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ABSTRACT 

 

Catalytic combustion is an environmentally benign technology which has 
recently reached the stage of commercialization. Palladium is the catalyst of 
choice when considering gas turbines fuelled with natural gas because of its 
superior activity for methane oxidation. Several fundamental issues are still open 
and their understanding would result in an improvement of the technology. 
Hence, the work presented in this thesis aims at the identification of some of the 
parameters which govern the combustion activity of palladium-based catalysts. 

The first part of this work gives a background to catalytic combustion and a brief 
comparison with other existing technologies. Paper I reviews some of the issues 
related to material development and combustor design. 

The second part of this thesis consists of an experimental investigation on 
palladium-based catalysts. The influence of the preparation method on the 
properties of these catalyst materials is investigated in Paper II. Paper III 
examines the activity of the following catalysts: Pd/Al2O3, Pd/Ba-Al2O3 and 
Pd/La-Al2O3. Specific attention is given to the metal-support interaction which 
strongly affects the combustion activity of palladium. The effect of doping of the 
support by addition of cerium is reported in Paper IV. 

Finally, the deactivation of combustion catalysts is considered. The various 
deactivation processes which may affect high temperature combustion catalysts 
are reviewed in Paper V. Paper VI focuses on the poisoning of supported 
palladium catalysts by sulphur species. Palladium exhibits a higher resistance to 
sulphur poisoning than transition metals. Nevertheless, the nature of the support 
material plays an important role and may entail a severe loss of activity when 
sulphur is present in the fuel-air mixture entering the combustion chamber. 

Keywords: catalytic combustion, gas turbine, methane, palladium, alumina, 
barium, lanthanum, oxidation, preparation, temperature-programmed oxidation 
(TPO), decomposition, reoxidation, X-ray photoelectron spectroscopy (XPS), 
metal-support interaction, deactivation, sulphur, poisoning.  

 

 



 

 

The cover illustration is a TEM picture of a 100 nm palladium particle supported on 
alumina 



 

 

SAMMANFATTNING 

 

Katalytisk förbränning är en miljövänlig teknik som nyligen har nått 
kommersialiseringsstadiet. Palladium är förstahandsvalet som katalysator  för 
naturgasdrivna gasturbiner tack vare sin höga aktivitet för förbränning av metan. 
Emellertid är många grundläggande problem fortfarande olösta och förståelsen 
av dessa fenomen skulle resultera i en förbättring av teknologin. Målet med 
arbetet som presenteras i denna avhandling är att identifiera några av de 
parametrar som påverkar förbränningsaktiviteten för palladiumbaserade 
katalysatorer. 

Första delen av detta arbete ger en bakgrund till katalytisk förbränning och en 
kortfattad jämförelse med andra existerande teknologier. Artikel I beskriver 
problemen som bland annat är relaterade till materialutveckling och 
brännkammardesign. 

Andra delen av avhandlingen består av en experimentell undersökning av 
palladiumbaserade katalysatorer. Inflytandet av tillverkningsmetoden på dessa 
katalysatormaterial undersöks i artikel II. Artikel III utforskar aktiviteten för 
följande katalysatorer: Pd/Al2O3, Pd/Ba-Al2O3 och Pd/La-Al2O3. Särskild 
uppmärksamhet ägnas åt växelverkan mellan metallen och bäraren, som starkt 
påverkar förbränningsaktiviteten för palladium. Effekten av dopning av bäraren 
genom tillsats av cerium rapporteras i artikel IV. 

Slutligen diskuteras deaktivering av förbränningskatalysatorer. De olika 
deaktiveringsprocesser som kan påverka förbränningskatalysatorer i 
högtemperaturdrift rapporteras i artikel V. Artikel VI fokuserar på förgiftning av 
burna palladiumkatalysatorer genom svavelföreningar. Palladium uppvisar en 
bättre motståndskraft mot svavelförgiftning jämfört med övergångsmetaller. Icke 
desto mindre spelar bärarmaterialets egenskaper en viktig roll och kan medföra 
en markant förlust av aktivitet när svavel ingår i tillflödet till brännkammaren.  

Nyckelord: katalytisk förbränning, gasturbin, metan, palladium, aluminiumoxid, 
lantan, barium, oxidation, tillverkning, temperaturprogrammerad oxidation 
(TPO), sönderfall, reoxidering, röntgenfotoelektronspektroskopi (XPS), 
deaktivering, växelverkan metall-bärare, svavel, förgiftning. 
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1 INTRODUCTION & STRUCTURE OF THE THESIS 

1.1 BACKGROUND 

There is a worldwide increasing energy demand. Natural gas provides an 
attractive source of energy since it is in abundant supply. It has found application 
in firing gas turbine combustion chambers and more recently has been reported 
as an alternative fuel for automotive applications. Furthermore, the concern for 
atmospheric pollution has been continuously growing since the mid 1950s, when 
the harmful effect of emissions from combustion sources was identified (Seinfeld, 
1986). It has given rise to the development of catalytic technologies for 
environmentally friendly processes (Armor, 2000). 

Catalytic combustion has proven to be a suitable alternative to conventional 
flame combustion for heat and power production. The operating temperature is 
reduced to about 1400 °C (or below), the oxidation reaction is complete and it is 
possible to achieve a stable combustion of lean fuel/air mixtures (Pfefferle, 
1978). The result is that almost no thermal NOx is formed, and ultra-low levels of 
carbon monoxide and hydrocarbons can be observed as well (typically below 
5 ppm). 

Since the early development of catalytic combustion several issues have been 
solved and most of the work then focused on the development of high 
temperature resistant materials. The development of hexaaluminates by Arai and 
co-workers was one of the major breakthroughs (Machida et al, 1987, 1988, 
1989). Nevertheless, the harsh requirements could not be fulfilled and system 
engineering has offered various solutions to circumvent some problems related to 
operation at high temperatures for a prolonged period of time. 

Concerning the low-temperature ignition of the fuel-air mixture, the use of 
precious metals such as palladium or platinum appears as mandatory. Much 
work was dedicated to palladium-based catalysts in order to identify the active 
sites and which palladium species is the most active for the lean combustion of 
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methane (Farrauto et al, 1992; McCarty, 1994; Burch & Urbano, 1995; 
Lyubovsky & Pfefferle, 1998; Fujimoto et al, 1998; Groppi et al, 2000). 

1.2 SCOPE OF THIS WORK 

The objective of the present thesis is to study the catalytic combustion of natural 
gas, or methane, for application in gas turbine combustors. This dissertation can 
be divided into three main parts.  

The first part of the thesis is a background to catalytic combustion and describes 
the main issues related to this technology. Paper I is a review of the latest 
development; it covers the latest material development, mathematical modelling 
and reports on some pilot-scale tests. In addition, a survey of the recent patents 
in this field is included.  

In the second part of the thesis, Papers II-IV, the focus of interest is Pd-based 
catalysts and their specific behaviour during the complete oxidation of methane, 
when operating under lean conditions. In Paper II, various preparation 
techniques are compared (incipient wetness, specific adsorption and micro-
emulsion) with respect to the catalytic properties of the catalyst. The influence of 
the metal-support interaction is investigated in Paper III. Specific attention is 
given to the presence of foreign ions within the alumina structure. Finally, in 
Paper IV, the addition of cerium by different methods is evaluated with respect 
to both the thermal stability of the support and the combustion activity of 
palladium. The various properties of supported palladium catalysts are studied 
by means of lab-scale combustion experiments (in a bench-scale monolithic 
reactor or a single channel annular reactor) combined with surface 
characterization (XPS, TPO, BET, TEM, SEM) as well as bulk analysis (XRD). 

Finally, in the last part, Papers V and VI focus on the deactivation of palladium-
based catalysts in a gas turbine combustion chamber. The different deactivation 
mechanisms which can occur in a gas turbine combustion chamber are reviewed 
and discussed in Paper V. The issue of sulphur poisoning is addressed in 
Paper VI. 
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2 GAS TURBINE COMBUSTION 

2.1 INTRODUCTION 

The main components of a gas turbine are: the air compressor, the combustion 
chamber and the turbine (cf. Figure 2.1). The compressor delivers compressed air 
which is mixed with the fuel to be burned in the combustion chamber. The 
energy contained in the hot combustion gas is converted into mechanical power 
by expansion in the turbine. The turbine elements induce some restrictions 
regarding the maximum allowed temperature for the gas stream entering the 
turbine. Therefore, the addition of extra air between the combustion chamber 
and the turbine is required. The mechanical power may be transformed into 
electricity by means of an alternator. More information concerning the theory of 
combustion in gas turbines can be found elsewhere (Lefebvre, 1983; Cohen et al, 
1996). 

 

COMPRESSOR TURBINE

FUEL

By-pass air

AIR EXHAUST

1600-2000 ºC350-400 ºC

1400 ºC

 

Figure 2.1 - Conventional flame combustor in an open-cycle gas turbine. A by-pass of 
cooling air is required for the burnt gas in order to decrease the temperature 
of the gas stream entering the turbine. 
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2.2 EMISSIONS FROM GAS TURBINE COMBUSTORS 

The complete oxidation of hydrocarbon fuels such as natural gas or methane is 
accompanied by, besides a significant release of heat needed to operate the gas 
turbine, the formation of carbon dioxide and water. These are not considered as 
pollutants, even if there is an increasing concern about the presence of carbon 
dioxide in the atmosphere and its emission may be subject to governmental 
regulations, as suggested and recommended by the Kyoto Protocol, ratified in 
1998 (http://www.unfccc.int). 

Nevertheless, one of the main issues related to the emissions from combustion 
sources focuses on compounds such as carbon monoxide (CO), hydrocarbons 
(HC) and nitrogen oxides (NOx). The contribution of both CO and HC to 
atmospheric pollution has been recognized (Glassman, 1996). CO is a well-
known pollutant which is highly poisonous in substantial concentrations. 
Hydrocarbons such as methane have a strong greenhouse potential. The impact 
of nitrogen oxides on human, animal and vegetable life has been widely reported 
in the literature (Seinfeld, 1986; Degobert, 1995). 
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Figure 2.2 - Emission levels as functions of the fuel/air ratio. 

Depending on the nature and operating conditions of the combustion process, 
significant amounts of the above-mentioned pollutants may be formed (see 
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Figure 2.2). For instance, undesired by-products such as carbon monoxide and 
hydrocarbons typically result from an incomplete combustion reaction. The 
formation of nitrogen oxides may take place according to various mechanisms, 
depending on the reaction conditions, as described below.  

In addition, in the case of a sulphur-containing fuel, harmful sulphur oxides 
would be formed as well. This problem may be circumvented by removing the 
sulphur species from the fuel before utilization.  

2.3 ENVIRONMENTAL IMPACT OF NITROGEN OXIDES  

Nitrogen oxides (NO and NO2) are considered as the most common and 
dangerous pollutants issued from fuel combustion processes. They are formed 
during various combustion processes and have been identified as the cause of 
various environmental and health-related issues (Degobert, 1995). 

While carbon dioxide remains inert within the atmospheric reservoir, the other 
components participate in many chemical reactions assisted by factors such as 
solar radiation. Such photochemical reactions cause the formation of 
tropospheric ozone. In addition to the ozone formation, nitrogen dioxide may 
further react with O3 entailing the production of nitrogen pentoxide that, in 
reaction with water droplets causes the formation of nitric acid, resulting in the 
so-called acid rain. 

Acid rain has a strong impact on the human health as well as on the 
environment, causing forest depletion, acidification of lakes and waterways. The 
acidification of water leads to the dissolution of heavy metals, which normally 
remain insoluble at higher pH values, causing mercury, cadmium and lead to 
pass into the food chain. These metals, introduced into drinking water, can have 
strong repercussions on human health. 

Beside the consequences on human life, the acidification of water has some 
repercussion on aquatic life (both animal and vegetable), with reduction or 
disappearance of fishes, amphibians and growth of peat moss (especially in the 
case of small lakes). The replacement of bacteria by fungi as the main 
decomposition agent has been reported too. 

