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ABSTRACT 

CATALYTIC PARTIAL OXIDATION OF BIOETHANOL FOR MOBILE FUEL CELL 

APPLICATIONS

Precious Arku 

University of Guelph, 2018

Advisor: Animesh Dutta 

Committee Member: Shohel Mahmud 

The work presented in this thesis explores the production of synthesis gas in solid oxide fuel cell 

reformers from bioethanol. The catalytic partial oxidation (CPOX) of bioethanol was considered 

the most ideal method for mobile applications because of its sustainable nature and low energy 

requirements. Carbon deposition in the catalyst bed is the most significant challenge faced in 

CPOX. This study thus includes a numerical simulation that elucidates the effect of carbon on the 

bed properties that determine heat and mass transfer. It was discovered that the presence of carbon 

lowered the thermal conductivity, porosity, and permeability of the catalyst bed, thus reducing the 

rate of heat and mass transfer, and consequently, reaction rate. The promotion effects of 

magnesium and ruthenium on alumina supported-nickel catalysts were studied and it was 

discovered that the primary cause of catalyst deactivation was carbon buildup rather than 

morphological changes in the spent catalyst.  
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 Chapter 1 INTRODUCTION  

1.1 Overview 

The thesis presents the production of synthesis gas (syngas) for solid oxide fuel cells (SOFCs) by 

the partial oxidation of bioethanol. The generation of synthesis gas is not a new concept; however, 

this paper explores the current production methods, applications, and challenges. The development 

of suitable catalysts for this process is a key component, and thus, is the focus of the study. The 

composition briefly explores the history of syngas production and discusses in detail suitable 

catalysts for selected syngas production methods. In addition, a numeral model is developed to 

investigate changes in catalyst properties and reaction rate during the partial oxidation of 

bioethanol. Experiments were also performed to investigate the most suitable catalyst for the 

process. The rest of the chapter presents the motivation and objectives of the research, as well as 

the structure of the thesis.  

 

1.2  Motivation   

Increasing global energy demands has spurred research towards finding more efficient and 

sustainable ways of generating power. While many techniques have been investigated, the use of 

solid oxide fuel cells has emerged as one of the leading solutions because of its potential net carbon 

neutral nature and remarkable efficiency. Current SOFCs require the use of hydrogen as fuel, 

which makes it difficult to be used for mobile applications. Additionally, hydrogen gas is currently 

derived from the steam reforming of natural gas, a process which is energy intensive and releases 

unacceptable quantities of greenhouse gases in the atmosphere. Moreover, hydrogen is difficult to 

store safely, making it a less than ideal fuel for SOFCs.  

As parts of efforts to make SOFCs more environmentally friendly and economically viable, 

scientists have suggested integration of fuel cell stacks with reformers that can convert 

conventional fuels to the hydrogen. Although methane began as the leading contender for a 

potential fuel for reformers, their high specific volume and non-renewable nature made them 

unpractical. Conventional fuels like gasoline and diesel have been studied, however, the complex 
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nature of their molecular structure makes it difficult to study their reaction mechanism. 

Furthermore, they are derived from non-renewable sources.  

Bioethanol has been proposed as a potential fuel due to their renewability, high energy density, 

and simple molecular structure. While there are several ways to convert ethanol to hydrogen, 

catalytic partial oxidation (CPOX) has emerged as an energy-efficient method because it uses air 

an oxidant and does not require high temperatures. Since SOFCs can also convert carbon monoxide 

(a product of CPOX) to electrical energy, steam reforming is not required for the production of 

hydrogen-rich reformate.  The most common catalyst used for reforming reactions, including 

CPOX, is supported nickel. However, catalyst deactivation and low syngas selectivity is a major 

deterrent to this catalyst becoming a commercial success in reformers. While the use of noble 

metal catalysts addresses these challenges to a certain extent, their rarity and high cost make them 

unsuitable. For this reason, this study looked at the deactivation effect of carbon and considered 

alternative materials for the preparation of highly stable and active catalysts for the production of 

syngas.   

1.3 Goals of research 

Below is a summary of the research objectives: 

1.3.1 Primary objectives 

1. Understand the effect of carbon deposition on catalyst bed properties and transport 

properties of the reaction media during the partial oxidation of ethanol. 

2. Compare the energy requirements for the various methods of fuel reforming and their 

environmental impact. 

3. Develop a highly active and stable catalyst for the reforming of ethanol. 

1.3.2 Secondary objectives 

1. Investigate the effect of process conditions on catalytic performance 

2. Observe any physical, chemical, or morphological changes in prepared catalysts after 

CPOX reactions. 
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1.4 Outline of thesis 

The thesis has four main sections which are described as follows 

Chapter 2 is an in-depth review of the various conventional and renewable fuels that have been 

used in past studies as potential fuels for reformers. The performance of the catalysts used in these 

past studies is also highlighted. Additionally, research gaps are identified in the literature and 

recommendations are made to address these gaps. 

Chapter 3 is a numerical study on the rate of formation of carbon during CPOX of ethanol on 

nickel catalysts. The effect of the built-up carbon on bed, transport and reaction properties is 

calculated to further understand which parameters have the most significant impact on the decrease 

in catalyst activity.  

Chapter 4 is an experimental study that compares the performance of several catalysts, each with 

different compositions. The effect of process parameters on activity is evaluated. Additionally, the 

best catalysts are screened in terms of initial activity and stability. Fresh and spent catalyst samples 

are characterized and analyzed to better understand the changes in properties which are responsible 

for the deterioration of their activities.  

Chapter 5 is a thermodynamic analysis and life cycle assessment on selected methods of fuel 

reforming. The energy requirements for each process is calculated to find out the least energy-

intensive process. Furthermore, the emissions generated are calculated in order to better 

understand which processes have the most negative impact on the environment. 

Chapter 6 presents the overall conclusions of the studies and gives recommendations for future 

research. 
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Chapter 2 LITERATURE REVIEW 

2.1 Abstract  

Synthesis gas production is a technology that dates to the 1950s. Recently, the conversion of 

hydrocarbons to syngas has played an important role in various applications from gas-to-liquid 

(GTL) processes to fuel cell applications.  However, the current industrial production method is 

only profitable when large quantities of syngas are produced and generates high amounts of CO2 

as a by-product. With the growing demands for smaller-scale and mobile syngas production 

technology, the catalytic partial oxidation of hydrocarbons has become a promising alternative to 

the conventional methane steam reforming technology. With the infrastructure for production and 

distribution of many commercial fuels already in place, numerous studies have been done on 

conversion of these fuels into syngas. This paper reviews the research that has been done in the 

past decade on the catalytic partial oxidation of conventional fuels and biofuels. The challenges 

faced in catalyst development are described as well as solutions that have been proposed to address 

those challenges. Advances in kinetic modelling of catalytic partial oxidation are presented, and 

techniques used to develop such models have also been highlighted. Finally, research gaps have 

been identified and recommendations have been given for further investigations to address current 

challenges. 

2.2  Introduction 

Hydrogen (H2) has become an important fuel source in the past few decades due to the increasing 

demand for clean-burning fuels. Apart from being a fuel source, hydrogen is also employed in 

many industrial applications such as chemical synthesis, petroleum refining and metallurgical 

processes (Ball and Weeda, 2015). H2 is currently produced by steam methane reforming (SMR) 

in large plants although other gaseous or liquid hydrocarbons can undergo steam reforming 

(Kalamaras and Efstathiou, 2013; Wilhelm et al., 2001). Partial oxidation (POX), dry reforming, 

and auto-thermal reforming (ATR) are two other routes for synthesizing H2, but SMR dominates 

the other two processes in terms of maturity of technology (Rostrup-Nielsen, 2002).  

All four methods involve the production of a mixture of carbon monoxide (CO) and H2, known as 

synthesis gas, or syngas. Syngas is a desirable product because of its ability to be converted to 
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various chemicals, including methanol, higher alcohols, ammonia, and aldehydes. Each method 

has its merits and demerits. For example, dry reforming has the advantage of converting 

greenhouse gases such as methane (CH4) and carbon dioxide (CO2) to fuel (Mousavi et al., 2017).  

In the case of SMR, CO undergoes water gas shift reaction (WGSR) to form H2 and high amounts 

of CO2, which makes this process ideal for the production for large amounts of H2. The operating 

conditions of ATR, which is a combination of both POX and SMR processes, can be modified to 

produce syngas with a desired H2/CO ratio. However, both SMR and dry reforming are 

endothermic reactions that require high operating temperatures and low pressures (Zarei et al., 

2016), making each process a less attractive option than POX. For example, it has been shown that 

in order to prevent the formation of some unwanted products and increase yield, dry reforming of 

methane should occur at temperatures above 700 °C (Meshkani et al., 2017; Shiraz et al., 2016). 

Thus, much research on syngas production has been conducted in recent times via POX because it 

does not require the use of steam. In addition, equilibrium conversion can be reached within a few 

milliseconds making the process faster than the current conventional method (Kumar et al., 2009). 

Since the product distribution of POX reactions depend on C/O ratio and are constrained by high 

reaction temperatures (above 1000 ℃), POX reactions are usually carried out in the presence of a 

suitable heterogeneous catalyst at lower temperatures and this process is referred to as catalytic 

partial oxidation (CPOX). 

Another desirable feature of CPOX is its ability to be integrated into a fuel cell system. The lack 

of need for steam allows for smaller reactors and can, therefore, be used for mobile fuel cell 

systems. A fuel cell converts a fuel’s chemical energy directly into electrical energy without 

combustion as an intermediate step. The absence of combustion thus results in higher efficiency 

than conventional methods of power generation (Stambouli and Traversa, 2002). CPOX can best 

be integrated especially into solid oxide fuel cells (SOFCs) because they operate at high 

temperatures (800 ℃ - 1000 ℃) which happens to be optimal conditions for syngas production. 

Furthermore, unlike proton exchange membrane fuel cells, they are not poisoned by methane or 

CO and are able to convert them to electrical energy (Carrette et al., 2000; Chatrattanawet et al., 

2015). They have been reported to have efficiencies of over 60 % and high thermal efficiencies of 

up to 85 % when heat is recovered and utilized in the CPOX reformer (Singhal, 2000; Yamamoto, 
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2000; Zhang et al., 2010). Such properties make SOFCs useful for applications such as small and 

large-scale power generation for industrial, domestic, transportation and military use (Minh, 2004; 

Singhal, 2002)  

The driving force for the electrochemical reactions that occur in fuel cell stacks is the difference 

in oxygen chemical potential between the anode and cathode of each cell. After oxygen ions are 

produced at the cathode side (reaction 1), they travel through a solid, ceramic-based electrolyte to 

the anode where they are consumed by syngas. In an integrated system where syngas from CPOX 

is used as fuel (Fig. 2.1), CO and H2 are oxidized at the anode as shown in reactions 2 and 3.  

 

Cathode: 1
2⁄ O2 + 2e2− → O2−                                                                                                 (R1) 

Anode: H2 + O2− → H2O + 2e−                                                                                                  (R2) 

Anode: CO + O2− → CO2 + 2e−                                                                                                  (R3) 

 

CPOX 
Reformer

Heat exchanger 
(Waste heat 

recovery)

SOFC 
Stack

Air (oxygen)

Fuel

DC Power

Exhaust gas Air (oxygen)

Reformate

 

Figure 2.1 Simplified flow diagram of a hydrocarbon-fueled SOFC system with a reformer 

 

Any gaseous or liquid hydrocarbon used a conventional fuel is a viable fuel for the CPOX  reformer 

(Wilhelm et al., 2001). Liquid oxygenated fuels such as methanol or ethanol have been known to 

also be a suitable feedstock for syngas production (Rostrup-Nielsen, 2000). The use of biofuels 

such as bio-alcohols and biodiesel for syngas production is a relatively recent development which 
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will be further discussed later. The partial oxidation reactions for hydrocarbons and oxygenated 

fuels are represented in reactions 4 and 5, respectively.  

CxHy +
x

2
O2 → xCO +

y

2
H2                                                                 (R4) 

CxHyOz +
x − z

2
O2 → xCO +

y

2
H2                                                  (R5) 

 

This paper reviews the potential of selected transportation fuels to be converted into syngas, the 

catalysts that have been developed for their CPOX reformers, and the major challenges that hinder 

the catalysts’ performance. In addition, progress in kinetic modelling of CPOX is highlighted as 

well as factors that prevent the modelling of some CPOX processes. Finally, recommendations are 

given to address these research gaps in the field.  

2.2 Methane 

Methane (CH4)  is the most common fuel used in syngas production because it is relatively cheap 

and easy to acquire (Abatzoglou and Fauteux-Lefebvre, 2016). Although the primary source of 

methane is natural gas reserves, much effort has been put into the development of biogas 

technology in recent years, especially in developing countries. Biogas production systems convert 

household wastes into methane-rich gas which contains some amount of CO2.   

Apart from being abundant, methane has the highest hydrogen-carbon ratio of 4:1, making it an 

inherently efficient source of hydrogen-rich syngas. Thus, many investigations done on CPOX has 

been done using methane as fuel. Two reaction mechanisms have been proposed CH4 partial 

oxidation.  The first is the direct mechanism where methane and oxygen (O2) after they are 

adsorbed on the catalyst surface, react to form CO and H2 as represented by R4. The second 

mechanism is the combustion-reforming mechanism, where methane and oxygen first combust to 

form water and carbon dioxide (R6), followed by steam (R11) and dry reforming (R12) to produce 

syngas. The second mechanism is more complex and is summarized in table 2.1.  
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Table 2.1 Reactions during catalytic partial oxidation of methane (Christian Enger et al., 2008)  

CH4 + 2O2 ⇋ CO2 + 2H2O (R6) 

H2 + 0.5O2 ⇋ H2O (R7) 

CH4 + 0.5O2 ⇋ CO + 2H2 (R8) 

CH4 + O2 ⇋ CO2 + 2H2 (R9) 

CO + H2O ⇋ CO2 + H2 (R10) 

CH4 + H2O ⇋ CO + 3H2 (R11) 

CH4 + CO2 ⇋ 2CO + 2H2 (R12) 

CO + H2 ⇋ C + H2O (R13) 

CH4 ⇋ C + 2H2 (R14) 

2CO ⇋ CO2 + C (R15) 

CO + 0.5O2 ⇋ CO2 (R16) 

 

2.2.1 Carbon Formation in methane CPOX 

Although the primary aim of methane CPOX is maximizing the yield of H2 and CO, it is also 

essential to limit the reactions responsible for coke formation which leads catalyst deactivation 

and increased pressure drop in the reactor. These reactions are CO reduction (R13), methane 

cracking (R14), and Boudouard reaction represented by reaction 15 (Aasberg-Petersen et al., 

2011). Nahar et al. (2017) reviewed various studies on the rate of coke formation during CPOX of 

biogas. According to them, since carbon is solid, it does not flow with the product gas thus blocking 

catalyst pores and active sites for the gas phase reactions and reducing the overall reaction rate. 

