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ABSTRACT 

 
 

Optimization of Process Variables for Oxidative Coupling of Methane 

Sultan Hussein Alturkistani 

 

Oxidative coupling of methane (OCM) is a promising route for converting abundant 

natural gas resources into more useful chemicals like paraffins and olefins 

(primarily C2). However, to date, there is no current OCM production plant due to 

low overall conversion and selectivity to the desired product(s). In this work, 

different operating factors are studied experimentally and through simulation with 

respect mainly to three responses: CH4 conversion, C2 main product selectivity, 

and COx side product selectivity. The aim is to identify the best operating condition 

for maximum ethylene production combined with COx production. Design of 

experiments (DoE) method was used to analyze the experimental results by 

applying the full factorial approach. Simulation results were studied by finding the 

correlation strength between input factors and responses. It was found that the 

performance of an OCM reactor could be greatly improved under optimal operating 

conditions. Operating temperature and CH4/O2 ratio have the highest influence 

while catalyst weight and flow rate have the lowest influence on the OCM 

responses and mainly depend on rector dimensions.  
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Chapter 1: Introduction 

     Natural gas is an attractive feedstock because of its low price and ability to 

produce higher value chemicals. Natural gas to liquids (GTL) conversion is 

absolutely not a new concept. Researchers have been trying for many decades to 

convert natural gas (mainly methane) through several processes to produce more 

valuable products. Generally, only two processes have succeeded at a commercial 

level. The first is the Fischer–Tropsch [1] and the second is methanol synthesis 

[2]. In both processes, natural gas is firstly reformed to syngas (mainly H2 and CO), 

then the synthesis gas is converted to the desired products. On the other hand, 

producing hydrocarbon from synthesis gas represents an inherent inefficiency. 

Thus, there is a need to develop a direct process to convert natural gas to 

hydrocarbon products such as ethane and ethylene. A process like Oxidative 

Coupling of Methane (OCM) shows promise but still needs more development to 

achieve commercial viability. 

     OCM is a potentially promising process for converting natural gas into higher 

values petrochemicals. It was first introduced in the early 1980s after methane was 

activated above 800 °C via oxygen molecule with no catalyst involvement [3]. 

Thus, OCM is considered to be a high-temperature (i.e., ≥ 600 °C) exothermic 

reaction, but with recent improvements in catalysis, it has reached temperatures 

as low as 420 °C [3]. OCM is a direct reaction for methane and oxygen in the 

presence of a catalyst to produce mainly ethylene, some ethane, other byproducts, 

and heat according to the global Reaction 1 [3, 4]. Direct conversion of natural gas 

to ethylene is known to be challenging from the catalytic, process design and 
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economic perspectives. To date, there are no commercial processes except one 

possible recent technology made by ‘’Siluria Technologies, Inc.’’ [5, 6]. Thus, 

continues development of the OCM is in going to improve its catalyst performance 

and reactor design concepts [6].  

2CH4 + O2 → C2H4 + 2H2O + Heat     ΔH°298≈ −281 kJ  (Equation 1) 

 

1.1   Project Objective and Motivation: 

      OCM is a promising route to convert abundant natural gas into more upgraded 

chemicals primarily ethane and ethylene. Up to date, there is not yet commercial 

OCM plant, as the process still relies on the researcher’s development to 

overcome its challenges and provide sustainable solutions. Several hundred 

papers published yearly targeting OCM process enhancement by suggesting 

different recommendations. Broadly speaking, multiple ways from different 

perspectives are found to improve the process performance such as catalyst 

composition and synthesis, reactor concepts, overall process design, ...etc. 

However, investigating publications from last two year from different researchers 

working at different institutes testing the same reactor concept, it has been found 

that there was no consistency on the chosen operating conditions, including the 

CH4/O2 ratio and temperature. Some researchers selected CH4/O2 ratio equal 2 

and some others selected 12 as well as the operating temperature was chosen 

differently between 350 to 850 °C. Luo, L., et al. [7] performed his experiments at 

CH4/O2 ratio equals to 2 between three different temperatures 650,700,750 °C 
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over Li/MgO catalyst. Jodaian, V., et al. [8] and Li, Z., et al. [9] experimented two 

different catalysts on CH4/O2 ranging from of 2 to 5 between 700-850 °C. Aseem, 

A., et al. [10] selected a CH4/O2 ratio equal to 3, while Petrov, R., et al. [11] and 

Haneda, M., et al. [12] chose a CH4/O2 ratio equal to 4 at completely different 

operating temperature range for each researcher. Matras, D., et al. [13] tested his 

La−Sr/CaO catalyst between a CH4/O2 ratio range of 2 to 6 at 780 °C while 

Karakaya, C., et al. [5] experimented a Mn/Na2WO4/SiO2 catalyst in higher a 

CH4/O2 range starting from 2 up to 10 between 600-850 °C. Finally, Pirro, L., et al. 

[14] went to a higher CH4/O2 ratio of 12 at 800 °C. 

     With the same trend of the CH4/O2 ratio and temperature, catalyst loading 

weight and flow rate were mostly chosen with no consistency. These four operating 

factors among others are highly contributing and driving the process conversion 

toward C2 main product or COx undesired product. To investigate the best 

operating condition for maximum ethylene production with lowest COx formation 

and to support commercialization of the process, parameter study based on four 

operating factors is studied. CH4/O2 ratio, operating temperature, catalyst weight, 

and flow rate are varied and tested experimentally and through simulation. Several 

reports were published between 2006-2014 to study and optimize OCM process 

variables [15-20]. However, most of these reports studied the effect of process 

variables against CH4 conversion, C2 selectivity, and C2 yield without considering 

COX production. Separating COx from the main product is a cost-effective step and 

for that it should be considered in the OCM process optimization. Secondly, some 

reports studied factors main effect without including interactional effects which may 
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lead to misleading results. In this work, design of experiments (DoE) which is a 

scientific way to analyze experimental results was adopted to evaluate the 

contribution of operating factors toward output responses. Correlation coefficients 

statistical method was used to study simulation results to find the relationship 

between operating factors and responses.    
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Chapter 2: Literature Review 

     One of the first reports of direct methane conversion to ethylene was by Keller 

and Basin in 1982 [21]. The term “direct” here means that there is no an 

intermediate step involved to produce ethylene such as synthesis gas and 

oxygenated products. Also, “direct” indicates that reforming agents such as H2O 

and CO2 are not added or supplemented in very low percentage as not to be 

considered reforming agents [3]. Since the OCM discovery in 1982, it has been 

subject to extensive research and several reviews have been published [22-25]. It 

usually operates at around 700 °C and requires a selective catalyst. At such an 

elevated temperature with the presence of oxygen, gas-phase chemistry 

contributes significantly in the overall reaction [6]. The elevated temperature is 

required to first activate the methane molecule and second to promote the catalyst 

to achieve high ethylene selectivity. 

     Several reports showed that there is a trade-off between the C2 selectivity and 

methane conversion. High C2 selectivity (e.g., 70%) can be obtained when 

methane conversion is low (e.g., ≤ 20%) [3, 6]. In many chemical processes, there 

is always a competition between desired and undesired outputs, so these two 

properties need to be optimized in a commercialized process. Economic analyses 

suggest that the ethylene yield of a single-pass should exceed 25-30% for 

commercialization, although a yield between 35 to 50% would be more realistic. 

[26, 27].  
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2.1   Natural Gas Motivation: 

     In today’s energy market, natural gas is a low-cost and plentiful energy source. 

At the same time, the growing availability of natural gas feedstock increases the 

interest in its conversion to more valuable commodity chemicals and logistics fuels 

[3, 6]. Currently, natural gas is being used mostly as an energy source in terms of 

power generation and heating purposes. It purifies easily by removing sulfur 

compounds and has high heat released relative to the amount of CO2 formation. 

Natural gas is located deep beneath the earth’s surface and is being extracted in 

huge amounts by oil & gas companies. Table 1 shows a typical composition of 

natural gas and it consists of 70-90% methane, a mixture of small hydrocarbons, 

and some impurities such as sulfur [28, 29]. According to Enerdata (an energy 

intelligence and consulting company), the production of natural gas in 2017 

worldwide was estimated to be more than 2700 billion cubic meters from only 12 

countries as shown in Figure 1. This production is increasing each year as different 

natural gas reservoirs are explored [30].  

Tabl e 1: N atural  gas typical composi tion 

Table 1: Natural gas typical composition 

Compound Symbol Range (mol %) 

Methane CH4 70 − 90 % 

Ethane C2H6 

0 − 20 % Propane C3H8 

Butane C4H10 

Carbon Dioxide CO2 0 − 8 % 

Oxygen O2 0 − 0.2 % 

Nitrogen N2 0 − 5 % 

Hydrogen sulphide H2S 0 − 5 % 

Rare gases A, He, Ne, Xe trace 
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Figure 1: Natural gas production breakdown by country (bcm) in 2017 [30] 

 

     People have been trying to utilize these huge amounts of methane to convert 

them into more useful chemicals such as olefins and aromatics. Methane to higher 

value chemicals could be achieved by direct or non-direct conversion and based 

on wide range of processes (oxidative, non-oxidative), reactor concepts (flow 

reactors, membrane coupled flow reactors), catalysts, and can produce different 

products (aliphatic, aromatic, oxygenates) [3]. The non-direct conversion requires 

syngas as an intermediate step as shown in Figure 2. There are three main ways 

to produce syngas which are partial oxidation, dry reforming, and steam reforming. 

The produced syngas can then be converted to other desired products [31]. On 

the other hand, direct ways aim to convert methane directly and without the 

expensive syngas step. Direct conversion is mainly classified as oxidative and non-

oxidative processes as shown in Figure 3. Ways to produce halocarbons, 
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hydrocyanic acids, acetylene, carbon black and, carbon disulfide have been 

developed. Unfortunately, none of these processes were able to produce olefins 

and aromatics which make many daily life products [32]. 