Moreover, atmospheric pollutants have been pointed out as responsible for forest 
depletion. In low doses (NO2 or SO2 < 40 ppb), they have a rather beneficial 
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effect by their N or S input to vegetation. Nevertheless, at higher concentrations, 
they have been reported to be responsible for forest depletion. The acidity of the 
precipitations causes a direct leaching of elements such as calcium, potassium 
and magnesium from the soil, which are necessary for plant metabolism. For 
instance, magnesium deficiency is responsible for the yellowing of leaves. 
Moreover, when these elements are in solution, they are toxic for the root 
systems. Acid rain has a direct impact on the vegetation causing leaf leaching. 

Lately, a decline has been observed in the stratospheric ozone layer, while its 
concentration has been increasing in the troposphere. It is attributed to a 
predominance of destructive catalytic reactions by nitrogen oxides and 
halogenated compounds. This has led the industrial nations to strongly reduce 
the use of chlorofluorinated hydrocarbons, and to be concerned about 
combustion sources generating high concentrations of nitrous oxide emissions. 
These two types of ozone have very different roles and effects with respect to life 
on earth. The presence of stratospheric ozone is very important as this layer is 
filtering the UV/B radiation that would otherwise cause proliferation of skin 
cancer and biological mutation. 

On the contrary, the presence of large amounts of ozone in the troposphere and 
atmosphere has negative effects illustrated by the formation of nitrogen 
pentoxide when reacting with atmospheric nitrogen oxides that, in reaction with 
water droplets, cause the formation of acid rain, with the above mentioned 
consequences. 

Apart from the obvious effects on living species, acid rain and acidification of the 
atmosphere have a strong impact on buildings and monuments. Monuments 
made of materials such as marble and limestone are extremely sensitive and 
damaged at a startling rate, after having withstood degradation for centuries. 
Metallic structures are more and more subjected to atmospheric corrosion. 

These compounds have a rather high lung-irritating effect. Besides the direct 
effect of NOx on nature and human health, nitrogen oxides may decompose via 
a photocatalytic process, resulting in ozone formation. Strong evidence indicated 
that the major culprit in NOx production was the automobile. But, as automobile 
emission standards were enforced, attention was directed towards power plants 
that use fossil fuels. 
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2.4 MECHANISTIC PATHS FOR THE FORMATION OF NITROGEN OXIDES  

To understand and appreciate the different NOx-reduction technologies, the 
mechanisms of nitrogen oxides formation have to be examined. The nitrogen 
oxides from combustion sources are collectively referred to as NOx; they consist 
of typically 95 % NO and 5 % NO2. These oxides are formed from two sources: 
first, by oxidation of atmospheric nitrogen during combustion and second, by 
oxidation of the nitrogen compounds in the fuel. 

The relative contributions from these two sources depend on:  

- the burner design, 

- the nitrogen content of the fuel and 

- the operating conditions of the burner.  

NOx formation can occur by four mechanisms: a) the Zeldovich mechanism for 
thermal NOx formation, b) the prompt NOx mechanism, c) the nitrous oxide 
mechanism and d) the fuel NOx mechanism. For clean nitrogen-free fuels, only 
the first three mechanisms may occur.  

2.4.1 Thermal NOx 

The so-called thermal NOx is formed by a radical chain mechanism as follows 
and referred to as the Zeldovich mechanism (Zeldovich, 1946): 

O2 + M  2 O + M 

N2 + O  NO + N 

O2 + N  NO + O 

In addition, the following equilibrium can be considered 

N + OH   NO + H 

The combination of the above reactions is referred to as the extended Zeldovich 
mechanism (Lavoie et al, 1970).  

M can here be any molecule, radical or surface site that can act as an energy 
transfer agent. The cycle or chain reaction then continues. The concentration of 
NOx increases exponentially with temperature (cf. Figure 2.3), regardless of the 
O concentration. At usual temperatures of fuel combustion of 1800 K and 
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higher, the equilibrium NOx concentration exceeds 1500 ppm. Large amounts of 
NO may be formed even at 1500 K; however at this temperature, the time for 
achieving the equilibrium N + O  NO is quite long. On the contrary, at 
1800 K, the time for establishing the NO equilibrium is about 4-20 s; this is close 
to the residence time of 1-6 s in the combustion zone.  

How to reduce this thermal NOx formation? The obvious answer is to reduce the 
adiabatic flame temperature by 300-400 K. Then the NOx concentration becomes 
as low as to be negligible; there is no need for any further clean-up of the stack 
gases. 
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Figure 2.3 - Dependence of thermal NOx equilibrium concentration on temperature 
(adapted from Ismagilov & Kerzhentsev, 1990). 

2.4.2 Prompt NOx 

The second mode for NOx formation during combustion is by the prompt NOx 
mechanism. Hydrocarbon radicals rapidly react with molecular nitrogen to form 
hydrogen cyanide and atomic nitrogen.  

HC + N2  HCN + N 
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This atomic nitrogen reacts with hydroxyl groups or radicals in the flame to form 
NO and atomic hydrogen. 

N + OH  H + NO 

This mechanism is promoted when operating with excess of fuel. The quality of 
the fuel injection may therefore play an important role with respect to the 
formation of prompt NOx. Unlike thermal NOx, the threshold temperature for 
prompt NOx formation is well below 1600 K. The only solution to this prompt 
NOx formation is to avoid the presence of residual hydrocarbon radicals. This 
means that the combustion should be complete. To achieve that, once again 
catalytic combustion is required. 

2.4.3 Nitrous oxide 

The principal gas phase reaction causing formation of N2O in fossil fuels is:  

NCO + NO  N2O + CO 

NH + NO  N2O + H 

In natural gas combustion, an increasingly important contribution from the 
interaction of molecular nitrogen and oxygen occurs in fuel-lean mixtures at low 
temperature and elevated pressure. 

½ O2 + N2 + M  N2O + M 

The primary N2O removal steps are:  

H + N2O  N2 + OH 

and 

O + N2O  N2 + O2 

  NO + NO 

For a temperature above 1500 K, the lifetime of N2O is typically less than 10 ms. 
Therefore, except for low temperature combustion, the formation of such nitrous 
oxide should not be significant. This is in agreement with most recent 
measurement of N2O emissions from combustion devices. 
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2.4.4 Fuel NOx 

This is the fourth source for NOx formation during combustion. The nitrogen 
that is contained in the fuel (such as coal, diesel, or gasified biomass) is first 
converted to hydrogen cyanide, which then reacts to form NHx species such as 
ammonia and finally NO and N2. This process is only slightly dependent on the 
nature of the N-containing compound in the fuel (as they only contain C-N and 
C-H bonds), meaning that this mechanism proceeds through the formation of 
similar intermediates for different fuels. 

Fuel-N  HCN  NHx  NO 

When burning N-containing compounds in a gas turbine combustor with a large 
excess of oxygen, the value for the conversion of NOx depends only on the initial 
concentration in the N-containing compound. When burning a fuel such as coal, 
which may contain up to 2 % bound nitrogen, a preferential formation of fuel 
NOx occurs. The value of the fuel-air ratio plays a role only when operating at a 
value close to stoichiometric. 

One of the solutions for avoiding the formation of such NOx is hydro-
denitrogenation of the fuel. A second alternative is to utilise “clean” fuels such as 
natural gas or petroleum fractions with low nitrogen content. In all other cases 
and for all other fuels, the thermal mechanism is the main culprit for NOx 
emissions.  

The relative contribution of these four kinds of nitrogen oxides formation paths 
depends on the nature of fuel, the operating temperature and the type of 
combustion technology. The extent to which each of these mechanisms 
contributes to the formation of nitrogen oxides is an important consideration. 

2.5 SUMMARY 

Exhaust gases from combustion sources, e.g. carbon monoxide, hydrocarbons 
and nitrogen oxides, have been identified as being the origin of atmospheric 
pollution. Their emission into the atmosphere has therefore been subject to 
regulations, with the first legislation enacted in California in the early sixties. 
Improvement of the combustion process by means of modification of the 
combustion chamber for instance and/or the fuel quality enabled to reach the 
present standards. Nevertheless, the increasing concern for environmental 
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protection entails more stringent regulations with respect to the above-mentioned 
pollutants. This requires the development and implementation of new 
technology. It is important to identify and understand the mechanistic path of 
formation of these species in order to develop suitable technologies to meet the 
future emission standards, at the lowest possible cost and without affecting the 
gas turbine efficiency. 
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3 LOW- NOX TECHNOLOGIES 

3.1 INTRODUCTION 

Although boiler and engine manufacturers have successfully reduced the 
formation of NOx by about 30-60 % trough extensive modification of 
combustion processes including lowering excess air, two-stage combustion, 
burner redesign, etc., further substantial reduction will be needed to meet future 
emission standards. 

The existing methods for NOx control in gas turbines may be broadly divided 
into primary measures to control the combustion products and secondary measures 
which remove pollutants from the flue gas. Primary measures include, besides 
catalytic combustion, water or steam injection, lean premixed combustion and 
dry low NOx technology. The secondary measures are essentially based on the 
selective reduction of nitrogen oxides by addition of reducing agents. 

3.2 PRIMARY SOLUTION – AVOID THE FORMATION OF THE POLLUTANTS 

3.2.1 Water or steam injection 

The injection of water provides a substantial decrease in flame temperature, 
resulting in a lowering of the thermal NOx concentrations in the emissions. 
Demineralised water is required to prevent corrosive deposits onto the turbine 
components. It is possible to further decrease the NOx emissions by further 
increase of the water-to-fuel ratio. Unfortunately, this is accompanied by an 
augmentation of the CO and HC levels in the emissions. 

For instance, a 4 MW gas turbine requires about 4 million litres of water per 
year. This can be a major issue in areas where the access to water is in some 
ways limited. One of the other drawbacks of a water injection system is the 
issue related to the pumping, storage and handling of large amounts of 
demineralised water. Therefore, the most suitable applications are stationary 
industrial plants located near a water supply. 
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Concerning the steam injection technology, it is based on a similar principle for 
the reduction of nitrogen oxides. It is often available at high pressure from the 
waste heat boiler (WHB) in combined-cycle units. For example, a 40 MW aero-
derivative gas turbine may use about 25 % of the steam produced by the WHB. 

Although emission levels are reduced, these methods based on water or steam 
injection are not as efficient as lean premixed combustion. Currently, all 
designers are investigating the possibility of reducing the amounts of NOx 
formed during the combustion process without requiring the use of water or 
steam, i.e. dry systems. 

3.2.2 Dry Low NOx technique (DLN) 

Considering the exponential increase in NOx concentration with an increasing 
flame temperature, lean or rich burning in the primary zone would enable a 
significant lowering of temperature, hence also in NOx formation.  

Lean premixed combustion has been introduced lately and gives low emission 
levels, typically c.a. 25 ppm thermal NOx. Nevertheless, reduction of the 
primary-zone flame temperature may entail a significant increase of the CO and 
HC concentration. Here, homogeneous combustion must operate near the 
limits of flammability and, consequently, fine-tuned and expensive control 
systems must be used. 

In the case of rich-burn, the formation of smoke and soot appears to be a major 
issue, whereas lean operation entails strong flame instabilities when power is 
reduced. This led to the investigation of the rich burn/quick quench/lean-burn 
concept in which the combustor is designed with two axial stages, with rich 
combustion in the first followed by large amounts of dilution air in the second. 
This system is more efficient for fuels with large amounts of bound nitrogen 
species, which can be reduced in the fuel-rich stage. Emissions other than fuel-
N are usually higher when comparing to alternative techniques. More details 
concerning the different designs can be found elsewhere (Cohen et al, 1996). 

3.2.3 Catalytic combustion 

The catalytic combustor is basically a lean-premixed combustor, in which the 
combustor is stabilised by a catalyst. Figure 3.1 shows an open-cycle gas turbine 
equipped with a catalytic combustor. The catalyst stabilizes the combustion of 
ultra lean mixtures (e.g. 3 % methane in air) with consequently lower 
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combustion temperatures (typically below 1400 °C). Such a technique avoids 
almost completely the formation of thermal NOx and therefore emission levels 
lower than from lean-premixed combustors can be accomplished. Clearly, 
catalytic combustion is one of the most promising alternatives for ultra-low 
emission gas turbines. It has been shown that catalytic combustion should be 
the lowest-cost and preferred technology for applications that require emissions 
levels below 5 ppm (Schlatter et al, 1997). Catalytic combustion, beside its 
capability to reduce the formation of NOx, enables high combustion stability 
outside the flammability limits of the fuel, meanwhile reducing the level of 
noise and vibrations.  

