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ABSTRACT 

Catalytically Generating and Utilizing Hydrogen to Reduce NOx 

Emissions in Automobile Applications 

Nawaf Mohammed Alghamdi 

 

 Heterogeneous catalysis is a powerful chemical technology because it can enhance 

the conversion of reactants, promote selectivity to a desired product, and lower the reaction 

temperature requirements. The breaking and forming of chemical bonds in heterogeneous 

catalysis is facilitated on a solid surface where adsorbed gas-phase species react and form 

products. This study is concerned with utilizing heterogeneous catalysis in the automobile 

industry via the generation and utilization of hydrogen to reduce NOx emissions. In spark 

ignition engines, the three-way-catalyst technology is ineffective at the more efficient, 

lean-burn conditions. In compression-ignition engines, an ammonia-based technology is 

implemented but has associated high cost and ammonia slip challenges. This motivates 

providing an alternative technology, such as hydrogen selective catalytic reduction (H2-

SCR). In this study, four catalysts were investigated for the lean-burn selective catalytic 

reduction of NO using hydrogen. The catalysts were platinum (Pt) and palladium (Pd) 

noble metals supported on cerium oxide (CeO2) and magnesium oxide (MgO). 

 Additionally, finding a source of hydrogen for H2-SCR on board a vehicle is a 

challenge due to the issues associated with hydrogen storage. A numerical study was 

performed to investigate the utilization of the partial oxidation of natural gas on a rhodium 

surface to synthesis gas, CO and H2. A kinetic understanding of natural gas demands an 

understanding of its components. While methane and ethane have been extensively studied, 
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propane partial oxidation on rhodium has only been kinetically examined at low 

temperatures. The aim of the numerical study was to obtain an improved understanding of 

propane partial oxidation kinetics by extending the surface reactions mechanism to high 

temperatures and developing a gas phase mechanism to capture the effects of gas-phase 

reactions. Moreover, the optimal temperature and pressure for H2 generation were 

determined, and the kinetic simulation results were analyzed by temperature sensitivity, 

chemical path flux and hydrogen production sensitivity analyses. 
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Chapter 1: Preface 

Catalysis is the field concerned with the development and utilization of catalysts, 

which are chemicals that lower the activation energy of certain reaction pathways without 

undergoing a net chemical change. In addition to lowering the activation energy, catalysts 

provide the advantage of controlling the selectivity of reactions in favor of certain targeted 

products. Catalysts can be used homogenously, where the reactants and catalysts are in the 

same phase, or heterogeneously, where the reactants are gases or liquids that react on a 

solid surface [1]. Heterogeneous catalysis is the focus of this work. 

 The development of heterogeneous catalysis depends on both experimental and 

numerical studies. Experimentally, there are two major approaches by which the field can 

be improved. The first approach is chemistry and material science based, where catalysts 

can be designed and synthesized effectively. This includes studying the morphology of 

catalysts and designing the catalytic surface such that maximum reactivity is obtained. The 

second approach to experimentally develop catalysis is process engineering oriented, 

where effective catalysts are tested in reactors. This includes the employment of chemical 

reactor design techniques, where maximum conversion and selectivity are achieved in an 

optimized reactor geometry. This also includes optimizing the operating temperature, 

pressure, and residence time conditions for maximum reactivity. On the numerical side, 

catalysis can be improved by generating models that accurately predict the reactivity of 

catalysts. Depending on the reactor design, thermodynamic and transport properties of all 

chemicals involved may be included in the models. 
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In the world of catalysis over the past two to three decades, much work has been 

done in the field of synthesis, where the surface chemistry has been studied and synthesis 

methods have been optimized. Most work in the process engineering side of catalysis has 

been done at the level of large-scale reactors using simplified kinetic models. Industry is 

quickly seeking more accurate thermo-kinetic descriptions of catalytic processes to aid in 

reactor design and optimization. This is where the current work aims to provide some novel 

contribution. The goal of this work is to help create a bridge between surface science and 

catalytic applications. This is to be done via means of developing micro-kinetic 

descriptions that involve both gas and surface phase chemistries together with well-defined 

experiments, which can be used to validate kinetic models. That way the fundamental 

chemistry is captured, allowing for process and reactor design optimization at a level more 

effective than achieved before. 

More specifically, the focus of this work is to study the utilization of hydrogen in 

reducing passenger car NO emissions from experimental and numerical points of view. 

This is relevant to the catalytic after-treatment systems in both spark and compression 

ignition engines. The experimental study, detailed in Chapter 2, is concerned with 

investigating catalysts for utilizing H2-SCR to reduce NO in lean-burn conditions. The 

numerical study, detailed in Chapter 3, is concerned with generating hydrogen for H2-SCR 

and studying the underlying kinetics. Chapter 4 provides a summary of this work as well 

as concluding remarks from both studies. Following chapter 4 are the references. 
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Chapter 2: Hydrogen Selective Catalytic Reduction of Nitrogen          

          Oxide for Automobile Applications 

                

2.1 Introduction 

2.1.1 Background and Motivation 

According to the International Energy Agency, transportation represented 35% of 

the global energy consumption in 2017. More specifically, 23% of the global energy 

demand was due to passenger cars [2]. This is a significant energy demand, and it is 

currently being mostly fueled by petroleum and other liquid fuels as shown in Figure  [3]. 

The most consumed transportation fuel is motor gasoline, with a share of 39% of all 

transportation fuels. Next is diesel, with a share of 36%. Although motor gasoline and 

diesel shares are predicted to decline by 2040, they are still expected to maintain shares of 

33% each and continue being the most dominant transportation fuel sources. 

The combustion of gasoline and diesel yields harmful emissions to the 

environment, such as carbon monoxide (CO), unburned hydrocarbons and nitrogen oxide 

compounds (NOx). Of particular interest to this work are NOx emissions. Nitric oxide 

(NO), one of the NOx compounds, is formed in gasoline and diesel engines according to 

the following mechanism proposed by Zel’dovich in 1946 [4]. As long as sufficient heat 

and oxygen are available, NOx compounds are formed. 

O + N2  NO + N 

N + O2  NO + O 
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Figure 2.1 Global transportation energy consumption by energy source [3] 

 

 The emitted NO reacts with hydroxyl radical (OH) in the environment in the 

presence of sunlight. The process creates nitric acid, HNO3, which is soluble in water. 

Upon dissolving in rain, nitric acid lowers the pH of rain and therefore causes acid rain [5]. 

Additionally, NOx lead to the formation of tropospheric ozone, O3, which results in a 

significant air pollution problem. Specifically, NO2 in the presence of light reacts and forms 

NO and ozone in the atmosphere. NO, in turn, reacts with radicals that are created by the 

reaction of atmospheric volatile organic compounds (VOC) in the presence of light. The 

NO reactions with the free radicals turn it to NO2. The cycle then repeats itself, creating 

ozone in the atmosphere multiple times. This process continues circulating until the volatile 
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organic compounds are not photo-reactive anymore, which typically takes place after five 

cycles [6].  

 Tropospheric ozone is not to be confused with stratospheric ozone. In the upper 

atmosphere, the stratosphere, ozone layers are needed for the protection of Earth from 

harmful ultraviolet rays. Tropospheric ozone, the type of ozone this work is concerned 

with, is what results from NOx reactions with volatile organic compounds and has adverse 

effects on humans and the environment. Particularly at risk are children and older adults, 

whose tolerance to high ozone levels in air is low. Symptoms they may experience are 

shortness of breath, damage to the lung airways, and an increase in asthma attacks. As for 

the environment, tropospheric ozone negatively affects sensitive vegetation areas [7]. In a 

study conducted in Japan, ozone negatively affected rice vegetation, particularly leaf area 

and weight, in a similar fashion to what was observed in California as well [8]. In Europe, 

it has long been known the ozone has negative effects on vegetation, which was apparent 

in leaf injury as well as growth and harvest reduction [9]. 

 The evident effects of acid rain and tropospheric ozone on humans and the 

environment show, perhaps more strongly than any other effects, the need for studying and 

controlling NOx emissions. A better understanding of NOx emissions leads to better 

control and, perhaps more importantly, the ability to better establish policies for control of 

critical NOx levels in the combustion field and elsewhere. 

 One method implemented in controlling NOx is the utilization of catalysts, which 

are substances that lower the activation energy of a given reaction by providing an 

alternative pathway while the catalyst itself does not undergo a net chemical change. 
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Catalysts can be homogenous, where they are of the same phase as the reaction mixture, or 

heterogeneous, where they have a different phase such as using a solid catalyst in a gas-

phase reaction. In addition to lowering the activation energy, a primary benefit of utilizing 

a catalyst is to control the selectivity of the reaction to a given desired product [1]. In the 

context of NOx treatment, a catalyst can be used to both accelerate and tailor the conversion 

of harmful NOx to harmless compounds. 

2.1.2 Scope and Problem Definition  

Given that the link between transportation demands, fuels available, NOx emission 

levels and negative consequences to the environment has been established, it is evident 

why further examining motor gasoline and diesel based transportation technologies is 

critical. There are multiple ways of embarking on such an endeavor. To name a few, the 

chemistry of the fuel could be examined to enhance the efficiency of combustion, the 

design of the engines used in transportation could be further optimized, disruptive 

technologies could be provided to the public sector to change the way transportation is 

conducted, and the emissions resulting from such combustion processes could be reduced. 

The focus of this study is to chemically reduce NOx emissions from automobile sources 

using a catalyst. The next section describes the emission reduction technology landscape 

in spark-ignition and compression-ignition engines. 

2.1.2.1 Spark-Ignition Engines   

In spark-ignition (SI) engines, also known as gasoline engines, the type of emission 

control technology depends on the equivalence ratio (𝛷). The equivalence ratio is defined 

as the actual ratio of fuel to air to the stoichiometric ratio of fuel to air (see equation 1 
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below) [10]. If the equivalence ratio is equal to 1, the combustion process is stoichiometric. 

If it is greater than 1, combustion is rich and incomplete. If it is smaller than 1, combustion 

is lean with excess air. 