Depending on the rate of coke formation, the catalyst might lose its initial activity in a matter of 

seconds or even minutes. Table 2.2 highlights the progress made in the last decade in catalysts 

development for the reduction of coke formation during methane CPOX. The primary aim of 

developing novel catalysts is to maintain the initial activity for as long a time as possible before 

the catalysts need to be replaced or regenerated.  

Several factors affect catalyst deactivation due to carbon formation, including the amount of 

carbon formed, reaction temperature, type of catalysts and feed conditions. A low C/H ratio makes 

CH4 the ideal feedstock for minimalizing carbon deposition on catalysts during CPOX. Velasco et 

al. (2015) observed that a low O2/CH4 ratio increased the potential for carbon formation because 

a lower concentration of oxygen inhibits oxidation reactions. Bi-metallic catalysts (Pt and Ru) 
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have been known to reduce carbon deposition compared with single metal catalysts (Lanzra et al., 

2008).  

Table 2.2 Coking resistant catalysts for methane CPOX 

Metal Support Test time Initial 

activity 

(XCH4) 

Reference 

Ni ZrO2@SiO2 160 h 99 %  (Ding et al., 2015a) 

Ni-Yb Al2O3 160 h 98 % (Ding et al., 2015b) 

Rh La0.75Sr0.25(Fe0.8Co0.2)1−xGaxO3-δ  50 methane 

pulses  

98 % (Palcheva et al., 2015) 

Pt Al2O3/CeO2 – coated Fecralloy 

microlith 

1 h 98 % (Neagoe et al., 2016) 

Ni Ba0.9Co0.7Fe0.2Nb0.1O3-δ  

membrane 

100 h 91.8% (Song et al., 2015) 

Ni CeO2 48 h 86 % (Peymani et al., 2016) 

Pd Microlith® substrate 500 h 99.94% (Lyubovsky et al., 2003) 

Ni Ag/Ce0.9Gd0.1O2-x membrane 48 h 21%  (Ruiz-Trejo et al., 2015) 

Pt  CeO2 2000 s 60 % (Corbo and Migliardini, 

2007) 

Ni MgAl2O4 50 h 89 % (Özdemir et al., 2014) 

NiFeCu alloy ZrO2 100 h 85 % (Wang et al., 2014) 

NdCaCoO3.96 - 140 h 90 %  (Dedov et al., 2015) 

 

2.2.2 Sulphur poisoning   

In addition to coke formation, catalyst poisoning is an important factor in catalyst deactivation 

because it has been observed to have a harmful effect on catalyst activity (Bartholomew, 2001; 

Oudar, 1980). Sulphur is usually present naturally in natural gas and other fuels in the form of 

sulphides, mercaptans, thiophenes, benzothiophenes and dibenzothiophenes. Additionally, 

hydrogen sulphide may be added to methane gas as an odorant. Resistance to sulphur poisoning is 

an important catalyst characteristic when used in CPOX of methane and other petroleum-based 

fuels. Sulphur adsorbs strongly on the active metal surface, thus preventing reactant molecules to 

be adsorbed on catalysts surfaces (Capehart and Rhodin, 1979; Demuth et al., 1974). The presence 

of sulphur on catalyst surfaces results in the reduction or loss of activity. The rate of poisoning 

varies with catalysts composition and reaction conditions (Cimino et al., 2009; Erekson and 
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Bartholomew, 1983; Torbati et al., 2009). It has also been observed that the presence of sulphur 

increases the rate of carbon deposition, thereby accelerating the decrease in catalytic activity 

(Lakhapatri and Abraham, 2011, 2009; McCoy et al., 2007; Xie et al., 2011).   

The deactivating mechanism of sulphur during steam reforming of methane and liquid fuels has 

been studied extensively in the past (Lakhapatri and Abraham, 2011, 2009; Rabe et al., 2009).  It 

was shown that the active sites on Ni catalysts adsorb sulphur-containing compounds. 

Furthermore, the bond between sulphur and nickel is much stronger than that of sulphur and other 

metals (Lakhapatri and Abraham, 2009). As a result, when Ni is promoted with other metals such 

as Rh or Pd, there is a “spillover” of sulphur to the Ni metal, which results in higher stability 

compared with monometallic catalysts (Azad and Sundararajan, 2011, 2010, 2010). Since the 

chemisorption on sulphur on metals is a reversible process, it is possible to regenerate catalysts by 

exposing them to conditions that inhibit adsorption of sulphur. For example, the catalyst bed may 

be exposed to higher temperatures because chemisorption is an exothermic process (Rostrup-

Nielsen, 1971). Additionally, reducing the concentration or partial pressure of sulphur compounds 

in the fuels can also reduce the rate of adsorption of sulphur, thereby reducing the rate of 

deactivation.  

2.2.3  Catalyst regeneration  

The extent and reversibility of deactivation are what determines the ability to regenerate a catalyst. 

Catalysts that have been deactivated as result of carbon formation are easily regenerated by 

gasification with H2, H2O, CO2 and O2. The required gasification temperature depends on the type 

of gas, the type of carbon formed, and the catalyst activity. Generally, O2 gasification requires the 

least temperature for acceptable gasification rates, followed by H2O and H2 gasification. When 

carbon is deposited on very reactive metals, the rate of regeneration is higher than that for carbon 

on less reactive catalysts. For reforming reactions, air is generally used to remove coke because 

oxygen can regenerate catalysts at moderate temperatures of 400 °C – 600 °C (Argyle and 

Bartholomew, 2015). However, air regeneration presents a key challenge, which is the potential 

for the creation of hot spots which could further deactivate the catalyst. As a result, the gasification 

process is carefully controlled by using low initial air concentrations that are gradually increased 

as the carbon conversion increases.  
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For catalysts poisoned by sulphur, H2, H2O, O2 and inorganic oxidizing agents have been studied 

for their regeneration qualities (Bartholomew et al., 1982; Chakrabarti et al., 2011a, 2011b). Steam 

gasification of sulphur-poisoned metal (M) catalysts results in sulphur dioxide (SO2) and hydrogen 

sulphide (H2S), which implies that the following two reactions take place:  

Mi-S + H2O → MiO + H2S                                                            R17 

H2S + 2H2O → SO2 + 3H2             R18 

The regeneration of poisoned non-precious metal catalysts is very difficult and requires carefully 

selected gasification agents and process conditions. For example, the steam gasification of 

poisoned nickel catalysts produces sulphates. However, upon coming in contact with hydrogen, 

they are reduced to nickel sulphide. At low O2 pressures, it is possible to remove sulphur due to 

the rapid conversion of sulphur to SO2 and slow the rate of formation of nickel oxide (NiO). When 

the O2 pressure is high, the rate of NiO production increases. This causes a layer of the NiO to be 

formed, thereby blocking the sulphur layer and hindering the regeneration process. The use of H2 

as a gasification agent is not advisable because the production of H2S only occurs at high 

temperatures which may cause sintering, and even these high temperatures are not enough to bring 

about a fast desorption rate. Liquid phase sulphides can be oxidised in the presence of inorganic 

oxidizing agents such as KMnO4 into sulphides or sulphates, which are less poisonous than 

sulphides.  

Apart from sulphur poisoning and carbon deposition catalysts may deactivate due to thermal 

degradation or sintering. Sintering is the loss of active catalyst surface by change in the catalyst 

structure due to crystallite growth, usually at high temperatures. This process is usually irreversible 

or difficult to reverse and thus, more effort is put into preventing sintering rather than regeneration 

the catalyst. The main mechanism of sintering is surface diffusion and thus, reducing the diffusion 

coefficient is important in slowing down the process. This can be done by minimizing the reaction 

temperature because diffusion becomes faster at temperatures close to the melting point of the 

catalyst.  
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2.2.4 Catalysts for methane CPOX 

Early work on catalyst development for partial oxidation of CH4 to syngas was started by Prettre 

et al in 1946. They studied CPOX using 10 wt. % Ni catalysts in the temperature range of 725-900 

℃ and 1 atm pressure (Prettre et al., 1946).  Up until 1992, later works, like the one previously 

mentioned were done at low space velocities and residence times above 1 s. They also relied 

mainly on Ni-based catalysts because their low cost and versatility allowed them to be used in 

diverse applications.  Later investigations employing residence times less than 10 ms on CPOX 

have been carried out in laboratories. In addition, the use of noble metals as a substitute for Ni 

became a desirable option because they are more active for CPOX (Ashcroft et al., 1991) but were 

100-150 times more expensive (Freni et al., 2000). Kikuchi et al. (1974) conducted a 

comprehensive study on methane steam reforming and observed that the reactivity of the metals 

they tested was in the following order: Co = Fe << Pd = Pt << Ir < Ni < Ru=Rh.  

Transition metals are ideal for use as catalysts for partial oxidation reactions because of their ability 

to change oxidation states and adsorb reactants and intermediates onto their surface. These 

adsorbed reactants form unstable complexes, thus providing another reaction pathway for a lower 

activation energy and increased reaction rate. After the decomposition of the complex to form a 

suitable product, the original transition metal is ‘regenerated’ as a catalyst and is ready to form 

another activated complex.  

2.2.4.1 Nickel Catalysts   

Metals that belong to group VIII on the periodic table are typically used to catalyse methane partial 

oxidation reactions. Like in most other catalytic processes, nickel is the most widely used in 

methane partial oxidation due to its high activity and relativeness affordability (Lanza et al., 2011). 

However, this type of catalyst is more susceptible to deactivation from carbon formation or sulphur 

poisoning. Thus, numerous experiments have been conducted over the past decade on catalyst 

development to improve the activity as well as the resistance of nickel catalysts against 

deactivation as shown. Methods employed to improve properties of catalysts include promoting 

the catalyst with other metals, choosing appropriate supports, or replacing nickel altogether with 

another metal. The use of CeO2 as support is an alternative option for mitigating coke deposition 
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because it is an oxy-transporter and able to oxidize deposited carbon (Otsuka et al., 1998; Pino et 

al., 2002). The use of zirconia (Asencios et al., 2012; Jing and Zheng, 2006), alkaline earth metals 

(Chang et al., 2000), ceria (Eriksson et al., 2007; Larimi and Alavi, 2012) and other noble metals 

(Basile et al., 2002; Dias and Assaf, 2004; Li et al., 2007; Mukainakano et al., 2008) have been 

used as promoters. Figen and Baykara (2015) in their study compared the performance of Co, Co-

Ni, Co-Ru, Co-Ni-Ru, and Ni catalysts in methane CPOX and observed that the tri-metallic 

catalyst was the most successful in terms of methane conversion and hydrogen production 

efficiency. Due to their high costs, noble metals are rarely used on their own as active metals in 

commercial-scale reactors, but their performance has been studied in many experiments. 

2.2.4.2 Alternative catalysts 

Noble metal-based catalysts have been the subject of many studies because when compared with 

the more conventional Ni, they have a higher activity and resistance to deactivation (Claridge et 

al., 1993). Amongst noble metals, Ru metals are the cheapest while Pt and Rh rank amongst the 

most expensive and can be as much as 3000 times the price of nickel (Velasco, 2015). Therefore, 

it is important for these catalysts to be designed such that their performance and stability offset 

their high cost. One way to make the catalysts cheaper is to use a lower metal loading and make 

sure they are well dispersed on their support.  Alternatively, one may use a cheaper metal as a 

promoter such that the loading of the noble metal is optimized.  

Although they are very expensive, Rh-based catalysts have been most widely used in investigating 

CPOX reactions. Recently, Xu and Lane (2016) observed in their research that using water-treated 

Rh/γ-Al2O3 catalysts in methane CPOX resulted in a high CO selectivity within the temperature 

range of 300℃-600℃. Mateos-Pedrero et al. (2006) discovered that increasing the titanium 

loading on Rh/Ti-SiO2 catalysts resulted in an increase in the activity and hydrogen selectivity due 

to the formation of TiO2 nanoparticles.  

As well as testing for their performance during CPOX, the subject of many studies within the past 

decade has been to determine the effect of the presence of sulphur on the activity of Rh catalysts. 

Shamsi (2009), who compared 6 catalysts of different metals and supports, observed that Rh/Al2O3 

catalyst was the most resistance to deactivation after exposure to H2S. Bitsch-Larsen et al. (2008) 
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discovered that while low levels of sulphur have a negative impact on activity, doubling the sulphur 

level does not result in significant changes in poisoning effects. Torbati et al. (2009) performed 

several tests and concluded that unlike SiO2–Al2O3, La2O3–Al2O3 support acts as a sulphur 

reservoir and reduces the poisoning effects of sulphur. La2O3–Al2O3 stores built-up sulphur, 

thereby minimizing the build-up of sulphur on the active sites of Rh. The impact of the presence 

of Pt and Pd in Rh catalyst on sulphur poisoning inhibition has been tested (Cimino et al., 2013, 

2010; Cimino and Lisi, 2012). It was observed from those studies that compared with un-promoted 

Rh catalysts, Rh with Pt promoters had a higher performance while those with promoted with Pd 

had a lower performance in the presence of 58 ppm of sulphur (Fig. 2.2).  

 

 

Fig. 2.2 The performance of Rh, Rh-Pt and Rh-Pd catalysts in the presence and absence of 58 ppm H2S 

during methane CPOX in air (Cimino and Lisi, 2012) 

 

2.3 Other conventional fuels 

As previously stated, any liquid or gaseous hydrocarbon may be used as fuel for CPOX. Although 

the mechanism for methane CPOX has been the most investigated, much research has been 

conducted on the use of other fossil fuel-derived products as a potential fuel. Peymani et al. (2016) 
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investigated the performance of Ni catalysts in the partial oxidation of methane, ethane (C2H6), 

and propane (C3H8). They observed that although the catalyst had a higher conversion for C2H6 

and C3H8 compared to CH4, coke formation was more pronounced in C2H6 and C3H8 CPOX than 

that of CH4. Liquid fuels are more desirable because they can be transported and stored more easily 

than methane. Due to the high volatility of methane (natural gas), ethane, butane, and propane 

(LPG), a high pressure is required to store them as liquid. Brown (2001) in an extensive research 

investigated the use of many conventional fuels for the production of hydrogen for proton 

exchange fuel cells using both CPOX and steam reforming. The results are summarized in table 

2.3. After considering many factors, they concluded that a combination of steam reforming and 

partial oxidation of methanol was the best candidate for hydrogen production.  Cheekatamarla and 

Finnerty (2008)  tested the performance of a CPOX reformer using various liquids fuels namely 

ethanol, isooctane, hexadecane, synthetic JP8, kerosene and diesel. At optimal operating 

conditions, it was discovered that ethanol CPOX had the highest hydrogen yield and thermal 

efficiency. 