 

COMPRESSOR TURBINE

FUEL

AIR EXHAUST

1350-1400 ºC350-400 ºC

1350 ºC

 

Figure 3.1 - Open-cycle gas turbine equipped with a catalytic combustor 

3.3 SECONDARY SOLUTION – REMOVE THE POLLUTANTS 

The most important secondary measures include the effective selective catalytic 
reduction (SCR) and the less effective selective non-catalytic reduction (SNCR). 

3.3.1 Selective Non-Catalytic Reduction (SNCR) 

In SNCR systems, a reducing agent, typically urea or ammonia is injected into 
the flue gas within an appropriate temperature window, typically in the range 
900–1100 °C, depending on the reagent and conditions of operation of the 
SNCR.  The nitrogen oxides react with ammonia or urea to form water and 
molecular nitrogen, achieving a reduction of NOx of up to 30-50 %. The 
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temperature window is rather critical as operation above 1000 °C would result 
in a decrease of the NOx removal rate due to thermal decomposition of 
ammonia. On the other hand, operation below the temperature window would 
cause a decrease of the NOx removal rate as well as an increase of the ammonia 
slip. 

Beside the narrow temperature window allowed for the operation of the SNCR, 
when compared to the catalytic process (selective catalytic reduction), the 
SNCR requires three to four times as much reagent (cost!) as SCR systems to 
achieve similar NOx reduction.  

3.3.2 Selective Catalytic Reduction (SCR) 

The SCR technology consists of injecting ammonia into the gas turbine flue gas 
and passing it through a catalyst bed where the NOx and ammonia react to 
form nitrogen and water vapour, as represented in Figure 3.2. SCR has been 
used in applications where extremely low levels of NOx (about 10 ppm) have to 
be attained. In this type of clean-up system, a catalyst is used together with the 
injection of a reducing agent such as urea (CO(NH2)2) or ammonia (NH3), 
resulting in the conversion of NOx to N2 and H2O. When compared to SNCR, 
the ammonia slip is reduced to about 10 ppm (Heck & Farrauto, 1995). The 
catalytic reaction occurs only in a very narrow temperature window (285-
400 °C). Apart from the low operating temperature, SCR introduces a whole 
range of new problems including increased capital costs, handling and storage 
of noxious fluid, control of ammonia flow and difficulty in dealing with 
variable loads. It appears that SCR is a superseded technique as dry-low- NOx 
(DLN) systems enter the market. 

3.3.3 Nitrogen oxide decomposition 

The nitrogen oxide decomposition is an adsorption process that takes place in 
two major steps. In a first stage, the NO and CO (if present) are oxidized into 
NO2 and CO2, respectively, over a catalyst. While NO2 is adsorbed onto the 
KCO3 surface to form potassium nitrites (KNO2) and nitrates (KNO3), CO2 is 
exhausted. In a second step, in order to periodically regenerate the catalyst 
surface, dilute hydrogen is streamed over the surface of the adsorbent. The 
nitrate species are then decomposed into molecular nitrogen and water. In 
addition, the NO2-adsorbing species, KCO3, is regenerated.  
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Figure 3.2 - Schematic of the SCR NOx abatement system (adapted from Heck & 
Farrauto, 1995). 

3.4 SUMMARY 

The introduction of constantly more stringent regulations concerning the 
emissions from stationary sources such as power plants has led gas turbine 
manufacturers to develop a large variety of technologies in order to regularly 
meet the new standards.  

Significant modifications of the combustion chamber were sufficient to meet 
earlier regulations. Nevertheless, new solutions have to be put into practice in 
order to achieve the future emission standards that will be of about a few parts 
per million (ppm) only, with respect to carbon monoxide, hydrocarbons and 
nitrogen oxides concentrations.  

When considering the above-mentioned technologies for NOx reduction, water 
or steam injection enables reaching NOx levels of about 42 ppm in the exhaust 
whereas the DLN technology further reduces this value to within the range 9-
25 ppm. There are three other technologies that result in NOx concentration 
typically below 10 ppm, Selective Catalytic Reduction (5-9 ppm), nitrogen 
oxide decomposition (<2 ppm ) and catalytic combustion (<3 ppm). 
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Among them, catalytic combustion appears to be the most attractive, for its 
simplicity and low cost (Dalla Betta, 1997). In addition, its implementation 
does not affect the gas turbine efficiency. A lot of efforts have been performed 
during the last decades to develop suitable catalytic combustion systems. 
However, there are still some remaining issues that prevent catalytic 
combustion from a large scale commercialization and utilization. These will be 
discussed in the following chapters. 
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4 CATALYTICALLY STABILIZED COMBUSTION  

4.1 INTRODUCTION 

In the early 19th century, Sir Humphrey Davy was asked to design a safety lamp 
for use in coal mines. The atmosphere present in a mine may contain significant 
amounts of methane, also-called coal-gas at that time. Davy noticed that 
“oxygen and coal-gas in contact with the hot wire combined without flame, and yet 
produced heat enough to preserve the wire ignited and to keep up their own combustion”. 
The platinum wire, used by Davy, was catalyzing the complete oxidation of 
methane. As mentioned in Chapter 2, the development of catalytic combustion 
is the consequence of the stringent regulations concerning the emissions of 
carbon monoxide (CO), nitrogen oxides (NOx) and hydrocarbons (HC). These 
legislations have initially been implemented in the USA and Japan and are now 
implemented world wide.  

4.2 LOW TEMPERATURE CATALYTIC COMBUSTION 

Catalytic combustion can be broadly divided into two categories, low-
temperature catalytic combustion (LTCC) and high-temperature catalytic 
combustion (HTCC). LTCC is used in the temperature range 300-500 °C to 
eliminate traces of volatile organic chemicals (VOC's), residual hydrocarbons or 
other organic compounds in purge-gas or tail-gas streams in chemical and 
petrochemical processes. Concentrations as low as hundreds of ppm as well as 
up to 4-6 % can be burned away with 99 % efficiency. For instance, vapours of 
formaldehyde, benzene, toluene and xylenes, solvents such as ethanol, butanol, 
methyl ethyl ketone, methyl isobutyl ketone and ethyl acetate can all be burned 
and completely eliminated on platinum or palladium catalysts at temperatures 
of 200-400 °C. A typical scheme is as follows: vent or exhaust gases from 
processes are preheated in heat exchangers and passed over a combustion 
catalyst. The heat generated is recovered fully, using a boiler if necessary. The 
clean exhaust gas is vented out. Such catalyst systems are nowadays used very 
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commonly to clean the air from factories for paper printing and coating, spray-
painting sheds particularly for automobiles, metal decorating and printing, food 
processing, food frying like fish frying, animal rendering, coil coating, wood 
and board printing, carpet manufacture, tobacco drying and, in general, organic 
chemical manufacture.  

Another increasing application for LTCC is in catalytic converters for natural 
gas vehicles (Bell, 1993). Methane possesses rather appealing properties when 
compared to more conventional fuels such as gasoline or diesel. The knock 
resistance of methane makes it very interesting as a fuel for automotive 
application, especially as this property is maintained over a wide range of fuel-
to-air ratio. Therefore a spark-ignition engine fuelled with natural gas can 
operate at lean conditions, improving the fuel efficiency meanwhile reducing 
the emissions of pollutants such as CO, HC and particulate matter. 
Nevertheless methane emissions may entail severe environmental concerns, as 
CH4 has a strong greenhouse factor. An intense effort has therefore been made 
to develop catalysts to perform the methane combustion in an automotive 
converters (Klingstedt et al, 2001). The operating conditions are different from a 
gas turbine combustor. In a catalytic converter, besides the low concentration of 
methane, noteworthy amounts of carbon monoxide, carbon dioxide, water, and 
nitrogen oxides are present. In addition, such a catalyst has to work at 
temperatures typically below 550 °C. 

4.3 HIGH TEMPERATURE CATALYTIC COMBUSTION 

The notion of high temperature catalytic combustion refers mostly to the 
application in gas turbine combustors. Nevertheless, other applications such as 
radiant heaters, (compact) reformers and domestic boilers may be considered. 

When considering gas turbine applications, catalytic combustion was first 
proposed in the early seventies as an alternative to conventional flame 
combustion (Pfefferle, 1974, 1975). Since the publication of these first patents, 
catalytic combustion has known a growing interest that is reflected by the 
increasing amount of papers published in this field (e.g. Prasad et al, 1984; 
Kesselring, 1986; Pfefferle & Pfefferle, 1987; Zwinkels et al, 1993; 
Kolaczkowski, 1995; Hayes & Kolaczkowski, 1997; Garten et al, 1997; Forzatti 
& Groppi, 1999; McCarty, 2000; Carroni et al, 2002; Choudhary et al, 2002). 
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The main purpose of introducing a catalyst into the combustion zone is to carry 
out a heterogeneous oxidation on the surface of the catalyst. With a proper 
catalyst, the heterogeneously catalysed reaction should proceed with lower 
activation energy than the homogeneous gas-phase combustion. In a propane 
burner, for instance, the activation energy for heterogeneous oxidation is 40-
80 kJ·mol-1, while the activation energy for homogeneous combustion is 100-
200 kJ·mol-1, more than double. Hence complete combustion can be achieved at 
a much lower temperature than is possible for the homogeneous oxidation or 
burning (see Figure 4.1).  
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Figure 4.1 - Comparison of the temperature profile in flame combustion and catalytic 
combustion systems. 

Because of this, and because of the large thermal inertia of a catalyst bed, 
catalytic combustors can sustain stable combustion at much lower fuel 
concentrations than is possible with conventional burners. Carrying out the 
combustion at low fuel concentration and hence at lower temperature (typically 
below 1500 °C) will minimize the overall NOx formation, as described in the 
previous chapter. Thermal NOx formation is reduced by two orders of 
magnitude, as compared to conventional burners. Furthermore, because the 
fuel and air are pre-mixed, and because plug-flow inlet conditions are used, 
catalytic combustors provide very uniform temperature and velocity profiles at 
the exit. Due to the high combustion efficiency of more than 99.9 %, there is 
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neither soot nor smoke formation. The noise and vibration levels are 
significantly lowered too.  

In its simplest form, a catalytic combustor consists of a catalyst bed through 
which a premixed fuel/air mixture is passed. Four distinct regions in the 
combustion system are shown in Figure 4.2. In the first part of the catalyst bed 
at relatively low temperature, the reaction is kinetically controlled. 
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Figure 4.2 - Behaviour of a catalytic combustion system. 

The intrinsic surface kinetics controls the overall process. Here the reaction rate 
increases exponentially with increasing temperature. With more active 
catalysts, or at higher temperatures, or at higher fuel concentrations, the overall 
reaction can be limited by mass transfer to the catalyst surface. Here the 
reaction becomes rather insensitive to changes in the temperature, also 
insensitive to the precise nature or activity of the catalyst. Here one cannot 
distinguish between two catalysts of differing activities and the heterogeneous 
catalytic kinetics plays only a secondary role in determining the reaction rate. 
As the exothermic reaction proceeds, the temperature increases further. Finally, 
at some point in the bed, the bulk gas temperature becomes so high that the 
homogeneous gas-phase reactions occur simultaneously with the catalytic 
reactions on the surface of the catalyst. Then the combustion goes to 
completion, reaching 100 % conversion. This shows that in a catalytic 
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combustor, the combustion process is initiated and stabilized by the catalyst. 
On the contrary, in a non-catalytic conventional burner, the flame will become 
unstable at low fuel concentrations; the flame will then get extinguished. In 
contrast, in the catalytic combustor, the surface reaction and the large thermal 
inertia of the bed will ensure that the combustion is sustained even when 
operating outside the fuel flammability limits and even at very different fuel/air 
ratios. 