 

Figure 2: In-direct ways of converting methane [31] 

 

 

Figure 3: Direct ways of converting methane [31] 
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2.2   Ethylene is a Valuable Feedstock 

     Ethylene is one of the most important raw materials in numerous downstream 

processes as well as in different industrial applications. Ethylene can be used as 

an intermediate to produce plastics or as a primary component of some fuels. Also, 

ethylene can oligomerize to produce several liquid hydrocarbons such as gasoline 

(C5-C10) or diesel (C10-C20) range olefins [4]. These high carbon olefins can then 

be converted to paraffins and produce energy-dense liquid fuels [33, 34]. Ethylene 

is everywhere in our daily life and examples are water bottles, plastic bags, paints 

among others. To emphasis the importance of ethylene and its profitability, in 2012 

the global production rate of ethylene exceeded 100 million tons per year with a 

revenue of more than $110 billion [35]. 

 

2.3   OCM Reactors 

     Methane is a very stable molecule. It has a regular tetrahedron structure that 

forms a perfectly symmetric zero dipole moment. To break this stability, an 

elevated temperature (e.g., T > 700°C) is required as well as a selective catalyst 

to accelerate the methane activation. As a result, the overall C2 yield depends 

strongly on heat transport and temperature variation within the catalyst bed [3]. 

Therefore, reactor designing with better thermal control will avoid excess heat 

agglomeration and affect C2+ yield and their distributions significantly [36-40]. 

Various reactors have been investigated in literature in an attempt to find the best 

reactor concept for OCM and to overcome problems and limitations related to OCM 

process. Example of studied reactors includes fixed bed, catalytic membrane, 
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fluidized bed, bubble column, and reverse flow reactors with various modifications 

and variations on each. Figure 4 summarizes different reactor technology 

experimental results in terms of C2+ selectivity and CH4 conversion properties. 

 

 

Figure 4: Different OCM reactor configurations performance in terms of selectivity and conversion 
properties [41] 

 

     After analyzing these different reactor results, they showed that they follow an 

empirical correlation as C2 selectivity plus CH4 conversion is almost 100% [41]. 

This correlation is specified as a solid black line in Figure 4 and emphasize that, it 

is very difficult to reach high CH4 conversion and high C2+ selectivity at the same 

time for the same reactor design. In addition, all reactors below the solid black line 

achieve a yield of less than 25%, which is not economically viable. On the other 

hand, there are few reactors located above the solid black line where some of them 
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are difficult to scale up or not feasible to be commercialized except the fixed bed 

reactor which shows promising results with the advantage of scalability [41]. 

     One of the simplest and most studied reactor configurations are the fixed bed 

reactors. they are well known that such reactors give high conversion per unit mass 

of catalyst compared to other reactor configurations. Also, they allows for 

continuous operation with low operating cost. However, this design suffers from 

poor controllability of temperature associated with the exothermicity of the reaction 

and heat transfer limitations in the reactor. Strong axial and radial temperature 

gradients can develop, which can negatively affect the selectivity and conversion 

of the process [42, 43]. Undesired high temperatures can promote deep oxidation 

products such as CO, CO2, H2O. 

 

2.4   OCM Catalysts 

     Nowadays, more than 90% of all transportation fuels have passed over at least 

one catalyst at some point during their production. Indeed, more than 80% of all 

chemical products are made by catalytic reactions [44]. Simply, catalysts decrease 

activation energy (barrier) by shifting reaction pathways, including the formation of 

new species that may not be formed without the aid of catalysts. Catalyst 

performance is typically controlled by catalyst surface active sites. Catalysts 

should permit desired reactions to proceed at specific rates under designed 

conditions such as temperature and pressure. On the other hand, undesired 

products decrease the overall process yield and could cause catalyst degradation 
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and deactivation. Separating the undesired products is a cost-effective step with 

involving significant technical complexities [3]. The OCM reactions and 

corresponding products depend heavily on the catalyst composition as well as 

operating conditions. OCM catalysts should maintain their chemical stability and 

structural integrity under severe operating conditions (e.g., high temperatures, high 

pressures). Harsh operating conditions could cause catalyst chemical instability by 

decreasing active surface sites and eventually lead to low yield performance [3].  

     Almost all oxides of periodic table elements and their combinations have been 

tested in OCM reaction for the sake of finding a novel catalyst that makes the 

process economically feasible. Unfortunately, all the reported catalysts operates 

at conditions between 700 - 850 °C with C2+ yield less than 26% [45]. For an OCM 

process to be at an industrial scale, at least a 25-30% single pass conversion and 

80% selectivity is needed [45]. Due to the exothermicity of the process, the gas 

temperatures within the catalytic zones were found to be 100 – 200 °C greater than 

outside the catalytic zone. Most of these catalysts face problems with metal 

dispersion, agglomeration, and sintering, which in turn lower the catalytic activity. 

Recently, researchers have been trying to use novel ideas to overcome such 

problems by using nanofiber and membrane catalysts. Nanofiber catalysts 

enhance catalyst stability and decrease the operating temperatures to below 

600°C [35, 46-48]. 

     In OCM, the main role of the catalyst is to activate the methane molecule to 

initiate methane radicals by one hydrogen atom abstraction through surface 
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oxygen attack and to suppress the deep oxidation to avoid COx formation. At 

elevated temperatures with the presence of an oxygen molecule, full oxidation of 

CH4 to COx is more favorable thermodynamically than the desired C2 [4]. Methane 

activation requires breaking a strong C-H bond (around 439 kJ.mol−1) which 

elevated temperatures are required [3]. Indeed, all practical GTL processes involve 

reactions that require elevated temperature (e.g., T > 700 °C) [6]. OCM catalyst 

stability at high-temperatures is important to achieve a constant C2 yield. Also, high 

temperatures cause catalyst degradation and deactivation [6]. Based on some 

literature, experiments done on laboratory-scale using packed-bed reactors at 800 

°C deliver a C2 yield of 16–25% [49-62]. 

     A number of catalysts are known to be active for OCM at high temperatures 

(typically 700–850 °C), which include Mn/Na2WO4/SiO2, Li/MgO and La2O3 [4, 52-

54, 56, 57, 63-67]. The Mn/Na2WO4/SiO2 materials were the first OCM identified 

catalyst by Fang et al. [53]. Doping Mn/Na2WO4/SiO2 catalysts with alkali chlorides 

(LiCl, NaCl, KCl, CsC) will further increase the yield of ethylene up to 31% at 750 

°C [54]. However, Mn/Na2WO4/SiO2 catalysts are complicated to understand 

regarding their chemical complexity and the active centers. Mn/Na2WO4/SiO2 

catalyst active metals are Mn, Na, and W. Mn contributes to oxygen activation, Na 

reduces methane total oxidation, and W is responsible for controlling catalyst 

stability [68]. Li/MgO catalysts were first developed in 1985 by Ito et al. [55] and 

deliver moderate C2 yield (≤ 20%), but it suffers from instability with significant Li 

loss under OCM harsh operating conditions [49, 51, 55, 58, 60-62]. 

Mn/Na2WO4/SiO2 catalyst C2 yields is higher than Li/MgO with better stability [5]. 
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La2O3 doped with alkaline earth metals (Sr, Mg, Ca) can improve catalyst 

performance by creating strong basic sites [68, 69]. Choudhary et al. showed that 

doping La2O3 with Sr at 800 °C in a packed-bed reactor delivers 17% C2 yield [50]. 

However, La2O3 catalysts are not unstable above 600 °C and at 650 °C they react 

with CO2 to form a dioxymonocarbonate (La2O2CO3). Dioxymonocarbonate is 

another active catalyst for OCM at temperatures below 850 °C [70, 71]. Recent 

research showed that OCM reaction is not only depends on catalyst’s metal 

composition, but also depends on the catalyst particle size and morphology [46-

48, 72]. For instance, nano-structured catalysts would initiate the methane 

activation at low-temperature (T ≤ 600 °C) and therefore this lowers the overall 

process cost.  [35, 72]. Nano-structured catalysts have a good metal dispersion, 

order, and access to the catalytic sites [35]. A high-temperature reaction in OCM 

will cause potential issues such as catalyst deactivation and coke formation. Thus, 

there is ongoing research to discover catalysts that are effective at low 

temperatures [3]. In addition, catalysts get deactivated and poisoned by impurities 

come with reactant stream that may adsorb on the catalyst active sides [3]. 

 

2.5   OCM Technology Developed by Siluria Technologies 

     Siluria Technologies, Inc., is a company partially funded by Saudi Aramco and 

located in San Francisco, USA. They filed a patent of a nanowires-based catalyst 

for a commercialization plant of their OCM demonstration unit. Siluria’s pilot-scale 

is the first successful unit in the world for converting natural gas to ethylene. 

Siluria’s development is not only limited to the catalyst modification but rather to 
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optimize the reaction parameters. One of their targets is to improve the gas hourly 

space velocity to much higher than their competitors [73, 74]. Siluria claimed to 

innovate a nanowires catalyst as a prospective catalyst to revolutionize the 

industry which operates below 600 °C [75]. The catalyst is composed of 20 wt.% 

Mg, 5 wt.% Na, and 75 wt.% La2O3 and produce a C2+ yield of 12% at 600 °C [76]. 