Table 2.3 Theoretical input energies to different processes for hydrogen for fuel cells (Cheekatamarla and 

Finnerty, 2008) 

Process LHV of input 

materials 

(kJ/mol of 

usable H2) 

Enthalpy input 

to process 

(kJ/mol of 

usable H2) 

Total theoretical 

input (kJ/mol of 

usable H2) 

Total theoretical 

input (kJ/kg of 

usable H2) 

Steam-reforming     

Methane 208 76.0 284 0.141 

Methanol 236 56.0 292 0.145 

Ethanol 230 60.0 290 0.144 

Gasoline 209 90.0 299 0.148 

Diesel fuel 210 89.0 299 0.148 

Jet fuel 208 91.0 299 0.148 

     

Partial oxidation     

Methane 313 -17.0 296 0.147 

Gasoline 435 -94.0 341 0.169 

Diesel fuel 436 -96.0 340 0.169 

Jet fuel 442 -102 340 0.169 
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2.3.1 Methanol 

Methanol (MeOH) is one of the more attractive options for partial oxidation because it has a high 

C/H ratio like CH4 but remains as liquid when stored under atmospheric conditions. Much of the 

investigations performed on methanol CPOX has only been done within the last decade. Many 

experiments have been performed to show that methanol is a better feedstock compared to methane 

or higher hydrocarbons. First of all, the absence of C-C bonds in MeOH reduces carbon formation 

on catalysts during gas phase reactions (Chang et al., 2009). Furthermore, methanol CPOX 

responds quickly to changes in operational conditions during these reactions (Cao and Hohn, 

2009).  Lastly, high conversions are achieved at much lower temperatures in MeOH CPOX than 

in methane partial oxidation as can be seen in table 2.4. 

Copper is perhaps the most popular base metal employed in the production of synthesis gas from 

methanol (Chen and Shen, 2016). The use of copper for MeOH oxidation was first employed by 

Huang et al (Wang, 1986)  and has been studied thoroughly ever since. Unlike methane CPOX, 

the major problem faced with MeOH oxidation is rather sintering of catalysts and changes in 

oxidation state of the metal, not carbon formation (Alejo et al., 1997). Araiza et al. (2017) used Cu 

catalysts on ceria support and observed 100% methanol conversion with no negative effects of 

coke even after 24 hours of reaction time.  Recently, manganese has been used as a promoter to 

enhance the reaction by reducing the activation energy (K. Y. Lee et al., 2014).  

Noble metals are known to reduce the activation energy of MeOH CPOX when compared to 

copper, thus lowering the temperature required for the reaction (Huang et al., 2011). Gold (Wang 

et al., 2016), platinum (Chen et al., 2015; Chen and Shen, 2016; Xu et al., 2015), and palladium 

are attractive options when preparing catalysts for MeOH CPOX. However, very little research 

has been done on the use of noble metals for methanol partial oxidation in comparison to methane 

partial oxidation. This is a significant research gap that requires further investigation to better 

understand the role of these metals in enhancing feed conversion as well as yield and selectivity 

of desired products. It has to be noted that although MeOH is potentially a better feedstock than 

methane for CPOX, it is not readily available and has to be produced from methane in a series of 

steps (Venvik and Yang, 2017). The energy demand in each step might be too much and thus 
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nullify the advantages methanol as a fuel has over methane. Thus, life cycle cost analysis is 

required to determine the most cost-effective method.   

 

Table 2.4. Catalysts used in methanol partial oxidation  

Catalyst Support Temperature  Highest MeOH 

Conversion (%) 

Reference 

Au CuO/ZnO 175-275 100  (Yang et al., 

2007) 

Au-Ru Fe2O3 160 - 280 100  (Chang et al., 

2008) 

Au-Cu TiO2/Fe2O3 175-300 96.4  (Chang et al., 

2009) 

Pt C 150- 230  77.0 (Ubago-Pérez 

et al., 2007) 

Pt ZnO 100 - 200 90.0 (Wan and Yeh, 

2007) 

Cu Rice husk ash 200-300 87.0 (W.-S. Chen et 

al., 2010) 

Pd-Zn SBA-15 240-300 81.0 (Eswaramoorthi 

and Dalai, 

2009) 

Pt CeO2 127-277 100 (Ostroverkh et 

al., 2016) 

Cu CeO2 160-280 100 (Araiza et al., 

2017) 

 

2.3.2 Gasoline 

As limited as the research done on MeOH CPOX is, partial oxidation of gasoline (POXG) is a 

process that has received even less attention. Due to the possibility of the use of SOFCs to power 
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automobiles, more research needs to be done to investigate the feasibility of POXG as gasoline is 

the primary fuel source for many vehicles. Since there is already a system for gasoline production, 

storage and sale, the logistics involved in creating a fuel supply system for this process is much 

less complicated when compared to using methanol, methane, or other conventional fuels in a fuel 

cell system.  

Pure compounds have sometimes been used to represent gasoline because it is a complex mixture 

of hundreds of hydrocarbons with different functional groups (Battin-Leclerc, 2008), making 

studying the kinetics of POXG difficult. It requires developing stable catalysts and understanding 

the thermodynamic behaviours of intermediate reactions (Ibrahim and Idem, 2008). Thus, initial 

studies on gasoline partial oxidation were done using gasoline surrogates as feedstock. The most 

common surrogates used in past experiments were  isooctane (Bkour et al., 2017; Ibrahim and 

Idem, 2006; Jia and Xie, 2006; Moon et al., 2002; Villegas et al., 2005) and n-heptane (Puolakka 

et al., 2006; Ran et al., 2003; Zhu et al., 2004). Ibrahim and Idem (Ibrahim and Idem, 2007) studied 

the microkinetics of POXG using a synthetic gasoline (SG) as fuel and developed a rate expression 

after proposing reaction mechanisms based on the Langmuir–Hinshelwood–Hougen–Watson 

(LHHW) model. The composition of this SG was isooctane (45.5 vol %), 1,2,4-trimethylbenzene 

(40.4 vol%), methylcyclohexane (5.10 vol%), 1-octene (4.70 vol%) and hexane (4.30 vol%).  

Within the last decade, the majority of researchers tend to use isooctane (i-C8) (Ibrahim and Idem, 

2007). Hartmann et al. (2010) tested the performance of rhodium/alumina catalysts in CPOX of 

isooctane using varying fuel/oxygen ratios. They discovered that using stoichiometric amounts of 

oxygen resulted in high hydrogen and carbon monoxide selectivity while higher than 

stoichiometric amounts resulted in total oxidation, i.e. higher selectivity for carbon dioxide and 

water. Coke formation was a problem encountered when using lower than stoichiometric amounts 

of oxygen because it resulted in the formation of by-products which were precursors to carbon. 

Hartmann et al. (2011) in another experiment using the same catalyst and fuel observed that 

decreasing the residence time resulted in higher fuel conversion and hydrogen yield. They 

observed many side products other than CO and H2 were formed because there were so many C 

and H atoms present in the feed, thereby increasing the number of possible products that could be 

formed. A major component of the side products is methane, followed by lower olefins and lower 
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alkanes (Fig. 2.3). Carrera et al.  (2017) was another group that tested rhodium/alumina coated 

monoliths for the partial oxidation of isooctane and discovered that mass transferred was lower 

compared with CPOX of methane. This was due to a lower diffusion coefficient, resulting in 

hotspots which had negative effects on catalyst activity. These hotspots caused sintering which 

leads to slower reaction kinetics and thus, lower isooctane conversion.  

 

Fig. 2.3  Concentrations of by-products and feed remaining in the outlet stream during CPOX of i-C8 as a 

function of C/O ratio (Hartmann et al., 2010) 

 

Like CPOX of many fuels, Ni-based catalysts are widely used in POXG due to their low cost and 

versatility. However, other catalysts have been developed for the partial oxidation of gasoline 

surrogates. Marin Flores and Ha (2009) compared the performance of MoO2 catalyst for the partial 

oxidation of isooctane and observed that the MoO2 catalyst was stable even after 20 h on stream 

while the Ni catalyst deactivated due to carbon formation after about 150 min of reaction.  When 

Mo is used as a promoter for Ni in bimetallic catalysts, it is able to enhance the catalyst activity as 

well as stability (Bkour et al., 2017). Thus, Mo which is significantly more expensive does not 

need to completely replace Ni to achieve a higher performance. Diehm et al. (2012) compared the 

0

2000

4000

6000

8000

10000

0.8 1 1.2 1.4 1.6 1.8 2

C
o
n
ce

n
tr

at
io

n
 (

p
p
m

)

C/O

i-Octane (19.3 ppm at C/O = 2.0)

CH₄

i-Butylene

Propylene

Acetaldehyde

Ethane

Ethylene



20 

 

 

 

CPOX behaviour of ethanol/isooctane blends with commercial gasoline blends and discovered that 

the product yields were similar, thus proving that the two-component mixtures can be used as a 

model to represent commercial fuels. However, the reaction kinetics of POXG has not been 

investigated into as much detail compared to partial oxidation of other conventional feedstocks.  

2.3.3 Jet fuel 

The aviation industry have considered replacing conventional gas turbine auxiliary power units 

(APUs) with ones that are fuel cell based to increase conversion efficiency (Gummalla et al., 2006). 

The absence of adequate hydrogen infrastructure and storage capacity technology requires 

integrated fuel cell systems that can process aviation fuel. Thus, considerable efforts have been 

made to design integrated systems for maximizing fuel efficiency in aeroplanes while reducing 

emissions such as CH4, NOx and COx (Eelman and Krieg, 2004; Liu et al., 2013; Whyatt and 

Chick, 2012). Jet fuel is the most readily available and logical fuel choice for APUs in aircraft. 

However, like gasoline, aviation fuel is also a complex mixture of hydrocarbons which makes the 

development of catalysts for its reforming challenging (Wierzbicki et al., 2016).  

Shi and Bayless (2008) conducted a comparative numerical study of autothermal reforming and 

CPOX of a mixture of 12 different aviation fuel surrogates and their individual components, as 

shown in table 2.5. It has been observed that the presence of aromatics in jet fuel promotes 

deactivation due to carbon formation when nickel is used as catalyst (Gould et al., 2008) during 

reforming.  To address this issue, Marin-Flores et al. (2010a, 2010b) used n-dodecane as a 

surrogate with MoO2 as a catalyst and tested their resistance to deactivation. After comparing the 

stability of the tested catalyst with that of commercial nickel, they observed that MoO2 has better 

coke resistant properties for CPOX of jet fuels.  Wierzbicki et al. (2015) showed that increasing 

the aromatic content in rhodium assisted oxidation of blends of dodecane and m-xylene actually 

increased catalyst activity. Thus, it is possible to achieve high catalytic activity and activity without 

having to change the fuel composition by decreasing the aromatic content.  

The presence of sulphur in jet fuel contributes to sulphur poisoning and blocks the active sites for 

steam reforming reactions, thus changing the product distribution. However, it does not affect the 

rate of carbon formation (Bär et al., 2016). Although much work has been done recently on the 
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reforming of jet fuel, much emphasis has been placed on steam reforming rather than partial 

oxidation (Wierzbicki et al., 2016). The steps involved in the partial oxidation of aviation fuel is 

not as known as that of steam reforming. This research gap provides the opportunity for many 

studies to be done on catalyst performance and deactivation mechanisms of jet fuel CPOX. 

Table 2.5 Characteristics of jet fuel surrogate components used for partial oxidation by Shi and Bayless (Shi 

and Bayless, 2008) 

Compound Molecular formula Mass (%) LHV (kJ/kmol fuel) 

Isooctane C8H8 3.66 0.506 

n-Decane C10H22 16.1 0.629 

n-Dodecane C12H26 22.5 0.751 

n-Tetradecane C14H30 16.9 0.873 

n-Hexadecane C16H34 12.2 0.995 

Methylcyclohexane C7H14 3.51 0.426 

Cyclooctane C8H16 4.54 0.491 

n-Butylbenzene  C10H14 4.72 0.556 

1,2,4,5-Tetramethylbenzene C10H14 4.28 0.551 

m-Xylene C8H10 3.95 0.433 

Teralin C10H12 4.14 0.536 

1-Methylnaphthalene C11H10 3.49 0.560 

 

2.4 Biofuels 

Biofuels are liquid and gaseous fuels used for transport and are derived from biomass. While it has 

been well-documented that the use of fossil fuels for energy generation is convenient and time-

tested, this practice presents two major challenges. The first is that their sources are non-renewable 

and their use could potentially lead to future fuel shortages. Secondly, the net CO2 released when 

using these fuels could lead to environmental problems (Jacobson, 2004). Thus, much effort has 

been focused on studying the use of biofuels for CPOX.  Biomass-derived fuels are advantageous 

because they contribute to a sustainable economy, are readily available from many sources and are 

considered environmentally friendly (Demirbas, 2007; Gaurav et al., 2017). 



22 

 

 

 

 

2.4.1 Bioethanol 

Ethanol as fuel presents several advantages over the previously discussed fuels. First of all, it is 

from a renewable source, which means that the CO2 produced in using it as a fuel is consumed 

when the source of fuel is replenished (Bentley and Derby, 2002). Secondly, like gasoline, ethanol 

(EtOH) has an already-established infrastructure for production and distribution in countries like 

the United States and Brazil where it is blended with gasoline. Furthermore, ethanol is free of 

sulphur and will not cause catalyst poisoning. The absence of aromatics in pure bioethanol also 

significantly reduces the extent of catalyst deactivation during EtOH reforming. These attractive 

properties of ethanol were the reasons why the first SOFC automobile developed ran on pure 

bioethanol (Greimel, 2016). Bioethanol is produced by fermentation of the simple sugars extracted 

from corn or cellulosic biomass (Agarwal, 2007). 

The development of catalysts for the partial oxidation of ethanol is key in making their application 

in fuel cells economically viable in the future (Mattos and Noronha, 2005). Like MeOH CPOX, 

many experiments conducted on the partial oxidation of ethanol in the last decade has been done 

using copper or noble metals as catalysts (table 2.6). The reactions involved in partial oxidation 

are numerous, forming many side-products such as acetaldehyde and methane (Costa et al., 2007). 

Thus, controlling the selectivity of carbon monoxide and hydrogen is crucial. Simonov et al. (2016) 

in their study discovered that methane and acetaldehyde are not present in the product gas at 

reaction temperatures above 600 ℃, concluding that increasing reaction temperature of ethanol 

CPOX will increase the selectivity of hydrogen and carbon monoxide. 

