhibits the total 

oxidation of methane on Pd-based catalysts, which leads to a continuous deactivation with time on 

stream. Thus, the light-off temperature of methane oxidation shifts to the elevated temperature range 

(450 - 550 °C) [34,39,41], which might not be reached in the exhaust of lean-burn engines.  

One option for increasing the operation temperature for catalytic oxidation of methane is the positioning 

of the converter close to the engine; prior to the turbocharger, where the exhaust gas possesses higher 

temperature and pressure. Assuming constant temperature and inlet concentration of species, for a first 

order reaction, the apparent reaction rate depends solely on intrinsic reaction rate for kinetically 

controlled reaction, whereas it is a function of diffusion rate for a mass transfer controlled one.  In this 

regard, the importance of elevated pressure is less pronounced for catalysts with larger channel diameter 

and the positive effect of pressure on residence time is compensated by a lower diffusion coefficient. 

Moreover, the effect of pressure can also depend on the kinetics. The experimental results performed on 

a 400 cpsi monolithic converters show that the catalytic oxidation reaction of methane is kinetically 

controlled and thus no mass transport inhibition is caused with higher pressure. It is also shown in this 

study that although the catalyst can benefits from extended residence time in dry and wet conditions but 

the overall activity is inhibited by higher partial pressure of present water at higher pressure. Therefore, 

the positive effect of pressure is compensated through higher concentration of water in the system.  

Taking the benefit of higher temperature close to the engine into account, pre-turbo positioning of the 

catalyst can be still an option to reach a better performance of exhaust catalysts for lean-burn NG engine 

applications. However, long-term activity tests including more advanced and robust catalyst 

formulations have to be performed to evaluate the effect of pressure increment on catalyst deactivation 

due to presence of water over the catalyst lifetime. Furthermore, the reversibility of the deactivation 

process under pre-turbine conditions and with a real exhaust gas mixture containing various HCs, NOx 

and CO needs to be studied. 
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Considering the necessity of reduction of formaldehyde slip, catalytic converters in form of oxidation 

catalyst are the best options. Pt-based catalyst have shown very high activity for oxidation of 

formaldehyde and the activity measurements with powder Pt-TiO2 catalyst demonstrate a very low light-

off temperature. The proposed reaction mechanism for formaldehyde oxidation under oxygen-rich 

conditions in this study reveals that at temperatures lower than ignition temperature of formaldehyde 

the surface is blocked with adsorbed OH species. At ignition temperature adsorbed oxygen (O(s)) 

species become the most abundant surface species. 

High intrinsic reaction rate of formaldehyde oxidation over Pt-based catalysts leads to a mass transport 

controlled catalytic reaction at the dominated temperature range in the exhaust (100-500 °C). Simulation 

results have shown that external mass transport of the reactant is the rate-limiting step and the reduction 

in concentration gradient along channel decreases the diffusion rate. This behavior is inevitable since 

ultra-low emission level is considered. Application of a monolith with longer channels or smaller 

channel diameter, in other words a monolith with higher cell density, have a positive bearing on 

reduction of diffusion limitation. However, these structural changes lead to higher pressure-drop, larger 

space demand and/or higher manufacturing costs, unattractive both technically and economically. Since 

molecular diffusion is almost temperature independent and the catalytic reaction is controlled by mass 

transport, increase of operation temperature in order to gain higher apparent reaction rate is also not an 

option. Therefore, aside from analytical constraints, the realization of ultra-low emission level (less than 

1 ppm) through the application of monolithic converters, is technically hard to achieve. 

The simulated results of this study have shown that a uniform washcoat distribution is a prerequisite for 

high catalyst performance. Hence, the application of monoliths with higher cell density and accordingly 

higher pressure-drop can be skipped for certain conditions and volume flow. Generally, the knowledge 

of washcoat distribution along reacting distance is required for a rigorous modeling study. The thin 

layers of the washcoat, with low diffusion resistance, have the most contribution to the catalytic 

reactions and the catalyst materials inside thick layers at channel corners are indeed left untapped. 

Furthermore, the washcoat distribution and shape of channel perimeter has a considerable effect on 

velocity and consequently diffusion rate as well as concentration profile. The latter point emphasizes 

that the geometry simplifications to reduce the computational efforts, such as evenly distributed 

washcoat over channel perimeter or channel length, symmetric channel cross-section and elimination of 

washcoat thickness, can reduce the accuracy of the simulation results. In other words, one sinusoidal 

channel of metallic monolith operating under transport limitation conditions is not representative for the 

entire monolith as it might be for ceramic monolith with symmetric cross-sectional shape and more 

uniform washcoat distribution [56,194,195]. The numerical results here also suggest that it is worth 

exploring the catalyst performance applying 3-D modeling studies to obtain an overview of limitations 

and influencing parameters.  



100 

 

Finally, the results of this thesis lead to the conclusion that there might often be a trade-off between 

strengths and weaknesses of measures and methods applied for improvement of system efficiency. For 

instance, while higher pressure and temperature prior to the turbocharger are beneficial for reduction of 

methane slip thorough homogenous oxidation reactions, they can simultaneously lead to an increased 

concentration of formaldehyde slip. The same trend is observed in pre-turbine positioning of the 

methane catalyst. The higher temperature close to the engine facilitates the faster kinetic, whereas higher 

pressure intensifies the inhibitory effect of water. Furthermore, it is evident, that material improvement, 

adjustment of operation conditions or prevention of catalyst aging and poisoning to gain better catalyst 

activity do not always suffice to ensure emission free exhaust gas as long as monolith-like catalytic 

converters are applied.  
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117 

 

𝐽𝑖  diffusive flux of species 𝑖 mol.m-2.s-1 
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List of Abbreviations 

Abbreviation  Description 

   

CEM  Controlled Evaporator Mixer 

CI  Compression Ignited 

CFD  Computational Fluid Dynamics 
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FDM  Finite Difference Method 
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FVM  Finite Volume Method 
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GM  Gas Mixture 

HC  HydroCarbon 
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Appendix  

A) Estimation of temperature profile 

Temperature profile inside the pressurized reactor, used for the modeling study in Chapter3. 

 

 

 

Figure 1: Temperature profile vs. residence time for the adjusted reactor temperature at top: 3 bar and 

bottom: 5 bar. 
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B) Evaluation of used reactor model 

Comparison of predicted concentration profiles modeled with DETCHEMBATCH and DETCHEMCSTR 

code at 5 bar. The present results correspond to the results and discussion of section 3.5. 

  

  

  

Figure 2: Concentration profile of gas components vs. reaction time simulated with the mechanism of Konnov 

with a batch (solid lines) and a CSTR-cascade (dashed lines) model at 5 bar. Left: 650 °C. Right: 550°C. Inlet 

gas composition GM1: 3200 ppm CH4, 500 ppm CO, 150 ppm C2H6, 25 ppm C3H6, 120 ppm NO, 30 ppm NO2, 

10 vol. % O2 and 12 vol. % H2O in N2. 
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