Although the reported yield does not meet the required 25-30% single-pass yield 

for commercialization, low reaction temperature and reported catalyst durability 

over a long operating period are great advantages. Operating at low temperatures 

reduce the energy requirement which lowers the overall process cost and 

decreases the catalyst deactivation rate. Their up-scaled commercialization 

process is composed of multiple packed-bed reactors. Siluria intensively works on 

OCM to open the door towards a successful commercialization process. 
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Chapter 3: OCM Kinetics 

     Although the OCM reaction kinetics depend heavily on the catalyst material, 

there is a general agreement that the reaction paths are similar on most OCM 

catalysts [6]. OCM can be expressed as a single global reaction step such as 

Reaction 1. However, in reality it includes a large number of different oxidation and 

dehydrogenation elementary reactions [5]. Simply, the whole OCM catalytic 

process can be described in terms of underlying simple catalytic functions such as 

oxygen activation, generation of methyl radicals, non-selective oxidation, radical 

combination and CO2 inhibition of active sites. The catalytic functions can be seen 

in the overall core of the OCM mechanism with hydrogen atom extraction from 

methane species by the oxygen atom on the catalyst surface. Hydrogen atom 

extraction produces methyl radical (CH3*), which is combined in a later step with 

another methyl radical to form C2 hydrocarbon product. One of the most referenced 

OCM reaction mechanism has been developed by Stansch et al. [77] for 

La2O3/CaO catalyst. Stansch et al. mechanism includes one homogeneous and 

nine heterogeneous reactions as shown in Table 2. In this model, methane is 

converted through three parallel reactions: complete oxidation to carbon dioxide, 

partial oxidation to carbon monoxide and ethane formation through oxidative 

coupling. Ethane is converted to ethylene through two parallel reactions: oxidative 

dehydrogenation and gas-phase thermal dehydrogenation. Ethylene is oxidized to 

carbon monoxide through two parallel routes: partial oxidation and steam 

reforming. The water-gas shift reaction is also included in the model. 
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Tabl e 2: Stansch [63] Global r eactions  mechanism 

Table 2: Stansch [77] Global reactions mechanism 

# Reaction ∆H°298 (kJ/mol) 

1 CH4+2O2→CO2+2H2O      −802 

2 2CH4 +0.5O2→C2H6+H2O      −177 

3 CH4+O2→CO+H2O+ H2      −277 

4 CO +0.5O2→CO2      −283 

5 C2H6 +0.5O2→C2H4+H2O      −105 

6 C2H4+2O2→2CO+2H2O      −757 

7 C2H6→C2H4+H2      +137 

8 C2H4+2H2O→2CO+4H2      +210 

9 CO+H2O→CO2+H2      −41 

10 CO2+H2→CO+H2O      +41 

 

     OCM is known to be a heterogeneous catalytic process; however, it depends 

strongly on homogeneous reactions chemistry. Especially at high-temperatures 

(i.e., ≥ 600 °C) where homogeneous reactions can produce ethane and ethylene 

without a catalyst [5]. In addition to temperature, CH4/O2 and residence time are 

important factors for the role of the gas-phase (homogeneous) reaction on OCM 

chemistry [70, 71, 78]. In Figure 5, a brief description of the contribution of the 

homogeneous and heterogeneous reactions proposed by Lunsford [79] and Sun 

et al. [80] against product distributions. Yellow highlighted reaction paths indicate 

heterogeneous (catalytic) reactions whereas blue highlighted reaction paths 

indicate homogeneous (gas-phase) reactions. The main OCM products such as 

C2+, COX, and H2O species are all presented in Figure 5. Different experimental 

studies prove that C2’s product concentration depends on CH3* radical formation 

[51, 53, 66, 69, 81, 82]. CH3* radical is generated in both oxidative and non-

oxidative reactions. The oxidative reactions exist in homogeneous and 
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heterogeneous phases [5, 6]. After the CH3* radical formation, it combines with 

other CH3* radical to produce C2H6 which dehydrogenate in a later step to form 

C2H4. 

 

Figure 5: OCM reaction pathway proposed by Lunsford [79] and Sun et al. [80]. 

      

     CH4/O2 is one of the important parameters for the OCM process. It controls the 

reaction temperature and hence CH4 conversion, C2’s selectivity, and the 

undesired full oxidation [4]. Low CH4/O2 generates high reaction temperature and 

lead to high CH4 conversion and low C2’s selectivity. On the other hand, high 

CH4/O2 generate a lower temperature reaction and lead to low CH4 conversion and 

high C2’s selectivity. The global OCM Reaction 1 shows the methane to oxygen 

ratio is two for producing C2’s. However, under OCM reaction conditions especially 

at high temperatures, C2’s are not stable molecules and they are easily oxidized to 

COx by both gas-phase and surface reactions [5]. Thus, to avoid the unwanted 

total-oxidation products (i.e., H2O and CO2), the CH4/O2 ratio should be increased 

by feeding less oxygen to this range 5 ≤ CH4/O2 ≤ 10. The methane conversion 

rate is controlled by oxygen availability which is a mass transport limited process. 

Thus, oxygen is consumed quickly close to the reactor inlet and causes a rapid 
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temperature increase [5]. In a typical fixed bed reactor, the reactor operates under 

an oxidative condition at the reactor first part and then the rest of the reactor 

operates under non-oxidative condition. Under non-oxidative condition and high 

temperature, carbon deposits on catalyst surface can become significant and lead 

to catalyst fouling [35, 83]. Mn/ Na2WO4/SiO2 materials were found to be a good 

coke resistive catalyst in continuous operation [5]. Generally, the oxidative 

dehydrogenation of methane to form C2’s or the oxidation of C2’s to form COx are 

strongly depend on various factors such as feed mixture composition, heat and 

mass transport, residence time, reaction temperature, reactor design, and catalyst 

material. Optimization of these factors will promote methane dehydrogenation, 

achieve high selectivity and prevent deep oxidation [4, 5].  

 

3.1.   Gas-Phase Reaction Kinetics 

     OCM Gas-phase reactions have been studied since the early 1980s and 

proposed by different scientists and understood in elementary level [27, 84-91]. 

Models are developed for methane total oxidation reaction mechanisms which 

include comprehensive reaction steps for C1-C4 species oxidation by GRI [92], 

Warnatz [87], Wong et al. [91], Mims et al. [89] and Dooley et al. [86]. In addition, 

different reduced kinetic models are developed and validated for OCM reaction by 

Zanthoff and Baerns [90], Chen [84] and Reyes [27]. The Zanthoff and Baerns 

model include 193 reversible elementary reactions between 33 species. Chen 

developed a more reduced kinetic mechanism model; it used only 39 reversible 

reactions between 23 species. Reyes kinetic mechanism includes 145 reversible 
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reactions between 28 species. It is worth mentioning that, each reduced kinetic 

model was developed and validated for a specific reaction condition (e.g., 

operating temperature, CH4/O2 ratio, flow rate) and its accuracy is subject to 

change at different operating conditions [4]. The combination of gas-phase and 

heterogeneous reactions increases the problem complexity and computational 

time. Thus, efficient reduced reaction mechanisms that capture most of the 

reaction chemistry by including less reactions and species are usually preferred. 

 

3.2.   Gas-Phase Reactions 

     Gas-phase reactions contribute to form OCM most products such as C2, C3, 

COX and H2O. OCM overall performance is highly depending on CH3* formation 

step. Gas-phase reaction contributes to the CH3* radical formation by both 

oxidative and nonoxidative chemistry, which are generally understood from 

combustion research [27, 84, 86, 87]. Starting with oxidative reactions, methane 

molecules get activated by interaction with O2, O*, OH* or HO2* [84]. Reactions 2-

4 show methane activation by molecular oxygen and oxygen radical, whereas 

Reactions 5 shows CH3* radical formation via HO2* [4]. The first set of Reaction 2-

4 are the primary reaction paths for CH3* radical formation over the 700–850 °C 

[27, 84, 86, 87]. 

CH4 + O2 ↔ CH3* + HO2*    (Equation 2) 

CH4 + O2 ↔ CH3O + OH*   (Equation 3) 

CH4 + O* ↔ CH3* + OH*   (Equation 4) 
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CH4 + HO2* ↔ CH3* + H2O2  (Equation 5) 

 

     In addition to the above CH3* radical formation via O2, O* and HO2*, methane 

activation occurs by OH* radical as well. Takanabe and Iglesia [93] proposed that 

H2O reacts with O2 as shown in Reaction 6 to form OH* radical. O-H bond (497 

kJmol-1) in H2O are stronger than the C-H bond (439 kJmol-1) in CH4 which 

contribute to CH3* radical formation as presented in Reaction 7 [27, 84-87]. 

2H2O + O2 ↔ 4OH*    (Equation 6) 

CH4 + OH* ↔ CH3* + H2O   (Equation 7) 

 

     The non-oxidative CH3* formation mostly happens by two reactions; thermal 

cracking (Reaction 8) and H* radical attack (Reaction 9). These two reactions are 

endothermic which requires energy in the form of high temperatures to procced 

[27]. Generally, CH3* radical formation which governor the methane conversion is 

controlled by Reactions 2 and 9. 

CH4 ↔ CH3* + H*    (Equation 8) 

CH4 + H* ↔ CH3* + H2   (Equation 9) 

 

     CH3* combination produces C2H6 product as presented in Reaction 10. 

Thermodynamically, C2H6 formation requires less activation energy compared to 

C2H4 [19]. After C2H6 molecule formation it gets attacked by the H*, CH3* or OH* 

radical to generate H2, H2O and the unstable C2H5* radical [4, 5]. The desired 
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C2H4 product is produced by C2H5* from further reaction with H*, O*, OH* and O2. 

On the other hand, excess O2 promote C2H4 deep oxidation to form COX and 

H2O. Higher hydrocarbons such as C3 molecules are also produced via C2H5* 

and CH3* radical-radical reactions, but with mole fractions below 1% [4-6]. 

CH3 + CH3 + M ↔ C2H6 + M  (Equation 10) 

 

     As CH4 conversion starts C2+ and COX develop simultaneously. Both catalytic 

and gas-phase reactions include direct and indirect COX formation pathways. 

The gas-phase reactions contribute significantly on the unwanted full oxidation 

occurred on the catalyst surface [79, 80, 84, 85]. CO and CO2 formation are 

directly depending on the oxidation of CH3* radicals via Reactions 11 and 12 [5]. 