With the recent development of automobile prototypes that run on ethanol-powered fuel cells, it 

appears the first commercial production of SOFCs system will use ethanol as fuel. This is 

especially promising because it will be a major step towards the reduction of greenhouse gas 

emissions and provide a competitive alternative to power generation in internal combustion 

engines and petroleum-powered boilers.  
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Table 2.6 Advances in catalyst development for ethanol partial oxidation  

Catalyst  Reactor type Temperature 

(℃) 

Reference  

Pt/Al2O3 Monolith  200-600 (Livio et al., 2013) 

Co/CeO2 Fixed-bed ∼ 225-425 (de Lima et al., 

2009) 

CoAlZn  Fixed-bed 400-750 (Kraleva et al., 

2014) 

NiAlZn Fixed-bed 400-750 (Kraleva et al., 

2014) 

Co/Al2O3  Fixed-bed 400-600 (Kraleva et al., 

2013) 

Ni/Al2O3 Fixed-bed 400-600 (Kraleva et al., 

2013) 

Ni/ZnO Fixed-bed 400-600 (Kraleva et al., 

2013) 

Co/ZnO Fixed-bed 400-600 (Kraleva et al., 

2013) 

CuCr/Al2O3 - 25.0- 500 (Carotenuto et al., 

2013) 

CuZn/Al2O3 - 0- 500 (Carotenuto et al., 

2013) 

Ni/Al2O3 Monolith 300-600 (Rodrigues and 

Schmal, 2011) 

Co3O4/γ-Al2O3 Cordierite monolith  300-800 (Rodrigues et al., 

2010) 

Ni + CexZr1-xO2 Fixed-bed quartz-tube 

reactor 

400-900 (Wang et al., 2012) 

Rh/Al2O3 Pd-Ag membrane reactor 450 (Iulianelli et al., 

2010) 

Pt/CNT* Packed bed quartz 

reactor 

100-500 (Teng and Chiu, 

2013) 

Pt/Al2O3 Packed bed quartz 

reactor 

100-500 (Teng and Chiu, 

2013) 

Pt/ ZrO2 Packed bed quartz 

reactor 

100-500 (Teng and Chiu, 

2013) 

Pt/CeO2 Packed bed quartz 

reactor 

100-500 (Teng and Chiu, 

2013) 

Co3O4/Al2O3 Cordierite monolith 420 (Gómez-Cuaspud 

and Schmal, 2014) 

NiO/Al2O3 Cordierite monolith 420 (Gómez-Cuaspud 

and Schmal, 2014) 
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CuO/Al2O3 Cordierite monolith 420 (Gómez-Cuaspud 

and Schmal, 2014) 

CuO/Al2O3 Cordierite monolith 300-800 (Rodrigues et al., 

2009) 

Pt/Pr0.15Sm0.15Ce0.35Zr0.35O2 Fixed-bed 400-700 (Simonov et al., 

2016) 

Rh/Al2O3 Cordierite Monolith 227-927 (Hebben et al., 

2010) 

*Carbon nanotube 

 

2.4.2 Biodiesel  

The preferred fuel for mobile APUs is ultra-low sulphur diesel (Nehter et al., 2011) mainly due to 

their commercial availability. The first prototype to use diesel as fuel for SOFC stacks was 

developed in 2002 (Lawrence and Boltze, 2006). Biodiesel can be produced by base-catalysed 

transesterification of vegetable oil and animal fat with short chain alcohol.  Biodiesel is a complex 

mixture of fatty acids, water, sterols, phospholipids and other impurities (Meher et al., 2006). The 

composition of the fuel depends on what feedstock is used to make it and the method of production. 

Therefore, understanding the mechanism of partial oxidation of biodiesel is just as challenging as 

that of gasoline.  

Several works have been done on partial oxidation of diesel and biodiesel in recent years. In most 

cases, surrogates rather than the actual fuel are used due to their less complex composition. For 

example, to test for the deactivation of catalyst during partial oxidation of diesel, Haynes et al. 

(2010a, 2010b) used n-tetradecane, 1-methylnaphthalene and dibenzothiophene to represent the 

major paraffin, aromatic, and sulphur compounds, respectively, commonly found in diesel fuels. 

Lee et al., (2014) on the other hand used n-dodecane, 1-methylnaphthalene and dimethyl 

disulphide as surrogates for paraffin, aromatic and sulphur compounds respectively. Cuba-torres 

et al., 2015) tested MoO2 catalysts on 9 – octadecenoic acid – methyl ester as surrogate which also 

happens to be the major component of soy-based biodiesel. A similar research was done on the 

same surrogate using NiMo alloys on Mo2C support and catalyst performance was measured as a 

function of calcination temperature (Shah et al., 2015). It was observed that the catalysts prepared 

at lower calcination temperatures resulted in higher activity when compared ones synthesized at 
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higher temperatures.   On the other hand, Granlund et al. (2015) used commercial biodiesel for 

their work. When they compared CeO2-ZrO2 to Al2O3 support for Rh catalysts in biodiesel 

oxidation, they observed that coke formation in Al2O3-supported catalysts was five times more 

than that in CeO2-ZrO2. Therefore, ceria and zirconia supports are more suitable for CPOX of 

higher hydrocarbons than alumina.  

2.4.3 Bio-oil 

Bio oil is a dark organic liquid derived from thermal degradation of cellulose, hemicellulose and 

lignin. Its composition varies depending on the biomass source and method of production. The 

main method of bio-oil production is fast pyrolysis of suitable biomass like corn stover, rice husks, 

wood, barley straw and other agricultural crops (Zhang et al., 2005). Most bio-oils generally are 

composed of water, sugars, phenolics, carboxylic acids, and aldehydes (Sipila È et al., 1998).  It is 

important to know the elemental composition of bio-oil to know the stoichiometric amount of 

oxygen required (C/O ratio) and theoretical syngas yield per unit amount of fuel. The amount of 

oxygen present in the fuel affects how much oxygen is required while the presence of hydrogen 

determines the yield of hydrogen. Table 2.7 shows the typical properties of bio-oil including 

elemental analysis. The use of bio-oil for transportation fuel requires upgrading procedures that 

are expensive (Ayalur Chattanathan et al., 2012). Therefore, the reforming of bio-oil to syngas and 

hydrogen has been proposed recently to eliminate the need for upgrading.  
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Table 2.7 Typical properties of bio-oil derived from fast pyrolysis (Oasmaa and Czernik, 1999) 

Moisture content (wt %) 15.0 - 30.0 

pH 2.00 - 3.00 

Viscosity at 50 ℃ (cP) 13.0 - 80.0 

Density (kg/m3) 1.10 - 1.30 

Flashpoint (℃) 50.0 - 100 

LHV (MJ/kg) 

 

Elemental composition (wt %) 

13.0 - 18.0  

C  32.0 – 49.0 

H  6.90 - 8.60 

N  0 - 0.200 

S  0 - 0.0500 

O  44.0 - 60.0  

Ash  0.00400 - 0.300 

 

The production of hydrogen from pyrolysis oil by steam reforming has been studied extensively 

in the past (Chen et al., 2011; Galdámez et al., 2005; Hu and Lu, 2010; Kechagiopoulos et al., 

2006; Wang et al., 1998, 1997, 2007, Wu and Liu, 2011, 2010, Yan et al., 2010b, 2010a). However, 

very limited has been done on CPOX of bio oil or its surrogates. Marda et al. (2009) performed 

non-catalytic POX on bio-oil produced from fast pyrolysis of poplar wood. They were able to 

produce syngas at relatively low temperatures. One noteworthy observation was that the amount 

of oxygen added for partial oxidation had a greater effect on conversion than temperature. High 

yields of CO were obtained during thermal POX which meant that the metal loading in catalysts 

required for CPOX of bio-oil should not be much. Table 2.8 highlights the work that has been done 

on CPOX of bio-oil. Much like the previous fuels previously discussed, coke formation is a major 

problem faced during the conversion of bio oil into syngas, especially when Ni is used. The use of 

noble metals instead of Ni addresses the problem of coke deposition. A less costly alternative is 

the co-feeding of methane or methanol in the feed which significantly increases catalyst stability 

(Rennard et al., 2010).  
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Table 2.8 Catalysts used for CPOX of pyrolysis oil and surrogates 

* Conversion values higher than 100% were likely a result of experimental error

Model liquid Catalyst/support Reactor Temperature 

(℃) 

Conversion 

(%) 

Notes Reference 

Propionic 

acid, lactic 

acid, ethyl 

lactate, ethyl 

propionate 

Pt/Al2O3, 

Rh/Al2O3, Rh-

Ce/Al2O3, Rh-

La/Al2O3 

Quartz 

reactor 

600-1200 80.0 -100 • Rh show higher syngas selectivity 

than Pt-based catalysts 

• Lactic acid decomposes to form 

intermediate acetaldehyde, 

propionic acid forms ethylene, 

esters decompose to form acids 

• Addition of Ce and La increases 

selectivity to syngas 

(Rennard et 

al., 2008) 

Acetic acid, 

acetaldehyde  

V2O5/TiO2 Fixed bed 150-200 5.00 - 88.0 • CPOX of acetaldehyde only 

produced CO2 while CPOX of 

acetic acid generated 

acetaldehyde, CO, and CO2 

(Zhu, 2016) 

Acetaldehyde, 

ethanol, 

acetic acid, 

dimethyl 

ether, 

ethylene 

glycol,  

 

Pt/Al2O3, 

Rh/Al2O3, 

Foam 

monolith 

300-700 20.0 – 90.0 • Rh gave higher conversion that Pt 

• Pt had longer activity for some of 

the fuels 

• Presence of Al2O3 on foam 

monolith had less effect on 

selectivity and conversion than O2 

 

(Kruger et 

al., 2011a, 

2011b) 

Pyrolysis oil 

(from poplar, 

pine and 

hardwoods), 

CH4, MeOH 

(as additives) 

Rh-Ce/Al2O3 Foam 

monolith 

700-800 83.0 - 105* • Carbon formation was a major 

challenge in reactor design  

• Co-feeding of CH4 and MeOH 

results in higher catalyst stability  

 

(Rennard et 

al., 2010) 
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2.5 Kinetic modelling  

Just as in the experimental studies, much of kinetic modelling on partial oxidation systems is on 

methane CPOX (Beretta et al., 2009; Dalle Nogare et al., 2008; Donazzi et al., 2008; Korup et al., 

2013; Liso et al., 2011; Sari, 2017). Due to the relative non-complexity of the CH4 molecule, it is 

much easier to develop accurate models for partial oxidation of methane. In addition to measuring 

spatial profiles of methane CPOX reactions, models have also been developed for the prediction 

of carbon formation (Korup et al., 2012) and temperature profiles in the catalysts bed. In modelling 

the kinetics of methane partial oxidation, one may decide to use either the direct or indirect 

mechanism as described in section 2. Researchers (Bharadwaj and Schmidt, 1995; Deutschmann 

and Schmidt, 1998; Schmidt and Huff, 1994) in the past have proposed that direct oxidation is 

responsible for  the conversion of CH4 in the presence of oxygen into syngas. This conclusion was 

made based on the observation that syngas yield increased with time for short contact times but 

plateaued when the time was increased. Hickman and Schmidt 1993, 1992) inferred from the 

observations that CH4 was cracked on the catalyst surface to it constituent atoms, followed by the 

reaction of adsorbed O2 molecules with C atoms and recombining of H radicals.  

On the other hand, Maestri et al.  (2009) in their microkinetic modelling of methane CPOX on Rh 

catalysts observed that total oxidation occurred at low reaction temperatures, but high temperatures 

resulted in the consumption of the combustion products and subsequent production of syngas. 

They observed that the gas, the reactor and catalyst temperature initially increase with axial 

position before hitting a maximum peak, after which it decreases till the end of the reactor. This 

phenomenon was observed in similar works (W.-H. Chen et al., 2010; Korup et al., 2011). The 

observations were attributed to syngas product by the indirect route where there are up to three 

reactive zones: the combustion zone, the combined combustion/partial oxidation zone, and the 

water gas shift reaction/steam reforming zone. Exothermic reactions take place in the combustion 

zone, where heat is generated and increases gas and reactor temperature. Endothermic reactions in 

the water gas shift reaction zone absorb heat from the gas, reactor and catalyst bed in the case of 

packed bed reactors.  
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Nevertheless, the mechanism for the partial oxidation remains the subject of debates till date. Due 

to short contact times of CPOX reactions, many researchers in the past to draw conclusions about 

the mechanisms from global measurements. However, in-situ spectroscopic measurement 

techniques have been employed in recent times to investigate the change in process conditions at 

different positions within a catalyst bed. For example, Horn et al. (2007) were able to use quarts 

capillary tubes to measure the spatial temperature and gas composition down the length of Rh and 

Pt catalyst beds. Thermocouples within the tube were used for temperature measurement while a 

mass spectrometer was used to analyse the gas species. Using this method, they observed that 

indirect mechanism was responsible for syngas production. Interestingly, more CO2 was formed 

within the WGSR zone, indicating that CO2 reforming was responsible for the production of CO. 

Rather, unconverted methane reacted with steam.  

Another method of finding spatial profiles of catalyst beds during a reaction is x-ray absorption 

spectroscopy. Grunwaldt et al. (2006) were among the first to use this method for 2D mapping of 

Rh catalyst bed under methane CPOX conditions. They observed structural changes in the bed, 

both in the axial and radial direction. The observed profile was an indication that methane 

combustion dominates in the first part of the reactor, followed by methane reforming. In addition, 

they observed that the Rh was fully oxidized after the formation of CO and H2 which suggested to 

things: 1) metallic Rh species were needed for the reforming reaction and 2) methane reforming, 

not direct oxidation was not responsible for syngas production. A later work (Grunwaldt et al., 

2009) was done using quick Extended X-Ray Absorption Fine Structure technique to study the 

ignition and extinction behaviour of methane CPOX over Pt and Pt-Rh catalysts on alumina 

support. The study revealed that ignition is markedly faster than extinction and occurs when the 

reaction is self-propagated by heat generation at the end of the bed. This self-accelerated reaction 

leads to the reduction of the metal species which propagate from the end of the bed towards the 

entry. As a result, oxygen is immediately consumed at the entry of the catalyst bed.   

While there is much literature on kinetic modelling of methane CPOX systems, not much 

numerical study has been done CPOX of other fuels. Models of homogeneous reactions using 

current kinetic mechanisms are unable to accurately predict product distribution because they do 

not consider the influence of catalysts (Scenna and Gupta, 2016; Wierzbicki et al., 2015). The 

complexity of the fuels and the large molecular weight of their components means that during their 
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partial oxidation, many products other than syngas may be formed.  In ethanol CPOX, the initial 

step is the dehydrogenation of adsorbed ethanol to acetaldehyde (Idriss, 2004). This step is the 

same for most metals and metal oxides. The subsequent steps vary, depending on the type of 

catalyst used. For example, acetylene further undergoes dehydrogenation to form ethylene oxide 

on platinum and rhodium metals (Brown and Barteau, 1993; Mavrikakis et al., 1998) as shown in 

Fig. 2.4. On basic oxides such as CeO2 (Idriss et al., 1995) or ZnO (Vohs and Barteau, 1989), 

adsorbed acetylene reacts with gaseous oxygen to form acetate. After dehydrogenation, acetylene 

decomposes to form methane and carbon monoxide. Methane may undergo partial oxidation or 

steam reforming reactions for syngas production. However, this mechanism is a simplified version 

of one that may involve hundreds of elementary steps. Kilpiö et al. (2017) used a combination of 

LHHW, Mars van Krevelen and Power law kinetics to model the partial oxidation of ethanol with 

gold nanoparticles as the catalyst. They were able to accurately predict the effect of changes in 

reaction parameters on catalysts performance after validating their results with experimental data. 

