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Abstract 
 
Catalytic combustion is a promising combustion technique in gas turbines, which 
results in ultra low levels of NOx, CO and unburned hydrocarbons. Due to the low 
combustion temperature achieved in catalytic combustion almost no thermal NOx is 
formed. The focus in this thesis will be on the first stage in a catalytic combustion 
chamber, i.e. the ignition catalyst. The catalyst used for this application is often a 
supported palladium-based catalyst due to its excellent activity for methane 
combustion. However, this type of catalyst has a serious drawback; the methane 
conversion decreases with time during operation. The unstable activity will result in 
increasing difficulties to ignite the fuel. The objective of the work presented in this 
thesis has been to improve the catalytic performance of supported palladium catalysts, 
with focus on stabilizing the methane conversion.  
 
The first part gives a general background to gas turbines and catalytic combustion.  
 
The second part concerns the monometallic palladium catalysts; their behaviour during 
methane combustion is addressed.  
 
The third part describes different bimetallic catalysts, which all have palladium as one 
of the active components. Results from the activity tests of methane combustion 
showed that it is possible to stabilize the activity by adding certain co-metals into the 
palladium catalyst. The morphology of the various bimetallic catalysts has been 
studied to gain a better understanding of the various combustion behaviours.  
 
Finally, the influence of pressure on the catalytic performance is evaluated. The 
catalysts were tested under more realistic conditions for gas turbines, with elevated 
pressure, in a high-pressure test facility with a 100 kW fuel power.  
 
Keywords: catalytic combustion, gas turbine, methane, palladium, bimetal, 
morphology, TPO, TEM, EDS, methane activity, stability, pressure  
 
 
 
 

 



  

 

Sammanfattning 
 
Katalytisk förbränning är en lovande förbränningsteknik i gasturbinsammanhang på 
grund av att det är möjligt att erhålla ultralåga halter av NOx, CO och oförbrända 
kolväten. Tack vare den låga förbränningstemperaturen i en katalytisk brännkammare 
bildas minimalt med termiskt NOx. Denna avhandling har fokuserats på det första 
steget i en katalytisk brännkammare, den så kallade tändningskatalysatorn. 
Palladiumbaserade katalysatorer är de katalysatorer som oftast används för den här 
tillämpningen, för de har en utmärkt aktivitet för metanförbränning. Tyvärr har denna 
typ av katalysatorer en stor nackdel; metanomsättningen minskar med tiden. Den 
instabila aktiviteten resulterar i att bränslet bli svårare och svårare att tända. Målet med 
arbetet som presenteras i avhandlingen har varit att förbättra palladiumkatalysatorernas 
egenskaper, med fokus på att stabilisera aktiviteten.  
 
Den första delen av avhandlingen ger en generell bakgrund till gasturbiner och 
katalystisk förbränning. 
 
Den andra delen behandlar monometalliska palladiumkatalysatorer. Hur dessa 
katalysatorer uppträder när de förbränner metan har studerats.  
 
Den tredje delen beskriver olika bimetalliska katalysatorer, där samtliga innehåller 
palladium och ytterligare en aktiv komponent. Resultat från olika aktivitetstester för 
metanförbränning visar att det är möjligt att stabilisera aktiviteten genom att tillsätta 
vissa metaller till palladiumkatalysatorn. De bimetalliska katalysatorernas morfologi 
har också studerats för att undersöka varför de olika katalysatorerna uppträder som de 
gör. 
 
I den sista delen har tryckets inverkan på katalysatorerna undersökts. Katalysatorerna 
har studerats under mer realistiska förhållanden för gasturbiner, d.v.s. med höga tryck, 
i en högtrycksanläggning med 100 kW bränslekapacitet. 
 
Nyckelord: katalytisk förbränning, gasturbin, metan, palladium, bimetall, morfologi, 
TPO, TEM, EDS, metanaktivitet, stabilitet, tryck 
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1 

Introduction 
 

 
 
1.1 Background 

One of the more common approaches for producing electricity is by using gas turbines. 
The primary fuel for stationary gas turbines is natural gas, which consists mainly of 
methane. A large share of the pollution released into the air arises from different kinds 
of combustion processes, which also include pollutants from gas turbines. The 
legislation concerning air pollution becomes more stringent every year. Therefore, it 
has become important for the gas turbine manufacturer to develop combustion 
techniques that comply with the requested emission levels at the same time being 
operation and cost efficient.  
 
Catalytic combustion is a very promising combustion technique, which does not 
require expensive clean-up exhaust systems for reaching ultra low levels of nitogen 
oxides (NOx), carbon monoxide (CO) and unburned hydrocarbons (UHC). Other 
advantages are a stable combustion of the fuel outside the flammability limits and less 
noisy operation. This combustion technique has been developed during decades but 
has only recently been commercialized.  
 
One of the main problems with catalytic combustion has been to get the catalysts to 
ignite the fuel at the compressor discharge temperature of around 350-450 °C. For that 
reason a very active catalyst is necessary. Palladium-based catalysts have been the 
catalysts of focus due to their excellent combustion activity for methane. However, 
recent reports have shown that palladium catalysts are not stable for longer periods, i.e. 
the activity declines with time. Since palladium-based catalysts initially have a high 
activity it is desirable to stabilize the conversion. One way to achieve this has been to 
include an extra metal into the palladium catalysts, forming a bimetallic catalyst.  
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1.2 Scope of the work 

The objective of the work presented in this thesis has been to develop efficient ignition 
catalysts for catalytic gas turbine combustors. Focus has been on palladium-based 
catalysts and how to improve the unstable activity. A series of bimetallic palladium 
catalysts has been investigated with particular emphasis on the stability and the level 
of activity. To gain more understanding of the discrepancies in their stability, a 
morphology study has been carried out.  
 
Additionally, the catalysts have been tested in a high-pressure test facility, which 
works under more realistic gas turbine conditions compared to atmospheric lab-scale 
reactors. The influence of pressure on the methane conversion has been investigated.  
 
The work was conducted at the Department of Chemical Engineering and Technology 
at the Royal Institute of Technology (KTH), Sweden.  

 2



  

 

 
2 

Gas turbines 
 
 
 
The first patent for a combustion turbine was issued to England’s John Barber in 1791. 
Since then, gas turbines have been used for a great number of applications. Today, gas 
turbines are common in aeroplanes for providing the thrust in a jet engine and, as this 
thesis will focus on, for heat and power generation in stationary applications. The 
development of turbines is focused on raising the efficiency and, at the same time, 
decreasing the harmful emissions produced during operation. A brief introduction to 
gas turbines and their environmental impact will follow, as it is necessary for 
understanding the background to the thesis.  
 
2.1 Gas turbine components 

A gas turbine in its simplest form consists of three main components, i.e. a 
compressor, a combustion chamber and a turbine. They are connected as illustrated in 
Figure 2.1. This gas turbine cycle is called the Brayton cycle.  
 