The indirect COX generation occurs by C2H4 reacting with O2 (reaction 13), H* 

(reaction 14), OH* (reaction 15), and CH3* (reaction 16) to form C2H3* [4]. At low 

temperatures, COX formation is controlled by the oxidation of formaldehyde 

(CH2O) via reaction 17 [5] 

CH3* + O2 ↔ CH3O* + O*   (Equation 11) 

CH3* + O2 ↔ CH2O* + OH*  (Equation 12) 

C2H4 + O2 ↔ C2H3* + HO2*  (Equation 13) 

C2H4 + H* ↔ C2H3* + H2   (Equation 14) 

C2H4 + OH* ↔ C2H3* + H2O  (Equation 15) 

C2H4 + CH3* ↔ C2H3* + CH4  (Equation 16) 

CH2O + HO2* ↔ HCO* + H2O2  (Equation 17) 
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3.3.   Surface Reaction Kinetics 

     OCM catalytic reaction mechanisms are less mature compared to the gas 

phase. One reason is for the complexity of understating the interactions between 

catalytic and gas-phase reactions [5]. Surface reactions contribute to form gas-

phase radicals or quench gas-phase reactions [5]. The catalyst composition 

increases the rate of methyl radical formation, hence the C2 formation rate 

increases as well [5]. The first detailed OCM surface reaction mechanism was 

developed by Sinev [94] for a Li/MgO catalyst in the early 1990s and extended 

recently [95, 96]. Sinev emphasized that, the primary driver for the catalytic 

reactions is the lattice oxygen in the catalyst. Sinev proposed three oxidation states 

for Li (Li, LiO and LiOH) and their reactions with gas-phase species [97, 98]. The 

Simon et al. [99] developed a detailed surface reaction kinetic mechanism for 

La2O3 catalyst. Simon surface reaction mechanism is coupled with 450 steps gas-

phase reactions. The coupled gas-phase and surface reactions were tested and 

validated for an isothermal continuous stirred tank reactor [5]. Sun et al. [80] 

developed a detailed mechanism for Sn/Li/MgO and Li/MgO catalysts. The 

mechanism includes 39 gas-phase reactions and 14 surface reactions. 

 

3.4.   Surface Reactions  

     The heterogeneous reaction overall contribution is controlled by adsorption-

desorption behavior of surface-adsorbed oxygen O(s) [3, 80, 100]. At high 

temperatures, surface reactions contribute less to the overall OCM kinetics since 

O2 desorption controls the reaction rate. Catalytic reaction contributes to the CH3* 
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radical formation similar to the gas-phase reaction which then CH3* promotes the 

desired C2 production. As presented in Reaction 18-19, CH3* radical is initiated by 

CH4 reaction with surface-adsorbed oxygen O(s) [3, 80, 100]. Also, Takanabe and 

Iglesia [93] proposed that the OH* radical can be formed via O(s) as shown in 

Reaction 20.  

CH4 +O(s) ↔ CH3* + OH(s)  (Equation 18) 

4CH4 + O(s) ↔ 4CH3* + 2H2O  (Equation 19) 

H2O + O(s) ↔ OH* + OH(s)  (Equation 20) 

 

     Catalytic reactions include direct and indirect COX formation pathways. O(s) 

can lead to nonselective oxidation by reacting with CH3* directly to form the 

undesired product CO and CO2 as presented in Reaction 21. Similarly, the desired 

products C2H4 and C2H6 can react with O(s) to initiate C2H5* and C2H3* radicals. 

These two radicals can further react in the gas-phase and contribute to the CO, 

CO2, and H2O formation (Reaction 22-24) [3, 4]. Reaction 23-24 present the 

indirect COX formation pathways. Highly reactive gas-phase radicals are not 

expected to participate in surface reactions, such as H*, OH*, O*, etc. [5]. 

CH3* + O(s) ↔ CH3O(s)   (Equation 21) 

4C2H6 + O(s) ↔ 4C2H5 + 2H2O  (Equation 22) 

C2H4 + O(s) ↔ C2H3* + OH(s)  (Equation 23) 

C2H4 + O(s) ↔ C2H4O(s)   (Equation 24) 
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Chapter 4: Experimental Setup and Results 

 

4.1   Experimental Setup  

     All the experiments were performed in the Clean Combustion Research Center 

(CCRC) labs. The target was to understand the effect of varying different operating 

properties, to identify the best operating condition for maximum ethylene 

production, and to minimize COx formation. Operating factors contribute heavily to 

the overall process performance. In this work, four operating factors are studied 

with respect mainly to three responses: methane conversion, C2 main product 

selectivity, and COx side product selectivity. The operating factors are temperature, 

CH4/O2, catalyst weight, and flow rate. Three levels (ranges) were chosen for each 

operating factor as shown in Table 3. The La2O3 catalyst was selected based on 

suggestions from different literature. The La2O3 catalyst produces high methane 

conversion, high C2+ selectivity, and has a long life span [3]. Doping La2O3 with 

alkaline earth metals (Sr, Mg, Ca) can improve catalyst performance. In this 

experimental work La2O3 doped with Sr was studied. Sr/La2O3 catalyst was 

prepared through the incipient wetness impregnation technique which is a 

commonly used method for heterogeneous catalyst synthesis. Lanthanum oxide 

was promoted with 1 wt% of Sr(NO3)2 salt. First, the salt was dissolved in a proper 

amount of micro water and the solution was gradually blended with the La2O3 

powder to form a white paste. Then, the impregnated sample was dried in the oven 

for 6 hours at 140 °C. The dried sample was then sieved to 30-60 mesh pellets and 

calcined at 800 °C for 6 hours with 200 sccm oxygen flow and the temperature 
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increment of 2 °C/min. The 1 wt% Sr/La2O3 catalyst has an initial surface area of 

10.03 m2/g.  

     DoE statistical approach was selected to analyze the experimental results using 

Minitab® software. DoE is the scientific method for planning and evaluating a 

series of experiments and to achieve the most precise relationship between 

operating factors and responses. Classical ways such as changing one factor and 

fixing others to identify this factor effect may lead to a misleading conclusion. Thus, 

DoE statistical approach to find main effects, two-way interactions, three-way 

interactions, four-way interactions is necessary. The main effects use the “one-

factor-at-a-time” approach which measures the influence of changing one factor 

while keeping the other factors constant. This will give the contribution value of the 

studied factor on the overall performance. However, this method alone can result 

in misleading results as it ignores possible interactions between variables. Two-

way interactions demonstrate the result of changing two factors simultaneously 

and keeping other factors fixed with no change. The importance of two-way 

interactions is to understand the linked effect of manipulating two specific factors 

such as increasing both, decreasing both, increasing one and decreasing the 

second one, etc. on the overall process results. The three-way interactions explain 

the effect of changing three factors at the same time such as increasing two factors 

and decreasing the third one, increasing one factor and decreasing the second 

two, etc. Finally, four-way interactions which show the effecting result of changing 

four properties simultaneously. Eventually, understating the adding contribution 
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effect of each operating factor and its interaction with other factors will guide the 

achievement of better overall process understanding. 

      There are many DoE methods such as full factorial, fractional factorial, 

Taguchi, …etc. In this DoE study, the full factorial method was selected based on 

its accuracy compared to other statistical method designs. The full factorial method 

studies all the possible combinations that can be made from factors and levels. In 

this particular example, four factors based on three levels generate 81 (3x3x3x3) 

different experimental combinations of operating conditions. After completing the 

experiments, 81 results were analyzed to identify their main effects, two-way 

interactions, three-way interactions, four-way interactions, which is a complex task. 

Therefore, the stepwise regression method ‘’forward selection of terms’’ was used 

to reduce full model complexity by keeping the important relationship between 

factors and responses and neglecting less important ones. Analysis of variance 

and parameter estimation statistical techniques were used to calculate P-Value, F-

Value, and R2 for main effects and interactional effects. P-Value is a probability 

ranges from 0 to 1 and serves as a tool to check the significance of the examined 

factor. The smaller the p-value the more significant effect of the factor on the 

response. The level of significance is set at 5% which guides the P-Value to 

consider whether the factor is significant if it is less than 0.05. The F-value is a 

measurement tool of data variance around the mean and it indicates the 

importance of a factor for the output response. R2 is the coefficient of determination 

and ranges from 0 to 100% and describes the difference between the predicted 

model and observed values. R2 should be greater than 80% to ensure high 
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accuracy. Model residuals are evaluated and plotted as follow: the Versus Fits plot 

shows the relationship between the response results versus the corresponding 

residual value, the Normal Probability plot shows the ideality of residual normal 

distribution, the Histogram plot shows the residual distribution around 0, and the 

Versus Order shows all 81 experiments versus their residual. DoE results are 

summarized in Appendix A. 

Tabl e 3: R ange of oper ati ng parameters for experi ments  

Table 3: Range of operating parameters for 
experiments 

Flow rate 
(sccm) 

Catalyst 
weight (g) 

CH4/O2 
Temperature 

(°C) 

50 0.01 4 600 

100 0.03 7 700 

150 0.05 10 800 

 

A general scheme of the lab setup is shown in Figure 6 and consists mainly of 

• Fixed bed reactor in a U-shaped tube. Dimensions are in Figure 7. 

• The Sr/La2O3 catalyst was loaded close to the reactor outlet. 

• Quartz wool was used for binding the catalyst before and after for support. 

• A furnace to heat the reactor. 

• A temperature controller box connected to the furnace. The operating 

temperature was manually adjusted based on experimental requirements.  

• Gas Chromatography Refinery Gas Analysis (GC RGA) was used to 

characterize the reactor output composition of gases. The GC RGA has 

three channels; each channel characterizes certain species. Flame 

ionization detector (FID) measures the hydrocarbon species, Thermal 
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conductivity detector (TCD) measures the non-condensed gases (CO, 

CO2, argon/oxygen, nitrogen, helium) and the last channel was another 

TCD to measure only hydrogen.  

• Mass flow controller (MFC) to measure and adjust the line flow rate.  

• Mass flow controller box to control the flow rate based on the requirements. 

• Typical desktop computer to visualize and analyze the GC RGA output.  