This technique is very attractive, especially in the case of gas turbine 
applications; however some problems still need to be solved. A catalytic system 
deals with different parameters. Prasad et al (1984) have summarized some of 
the required features for a suitable combustion catalytic system: 

 Ignition of the fuel-air mixture at as low temperature as possible, 
typically 350 °C at 13 bar. 

 The catalyst activity should be sufficiently high to maintain a complete 
combustion at the lowest and highest value of mass throughput. 

 The support should maintain moderately high surface area under the 
specific operating conditions. 

 The support should have a large geometric surface area, low pressure-
drop, good thermal shock resistance and it should allow elevated 
working temperature; 

 The catalytic system should be stable enough to allow prolonged use at 
temperatures up to 1350 °C for at least one year of operation, i.e. 8000 h. 

 The pressure drop should not exceed 5 % of the overall pressure. 

Because of the pressure drop requirements, most catalytic combustors will use 
typical honeycomb monolith substrates as catalyst supports (Cybulski & 
Moulijn, 1994; Zwinkels et al, 1996). An alternative to the use of honeycomb 
structures is the development of wire-mesh catalysts (Ahlström-Silversand & 
Odenbrand, 1997), coated with a catalytically active material in a similar way 
as for ceramic or metallic monoliths.  

Nevertheless, the harsh environment combined with the above requirements 
put severe demands on the catalytic system and the material development 
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appears to be one of the key issues with respect to the full commercialization of 
catalytic combustors for gas turbines. 

4.4 OTHER CONSIDERATIONS 

During recent years, the emissions of greenhouses gas such as CO2 into the 
atmosphere have raised some concerns. The heat of combustion per mole of 
greenhouse CO2 generated is higher for methane than for other fuels.  

For instance, while the combustion of methane generates 890 kJ per mol of 
CO2 produced, the combustion of coal results in 390 kJ only, for an equivalent 
amount of CO2 formed (Chin & Resasco, 1999). The use of renewable sources 
such as gasified biomass is a way to meet the demands recommended by the 
Kyoto protocol that aim towards the reduction of greenhouse gases (such as 
CO2 and CH4) emissions. When burning gasified biomass for instance the net 
production of CO2 is equal to zero. Hence, it is a way to avoid the increase of 
the CO2 concentration in the atmosphere. There are however important 
considerations that need to be solved in order to be able to implement such a 
technology.  

Gasified biomass is a low heating-value fuel, resulting in combustion 
instabilities when operating under lean conditions. The composition of the flue 
gas of a fluidized-bed gasifier consists mainly of CO, H2, and various kinds of 
HC. However, the presence of ammonia is one of the main hurdles as NH3 is 
converted into harmful and undesired nitrogen oxides during combustion. 
Some previous results from our laboratories show the feasibility of combusting 
lean mixtures of gas with a chemical composition similar to that of gasified 
biomass (Johansson & Järås, 1997). In recent experiments at operating 
pressures up to 4 bar, we demonstrated the possibility of igniting lean mixtures 
of such low heating-value fuel meanwhile having stable combustion of the fuel 
(Jacoby et al, 2001). Nevertheless, the main hurdle regarding the combustion of 
fuel containing N-species is the formation of so-called fuel NOx. The selective 
oxidation of the ammonia present in the fuel into harmless nitrogen appears to 
be one of the most promising solutions in order to meet the legislation 
regarding the emission of nitrogen oxides for power plants (Burch & 
Southward, 2000a-b). 
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4.5 SUMMARY 

The environment present in a gas turbine combustor is probably one of the most 
hostile that a catalyst has to withstand.  

Monolithic substrates are needed in order to cope with the low pressure drop 
requirement. The catalyst needs to have a low temperature activity to ignite the 
fuel-air mixture at temperatures as low as 350 °C and exhibit a stable activity 
for a prolonged period of time, typically one year of operation. In addition, the 
various materials have to withstand the strong thermal shock that may take 
place under transient conditions, start-up, shut-off, as well as load variation.  

As these operating conditions are much more severe than for any other catalytic 
application, a dedicated catalyst development has been engaged in since the 
first patent was published in the mid-seventies. It has led to the development of 
high temperature-resistant materials such as hexaaluminate as well as a better 
understanding of the combustion behaviour of existing catalytic systems. In 
addition, systems engineering developed multiple-monolith catalyst systems 
and hybrid reactors to circumvent, to a certain extent, the difficulties induced 
by the combustion chamber design.  

In addition, besides methane (or natural gas), i.e. the fuel of choice for gas 
turbine applications, recent studies have shown that catalytic combustion is an 
attractive technology for combusting low heating-value fuels such as gasified 
biomass.
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5 DEVELOPMENT OF COMBUSTION CATALYSTS 
(PAPER I) 

5.1 INTRODUCTION 

The development of combustion catalysts for gas turbine applications 
spectacularly increased since the first patent was issued in the mid seventies. 
Today, combustion catalysts can operate in a temperature window of 500 °C-
1000 °C for a rather extended period of time. Nevertheless, such catalysts do 
not entirely fulfil the requirements mentioned in the previous chapter. The 
combustion catalyst has to be able to ignite the fuel-air mixture at a temperature 
as low as 350 °C, in order to avoid the use of pilot-flames, which would 
otherwise produce NOx. On the other hand, the highest temperature of 1000 °C 
is too low according to the specification which requires a temperature of 
1400 °C at the combustor outlet. To circumvent some material issues related to 
this last specific requirement, system engineering proposed different combustor 
designs that do not require any catalytic material in the temperature range 
1000-1400 °C. 

The present chapter will review some of the more recent developments 
concerning the catalytic materials which have been considered for application 
in gas turbine combustors.  

5.2 CATALYTIC MATERIALS 

The combustion reaction takes place at the surface of the catalyst. Therefore, it 
is important for the catalyst to have a relatively high surface area for igniting 
the fuel-air mixture at the compressor discharge temperature. More important is 
that the surface area decrease should be as low as possible. The sintering is a 
phenomenon due to a too high temperature, which is a critical problem that 
takes place in the combustion chamber (where the temperature can be as high 
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as 1400°C). The catalysts must enable a low light-off temperature, and maintain 
this activity for a long time, while operating at elevated temperature.  

As mentioned in the previous chapter, the combustion catalyst present in a gas 
turbine combustor will be made of several components; a substrate that brings 
mechanical strength (structure) and stability, a washcoat to bring a high surface 
area layer and an active phase that enables the heterogeneous reaction. It is 
important that all three of these components withstand high temperatures, 
meanwhile not reacting with each other, as this would entail a decrease in 
combustion activity due to the formation of inactive phases. If the active phase 
reacts with the support it is quite certain that catalytic activity and mechanical 
strength will diminish dramatically. The use of a combustion catalyst in a 
combustion chamber is submitted to fast temperature variations which create 
thermal stresses in the material. Catalytic material and design should be as 
insensitive as possible to this thermal stress. Also the solidity, among other 
parameters, should be high and the thermal expansion coefficient low. 

5.2.1 Substrate 

For the high velocities that prevail in the gas turbines, no packed catalyst bed is 
acceptable. To obtain a reasonable area and a low pressure-drop, there is one 
common solution possible: monolithic honeycomb structures (cf. Figure 5.1). 
The picture below can illustrate the following discussions. In principle, the 
monoliths can be metallic or ceramic. The main properties of ceramic and 
metallic monoliths have been summarized in an article by Day and Thompson 
(Day & Thompson, 1991), from which the data in Table 5.1 are taken. 

 

 

Figure 5.1 - Details of a honeycomb catalyst structure for use in gas turbine combustor 
(adapted from Berg, 2001). 
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Ceramic monoliths are made by extrusion; their disadvantages are breaking or 
cracking under thermal shocks (rapid heating or cooling) and poor heat 
conductivity. Metal monoliths are made from alternating thin metal sheets of 
corrugated and plane types, by rolling them.  

The great advantages of metal monoliths are their mechanical strength and high 
thermal conductivity, avoiding hot spots and resulting in a more uniform bed 
temperature. In addition, the use of metallic monolith allows the manufacturing 
of monolithic catalysts with passive channels that appear to be one of the most 
promising designs for circumventing the need for high temperature resistant 
catalytic material. Various patents have described the use of monolithic 
catalysts with passive channels for use in gas turbine combustor. 

5.2.2 Washcoat 
The monolith substrate usually presents an extremely low surface area and is 
therefore not suitable for deposition of a metallic active phase. In order to 
increase the surface area of the substrate a washcoat layer is deposited onto the 
walls of the monolith, as represented in Figure 5.1. This washcoat has to have, 
beside a high surface area needed for the dispersion of noble metals or metal 
oxide particles, a thermal expansion that is in the same order of magnitude as 
the substrate, to prevent rupture or cracks when submitted to thermal stresses. 

Alumina 

Alumina is one of the most common supports used in catalytic processes. This 
material provides the high surface area needed to obtain an acceptable 
dispersion of the active phase (noble metals, metal oxides …). Nevertheless, the 
atmosphere present in a combustion chamber is much more aggressive than in 
many other processes. The prolonged exposure to high temperatures (typically 
about 8000 h at temperatures exceeding 1000 °C), combined with significant 
amount of steam and oxygen may result in a strong deactivation of the catalyst. 
The sintering of alumina support has been widely reported in the literature 
(Trimm, 1997; Paper V) and the phase transformation due to increase in 
operating temperature is usually accompanied by a sharp decrease in surface 
area (Heck & Farrauto, 1995). 
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Table 5.1 - Comparison of ceramic and metallic materials and substrate properties (Day 
& Thompson, 1991). 

 

 CERAMIC METALLIC 

Material property   

Melting temperature [°C]   

Liquidus 1523 1425 - 1485 

Solidus 1465 1375 - 1455 

Maximum operating temperature 1400 1280 - 1375 

Maximum continuous operating temperature 1200 900 - 1150 

Strength [106 N·mm2]   

Room temperature 21 - 42 >300 

1000 °C 28 - 56 7 

Thermal expansion coefficient [10 – 7·cm - 1·cm - 1·K] 7 150 - 200 

Thermal conductivity [W·cm - 1·K - 1] 2 - 3 15 - 25 

Density 2.51 7.4 

Specific heat [cal·g - 1·K - 1] 0.18 0.10 

Substrate property   

Open frontal area [%] 70 - 80 85 - 90 

Wall thickness [mm] 0.13 - 0.17 0.06 - 0.07 

Geometric surface area [cm2·cm3] 26.5 33.5 

Structural density [g·cm - 3]   

Cellular 0.38 - 0.42 0.80 - 0.90 

Product  0.38 - 0.42 1.10 - 1.20 

Heat capacity [cal·cm - 3·K - 1]   

Cellular 0.42 - 0.46 0.40 - 0.45 

Product  0.42 - 0.46 0.55 - 0.60 
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In order to prevent this deactivation phenomenon, various attempts have been 
made to stabilize the alumina support against thermal deactivation (Beguin et 
al, 1991b; Church et al, 1993; Loong et al, 1997; Chen et al, 2001); Primet and 
co-workers investigated the addition of La (Beguin et al, 1991a). Some other 
compounds such as ZrO2, HfO2 or SiO2 have been examined, either as single 
material or in various combinations (Wang, 1997); ZrO2 seems to be one of the 
most promising support materials. The stabilization by yttrium (Labalme et al, 
2000) or doping with cerium (Kenevey et al, 2001) has proven to be successful 
with respect to the activity of supported PdO. 

The research focusing on the thermal stabilization of alumina led to the 
development of high temperature-resistant materials such as hexaaluminate  
(Machida et al, 1987) and the investigation of other potential combustion 
catalysts with oxide materials such as perovskites (Arai et al, 1986; McCarty & 
Wise, 1990), spinels  (Marti et al, 1994; Lowe et al, 1995) and garnets (Ersson et 
al, 1999). These materials have then been developed and examined with respect 
to both the thermal stability and combustion performance.  