Exhaust

GCompressor

Combustion
chamber

Fuel

Air

Bypass air

350-450 °C >1500 °C

<1450 °C

Turbine

Exhaust

GCompressor

Combustion
chamber

Fuel

Air

Bypass air

350-450 °C >1500 °C

<1450 °C

Turbine

 
 

Figure 2.1. Flow diagram of a simple gas turbine  
 
The first component in a gas turbine is a compressor, which increases the pressure of 
air from atmospheric to 5 to 30 bar, depending on the type of gas turbine. When air is 
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compressed, the temperature increases simultaneously. The compressor discharge 
temperature is dependent on the pressure ratio over the compressor, and may therefore 
vary between 350 and 450 °C. 

 
If the compressed air is expanded directly in the turbine, and if there were no losses in 
any of the components, the power developed by the gas turbine will equal the power 
supplied to the compressor [1]. Consequently, there will not be any net power 
produced in the gas turbine. If the temperature of the air is increased prior expansion, 
the power development of the gas turbine is on the other hand clearly improved. 
Therefore, the second component in a gas turbine is a combustion chamber, also called 
a combustor. The compressed air is fed into the combustion chamber, where it is 
mixed with the fuel. The conventional way of combusting the fuel is by means of 
flames. The combustion generates heat, which is taken up by the gas. As seen in the 
flowsheet in Figure 2.1, the temperature is raised from 350 to 450 °C before the 
combustion chamber to above 1500 °C at the exit.  
 
One of the more common fuels used in stationary gas turbines is natural gas, whose 
most important component is methane. Natural gas has an advantage over other fuels, 
e.g. petrol fuels, in that it forms less carbon dioxide that leads to greenhouse effects. 
 
Since the outlet temperature from the combustion chamber often is too high for the 
turbine materials, the gas has to be cooled prior entering the turbine. In order to obtain 
a suitable inlet temperature, the hot gas is therefore mixed with air that has bypassed 
the combustion chamber.  
 
The turbine itself consists of a number of blades connected to a shaft. The gas, which 
has reached the desirable pressure and temperature, is expanded through the turbine. 
Thereafter, the gas is directed either directly out to the atmosphere or via a heat 
exchanger in order to heat the air before entering the combustion chamber. Electricity 
can be extracted from the turbine via a generator. The levels of pressure and 
temperature influence the efficiency of the gas turbine. Therefore, the gas turbine 
manufacturers are aiming for as high values of theses two parameters as possible. 
Nevertheless, due to material restrictions these levels are limited. Many different types 
of gas turbines can be found on the market, with a large variety of temperatures and 
pressures. However, the description of these gas turbines are beyond the scope of this 
thesis.  
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2.2 Environmental issues 

Even though the exhaust gas from gas turbines should consist only of oxygen-depleted 
air, carbon dioxide and water when using natural gas, the exhaust gas also comprises 
many different pollutants. The main pollutants from a gas turbine are formed during 
combustion, e.g. NOx, CO and UHC. CO and UHC occur primarily due to incomplete 
combustion. Much focus today is given to NOx formation, since NOx leads to acid rain 
and photochemical smog etc. Acid rain has negative impact on the human health and 
the environment, by causing forest depletion, dissolution of heavy metals into the 
water etc. Photochemical smog also affects human health and the terrestrial and the 
aquatic ecosystems negatively. In order to reduce the NOx emissions, regulations 
concerning the allowed pollution levels are becoming more stringent every year. In the 
US, the values for the NOx limits are reduced to single digit ppm levels, but vary 
depending on population density, source of emissions, location and so on. On-going 
research concerning gas turbines is focusing on meeting the ever more stringent 
pollution limits, while maintaining existing levels of reliability and keeping the costs 
low.  
 
2.3.1 Different NOx mechanisms 

NOx may arise from four different mechanisms, i.e. thermal mechanism, prompt 
mechanism, nitrous oxide mechanism and fuel mechanism [2]. Thermal NOx is formed 
in oxidation of atmospheric nitrogen by radical mechanisms, as proposed by Zeldovich 
[3]. 
 

O + N2 ↔ NO + N     (1) 
N + O2 ↔ NO + O     (2) 

 
 
The concentration of thermal NOx depends exponentially on temperature. However, 
the NOx production is crucial first at temperatures above 1500 °C, where the NOx 
concentration exceeds 1500 ppm [4]. As mentioned above, most gas turbines today 
employ some kind of flame combustion of natural gas for energy generation. Since the 
operating flame temperature is above 1500 °C, the thermal NOx is thermodynamically 
favoured [5]. Hence, thermal NOx is an important environmental issue in conventional 
flame combustors.  
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Prompt NOx arises when the combustion is running under fuel-rich conditions (more 
fuel than the stoichiometric reaction requires). The atmospheric nitrogen reacts with 
CH radicals, derived from the fuel. Unlike thermal NOx, prompt NOx can be formed at 
temperatures much below 1350 °C. 
 
The nitrous oxide (N2O) mechanism is analogous with the thermal mechanism in that 
oxygen atoms attack atmospheric nitrogen. Instead of directly producing NOx, this 
mechanism produces N2O in the first step. N2O could then react with another oxygen 
to produce NO. This mechanism may occur at lower temperatures than the thermal 
mechanism [2]. 
 
As the name indicates, fuel NOx arises when the nitrogen components in the fuel react 
with oxygen. Since natural gas does not contain large amounts of nitrogen compounds, 
the fuel NOx is a minute problem for this fuel [4].  
 
2.3.2 Different techniques for reducing NOx formation during combustion  

Different techniques have been developed for controlling NOx formation. The NOx 
problem may be tackled either primarily during the combustion or secondarily by 
exhaust treatment. A large variety of techniques have been developed and the most 
common will briefly be presented below. More information regarding these techniques 
may be found elsewhere [1-2]. 
 
By changing the operating conditions during combustion, the NOx emissions may 
decrease. A common method is to introduce water or steam into the combustion 
chamber. The purpose of the water is to quench the radicals and lower the flame 
temperature, resulting in less thermal NOx. The higher the water content, the lower the 
thermal NOx. Unfortunately, when the water content increases, the formation of CO 
and UHC increases as well. Further, this technique may be a problem when the access 
to water is inadequate, as it is in many places in the world, or if the ambient 
temperature is below the freezing point. The water also has to be really clean in order 
to minimize corrosion. Therefore, many designers of gas turbines prefer a dry method 
for reducing NOx emissions.  
 
By using either fuel rich or lean conditions, the flame temperature may be reduced. 
One of the dry combustion methods is using both conditions in two separate stages, i.e. 
the concept of rich burn/ quick quench/ lean burn. The first stage operates under rich 
conditions. However, rich burning may produce smoke. For that reason the 
combustion reaction is quenched and the hot gas is diluted with air in the second stage.  
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A more common dry method is only using fuel-lean conditions in which the air and the 
fuel is intimately mixed prior to entering the combustion chamber. The disadvantage 
with this method is that it is difficult to maintain a stable combustion.  
 
When consider exhaust after-treatment, selective catalytic reduction (SCR) is the most 
common technique. This technique may also be used together with the primary 
techniques discussed above. The principle of this method is to reduce NOx to N2 by 
means of ammonia. However, this system is very complex and expensive.  
 