 

 

Figure 6: Lab setup 
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Figure 7: U tube-shaped reactor dimensions 

 

 

4.2   Experimental Results 

     Changing the temperature, CH4/O2, catalyst weight and flow rate based on 

Table 3 will generate 81 different operating condition combinations. The 81 

experiments were performed and evaluated with respect mainly to three 

responses: methane conversion, C2 main product selectivity, and COx side product 

selectivity. In addition, yield property was calculated based on the obtained 

conversion and selectivity for C2 and COx. Based on the DoE full factorial statistical 

study shown in Appendix B, 5 responses were observed and are detailed in the 

following sections: 
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Methane Conversion  

 

     Methane conversion increases mainly with decreasing CH4/O2 ratio and 

increasing temperature (Figure 8, a). The same trend has been observed by 

different researchers [15-20]. Low CH4/O2 ratio produces high conversion 

independent of catalyst weight and operating temperature due to oxygen 

availability (Figure 8 (b-c)). At CH4/O2 ratio equals 4, methane conversion was 

bounded between 10-15%. While at CH4/O2 ratio equals 10, the conversion was 

between 0.5-12%. Generally, increasing operating temperature improves the 

catalytic activity of the reaction [15]. Catalyst weight has a positive effect on the 

conversion whereas the flow rate has a negative influence (Figure 8, a). Thien, C., 

et al. [20] and Kundu, P., et al. [18] show a slight increase in methane conversion 

by lowering the flow rate. At high flow rate, the reaction time gets smaller and 

hence conversion decreases. The effect of catalyst weight was investigated by 

Quddus, M., et al. [19], and they concluded that increasing catalyst weight offers 

more oxygenate sites which leads to more conversion. Generally, catalyst weight 

and flow rate have the lowest effect on methane conversion. Figure 8 (c) shows 

catalyst weight can change conversion up to 6% while the flow rate effect on 

conversion is around 2%. Figure 8 (d) shows the two-way interactions of flow rate 

and temperature. It confirms the main effect result that conversion increases with 

operating temperature and decreases with flow rate. The reactor can be operated 

at a high flow rate with high conversion if the operating temperature is increased 

(Figure 8 (d)) [20]. The maximum obtained conversion was 15.3% at 800 °C and 

CH4/O2 ratio equal to 4.  
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Figure 8: Methane conversion experimental results 

 

 

 

Ethane and Ethylene (C2) Selectivity  

 

     C2 selectivity increases mainly with operating temperature and slightly with 

catalyst weight (Figure 9 (a)) [19]. Thien, C., et al. [20] and Eppinger, T., et al. [16] 

showed a positive effect of operating temperature on C2 selectivity. At low 

temperatures, catalytic reactions are not initiated yet while at high temperatures, 

C2 activation energy is reached and leads to an increase in C2 formation [16]. 



42 
 

Kundu, P., et al. [18]  and Amin, N.A.S., et al. [15] showed that CH4/O2 ratio has a 

strong effect on conversions and C2 selectivity. At lower O2 concentrations, the 

reactions producing C2 hydrocarbons are preferred over the undesired complete 

oxidation reactions [18]. While at higher O2 concentrations, the oxidation of 

methane, C2, and other hydrocarbons produce COx and reduce C2 hydrocarbon 

selectivity [15, 18, 20]. The two-way interaction for operating temperature and 

CH4/O2 shows that when the CH4/O2 ratio equals 4, C2 selectivity is constant (60%) 

between 600 - 800 °C.  However, when CH4/O2 ratio equals 7 or 9, C2 selectivity 

at 800 °C becomes twice as it is at 600 °C (Figure 9 (b)). Generally, low CH4/O2 

ratio produces high conversion and low product selectivity whereas a high CH4/O2 

ratio leads to high C2 selectivity and low conversion [18]. Two-way interaction 

between temperature and catalyst weight shows a weak positive effect of catalyst 

weight on C2 selectivity as shown on Figure 9 (c). Quddus, M., et al. [19] studied 

the effect of changing catalyst weight on C2 selectivity. The study shows that 

increasing catalyst weight offers more oxygenate sites to react and hence 

increases C2 selectivity. Figure 9 (d) shows a two-way interaction between 

temperature and CH4/O2. C2 selectivity can be changed significantly by different 

operating values of temperature and CH4/O2 ratio. For example, at 600 °C the 

highest C2 selectivity (~60%) is when CH4/O2 ratio equals 4, while at 800 °C the 

highest C2 selectivity (~76%) is when CH4/O2 ratio equals 10. Generally, higher 

temperatures and CH4/O2 produce high C2 selectivity [19]. The maximum obtained 

C2 selectivity was 77.6% at 800 °C and CH4/O2 ratio equals10. 
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Figure 9: C2 selectivity experimental results 

 

 

Carbon Monoxide and Carbon Dioxide (COx) Selectivity  

 

     COx selectivity decreases primarily with operating temperature and slightly with 

catalyst weight (Figure 10, a). The optimization study by Quddus, M., et al. [19] 

shows the decrease of COx formation when increasing operating temperature. At 

low temperatures, the catalytic reactions for C2 are not initiated yet. COX activation 

energy is lower than C2 which leads to increased COx selectivity [16]. The two-way 

interaction for operating temperature and CH4/O2 shows that when the CH4/O2 

ratio equals 4, it results in almost constant selectivity (40%) between 600 - 800 °C. 

However, when the CH4/O2 ratio equals 7 or 9, COx selectivity decreases by more 



44 
 

than half with increasing temperature (Figure 10, b). At high oxygen 

concentrations, the reactions favored undesired complete oxidation products over 

C2 hydrocarbons [18]. High oxygen concentration promotes the oxidation of 

methane, C2, and other hydrocarbons to form COx and hence increases COx 

selectivity [15, 19]. Figure 10 (c) illustrates the two-way interaction between 

temperature and catalyst weight which shows that the catalyst has a positive effect 

on reducing COx formation. Increasing catalyst weight offers more oxygenate sites 

to react and drive the reaction to decrease COx formation [19]. Figure 10 (d) shows 

the two-way interaction between temperature and CH4/O2. COx selectivity which 

can change significantly based on different values of operating temperatures and 

CH4/O2 ratios. For example, at 600 °C the lowest COx selectivity (~45%) is when 

the CH4/O2 ratio equals 4, while at 800 °C the lowest COx selectivity (<30%) is 

when the CH4/O2 ratio equals 10. Generally, lower CH4/O2 ratios with high 

operating temperatures favor COx formation. The minimum obtained COx 

selectivity was 22.4% at 800 °C and CH4/O2 ratio equals 10. 
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Figure 10: COx Selectivity experimental results 

 

 

Ethane and Ethylene (C2) Yield 

     C2 yield generally increases with operating temperature and decreases slightly 

with flow rate (Figure 11 (a)). This trend was similarly observed in earlier OCM 

studies [15-17, 101]. Increasing temperature has a positively effect on methane 

conversion, C2 selectivity, and eventually C2 yield [20]. At high temperatures, CH3* 

radical formation rate increases, which lead to an increase in the rate of C2 

formation, while at low temperatures, the total-oxidation products diminish the 

desired C2 yield. The two-way interaction for operating temperature and CH4/O2 

ratio shows that CH4/O2 ratio equals 4 produces nearly the same yield (~8%) 
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between 600 - 800 °C. However, at CH4/O2 ratio equals 7 or 9, the C2 yield 

increases dramatically with temperature (Figure 11 (b)). This follows the same 

observation which has been found in C2 selectivity. Kundu, P., et al. [18] and Amin, 

N.A.S., et al. [15] investigated the effect of CH4/O2 on conversion and C2 

selectivity. A low CH4/O2 ratio produces high conversion and low desired C2 

selectivity, whereas high CH4/O2 ratio leads to high selectivity and low conversion. 

Oxygen availability increases CH3* radical formation which increases the 

probability of C2 molecule generation [15]. C2 yield is higher at a low CH4/O2 ratio 

due to high achieved conversion. However, at low CH4/O2 ratios, the reaction 

produces a large amount of COx which requires a separation unit [16, 17]. To 

minimize the cost of separation, operating at a high CH4/O2 ratio is preferable. 

Two-way interaction contour (Figure 11 (c)) for operating temperature and catalyst 

weight shows a positive effect for catalyst weight as it offers more oxygenate sites 

to react. Opposite to catalyst weight, flow rate slightly decreases methane 

conversion and hence C2 yield as investigated by Thien, C., et al. [20] and Kundu, 

P., et al. [18]. High flow rate reduces reaction time and leads to a decrease in 

conversion and product yield. Figure 11, c shows that the maximum C2 yield 

(>10%) can be obtained in two ways: lowering the CH4/O2 ratio to 4 or increasing 

the temperature up to 800 °C. Eppinger, T., et al. [16] proposed that to achieve 

high C2 yield, CH4/O2 should not exceed 2. The maximum C2 yield achieved was 

10.1% at 800 °C when CH4/O2 ratio equals 4. The second maximum C2 yield was 

9.8% at 800 °C when CH4/O2 ratio equals 10. This shows the importance of 

operating temperature and CH4/O2 for the OCM process.   
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Figure 11: C2 yield experimental results 

 

Carbon Monoxide and Carbon Dioxide (COx) Yield: 

     COx decreases substantially with CH4/O2 ratio and slightly with flow rate (Figure 

12 (a)). Figure 12 (b) shows the two-way interaction between operating 

temperature and flow rate. At 50 sccm COx yield decreases with temperature, while 

at 100 sccm COx yield decreases then increases with temperature, whereas at 150 

sccm, COx yield only increases with temperature. Quddus, M., et al. [19] and Amin, 

N.A.S., et al. [15] show that increasing operating temperature reduces COx 

formation. The two-way interaction contour (Figure 12 (c)) for operating 

temperature and flow rate confirms the role of temperature in COx yield. Figure 12 

(d) shows that increasing flow rate and CH4/O2 ratio lower COx yield to avoid 

downstream separation. At high O2 concentrations, complete oxidation is dominant 

and converts methane and other hydrocarbons to COx [15, 18, 19]. The minimum 
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COx yield obtained was 0.46% at 600 °C and CH4/O2 equals 10. 

 

 

Figure 12: COx yield experimental results 
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Chapter 5: Numerical Setup and Results 

5.1   Numerical Setup  

     All the simulations were performed using ANSYS-Chemkin® platform. 

Chemkin® is a software for modeling and simulating gas-phase and surface 

reactions of different combustion systems and for solving complex chemical kinetic 

problems. Chemkin® was used in this project to calculate the consumption and 

production of different chemical species along the axial direction of the reactor. 

Also, it predicts the effect of different operating factors on C2 and COx formation. 

The effects will be analyzed to find the correlational interaction between operating 

factors and responses. Next, the numerical results will be compared with 

experimental results for confirmation. In this work, four operating factors were 

studied numerically with respect primarily to three responses: methane 

conversion, C2 main product selectivity, and COx side product selectivity. The 

operating factors are temperature, CH4/O2, catalyst weight and flow rate. Five 

levels were selected for each operating factor as shown in Table 4. 