Hexaaluminates 

Of particular interest here are the developments by Arai and co-workers in 
Japan of hexaaluminates and substituted hexaaluminates as combustion 
catalysts (Arai & Machida, 1991). Indeed the use of barium hexaaluminate 
BaO·6Al2O3, and its substituted forms has become a real break-through in 
catalytic combustion. Barium has proved to be the most promising stabilizer for 
alumina (Arai & Machida, 1996). The surface areas of these catalysts are 11-
15 m2 g-1, even after calcination at 1300 °C. It has been shown that the 
properties of hexaaluminate materials may be improved by modification of the 
preparation technique. Ying and co-workers reported on the preparation of Ba-
hexaaluminate material by reverse micro-emulsion processing, combined with 
freeze drying (Zarur et al, 2000). These prepared materials exhibit a surface area 
as high as 160 m2·g-1, even after thermal ageing at 1300 °C.  

This may be seen in Table 5.2, which shows the temperatures required for 10 % 
and 90 % methane combustion on various substituted barium hexaaluminates. 
When compared or contrasted to the thermal reaction, the temperature 
lowering, ∆T, for 90 % conversion can be 100-140 °C. The CeO2-BaAl11O19 
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nanoparticles, prepared by reverse microemulsion and freeze dried exhibit a 
very high ignition activity with a light-off of a 1% CH4/air mixture at about 
150 °C lower when compared to Mn-substituted Ba-hexaaluminate, and 290 °C 
lower than Co-substituted Ba-hexaaluminate system.  

Hexaaluminate-based materials exhibit the highest activity combined with a 
rather outstanding thermal stability. Nevertheless, for the material development 
focusing on the high temperature zone of the combustor, there are interesting 
alternatives to hexaaluminates, such as metal oxide catalysts, mixed oxides, 
and complex oxides like perovskites and spinels. 

Table 5.2 – Catalytic combustion activity of BaMAl11O19 

 

Surface area T10 T90 
M 

[m2/g] [°C] [°C] 

Al 15,3 710 730 

Cr 15,7 700 770 

Mn 13,7 540 740 

Fe 11,1 560 780 

Co 15,2 690 720 

Ni 11,1 710 770 

In comparison, a 1 wt% Pt/Al2O3 will exhibit a much lower surface area after similar thermal 
treatment, i.e. 1300 °C. Nevertheless the noble metal based catalyst will have a slightly higher 
activity for the combustion of 1% CH4 in air, when operating at the space velocity of 
48 000 h_1.  

Perovskites 

Since the 1970s, mixed oxides of the perovskite structure ABO3 have been 
studied extensively, both for mechanistic studies and for development of 
applications (McCarty & Wise, 1990; Baiker et al, 1994; Daturi et al, 1997). For 
instance, lanthanum cobaltate, LaCoO3, has nearly the same activity as a 
platinum-alumina catalyst (Barnard et al, 1990). Substitution of La by other 
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metals like Sr, and substitution of Co with Mn are possible  (Klvana et al, 1997). 
The thermal stability of most perovskites is quite good but their activity is 
probably not sufficient for application in a gas turbine combustor where the 
requirements are extreme (Cimino et al, 2001). 

Spinels 

The spinel-based materials have shown favourable properties with respect to 
stability when operating at temperatures above 1000 °C (Zwinkels et al, 1998).  
Their catalytic activity was improved by substitution of Al with transition 
metals. Nevertheless, their activity is far too low when compared to materials 
such as substituted hexaaluminates.  

Other metal oxides (garnets, NZP) 

Recently, some new materials such as yttrium garnets (Y3Al2O9) and the so-
called NZP (NaZr2(PO4)3) have been examined (Ersson et al, 1999). Despite the 
various substitutions possible, these materials present almost no activity for the 
combustion of methane. Nevertheless, they have an outstanding thermal 
resistance and their use as a substrate material may be considered, as the 
maximum operating temperature for a cordierite honeycomb structure is below 
1300 °C.  

5.2.3 Active phase 

Just as for LTCC, for HTCC also both noble metal and oxide catalysts are 
important, but they are used in a very different way; they are used together but 
in different parts of the same reactor or combustor, as will be shown later. 
Despite the improvement of the oxide-type support material by substitution 
with transition metals, their combustion activity remains too low and the need 
for noble metal-based catalyst is compulsory.  

Metal oxides 

In general, high oxidation activity requires metal ions of variable valences, 
typical redox systems. There is some regularity here, for instance for oxides of 
metals of the fourth period in the periodic table in the complete oxidation of 
various hydrocarbons. Co3O4 is the most powerful combustion catalyst here 
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(Boot et al, 1996). Binary and ternary mixtures of oxides often have a still higher 
activity than single oxides. In general, oxides of Cu, Cr, Mn, Fe, Co, and Ni are 
promising candidates. Nevertheless the use of such metal oxides has proven to 
entail a strong deactivation when submitted to temperatures above 800 °C, with 
the formation of bulk or surface aluminates that possess a lower combustion 
activity (Yu Yao & Kummer, 1977; Bolt et al, 1994). 

Noble metals 

Several of the elements of the platinum group metals have an outstanding 
capability in oxidizing hydrocarbons as well as hydrogen and carbon 
monoxide. They have found widespread use as active materials in catalysts 
used at low to moderate temperatures, e.g. in VOC catalysts and three-way 
catalysts. The high activity of noble metals implies that they would be an 
excellent candidate for use in gas turbine applications. Due to their rarity and 
volatility at high temperatures, the use is limited to platinum, palladium and 
rhodium. The activity for noble metals in oxidation reactions is generally 
Ru<Rh<Pd<Os<Ir<Pt (Prasad et al, 1984). 

The choice of metal or metals is dependent on the fuel used. Platinum shows a 
high activity for oxidizing carbon monoxide and saturated hydrocarbons; 
palladium in general is more active when it comes to partial oxidation of 
olefins, see for example Trimm (1983). For a mixture of several types of 
hydrocarbons, as in diesel or jet fuel, a combination of several different precious 
metals could be used. Concerning the complete oxidation of methane under 
lean conditions, Pd has been shown to be the most active species (Anderson et 
al, 1961; Briot & Primet, 1991). The combination of for example platinum, 
palladium and rhodium would give a higher activity than each of the metals 
alone (Trimm, 1983). 

5.3 SUMMARY 

The development of high temperature materials for application in gas turbines 
can be divided in three segments, corresponding to the three main components 
of a catalytic system for utilization in gas turbine combustor, i.e. a honeycomb 
monolith, a washcoat and an active phase, separately or as a combination.  
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Since material science and catalysis cannot yet completely meet the demands of 
catalytic combustion, elegant systems engineering is being applied to overcome 
the problems and develop practical solutions. Various approaches of this type 
have been developed; they directly govern the choice of catalyst material and 
configuration.
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6 DESIGN FOR A CATALYTIC COMBUSTOR 

(PAPER I) 

6.1 INTRODUCTION 

In gas-turbine applications, the desired temperatures are in the range 1100-
1400 °C. Conventional catalysts such as supported metals or transition metal 
oxides are not resistant to the severe operating condition of such systems. 
Hence, novel materials have to be developed to serve as both catalyst materials 
and substrate materials. These new materials should be able to withstand 
temperatures of 1100-1400 °C in atmospheres containing steam and oxygen, 
and for continuous operation for at least one year, if not more. Ideal properties 
for a high-temperature combustion catalyst are given below. This is a list of 
issues to be improved or problems yet to be solved. 

1.  Ignition of the fuel-air mixture at compressor outlet temperature, i.e. 350-
400 °C and velocities of 1-25 m·s-1. 

2.  Stable combustion up to 1400 °C. 

3.  Withstand extreme thermal shock up to 1000 °C·s-1. 

4. Stable performance for at least one year. 

As previously reported, no single material is available for these specifications. 
The constraint regarding the high thermal stability requirement has been 
partially solved by design system engineering approaches.  

Necessity is the mother of invention. When material science and catalysis 
cannot meet the above demands, systems engineering has been called in for a 
rescue operation as follows: 

1.  Combine materials know-how and systems engineering 

2.  Create a functional system for gas turbines 

3.  Apply combustion engineering to circumvent material limitations. 
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There are four types of solutions in practice, as shown schematically in 
Figure 6.2; segmented catalyst design (Figure 6.2 - I), hybrid catalytic 
combustion (with secondary injection of fuel (Figure 6.2 - II) or air 
(Figure 6.2 - III) and partial catalytic combustion (Figure 6.2 - IV). The main 
purpose of these different designs is to limit the operating temperature of the 
catalyst segment. In such a way, the life of the catalyst will be prolonged 
considerably and part of the material limitations will be considerably reduced. 
Only their principles will be outlined here, as more details are available in 
earlier reviews (Zwinkels et al, 1993; Trimm, 1995). 

 

 

Figure 6.2 - Various designs for catalytic combustors 
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6.2 DESIGN I – FULLY CATALYTIC COMBUSTION CHAMBER 

The first innovative systems engineering approach is of Osaka Gas Company in 
Japan (Sadamori et al, 1995; Sadamori, 1999). They developed a segmented 
catalyst design with multiple monoliths (Figure 6.2 - I). In this design, different 
materials are used to fulfil different functions within the catalyst. A palladium 
catalyst is placed at the entrance of the catalyst system to ignite the catalytic 
combustion reaction and to raise the temperature. This temperature is then 
enough to maintain ignition in the subsequent less active metal-oxide catalysts. 
These catalysts are Mn-substituted hexaaluminates, already extruded into 
monoliths. These materials are fired or calcined at 1200-1300 °C during their 
preparation and hence exhibit good heat stability, particularly because the 
active catalyst sites or centres are distributed uniformly throughout the material. 
Operation at an adiabatic flame temperature of 1100 °C was possible for 215 h. 
However, the gas-turbine requirements are more demanding. Hence, we still 
have a long way to go.  

6.3 DESIGN II – HYBRID COMBUSTION CHAMBER WITH SECONDARY FUEL 

Toshiba, in collaboration with Tokyo Electric Power Company, has developed 
a hybrid catalytic combustion (Ozawa et al, 1999). Here only a part of the fuel is 
converted heterogeneously on the catalyst. The system consists of a pre-
combustion mixing zone, a low-temperature catalyst zone, and a gas-phase 
combustion zone, as represented in Figure 6.2 - II. The fuel-air mixture is 
controlled to maintain the temperature of the catalyst below 1000 °C, because 
the catalyst is not stable above this temperature. More fuel is added 
downstream to attain the final combustion temperature. The function of the 
catalyst is to be a source of additional "pre-heat" to support the lean, 
homogeneous downstream combustion.  

6.4 DESIGN III – HYBRID COMBUSTION CHAMBER WITH SECONDARY AIR  

A new design has recently been proposed by Lyubovsky et al. (Lyubovsky et al, 
2002). They investigated the fuel-rich alternative in order to avoid instabilities 
of lean combustion as well as issues related to the low-temperature ignition. 
They perform the partial oxidation of methane over a first catalytic segment, 
with a fuel excess of about 2-5, with respect to the stoichiometric conditions. 
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The products of this catalytic reaction are, beside carbon dioxide and water, 
carbon monoxide and hydrogen. This combustible mixture is then mixed with 
secondary air and burned in a flame to reach the desired final temperature.  

6.5 DESIGN IV – SEMI-ACTIVE CATALYST 

Other companies, such as Hitachi in Japan and Catalytica Energy Systems  
(Dalla Betta et al, 1993) in the United States, have proposed other systems 
engineering approaches similar to the two cases described above. The principle 
is the same: bring in a catalyst for the specific and locally limited requirement in 
a small part of the combustor, use different catalysts for different zones in the 
combustor, and protect these catalysts from extreme conditions for which they 
are not designed, see Figure 6.2 - IV. The concept developed by Catalytica 
Energy Systems for instance, is based on a primary catalytic zone where only 
part of the fuel is burned. The remaining hot fuel is combusted in a post-
catalytic homogeneous zone (Figure 6.2 - II) to raise the temperature to the 
requirements of the gas turbine (Dalla Betta & Rostrup-Nielsen, 1999). 