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑎𝑛𝑐𝑒 𝑅𝑎𝑡𝑖𝑜 (𝛷) =  
(

𝑓𝑢𝑒𝑙

𝑎𝑖𝑟
)𝑎𝑐𝑡𝑢𝑎𝑙

(
𝑓𝑢𝑒𝑙

𝑎𝑖𝑟
)𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

                     Equ. 1 

 Given that combustion at rich conditions, by definition, yields incomplete 

combustion, it is inefficient to operate at rich conditions, rendering it an undesirable mode 

of operation. Therefore, there will be no discussion as to how emissions from rich 

combustion conditions can be reduced. For stoichiometric and lean conditions, 

determination of efficiency can be achieved by examining the efficiency (η) of an ideal 

Otto cycle (see equation 2 below), which is a set of processes used in SI engines [11]. 

                                      Equ. 2 

where Cr is the compression ratio equal to the ratio of the chamber’s largest to smallest 

volumes, and γ is the specific heat ratio defined as the ratio of the molar specific heat of 

the fuel and air mixture at constant pressure (Cp) to that at constant volume (Cv). 

 At lean conditions, γ is higher than it is at stoichiometric conditions. This is because 

with more air the temperature of the combustion chamber is lower and oxygen is more 

abundant as well [12]. Therefore, it is more efficient to run at lean conditions. However, 

despite the higher efficiency of lean combustion conditions, SI car engines are run near 

stoichiometric conditions because the emission control technology available has been 

developed for stoichiometric conditions, not lean conditions. The technology that is by far 
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most efficient in terms of reducing exhaust gas emissions is the Three Way Catalyst (TWC) 

technology. 

 The TWC technology converts carbon monoxide (CO), nitrogen oxide compounds 

(NOx) and unburned hydrocarbons (HC) to carbon dioxide (CO2), diatomic nitrogen (N2) 

and water (H2O) at conversions rates close to 100% near stoichiometric conditions [13]. 

However, the level of conversion achieved highly depends on the air to fuel ratio, lambda 

(λ). As shown in Figure 2.2, at rich conditions (λ < 1), low conversion of CO and HC is 

achieved whereas some NOx compounds are reduced. At lean conditions (λ > 1), much CO 

and CH is oxidized, whereas virtually no NOx are reduced. Near stoichiometric conditions 

(λ = 1), high conversion of all three classes of chemicals is achieved. This is why SI engines 

are typically run near stoichiometric conditions. 

 

Figure 2.2 How TWC highly depends on the air to fuel ratio [13] 
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 The emission reduction landscape is different for lean-combustion SI engines, as 

technologies have not matured nearly as much as the TWC technology has. The oxidation 

of CO and HC is already achieved with TWC at learn-burn conditions but the reduction of 

NOx remains a challenge, as can be seen in Figure 2.2. The main two technologies available 

for lean-burn NOx after-treatment in SI engines are NOx Storage Reduction (NSR), also 

commonly referred to as Lean NOx trap (LNT), and Selective Catalytic Reduction (SCR). 

 The way NSR operates is that under lean conditions, NO is oxidized to NO2 on the 

surface of a catalyst such as platinum then the NO2 compounds are trapped on a storage 

component, typically barium. As the storage component reaches saturation, the engine 

operation mode is switched to rich combustion, where oxygen from the trapped NO2 is 

used for combustion, resulting in the reduction of NOx to harmless N2 by the HC, H2 and 

CO compounds present in the exhaust gas. However, this technology is facing issues with 

respect to catalyst selectivity, thermal stability and sulfur poisoning resistance [14]. 

 The second technology that is promising for the control of emissions from SI 

engines at lean-burn conditions is the Selective Catalytic Reduction (SCR) technology. 

There are multiple types of SCR technologies, such as HC-SCR, CO-SCR, NH3-SCR and 

H2-SRC. The NH3-SCR and H2-SCR technologies will be highlighted in the next section, 

Existing Selective Catalytic Reduction Technologies, as NH3-SCR is the most widely used 

SCR technology and as H2-SCR is the focus of this work. 
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2.1.2.2 Compression-Ignition Engines   

Unlike SI engines where there are different modes of operations, diesel engines 

universally run lean. While diesel engines have roughly 30% better fuel economy in 

comparison to SI engines, their after-treatment is a challenge [15]. The TWC technology 

cannot be used in diesel engines due to its ineffectiveness at lean-burn conditions. What is 

used instead are three technologies: Diesel Oxidation Catalyst (DOC), NOx Storage 

Reduction (NSR), and Selective Catalytic Reduction (SCR). 

In the Diesel Oxidation Catalyst (DOC) technology, a catalyst is used to oxide CO 

and unburned hydrocarbons (HC) to CO2 and H2O. The concentration of oxygen in a diesel 

engine is sufficient to do the conversion, and typical levels of conversions at high 

temperatures (>350⁰C) are over 90% [16]. This technology, however, is not concerned with 

reducing NOx emissions. 

Similar to the case in lean-burn SI engines, NOx Storage Reduction (NSR) is used 

to reduce NOx compounds to harmless N2. However, NSR faces the same aforementioned 

challenges in SI engines. Alternatively, SCR technology is implemented using either NH3, 

H2, CO or CH. Specifically, NH3-SCR and H2-SCR are highlighted next.  

2.1.3 Existing Selective Catalytic Reduction Technologies   

2.1.3.1 NH3-SCR   

 Among the multiple technologies available for de-NOx operations in lean-burn 

conditions, NH3-SCR is considered the most reliable method [17]. It employs ammonia in 

the presence of oxygen to convert NOx compounds to harmless N2 and H2O, according to 

the following reaction: 
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4NH3 + 4NO + O2  4N2 + 6H2O 

In diesel engine applications, the after-treatment reactions take place downstream 

of diesel oxidation catalysts, where NO is oxidized to NO2. In such conditions, the 

following reaction is much faster and more important [17]: 

4NH3 + 2NO + 2NO2  4N2 + 6H2O 

It is worth mentioning that in the automotive industry, NH3 is not directly used; 

instead, urea-SCR is employed, where urea is injected as a fluid which upon heat 

decomposes to NH3 and CO2. Commercially, the product is known as AdBlue [18]. While 

this technology has proven successful, especially in the face of recent, stringent regulations, 

there are some challenges surrounding it. Namely, NH3-SRC faces challenges such as 

ammonia slip, air-heaters fouling, and high operating costs [19]. These challenges demand 

more innovate, sustainable technologies that are carbon-free, especially as regulations are 

expected to only become more stringent. This is where H2-SCR presents itself as a 

promising alternative technology. 

2.1.3.2 H2-SCR  

 Of recent interest to researchers is the selective catalytic reduction of NOx 

components using hydrogen in order to avoid the aforementioned NH3-SCR challenges. 

This technology proceeds according to the reactions below. As is shown in these reactions, 

when achieving high selectivity towards N2, H2-SCR is environmentally benign as the 

combustion of hydrogen only produces water.  

2NO + 4H2 + O2  N2 + 4H2O 
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2NO + 3H2 + O2  N2O + 3H2O 

O2 + 2H2  2H2O 

Since the latter two reactions are undesirable, researchers have focused on 

developing catalysts that are highly selective towards the first reaction, resulting in N2 and 

H2O [17]. Table 2.1 is a literature survey of some of the most successful H2-SCR attempts 

for automotive applications. As shown in Table 2.1, high conversion levels of NO have 

been achieved, yet the selectivity towards N2 remains a challenge 

 

2.2 Research Objectives 

The objective of this work is to synthesize and test effective platinum (Pt) and 

palladium (Pd) based catalysts, namely 1 wt.% Pt/CeO2, Pd/CeO2, Pt/MgO and Pd/MgO, 

for the lean-burn selective catalytic reduction of NO in automotive applications. Both spark 

and compression ignition engines are targeted. In addition, this work is concerned with 

characterizing the surface of the catalysts tested for a better understanding of the underlying 

chemistry.  
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Table 2.1 Literature Survey for H2-SCR for Automotive Applications 

Author(s) Liu et al. Xu et 

al. 

Duan et 

al. 

Li et al. Costa et 

al. 

Costa 

et al. 

Year 2016 2016 2014 2012 2007 2004 

Temperature 

range (⁰C) 

100 - 175 230 - 

250 

100 - 400 140 - 200 100 - 150 100 - 

400 

Catalyst Pt/TiO2 with 

WO3 

Co-

AlPd 

Pd-

Au/TiO2 

Pd-Ir/Ti2O Pt/MgO-

CeO2 

Pt/Mg-

Ce-O 

Catalyst 

Loading (wt. %) 

0.5% Pt - 1% Pd, 

0.5% Au 

0.9% Pd, 

0.8% Ir 

0.1% Pt 0.1% Pt 

GHSV (h-1) 53,000 23,400 50,000 60,000 40,000 80,000 

Feed flowrate 200 mL/min - 200 

mL/min 

100 

mL/min 

100 

mL/min 

100 

mL/min 

H2 feed 1% 10,000 

ppm 

1% 3000 ppm 1.5% 1% 

NO feed 0.25% 1,000 

ppm 

0.25% 1000 ppm 1000 

ppm 

0.25% 

O2 feed 5% 2% 5% 5% 5% 5% 

H2O feed 5% (when 

used) 

NA NA NA 5% 10% 

CO feed 100 ppm 

(when used) 

NA NA NA 0 - 0.5% NA 

CO2 feed NA NA NA NA 10% NA 

Balance Helium Nitroge

n 

Helium Helium Helium Helium 

NO conversion 88% (at 

125C) 

95% >70% > 80% 100% 95% 

Selectivity to N2 - - >70% > 80% 85% 85% 

Reference [20] [21] [22] [23] [24] [25] 
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2.3 Methodology 

2.3.1 Description of the Experimental Setup  

 The pilot plant in which the steady-state catalyst testing was conducted was built in 

and funded by the Fuel Technology Division in the Research & Development Center of 

Saudi Aramco, Dhahran, Saudi Arabia. A simplified schematic diagram of the pilot plant 

is shown in Fig. 2.3. Feeding into the reactor are three lines: 25% H2/N2, 1000ppm 

NO/2%H2/N2, and 20% O2/N2 lines, which previously to entering the reactor are mixed 

and heated. The reactor is a plug-flow reactor where the catalyst is loaded. The inside and 

outside diameters are 17.5 and 25.4 mm, respectively. The reactor is surrounded by a heater 

for temperature control. A schematic diagram of the reactor itself and the inside loading is 

shown in     Figure 2.4. 