Table 4: Range of operating parameters for simulations 

Table 4: Range of operating parameters for simulations 

Flow rate 
(sccm) 

Catalyst 
weight (g) 

CH4/O2 
Temperature 

(°C) 

50 0.001 7 550 

75 0.026 8 650 

100 0.051 9 750 

125 0.075 10 850 

150 0.1 11 950 
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     The mechanism used is a reduced model developed by Karakaya [4]. It 

includes 39 reversible gas-phase reactions between 22 species consisting of 12 

stable molecules and 10 radicals, as shown in Appendix C. It also includes 52 

irreversible surface reactions between 11 species, as shown in Appendix D. The 

simulations were performed on a one-dimensional reactor using the La2O3/CeO2 

catalyst. A general scheme of the simulated reactor is shown in Figure 13 and 

consists of three reactors to identify the catalyst bed. Similar to the experimental 

setup, quartz wool before and after the catalyst bed was represented by two plug 

flow reactors. Numerical model input parameters are listed in Table 4. Correlation 

coefficient calculation is a statistical method to find the connection strength 

between two variables such as factors and responses in this case. The correlation 

coefficients bound between -1 and 1. A correlation of 1 shows a perfect positive 

correlation between two variables. A positive correlation means a positive increase 

in one variable reflects a positive increase in the second variable. While a 

correlation of -1 shows a perfect negative correlation between two variables. A 

negative correlation means two variables move in opposite directions, a decrease 

in one variable reflects an increase in the second variable. 0 correlation coefficient 

indicates that there is no relationship between two specified variables. 
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Figure 13: Simulated reactor configuration 

 
Table 5: Numerical model input parameters for parameter study 

Table 5: Numerical model input parameters for 
parameter study 

Parameter Value 

Inlet flow rate  50-150 sccm 

Catalyst weight 0.001-0.1 g 

Pressure 1 atm 

CH4/O2 7-11 

Inlet temperature 550-950 °C 

Reactor inner dimeter 4 mm 

Inlet-side quartz wool length 4 mm 

Outlet-side quartz wool length 7 mm 

Catalyst bed length 14 mm 

Bed porosity 60% 

Metal surface area 2.6E5 cm2/g 

Catalytic surface site density 9.84x10-10 mol cm-2 

 
 
 

5.2   Numerical Results  

     Changing temperature, CH4/O2, catalyst weight, and flow rate based on Table 

4, generates 625 different operating condition combinations. All these different 

operating conditions are simulated with respect mainly to three responses: 

methane conversion, C2 main product selectivity and COx side product selectivity. 

Also, yield property for C2 and COx was calculated based on conversion and 
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selectivity. Then, the results were analyzed to find the correlation coefficients 

between the chosen factors and responses. Numerical simulation results are 

compared with experimental outcomes for confirmation. Based on the correlation 

coefficient calculation results, 5 responses were observed and are detailed in the 

following sections: 

 

Methane Conversion 

     Methane conversion is highly correlated with temperature, similar to what was 

found in the experimental results. High temperatures enhance the catalytic activity 

of the reaction by promoting CH3* radical formation which increases conversion 

[15]. The experimental work of Quddus, M., et al. [19] shows that operating 

temperature had the highest positive sensitive factor on methane conversion. 

CH4/O2 contributes negatively toward the conversion. Generally, increasing 

oxygen concentrations (less CH4/O2 ratio) leads to an increase in the rate of total 

oxidation and reflects higher conversion [17]. Methane conversion is highly 

affected by decreasing the CH4/O2 ratio and increasing temperature as confirmed 

by different researchers [15-20]. Catalyst weight has a positive effect on 

conversion as it produces additional oxygenate sites and promotes desired 

reactions [19]. Flow rate decreases the conversion slightly, similar to the 

experimental findings. The same observation has been found by Thien, C., et al. 

[20] and Kundu, P., et al. [18]. Decreasing flow rate increases reaction time and 

hence improves conversion.  
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Table 6: CH4 conversion correlation coefficients 

Table 6: CH4 conversion correlation coefficients  

Temperature 
(°C) 

CH4/O2 
Catalyst 

weight (g) 
Flow rate 
(sccm) 

0.47 -0.34 0.46 -0.02 
*Blue is positively correlated, Red is negatively correlated. 

 

Ethane and Ethylene (C2) Selectivity 

     C2 selectivity is positively correlated with temperature and CH4/O2 ratio similar 

to the experimental results. Operating temperature has the highest correlation 

coefficient which demonstrates its importance on C2 selectivity. Eppinger, T., et al. 

[16] and Quddus, M., et al. [19] investigated the operating temperature effect in 

order to achieve high C2 selectivity. At high temperatures, the CH3* radical 

formation rate increases followed by CH3* radical combination to form C2 

hydrocarbons [19, 20]. A high temperature is required to overcome C2 activation 

energy. Although increasing temperature contributes positively toward C2 

selectivity, catalyst stability is a major concern. At a low CH4/O2 ratio, oxygen 

contributes to C2 oxidation to other products and hence decreases C2 selectivity. 

This trend was observed by a number of researchers [15, 18, 20]. At a high CH4/O2 

ratio, C2 formation reactions are preferable compared to COX formation, while at a 

low CH4/O2 ratio, the formed C2 converts to COX. Generally, a high CH4/O2 ratio 

contributes to high selectivity and low conversion, while a low CH4/O2 ratio 

produces high conversion combined with low product selectivity [15, 18]. C2 

selectivity is positively correlated with catalyst weight as concluded by Quddus, M., 

et al. [19]. Increasing catalyst weight creates more open sites for CH3* radical 
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formation. The flow rate effect is negligible compared to other factors.  

Table 7: C2 selectivity correlation coefficients 

Table 7: C2 selectivity correlation coefficients  

Temperature 
(°C) 

CH4/O2 
Catalyst 

weight (g) 
Flow rate 
(sccm) 

0.34 0.23 0.19 0.03 

*Blue is positively correlated. 

 

 

Carbon Monoxide and Carbon Dioxide (COx) Selectivity 

 

    COx selectivity is negatively correlated with CH4/O2. At a low CH4/O2 ratio, the 

exothermic reaction generates a high-temperature window. The increased 

availability of oxygen at elevated temperatures drives the reaction to produce 

undesired complete oxidation products compared to C2 hydrocarbons by both gas-

phase and surface reactions. Also, at low CH4/O2 ratios methane, C2, and other 

hydrocarbons react with oxygen to form COx. This trend has been observed by 

Kundu, P., et al. [18], Amin, N.A.S., et al. [15], and Quddus, M., et al. [19]. COx 

selectivity decreases with operating temperature. Operating temperature has the 

lowest correlation coefficient, which confirms the experimental finding. At low 

temperatures, total oxidation reactions are dominant, which leads to COx 

formation, while at high temperatures, the percentage of formed COx is much 

smaller than C2 [19]. Generally, lowering the CH4/O2 ratio with operating 

temperature favored COx formation. COx selectivity correlates negatively with 

catalyst weight as catalyst weight contributes to increasing the rate of C2 formation. 

Finally, the flow rate effect is negligible compared to other factors. 
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Table 8: COx selectivity correlation coefficients 

Table 8: COx selectivity correlation coefficients 

Temperature 
(°C) 

CH4/O2 
Catalyst 

weight (g) 
Flow rate 
(sccm) 

-0.4 -0.23 -0.2 -0.02 
*Red is negatively correlated. 

 

Ethane and Ethylene (C2) Yield  

 

     C2 yield has a high positive correlation coefficient with operating temperature. 

The heating temperature was reported as having the most significant influence on 

the C2 yield by Eppinger, T., et al. [16]. Other researchers show a clear effect 

between operating temperature and C2 product yield [15, 17, 101]. Essentially, 

operating temperature increases both methane conversion and C2 selectivity at 

the same time [20]. Methane conversion increases by forming CH3* radicals and 

C2 selectivity increases by combining two generated CH3* radicals. Operating at 

low temperatures drives the reaction toward total-oxidation products and hence 

decreases C2 yield. Catalyst weight positively affects methane conversion and C2 

selectivity and eventually the desired yield. Increasing the CH4/O2 ratio lowers 

methane conversion which decreases the yield [15, 18]. Oxygen availability 

increases CH3* radical formation and contributes positively toward C2 yield. 

However, at low CH4/O2 ratios, C2 yield does not always increase as complete 

oxidation of C2 and CH4 occurs. Generally, decreasing the CH4/O2 ratio produces 

high conversion and C2 yields but low C2 selectivity [16, 17]. At this ratio, COx is 

also formed and requires a separation unit. Flow rate effect was investigated by 
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Thien, C., et al. [20] and Kundu, P., et al. [18], where the same trend was observed. 

Flow rate decreases C2 yield slightly as it reduces reaction time.  

Table 9: C2 yield correlation coefficients 

Table 9: C2 yield correlation coefficients 

Temperature 
(°C) 

CH4/O2 
Catalyst 

weight (g) 
Flow rate 
(sccm) 

0.47 -0.28 0.45 -0.01 

*Blue is positively correlated, Red is negatively correlated. 

 

 

Carbon Monoxide and Carbon Dioxide (COx) Yield 

 

    COx yield does not have a direct relationship with operating temperature. High 

temperatures increase methane conversion and at the same time decrease COx 

selectivity. Very high temperatures above 850 °C and very low temperatures below 

600 °C contribute to COx yield. Catalyst weight contributes positively toward COx 

yield as it increases methane conversion. Increasing CH4/O2 ratio negatively affect 

the COx yield. A high CH4/O2 ratio lowers methane conversion and COx selectivity. 

While at high O2 concentrations, complete oxidation is dominant and converts 

methane and other hydrocarbons to COx [15, 18, 19]. The flow rate effect is 

negligible on COx yield compared to other factors. 