6.6 SUMMARY 

Considering the high temperature region, typically between 900 and 1400 °C, 
different solutions have been examined in order to cope with the lack of high 
temperature resistant materials. In order to circumvent the problems given by a 
combustor in which the complete reaction takes place at the surface of a 
catalyst, various hybrid designs have been developed. Nevertheless, there are 
still some remaining problems such as the possibility to ignite the fuel-air 
mixture at the compressor discharge temperature. The use of pilot-flames, as is 
the case in most of the present designs, will result in significant amounts of 
nitrogen oxides in the emissions. The addition of hydrogen to the fuel has been 
considered. Hydrogen is much easier to ignite and its combustion would 
provide the required heat to reach the catalyst ignition temperature. Some more 
recent developments have considered a first catalytic stage in which methane is 
converted into CO and H2 by partial oxidation (fuel-rich operation). This will 
solve the ignition issue as well as the catalytic instability observed when 
operating in excess of oxygen. 
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However, regardless of the type of design which is chosen, the presence of a 
precious metal-based catalytic stage seems to be mandatory for the ignition of 
the fuel at a temperature below 450 °C. 
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7 PALLADIUM-BASED CATALYSTS 
(PAPERS II, III AND IV) 

7.1 BACKGROUND 

Regardless of the design option for the combustor, the use of catalytic 
combustion will require the use of a noble metal-based catalyst for the light-off 
of the fuel-air mixture at the compressor discharge temperature.  

Noble metals have been shown to be the most active for the complete oxidation 
of hydrocarbons (Anderson et al, 1961). Besides the higher activity per active 
site, these materials have a better resistance against poisoning by sulphur 
species (below 773 K) and exhibit the highest resistance against volatilisation 
(see Table 7.1) when compared to transition metal oxides. In addition, 
palladium presents a unique temperature self-control capability because of the 
PdO/Pd transformation (Farrauto et al, 1990). 

Table 7.1 - Vapour pressure of some catalytic elements in equimolar H2O/O2 mixture at 
1 atm (adapted from Dalla Betta, 1997). 

Vapour pressure (atm) 
Element 

at 1000 °C at 1400 °C 

Cu 5.6 × 10-4 1.3 × 10-2 

Co 2.8 × 10-6 1.6 × 10-4 

Mn 1.6 × 10-7 7.9 × 10-5 

Pt 3.5 × 10-7 2.0 × 10-5 

Pd 3.2 × 10-9 5.6 × 10-6 

In the present chapter, some of the various parameters affecting the activity for 
the combustion of methane in lean combustion will be examined. Specific 
attention will be given to the metal-support interaction as well as the different 
techniques that may be used for the deposition of palladium particles onto an 
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Al2O3-based washcoat. Finally, the doping of the support, by addition of Ce has 
been considered. 

7.2 LAB-SCALE EXPERIMENTAL SET-UP 

The activity tests were performed on catalysts coated onto a mullite tube, 
located in a Single Channel Annular Reactor (SCAR). It consists of a quartz 
reactor with a mullite (or dense alumina) thermocouple pocket in it. A thin 
layer of catalyst is deposited on the outside surface of the thermocouple pocket. 
The reactant gases are passed through this narrow annular space of 0.1-0.3 mm. 
This type of reactor was first used by McCarty (1995); it has then been adapted 
and improved especially with respect to the concentric position of the 
thermocouple pocket in the reactor (Groppi et al, 2001b; Papadias et al, 2002). 
Comparison with regular monolith honeycombs with the same catalyst material  
(Johansson & Järås, 1999) shows that the SCAR is an excellent micro-reactor 
for the the simulation of monoliths in bench-scale reactors. 

The distinctive advantages of the SCAR are:  

 Isothermal conditions over the catalyst length 

 Smooth and thin washcoat layer (about 10-30 mg) 

 Negligible pressure drop 

 Low conversion, even at high temperature 

 Possibility to operate at high gas velocities, i.e. low residence time 

 Visual examination for washcoat cracks possible 

 Results comparable to those from monoliths (same order of ignition for 
various catalysts). 

The reactor itself is made of quartz and placed in an 800 mm long furnace. A 
K-type thermocouple is inserted in the mullite tube in order to measure the 
catalyst temperature during combustion experiments. During the transient 
experiments, a furnace heating-rate of 3 ºC·min-1 has been used. The total gas 
flow-rate was 0.94 dm3·min-1, resulting in a linear gas velocity of 1.0 m·s-1, with 
a fuel concentration of 1 vol. % CH4 in air. The composition of the product gas 
was monitored by on-line gas chromatography (GC Varian 3800) equipped 
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with a thermal conductivity detector (TCD). The conversion calculations are 
based on the concentration of CH4 and corroborated by the yields of CO2 and 
CO.  
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Figure 7.1 – Schematic representation of the Single Channel Annular Reactor (SCAR). 

7.3 PALLADIUM-BASED CATALYSTS OPERATING UNDER LEAN CONDITIONS 

7.3.1 Introduction 

In some recent papers reviewing the state-of-the-art in catalytic combustion, the 
different characteristics and properties of palladium-based catalysts have been 
described with respect to the activity during lean combustion of methane (Chin 
& Resasco, 1999; Choudhary et al, 2002).  

According to some authors, methane oxidation over palladium particles is 
structure sensitive and is therefore affected by the size and morphology of the 
particles. Nevertheless, there are some discrepancies in the literature and some 
reports conclude that the above-mentioned reaction is structure-insensitive.  
Similar comments can be made regarding the exact active species for the 
combustion of methane, Pd covered with a PdO skin or PdO dispersed onto Pd. 
Most of the authors have pinpointed PdO as the active species. Nevertheless, it 
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has recently been shown that metallic Pd could be more active than PdO for the 
methane oxidation reaction, when operating at high temperature (Lyubovsky et 
al, 1996). 

Among the various parameters which govern the catalytic activity of a 
supported palladium catalyst, the temperature appears to have a strong effect. 
The conversion of methane exhibits a drop at about 750 °C before it reaches 
100 %. This modification of the catalytic activity has been attributed to a 
modification of the oxidation state of PdO ( (Farrauto et al, 1992; McCarty, 
1995), which decomposes into a less active metallic state when increasing the 
temperature above 750 °C, according to the following reaction:  

PdO  Pd + ½ O2 

The reoxidation into palladium oxide takes place under cooling when the 
temperature decreases. This was confirmed by means of thermogravimetry 
experiments, as seen on Figure 7.2. 
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Figure 7.2 – Thermogravimetry profile representing the decomposition in air of PdO 
and the reoxidation during cooling (adapted from Farrauto et al, 1992) 
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Some experiments performed at our laboratory (combustion activity and 
temperature-programmed oxidation) are in line with the above-described 
decomposition mechanism illustrated in Figure 7.3.  
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Figure 7.3 - Decomposition and reoxidation of PdO during catalytic combustion (left 
figure) and TPO experiments performed over 2.5 wt% Pd/La-Al2O3, under 
successive cooling ( ) and heating ( ) conditions. 

7.3.2 Influence of the preparation technique (Paper II) 

There are numerous parameters which affect the activity of a catalyst. The 
influence of the preparation method is investigated in Paper II. Palladium is 

deposited onto γ-alumina by four different techniques: incipient wetness (IW), 
grafting (G) and two variants of microemulsion (ME1 and ME2). All catalysts 
are calcined at 1000 °C for 4h, following the deposition of palladium. In all 
cases, a final metal loading of 5 wt% is achieved. In the first microemulsion 
method (ME1), the reduction of the particles takes place apart from the support. 
Concerning the second microemulsion method (ME2), the alumina is first 
added to the microemulsion whereupon the mixture is reduced. In this later 
case, no destabilizing agent is needed. 

The different catalysts are tested with respect to their activity for the 
combustion of 2 vol. % methane in air, with a total gas flow of 850 cm3 min-1.  
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The catalyst have been characterised by means of X-ray diffraction (XRD), 
surface area measurement, temperature programmed oxidation (TPO) and 
transmission electron microscopy (TEM). 

Concerning the combustion activity, the catalysts ignite the fuel air mixture in 
the following order (the temperature for reaching 10 % conversion is given 
between parentheses):   

IW (520 °C) < ME2 (530 °C) < G (580 °C) < ME1 (600 °C). 

All samples exhibit a similar surface area. The X-ray diffraction patterns are in 
line with the TEM observations which display significant differences with 
respect to the size of the particles. In addition, the presence of metallic 
palladium in the X-ray diffractogram is confirmed by the evaluation of the 
reoxidation coefficient by means of TPO experiments. Following the thermal 
decomposition of PdO under the heating ramp, the reoxidation during the 
cooling ramp is not complete. The catalyst prepared by incipient wetness is the 
only one presenting a third decomposition peak at a temperature above 850 °C. 
This peak is likely to be associated with Pd-Al2O3 surface complexes (Groppi et 
al, 2001a). 

The choice of preparation method has a strong influence with respect to the 
morphology and properties of the palladium particles, hence on the methane 
combustion activity. The incipient wetness impregnation, despite its simplicity, 
appears to be rather effective in preparing alumina-supported palladium 
catalysts for the combustion of methane. 

7.3.3 Influence of the nature of the support (Paper III) 

It has been reported in previous studies that the nature of the support may play 
an important role (Farrauto et al, 1995; Ciuparu & Pfefferle, 2001) during the 
complete oxidation of methane over supported palladium catalysts. The support 
may directly affect the reaction when the support presents a certain activity for 
the respective reaction and/or by strong interaction with the metallic particles 
which are deposited onto the support.  

Because of the harsh conditions present in a gas turbine combustion chamber, 
high temperature-stable materials are required. The use of rare-earth elements 
for instance, as previously reported, may result in a material that can be used at 
higher temperature. In the case of alumina, it has been shown that addition of 
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small amounts of La or Ba may result in a material that can stand an operating 
temperature up to 1000 °C.  

The purpose of Paper III is to investigate how the foreign ions (Ba and La) 
affect the combustion activity of the Pd particles. The stabilization of the 
alumina support by addition of large ions, and more specifically La, has been 
largely reported in the literature (Schaper et al, 1983; Beguin et al, 1991a; Chen 
et al, 2001). More recently, the influence of Nd and its interaction with PdO has 
been considered (Suhonen et al, 2001). The influence on the combustion activity 
of palladium seems to be affected by a possible interaction with La or Ba 
present in the alumina structure. The metal-support interaction has been 
investigated by means of different characterization techniques. Results 
concerning the temperature-programmed oxidation and X-ray photoelectron 
spectroscopy provide information concerning these interactions. Specific 
attention is given to the role of La and Ba.  

The thermal stability of alumina is significantly improved by addition of La or 
Ba. Both La and Ba provide a better thermal stability, with a similar intensity. 
On the other hand, when considering the combustion activity, significant 
differences can be observed. This has been confirmed by XPS analysis which 
exhibits a higher amount of metallic Pd for the samples of La or Ba-containing 
alumina. 

7.3.4 Modification of the activity by addition of cerium (Paper IV) 

The use of cerium has been widely reported in the literature dedicated to three-
way catalysts (TWC). In such an application, cerium dioxide acts as an oxygen 
reservoir in order to provide the oxygen required for complete oxidation of CO 
and HC when operating under rich atmosphere.  When considering catalytic 
combustion for gas turbine applications, the use of cerium may be considered in 
order to improve the thermal stability of alumina supports and improve the 
oxidation activity of various catalytic systems. It has recently been reported in 
the literature that addition of cerium to a Pd-based catalyst shifted the PdO-Pd 
transformation temperature by about 50 °C upwards, when compared to Ce-
free systems (Groppi et al, 1999). In addition, Ce may promote the thermal 
stabilisation of alumina support in a similar manner as for instance La or Ba. 
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The systems Pd/CeO2/Al2O3, Pd/CeO2/La-Al2O3 and Pd/CeO2/Ba-Al2O3 
have been investigated in Paper IV. The main concern is the influence of 
cerium on the thermal stabilisation of alumina and on the PdO-Pd transition.  
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Figure 7.4 –Temperature-programmed oxidation of (a) Pd/Al2O3, (b) Pd/CeO2/Al2O3, 
(c) Pd/CeO2/La-Al2O3 and (d) Pd/CeO2/La-Al2O3 (SA). 

Concerning the thermal stabilisation of the alumina support, we noticed that 
the addition of 5 wt% Ce promotes the resistance against sintering; the 
Pd/CeO2/Al2O3 catalyst exhibits a surface area of 102 m2·g-1 after calcination at 
1000 °C for 4h. In comparison, the Ce-free catalyst, Pd/Al2O3 is much more 
sensitive to sintering and presents a surface area of 85 m2·g-1 after the same 
thermal treatment. The addition of Ce to La-stabilised Al2O3 or Ba-stabilised Al2O3 

does not further improve the resistance to sintering.  