One of the more promising methods for reducing NOx is catalytic combustion. In this 
method, the combustion reaction takes place on the surface of a catalyst. The catalyst 
helps the combustion reaction to occur at a lower temperature than would be possible 
for conventional flame combustion. Since the crucial temperature for the thermal NOx 
formation is not reached with catalytic combustion, NOx levels below 3 ppm are 
achieved. Due to the low NOx value, no after-treatment of the exhaust gas is necessary 
when using catalytic combustion. Furthermore, ultra low emissions of CO and UHC 
are achieved. This combustion technique will be discussed further in the next chapter.  
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3 

Catalytic combustion in gas turbine 
applications 

 
 
 
The theory of catalytic combustion has been known since the beginning of the 19th 
century, when Sir Humphry Davy discovered that a platinum wire could induce 
combustion of a flammable mixture without flames. Different applications of catalytic 
combustion have been introduced since then, for example abatement of volatile 
hydrocarbons (VOC), small-scale heaters, hair dryers etc. William Pefferle was the 
first to propose catalytic combustion for gas turbines in the early seventies [6-7]. Since 
then, an increasing number of publications have been published in this field [5, 8-15].  
 
Today, three commercial gas turbines (Kawasaki M1A-13X) are in operation, which 
are equipped with catalytic combustors (Xonon Cool Combustion®). According to 
Catalytica Energy Systems, which developed the Xonon Cool Combustion®, NOx 
emissions below their 3 ppm guarantee is achieved and that without any use of add-on 
exhaust cleanup systems [16]. Other gas turbine manufacturers have also shown 
interest in this combustion technique.  
 
3.1 Catalytic combustion  

The basic principle of catalytic gas turbine combustion is to let the combustion 
reaction take place on the surface of the catalysts instead of in a flame. The flame and 
the catalytic combustion occur by two different routes. Flame combustion occurs 
homogeneously in the gas phase via a range of radical reactions at higher 
temperatures. Catalytic combustion, on the other hand, occurs heterogeneously via 
surface or near surface reactions at lower temperatures. Both of these reaction 
mechanisms are very complicated and are not yet fully understood.  
 
For the combustion reaction to take place, the temperature must be above a certain 
value in order to exceed the activation energy. Catalysts are able to reduce the 
activation energy to levels that are not attainable for flame combustion. As a result, it 
is possible to combust the fuel over a catalyst at a much lower temperature compared 
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to the conventional flame technique. The temperature for catalytic combustion is 
below the critical temperature for the thermal-NOx formation, resulting in low NOx 
emissions. However, it is important to point out that the reduction in combustion 
temperature does not lead to a decrease in the efficiency of the gas turbine. The turbine 
inlet temperature largely determines the efficiency and is the same for both 
combustion techniques. The difference between the two techniques is that no by-pass 
of air is necessary in the catalytic process for reducing the temperature prior entering 
the turbine, as illustrated in Figure 3.1.  
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Figure 3.1. Illustration of catalytic combustion in a gas turbine 

 
Not only the kinetics affects the combustion rate over a catalyst, but other mechanisms 
such as the diffusion inside the catalysts pores, mass transport of reactants to the 
surface and/or products from the surface may affect the overall combustion rate. The 
diffusion may be influenced by both pressure and temperature.  
 
3.1.1 Advantages with catalytic combustion 

The main advantage of catalytic combustion is that it allows combustion at a 
temperature at which the formation of thermal NOx is avoided, and at the same time 
achieves ultra low emissions of CO and UHC. According to Catalytica Energy 
Systems, the Xonon Cool Combustion® has limited the emissions of NOx to less than 
2.5 ppm without compromising the performance of the gas turbine [17]. Since the 
reduction of NOx is very efficient, no exhaust gas treatment is necessary. Catalytic 
combustion is one of few combustion techniques meeting the low emission limits 
stated by legislation e.g. in the US and Japan.  
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The cost for reducing NOx is clearly lower for the primary techniques, which include 
catalytic combustion, compared to the secondary techniques, such as SCR [18]. The 
disparity in cost is particularly large for small gas turbines.  
 
Other advantages, as pointed out by Zwinkels et al. [10], are the increased stability of 
catalytic combustion and the ability to combust fuels outside the flammability limits. 
Additionally, the operation is less noisy and a more even radial temperature profile is 
obtained.  
 
3.1.2 Requirements 

A large number of gas turbines equipped with flame combustors are on the market 
today. These gas turbines are often optimized for as high efficiency as possible. If a 
catalytic combustor is implemented into the system, the operation conditions in the gas 
turbine are preferably not changed in order to maintain the high efficiency. Some 
requirements regarding the operation conditions must therefore be met before catalytic 
combustors can fully replace the conventional flame combustion techniques. Carroni 
et al. [19] have reviewed some demands, which are summarized in Table 3.1.  
 
Table 3.1. Requirements for a catalytic combustion chamber in gas turbines 
Issue Demands 
Inlet temperature 350 − 450 °C 
Exit temperature 1500 °C 
Pressure 8 − 30 bar 
Pressure drop <3 % 
Mixedness 80 − 85 % 
Ambient condition variations -25 − +40 °C 
Working life >8000 h 
Thermal shocks >500 °Cs-1

Multifuel capability Natural gas / Oil 

Size restrictions 
Typically 300 mm length and 180 mm 
diameter 

 
 
One of the more difficult requirements to fulfil is to ignite the fuel at the compressor 
discharge temperature. If this is not accomplished, the gas has to be preheated in order 
to reach a temperature at which it is ignited. Preheaters reduces the efficiency of the 
gas turbine and increase the emissions of NOx. As reported by Ozawa et al. [20], the 
main source of NOx emitted from a catalytic combustor is from the preheaters. Hence, 
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a very active catalyst is desirable in order to reduce the need for preheaters. The 
ignition may also be obstructed by variation in the ambient temperature, which is 
reflects on the compressor discharge temperature.  
 
An important difference between using catalytic combustor in gas turbines compared 
to other applications is that gas turbines operate at a much higher pressure and flow 
velocity. All the same, only a few experimental studies concerning the pressure impact 
on the catalytic performance can be found in the literature. The pressure influence will 
be covered in more detail in Chapter 7.  
 
Due to the high velocity used in gas turbines, there would be a large pressure drop 
over the catalysts if a packed bed arrangement were used. Since the pressure level is 
one of the more important parameters for the gas turbine performance, a pressure loss 
over the combustor would cause an expensive loss of efficiency in the gas turbine. To 
minimize the pressure drop, the catalysts in a catalytic gas turbine combustor have a 
monolith structure, also called a honeycomb reactor. The monoliths will be discussed 
more in Section 3.3. 
 
The operator does not want to change the catalyst too often, since it is a costly and 
complicated process. Therefore, the catalysts need to have a lifetime of at least 8000 h. 
However, the catalysts may easily become deactivated due to the severe environment 
inside a gas turbine. The high temperature in the combustor may result in sintering of 
the catalyst, when the materials collapse. Therefore, it is desirable to have 
temperature-stable catalysts. This is especially important for the last part of the 
catalytic combustor, where the temperature sometimes can be as high as 1450 °C. 
Poisoning, where a substance, e.g. SO2, blocks the active sites may also deactivate the 
catalysts. Small amounts of sulphur can be found in natural gas.  
 