 

Figure 2.3 Schematic diagram of the experimental setup 
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    Figure 2.4 Schematic diagram of the plug-flow reactor and its inside loading 
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Additionally, available is a pure N2 supply, which is used for purging the setup and 

daily-zeroing the NOx analyzer downstream of the reactor. Upon exiting the reactor, the 

outlet is cooled down to condense H2O, and the remaining gases go through an online 

Fourier-Transform Infrared Spectroscopy (FTIR) NOx analyzer - model MIR 9000, made 

by Environnement S.A. Details regarding bypass lines and flowmeter measurements and 

verification are omitted for simplicity. 

2.3.2 Catalyst Preparation 

 The catalysts 1 wt. % Pt/CeO2, Pd/CeO2, Pt/MgO and Pd/MgO were prepared using 

the widely applied wetness impregnation method. Wetness impregnation is an attractive 

technique for catalyst synthesis due to its ease of execution and low waste stream outcome 

[26]. First, a precursor solution is mixed with a porous support using water, where the 

solution penetrates through the pours due to the capillary pressure difference. Next, metal 

ions from the precursor are adsorbed on the surface of the pores. It is important to note that 

while the precursor’s penetration of the pours takes place rather rapidly, the metal ions 

adsorption takes place first on the outer layer of the support, resulting in an “egg shell 

distribution;” therefore, enough time needs to elapse for the precursor to adsorb on the 

inside of the pores and thereby form a homogenous distribution [26]. Additionally, it has 

long been known that adsorption on the surface is a function of the solution’s pH, as it can 

alter both the metal distribution and amount of metal adsorbed on the support [27]. After 

dispersion of the metal is allowed to take place, the mixture is dried in two steps to allow 

for everything but the noble metal to evaporate. The result is a dispersed metal on a porous 

support in power form. 



28 
 

In this work, H2PtCl6•H2O and PdNO3 were used as precursors of Pt and Pd, 

respectively. Each of the precursors, in powder form, was mixed with DI water to form a 

solution. The mixing device used was a rotary evaporator, in which the mixture was mixed 

for four hours at 70⁰C, 200 mbar and 170 rpm. Water was additionally left to evaporate 

overnight at 120⁰C. The resulting slurry was then dried for 2 hours at 600⁰C. The Pt and 

Pd catalysts were subsequently loaded in the previously described plug-flow reactor. 

2.3.3 Catalyst Surface Characterization  

The catalyst surface needs to be chemophysically characterized in order to 

understand the chemical and physical properties of the catalysts as well as their activity 

and selectivity. In this work, three surface characterization techniques are employed: 

Brunauer, Emmett and Teller (BET), Hydrogen Temperature Programmed Desorption (H2-

TPD), and High Resolution Scanning Transmission Electron Microscopy (HR-STEM). 

BET and H2-TPD tests are to be conducted in the Analytical Core Lab, whereas HR-STEM 

tests are to be performed in the Visualization Core Lab, all at King Abdullah University of 

Science and Technology (KAUST). 

 BET is a technique developed by three scientists: Stephen Brunauer, Paul Hugh 

Emmett, and Edward Teller, who published their work in 1938 [28]. This is the most 

commonly used technique for determining the surface area of powders and porous 

materials. BET is a gas adsorption technique, where solid materials are subjected to gases 

while monitoring the increase in the sample weight or volume. Typically, nitrogen gas is 

employed in BET at 77 K. Knowing the monolayer capacity and cross-sectional area of the 
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gas molecule, the surface area, pore volume and mean pore diameter of the catalyst can be 

obtained [29]. 

H2-TPD is a powerful technique in determining the catalyst active sites and 

understanding the interaction of a gas with the solid catalyst. A typical H2-TPD entails 

placing a small amount of catalyst in a reactor and allowing hydrogen to adsorb on the 

catalyst surface. The catalyst is then heated at a linear rate and the desorbed gas is 

monitored with a downstream detector. The results give insights into the dispersion of the 

noble metal and mean particle size [30]. 

HR-STEM is based on monitoring electrons passing through a thin sample and is a 

technique that is on the nanometer scale. It is a powerful tool because it is a combination 

of high-resolution imaging, spectroscopy and diffraction all in a single run. This gives 

insights into metal particle size distribution [31].  

2.3.4 Testing Procedure and Reaction Conditions 

 Table 2.2 shows the experimental steps for the steady-state testing of Pt/CeO2, 

Pd/CeO2, Pt/MgO and Pd/MgO, each of which has a 1 wt. % metal loading. The same 

steady-state testing procedure was applied to the CeO2 and MgO supports to determine the 

effect of the support without the metal. On Day 1, the reactor is purged with N2 and heated 

to 500⁰C. Then the catalyst is oxidized with O2, and the reactor is left overnight to cool 

down to 250⁰C. On Day 2, the oxidized catalyst is reduced with H2, the setup is purged 

with N2, and the reactor is left to cool down to 125⁰C overnight. On Day 3, the reactor is 

bypassed and the reaction mixture is fed to the NOx analyzer before a reaction takes place, 

and the feed measurement is recorded. Then the feed is sent through the reactor where the 
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SCR reaction takes place, and measurements are recorded in increments of 25⁰C from 

125⁰C to 200⁰C. On Day 4, another feed measurement is recorded at 200⁰C, then reaction 

measurements are recorded in increments of 25⁰C from 225⁰C to 300⁰C. 

 Throughout the experiment, the pressure is ambient and the gas hourly space 

velocity (GHSV) is maintained at 50,000 h-1. During the reaction steps, feeding into the 

reactor is 50 NL/hr NO/H2/N2 and 50 NL/hr O2/N2. This makes the feed composition as 

follows: 500ppm NO, 1% H2, 10% O2, with N2 as the balance gas. 
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Table 2.2 H2-SCR testing procedure 

  

Variable 

Condition 

Step Day Pressure 

[bar] 

NO/H2/N2 

[NL/h] 

O2/N2 

[NL/h] 

H2/N2 

[NL/h] 

N2 

[NL/h] 

Temperature 

[°C] 

1  

 

1 

Purge 1 0 0 0 100 25 

2 Heating up 1 0 0 0 100 500 

3 Oxidation 1 0 100 0 0 500 

4 Purge 1 0 0 0 100 500 

5 Cool down 1 0 0 0 100 250 

6  

2 

Reduction 1 0 0 100 0 250 

7 Purge 1 0 0 0 100 250 

8 Cool down 1 0 0 0 100 125 

9  

 

3 

Bypass 1 50 50 0 0 125 

10 Reaction 1 50 50 0 0 125 

11 Reaction 1 50 50 0 0 150 

12 Reaction 1 50 50 0 0 175 

13 Reaction 1 50 50 0 0 200 

14  

 

4 

Bypass 1 50 50 0 0 200 

15 Reaction 1 50 50 0 0 225 

16 Reaction 1 50 50 0 0 250 

17 Reaction 1 50 50 0 0 275 

18 Reaction 1 50 50 0 0 300 
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2.4 Results and Discussion  

 The steady-state results of the experiment are shown using the following three 

criteria. First is NO conversion, which is a measure of the activity of the catalysts in 

converting NO. Second is the N2 selectivity, which is a measure of the effectiveness of the 

catalysts in reducing NO specifically to N2. Third is NO2 selectivity, which is a measure of 

the oxidation ability of the catalysts. For an in-depth analysis of the catalysts activity and 

selectivity results, the catalyst surface must be characterized. 

2.4.1 NO Conversion 

Figure 2.5 and 2.6 show the conversion of NO using CeO2 and MgO supported 

catalysts, respectively. The NO conversion when only the supports were used is shown in 

Fig. 2.5 and Fig. 2.6 as a baseline. For the CeO2 supported catalysts, it is evident that the 

conversion effects stem from the noble metal, as there is a significant difference between 

the support-only conversion and the conversion of the support and noble metal combined. 

A comparison of the CeO2 supported catalysts reveals that Pt/CeO2 exhibits greater 

activity than Pd/CeO2 does in the low-temperature regime between 125⁰C and 200⁰C, 

whereas above 200⁰C both catalysts exhibit similar activity. Overall, Pt/CeO2 has a 

stagnant conversion of around 60% across all temperatures, whereas Pd/CeO2 exhibits a 

“volcano effect” with a maximum conversion of 67% at 230⁰C. 
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Figure 2.5 NO conversion for CeO2 supported catalysts 

 Figure 2.6 reveals that for MgO supported catalysts, Pt/MgO is more active than 

Pd/MgO across all temperatures. Pt/MgO has a maximum conversion of about 50% at 

150⁰C, whereas Pd/MgO has a maximum conversion of about 15% in the 230⁰C-255⁰C 

region. Interestingly, both Pd catalysts (Pd/CeO2 and Pd/MgO) exhibit maximum 

conversion near 230⁰C. 

 

Figure 2.6 NO conversion for MgO supported catalysts 
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2.4.2 N2 Selectivity 

 In terms of the N2 selectivity of CeO2 supported catalysts, Pd/CeO2 performs more 

effectively than Pt/CeO2 does across all temperatures, as shown in Figure 2.7. The N2 

selectivity for Pd/CeO2 fluctuates in the 50-60% regime across the temperature range, 

whereas the N2 selectivity of Pt/CeO2 exhibits a maximum at 180⁰C with low selectivity at 

both ends of the temperature spectrum. It is worth noting, however, that there is not much 

difference in the N2 selectivity of Pt/CeO2 and CeO2 (i.e. the support alone) in the range of 

175⁰C -250⁰C. 

 

Figure 2.7 N2 selectivity for CeO2 supported catalysts 

 

Figure 2.8 shows the N2 selectivity results for MgO supported catalysts. Pt/MgO 

was more selective to N2 than Pd/MgO was for temperatures up to 275⁰C, at which point 

the two catalysts start exhibiting similar behavior. Pt/MgO is more selective to N2 with a 
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selectivity of 45% at 175⁰C, whereas the maximum N2 selectivity for Pd/MgO is 25% at 

210⁰C. 