Apart from the strong effect with respect to the thermal stabilisation of alumina, 
Ce strongly enhances the reoxidation of metallic palladium (See Figure 7.4). 
The reoxidation during cooling takes place in a single step between 500 °C and 
600 °C, when performing temperature-programmed oxidation of Pd/Al2O3. 
The addition of Ce entails the apparition of a second reoxidation peak in the 
range 600 °C-700 °C. This effect is enhanced when considering the 
Pd/CeO2/La-Al2O3 catalyst. This property is further improved by impregnating 



 

51 

Al2O3 with Ce by specific adsorption (SA) instead of conventional incipient 
wetness. Concerning the combustion of methane, the activity of 
Pd/CeO2/Al2O3 is much lower than that of its Ce-free counterpart. The 
opposite behaviour is observed in the case of Pd/Ba-Al2O3 and Pd/La-Al2O3. 
Pd/CeO2/La-Al2O3 exhibits a combustion activity equivalent to that of Pd/La-
Al2O3, but a much higher thermal stability. 

7.4 SUMMARY 

Palladium is the most active species for the complete oxidation of methane 
when operating under lean conditions. PdO is transformed to metallic 
palladium during thermal decomposition at about 750 °C. Under cooling 
conditions, Pd is reoxidized into PdO, which is the most active species for the 
methane combustion. Various characterisation techniques (thermogravimetry, 
temperature-programmed oxidations) may be used to study the PdO-Pd 
transformation. 

As palladium oxide is more active than metallic palladium for the oxidation of 
methane, there is a parallel between the hysteresis observed during thermal 
cycling of palladium-based catalysts and their activity for the combustion of 
methane.  

The preparation method and the nature of the support are some of the 
parameters that strongly influence the combustion activity of supported 
palladium catalysts. In addition, it has been shown that the activity can be 
improved by addition of cerium, while maintaining a certain thermal stability.  

Palladium catalysts, as well as any combustion catalyst, have to maintain a 
high activity for at least one year. Due to the harsh operating conditions, 
various deactivation processes may take place and result in a decay of the 
catalytic activity. The knowledge of the possible cause of deactivation is of 
paramount importance with respect to the design of a successful combustion 
catalyst.  
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8 CATALYST DEACTIVATION 
(PAPERS V AND VI) 

8.1 INTRODUCTION  

In a gas turbine combustor, the catalyst material has to withstand extreme 
operating conditions; high temperature, high concentration of steam and high 
gas velocities. The design of a successful commercial catalyst has to cope with 
the above described parameters. Meanwhile, it has to fulfil standard criteria for 
a catalyst; it has to exhibit a high activity and selectivity for a given reaction 
and operate, without any decay in activity, for a well-defined period of time.  

There are various reasons for a more ore less significant decline of the catalyst 
activity. Several recent papers discussed the cause of deactivation for 
combustion catalysts (Trimm, 1997; McCarty et al, 1999; Forzatti & Lietti, 
1999). Catalyst deactivation can be divided into four main categories: 
poisoning, sintering, coking or fouling and phase transformation. There are also 
other mechanisms that can cause deactivation of the catalyst: attrition, material 
volatilization and erosion. The deactivation process may be a combination of 
one or several of the above named mechanisms. The main focus here is the 
deactivation of combustion catalysts, used in gas turbine applications. Fouling 
or coking is not a problem in high-temperature catalytic combustion systems, as 
carbon deposits are oxidized into carbon dioxide. Among the different causes of 
deactivation previously mentioned, Paper V focuses on sintering, vaporization, 
phase transformation, thermal shocks, and poisoning, as they are the most 
important in catalytic combustion.  

8.2 THERMAL DEACTIVATION (PAPER V) 

The most important requirements for combustion catalysts are the following: 
high activity at inlet temperature, sufficient activity for complete combustion, 
good thermal stability at outlet temperature (stable surface area, no solid-state 
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reactions within the system substrate-washcoat-active material), high thermal 
shock resistance (high mechanical strength and low thermal expansion 
coefficient), and low pressure drop. Moreover, the operation of the gas turbine 
may result in large changes in temperature that would lead to material thermal 
stress, hence structural failure of the catalyst.  

High surface area material is required for the ignition of the fuel at compressor 
outlet temperature, i.e. 350 °C, depending on the compression ratio. If the 
support is not stable, or if it tends to sinter, it can encapsulate or bury the active 
catalyst component. The combustion products, water and carbon dioxide, 
strongly enhance the sintering rate. The combustion of methane at high 
temperature is a process controlled by external mass transfer limitations. 
Therefore the support may not need to exhibit a high surface area. Hence, 
sintering is not a major issue, however other deactivation processes such as 
material volatilization and thermal shock may then be of primary concern.   

During its “life”, a combustion catalyst will have to endure and withstand 
about 400 cycles. The catalyst will then experience intense temperature 
gradients with changes of 1000°C within a few seconds. It means that the 
catalyst will have to be able to ignite the fuel 400 times without losing any 
activity. 

More details about the above-mentioned mechanisms entailing the deactivation 
of catalysts in a gas turbine combustor have been reviewed in Paper V. 

8.3 POISONING (PAPERS V & VI) 

Most of the early work on combustion catalysts focused on the research for high 
temperature-resistant materials for operation above 900 °C. In this temperature 
regime, sulphur poisoning is not supposed to be significant and much less 
significant than the above-named thermal deactivation mechanisms. The 
problem of sulphur poisoning appears to be more significant at low 
temperatures as the adsorption of sulphur species at elevated temperatures is 
almost absent (Zdrazil, 1988). Therefore, very little has been published on 
poisoning of combustion catalysts in gas turbine combustors. However, the 
poisoning of the first stage of a catalytic combustor might be similar to the one 
experienced with car exhaust catalysts, for instance.  
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Sulphur is one of the most common poisons for oxidation catalysts (Gandhi & 
Shelef, 1991; Burch et al, 1998). The effect of the poisoning of supported noble 
metals has been extensively studied for car exhaust catalysts (Lampert et al, 
1997). The retention of sulphur on the surface of the catalyst occurs through the 
formation of surface sulphates (Shelef et al, 1978).  

In catalytic combustion, the presence of poisons in the feed can originate either 
from the fuel and/or from the process air that is mixed with the fuel for 
combustion. For instance, in the case of coastal installations, the ambient air 
contains noteworthy amounts of alkali salts and chlorine. Although methane is 
the main component of natural gas, small amounts of sulphur, usually in the 
form of H2S may be present.  

In a previous study (Paper III), we observed the influence of La and Ba (used to 
stabilize the alumina against thermal deactivation), on the activity of Pd-based 
catalysts. The objective of the present investigation is to examine the behaviour 
of similar catalytic systems in the presence of sulphur species. Two different 
sizes of palladium particles were generated by means of two distinct calcination 
temperatures, 500 °C and 1000 °C. 

When considering the catalyst calcined at 500 °C and operating in the 
temperature window 300 – 500 °C, the catalyst containing La or Ba deactivates 
strongly when compared to the alumina-supported catalyst. The latter exhibits a 
combustion activity almost identical to the one presented in S-free experiments. 
On the contrary, when considering the catalyst made of large particles and 
calcined at 1000 °C, the deactivation affects the various catalysts with different 
intensity. The alumina-supported catalysts are subjected to a slight deactivation 
but to a much lower extent than the La-Al2O3 supported ones, which loses 
much of its activity. For the Ba-Al2O3 supported palladium, the catalyst 
presents almost no activity when sulphur is present in the feed.  

As suggested by the results reported in Paper III, the increase in calcination 
temperature entails the diffusion of La and Ba towards the surface of the 
catalyst. Therefore, the catalysts calcined at 1000 °C are much more sensitive to 
the presence of S in the feed. In addition, BaSO4 is more stable than La2(SO4)3 
resulting in a more intense poisoning despite the relatively high operating 
temperature.  
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The deactivation in the temperature window below 500 °C may be attributed to 
a contribution of the formation of Pd sulphate as well as Ba and La sulphate, 
respectively. On the contrary, the deactivation observed when operating at 
temperatures as high as 900 °C is of a different type. As Pd sulphate is unstable 
at such a temperature, the deactivation process seems only to be due to the 
contribution of the Ba and La sulphate species, which cause a masking of the 
palladium active sites. Ba and La sulphates are stable at much higher 
temperatures than Pd counterparts. 

8.4 SUMMARY 

In catalytic combustion, even a slow poisoning or traces of poisons may cause 
sufficient deactivation of the catalyst to exclude it from any commercial 
application. The use of stabilizing ions such as Ba or La, despite their positive 
effect with respect to the thermal stability of alumina materials, increases the 
rate of deactivation when sulphur species are present in the fuel.  

When considering the design of an ignition catalyst, which is to ignite the fuel-
air mixture at a temperature as low as 350 °C, specific attention has to be given 
to its resistance to poisoning. The use of platinum may be considered as Pt is 
insensitive to the presence of sulphur species during lean combustion. Apart 
from the deactivation by means of Pd sulphate formation, one should not 
neglect the possible interaction with the support material, entailing a masking of 
the active sites. Different materials such as ZrO2 or ZrO2-based supports may be 
considered.
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9 CONCLUSIONS AND PERSPECTIVES 

 

Catalytic combustion of natural gas is a technology that is under 
commercialisation following the successful demonstration of one year of full-
scale operation. There are however some remaining issues that may hinder this 
technology from implementation on a larger scale.  

The aim of this thesis was to investigate the various properties of supported 
palladium catalysts, as they are the most active for the combustion of methane 
when operating under oxidizing atmosphere. The influence of the support with 
respect to the oxidation state has been examined. It appears that the addition of 
La or Ba to enhance the sintering resistance of alumina results in a partial 

reduction of palladium. Despite a higher thermal stability than γ-Al2O3, La- 
Al2O3 and Ba-Al2O3 supported palladium catalysts exhibit a lower activity than 
Pd/Al2O3. This phenomenon has been supported by temperature-programmed 
analysis and X-ray photoelectron spectroscopy.  

The combustion activity of these catalysts, Pd/Ba-Al2O3 and especially Pd/La- 
Al2O3 can be improved by addition of cerium. The use of specific adsorption for 
the deposition of cerium results in a catalyst which exhibits a similar 
combustion activity as Pd/Al2O3, and meanwhile being more resistant to 
thermal deactivation. Despite the high resistance to sulphur poisoning, the 
results indicate a possible masking of the active sites by formation of sulphate 
species at the surface of the support. 

Several modes of preparation for Pd/Al2O3 catalysts have been evaluated by 
means of combustion activity combined with surface characterisation. TEM 
analysis provides information with respect to the size of the palladium whereas 
TPO experiments reflect the PdO-Pd transformation and ability of Pd to be 
reoxidized following a thermal decomposition.  

Among the remaining issues, the low temperature ignition is a crucial 
challenge, as most of today’s designs require the use of pilot-flames in order to 
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reach the catalyst light-off temperature. These pilot flames entail the formation 
of significant amounts of nitrogen oxides. Therefore much of the attention has 
focused on the development and understanding of palladium-based catalysts as 
their use in a catalytic combustor appears to be mandatory. Several 
fundamental issues related to supported PdO are still open.  

A novel fuel-rich approach has recently been reported as a challenging 
alternative to the fuel-lean approach. It solves several of the problems caused by 
the operation of palladium catalysts under lean conditions. Nevertheless, this 
technique, based on the catalytic partial oxidation of methane, has to be tested 
and demonstrated in full-scale operation, and at full pressure.    

Apart from the application in gas turbine combustors, the development of 
combustion catalysts will benefit other applications such as the abatement of 
methane emission from compressed natural gas vehicles.  

 

 

 



 

59 

10 ACKNOWLEDGEMENTS 

 

First, I want to thank my supervisor Professor Sven Järås for his supervision 
and confidence in me.  