The size of the catalytic combustion chamber should preferably be the size of a 
conventional combustor. If this is the case, it will be easier to implement the catalytic 
combustion chamber in an already existing gas turbine and less reconstruction is 
needed. Today, the size of a catalytic combustor is three times as large as a 
conventional turbine combustor [21].  
 
3.2 Catalytic combustor configurations 

No single catalyst material is able today to work in the entire temperature range used 
in gas turbine combustors. Therefore, the combustor is divided into different segments 
according to the activity and the temperature stability of the catalysts. In general, a 
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highly active catalyst is often less temperature stable, whereas a more thermally stable 
catalyst is less active.  
 
Many different configurations of combustion chambers are suggested in the literature. 
One is based on fully catalytic combustion, where the temperature is increased by 
means of only catalysts [22]. Since the catalysts have to stand temperatures as high as 
1450 °C, material problems restrict this configuration. 
 
Another common configuration reported in the literature is the hybrid design, in which 
a fraction of the fuel is first combusted catalytically, followed by a homogeneous 
combustion zone where the combustion is completed [18, 23-25]. In Figure 3.2, the 
system is illustrated. 
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Figure 3.2. A schematic of a hybrid combustor, adapted from Thevenin [26]. 
 
The catalyst section is divided in at least two different stages. The first stage is an 
ignition catalyst. This catalyst ignites the gas at the compressor discharge temperature 
and increases the temperature of the gas to a value where the subsequent catalytic 
stage is able to ignite. If the catalyst is not active enough to ignite the fuel at the 
compressor discharge temperature, pre-heaters are needed which is not desirable. 
Therefore, a very active catalyst is preferable in this first stage.  
 
The second stage has a more temperature-stable catalyst, such as hexaaluminate, 
which brings the temperature up to a level necessary for initiating the following 
homogeneous combustion. The remaining fuel components will be combusted 
homogeneously in the last part of the combustion chamber.  
 
The advantage with the hybrid configuration is that the catalysts never will be exposed 
to a temperature higher than 950 °C, and the thermal sintering and vaporization 
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problems will be more or less eliminated [23]. This configuration is used in Xonon 
Cool Combustor® in the Kawasaki gas turbine [27]. Other configurations of 
combustion chambers have also been reported in the literature [12]. 
 
3.3 Catalyst design 

A combustion catalyst for gas turbine applications consists of three main components, 
the support increases the mechanical strength and stability, the washcoat brings a high 
surface area and the active component enables the heterogeneous combustion reaction. 
A combustion catalyst is schematically shown in Figure 3.3. 
 

Monolith Washcoat on the 
walls of the monolith

Active components 
on the washcoat

Monolith Washcoat on the 
walls of the monolith

Active components 
on the washcoat

 
Figure 3.3. Schematic representation of a honeycomb monolith, adapted from 
Thevenin et al. [28]. 

 
To minimize the pressure drop over the catalysts, a monolith structure is used as 
support. The monolith consists of a number of parallel channels through which the gas 
easily can pass, with only small loss in pressure. The catalyst itself is placed on the 
channel walls. Hayes and Kolaczkowski have described a range of different monolith 
structures, where the shape and size of the channels are varied [13]. 
 
The monolith can be fabricated from ceramic materials, such as cordierite, or metallic 
materials, such as Fecralloy steel. Lately, metallic material has been given more 
attention. The reason is that metal has a high thermal conductivity and a more 
sophisticated coating is possible. A common coating design is the passive channel 
structure, where only every second channel is coated with active material and the 
uncoated channels work as heat exchangers and cool the support surface [29]. In this 
way, the temperature over the catalyst may be more easily controlled and temperature 
run-away is suppressed. 
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The monolith material is often a low surface area material, which makes it unsuitable 
for direct application in the combustion chamber. Therefore, a high-surface area 
material, commonly known as the washcoat, is supplied on the monolith walls. The 
washcoat may be active itself, which often is the case for the more temperature stable 
catalysts, or act as support for another active component, as often is the case for the 
ignition catalysts. If the washcoat acts as a support, it helps disperse the active 
components and increases the exposure of active components to reactants. One of the 
more common washcoat materials is alumina (Al2O3), which has a high surface area.  
 
The active component is often a precious metal for ignition catalysts and an oxide, e.g. 
hexaaluminate, for the more temperature stable catalysts. This thesis will focus on the 
ignition catalysts, especially palladium-based catalysts, which will be discussed in the 
next chapter. 
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4 

Palladium catalysts 
 
 
 
Palladium-based catalysts are often seen as the clear choice for ignition catalysts due 
to their excellent activity for methane combustion. However, supported palladium 
catalysts are complex systems, especially when it comes to methane combustion. A 
great number of papers concerning Pd-based catalysts have been published over the 
years [5, 9, 30-32]. In order to better understand the bimetallic palladium catalysts a 
basic knowledge regarding monometallic palladium catalysts is necessary, which will 
follow. In this chapter, results from Papers I and II are presented.  
 
4.1 Methane combustion over Pd-based catalysts  

Palladium oxide supported on alumina or zirconia, with various additives, is the 
catalyst of choice for lean combustion of natural gas in gas turbines. Forzatti [18] has 
summarized the properties that make palladium catalysts suitable as ignition catalysts:  
 

• High activity in methane combustion, which results in low ignition temperature 
• Unique capability of temperature self-control due to the reversible PdO-Pd 

metal transformation 
• Low volatility of Pd species that may be present under reaction conditions 

 
The characteristics of the PdO-Pd transformation and its relevance to methane 
combustion are addressed below.  
 
Methane is one of the most difficult hydrocarbons to combust due to the strong C-H 
bonds. Therefore, to break the first C-H bond is clamed to be the rate-limiting step of 
methane combustion [9]. As soon as this has taken place, the following steps occur 
rapidly.  
 
Supported palladium catalysts are the most active noble metal catalysts for methane 
combustion in excess of oxygen [33]. A debated question is whether palladium oxide 
(PdO) or metallic palladium (Pd0) is more active for methane combustion. The 
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majority of the reports suggest PdO to be the more active phase for temperatures 
below 700 °C [30-32]. However, it has been suggested that small amounts of Pd0 
enhance the catalytic activity due to increasing the dissociation rate of the first C-H 
bond [34-36].  
 
4.2 PdO decomposition / reoxidation (Paper I) 

The temperature strongly influences the palladium catalysts during methane 
combustion, as illustrated in Figure 4.1. This curve was obtained during the work with 
Paper I in a conventional tubular reactor (see Section 6.1 for more details).  
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Figure 4.1. Activity test when temperature is varied continuously for a 
monometallic Pd-catalysts supported on alumina ( ). Both the heating and 
cooling ramp are shown. The activity test is described in more details in 
Section 6.1 (Paper I). 
 