Table 10: COx yield correlation coefficients 

Table 10: COx yield correlation coefficients 

Temperature 
(°C) 

CH4/O2 
Catalyst 

weight (g) 
Flow rate 
(sccm) 

0.29 -0.5 0.43 -0.04 

*Blue is positively correlated, Red is negatively correlated. 
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5.2.1   Multi Oxygen feed  

     The most critical observation found in the numerical study is related to oxygen 

consumption. In general, oxygen concentration is the rate-limiting step in the OCM 

reaction. High oxygen concentration leads to high reactant conversions and low 

C2 product selectivity. In opposite, low oxygen concentration leads to low reactant 

conversions and high C2 product selectivity. Figure 14 shows that O2 decreases 

rapidly when gas enters the catalytic region. Methane decay is aligned with O2 

consumption. The same trend was observed in the other produced species as they 

get saturated when O2 is consumed. Temperature profile reaches its maximum 

value at O2 depletion and then decay as a result of heat loss to the external 

environment. Eventually, CH4 conversion, COX and C2 yield plots reflect the steady 

state of their corresponding species and get saturated as O2 is fully consumed. To 

overcome CH4 conversion and C2 yield steady state issue two solutions are 

available. The first is to increase the oxygen concentration at the inlet flow. 

However, this leads to a low CH4/O2 ratio where COx selectivity will be high. The 

second is to distribute the oxygen feed along the axial direction of the reactor with 

an optimal diffusion flux to ensure high reactant conversion and high C2 product 

selectivity. Optimizing the number and location of O2 injectors increases C2 yield 

[27, 102-104]. Zohour et al. [83] proved that by injecting O2 at two different 

positions along the catalyst bed, a 30% increase of the C2+ yield was 

demonstrated. A Chemkin model study of one O2 injector in the middle of the 

catalyst bed is shown in Figure 15. The result shows a ~6% C2+ yield increase 

compared to Figure 14 which is a similar case but without O2 injector. 
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Figure 14: Fixed-bed reactor profile without O2 injector  

 

 

Figure 15: Fixed-bed reactor improvement with O2 injector 
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Chapter 6: Conclusion 

     OCM is a process to convert natural gas directly into more useful chemicals like 

paraffins and olefins. It depends on both homogeneous and heterogenous 

reactions. Methane conversion is controlled by CH3* radical formation then two by 

CH3* radicals combine to produce C2H6. Subsequent radicals attack C2H6 to form 

C2H4 in a later step. Unfortunately, complete oxidation causes CH4 and C2H4 to be 

converted to COx while the downstream separation of COx from the C2 products is 

inefficient and costly. Up to date, there is not yet any OCM commercial plant for 

direct natural gas conversion to upgraded hydrocarbon. This process relies on the 

researcher’s development to overcome the challenges facing process 

commercialization and provide sustainable solutions. Broadly speaking, there are 

multiple ways from different perspectives to improve the process, such as catalyst 

composition and synthesis, catalyst packing and life span, operating conditions, 

reactor scalability, thermal management, and process design. These challenges 

affect directly and indirectly natural gas conversion and desired product selectivity. 

Conversion and selectivity properties are mainly controlled by operating 

conditions. To investigate the process operating factors, different experiments and 

simulations were conducted. DoE for experiments and correlation coefficients for 

simulation were used to study and analyze the results. It was found that CH4/O2 

ratio and operating temperature play the main role in controlling the overall process 

performance. Operating the OCM process at high CH4/O2 ratio like 10 and high 

temperature like 800 °C will lead to high C2 yield combined with low COx 

production. Increasing O2 increases methane conversion and decreases C2 
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selectivity, while decreasing O2 decreases methane conversion and increases C2 

selectivity. Innovative development of a multistage oxygen feed reactor which 

distributes the O2 to ensure high conversion as well as product selectivity will likely 

assist process improvement.  
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Appendix A: DOE result example for CH4 conversion 

General Factorial Regression: X(CH4), % versus Catalyst wei, Temperature , Flow rate (s, ...  

 

Factor Information 

Factor                             Levels              Values 

Catalyst weight (g)            3              0.01, 0.03, 0.05 

Temperature (C)               3                600, 700, 800 

Flow rate (sccm)               3                 50, 100, 150 

Ch4/O2                             3                     4, 7, 10 

 

Forward Selection of Terms 

 

Candidate terms:  

Catalyst weight (g), Temperature (C), Flow rate (sccm), Ch4/O2,  

Catalyst weight (g)*Temperature (C), Catalyst weight (g)*Flow rate (sccm), Catalyst weight 

(g)*Ch4/O2, Temperature (C)*Flow rate (sccm), Temperature (C)*Ch4/O2, Flow rate 

(sccm)*Ch4/O2,  

Catalyst weight (g)*Temperature (C)*Flow rate (sccm), Catalyst weight (g)*Temperature 

(C)*Ch4/O2, Catalyst weight (g)*Flow rate (sccm)*Ch4/O2, Temperature (C)*Flow rate 

(sccm)*Ch4/O2,  

Catalyst weight (g)*Temperature (C)*Flow rate (sccm)*Ch4/O2 
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Appendix A: DOE result example for CH4 conversion 

                                                                                               Coef        P 

Ch4/O2                                                                                  3.532    0.000 

Temperature (C)                                                                   -1.978    0.000 

Temperature (C)*Ch4/O2                                                       2.249    0.000 

Catalyst weight (g)                                                                 -1.348    0.000 

Flow rate (sccm)                                                                     0.832    0.000 

Catalyst weight (g)*Temperature (C)                                     -0.978    0.001 

Catalyst weight (g)*Ch4/O2                                                    1.171    0.002 

Catalyst weight (g)*Flow rate (sccm)                                      0.487    0.012 

Temperature (C)*Flow rate (sccm)                                         0.345    0.685 

Catalyst weight (g)*Temperature (C)*Flow rate (sccm)          0.875    0.044 

 

R-sq                   94.55% 

R-sq(adj)           90.10% 

R-sq(pred)        81.55% 

 
ANOVA 
 

Source DF Adj SS Adj MS F-Value P-Value 

Model 36 1180.47 32.791 21.22 0 

Linear 8 924.42 115.553 74.79 0 

Catalyst weight (g) 2 75.84 37.92 24.54 0 

Temperature (C) 2 252.5 126.249 81.71 0 

Flow rate (sccm) 2 41.7 20.848 13.49 0 

Ch4/O2 2 554.39 277.193 179.4 0 

2-Way Interactions 20 228.63 11.432 7.4 0 

Catalyst weight (g)*Temperature (C) 4 33.57 8.391 5.43 0.001 
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Appendix A: DOE result example for CH4 conversion 

ANOVA 
 

Source DF Adj SS Adj MS F-Value P-Value 

2-Way Interactions 20 228.63 11.432 7.4 0 

Catalyst weight (g)*Flow rate (sccm) 4 22.67 5.666 3.67 0.012 

Catalyst weight (g)*Ch4/O2 4 30.21 7.552 4.89 0.002 

Temperature (C)*Flow rate (sccm) 4 3.53 0.883 0.57 0.685 

Temperature (C)*Ch4/O2 4 138.66 34.666 22.44 0 

3-Way Interactions 8 27.42 3.427 2.22 0.044 

Catalyst weight (g)*Temperature 
(C)*Flow rate (sccm) 

8 27.42 3.427 2.22 0.044 

Error 44 67.99 1.545   

Total 80 1248.46    

 

Regression Equation 

X(CH4), % = 10.052 - 1.348 Catalyst weight (g)_0.01 + 0.468 Catalyst weight (g)_0.03 

            + 0.879 Catalyst weight (g)_0.05 - 1.978 Temperature (C)_600 

            - 0.330 Temperature (C)_700 + 2.308 Temperature (C)_800 

            + 0.832 Flow rate (sccm)_50 + 0.086 Flow rate (sccm)_100 

            - 0.919 Flow rate (sccm)_150 + 3.532 Ch4/O2_4 - 0.812 Ch4/O2_7 

- 2.720 Ch4/O2_10 

            - 0.211 Catalyst weight (g)*Temperature (C)_0.01 600 - 0.978 Catalyst weight (g) 

            *Temperature (C)_0.01 700 + 1.189 Catalyst weight (g)*Temperature (C)_0.01 800 

            - 0.068 Catalyst weight (g)*Temperature (C)_0.03 600 + 0.639 Catalyst weight (g) 

            *Temperature (C)_0.03 700 - 0.571 Catalyst weight (g)*Temperature (C)_0.03 800 

            + 0.279 Catalyst weight (g)*Temperature (C)_0.05 600 + 0.339 Catalyst weight (g) 

            *Temperature (C)_0.05 700 - 0.618 Catalyst weight (g)*Temperature (C)_0.05 800 

            + 0.110 Catalyst weight (g)*Flow rate (sccm)_0.01 50 - 0.127 Catalyst weight (g) 
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Appendix A: DOE result example for CH4 conversion 

            *Flow rate (sccm)_0.01 100 + 0.016 Catalyst weight (g)*Flow rate (sccm)_0.01 150 

            + 0.429 Catalyst weight (g)*Flow rate (sccm)_0.03 50 + 0.487 Catalyst weight (g) 

            *Flow rate (sccm)_0.03 100 - 0.916 Catalyst weight (g)*Flow rate (sccm)_0.03 150 

            - 0.539 Catalyst weight (g)*Flow rate (sccm)_0.05 50 - 0.361 Catalyst weight (g) 

            *Flow rate (sccm)_0.05 100 + 0.900 Catalyst weight (g)*Flow rate (sccm)_0.05 150 

            + 1.171 Catalyst weight (g)*Ch4/O2_0.01 4 - 0.857 Catalyst weight (g)*Ch4/O2_0.01 

            7 - 0.314 Catalyst weight (g)*Ch4/O2_0.01 10 - 0.564 Catalyst weight (g) 

            *Ch4/O2_0.03 4 + 0.306 Catalyst weight (g)*Ch4/O2_0.03 7 

            + 0.258 Catalyst weight (g)*Ch4/O2_0.03 10 - 0.607 Catalyst weight (g) 

            *Ch4/O2_0.05 4 + 0.550 Catalyst weight (g)*Ch4/O2_0.05 7 

            + 0.056 Catalyst weight (g)*Ch4/O2_0.05 10 + 0.345 Temperature (C) 

            *Flow rate (sccm)_600 50 + 0.002 Temperature (C)*Flow rate (sccm)_600 100 

            - 0.346 Temperature (C)*Flow rate (sccm)_600 150 - 0.092 Temperature (C) 

            *Flow rate (sccm)_700 50 + 0.021 Temperature (C)*Flow rate (sccm)_700 100 

            + 0.071 Temperature (C)*Flow rate (sccm)_700 150 - 0.253 Temperature (C) 