The heterogeneous reactions of liquid oxygenated fuels with higher average molecular weights are 

even more complex and very difficult to model. Due to the high carbon content of these molecules, 

a substantial number of side-products may form, making the development of an accurate model of 

their catalytic reactions a challenge. Recent kinetic models of partial oxidation of heavy 

hydrocarbons employ the simple method of using two-step mechanisms. The first step involves 

the cracking of the fuel into lower hydrocarbons such as methane and ethane followed by 

adsorption on the active sites of the catalyst. The second step is homogenous or heterogeneous 

reactions of these lower alkanes. Because there is a lot of literature on the mechanism of reactions 

of low molecular weight hydrocarbons, it makes the development of a model based on this two-

step mechanism less complex. Khan et al. (2012) used experimental data from the partial oxidation 

of synthetic diesel to develop a power law rate model which had an average absolute deviation of 

less than 15 % from the experimental data. Hartmann et al. (2010) were able to numerically study 

CPOX of isooctane in Rh/Al2O3 monoliths using a two-stage reaction mechanism which included 

857 gas-phase and 17 adsorbed species. They discovered that syngas was formed in the 

heterogeneous reaction zone while olefins where formed in the homogenous zone which was 

characterized by thermal cracking. This mechanism was able to predict the formation of coke 

precursors during the partial oxidation of isooctane on Rh catalyst. Ibrahim and Idem Ibrahim and 
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Idem (2007) in their kinetic study of synthetic gasoline CPOX developed and tested 18 models 

using the Langmuir-Hinshelwood-Hougen-Watson and Eley-Rideal (ER) mechanisms. To avoid 

too many complications, it was assumed that CO and H2 were the only products whose 

concentrations affected the rate of reaction. The model that best predicted the experimental results 

was the dual-site LHHW mechanism with the reaction of adsorbed O2 and gasoline as the rate 

determining step. This model was able to predict the rate of syngas formation with 11% error. Such 

model is especially helpful for developing reaction systems for optimal production of syngas. 

However, to understand the mechanism of formation of secondary products in gasoline such as 

CH4 and CO2 (Jia and Xie, 2006; Ó Conaire et al., 2004), they have to be included when developing 

reaction systems so that a more accurate model is obtained. Hohn and DuBois (2008) developed a 

fairly accurate equilibrium model for CPOX of JP-8 with low fuel/oxygen ratios. The effects of 

high C/O ratios could not be studied because the equilibrium model could not account for the 

effects of catalysts on reducing olefin production via cracking. This presents a major research gap 

that presents the opportunity to develop models for heterogeneous catalytic reactions of not just 

aviation fuel, but all other oxygenated liquid fuels.  
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Fig. 2.4 The proposed mechanism of ethanol partial oxidation on Pt, Pd, Rh and Pt-Rh surfaces (Hohn and 

Lin, 2009) 
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2.6 Conclusions and Recommendations 

The use conventional and renewable fuels for the production of syngas via catalytic partial 

oxidation has been reviewed. Methane in the form of natural gas is the preferred fuel for stationary 

power generation because it is readily available and has a low C/H ratio, making its partial 

oxidation process inherently resistant to coke formation. In addition, the reformate has a higher 

hydrogen content. However, for automotive applications, liquid fuels are preferred because they 

are stored more easily. Among the liquid fuels, the partial oxidation of methanol is the most desired 

route because high conversions are achieved at very low temperatures. However, much energy 

might be required for the production of methanol. Gasoline and biodiesel are also good options 

because they have a well-established infrastructure for production and distribution. However, due 

to their composition which is very complex, not much research has been done on the partial 

oxidation of these fuels. The few experimental works done on them have been performed using 

surrogates instead of the commercial fuel. Ethanol has shown the greatest promise because the 

infrastructure required for its production is already in existence, and since it has known 

composition, there have been great strides made in developing catalysts for ethanol CPOX.  

Carbon formation and to a lesser extent, sulphur poisoning is a challenge that is faced during 

CPOX of all fuels, especially large molecular weight hydrocarbons. Although Ni metals remain a 

popular choice for catalyst preparation, much of the research done in the last ten years have focused 

on copper and noble metals due to their higher activity and stability. Alumina supports have given 

way to ceria and zirconia supports due to their resistance to deactivation. It is therefore 

recommended that these catalysts and supports should be tested on the partial oxidation of 

renewable fuels such as biodiesel and bio-oil. Secondly, commercial gasoline and biodiesel should 

be used in experiments to investigate catalyst performance deactivation during CPOX of these 

fuels. The performance of catalysts during CPOX of oxygenated fuel surrogates should be 

compared with that of the actual fuels to determine how similar experimental results are to reality.  

Much work has been done on kinetic modelling of methane CPOX. However, the literature on 

modelling of reaction systems for heavy hydrocarbons, both from conventional and renewable 

sources is limited. In addition, there are very few models that accurately predict the formation of 

intermediates or the effects of carbon formation or sulphur poisoning. The development of such 
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accurate models is recommended to further understand the surface reactions and catalyst 

deactivation. 
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Chapter 3 INVESTIGATING THE EFFECTS OF COKE ON HEAT AND 

MASS TRANSFER IN A FUEL CELL REFORMER 

3.1 Abstract 

The use of solid oxide fuel cells to replace internal combustion engines in automobiles has 

increased in recent years. However, the performance and stability of catalysts in the presence of 

carbon is key for the commercial success of fuel cell reformers. In this paper, finite element method 

was used to study the effect of coke deposition on heat and mass transfer during the catalytic partial 

oxidation of ethanol in a packed bed reactor. The properties of Ni/Al2O3 catalyst bed were 

investigated after subjection to several hours of carbon buildup. Bed permeability, porosity and 

temperature distribution were significantly affected after just 1500 s of reaction time. It was 

observed that void fraction and permeability became non-uniform across the bed. These two 

parameters decreased with axial position and the difference became more pronounced with time. 

A decrease in bed porosity reduced the bed temperature due to increase in effective thermal 

conductivity and ethanol conversion and hydrogen selectivity decreased as a result. Thus, it was 

concluded that heat transfer becomes a limiting factor in reforming reactions in the presence of 

carbon.  Production distribution prior to deactivation was also studied and it was observed that a 

maximum ethanol conversion of 100% was achieved at 600 ℃ and C/O ratio of 1.0. Finally, results 

from the reactions were compared with that of a different study to validate the reaction mechanism 

and similar results were found in literature. 

3.2 Introduction  

Synthesis gas production via catalytic partial oxidation (CPOX) of hydrocarbons for fuel cells has 

gained much attention in recent years. While many fuels including natural gas, diesel and gasoline 

have been investigated, ethanol appears to be the fuel best suited for automobile applications for 

several reasons. Firstly, the infrastructure for fuel grade ethanol production already exists. 

Secondly, bioethanol is obtained from biomass which is a renewable resource and thus has a net 

zero carbon footprint. Furthermore, ethanol has the least amount of C atoms per molecule among 

all the possible liquid transportation fuels, making syngas selectivity high in ethanol CPOX. Due 

to these desirable properties, the first solid oxide fuel cell (SOFC) powered automobile that was 

developed ran on bioethanol [1]. 
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One of the major challenges faced in making ethanol-fueled SOFC motor vehicles profitable is the 

development of suitable catalysts for ethanol CPOX [2]. The reaction mechanism of partial 

oxidation is complex and side-products such as acetaldehyde, methane and other lower alkanes 

can be formed [3]. This means that controlling selectivity of carbon monoxide and hydrogen is 

crucial because they are the only major products that are desired. Simonov et al [4] found in their 

study that the aforementioned side-products are absent in the product gas when reaction 

temperatures are above 600 ℃, and thus concluded that an increase in reaction temperature during 

ethanol CPOX will increase the selectivity of carbon monoxide and hydrogen. Hebben et al in 

their study realised that decreasing the C/O ratio in the feed can also limit the formation of side 

products [5]. 

Another property of a suitable catalyst is to reduce the rate of reactions responsible for carbon 

formation. The presence of carbon has a detrimental effect on the rate of reaction for several 

reasons. Unlike other side-products, carbon is solid and thus does not flow out of the reacting 

medium.  Thus, when soot is formed, it stays behind in the catalyst bed, blocking the active sites 

and/or pores of the catalysts, and limiting the rate of other reactions [5]. Partial oxidation reactions 

are exothermic and thus are not limited by heat transfer but rather by reaction kinetics. The 

presence of soot renders the reforming reactions mass transfer-limited because good transport is 

required between reactants and active sites of the catalyst [6]. The number of active sites 

determines the activity, and thus the presence of carbon reduces the activity of a catalyst.    

Depending on the rate of carbon formation, the catalyst might lose its initial activity in a matter of 

hours or even minutes. The primary aim of developing novel catalysts is to maintain the initial 

activity for longer periods of time before the catalysts need to be replaced or regenerated [7]. 

Although the kinetics of carbon deposition during ethanol CPOX has been studied in the past [8,9], 

few studies have been done on coke formation on heat and mass transfer properties of the reacting 

medium. The primary focus of past studies was to determine the effect of carbon on catalyst 

performance [10–12]. Because CPOX reactions are complex, it is difficult to experimentally 

measure heat transfer and fluid flow [13]. 

Experiments have been performed in the past to study the general effects of soot on a packed bed 

in the absence of CPOX reactions. Borisova and Adler [14] in their study of methane 

decomposition in a Ni bed discovered that low Damköhler numbers (less than one) resulted in a 
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uniform change in bed porosity. That is, when the convective mass transfer rate is significantly 

higher than reaction rate, the change in bed porosity from carbon deposition can be estimated 

analytically. However, these results were in the absence of other reactions. It has been also reported 

that the presence of coke in a Pt/Al2O3 bed can significantly decrease the effective diffusivity of a 

porous medium [15]. Nasrin [16] numerically analysed the effects of reaction rate and heat of 

reaction of hypothetical gas phase reactions on several parameters including Nusselt and Sherwood 

Numbers and temperature and concentration distribution. However, this model was developed 

without considering catalyst deactivation. The primary aim of the present study is to bridge this 

research gap by analysing the effect of coke on heat and mass transfer properties of a packed bed 

in a fuel cell reformer specifically for catalytic partial oxidation of ethanol.  

 

3.3 Problem formulation 

Analysis of ethanol CPOX kinetics shows that temperature is a significant factor which affects the 

rate of reaction. The flow of reactants and products transports both mass and energy in just one 

direction. The heat transfer equation calculates the temperature of the reacting gas and conductive 

heat transfer within the catalyst bed. The temperature affects both the reaction kinetics and reacting 

gas properties, making the energy equation very important in this model. Fully-developed laminar 

flow is assumed in the reactor such that the average flow field is a linear function of the pressure 

difference along the reactor length, which is the x-direction (Fig. 3.1).  

 

3.3.1  Reactor model 

The packed bed reactor, shown in Figure 1 is divided into two sections: the first section, a hollow 

cylindrical tube is the preheater where the reactants are heated to a temperature of 300 ℃. The 

second section is the packed bed where all the catalytic reactions occur. It is assumed that there is 

no thermal decomposition of ethanol before it reaches the catalyst bed. The reactions in the bed 

occur autothermally and the heat generated by exothermic reactions is transferred to the reacting 

gas and the bed. The walls of the bed section are insulated such that heat loss is minimized. 



59 

 

 

 

Fig. 3.1 Schematic of model geometry 

 

3.3.2 Reactions 

The proposed reaction pathway for partial oxidation of ethanol on Ni/Al2O3 catalysts is as follows: 

Decomposition: 

CH3CH2OH → CH4 + CO + H2                                                                                                                  R1 

Combustion: 

CH4 + 2O2 → 2H2O + CO2                                                                                                                         R2 

Steam reforming: 

CH4 + H2O ⇆ 3H2 + CO                                                                                                                             R3 

Water-gas shift: 

CO + H2O ⇆ H2 + CO2                                                                                                                                R4 

Reverse methanation:  

CH4 + 2H2O ⇆ 4H2 + CO2                                                                                                                        R5 

In this model, it is assumed that carbon formation occurs as a result of methane decomposition as 

shown in reaction 6.  

CH4 → 2H2 + C                                                                                                                                              R6 

 

The decomposition of ethanol into CH4, CO and H2 was proposed by Sun et al [17] with the 

following rate equation: 

r1 = k1PEtOH                                                                                                                                                (1) 
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The mechanism of methane combustion on platinum was formulated by Ma et al [18] using 

Langmuir-Hinshelwood formulation and the rate equation (equation 2) was determined.  

r2 =
k2PCH4√PO2

(1 +  K1PCH4
+ K2√PO2

)
2                                                                                                                (2) 

Xu and Froment [19] developed a set of reactions for reforming of methane on Ni and their rates 

are expressed in equations 3-5 

r3 =

k3 (PCH4
PH2O −

PH2

3 PCO

Ke,3
)

PH2

2.5 DEN−2                                                                                                    (3) 

r4 =
k4 (PCOPH2O −

PH2
PCO2

Ke,4
)

PH2

DEN−2                                                                                                     (4) 

r5 =

k5 (PCH4
PH2O

2 −
PH2

4 PCO2

Ke,5
)

PH2

3.5 DEN−2                                                                                                  (5) 

DEN = 1 + KCOPCO + KH2
PH2

+ KCH4
PCH4

+
KH2OPH2O

PH2

                                                                   (6) 

Zavarukhin and Kuvshinov in their study of carbon formation on Ni/Al2O3 developed a rate 

equation (equation 7) to accurately model the rate of carbon deposition. The proposed mechanism 

for this model assumed that the rate-limiting step was adsorption of hydrogen on an active site of 

the catalyst surface.  

r6 =

k6 (
PCH4

1x10−5 −
PH2

2

Ke,6
)

(1 + K6
√

PH2

1x10−5 )

2                                                                                                                          (7) 

The rate and adsorption constant for carbon formation are given in equations 8 and 9 respectively 

below. 

k6 = 2.31x10−5e(20.4192−
104200

RT
)                                                                                                            (8) 

K6 = e(
163200

RT
−22.426)                                                                                                                                 (9) 
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The kinetic and adsorption parameters in the equations were determined using extensive 

experimental data. The kinetic rate (table 3.1), adsorption (table 3.2) and equilibrium (table 3.3) 

constants are determined using 7 and 8. 

ki = k0e−Ei RT⁄                                                                                                                                             (10) 

Ki = k0e−Hads,i RT⁄                                                                                                                                      (11)            

             

Table 3.1 Kinetic parameters 

Reaction k0 Ei (J/mol) 

1 4.55 x 10-2 mol Pa-1kgcat
-1s-1 2030 

2 3.287 x 10-3 mol Pa-1.5kg-1s-1 30800 

3 3.7 x 1017 mol Pa0.5kgcat
-1s-1 240100 

4 5.43    mol Pa-1kgcat
-1s-1 67130 

5 8.96 x 1016 mol Pa0.5kgcat
-1s-1 243900 

 

Table 3.2 Adsorption constants 

Parameter Value 

k0 ΔHads (J/mol) 

KCH4  6.65 x 10-9 Pa-1 -38280 

KCO 8.23 x 10-10 Pa-1 -70650 

KH2
 6.12 x 10-14 Pa-1 -82900 

KH2O 1.77 x 105 88680 

K1 2.02 x 10-8 Pa-1 -36300 

K2 7.4 x 10-11 Pa0.5 -57970 

 

 

Table 3.3 Equilibrium constants 

Reaction k0 ΔHads (J/mol) 

3 4.707 x 1022 Pa2 224000 

4 1.142 x 10-2 -37300 

5 5.397 x 1020 Pa 186700 

6 5.088 x 105 91200 
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3.3.3 Mass Transport 

The mass balance due to reaction and species transport is modelled by the steady-state diffusion-

convection equation (equation 12). The mass transport equation also requires specific diffusivity 

values of each species, which is calculated using Wilke-Lee equation. The coefficients used to 

calculate transport and thermodynamic properties are taken from McBride et al [20] 

∇ ∙ (−Di∇ci) + u ∙ ∇ci = Ri                                                                                                                     (12) 

 

Since mass transport is only in the direction of the reactor length (x-axis) the diffusivity 

components in the y and z-axis are set to zero. The flow driven by pressure difference is also 

defined only in the x-axis. Thus, plug flow model is assumed in the bed such that conversion is a 

function of axial coordinate (x-direction) shown in equation 9.   