The temperature was increased from 300 °C to 950 °C, followed by a decrease down 
to 300 °C. During heating, the conversion started to increase at 400 °C. Although the 
catalyst was continuously heated, the methane conversion falls at around 720 °C. 
However, at 810 °C the catalyst regains activity and it increases continuously to 
950 °C. During cooling a decrease in methane conversion was observed as well, but 
activity was regained and reached a maximum at 600 °C. Since the temperature was 
different from where the PdO decomposed and reoxidized, a temperature hysteresis 
was created. These results are in line with what other researchers have concluded 
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[30-31]. The behaviour during heating has been explained by palladium oxide 
decomposing into metallic palladium, which is less active for methane combustion.  
 
     PdO  Pd0 + ½O2

 
During cooling, metallic palladium reoxidizes to palladium oxide again.  
 
The decomposition and reoxidation of PdO has also been observed in temperature-
programmed oxidation (TPO) analyses [37-38]. A result from Paper I is illustrated in 
Figure 4.2. 
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Figure 4.2. TPO profile of 5 weight% Pd on alumina (Paper I) 

 
The temperature in this experiment was cycled from 300 °C up to 900 °C and then 
cooled down to 300 °C. The sample was exposed to a constant flow of 5 vol.% O2 in 
helium. Three positive peaks, representing decomposition of PdO, were located close 
to each other during the heating ramp; they started at 730 °C and ended at 900 °C. 
During the cooling ramp only a single peak, representing reoxidation of PdO, was 
detected, which started around 620 °C. A hysteresis in temperature was observed here 
as well. Groppi et al. [37-38] have explained the three peaks observed in TPO analyses 
as each peak representing different PdO species. The first specie, representing the first 
peak in the TPO profile, was suggested to be transformed into the second specie, 
representing the second peak, when temperature was increased. However, the nature of 
these two TPO species is still a matter of discussion. The third peak may be associated 
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with PdO in close contact with the support surface, and this specie is more thermally 
stable than the other palladium oxide species.  
 
4.3 The inhibition effect of reaction products 

Water and carbon dioxide are the reaction products when methane is completely 
combusted. Both of these products may affect the activity of Pd-based catalysts. Burch 
et al. [39] have suggested that water and carbon dioxide poison the same active sites 
on PdO, where water is able to displace carbon dioxide to form an inactive surface 
hydroxide. For that reason, carbon dioxide will not affect the catalytic combustion 
over palladium-based catalysts under normal conditions when water is present. The 
focus will therefore be on the water inhibition in the text below. 
 
The poisoning effect of water is proposed to be due to the formation of palladium (II) 
hydroxide, which is not dehydrated without the loss of oxygen [40-41]. The effect of 
water may be influencing the following equilibrium:  
 

PdO + H2O  Pd(OH)2

                                                         (Active)               (Inactive) 
 
The reason why the activity declines when water is present, is that Pd(OH)2 is inactive 
for methane oxidation. The presence of water in the process stream does however not 
affect metallic palladium, but on the other hand inhibits PdO strongly [42].  
 
As suggested by Ciuparu et al. [43], the inhibiting effect of water is strongly dependent 
on temperature and reaction conditions. At lower temperature around, 500 °C, the 
water inhibition is marked. As previously mentioned, the rate-limiting step in methane 
combustion is to break the bonds in the methane molecule when the concentration of 
water is low. However, at low to moderate temperature the rate of combustion of 
methane is suggested to be limited by recombination of the surface hydroxyl and water 
desorption [44]. 
 
The equilibriation of the interaction of water with palladium-based catalysts is slow 
with respect to the methane oxidation reaction time scale. Therefore, the water 
posioning effect is only slowly reversible [42]. How sensitive the catalyst is to water 
may depend on the support on which Pd is coated [45]. Either by using an additive to 
the palladium or using a support with high ability to mobilize oxygen might reduce the 
inhibiting effect of water. 
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4.3 Stability issues (Papers I and II) 

Even though palladium-based catalysts have shown promising results when 
temperature is varied at a constant rate, it has recently been shown that palladium 
catalysts have difficulties to maintain their high activity for longer periods of time at 
constant temperature [46-47]. This is in line with results from Papers I and II. 
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Figure 4.3. Activity test when temperature was varied stepwise for a 
monometallic Pd-catalysts supported on alumina ( ). The dotted line represents 
the temperature. The activity test is described in more detail in Section 6.1 
(Paper I). 

 
In the experiment described in Paper I, the temperature is increased by 50 °C a step 
while the rest of the operation parameters are kept constant. Each temperature step is 
maintained for an hour. (More information of the reaction conditions can be found in 
Section 6.1.) As seen in Figure 4.3, even at such a low temperature as 475 °C the 
activity over the monometallic palladium catalyst decreases. This temperature is well 
below the temperature where PdO decomposes. Therefore, the decrease in activity at 
lower temperatures is probably connected to some other phenomenon than the PdO to 
Pd transformation. If the activity decreases to this extent, the ignition of the fuel at the 
compressor discharge temperature will be increasingly difficult. Similar unstable 
activity was shown in Paper II for the monometallic catalyst.  
 
One way to maintain a high activity and at the same time stabilize the activity may be 
to introduce an extra metal into the palladium catalysts, forming a bimetallic catalyst. 
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In the following chapters the bimetallic catalysts are discussed more closely, as well as 
their stability issues. 
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5 

Bimetallic palladium catalysts 
 
 
 
A bimetallic catalyst consists of two active metals. The properties of a bimetallic 
catalyst may differ from the properties of the metals separately. According to Coq et 
al. [48], the effect of a co-metal may be interpreted in terms of geometric effects, 
electronic effects and/or mixture of the two, depending on the nature of the co-metal 
and the reaction. However, there is no single interpretation. 
 
Bimetallic catalysts have long been used for several applications, such as in car 
exhaust catalysts and in VOC catalysts. Recently, the interest for using bimetallic 
catalysts in catalytic combustion has increased as well. Different bimetallic palladium 
catalysts for combustion of methane have been reported to stabilize the activity during 
combustion [46-47, 49-52], to increase the temperature for PdO decomposition [53], to 
improve the resistance to sulphur poisoning [54-55] etc. Paper I investigates the 
impact of eight different co-metals on palladium catalysts. In order to gain more 
understanding regarding the behaviour of the bimetallic catalysts a morphologic study 
was carried out, which will be discussed in this chapter.  
 
5.1 The catalysts (Papers I and II) 

In Paper I, a range of different bimetallic catalysts was studied, which all consisted of 
palladium as one of the active components. The catalysts are described in Table 5.1. 
The co-metals were taken from groups 9-11 in the periodic table, which are close to 
the location of palladium. All catalysts were prepared using the incipient wetness 
technique and were supported on alumina. A monometallic palladium catalyst 
consisting of 5 weight% Pd, Pd-ref, was used as a reference catalyst. The bimetallic 
catalysts were formulated to consist of the same molar amounts of active components 
as the Pd-ref catalyst, with an equal molar ratio (1:1) between the palladium and the 
co-metal.  

 23



  

 
Table 5.1. The different catalysts and their properties. 
 