            *Flow rate (sccm)_800 50 - 0.023 Temperature (C)*Flow rate (sccm)_800 100 

            + 0.275 Temperature (C)*Flow rate (sccm)_800 150 + 2.249 Temperature (C) 

            *Ch4/O2_600 4 - 0.726 Temperature (C)*Ch4/O2_600 7 - 1.523 Temperature (C) 

            *Ch4/O2_600 10 - 0.054 Temperature (C)*Ch4/O2_700 4 - 0.338 Temperature (C) 

            *Ch4/O2_700 7 + 0.392 Temperature (C)*Ch4/O2_700 10 - 2.195 Temperature (C) 

            *Ch4/O2_800 4 + 1.064 Temperature (C)*Ch4/O2_800 7 + 1.131 Temperature (C) 

            *Ch4/O2_800 10 + 0.875 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.01 

            600 50 - 0.702 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.01 600 100 

 

 



79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix A: DOE result example for CH4 conversion 

            - 0.173 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.01 600 150 

            + 0.465 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.01 700 50 

            + 0.007 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.01 700 100 

            - 0.472 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.01 700 150 

            - 1.340 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.01 800 50 

            + 0.695 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.01 800 100 

            + 0.645 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.01 800 150 

            + 0.137 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.03 600 50 

            - 0.240 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.03 600 100 

            + 0.102 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.03 600 150 

            - 0.617 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.03 700 50 

            + 0.567 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.03 700 100 

            + 0.050 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.03 700 150 

            + 0.480 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.03 800 50 

            - 0.327 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.03 800 100 

            - 0.152 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.03 800 150 

- 1.012 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.05 600 50 

            + 0.942 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.05 600 100 

            + 0.070 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.05 600 150 

            + 0.152 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.05 700 50 

            - 0.574 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.05 700 100 

            + 0.422 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.05 700 150 

            + 0.860 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.05 800 50 
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Appendix A: DOE result example for CH4 conversion 

            - 0.368 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.05 800 100 

            - 0.492 Catalyst weight (g)*Temperature (C)*Flow rate (sccm)_0.05 800 150 

 

Residual Plots for X(CH4), % 
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Appendix B: Experimental results 

# 
Catalyst 
weight 

(g) 

Temperature 
(C) 

Flow 
rate 

(sccm) 

Ch4
/O2 

Response 

X(CH4) 
% 

S(C2) 
% 

S(COx) 
% 

Y(C2) 
% 

Y(COx) 
% 

1 0.01 600 50 4 14.02 60.40 39.60 8.47 5.55 

2 0.01 600 50 7 6.27 22.85 77.15 1.43 4.84 

3 0.01 600 50 10 5.75 26.53 73.47 1.52 4.22 

4 0.01 600 100 4 13.92 62.06 37.94 8.64 5.28 

5 0.01 600 100 7 2.47 14.61 85.39 0.36 2.11 

6 0.01 600 100 10 0.93 20.19 79.81 0.19 0.74 

7 0.01 600 150 4 13.78 61.91 38.09 8.53 5.25 

8 0.01 600 150 7 0.94 20.02 79.98 0.19 0.75 

9 0.01 600 150 10 0.57 18.78 81.22 0.11 0.46 

10 0.01 700 50 4 13.70 64.62 35.38 8.85 4.85 

11 0.01 700 50 7 7.35 62.88 37.12 4.62 2.73 

12 0.01 700 50 10 5.09 55.82 44.18 2.84 2.25 

13 0.01 700 100 4 12.69 64.01 35.99 8.12 4.57 

14 0.01 700 100 7 4.08 63.54 36.46 2.59 1.49 

15 0.01 700 100 10 5.38 63.27 36.73 3.41 1.98 

16 0.01 700 150 4 11.59 59.32 40.68 6.87 4.71 

17 0.01 700 150 7 4.39 58.16 41.84 2.55 1.83 

18 0.01 700 150 10 2.30 61.48 38.52 1.42 0.89 

19 0.01 800 50 4 13.79 63.39 36.61 8.74 5.05 

20 0.01 800 50 7 11.61 71.16 28.84 8.27 3.35 

21 0.01 800 50 10 9.25 76.75 23.25 7.10 2.15 

22 0.01 800 100 4 14.05 60.76 39.24 8.53 5.51 

23 0.01 800 100 7 13.46 72.30 27.70 9.73 3.73 

24 0.01 800 100 10 11.00 77.59 22.41 8.53 2.46 

25 0.01 800 150 4 13.14 54.95 45.05 7.22 5.92 

26 0.01 800 150 7 12.76 70.76 29.24 9.03 3.73 

27 0.01 800 150 10 10.77 76.59 23.41 8.25 2.52 

28 0.03 600 50 4 14.10 56.08 43.92 7.91 6.19 

29 0.03 600 50 7 10.45 32.33 67.67 3.38 7.07 

30 0.03 600 50 10 6.09 31.55 68.45 1.92 4.17 

31 0.03 600 100 4 14.40 62.46 37.54 8.99 5.40 

32 0.03 600 100 7 7.54 32.52 67.48 2.45 5.09 
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33 0.03 600 100 10 4.49 29.21 70.79 1.31 3.18 

34 0.03 600 150 4 12.87 61.11 38.89 7.87 5.01 

35 0.03 600 150 7 4.57 29.47 70.53 1.35 3.22 

36 0.03 600 150 10 1.75 27.24 72.76 0.48 1.27 

37 0.03 700 50 4 14.07 61.03 38.97 8.58 5.48 

38 0.03 700 50 7 10.18 63.88 36.12 6.50 3.68 

39 0.03 700 50 10 9.90 63.41 36.59 6.28 3.62 

40 0.03 700 100 4 13.37 62.93 37.07 8.42 4.96 

41 0.03 700 100 7 11.53 70.04 29.96 8.07 3.45 

42 0.03 700 100 10 11.07 70.21 29.79 7.77 3.30 

43 0.03 700 150 4 12.38 56.66 43.34 7.01 5.36 

44 0.03 700 150 7 8.35 68.37 31.63 5.71 2.64 

45 0.03 700 150 10 6.62 70.20 29.80 4.65 1.97 

46 0.03 800 50 4 14.12 62.02 37.98 8.75 5.36 

47 0.03 800 50 7 14.30 70.67 29.33 10.11 4.19 

48 0.03 800 50 10 12.82 76.57 23.43 9.81 3.00 

49 0.03 800 100 4 15.31 59.73 40.27 9.14 6.16 

50 0.03 800 100 7 11.81 72.04 27.96 8.51 3.30 

51 0.03 800 100 10 10.33 75.20 24.80 7.77 2.56 

52 0.03 800 150 4 10.78 54.05 45.95 5.83 4.96 

53 0.03 800 150 7 11.40 69.98 30.02 7.98 3.42 

54 0.03 800 150 10 9.45 76.30 23.70 7.21 2.24 

55 0.05 600 50 4 12.26 48.70 51.30 5.97 6.29 

56 0.05 600 50 7 7.57 29.00 71.00 2.20 5.38 

57 0.05 600 50 10 6.74 29.79 70.21 2.01 4.73 

58 0.05 600 100 4 14.50 62.35 37.65 9.04 5.46 

59 0.05 600 100 7 9.60 44.26 55.74 4.25 5.35 

60 0.05 600 100 10 5.60 32.60 67.40 1.83 3.78 

61 0.05 600 150 4 14.84 58.97 41.03 8.75 6.09 

62 0.05 600 150 7 9.41 48.66 51.34 4.58 4.83 

63 0.05 600 150 10 2.55 34.06 65.94 0.87 1.68 

64 0.05 700 50 4 14.21 58.21 41.79 8.27 5.94 

65 0.05 700 50 7 10.78 61.17 38.83 6.59 4.18 

66 0.05 700 50 10 8.89 65.04 34.96 5.79 3.11 

67 0.05 700 100 4 13.52 61.97 38.03 8.38 5.14 

68 0.05 700 100 7 9.26 67.37 32.63 6.24 3.02 
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69 0.05 700 100 10 7.56 68.62 31.38 5.19 2.37 

70 0.05 700 150 4 13.29 59.12 40.88 7.85 5.43 

71 0.05 700 150 7 11.23 68.67 31.33 7.71 3.52 

72 0.05 700 150 10 9.72 70.95 29.05 6.90 2.82 

73 0.05 800 50 4 14.46 62.29 37.71 9.01 5.46 

74 0.05 800 50 7 13.42 70.47 29.53 9.46 3.96 

75 0.05 800 50 10 12.68 76.98 23.02 9.76 2.92 

76 0.05 800 100 4 13.53 58.98 41.02 7.98 5.55 

77 0.05 800 100 7 12.34 71.46 28.54 8.82 3.52 

78 0.05 800 100 10 10.00 77.15 22.85 7.71 2.28 

79 0.05 800 150 4 14.10 49.45 50.55 6.97 7.13 

80 0.05 800 150 7 12.40 68.61 31.39 8.51 3.89 

81 0.05 800 150 10 10.65 73.46 26.54 7.83 2.83 
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Appendix C: Numerical model gas-phase reactions [4]. 
rate parameters are in Arrhenius form as k= A T 

β
 exp (-E / RT) 

  # Reactions 
A  β E 

(cm, mol, s) - (kJ mol-1) 
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Appendix D: Numerical model surface reactions [4]. Rate parameters are in modified 
Arrhenius form as k= A T 

β
 exp (-E / RT). Reactions 1, 12, 23 and 25 are the adsorption 

reactions and A represents the sticking coefficient. 

   #         Reactions 

A or sticking 
coefficient 

β E 

(cm, mol, s) - (kJ mol-1) 
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Appendix D: Numerical model surface reactions [4]. Rate parameters are in modified 
Arrhenius form as k= A T 

β
 exp (-E / RT). Reactions 1, 12, 23 and 25 are the adsorption 

reactions and A represents the sticking coefficient. 

   #         Reactions 

A or sticking 
coefficient 

β E 

(cm, mol, s) - (kJ mol-1) 

          

          

          
          

          

          

          

          

          

          

          

          

          

          

          

        

          

          

          

                

 

 