W

FEtOH,0
= ∫

dX

−r𝐸𝑡𝑂𝐻,0

X

0

                                                                                                                             (13) 

 

3.3.4 Fluid Flow 

The flow of reacting species in the reactor is modelled using Darcy’s Law (reactions 15 and 16). 

Change in porosity (equation 17) is related to the rate of reaction 6 and permeability is related to 

porosity by equation 18 which was formulated by Borisova and Adler [14]. 

∇ ∙ (ρu) = 0                                                                                                                                                 (14) 

u = −
κ

μ
∇p                                                                                                                                                   (15) 

dϕ

dt
= −1000

ϕr6MC

ρ𝑐
                                                                                                                                    (16) 

𝜅 = 𝜅0 (
𝜙

𝜙0
)

3.55

                                                                                                                                          (17) 
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3.3.5 Heat Transfer 

The equation governing heat transfer in a packed bed reactor is given by the energy equation 17. 

The equivalent thermal conductivity, keq of the porous media a function of the conductivities of 

both the void space and solid. 

 

(ρCp)eq
∂T

∂t
+ ρCpu ∙ ∇T = ∇ ∙ (keq∇T) + Q                                                                                           (18) 

The heat source, Q is derived from all 5 reactions is determined with equation 13: 

Q = Q1 + Q2 + Q3 + Q4 + Q5 = −r1H1 − r2H2 + r3H3 − r4H4 − r5H5                                  (19) 

 

3.3.6 Boundary conditions  

The inlet boundary conditions are as follows:  

c = cin                                                                                                                                                           (20) 

T = T0 = 25 ℃                                                                                                                                          (21) 

 

The outflow conditions are given by equation 23 and 24.  

n ∙ (−D∇c) = 0                                                                                                                                           (22) 

n ∙ (k∇T) = 0                                                                                                                                              (23) 

 

 

 

3.4 Results and discussion  

3.4.1 Change in bed properties 

Figure 3.2 shows the change in bed mass transfer properties with respect to time at different axial 

positions in the reactor. The decrease in porosity with is a result of carbon formation from reaction 
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6. The solid carbon stays in the bed and blocks the pores, thereby reducing the pore volume and 

porosity of the bed. The rate of decrease in void fraction did not become noticeable until after 

about 1500 s on stream, at which the time rate of change in porosity becomes a function of axial 

coordinate. At the inlet end of the bed, the rate of change in the void fraction is exponential but 

changes into a more linear function as the axial position reaches the bed outlet. This is primarily 

because the rate of carbon formation is highest at the inlet when the concentration of fuel is highest. 

It can also be observed that the pore volume after 12000 s decreased with increase in axial position. 

After 12000 s on stream, the void fraction at x = 0 mm reduced from an initial value of 0.5 to 0.1 

while that at x = 20 mm reduced to 0.32.  

This non-uniform distribution of porosity is undesirable because it has a significant effect on the 

permeability in the catalyst bed as shown in figure 3.2b. The permeability reduces exponentially 

to less than 1 x 10-12 m2 and 2.51 x 10-9 m2 at the bed entrance and exit respectively after 12,000 

s. In addition to reduced permeability, non-uniform permeability can thus be said to another effect 

of carbon formation during CPOX reactions. This is also unwanted because it significantly 

increases pressure drop across the bed, leading to channelling and uneven flow rate and 

temperature distribution. Furthermore, the surface area of contact between the reacting gases and 

the catalyst is reduced. At this point of the reaction, the presence of carbon causes the reforming 

reactions to be mass transfer-limited and surface area becomes an important parameter. Thus, 

uniform porosity and permeability are paramount to ensuring that there is adequate contact 

between reacting species and active sites located within the bed. Furthermore,  
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Fig. 3.2 Variation of porosity (a) and permeability (b) with time at different axial positions  
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Figure 3.3 shows what effects of carbon deposition has on the heat transfer between reacting gases 

and the bed. The sharp initial rise in temperature is a result of heat generated from the exothermic 

reactions (reactions 1,2,4,5). Due to thermal insulation on the walls of the reactor heat transfer by 

conduction occurs only in the porous medium and the temperature of the bed rises as a result. The 

temperature rises to a maximum due to increasing reaction rate and falls when a maximum 

conversion has been reached. At this point, heat of reaction is zero and consequently, there is no 

heat of generation term in equation 17. Therefore, bed temperature drops as the product gas flows 

through the reactor. This general trend regardless of the value of bed porosity.  

Porosity influences the maximum temperature achieved at the bed position where the heat of 

generation is the highest. At t = 400 where the porosity is uniform across the bed, the maximum 

temperature was 579 ℃ while at t = 12000 s where porosity was lowest across the whole bed, the 

maximum temperature was 477 ℃. The void volume at any given axial position in the bed reduced 

with due to carbon deposition, thus increasing the effective thermal conductivity. As a result, the 

temperature gradient reduced with a reduction in porosity. This is a reasonable explanation for 

why catalyst performance tends to reduce with time. The temperature profile diminishes and since 

the rate of reaction is dependent on temperature, the rate of conversion of ethanol into syngas 

decreases with time. This phenomenon has been observed in numerous experimental studies on 

effects of soot formation on CPOX reactions [21–23]. It can also be inferred that formation of 

carbon leads to a non-uniform thermal conductivity.  
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Fig. 3.3 Porosity (a) and temperature (b) as a function of axial coordinate at different times   
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3.4.2 Product distribution 

The performance of Ni/Al2O3 catalyst was calculated after 1000 s of reaction time. This time was 

chosen because the presence of carbon had not yet affected heat and mass transfer properties of 

the bed as discussed in the previous section. It is evident from figure 3.4 that the O/C ratio has a 

significant effect on how much of ethanol is converted. A ratio of 0.25 resulted in a conversion of 

less than 36 % and this conversion increased with increase in O/C ratio until a maximum of 100 

% was achieved at O/C = 1.0. The effects of increasing the O/C ratio on conversion was less 

profound at higher values than lower values, where the oxygen concentration was a limiting factor 

in determining the rate of reaction.  At this ratio, the product gas was rich in CO and H2, which are 

the desirable components of synthesis gas used for SOFC applications. Methane production was 

minimal at this ratio and although there was significant CO2 production, this was primarily a result 

of combustion reaction which supplied the heat necessary for the reforming reactions to occur 

autothermally. Production of CO2 may be minimized by increasing reaction temperature, but that 

will come at the expense of a higher heat duty in the preheater.   
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Fig. 3.4 Spatial profile of ethanol conversion at various O/C ratios (a) and product distribution at O/C =1 (b) 
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lower temperatures. Both steam reforming and reverse methanation are endothermic reactions 

which form hydrogen and require high temperatures to proceed. When the temperature is too low, 

the reactions proceed in the backward direction, forming less hydrogen and more steam. That is 

how a lower heat transfer rate from carbon build-up can affect the production of syngas.  

 

Fig. 3.5. Ethanol conversion (x), and H2 and H2O selectivity as a function of time (O/C =1) 
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results were similar as shown in figure 3.6. Whereas Kraleva et al’s results showed a 6 % 

conversion at 300 ℃, results from the model showed that there was no conversion at that 

temperature. This was expected because 300 ℃ was set as the light-off temperature and any 

decomposition of ethanol before it comes in contact with the catalyst is undesirable. Conversion 

from the experimental study and the current study were the same for higher temperatures and both 

studies showed that the maximum fractional conversion of 1 was achieved at 600 ℃. 

The selectivity of CO, H2, CO2 and CH4 at the maximum conversion on a dry basis was also 

computed and compared with experimental errors as shown in table 3.4. The selectivity for the 

first three species were similar and the percent errors were 5.7 or less. However, the percent error 

for CH4 selectivity was 100%. This was because the concentration of CH4 was so small that any 

deviation from the experimental results would have resulted in a significant error value. This 

apparent deviation is only a concern for large CH4 concentration in the product gas because they 

are undesirable. It can be inferred that the mechanism of partial oxidation in this model is able to 

predict the conversion and selectivity of the main products at high temperatures. However, a 

limitation is that it is not able to account for the formation of acetaldehyde at low temperatures. 

Thus, it is possible that the average deviation of selectivity values will be significant at lower 

reaction temperatures.  

 

Table 3.4. Comparison between experimental and numerical results of product selectivity in ethanol CPOX 

(O/C = 1, T = 600 ℃, GHSV = 35000 h-1) 

  

Species 
Selectivity 

Error % 
Model Kraleva et al’s results 

CO 75 77 -2.6 

H2 92 87 5.7 

CO2 24 23 4.3 

CH4 1.0 0.5 100 
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Fig. 3.6. Comparison between experimental and numerical results of ethanol conversion during CPOX at 

different temperatures (O/C =1, GHSV = 35000 h-1) 
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porosity, and thermal conductivity across the bed. Thus, the axial temperature profile was always 

changing with time due to a decrease in porosity and permeability and increase in thermal 

conductivity. These non-uniform bed properties cause the reforming reactions to become heat 

transfer-limited and thus contribute to lower ethanol conversion and yield of hydrogen. The 

conversion and selectivity results were compared with values in literature and similar values were 

obtained for high temperatures. Since the formation of acetaldehyde was not considered, it is 

recommended that decomposition of ethanol into acetaldehyde is incorporated in future models to 

predict the product distribution at lower reaction temperatures. Nonetheless, results from this 

model further clarify why catalyst performance decreases with time in a reformer. 
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Chapter 4 MESOPOROUS BIMETALLIC CATALYSTS FOR THE 

PARTIAL OXIDATION OF ETHANOL 

4.1 Abstract 

Catalytic partial oxidation (CPOX) of ethanol was carried out with unpromoted and promoted 

mesoporous Ni catalysts. The promoting effects of Mg and Ru were compared. In terms of 

conversion and selectivity for H2 and CO, both metals enhanced the performance of the Ni catalyst. 

However, Ru had a higher activity, with a maximum ethanol conversion and H2 selectivity of 91.8 

% and 98.1 % respectively. In addition, an increase in the loading of Ru and Mg resulted in an 

increase in the catalyst performance. With respect to their stability, both metals demonstrated to 

be resistant to carbon formation and deactivation. Their catalysts were able to retain much of their 

initial activity. BET, SEM, and TGA-FTIR analysis were performed on the catalyst samples. It 

was discovered that there were no morphological differences which meant that the promoting 

metals had no effect on the surface structure of the catalyst. BET results indicated that the pore 

volume was between 2.3 nm and 6.8 nm, making them mesoporous 

4.2 Introduction 

Hydrogen is a promising fuel source due to its high energy content and clean-burning properties. 

For these characteristics to be optimally utilized, hydrogen-fueled systems should be efficient, and 

the hydrogen source needs to be environmentally friendly. To address the two concerns, solid 

oxide fuel cell systems that run on bioethanol have been proposed for power generation. Fuel cells 

are inherently more efficient at converting chemical energy into electrical energy than traditional 

systems. In addition, bioethanol can be produced from renewable sources such as lignocellulose 

biomass.  Other qualities that make bioethanol a suitable fuel is its high energy density and ease 

with which it can be safely stored and handled.  

The fuel cell system that runs on bioethanol requires a reformer to convert the fuel into hydrogen, 

which can later be converted into electricity. Currently, the proposed methods for reforming 

bioethanol are steam reforming (SR), catalytic partial oxidation (CPOX), autothermal reforming 

(ATR) and dry reforming (DR). Both SR and DR are highly endothermic processes that require 

significant external heat supply, although SR has the advantage of providing a high hydrogen yield. 
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Comparatively, CPOX and ATR have lower energy requirements and start-up times than SR and 

DR due to their overall exothermic nature [1]. Catalytic partial oxidation, in addition, can use air 

as an oxidant, eliminating the need use of steam or pure oxygen. This makes CPOX especially 

advantageous for mobile applications where simplicity and compactness are required.  

One of the most important components in a fuel cell reformer is the catalyst for converting the fuel 

to reformate. Early works in fuel cell reformers used supported nickel catalysts [2,3]. However, 

the use of nickel in the absence of promoters required high temperatures and, in such cases, the 

maximum conversion was not achievable. Akande et al [4] the effect of Ni loading in Ni/Al2O3 

catalysts on their performance for the partial oxidation of bioethanol. They tested catalysts with 

loadings of 10, 15, 20 and 25% and observed that 15% loading resulted in the highest conversion 

and stability, with a stable conversion of 79%.  

Nickel catalysts are known to deactivate in the presence of carbon, which may be formed as a 

result of ethanol cracking. Carbon tends to make catalysts less active, primarily by physical or 

chemical adsorption on the metal to block active sites for reactants [5]. In order to tackle the 

problem of deactivation, Ni is usually doped or entirely substituted with another metal or 

combination of metals. Additionally, the support may also be doped with another metal or oxide 

to act as a promoter. 

 The performance of supported noble metals namely Rh, Ru, Pt, and Pd has also been studied for 

ethanol CPOX reactions. For example, Salge et al. [6] studied the performance of these four metals 

with supports made from Al2O3 and SiO2  during partial oxidation of ethanol. They observed that 

the Rh catalyst was most effective in syngas product while Pt was the least effective. However, 

the Rh catalyst was found to be the least stable and lost its activity after 4 hours of operation. 

Additionally, it was observed that when Rh was promoted with Ce, it was able to maintain its high 

activity.    