 

Figure 2.8 N2 selectivity for MgO supported catalysts 

 

2.4.3 NO2 Selectivity 

 Ideally, none of the catalysts would have any selectivity towards NO2, as that is an 

oxidation product whereas the application is reduction-based. Indeed, this was the case 

with all catalysts and supports with exception of Pt/CeO2, which started exhibiting an 

oxidizing behavior at 175⁰C and in a linear fashion. Figure 2.9 shows NO2 selectivity for 

Pt/CeO2; the rest of the catalysts have NO2 selectivity results below the detection limit. 
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Figure 2.9 NO2 selectivity for Pt/CeO2 

 

2.5 Conclusion 

The demand for energy in the passenger vehicle transportation sector is high and 

dependent on gasoline and diesel fuels. As that energy demand is predicted to continue 

increasing, it is of crucial importance to further examine the technologies available for both 

gasoline and diesel engines, particularly as it pertains to the emissions produced. Some of 

the most harmful passenger vehicle emissions are NOx compounds, which are produced in 

diesel engines as well as in lean-burn gasoline engines. Currently for reducing NOx, diesel 

engines utilize NH3-SCR, which presents challenges relevant to operating costs and 

ammonia slip. On the other hand, gasoline engines run near stoichiometric combustion 

conditions, where a three-way-catalyst (TWC) technology effectively reduces NOx. 

However, due to the high efficiency of lean-burn combustion, it is desired to run gasoline 

engines at lean conditions, where the TWC technology proves inferior and NOx become a 
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challenge. H2-SCR is a promising technology in avoiding the problems of NH3-SCR in 

diesel engines and also in reducing NOx in lean-burn, more efficient gasoline engines. 

This work entailed synthesizing and testing four catalysts for the purpose of 

developing effective H2-SCR processes: 1 wt. % Pt/CeO2, Pd/CeO2, Pt/MgO and Pd/MgO. 

The catalysts were synthesized using wetness impregnation, and they were screened in a 

plug-flow reactor at ambient pressure and over the temperature range of 125⁰C to 300⁰C. 

The reaction mixture was 500ppm NO, 1% H2, 10% O2, with N2 as the balance gas, and 

the products were analyzed in an FTIR on-line NOx analyzer. 

In terms of NO conversion, CeO2 supported catalysts performed better than MgO 

supported catalysts did overall. Specifically, Pd/CeO2 performed the best out of all four 

catalysts, with a conversion of 67% at 230⁰C, whereas Pd/MgO performed the worst. In 

terms of N2 selectivity, CeO2 supported catalysts also performed better than MgO 

supported catalysts did overall. Pd/CeO2 had the best performance here as well, with a 

selectivity of about 70% near 230⁰C. Lastly, none of the catalysts exhibited oxidizing 

behavior except Pt/CeO2, which started forming NO2 at 175⁰C and continued doing so in a 

linear fashion for the rest of the temperature range. 

2.6 Future Work 

Future work includes performing the chemophysical characterization tests, namely 

BET, H2-TPD and HR-STEM. These tests will allow for understanding many of the 

catalyst properties, such as the specific surface area, pore volume, mean pore size, mean 

metal particle size, and metal distribution. The results from those tests will additionally 
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allow for understanding the conversion trends obtained in this work from physical and 

chemical perspectives. As for the selectivity trends, a kinetic study can provide insights 

into the pathways of the reactions in question, given that selectivity is solely governed by 

kinetics. 

 Moreover, testing the same catalysts at different metal loadings (instead of 1 wt.%) 

can be done, as that is expected to change the behavior of the catalyst. Additionally, 

changing the type of support can play a significant role. Specifically, seeing that CeO2 

seems to be a more promising support than MgO is for the current application, testing 

different types of CeO2 can guide the research to higher conversion and selectivity values. 
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Chapter 3: Understanding Propane Kinetics for Modeling the Catalytic  

                    Partial Oxidation of Natural Gas 

3.1 Introduction 

3.1.1 Background and Motivation    

3.1.1.1 Relevance and Importance of Natural Gas    

 Natural gas is a fossil fuel that was formed as a result of an underground intense 

exposure of plants and animals to heat and pressure for thousands of years. The energy 

which natural gas contains is stored in the form of carbon, and the original source of energy 

stems from the subjection of animals and plants to energy from the sun [32]. The use of 

natural gas is by no means recent. The very first recorded use of natural gas was in 1000 

B.C. in ancient Greece where the famous Oracle at Delphi was built, with natural gas 

slowly leaking from the ground and lit to form a flame. Five hundred years later, around 

500 B.C., the Chinese transported natural gas in “bamboo pipelines” and used it to 

desalinate seawater. Around 2300 years afterward, in 1785, natural gas was first used 

commercially to light the streets in Britain [33]. 

In today’s world, natural gas alone meets 21.6% of the global energy demand, 

which makes it a major primary energy source third only to oil and coal [2]. Moreover, the 

global production of natural gas is expected to increase by 68% from 2012 to 2040. 

Specifically in the Middle East, more than half the energy demand was met by natural gas 

in 2012, and the production of natural gas in the region is expected to increase by an 

average of 2.5% per year until 2040, as shown in Figure 3. [34]. The figure also shows that, 

in the Middle East, the largest consumer of natural gas is and will continue to be the 
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industrial sector, and the second largest consumption will be for electricity generation. This 

demonstrates the current and future relevance of natural gas in the energy demand and daily 

lives of individuals. 

 

Figure 3.1 Natural gas production in the Middle East between 2012 and 2040 [4] 

  

3.1.1.2 The Utilization of Natural Gas    

 Natural gas is utilized industrially, residentially, commercially and for 

transportation. Industrially, natural gas, consisting mainly of methane, is used to produce 

synthesis gas (CO and H2) via steam reforming, according to the two reactions below. The 

first reaction, which is exothermic, is the steam reforming of methane, resulting in 

synthesis gas and followed by the water-gas-shift reaction, which is endothermic and 

produces more hydrogen. Steam reforming takes place industrially at high temperatures 

(700 – 1100 ⁰C) and typically with the aid of a nickel-based catalyst [35]. 

CH4 + H2O  3H2 + CO 
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CO + H2O  H2 + CO2 

 These steam-reforming reactions are generally the first step in a three-step 

liquefaction process. The second step is the Fischer-Tropsch refining process, where 

synthesis gas is turned to liquid hydrocarbons. Specifically, CO is catalytically 

polymerized and hydrogenated to form synthetic crude oil (syncrude), which is a mixture 

of hydrocarbons, oxygenates and water. Depending on the operating conditions, different 

chemicals can be obtained. The third and last step is the processing of syncrude to turn it 

into conventional crude oil products, such as petrochemicals and fuels for transportation 

uses [36]. 

Steam reforming is a widely used process, and in countries such as the United 

States, which is the largest consumer of natural gas, 95% of hydrogen is produced via steam 

reforming of natural gas [37]. However, natural gas is not only utilized industrially. 

Residentially, natural gas is used for home heating and cooking, and for a competitive price 

as well. In 2011, the US Department of Energy estimated that natural gas was the lowest 

conventional energy source for homes in the United States [38]. In that same year, nearly 

50% of all houses in the US used natural gas for heating purposes, according to the 

Department of Energy [39].  

In addition to being utilized for industrial, transportation and residential purposes, 

natural gas is widely used for electricity generation. A disruptive technology influencing 

the utilization of natural gas to generate electricity is the ability to extract natural gas from 

shale, or “shale gas.” In a recent report published by MIT titled “The Future of Natural 

Gas,” it is reported that natural gas production from shale jumped to represent 20% of the 
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total natural gas production in 2010, after having represented only less than 1% in 2000. 

Furthermore, this growth is expected to soon increase to 25%. The ability to economically 

obtain shale gas has changed the energy landscape in the United States, as shale gas is 

replacing coal in the industrial sector and electricity in the buildings sector, both 

residentially and commercially. Finally, the study predicts that in the power sector, the 

integration of highly efficient natural gas technologies can replace coal and provide 20% 

less CO2 emissions and 32% fewer NOx emissions [40], which is important for 

sustainability. 

3.1.1.3 Sustainability Goals 

The utilization of natural gas yields carbon dioxide (CO2). As shown in Figure 3. 

[41], the increasing use of natural gas elevates the amount of CO2 present in the 

atmosphere.  

 

Figure 3.2 The link between levels of CO2 and the use of fossil fuels [11] 
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To precisely predict how the climate reacts to a given gas accumulation is 

accompanied by much uncertainty, due to the fact that predicting atmospheric chemistry is 

complex and challenging [42]. The accumulation of a given gas is controlled by the rate of 

atmospheric emissions as well as the rate of removal from the atmosphere. What makes 

CO2 considerably dangerous is that it is emitted at high rates and removed at slow rates. In 

2005 alone, 13,466 megatons of CO2 were emitted by 8000 large-scale stationary sources 

[43]. Moreover, an entire century is required for the natural removal of half of the average 

CO2 emitted in only one year, and about a fifth of the emitted amount will remain for 

thousands of years in the atmosphere [42]. This is a result of CO2 being remarkably stable 

in the atmosphere with very little response to natural changes. 

More importantly, the levels of CO2 in the atmosphere keep increasing. While the 

concentration of CO2 in the atmosphere was 280 ppm in 1750, it rose to 383 ppm by 2007 

[42]. In an estimate made by the Intergovernmental Panel on Climate Change, an increase 

by a factor 2 of CO2 levels results in a long-term temperature increase of 3°C [44]. Such 

levels of temperature increases can result in critical weather events, which would 

negatively affect the lives of millions of people. These events could be extreme winds, 

floods, tropical cyclones, droughts and heatwaves [42]. Therefore, global warming is more 

evident as the levels of CO2 increase. To demonstrate this further, Fig. 3.3 shows the 

radiative forcing in watts per square meter that is induced by human and natural factors 

and contributing to global warming from 1750 to 2010 [42]. The figure shows that CO2 is, 

by far, the leading contributor to warming the planet. 
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Although natural gas may be replacing some conventional, more-emitting energy 

sources, the utilization of natural gas itself needs to be more environmentally friendly as 

well. In fact, researchers have found that the current infrastructure for natural gas use may 

prevent it from being a true “greener” energy source. Specifically, if natural gas replaces 

gasoline and diesel in fuels immediately with the current infrastructure, natural gas is more 

harmful to the environment. This is due to multiple possibilities of leaking methane, a 

greenhouse gas that is 30 times worse than CO2 in terms of global warming [45]. 