Catalyst Content Description of catalyst 
Pd-ref 5 weight% Pd//Al2O3 20-80 nm PdO particles on alumina support 
PdCo 1:1 Pd:Co//Al2O3 20-40 nm PdO particles on cobalt spinel-alumina 

support 
PdRh 1:1 Pd:Rh//Al2O3 1-5 nm agglomerated PdO particles and <2 nm Rh2O3 

alumina support 
PdIr 1:1 Pd:Ir//Al2O3 80-600 nm PdO and 80-200 nm IrO2 crystals on 

alumina support 
PdNi 1:1 Pd:Ni//Al2O3 20-40 nm PdO particles on nickel spinel-alumina 

support 
PdPt 1:1 Pd:Pt//Al2O3 Pd-Pt alloy with particle size of 35 nm on alumina 

support 
PdCu 1:1 Pd:Cu//Al2O3 34-50 nm PdO particles and 1-2 nm CuO particles on 

alumina support 
PdAg 1:1 Pd:Ag//Al2O3 34-50 nm PdO particles and 1-5 nm Ag2O particles on 

alumina support 
PdAu 1:1 Pd:Au//Al2O3 Pd-Au alloy with particle size of 190 nm on alumina 

support 
 
 
Three monometallic catalysts were prepared as well, i.e. ½Pd, ½Pt and ½Ni, where 
each catalyst consisted of only one of the metals in the bimetallic catalysts. These 
catalysts were used for comparison. 
 
The catalysts Pd-ref and PdPt were also used in Paper II. However, the molar ratio in 
PdPt was 2:1 Pd:Pt, which differs from the catalyst in Paper I. 
 
5.2 Catalyst morphology (Paper I) 

The catalysts in Paper I were investigated using transmission electron microscopy 
(TEM) coupled with energy dispersion x-ray spectroscopy (EDS), temperature-
programmed oxidation (TPO) and powder x-ray diffraction (PXRD). The TEM 
analyses provided information about the particle size, the morphology and the 
distribution of the active substances in the catalysts. For the reference catalyst, Pd-ref, 
the PdO particles appeared to be evenly spread over the alumina support. This can be 
seen in Figure 5.1 (a), where the palladium appears as darker dots on the greyish 
alumina. 
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In Figure 5.1 (b), two PdO crystals are shown. The size of the PdO particles was found 
to be in the range of 20-80 nm for Pd-ref. The monometallic palladium catalyst is 
described in more detail in Chapter 4. 
 

(a) 200 nm     (b) 50 nm

PdO

PdO 
 

 
Figure 5.1. TEM images of the Pd-ref catalyst, (a) distribution of PdO particles 
on alumina and (b) PdO crystals.  

 
When a co-metal is included in the palladium catalyst, the morphology of the catalyst 
may change. For the bimetallic catalysts studied in Paper I, three different groups may 
be distinguished depending on how the co-metals interact with the support and/or the 
palladium: 
 

1) The co-metal reacted with the alumina support to produce a spinel phase  
(Co and Ni) 

2) The co-metal formed separate particles (Rh, Ir, Cu and Ag) 
3) The co-metal alloyed with Pd (Pt and Au) 

 
In the first group of bimetallic catalysts, the co-metal reacted with the alumina support 
due to the high calcination temperature at 1000º C to form spinel structures, as shown 
in Figure 5.2 (a). The structure of Pd-ref, with well-distributed PdO particles on the 
support, was not markedly changed. This appears to be the case for the PdCo and the 
PdNi catalysts. 
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Figure 5.2. Schematic illustration of the three groups of bimetallic catalysts    
(a) group one (b) group two (c) group three 

 
The spinel phase is supported by the results from the TPO analyses of these catalysts. 
As seen in Figure 5.3, the TPO profiles of PdCo and PdNi are almost identical to the 
one of ½Pd. This shows that these co-metals did not affect the oxygen release/uptake 
of PdO, indicating that Pd and the co-metals were not in close interaction.  

 
 

Figure 5.3. Temperature-programmed oxidation plots of the various catalysts 
 
The spinel structure is also strengthened by the results obtain in the TEM/EDS 
analyses, in which the co-metals were located on the alumina, but without forming 
separate particles.  
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The second group of bimetallic catalysts produced separate particles of the co-metals, 
as illustrated in Figure 5.2 (b). This behaviour appears to be the case for PdRh, PdIr, 
PdCu and PdAg. TEM/EDS analyses revealed that this group of catalysts had separate 
PdO particles, of various sizes. Moreover, separate particles of the co-metals were 
observed as well, as shown in Figure 5.4 for PdAg.  
 

 20 nm

PdO

Ag

 
 

Figure 5.4. TEM image of PdO and Ag particles in the PdAg catalyst 
 
PdIr is the only catalyst in which an oxide phase of the co-metal, IrO2, was detected by 
PXRD. The other catalysts in this group did not give any signal at all for the co-metal. 
This may be due to the small particle sizes, as observed in TEM, being below the 
detection limits of the PXRD instrument. 
 
As seen in Figure 5.3, the TPO profiles of the catalysts from the second group did 
change the oxygen release/uptake of the PdO. For PdRh, PdCu and PdAg, the 
decomposition peak appeared more or less at the same temperature as the Pd-ref 
catalyst. However, the reoxidation temperature was slightly shifted. For PdIr, the 
peaks were distinctly shifted. 
 
As illustrated in Figure 5.2 (c), the co-metals are alloyed with palladium in the third 
group of bimetallic catalysts. This may be the case for PdPt and PdAu. In Figure 5.3, a 
clear shift in decomposition and reoxidation temperatures is observed for PdPt. For 
PdAu, no signal for either the decomposition or the reoxidation was recorded. The 
absence of TCD signal may be explained by the results from PXRD analyses, where 
the mean composition of the solid solution was determined to be Pd0.496Au0.504. Hence, 
almost no PdO was present in the sample. Since PdO is probably responsible for the 
peaks in the TPO profiles, the low concentration of PdO in PdAu resulted in a lack of 
TPO peaks. PXRD results for PdPt indicted a solid solution of the mean composition 
Pd0.531Pt0.469, which allowed higher PdO content.   
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The TEM study indicated that the co-metals in the third group did not form separate 
particles and were only to be found in the close vicinity of Pd. This is shown in 
Figure 5.5. 
 

25 nm 

Pd-Pt

 
 

Figure 5.5. TEM image of Pd0.5Pt0.5 particle in the PdPt catalyst 
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6 

Methane combustion over bimetallic catalysts 
 
 
 
An ignition catalyst must have high combustion activity in order to ignite the gas at the 
compressor discharge temperature. Therefore, it is important that the catalyst maintain 
its combustion activity during operation. Some bimetallic catalysts have been reported 
to have a more stable activity compared to monometallic palladium catalysts. Whether 
the combustion activity increases or not when an extra metal is added to the catalyst is 
however a debated question. In this chapter, the combustion performances of the 
bimetallic catalysts discussed in Chapter 5 are evaluated. Paper I is focused on the 
experimentally measured activity of methane combustion over the bimetallic catalysts. 
Both Papers I and II address the issue of stability of activity, discussed in the 
following. 
 