Cerium and its oxides have been known as an oxy-transporter that is able to oxidize deposited 

carbon, thereby preventing catalyst deactivation [7,8]. Magnesium oxide (MgO) has also been 

used as support for metal catalysts in previous studies. In fact, some studies have shown that the 

rate of coke formation on Ni/MgO catalysts is less than the rate of coke formation on Ni/CeO2 [9]. 

A possible explanation given was that the basic nature of MgO favored ethanol reforming [10].  
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While bi-metallic metals have been known to have good performance and stability effects, a lot of 

them utilize rare or expensive metals, a practice that is unlikely to make their use on a commercial 

scale economically feasible. Moreover, Mg metal as a dopant has been studied by Shen et at [11] 

in Ni catalysts. They observed that using Mg as a promoter resulted in better properties such as 

smaller particle distribution and improved stability.  

Due to its abundance, Mg has the potential to be used as a cheap alternative to noble metals in bi-

metallic catalysts for fuel cell reformers. The aim of this study is to compare the promoting effects 

of Mg and Ru, which will be used as dopants for conventional Ni/Al2O3 catalysts for the partial 

oxidation of ethanol. In addition, the effects of their loading on the performance of the catalysts 

will be studied to identify to optimum Ni/dopant ratio for stability.  

 

4.3 Materials and methods 

 

4.3.1 Catalysts preparation 

The catalysts were prepared using the co-impregnation method. The precursors for Ni, Mg, Ru 

were nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O), magnesium nitrate hexahydrate 

(Mg(NO3)2·6H2O), and ruthenium (III) nitrosyl nitrate solution in dilute nitric acid (HN4O10Ru). 

All the precursors were acquired from Sigma-Aldrich. The support materials, spherical γ- Al2O3 

with a diameter of 1.8 mm, were supplied by Fisher Scientific. A calculated amount of the 

precursors were dissolved in deionized water and added the γ- Al2O3 supports to ensure the desired 

weight ratio. Afterward, the catalysts were dried and calcined at 600 °C for 5 h in a Thermolyne 

muffle furnace. Before they were used for the experiments, the catalysts were granulated and 

sieved to an average particle diameter of less than 500 μm.    

4.3.2 Catalyst characterization 

The surface morphology of the prepared catalysts was studied using Scanning electron microscopy 

(SEM). Prior to the imaging, the catalyst samples were placed on an aluminum mount using carbon 

tape. The mounted samples were then placed in a Cressington 108 Auto sputter coater and coated 

with gold. Afterward, the coated samples were placed in an FEI Inspect 550 scanning electron 
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microscope equipped with an Everhart-Thornley secondary electron (SE) detector and their images 

were taken at an accelerating voltage of 20 kV. The elemental compositions of the samples were 

also ascertained using energy-dispersive x-ray spectroscopy (EDS) in an Oxford X-max 20 with 

Aztec Software.  

A Quantachrome 4200e Surface Area and Pore Analyser was used to perform Brunauer–Emmett–

Teller (BET) analysis. Before the analysis, the catalyst samples were first weighed and then 

subjected to vacuum-degassing at room temperature for three hours. After degassing, the samples’ 

weights were recorded to account for any mass loss and placed in the analyzer. The tubes were 

calibrated with helium gas prior to the analysis. The adsorption isotherm with liquid nitrogen was 

recorded over relative pressures (P/P0) ranging from 0.05 to 0.97.  

The spent catalysts were subjected to thermogravimetric analysis (TGA). The samples were placed 

in an alumina crucible and subjected to a heating rate of 50 °C/min in the presence of 50 ml/min 

of air until a final temperature of 900 °C was attained. Fourier-transform infrared spectroscopy 

(FTIR) was employed to obtain the infrared spectrum of the gases emitted from the thermal 

decomposition of the catalysts during the TGA.  
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Table 4.1 Chemical and physical characteristics of the prepared catalysts 

Sample Active metals (s) Active metal 

loading (wt 

%) 

Support Surface area 

(m2/g) 

Average pore 

size (nm) 

I Ni 10 % Al2O3 132.5 4.37 

II Ni/Mg 10% Ni 

5% Mg 

Al2O3 170.6 6.80 

III Ni/Mg 10% Ni 

8% Mg 

Al2O3 87.4 4.34 

IV Ni/Ru 10% Ni 

0.4% Ru 

Al2O3 147.6 4.69 

V Ni/Ru 10% Ni 

0.8% Ru 

Al2O3 154.1 6.06 

VI Ni/Ru 10% Ni 

0.8% Ru 

Al2O3-ZrO2 5.2 2.30 

 

4.3.3 Catalyst performance 

A schematic of the setup used to test the catalyst performance is shown in fig. 4.1. The reactor is 

a stainless steel cylindrical tube of an outer diameter, inner diameter, and length of 12.84 mm, × 

9.28 mm, and 660.67 mm respectively. The reactor was packed with the prepared catalyst and 

supported by quartz wool. The reactor was placed in an electric heater (GSL-1100X, MTI) in order 

to keep the reactor to heat it to the required temperature. Once the reactor temperature reached 700 

°C, hydrogen gas was supplied to it at a rate of 5ml/min for 2 h to activate the catalyst bed. The 

heater, which was connected to a PID controller was also used to keep the reactor at a desired 

temperature (300 °C - 700 °C) during CPOX reactions.  The preheater was used to preheat the 

reacting mixture to about 150 °C. Pure ethanol, which was acquired by Sigma-Aldrich was fed 

along with oxygen and nitrogen to the reactor at a flow rate that corresponded to the desired gas 
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hourly space velocities (3600 hr-1 – 36,000 hr-1) and O/C ratios (0.5-1.5). The gas product was 

collected and analyzed using an 8610C GC (SRI Instruments, Torrance, CA). The gas analyzer 

had two detectors: a thermal conductivity detector and a flame ionization detector. The carrier gas 

used is Helium. The performance of the catalysts was evaluated by calculating the following the 

effect of the temperature, gas hourly space velocity and O/C ratio on the percentage conversion, x 

(eqn 1) and selectivity to hydrogen (eqn 2) and carbon monoxide (eqn 3).  

 

Xethanol =  
Fethanol,in − Fethanol,out

Fethanol,in
× 100%                                                                                        (1) 

SH2
=  

FH2

3 × (Fethanol,in − Fethanol,out)
× 100%                                                                                   (2) 

 

SCO =  
FCO

2 × (Fethanol,in − Fethanol,out)
× 100%                                                                               (3) 
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Fig. 4.1 Schematic of the experimental set-up 

 

4.4 Results and discussion 

4.4.1 Effect of operating temperature and metal loading 

Fig 4.2 presents the conversion of ethanol and selectivity for carbon monoxide and hydrogen as a 

function of the reaction temperature from the catalytic partial oxidation of the catalysts in the 

presence of the indicated catalysts. The other reaction parameters were kept constant, with a C/O 

ratio of 1 and a GHSV of 36000 h-1. As can be seen, an increase in the reaction temperature resulted 

in an increase in conversion and selectivity for all the catalysts. Interestingly, all the catalysts 

demonstrated a low conversion and syngas selectivity at 300 °C. However, the difference in 
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performance became more noticeable as the temperature increased. This is an indication that 300 

°C is not low enough to provide the necessary activation energy for the reforming reactions.  

 In terms of conversion, catalyst the Ru-promoted catalysts had the highest activity and the 

unpromoted had lowest. Some of the Mg-promoted catalysts demonstrated a high conversion, but 

not as high a conversion as Ru. In fact, the 10Ni-5Mg/Al2O3 catalyst displayed a lower conversion 

at 700 than the 10Ni/Al2O3 catalyst. Nevertheless, this result is still promising because it is an 

indication that Mg has some promoting effects, albeit not as effective as Ru. One trend that can be 

noticed is that at an increase in the loading of the promoting metals resulted in an increase in the 

conversion. However, it seems that an increase in Mg had a more significant increase at higher 

temperatures in the conversion than Ru did. At 700 °C, a two-fold increase in the Ru loading only 

resulted in a 3% increase in ethanol conversion. On the other hand, a 60% increase in the Mg 

loading resulted in a 59.2% increase in the conversion.  This is an indication that the Ru loading 

on the 10Ni-0.4Ru/Al2O3 catalyst was close to optimal.  

The bimetallic catalysts exhibited higher conversions than the monometallic catalyst, and the same 

trend was observed when the H2 and CO selectivity were measured. The unpromoted Ni catalyst 

displayed an unacceptably low selectivity for both syngas products. This is an indication that the 

rate of total oxidation and cracking reactions were faster than the reforming reactions. At 700 °C, 

Mg-promoted catalysts exhibited a significantly higher selectivity for both CO and H2, but not as 

high as the Ru-promoted catalysts. 
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Fig 4.2 Effect of temperature on the conversion (A), H2 selectivity (B), and CO selectivity (C). O/c =1, GHSV 

= 36000 h-1  

 

4.4.2 Stability tests 

With the exception of the monometallic Ni catalyst, all the catalysts tested displayed a high 

stability, as shown in figure 4.3. After 300 min of continuous reactions, they were still able to 

retain the same performance as displayed at the beginning of the experiment. The conversion and 

H2 of the 10Ni-5Mg/Al2O3 catalyst decreased slightly after 240 min, which is an indication that it 

had begun to lose its initial activity. However, the performance of the 10Ni-8Mg/Al2O3 catalyst 

had not decreased, which is an indication that the increase in the Mg loading likely increased the 

formation of MgO which neutralized the acidity of Al2O3. The reduction in the acidity led to the 

reduction in the dehydration of ethanol, which is responsible for coke formation. The reduction in 

coke formation.  

Although the conversion of the reactions catalyzed by the 10Ni-0.08Ru/Al2O3/ZrO2 catalyst was 

not high, there was not a significant drop in this conversion or selectivity after 300 min on stream. 

This is an indication that zirconia, which is basic, has the same neutralizing properties as Mg.  
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Just as the Ni-Ru bimetallic were highly active, they were also observed to have high stability, as 

their performance remained the same after 5 h of reaction time. Since the 10Ni-0.8Ru/Al2O3 

catalyst resulted in the highest conversion and selectivity at 700 ° C, the effect of other operating 

parameters on its performance was further investigated. 
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Fig 4.3 Ethanol conversion and H2 selectivity vs reaction time. T = 700, GHSV = 36000 hr-1, O/C = 1. (A) 

10Ni-0.08Ru/Al2O3/ZrO2  (B) 10Ni-0.08Ru/Al2O3 (C) 10Ni-0.04Ru/Al2O3  (D) 10Ni/Al2O3  (E) 10Ni-5Mg/Al2O3 

(F) 10Ni-8Mg/Al2O3 
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4.4.3 Effect of other operating parameters on the performance of 10Ni-0.8Ru/Al2O3  

Fig 4.4 shows the variation of ethanol conversion and product selectivity with O/C ratio and GHSV 

for the 10Ni-0.8Ru/Al2O3 catalyst. It can be seen that for an O/C ratio of 0.5, the conversion of 

ethanol was reasonably high, but the selectivity for syngas was very low. This is likely due to the 

lack of adsorbed oxygen for reforming reactions, thus causing ethanol to undergo cracking 

reactions to form methane and acetaldehyde. However, when the amount of oxygen was increased 

to stoichiometric amounts (i.e. O/C =1), both the ethanol conversion and H2 selectivity were at a 

maximum. Increasing the O/C ratio to 1.5 caused only a slight decrease in the ethanol conversion 

and H2 selectivity. However, the CO selectivity was substantially low while that of CO2 increased. 

This is likely a result of the combustion reactions that took place in excess oxygen, thus forming 

more CO2.  

 

0

10

20

30

40

50

60

70

80

90

100

0.5 1 1.5
O/C  ratio

X

H₂

CO

CO₂



90 

 

 

 

Fig 4.4 Effect of O/C ratio and GHSV on the conversion (X), hydrogen (H2), carbon monoxide (CO) and 

carbon dioxide (CO2) selectivity for 10Ni-0.8Ru/Al2O3 catalyst. T = 700 °C. 

 

4.4.4 Characteristic of samples 

The SEM images of the catalysts are shown in figure 4.5 and it can be seen that there was not much 

difference in the surface morphology of the catalysts. All the catalysts appeared to possess the 

same crystalline structure at a magnification of 5000x. This is an indication that the addition of 

promoters did not alter the structure of the catalysts. Another implication is that the variation in 

their performance is not due to their physical structure.  
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Fig 4.5 SEM images of fresh 10Ni/Al2O3  (A), 10Ni-8Mg/Al2O3 (B), and 10Ni-0.8Ru/Al2O3 (C)  

 

The TGA curves of the spent catalysts in figure 4.6 show that the unpromoted nickel catalyst had 

more carbon deposited on it than the promoted ones. Much of the weight loss in the 10Ni/Al2O3 

catalyst was a result of carbon combustion at around 400 °C. On the other hand, the loss of moisture 

through evaporation (at 100 °C) was the primary reason for weight loss in the Mg and Ru-promoted 

catalysts. The total weight loss was 28% for the 10Ni/Al2O3 sample weight for the catalyst and 

C 

B 
A 



92 

 

 

less than 8% for the 10Ni-0.8Ru/Al2O3 sample. This implies that the presence of carbon was a 

contributing factor in the deterioration of the activities of the catalyst. Interestingly, the TGA curve 

for the Mg-promoted catalyst was similar to the Ru-promoted sample. This is a promising result 

because Mg has similar coke inhibition effects as the more expensive Ru and could be a viable 

replacement in the future.  
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Fig 4.6 Thermogravimetric (TG) and differential thermogravimetric (DTG) curves for spent 10Ni/Al2O3 

(A), 10Ni-8Mg/Al2O3 (B) and 10Ni-0.8Ru/Al2O3 (C) 
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4.5 Conclusion  

The promoting effects of Mg and Ru on supported Ni catalysts were investigated. It was observed 

that both Mg and Ru both increased the stability and activity of the catalyst. While the increase in 

stability was the same, the Ru-promoted catalysts increased the activity more effectively than Mg-

promoted catalysts. It was also observed that a loading of 0.08 wt% of Ru was close to the optimal 

loading. On the other hand, a 60% increase in the Mg loading saw a significant increase in the 

ethanol conversion. It is thus recommended that the optimal loading for Mg should be investigated 

in further studies to know whether this loading would lead to an increase in activity that rivals that 

of Ni-Ru bimetallic catalysts.  
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Chapter 5 A COMPARATIVE THERMODYNAMIC AND LIFE CYCLE 

ASSESSMENT OF METHANE AND BIOETHANOL REFORMING 

5.1 Abstract 

The use of solid oxide fuel cells has gained considerable attention over the years due to their high 

efficiency and reduced environmental impact. One important issue that arises from the use of such 

systems is the fuel source and method of their conversion into products that can be used by fuel 

cells. This study is an analysis of two reformer fuels, namely methane and ethanol. In addition, 

steam reforming and partial oxidation are compared. Aspen Plus is used to simulate a fuel cell 

system with an external reformer and four reforming processes are compared in terms of their 

efficiency and environmental impact.  The optimum fuel/oxidant ratio and reforming temperature 

for optimum anode operation conditions is calculated. In terms of fuel type, it is concluded that 

ethanol reforming results in a higher SOFC efficiency than methane reforming. In addition, the 

use of ethanol has a less negative impact on the environment. With respect to the reforming 

method, it is observed than steam reforming results a higher overall system efficiency than partial 

oxidation.  