Figure 3.3 Human and natural contributions to global warming from 1750 to 2010 [12] 
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On the logistical side, policies need to be created and much enforcement is needed 

to reduce methane leakages and emissions, so natural gas can be used effectively as a 

replacement to conventional fuels in some sectors [46]. On the research side, improvements 

in the understanding of natural gas processes are needed for an effective natural gas 

utilization that is of minimal impact to the environment. The motivation for this work is to 

be able to understand the underlying fundamental chemistry behind the utilization of 

natural gas for a greener environment. 

3.1.2 Scope and Problem Definition 

Steam reforming is not the only technology implemented for the industrial 

utilization of natural gas. Of particular interest to this work is the use of partial oxidation 

as an alternative to steam reforming. Unlike steam reforming where steam is used, partial 

oxidation utilizes oxygen, and produces synthesis gas according to the following reaction: 

CH4 + ½ O2  2H2 + CO 

 Thermodynamically, partial oxidation is superior to steam reforming in that 1) it is 

moderately exothermic while steam reforming is highly endothermic, 2) it can provide a 

more desirable H2/CO product ratio for downstream operations, 3) it generates virtually no 

CO2 and 4) it does not require a supply of superheated steam. Partial oxidation does, 

however, require a separation unit to obtain pure oxygen, but that can be less of a concern 

if pure nitrogen, a product of the air separation unit, is required elsewhere downstream 

[47]. Lastly, it is to be noted that partial oxidation could be done thermally, by the 

application of heat, or catalytically, where a catalyst is used. 
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3.1.2.1 Thermal Partial Oxidation    

 The thermal partial oxidation of nature gas employs heat to run the reaction at high 

temperatures (700 - 900⁰C). The reaction is exothermic, but thermodynamics shows that 

the reaction equilibrium constant is high virtually at any temperature, as shown in Table 

3.1 [48]. In practice, however, experiments at the temperatures shown in Table 3.1 yield 

conversions that are lower than those corresponding to the equilibrium constants because 

other gas-phase reactions take place as well [48]. 

Table 3.3 Partial oxidation reaction equilibrium constant at different temperatures 

Temperature (⁰C) Equilibrium Constant 

25 1.5 × 1015 

225 7.0 × 1012 

725 3.2 × 1011 

1225 2.1 × 1011 

 

 Industrially, thermal partial oxidation is conducted at temperatures of 1300 - 

1500⁰C and pressures of 30-80 bar. Both requirements are considered high. However, in 

comparison to steam reforming, more CO is produced in thermal partial oxidation 

processes. Additionally, thermal partial oxidation does have the benefit of not needing to 

install a sulfur-removal unit, as there is no concern with deactivating a catalyst given that 

no catalyst is used [49]. 



47 
 

3.1.2.2 Catalytic Partial Oxidation 

 The first papers on the utilization of catalytic partial oxidation (CPOX) were 

published in 1929 by Liander, 1933 by Padovani, and 1946 by Prettre et al. [47]. As a 

technology, CPOX follows the same global reaction pathway as that of thermal partial 

oxidation but utilizes a catalyst for the purpose of lowering the temperature requirements. 

However, due to the fact that partial oxidation is exothermic, hot spots can be formed in 

the reactor, making temperature control a difficult task [49]. 

 Three main classes of catalysts have been used in the partial oxidation of methane 

to synthesis gas; these are: 1) supported nickel, cobalt, or iron catalysts, 2) supported noble 

metal catalysts, and 3) transition metal carbide catalysts [47]. Among the most widely used 

noble metals is Rhodium (Rh). Multiple studies have investigated the use of rhodium for 

the partial oxidation of methane to synthesis gas in the context of experimental testing, 

mechanism determination, and catalyst structure studies (see [50], [51], [52], [53], [54], 

and [55]). Given its popular demand, and despite the associated high cost of producing it, 

rhodium is the catalyst of choice for this work, as the aim is to kinetically better understand 

how catalytic partial oxidation can be performed efficiently on a rhodium surface. 

3.1.2.3 Other Alternatives to Steam Reforming    

 The discussion of utilizing natural gas would not be complete without the mention 

of competing technologies to steam reforming and partial oxidation, such as autothermal 

reforming and dry CO2 reforming. Autothermal reforming is a combination of steam 

reforming and partial oxidation where steam is added and the partial oxidation step could 

be done either thermally, which is ideal for gas to liquid applications, or catalytically [56]. 
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While it still needs much improvement, autothermal reforming offers an advantage when 

compared to partial oxidation; that is, the process can be shut down and initiated again 

rather quickly [49]. As for dry CO2 reforming, two harmful greenhouse gases are consumed 

simultaneously to produce synthesis gas according to the reaction below. This technology 

is promising, although it is facing technical challenges relevant to carbon formation and 

the subsequent catalyst deactivation [29]. 

CH4 + CO2  2H2 + 2CO 

3.1.2.4 Modeling Natural Gas: Understanding Propane Kinetics    

 Natural gas composition varies greatly depending on the source. Table 3.2 below 

shows different compositions of natural gas around the globe, where components such as 

methane vary from 37% to 97% and carbon dioxide from 0% to 20% [57]. 

 

  

Table 3.4 Natural gas composition in mol% [57] 
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 Typically, methane is the largest component of natural gas, followed by ethane, 

nitrogen and propane. In order to kinetically understand the catalytic partial oxidation 

(CPOX) behavior of natural gas and model it accurately, the kinetic behavior of its 

components must be understood. The catalytic partial oxidation of methane and ethane on 

rhodium has been extensively studied in a wide range of reactors and operating conditions 

over the past two to three decades. Understanding methane and ethane partial oxidation 

studies can provide guidance to propane partial oxidation experiments in terms of 

improving the science and generating accurate models. After all, the underlying chemistries 

are fairly similar. 

 Bitsch-Larsen et al. studied the catalytic partial oxidation of methane on rhodium 

and platinum at elevated pressures and a wide temperature range. They found that for 

pressures up to 11 bar, rhodium does not deactivate for at least 30 hours of testing, whereas 

platinum does eventually stabilize but undergoes an initial drop in performance [58]. This 

adds confidence to choosing rhodium as the metal to be used in the current study. Another 

variable that can be changed is the support, which is what Ruckkenstein et al. investigated 

by testing over ten supports [59]. In their experiments, metal oxides such as γ-Al2O3, La2O3 

and MgO showed the most stable catalytic activities. Given that the support used in the 

current study is Al2O3, confidence is added to the study and activity results achieved. 

 Additionally, Walter et al. examined the intermediates formed on the surface of 

rhodium during the partial oxidation of methane on a temporal-analysis-of-product (TAP) 

reactor. They found that the product distribution was strongly influenced by the degree of 

surface reduction and provided some insights relevant to carbon deposition [60]. In a 
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similar experimental setup, Hofstad et al. studied the effect of adding silicon carbide (SiC) 

to rhodium [61]. They found that at steady state, partial oxidation products were the 

primary chemicals formed; furthermore, product formation was mostly a function of the 

oxygen present on the surface and was insensitive to the support used. In a transient study 

of the CPOX of methane, Mallens et al. shed light on the adsorption and desorption 

reactions by investigating the rhodium surface from 873 to 1023 K [62]. They found that 

hydrogen was formed via the associative desorption of two hydrogen atoms from reduced 

rhodium sites. Moreover, they tested platinum and found that in terms of methane 

conversion and selectivity, rhodium was superior to platinum. 

 On the numerical side, Deutschmann et al. modeled the partial oxidation of methane 

on a rhodium surface in a short contact time reactor [63]. They provided insights into the 

kinetic paths to partial oxidation and complete combustion products as well as trends 

correlating temperature and pressure to conversion and selectivity. Lastly, in a recent study 

by Kraus et al., a detailed mechanism for the partial oxidation of methane and ethane have 

been developed for rhodium and platinum surfaces [64]. The mechanism included the use 

of quantum calculations for predicting kinetic barrier heights using variational transition 

state theory and two-dimensional collision theory. The mechanism was developed for a 

wide range of stoichiometry conditions as well as pressures up to 16 bar. Additionally, the 

Kraus et al. mechanism included aspects of the Filot et al. mechanism from a couple of 

years prior [65], which adds confidence to the Kraus et al. mechanism. Good agreement 

with the experimental data was obtained, and perhaps more importantly, rhodium and 

platinum were found to behave similarly as far as kinetics were concerned. This further 

alludes to the possibility of using platinum to predict the behavior of rhodium, at least to a 
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high level of initial estimation. Looking ahead, combining the Kraus et al. methane and 

ethane mechanism with an experimentally validated mechanism for propane CPOX can 

help make good progress in modeling the CPOX of natural gas. 

 Unlike methane and ethane, the catalytic partial oxidation of propane on rhodium 

has not received nearly as much attention, especially in a micro-kinetic context where a 

step-by-step mechanism is provided. In a study by Aartun et al., propane CPOX over 

Rh/Al2O3/Fecralloy was investigated at 1 bar and over a temperature range of 500 - 1000⁰C 

[66]. Aartun et al. chose rhodium because it was the best noble metal for the CPOX of 

lower alkanes, and they observed that gas phase reactions did not play a role below 1000⁰C. 

Additionally, they changed the residence time and observed different selectivity results 

accordingly. 

 In another propane CPOX study, Pennemann et al. investigated using rhodium, 

palladium and platinum on aluminum oxide and found rhodium to be the most active metal 

[67]. They determined that the best results were achieved with a minimum loading of 0.5 

wt% of rhodium, and they noted that coke deposition was observed, to which they provided 

a reactor design solution where nickel-free stainless steel was employed. 

 What is worth noting here is that these studies were experimental. Little detailed 

kinetic modeling has supplemented propane CPOX experiments. In fact, the only study 

that has micro-kinetically explored the partial oxidation of propane on rhodium was done 

by Karakaya et al. in 2017 [68]. They developed a model containing 62 surface reactions 

for the catalytic partial oxidation of propane and validated it against experimental results 

obtained from a stagnation-flow reactor. The upper-temperature limit was 973 K, at which 
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point gas-phase chemistry became significant. In order to understand the full kinetic 

behavior, however, the partial oxidation of propane at high temperatures must be examined 

experimentally and numerically. 