6.1 Experimental parameters 

6.1.1 Experimental equipment 

A conventional tubular reactor, working at atmospheric pressure, was used to evaluate 
the activity and the stability of the catalysts. The laboratory reactor consists of a quartz 
tube in which a monolith catalyst was placed. The quartz tube was located inside a 
programmable furnace. The composition of the outlet gas from the reactor was 
analysed with an online gas chromatograph (GC). In order to measure the temperature 
over the catalysts, a thermocouple was placed upstream the monolith and another one 
downstream. The gas mixture supplied to the reactor consisted of air and methane, 
both gases adjusted by mass flow controllers. 
 
6.1.2 Reaction conditions 

All lab-scale tests described in this chapter were performed at a space velocity of 
250 000 h-1. The feed provided to the reactor consisted of methane and air with lambda 
values at 6.9 and 4 for Papers I and II, respectively. Three types of activity tests were 
performed. The first type of activity test was carried out when the temperature was 
varied at a constant rate (10 °C/min) from 300 °C up to 950 °C, whereafter the 
temperature was returned to 300 °C at the same rate. Two consecutive temperature 
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cycles were conducted, but only results from the second cycle were used in the figures. 
During the second type of activity test, the temperature was varied stepwise. The 
experiments were initiated at 475 °C and the temperature was raised by 50 °C per step 
up to 775 °C. Each temperature was held constant during an hour. The last type of 
activity test was also performed in temperature steps, but only at 450, 500 and 550 °C. 
Each temperature was kept for half an hour and the temperature cycle was repeated 
twice.  
 
6.2 The activity for methane combustion (Paper I) 

To investigate the activity of various metal combinations, a series of activity tests was 
performed on the bimetallic catalysts described in Chapter 5. A monometallic 
palladium catalyst, Pd-ref, was used as a reference catalyst.  
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Figure 6.1. Activity tests when temperature was varied continuously for        
Pd-ref ( ), PdNi ( ), PdPt (▲), PdAg ( ) and PdCu ( ) during heating 
ramp.  

 
Figure 6.1 shows the behaviour of some of the catalysts during methane combustion 
when the temperature was varied continuously. All bimetallic catalysts, except PdCu, 
illustrate a similar combustion profile as the palladium only catalyst, with a dip in 
conversion due to the PdO decomposition. However, the decrease in activity is not as 
pronounced over the bimetallic catalysts as for Pd-ref. For PdAg and PdPt, no dip was 
observed at all, but the methane conversion remained at constant value during the 
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decomposition. For PdNi, PdCo and PdRh the temperature for PdO decomposition was 
shifted to a higher value.  
 
Since there was no clear temperature when the catalysts were ignited, the temperatures 
at methane conversions of 10, 30 and 50% are used for measuring the activity, and are 
denoted as T10, T30 and T50, respectively. The different temperature values are 
displayed in Figure 6.2. The monometallic palladium catalyst gave the lowest 
temperatures for the three levels of conversion, and was therefore the most active of 
the tested catalysts. The most active of the bimetallic catalysts was PdNi. However, 
this catalyst was shown to be as active as ½Pd, indicating that the Ni does not 
influence the activity of monometallic Pd catalyst. 
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Figure 6.2. The temperature required for 10, 30 and 50% methane conversion 
(T10, T30, and T50) of the catalysts 

 
Whether the activity is increased or not when a co-metal is included is not clear from 
the literature, but a range of results can be found. The preparation technique may 
influence the catalytic activity of the bimetallic catalysts [53, 56], and might therefore 
be a reason for the different results. How the catalysts are compared may also be a 
reason for the variation in results. In Paper I the molar amounts metal have been kept 
constant for all catalysts, but others have compared catalysts by keeping the amounts 
palladium constant and added extra co-metals. Hence, these two ways of measuring 
the catalysts are not comparable. 
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6.3 Stability of methane conversion (Papers I and II) 

If a catalyst initially is very active but the methane conversion declines during 
operation, the fuel will be increasingly difficult to ignite. Therefore, it is desirable to 
have a catalyst with stable activity. In Paper I, the stability over the bimetallic catalysts 
was tested. The results are presented in Figures 6.3-6.5. 
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Figure 6.3. Activity tests when temperature was varied stepwise for Pd-ref ( ), 
PdCo ( ), PdRh ( ) and PdIr ( ). The dotted line represents the inlet 
temperature of the catalysts.  
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Figure 6.4. Activity tests when temperature was varied stepwise for Pd-ref ( ), 
PdNi ( ) and PdPt (▲). The dotted line represents the inlet temperature of the 
catalysts.  
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Figure 6.5. Activity tests when temperature was varied stepwise for Pd-ref ( ), 
PdCu ( ), PdAg ( ) and PdAu ( ). The dotted line represents the inlet 
temperature of the catalysts.  

 
As discussed previously, the methane conversion over the palladium only catalyst 
declines with time. Similar behaviour was also shown for some of the bimetallic 
catalysts, i.e. PdCo, PdRh and PdNi. The rest of the bimetallic catalysts presented a 
stable activity for methane combustion. When considering both the level and the 
stability of activity, PdPt is the most promising catalyst for catalytic combustion of 
methane. This is in line with results of other researchers [46-47, 49-52]. The activity of 
PdPt even increases during operation. Additionally, PdAg also has very stable activity 
but on a slightly lower level.  
 
The stability of the methane conversion appears to be dependent on how the co-metals 
interact with the palladium and/or the support material. From the morphology study 
presented in the previous chapter, the bimetallic catalysts were divided into three 
groups. For the first group, where the co-metal formed a spinel phase with the 
alumina, the activity is just as unstable as for Pd-ref. This is probably due to a fairly 
stable spinel structure that does not allow the co-metals to interfere with the palladium. 
The second group, where the co-metals formed separate particles, may obtain a stable 
activity if the co-metal is in close contact with the palladium. Otherwise the activity 
will have an unstable behaviour. The third group, where the co-metals alloyed with 
palladium, presented a stable activity for all catalysts. 
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In Paper II, the stability over PdPt and Pd was further investigated. The results are 
displayed in Figure 6.6. 
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Figure 6.6. Activity test when the temperature is varied stepwise between    
450-550 °C for ( ) for Pd-ref and ( ) for PdPt 

 
The unstable activity over the palladium only catalyst was once again demonstrated. 
Initially, the methane conversion was 75% but declined to 2 % during the test. A drop 
in methane conversion of this magnitude is not acceptable in gas turbine applications. 
Conversely, PdPt managed to keep its activity during the whole test. Even though PdPt 
started with a lower level of activity at the beginning of the test, the bimetallic catalyst 
surpassed the palladium only catalyst in the second temperature cycle. In line with the 
results of Paper I, PdPt is therefore preferable as an ignition catalyst compared to the 
palladium only catalyst.  
 
The higher combustion stability of PdPt is confirmed at pressure up to 15 bar in a 
high-pressure test facility, which will be described in more detail in next chapter. After 
a while, PdPt showed a higher activity for methane combustion than Pd-ref also in this 
test facility. 
 