 

5.2 Introduction  

Solid oxide fuel cells (SOFCs) are electrochemical energy conversion devices that offer a 

promising alternative to conventional power generation methods.  These types of fuel have the 

advantage of being efficient, environmentally friendly and highly adaptable to many fuel types. 

Fuel cell stacks generally require hydrogen-rich syngas to function properly. However, hydrogen 

(H2) is risky to handle and store primarily due to the formation of air-hydrogen mixtures when the 

fuel comes in contact with air when it is in a confined volume. These mixtures are especially 

dangerous when the H2 concentration is above the flammability limit. In addition, the erection of 

new infrastructure will be required for the distribution and storage of H2 if SOFCs for mobile 

applications become commercially successful. As a result, SOFCs need onboard reformers to 

convert non-hydrogen fuels to syngas.  
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The fuel supplied to the reformer has a significant effect on the optimal operating conditions of 

the fuel cells. Currently, natural gas (methanol) is the most common fuel used while methanol and 

ethanol are the most common liquid fuels. The choice of these three fuels is primarily due to their 

high H/C ratio, which tends to result in a higher concentration of hydrogen in the reformed fuel 

and less carbon deposited in the reformer’s catalyst [1]. In addition, these fuels have a lower 

molecular weight and simpler molecular formula, which makes the kinetics of their reforming 

reactions easier to study. Korup et al [2] compared two methane CPOX models, one developed by   

There are four main methods for the catalytic reforming of hydrocarbon fuels to syngas: steam 

reforming (SR), partial oxidation (POX), autothermal reforming (ATR) and dry reforming (DR). 

The major difference between the processes is the gas used for reforming. Steam reforming 

requires the use of steam (H2O), partial oxidation uses oxygen (O2), autothermal reforming uses 

both O2 and H2O while dry reforming employs carbon dioxide (CO2). Steam reforming is the 

currently the most preferred method because it produces syngas rich in H2. However, partial 

oxidation has gained has gained attention lately because its exothermic nature means it requires 

less external heat to occur. Autothermal reforming is another promising method because it allows 

one to produce syngas with a specific H2:CO ratio by varying the O2:H2O ratio in the feed. 

However, this method requires extensive knowledge of the individual mechanisms of POX and 

SR. Dry reforming has shown potential because it is a carbon negative process which reduces the 

amount of greenhouse gases in the atmosphere. Thus, investigations have been carried out to 

generate syngas by this method [3–5]. The main disadvantage of this method is that it is highly 

endothermic and requires even more heat input than SR, but does not produce H2-rich syngas [6].   

There are studies conducted in the past that tried to compare the methods for syngas production. 

Rabenstein and Hacker [7] performed a comparative numerical study of ethanol POX, SR and 

ATR and the energy requirement for each process. They concluded that POX required the highest 

total energy demand while SR required the least. Cimenti and Hill [8] performed a similar 

investigation with both ethanol and methanol as fuel and SR, POX, DR and direct fuel utilization 

as the reforming processes. It was noted that for any given reforming factor SR of ethanol required 

a much lower reforming factor to avoid carbon formation in than DR of ethanol. A similar trend 

was found for the reforming of methanol.  
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In addition to comparing the efficiency of the various methods of converting fuel to syngas, their 

environmental impacts have also been assessed.  Dufour et al [9] used life cycle assessment to 

evaluate hydrogen production by conventional and novel methods. Of the new processes tested, 

water photosplitting demonstrated to be the most environmentally friendly but had low life cycle 

exergy efficiency.  

SOFCs can be used for both stationery and mobile applications. However, the current process, 

which employs the use of methane steam reforming in external reformers cannot be used for 

mobile applications. This is primarily because the required amounts of methane cannot be stored 

safely in automobiles. Ethanol has been proposed as an alternative because it has a higher specific 

gravity, making its storage and distribution easier. Therefore, this study aims to study the technical 

viability and eco-friendliness of methane and ethanol reforming for SOFC applications.   

 

5.3 Methodology  

5.3.1 Assumptions 

1. Product gas steam is composed of CO, H2, CO2, N2, H2O.  

2. All gases in every stream obey the ideal gas law 

3. The formation of solid carbon is neglected 

4. All processes are isothermal and at steady-state conditions.  

 

5.3.2 Aspen plus simulation 

Mixer – The mixture block is the fresh fuel being fed into the reformer. The recycle stream 

(RECYCLE) is split from the anode of the fuel cell stacks. The fraction of the stream recycled is 

calculated using a Design-spec block such that the H2O/ethanol is 6 

Blower – The blower, represented by a Compr block increases the pressure of the incoming fluid.  

by a factor pf 1.2. The exit gases from the blower exchange heat with HEATER 3 to calculate the 

temperature change from the reforming reactions. For steam reforming reactions, the reformer 

products (SYNGAS) will have a lower temperature than the reactants due to the overall 
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endothermic nature of the reactions. Partial oxidation reactions will see an increase in temperature 

due to their overall exothermic nature. 

Reformer – An equilibrium reactor block, Rgibbs simulates the reforming reactions. The adiabatic 

reactor (REFORMER) operates at a temperature equal to that of stream 3, the stream leaving heater 

3. This is done by connecting a heat stream (Q1) from HEATER3 to the reactor and using Design-

spec to set the reformer net duty (Q2) to zero.  

Anode – the anode (ANODE) represented by an RGibss is used to simulate the electrochemical 

conversion of the reformate (SYNGAS). The reactions considered are R1 and R2. It is assumed 

that both hydrogen and carbon monoxide are readily oxidized. The reactions are specified by the 

block to reach equilibrium.  

 

H2 + 1
2⁄ O2 → H2O                                                                                                 (R1) 

CO + 1
2⁄ O2 → CO2                                                                                                  (R2) 

  

Cathode – The cathode (CATHODE) is represented by the Sep block and is the site where oxygen 

in air is provided for the reactions at the anode. Before entering the cathode, this stream preheated 

by using a Heatx module, which is named HEX in figure 5.1.  

Afterburner – The anode exit contains unreacted syngas which enters the SPLITTER and is split 

as a recycle stream (RECYCLE). The other fraction (stream 5) is fed to an afterburner 

(AFTERBUR) where it is burned in the presence of air. The block, Rstoic is used to simulate the 

combustion. The amount of air fed into the afterburner is double the stoichiometric amount and it 

is assumed that all of the excess CO and H2 have been consumed by oxygen.   
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Fig. 5.1 Schematic of SOFC system with methane steam reformer 

 

5.3.3 Impact assessment methodology 

The functional unit was defined as 1 MW of electricity output from the fuel cell system. The 

amount of fuel required for the production of that much electrical power was taken from the 

simulation. The inventory analysis was estimated using SimaPro 8.0.4.26. TRACI 2.1 method was 

used to assess the environmental impacts of each method. For each process, the system boundary 

was located at the end of the syngas production, as the aim of the study is to compare reforming 

technologies instead of the actual fuel cells. It is assumed that the same fuel cell technology would 

be used for power production for each process and thus, the relative environmental impacts for 

power generation would be the same in the SOFCs.   
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5.4 Results and discussions  

 

5.4.1 Equilibrium compositions of reformer product 

Figure 5.2 depicts the effect of reformer temperature on the molar composition on the reformer 

effluent.  The components that were considered were H2, CO, CO2, H2O, CH4, and C2H5OH. 

Components such as Species such as ethylene (C2H4), acetaldehyde (CH3CHO), and acetic acid 

(CH3COOH), are not predicted because although they are likely intermediate products, their 

amounts are negligible under equilibrium conditions [8]. As expected the reformer temperature 

reduced the mole fraction of the fuel in the product stream. This reduction mole fraction 

corresponds to an increase in the conversion of the fuel.  

However, the effect of temperature on conversion was much more pronounced in the case of 

methane SM and CPOX than that of ethanol. This is likely due to the extra oxygen in ethanol 

which is supplied to an oxidant in both steam reforming and partial oxidation. Furthermore, at any 

given temperature, the amount of CO and H2 in the product stream is higher for CPOX than steam 

reforming. This is due to the overall exothermic nature of the reaction, and as a result, there is 

more heat available for the reactions that favor the conversion of methane and ethanol into syngas 
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Fig 5.2 . Effect of reformer temperature on product distribution in ethanol steam reforming (A)  and partial 

oxidation (B) and methane steam reforming (C) and partial oxidation (D) 
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5.4.2 Anode Temperature 

The temperature at which the anode operates is crucial because it determines the rate and extent of 

formation of anode as well as the reformer efficiency [10]. Figure 5.3 shows the effect of steam to 

carbon and oxygen to carbon ratio and reformer temperatures on the anode operating temperature. 

In all cases, an increase in the H2O/C or O/C ratio and temperature results in an increase in the 

anode temperature. This is due to an increase in the reformer product temperatures which enter the 

anode to provide heat for electrochemical reactions. An optimum cell operating of 1000 is to 

prevent the deposition of carbon. From figure 3, it is apparent that for ethanol steam forming, a 

reformer temperature of 550 °C and steam/carbon ratio of 5 corresponds to this optimum condition. 

For ethanol partial oxidation, an O/C ratio of 0.45 and a reformer temperature of 300 °C achieves 

the required anode temperature. However, this value does not take into consideration the formation 

of char in the reformer, which can affect the product composition and temperature.  

For a given oxidant/carbon ratio and temperature, it seems that steam reforming results in a higher 

anode temperature than partial oxidation. This suggests that steam reforming is the preferred 

method when the priority is minimizing carbon buildup and maximizing SOFC efficiency. 

Interestingly, the parameters tested for methane steam and partial oxidation did not result in the 

required anode temperature. This is an indication that bioethanol might be the better fuel source, 

whether it is reformed by SM or CPOX.  

 

 

 

 

 

 

 

 

 



104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.3  Effect of reformer temperature and Steam/carbon or O/C ratio on anode temperature for ethanol 

steam reforming (A)  and partial oxidation (B) and methane steam reforming (C) and partial oxidation (D) 
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5.4.3 Environmental impact assessment 

The impact of the studied processes is presented in figure 5.3. Methane steam reforming and partial 

oxidation makes a significant contribution to both the depletion of fossil fuel and global warming. 

This is due to the fact that the primary source of methane is natural gas, a fossil fuel. The use of 

ethanol in a fuel cell system emits identical amounts of CO2, a greenhouse gas which causes global 

warming. However, its contribution to global warming is less than the use of methane because it 

is a renewable source. Much of the ethanol generated worldwide are from plant sources, and the 

cultivation of these plants consumes much of the carbon dioxide that is emitted when bioethanol 

is used as an energy source.   

 

 

Fig 5.3 The relative impact of each process on the environment 
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5.5 Conclusion 

In this study, a SOFC system with an external reformer is modeled to investigate the relative 

efficiency of the following processes: methane steam reforming, methane partial oxidation, ethanol 

steam reforming, and ethanol partial oxidation. A thermodynamic analysis was performed on the 

reformer of the four processes and its effect on the overall system. The optimum reforming 

conditions for carbon buildup in the SOFC was computed. A reformer temperature of 550 °C and 

steam/carbon ratio of 5 is required for steam reforming of ethanol while an O/C ratio of 0.45 and 

reformer temperature of 300 °C is required for ethanol partial oxidation. It was observed that 

ethanol reforming not only resulted in a higher efficiency than methane reforming, it had a less 

negative environmental impact. Although the observations in this model are promising, it is 

recommended that the model is enhanced to include transport phenomena to improve its output.  
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Chapter 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

This study focused on the viability of the catalytic partial oxidation of ethanol as a suitable 

reforming method for solid oxide fuel cells. The research aimed to evaluate the progress in 

reforming technologies and current challenges that need to be overcome to make it economically 

viable. In addition, the transport properties of a fixed bed reformer were modeled to investigate 

the effects of carbon on the reactivity and heat and mass transfer of chemical species. Furthermore, 

the promoting effects of Mg, Ru, and ZrO2 in bimetallic nickel catalysts on ethanol partial 

oxidation were studied. Lastly, a comparative analysis of methane steam reforming, methane 

partial oxidation, ethanol steam reforming and ethanol partial oxidation were studied. The major 

challenge faced in catalyst development for ethanol partial oxidation are carbon catalyst 

deactivation, primarily due to the formation of carbon.  

The partial oxidation of ethanol on Ni/Al2O3 in a solid oxide fuel cell reformer was analyzed 

numerically and the effects of the presence of carbon on the temporal and axial profile of the 

packed bed reactor were calculated. Ethanol conversion and product distribution were considered 

for various temperatures and O/C ratios. The main effect of coke build-up was a non-uniform 

distribution of permeability, porosity, and thermal conductivity across the bed. Thus, the axial 

temperature profile was always changing with time due to a decrease in porosity and permeability 

and increase in thermal conductivity. These non-uniform bed properties cause the reforming 

reactions to become heat transfer-limited and thus contribute to lower ethanol conversion and yield 

of hydrogen. The conversion and selectivity results were compared with values in literature and 

similar values were obtained for high temperatures.  

It was observed that although Mg and Ru both increased the stability and activity of the Ni 

catalysts, the Ru-promoted catalysts increased the activity more effectively than Mg-promoted 

catalysts. It was also observed that a loading of 0.08 wt% of Ru was close to the optimal loading. 

On the other hand, a 60% increase in the Mg loading saw a significant increase in the ethanol 

conversion.  

The optimum reforming conditions for carbon buildup in the SOFC was computed. It was 

discovered that a reformer temperature of 550 °C and steam/carbon ratio of 5 is required for steam 
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reforming of ethanol while an O/C ratio of 0.45 and reformer temperature of 300 °C is required 

for ethanol partial oxidation. It was observed that ethanol reforming not only resulted in a higher 

efficiency than methane reforming, it had a less negative environmental impact. 

6.2 Recommendations for future work.  

1. Bimetallic catalysts were studied in this thesis. It is recommended that tri-metallic catalysts 

for partial oxidation of ethanol be studied to see if there are any synergistic effects.  

2. The use of the catalysts studied for the partial oxidation higher, more complex 

hydrocarbons such as biodiesel and bio-oil is also recommended to ascertain the versatility 

of the studied catalysts.  

3. The development of models that simulate complete SOFC systems with the incorporation 

of heat, mass transfer and momentum transport is imperative for the design of future mobile 

fuel cells.  

4. Future kinetic models should consider the rate of formation of side products such as 

acetaldehyde and ethanol during reforming. This will allow design engineers to identify 

process parameters to avoid in order to minimize formations of such products. 

5. The reactivation of studied catalysts in the presence of a suitable gas should be studied to 

determine their reusability. 

 

 

 

 