3.1.2.5 Reaction Mechanism 

 In order to numerically study heterogeneous catalysis, gas-phase and surface-phase 

reaction mechanisms must be coupled. On the gas-phase side at high temperatures, certain 

classes of reactions are expected to take place, such as hydrogen abstraction by O2 or any 

small radical and unimolecular decomposition via C-C or C-H bond cleavage. Near the 

surface, gas-phase species desorb and subsequently partake in surface reactions. Available 

surface sites are a critical part of surface reactions given their facilitative role. If the 

available sites are blocked, such as by carbon deposition, the catalyst is deactivated and no 

longer effective.  

 

 

 

 

 

 

 Figure 3.4 Examples of gas and surface phase reactions in heterogeneous catalysis 
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 On the catalytic surface, different reactions take place, such as dehydrogenation, 

decomposition and combination reactions. These reactions can follow the Langmuir–

Hinshelwood mechanism, where reacting species are adsorbed on the surface, or the Eley–

Rideal mechanism, where one species is adsorbed on the surface and the other is in the gas 

phase [1]. Products formed on the surface are desorbed to the gas phase, potentially 

partaking in gas-phase reactions. 

3.2 Research Objectives  

The objective of this work is to have an improved understanding of propane 

catalytic partial oxidation (CPOX) chemistry on a rhodium (Rh) catalyst on an aluminum 

oxide support (Al2O3) at high temperatures. The already existing micro-kinetic mechanism 

developed by Karakaya et al. would be extended to include high-temperature chemistry. 

The ultimate goal of the study is to accurately model the catalytic partial oxidation of 

natural gas. This entails providing a micro-kinetic description that involves both gas and 

surface phase chemistries together with a well-defined experiment to validate the kinetic 

model. That way the fundamental chemistry is captured, allowing for process and reactor 

design optimization at a level more effective than achieved before. 

3.3 Methodology  

Karakaya et al. examined for the first time the detailed kinetics of the CPOX of 

propane on a rhodium surface using a stagnation flow reactor at a temperature range limited 

to 973 K, which is the ignition temperature of propane gas-phase chemistry. The reason 

behind operating below the 973 K limit was to prevent gas-phase chemistry from playing 
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a role and to focus on surface chemistry instead. However, a full understanding of the 

chemistry dictates examining the chemical behavior at higher temperatures. 

This work is concerned with extending the Karakaya et al. mechanism to 1350 K, 

exploring gas-phase chemistry, finding the optimal temperature for the production of H2 

and CO, and determining the optimal operational pressure. This is to be done numerically 

and experimentally. The numerical study was done whereas the experiment has been 

designed but is yet to be conducted. The importance of the numerical study lies in the 

guidance it provides to the experimental design, especially in estimating the specifications 

needed for heating and cooling purposes, flow control and pressure requirements. 

In the numerical study, a feed of propane and oxygen was used along with argon 

for enhanced mixing and heat control purposes. On a mole fraction basis, propane and 

oxygen were fixed at 5.7% and 8.85%, respectively, with argon being the balance gas. The 

temperatures examined ranged from 800 K to 1350 K, and the pressure examined varied 

from 0.1 bar to 6 bar. Below is a detailed explanation of the simulation tools implemented 

in this work followed by the experimental design to be built for model validation. 

3.3.1 Description of the Simulation Tools and Mechanisms 

 Providing a model that accurately depicts the chemical behavior of propane 

catalytic partial oxidation at a wide temperature range is essential. The model can help 

guide the experimental design, allow for cross-reactor chemical behavior prediction, and 

enhance reactor design and process optimization. In this study, the catalytic partial 

oxidation of propane on rhodium with an aluminum oxide support (5 wt% Rh/Al2O3) was 
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simulated using the stagnation flow reactor in CHEMKIN PRO [69]. The stagnation flow 

reactor concept is explained thoroughly in the experimental design in the next section. The 

CHEMKIN PRO model requires four input files which constitute a chemistry set: a gas-

phase mechanism file, a file for the thermodynamic data of the gas-phase compounds, a 

file for the transport properties of the gas-phase compounds, and a surface-chemistry file 

that contains both the surface chemistry mechanism and surface compounds 

thermodynamic data. 

The gas-phase chemistry mechanism is based on the Saudi Aramco v2.0 

Mechanism (AramcoMech2.0), which was fully funded by Saudi Aramco and developed 

by the Combustion Chemistry Center at the National University of Ireland-Galway [70]. 

The model "has been developed in a hierarchical way ’from the bottom up’, starting with 

an H2/O2 sub-mechanism, followed by a C1 sub-mechanism and has grown to 

include larger carbon species such as ethane, ethylene, acetylene, allene, propyne, propene, 

n-butane, isobutane, isobutene, 1-butene and 2-butene, and oxygenated species including 

formaldehyde, acetaldehyde, methanol, ethanol, and dimethyl ether” [70]. However, using 

AramcoMech2.0 in simulating the catalytic partial oxidation of propane when including 

the effects of gas-phase chemistry results in stiffness issues, rendering the model 

unsolvable in CHEMKIN PRO. Given that this study is concerned with examining the 

catalytic partial oxidation of propane at high temperatures, gas-phase chemistry effects 

needed to be included. Therefore, a reduced form of AramcoMech2.0 was developed to 

supplement the surface-chemistry simulation at high temperatures and to capture the 

coupled effect of gas-phase reactions.  
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The mechanism reduction was carried out using the Directed Relation Graph 

(DRG) method [71], [72]. The basic premise is that a list of starting/dependent species is 

developed, then all species relevant to the species in the dependent list are examined. This 

constitutes a so-called skeletal mechanism. Every species that is irrelevant to the list of 

starting species is ignored on the basis of a user-specified error threshold. Additionally, the 

user specifies the conditions of interest, such as the temperature, pressure and equivalence 

ratio ranges. Upon the attainment of a skeletal mechanism, assumptions such as the Quasi-

Steady-State assumption are employed to further reduce the mechanism in terms of both 

number of species and list of reactions. The final reduced mechanism is thus obtained. The 

higher the reduction, the higher the error margin but the faster and cheaper the simulation, 

which is of relevance to industrial applications. With the utilization of experimental 

validation, the appropriate level of reduction, and therefore error, can be specified. In this 

work specifically, AramcoMech2.0, which contains 493 gas-phase species, was reduced to 

66 species.  

In addition to the reduced 66-species gas-phase mechanism file, gas phase 

thermodynamic and transport property input files were needed for the simulation. The 

properties relevant to the 66 species were included based on the AramcoMech2.0 

thermodynamic and transport property files. The fourth and last input file was the surface 

chemistry file, which included the surface chemistry mechanism as well as the 

thermodynamic properties of the surface-phase species. The surface chemistry file used in 

this work was developed solely based on the recent mechanism published by Karakaya et 

al. in 2017 [68]. The mechanism they developed includes different classes of reactions, 

such as adsorption, desorption, decomposition and hydrogen abstraction. Additionally, the 
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mechanism was developed to predict not only partial oxidation reactions but also the 

oxidation, steam reforming and dry reforming of methane. Oxidation reactions of CO and 

H2 are included as well. 

Given the lack of experimental data, it was not possible to determine the level of 

error associated with the reduced model directly. However, two methods were 

implemented to gauge the accuracy of the model. The first is relevant to the reduced gas-

phase mechanism and the second is concerning surface chemistry at low temperatures. It 

is important to note that both methods add some confidence to the model, but they do not 

substitute experimentally verifying the error associated with the model, especially at high 

temperatures. The first method implemented to gauge the accuracy of the model was a 

comparison of the resulting simulation for three AramcoMech2.0 reduced mechanisms 

from 493 gas phase species to 170, 82 and 66 species. Across various temperatures and 

pressures, no difference in simulation results was observed between the three reduced 

mechanisms. Going below 66 species, however, did result in different species profiles, 

setting 66 as the threshold of number of species to which the model could be reduced 

without compromising the simulation accuracy. The second method was to use the 

simulation to examine propane partial oxidation at temperatures below the gas phase 

ignition temperature of 973 K. Results identical to the ones provided by Karakaya et al. 

[68] were obtained. 

3.3.2 Description of the Experimental Design    

 The model described above needs to be experimentally validated at higher 

temperatures using a stagnation flow reactor. The key concept behind the stagnation flow 
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reactor lies in reducing the problem to one dimension, which is critical in determining the 

reaction mechanism for reactor design and optimization purposes. Additionally, the 

stagnation flow reactor offers a transport advantage; that is, the mass transport to the 

surface is homogeneous if appropriate flow conditions are used. An overall illustration of 

the reactor is shown in Fig. 3.5 and inspired by the Karakaya et al. study [68]. 

 

 

Figure 3.5 Front-view depiction of the experimental design 

 

In this setup, rhodium on aluminum oxide (5 wt% Rh/Al2O3) is coated on a disk 

inside a chamber, in which the targeted gases flow upwards and react on the 0-D catalytic 

surface. The catalytic disk is the bottom part of a high-temperature castable ceramic piece, 
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which is easily made and can be replaced for different catalyst testing. The ceramic piece 

is held in place in the reactor using a pedestal, which is permanently fixed to the upper 

cover of the chamber. The disk is heated using a coil heater placed directly above the 

surface, and the surface temperature can be measured using a thermometer and controlled 

accordingly. The species profiles as a function of height below the catalytic disk are 

quantified via mass spectroscopy, the feed of which is obtained by a sampling probe that 

moves in one dimension perpendicular to the catalyst surface.  

Feed gases are heated in inlet pipes with a heating tape equipped with an automated 

gas temperature control capability. The gases flow from cylinders through two inlet pipes 

(shown in red and black in Fig. 3.5) to the inside of the chamber, where they are mixed in 

a McKenna burner fixed in place using a heavy-weight base at the bottom of the chamber. 

The purpose of using a McKenna burner is to enhance mixing of the feed gases while 

allowing for the possibility of igniting the feed in future experiments. In this experiment 

specifically, no ignition will take place and the feed gases will only be mixed in the burner, 

which can be elevated to the desired height inside the chamber. Another depiction of the 

reactor is shown in Fig. 3.6, where the catalytic disk, heater and McKenna burner are shown 

more clearly. 