No clear answer can be found in the literature to why the activity becomes more stable 
when certain co-metals are included in the palladium catalyst. An explanation may 
however be that the co-metals improve the resistance to water inhibition. Water is one 
of the reaction products in methane combustion and, as previously discussed, 
deactivates palladium severely. Hence, it is possible that the activity of the 
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monometallic palladium catalyst declines due to the water inhibition. Groppi et al.  
[37-38] have also suggested that the change of PdO species during combustion may 
influence the stability of conversion over monometallic Pd-catalysts. Another 
explanation, suggested by Narui et al. [46], may be that the co-metals suppress the 
sintering of PdO particles during combustion. 
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7 

The influence of pressure (Paper II) 
 
 
 
A gas turbine operates at pressures between 5 and 30 bar, depending on the type of gas 
turbine. Despite this, most activity tests reported in the literature for ignition catalysts 
are carried out at atmospheric pressure. As pointed out by Kolaczkowski et al. [57], the 
scale-up from atmospheric to elevated pressure is not a straightforward task. The 
catalytic performance in a real gas turbine is therefore hard to predict from 
atmospheric tests. For that reason it is important to investigate what happens with the 
catalytic activity of methane combustion when pressure is increased. In order to gain 
more understanding about the pressure impact, catalysts have been tested in a high-
pressure test facility. The test rig operates more closely to real gas turbine conditions, 
with high pressure and flow velocity. In this chapter the pressure impact on the 
catalytic activity of methane is discussed.  
 
7.1 Experimental equipment  

The high-pressure test facility allows tests to be conducted at pressures up to 35 bar 
with inlet temperatures up to 600 °C. A catalytic combustor, electrical heaters and fuel 
injection system are all placed inside a pressure vessel with diameter 300 mm and 
height 3 m. A compressor increases the pressure of ambient air. Thereafter, a group of 
electrical heaters preheats the gas to the desirable inlet temperature of the catalytic 
combustor. The methane is supplied through a fuel injection system located upstream 
the catalysts. A series of thermocouples measure the temperatures in different 
locations in the system. A picture of the high-pressure test facility is shown in 
Figure 7.1. More details regarding this test may be found elsewhere [58].  
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Figure 7.1. Picture of the high-pressure test facility 
 
 
7.2 The influence of pressure on methane combustion 

The pressure impact on methane combustion was tested by lowering the pressure 
stepwise from 15 bar down to 5 bar. As discussed in previous chapter, the most 
efficient of the bimetallic catalysts was PdPt. This catalyst was compared to the 
monometallic palladium catalyst, Pd-ref, at high pressure. The inlet temperature was 
kept at 500 °C and the linear gas velocity was kept at 6.5 ms-1. The results are shown 
in Figure 7.2. Both catalysts showed similar trends, i.e. a decrease in methane 
combustion with increasing pressure. A more clear variation of methane combustion 
was shown for the lower pressures, but when the pressure surpassed 10 bar the 
variation in methane combustion levelled out. The lower methane conversion obtained 
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in the high-pressure test facility, compared to the results from the lab-scale tests, may 
be due to the higher linear velocity. 
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Figure 7.2. The influence of pressure on the methane conversion at the inlet 
temperature 500 °C for ( ) Pd-ref and ( ) PdPt. The tests were conducted in 
the high-pressure test facility. 

 
Other research groups have also investigated the pressure impact, with widely 
dissimilar results [59-66]. The variation of the results may be due to the differences in 
the operation conditions. Kuper et al. [59] have observed opposite results from those 
reported in Paper II, i.e. an increase in methane conversion with pressure. The results 
were obtained by keeping the mass flow, and thereby the space velocity, constant 
instead of having a constant linear velocity as in Paper II. Hence, the residence time 
was increased with increasing pressure, resulting in increased methane conversion. 
Carroni et al. [60] have come to a similar conclusion as Kuper after correcting the 
experimentally measured values with a coefficient for mass transport limitation. 
However, their experimentally measured values are in accordance with the results 
presented in Paper I. Hayashi et al. [61] have reported results in line with the results in 
Paper I, with decreasing combustion efficiency with increasing pressure. However, 
when the reaction temperature was above 700 °C, the opposite was observed. It was 
explained by the reaction occurring homogeneously in the gas phase at the higher 
temperature.  
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Chou et al. [62] numerically investigated the pressure impact and found that two 
competing factors affect the methane combustion when pressure is changed. First, the 
diffusion of reactants through the gas to the catalyst surface decreases with pressure as 
the diffusion coefficient decreases. Consequently, the methane conversion is expected 
to decrease with pressure. Second, surface reaction rate increases with pressure due to 
the increased heat released from the combustion reaction, resulting in higher methane 
conversion. By evaluating these two factors it was found that a decrease in methane 
conversion with pressure is to be expected for levels above 2 bar. However, this can 
only be valid for heterogeneous surface reactions, since no diffusion barrier exists in 
homogeneous gas phase reactions.  
 
The elevated pressure has not only negative effects. Ozawa et al. [63] have shown that 
the NOx level decreases with pressure. Furthermore, the pressure drop over the 
combustion chamber was constant for all pressures.  
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8 

Conclusions 
 
 
 
Both the level and the stability of activity for methane combustion must be considered 
when designing an ignition catalyst for gas turbine applications. The supported 
monometallic palladium catalysts have a high initial activity for methane combustion. 
However, the activity drops clearly with time, making it increasingly difficult to ignite 
the methane. In order to stabilize the activity (over the monometallic palladium 
catalyst), a range of different compositions of bimetallic catalysts has been tested, 
which all consist of palladium as one of the active components. 
 
By morphology studies the bimetallic catalysts have been divided into three different 
groups, depending on where the co-metals were found in the catalyst, i.e. the co-metals 
reacted with the alumina support to form spinel structures, the co-metal formed 
separate particles and the co-metal alloyed with palladium.  
 
It is proven that it is possible to stabilize the active by adding certain co-metals to the 
palladium catalyst. The catalysts that obtained a stable activity consisted of a co-metal 
that produced separate particles in close contact with the Pd particles, such as PdIr, 
PdCu and PdAg, or alloyed with Pd, such as PdPt and PdAu. The co-metals forming a 
spinel structure with alumina (Ni and Co), obtained a similar unstable activity as the 
monometallic catalyst. The most promising catalyst was PdPt, when considering both 
the level and the stability of the activity. Even though the initial activity was lower for 
the PdPt catalyst compared to the monometallic Pd catalyst, PdPt has been shown to 
be superior in the long run due to its stable activity. This result was confirmed both in 
a lab-scale rector, working at atmosphere pressures, and in a high-pressure test facility, 
working at pressure up to 15 bar, i.e. more realistic operation conditions for a gas 
turbine. PdAg may also be a promising catalyst, but its activity is slightly lower 
compared to that of PdPt. 
 
The pressure influences the combustion activity negatively. However, at lower 
pressures the pressure impact is much more prominent, but levels out for pressures 
above 10 bar. 
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