Upon leaving the burner, the feed gases flow upwards to hit the catalytic disk and 

react on the 0-D surface. As for pressure control, a transducer-controller-valve system will 

be installed for automatically ensuring that the chamber pressure is constant. The chamber 

can sustain pressures up to 6 bar.  
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Figure 3.6 High-angle depiction of the experimental setup 

 

3.4 Results and Discussion 

The results of the numerical study are shown in terms of the effect of gas-phase 

chemistry, species profiles across different temperatures from 800 K to 1300 K, the optimal 

temperatures for H2 and CO production, and the optimal pressure for H2 production. The 

production of H2 is emphasized because it is relevant as a potential feed to the hydrogen 

selective catalytic reduction (H2-SCR) presented in the previous chapter. Additionally, the 

simulation results have been analyzed using three techniques: 1) a temperature sensitivity 

analysis to show how temperature reacts to changing chemistry, 2) a flux analysis, which 
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shows a chemical pathway from the propane feed all the way to complete combustion and 

partial oxidation products, and 3) a H2-production sensitivity analysis. 

3.4.1 Effect of Gas-Phase Chemistry 

 The key supplementary addition to the surface Karkaya et al. model is the inclusion 

of the reduced 66-species mechanism which captures the effect of gas-phase chemistry. At 

low temperatures, the effect is nonexistent. For example, at 800 K, the simulation results 

when including gas-phase chemistry were identical to those obtained when gas-phase 

chemistry was not considered. However, at temperatures above 973 K, gas-phase chemistry 

effects were pronounced. Species profiles as a function of distance at 1200 K and 0.5 bar 

are shown in Figs. 3.7 and 3.8 when gas-phase chemistry is considered and neglected, 

respectively. As the values on the x-axis increase, the distance from the catalytic disk down 

in the vertical direction increases. In other words, the catalytic surface is at distance zero.  

 

 

 

 

 

 

 

Figure 3.7 Species profiles at 1200 K 

when considering gas-phase chemistry 
Figure 3.8 Species profiles at 1200 K 

when neglecting gas-phase chemistry 
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Comparing Figs. 3.7 and 3.8 show that gas-phase chemistry does play a role at high 

temperatures and the inclusion of a model that captures the gas-phase chemistry effects is 

necessary. In both figures, the consumption of propane and oxygen at the surface is about 

the same; however, there is a difference in the products formed. More specifically, when 

gas-phase chemistry is neglected, partial oxidation products, H2 and CO, are formed in 

more significant quantities at the surface compared to when gas-phase chemistry is 

considered. This results in the opposite conclusion for complete combustion products, CO2 

and H2O, as they are formed in smaller quantities when gas-phase chemistry is neglected. 

3.4.2 Species Profiles as a Function of Distance    

 Figures 3.9 to 3.14 show the species profiles as a function of distance at a 

temperature range of 800 K - 1300 K and pressure of 0.5 bar. As the values on the x-axis 

increase, the distance from the catalyst disk down in the vertical direction increases. 

 

 

 

 

 

 

 

Figure 3.9 Species profiles at 800 K Figure 3.10 Species profiles at 900 K 
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At low temperatures, as shown in Figs. 3.9 and 3.10, the products at the surface are 

entirely complete combustion products, namely CO2 and H2O; there are no partial 

oxidation products observed at the surface at low temperatures. This stresses the need to 

study the partial oxidation of propane on rhodium at high temperatures given that there is 

virtually no partial oxidation below the ignition temperature of the gas phase. 

 

Figure 3.12 Species profiles at 1100 K Figure 3.11 Species profiles at 1000 K 

Figure 3.13 Species profiles at 1200 K Figure 3.14 Species profiles at 1300 K 
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As the temperature increases to 1000 K, shown in Fig. 3.11, both partial oxidation 

products, namely CO and H2, have more pronounced species profiles. Specifically, CO has 

the second highest mole fraction among all products on the surface at 1000 K, and it 

increases to be the species with the highest mole fraction on the surface at 1200 K. This is 

not the case for H2, as it always has the lowest mole fraction among all combustion and 

partial oxidation products at the surface. 

 Carefully examining the species profiles reveals that there is a maximum 

temperature at which partial oxidation products are formed. More specifically, at 800 K, 

the mole fractions of H2 and CO at the surface are 8.1 × 10−5 and 7.8 × 10−4, respectively. 

At 1100 K, the mole fractions of H2 and CO at the surface increase to 2.0 × 10−2 and 

5.8 × 10−2, respectively. At 1300 K, however, the mole fractions of H2 and CO at the 

surface decrease to 1.3 × 10−2 and 3.5 × 10−2, respectively. This calls for investigating 

the operating conditions at which partial oxidation products are formed, which is what the 

next section discusses in detail. 

3.4.3 Optimal Operating Temperature for H2 and CO Production    

 The interest in determining the optimal temperature for partial oxidation product 

formation stems from guiding the experimental design in two fashions. First, partial 

oxidation products need to be well above the detection limit for the best diagnostic results; 

i.e. results with the lowest error. Second, determining the peak of production significantly 

guides the specifications of certain pieces of equipment such as heaters and pressure 

controllers. For example, if the optimal temperature is at 1200 K, there is no need to 
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purchase a thermocouple that can provide accurate results at high temperatures such as 

2500 K. This sort of guidance offers both financial and technical benefits. 

 Given that the already-examined species profiles in Figs. 3.9 – 3.14 show that 

partial oxidation is not the only chemistry taking place, it is inaccurate to consider the mole 

fraction as a temperature-dependent criterion given that the number of moles of products 

can change with temperature. In other words, given that the number of moles is not 

conserved, using the mole fraction as a criterion for determining the optimal temperature 

for partial oxidation production can render the results misleading. What is conserved, 

however, is mass. Given that the feed is fixed, the inlet mass at all temperatures is the same. 

Therefore, the mass on the surface is also the same, provided that the velocity of the feed 

stream is constant across temperatures. Gas-phase chemistry is not expected to be 

aggressive enough to drastically change the mass across the vertical axis (i.e. perpendicular 

to the catalyst surface) as the temperature changes. So, the effect of gas-phase reactions on 

mass across distance at different temperatures is negligible. 

 The mass fraction of partial oxidation products at the surface and across the 

temperature range of 800 K – 1350 K was simulated. Figures 3.15 and 3.16 show the mass 

fractions of H2 and CO, respectively, at the surface as a function of temperature. Both H2 

and CO exhibit a peak at which the mass fraction is at a maximum. Specifically, the 

maximum mass fractions of H2 and CO occur at 1180 K and 1155 K, respectively.  
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Figure 3.15 Mass fraction of H2 at the surface as a function of temperature 

 

 

 

Figure 3.16 Mass fraction of CO at the surface as a function of temperature 
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3.4.4 Optimal Operating Pressure for H2 Production    

 In order to further guide the experiment, determining the optimal operating pressure 

for H2 production is important. The focus here is H2 considering that it is of relevance to 

the H2-SCR experiment presented in Chapter 2 of this thesis. It may be tempting to assume 

that the lower the pressure, the more products formed given that the partial oxidation of 

propane follows the following chemical equation: 

C3H8 + O2  CO + H2 

However, given the occurrence of other types of chemistry, such as ones leading to 

complete combustion products, the process as a whole must be simulated at different 

pressures. Figure 3.17 below shows the mass fraction of H2 at the surface as a function of 

pressure at 1180 K, which is the optimal operating temperature. Examining the graph 

shows that the optimal operating pressure for H2 production is 2.7 bar. 

 

Figure 3.17 Mass fraction of H2 at the surface as a function of pressure at 1180 K 
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3.4.5 Temperature Sensitivity Analysis    

 One of the tools implemented in understanding the resulting species profiles and 

coupled gas-phase and surface-phase chemistry is the sensitivity analysis tool. Available 

in CHEMKIN PRO, sensitivity analysis provides a quantitative description of the effect of 

different parameters in the model on a user-specified output. Specifically in this work, 

temperature sensitivity analysis was conducted to gain insight into what reactions 

contribute the most to temperature changes. The analysis was done at the optimal operating 

temperature and pressure, 1180 K and 2.7 bar. Temperature is not sensitive at the boundary 

conditions, which are the surface (distance zero) and the reactor inlet, considering that 

those are isothermal by design. In between those boundaries, where temperature is allowed 

to change, sensitivity is observed. At 1180 K and 2.7 bar, the highest temperature 

sensitivity was observed at 1.8 mm away from the catalytic disk. Figure 3.18 shows the top 

10 reactions that most strongly influence temperature. The reactions with positive 

coefficients increase the temperature, whereas ones with negative coefficients decrease the 

temperature. On the right-hand side of the figure are the corresponding reactions, where S 

denotes an available catalytic site, (s) denotes an adsorbed molecule on the surface, and (g) 

denotes a gas-phase species. 

The reaction that most positively influences the temperature is the adsorption of 

C3H8 from the gas phase onto the rhodium surface, which is reasonable given that 

adsorption is exothermic. The desorption of C3H8 lies on the other end where the 

temperature decreases as a result, which agrees with desorption being endothermic.  



69 
 

 

Figure 3.18 Temperature sensitivity analysis at 1180 K, 2.7 bar and 1.8 mm 

 

In order to improve the model, quantum calculations will need to be performed to 

obtain more accurate reaction Arrhenius parameters. The results obtained from the 

temperature sensitivity analysis will prove useful when performing said calculations in the 

future. More specifically, instead of performing calculations for the entire set of reactions 

or for an arbitrary number of them, the efforts can be focused on the shown top 10 

influential reactions. 
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3.4.6 Flux Analysis at Three Representative Temperatures    

 In addition to performing temperature sensitivity analysis, a flux analysis was 

conducted. A reaction path flux analysis reveals the chemical pathway which the reactants 

undergo to form products. In other words, a flux analysis provides a chemistry-rich visual 

explanation of the reactions that take place and the role of temperature in influencing the 

pathway taken. The analysis is based on the rates of consumption of each species at the 

same position as well as the same temperature and pressure conditions. Specifically, the 

flux analysis was conducted at the surface (i.e. distance 0), at the optimal pressure of 2.7 

bar and at three representative temperatures: 800 K, 1180 K (the optimal operating 

temperature), and 1300 K. Figure 3.19 below shows the flux analysis of propane partial 

oxidation on rhodium and provides the pathway to reach products from both processes: 

complete combustion (CO2 and H2O) and partial oxidation (CO and H2). The analysis 

includes gas-phase chemistry but more importantly the reactions taking place on the 

surface. The numbers included in blue, black and red are percentages of consumption for 

a given molecule at 800 K, 1180 K and 1300 K, respectively. For example, 100% of 

propane is adsorbed on the surface at 800 K, whereas 31% is adsorbed on the surface at 

1180 K. At 1300 K, only 5% of propane is adsorbed on the surface. 

The flux analysis shows that gas-phase chemistry is only important at elevated 

temperatures. This confirms the assumption that gas-phase chemistry is negligible at 

temperatures below the gas-phase ignition temperature. Additionally, in reactions forming 

partial oxidation products, 1180 K is more favorable than either 800 K or 1300 K, which 
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Figure 3.19 Flux analysis at the surface at 2.7 bar and three representative temperatures 

 

confirms the analysis made earlier regarding the optimal temperature for partial oxidation 

product formation. For example, hydrogen adsorbed on the surface, H(s), combines with 

another H(s) to form gas-phase hydrogen, H2(g), at rates higher at 1180 K than they are at 

800 K or 1300 K. 
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3.4.7 H2-Production Sensitivity Analysis 

 In order to further understand the production of H2, conducting a hydrogen 

production sensitivity analysis is important. Figure 3.20 shows the top ten reactions to 

which H2 production is most sensitive at the optimal operating conditions, 1180 K and 2.7 

bar. The distance at which the analysis was conducted is 1.8 mm. The five reactions that 

most positively increase the production of H2 have positive sensitivity coefficients, 

whereas the ones that negatively influence the production of H2 have negative coefficients. 

The figure shows that the adsorption of C3H8 plays the most important role in H2 production 

because it is what initiates all surface reactions. Additionally, the desorption of H(s) to the 

gas phase is crucial. Other reactions with positive coefficients mostly involve creating H(s), 

which promotes the formation of H2. The reactions with negative coefficients mostly 

involve utilizing H(s) in the formation of other products, such as H2O(s). 

 

      Figure 3.20 H2-Production sensitivity analysis at 1180 K, 2.7 bar and 1.8 mm 
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3.5 Conclusion 

Natural gas is a valuable chemical that is utilized commercially in processes such 

as steam reforming to meet the global energy demand. In the coming decades, natural gas 

is expected to remain relevant on the energy demand map, attesting to the importance of 

understanding its chemical behavior. An alternative to the widely used steam reforming is 

catalytic partial oxidation, which yields syngas products with lower CO2 emissions, lower 

heat demand and better product ratio for downstream processes. The chemical kinetics of 

natural gas chemistry on rhodium is not well understood, and as to the date of this thesis, 

no micro-kinetic model that captures the fundamental chemistry of natural gas has been 

provided to the scientific community. To thoroughly understand the behavior of natural 

gas, the chemistry of its components must be examined. While some components of natural 

gas, such as methane and ethane, have been extensively studied, propane has not received 

much attention. Specifically, the kinetics of the partial oxidation of propane on a rhodium 

surface with aluminum oxide support (5 wt% Rh/Al2O3) has only been kinetically studied 

at temperatures below 973 K, where gas-phase chemistry is insignificant. 

The focus of this work was to thoroughly understand the kinetic behavior of 

propane partial oxidation on rhodium both numerically and experimentally at temperatures 

up to 1350 K in a stagnation-flow reactor. The numerical study was conducted to also guide 

the experimental design and equipment specification. Gas-phase chemistry effects were 

confirmed and species profiles at different temperatures between 800 K and 1300 K were 

shown, where only complete combustion products were formed at lower temperatures. As 

the temperature increased, catalytic partial oxidation products started forming and 
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exhibiting a volcano effect, where the formation of partial oxidation products increased at 

first then eventually declined. Specifically, the optimal temperatures for H2 and CO 

production were 1180 K and 1155 K, respectively. In addition to determining the optimal 

temperature, a pressure simulation revealed that the optimal pressure for H2 production, 

which is relevant to H2-SCR, is 2.7 bar. This showed that partial oxidation chemistry was 

not the only chemistry taking place, as increasing the pressure resulted in increasing the 

products instead of shifting the equilibrium to the left as is thermodynamically observed in 

partial oxidation. 

In order to understand the chemistry in more depth, three analyses were conducted: 

temperature sensitivity, path flux, and H2-prodution sensitivity analyses. The temperature 

sensitivity analysis was conducted at 1180 K and 2.7 bar at the maximum sensitivity 

observed, which was at 1.8 mm away from the catalytic surface. The top 10 reactions 

positively and negatively influencing the temperature were determined, with temperature 

being most positively sensitive to propane adsorption and most negatively sensitive to 

propane desorption. The flux analysis provided a visual understanding of the pathway 

undergone by propane all the way to products from both complete combustion (CO2 and 

H2O) and partial oxidation (CO and H2). The analysis was done at the surface (i.e. distance 

0 from the catalytic disk), 2.7 bar, and three representative temperatures: 800 K, 1180 K 

and 1300 K. Lastly, the H2-production sensitivity analysis was conducted at 1180 K, 2.7 

bar and 1.8 mm. The top ten reactions to which hydrogen production is most sensitive were 

determined. Of note is the desorption of H from the surface to the gas phase, as that was 

shown to be rather crucial.  
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3.6 Future Work  

The objective of this study was to make progress in understanding the partial 

oxidation of natural gas through a numerical study of the partial oxidation of propane. The 

first next step is to build the experimental setup that was designed and presented in this 

work. The output of the numerical study will help ensure that the pieces of equipment used 

are of the right specifications and that partial oxidation products are well above the 

detection limit. When the setup is built, reproducing the Karakaya et al. [68] results will be 

the first goal to achieve. 

After successfully reproducing the results previously achieved at low temperatures, 

experimental validation of the model at high temperatures is next. This includes validating 

both gas-phase and surface-phase chemistry. The surface chemistry was developed 

previously by Karakaya et al. but will need modifications to cover high-temperature 

behavior. As for gas-phase chemistry, a reduced model was developed for this work based 

on AramcoMech2.0 [70]. Specifically, while simulating the partial oxidation of propane 

on rhodium, the full AramcoMech2.0 was unsolvable in CHEMKIN PRO when gas-phase 

chemistry was allowed to take place, so a model reduced to 66 species was developed. The 

reduced model needs to be validated and the error associated with it quantified. 

Once the partial oxidation of propane is well understood at a wide temperature 

range, combining different mechanisms developed for various components of natural gas 

will allow for modeling the kinetics of natural gas catalytic partial oxidation on a rhodium 

surface. Experimentally validating that model as well as optimizing the process in practical 

reactors will follow. 
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Chapter 4: Summary and Concluding Remarks 

The challenge of using hydrogen for the selective catalytic reduction of NO in 

passenger cars can be addressed by 1) investigating H2-SCR from a catalytic point of view, 

and 2) providing a source of hydrogen to feed into H2-SCR on board a vehicle. This work 

attempts to address the yet-to-be-solved challenge from both aspects in two studies. 

The first study was an investigation of the use of four catalysts in the selective 

catalytic reduction of NO in lean-burn passenger vehicles. The catalysts were 1 wt. % 

Pt/CeO2, Pd/CeO2, Pt/MgO and Pd/MgO, which were tested in a plug-flow reactor at 

ambient pressure and at temperatures of 100-300⁰C. The results show that CeO2-supported 

catalyst performed more effectively than their MgO counterparts, with Pd/CeO2 being the 

superior catalyst. In order to closely understand the behavior of the catalysts, surface 

characterization experiments have to be conducted. Specifically, BET tests will provide 

insight into the catalyst surface area, pore volume and pore size. H2-TPD will shed light on 

the dispersion of the noble metal on the support. Lastly, HR-STEM will provide the 

distribution of metal particle size. 

The H2-SCR study findings point to multiple remarks. First, the results show that 

much work needs to be done to obtain effective catalysts. The maximum conversion and 

selectivity achieved in this study were less than 70%, which falls below what is considered 

effective; i.e. near complete conversion and N2-selectivity. The selectivity challenge in 

particular is critical, as lower selectivity to N2 can mean higher N2O production, which is 

tremendously harmful to the environment. Second, the H2-SCR study was conducted with 

catalysts in powder form. A more applicable setup would be to use a honeycomb monolith 
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to resemble what is commercially implemented to the largest extent possible. However, the 

results obtained from the study are still insightful and do present the scientific community 

with more data to guide future catalytic designs and investigations. 

The second study was concerned with providing H2 as a feed to H2-SCR. The choice 

of hydrogen source was natural gas, whose kinetics are to be examined by studying the 

kinetics of its components. The literature is rich on methane and ethane CPOX on rhodium, 

but propane has not received nearly as much attention. In fact, on a micro-kinetic level, 

propane CPOX was investigated only at low temperatures. So, the aim of this study was to 

extend the kinetic understanding of propane on rhodium to 1350 K. To achieve that, a 

reduced 66-species gas-phase mechanism was developed based on AramcoMech2.0 [70]. 

Species profiles showed that the operation can be optimized. The optimal temperature and 

pressure conditions for producing H2 were 1180 K and 2.7 bar. The optimal temperature 

for CO production was 1155 K. The results were further analyzed via temperature 

sensitivity analysis, which revealed that the adsorption and desorption of propane were the 

two reactions to which temperature was most sensitive. Additionally, a reaction path flux 

analysis was conducted at three representative temperatures to provide a visual 

understanding of the chemical pathway from propane to partial oxidation and complete 

combustion products. Lastly, H2-production sensitivity analysis was conducted at 1180 K, 

2.7 bar and 1.8 mm. 

The propane CPOX model will need experimental validation. Once propane CPOX 

is understood at a wide temperature range, experimenting with natural gas will follow, to 

thoroughly examine the concept of using natural gas to obtain hydrogen for H2-SCR. 
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