I would like to thank my colleagues (former and present) at Chemical 
Technology and Chemical Reaction Engineering. I am grateful to the guidance 
of Magnus Callavik (formerly Johansson) at the beginning of my studies project. 
I especially would like to thank Dennis, Anders, Henrik and Katarina for 
stimulating and enthusiastic collaboration. Thanks as well to Magali for sharing 
the lab and your friendship.  

Special thanks to Eugenia “Winnie” Pocoroba for your friendship and in-house 
collaboration.  

I am indebted to Lars Pettersson for his enthusiasm, help and being such a 
source of optimism. I learned a lot from you, as much in catalysis as in glögg 
cooking.  

I am also grateful to Professor P. Govind Menon for fruitful discussions and 
stimulating collaboration on various papers. 

I am very grateful to Christina Hörnell for improving the linguistic quality of 
this thesis and Inga Groth for assistance with BET, XRD and SEM analysis. 

I would also thank the undergraduate students I have had the opportunity to 
work with: Ana Alcalde, Markus Sjöström, Mohammed Baban and Stefan 
Wennerström. I hope you enjoyed it as much as I did.  

I would like to thank the following persons that I had the chance to meet and 
collaborate with in various projects: Professor Torsten Fransson, Jan 
Fredriksson, Magnus Berg, Rolf Gabrielsson, Robert Lundberg and Jesper 
Brandt. I especially appreciate the cooperation with Jürgen Jacoby, who gave 
catalytic combustion another dimension. 



 

60 

Special acknowledgements are forwarded to Professor Pio Forzatti, Professor 
Gianpierro Groppi, Dr. Cinzia Cristiani and their colleagues at Politecnico di 
Milano, for instructive discussions and help with TPO analysis. 

Thanks to Kjell Jansson (Stockholm University) for TEM analysis. Thanks also 
to Hannu Karhu (Åbo Akademi University) and Professor José Luis G. Fierro 
(Instituto de Catálisis y Petroleoquímica, Madrid) for XPS analysis and 
constructive discussions.  

The financial support from STEM (Swedish Energy Agency) to the projects 
P 910, P 7057 and P 12458 is gratefully acknowledged.  

At last, but not least, I would like to thank Lulu, Mout and Le Minou for their 
support and being a constant source of happiness.  

 



 

61 

11 REFERENCES 

 

Ahlström-Silversand, A.F. & Odenbrand, C.U.I. (1997) Thermally sprayed 
wire-mesh catalysts for the purification of flue gases from small-scale 
combustion of bio-fuel. Catalyst preparation and activity studies. Applied 
Catalysis A: General, 153, 177-201. 

Anderson, R.B., Stein, K.C., Feenan, J.J. & Hofer, L.J.E. (1961) Catalytic 
oxidation of methane. Industrial and Engineering Chemistry, 53, 809-812. 

Arai, H. & Machida, M. (1991) Recent progress in high-temperature catalytic 
combustion. Catalysis Today, 10, 81-95. 

Arai, H. & Machida, M. (1996) Thermal stabilization of catalyst supports and 
their application to high-temperature catalytic combustion. Applied Catalysis A: 
General, 138, 161-176. 

Arai, H., Yamada, T., Eguchi, K. & Seiyama, T. (1986) Catalytic combustion 
of methane over various perovskite-type oxides. Applied Catalysis, 26, 265-276. 

Armor, J.N. (2000) Energy efficiency and the environment: opportunities for 
catalysis. Applied Catalysis A: General, 194-195, 3-11. 

Baiker, A., Marti, P.E., Keusch, P., Fritsch, E. & Reller, A. (1994) Influence of 
the A-site cation in ACoO3 (A = La, Pr, Nd, and Gd) perovskite-type oxides on 
catalytic activity for methane combustion. Journal of Catalysis, 146, 268-276. 

Barnard, K.R., Foger, K., Turney, T.W. & Williams, R.D. (1990) Lanthanum 
cobalt oxide oxidation catalysts derived from mixed hydroxide precursors. 
Journal of Catalysis, 125, 265-275. 

Beguin, B., Garbowski, E. & Primet, M. (1991a) Stabilization of alumina by 
addition of lanthanum. Applied Catalysis, 75, 119-132. 

Beguin, B., Garbowski, E. & Primet, M. (1991b) Stabilization of alumina 
toward thermal sintering by silicon addition. Journal of Catalysis, 127, 595-604. 



 

62 

Bell, S.R. (1993) Natural gas as as transportation fuel. SAE Paper, 931829.  

Berg, M. (2001) Catalytic oxidation of emissions from residential wood fired boilers. 
PhD Thesis, KTH - Royal Institute of Technology, Stockholm, Sweden. 

Bolt, P.H., van Ipenburg, M.E., Geus, J.W. & Habraken, F.H.P.M. (1994) 
Deactivation of alumina-supported catalysts due to spinel formation. In Material 
Research Society Symposium Proceedings. vol. 344, Materials Research Society. pp 
15-20. 

Boot, L.A., Kerkhoffs, M.H.J.V., van der Lieden, B.T., van Dillen, A.J., Geus, 
J.W. & van Buren, F.R. (1996) Preparation and characterisation and catalytic 
testing of cobalt oxide and manganese oxide catalysts supported on zirconia. 
Applied Catalysis A: General, 137, 69-86. 

Briot, P. & Primet, M. (1991) Catalytic oxidation of methane over palladium 
supported on alumina - effect of aging under reactants. Applied Catalysis, 68, 
301-314. 

Burch, R., Halpin, E., Hayes, M., Ruth, K. & Sullivan, J.A. (1998) The nature 
of activity enhancement for propane oxidation over supported Pt catalysts 
exposed to sulphur dioxide. Applied Catalysis B: Environmental, 19, 199-207. 

Burch, R. & Southward, B.W.L. (2000a) Low-temperature, clean catalytic 
combustion of N-bearing gasified biomass using a novel NH3 trapping catalyst. 
Chemical Communications, 13, 1115-1116. 

Burch, R. & Southward, B.W.L. (2000b) a novel application of trapping 
catalysts for the selective low temperature oxidation of NH3 to N2 in simulated 

biogas. Journal of Catalysis, 195, 217-226. 

Burch, R. & Urbano, F.J. (1995) Investigation of the active state of supported 
palladium catalysts in the combustion of methane. Applied Catalysis A: General, 
124, 121-138. 

Carroni, R., Schmidt, V. & Griffin, T. (2002) Catalytic combustion for power 
generation. Catalysis Today, 75, 287-295. 

Chen, X., Liu, Y., Niu, G., Zhuxian, Y., Maiying, B. & Adi, H. (2001) High 
temperature thermal stabilisation of alumina modified by lanthanum species. 
Applied Catalysis A: General, 205, 159-172. 



 

63 

Chin, Y.H. & Resasco, D. (1999) Catalytic oxidation of methane on supported 
palladium under lean conditions: kinetics, structure and properties. In Catalysis - 
Specialists Periodical Reports. J.J. Spivey (Ed.), vol. 14, The Royal Society of 
Chemistry, Cambridge, pp 1-39. 

Choudhary, T.V., Banerjee, S. & Choudhary, V.R. (2002) Catalytic combustion 
of methane and lower alkanes. Applied Catalysis A: General, 234, 1-23. 

Church, J.S., Cant, N.W. & Trimm, D.L. (1993) Stabilisation of aluminas by 
rare and alkaline earth ions. Applied Catalysis A: General, 101, 105-116. 

Cimino, S., Pirone, R. & Russo, G. (2001) Thermal stability of perovskite-based 
monolithic reactors in the catalytic combustion of methane. Industrial and 
Engineering Chemistry Research, 40, 80-85. 

Ciuparu, D. & Pfefferle, L. (2001) Support and water effects on palladium-
based methane combustion. Applied Catalysis A: General, 209, 415-428. 

Cohen, H., Rogers, G.F.C. & Saravanamuttoo, H.I.H. (1996) Gas turbine theory 
- 4th Edition. Longman Group Limited, Harlow. 

Cybulski, A. & Moulijn, J.A. (1994) Monoliths in heterogeneous catalysis. 
Catalysis Reviews - Science and Engineering, 36, 179-270. 

Dalla Betta, R.A. (1997) Catalytic combustion gas turbine systems: the 
preferred technology for low emissions electric power production and co-

generation. Catalysis Today, 35, 129-1135. 

Dalla Betta, R.A., Ezawa, N., Tsurumi, K., Schlatter, J.C. & Nickolas, S.G. 
(1993) Two stage process for combusting fuel mixtures. US Patent 5,183,401.  

Dalla Betta, R.A. & Rostrup-Nielsen, T. (1999) Application of catalytic 
combustion to a 1.5 MW industrial gas turbine. Catalysis Today, 47, 369-375. 

Daturi, M., Busca, G., Groppi, G. & Forzatti, P. (1997) Preparation and 
characterisation of SrTi1-x-yZrxMnyO3 solid solution powders in relation to their 
use in combustion catalysis. Applied Catalysis B: Environmental, 12, 325-337. 

Day, J.P. & Thompson, D.F. (1991) A comparison of ceramic and metallic 
automotive catalyst supports. In Ceramics today - Tomorrow's ceramics. P. 
Vincenzini (Ed.), Elsevier Science Publisher B.V., Amsterdam, pp 2531-2540. 



 

64 

Degobert, P. (1995) Automobiles and pollution. Society of Automotive Engineers, 
Inc., Warrendale. 

Ersson, A.G., Thevenin, P.O. & Järås, S.G. (1999) Novel high temperature 
stable catalysts materials for catalytic combustor in gas turbines. Book of 
Abstracts - 4th International Workshop on Catalytic Combustion, San Diego. 

Farrauto, R.J., Kennelly, T. & Waterman, E.M. (1990) Process conditions for 
operation of ignition catalyst for natural gas combustion. US Patent 4,893,465. 

Farrauto, R.J., Hobson, M.C., Kennelly, T. & Waterman, E.M. (1992) 
Catalytic chemistry of supported palladium for combustion of methane. Applied 
Catalysis A: General, 81, 227-237. 

Farrauto, R.J., Lampert, J.K., Hobson, M.C. & Waterman, E.M. (1995) 
Thermal decomposition and reformation of PdO catalysts; support effects. 
Applied Catalysis B: Environmental, 6, 263-270. 

Forzatti, P. & Groppi, G. (1999) Catalytic combustion for the production of 
energy. Catalysis Today, 54, 165-180. 

Forzatti, P. & Lietti, L. (1999) Catalyst deactivation. Catalysis Today, 52, 165-
181. 

Fujimoto, K.-I., Ribeiro, F.H., Avalos-Borja, M. & Iglesia, E. (1998) Structure 
and reactivity of PdOx/ZrO2 catalysts for methane oxidation at low 

temperatures. Journal of Catalysis, 179, 431-442. 

Gandhi, H.S. & Shelef, M. (1991) Effects of sulphur on noble metal automotive 
catalysts. Applied Catalysis, 77, 175-186. 

Garten, R.L., Dalla Betta, R.L. & Schlatter, J.C. (1997) Catalytic combustion. 
In Handbook of Heterogeneous Catalysis. G. Ertl, H. Knözinger, J. Weitkamp 
(Eds.), vol. 4, Wiley-VCH, Weinheim, pp 1668-1677. 

Glassman, I. (1996) Combustion. Academic Press, Inc., San Diego. 

Groppi, G., Artioli, G., Cristiani, C., Lietti, L. & Forzatti, P. (2001a) 
Decomposition/reformation process and CH4 combustion activity of PdO over 
Al2O3 supported catalysts for gas turbine applications. Studies in Surface Science 
and Catalysis, 136, 345-350. 



 

65 

Groppi, G., Cristiani, C., Lietti, L. & Forzatti, P. (2000) Study of PdO/Pd 
transformation over alumina supported catalysts for natural gas conversion. 

Studies in Surface Science and Catalysis, 130, 3801-3806. 

Groppi, G., Cristiani, C., Lietti, L., Ramella, C., Valentini, M. & Forzatti, P. 
(1999) Effect of ceria on palladium-supported catalysts for high temperature 
combustion of CH4 under lean conditions. Catalysis Today, 50, 399-412. 

Groppi, G., Ibashi, W., Tronconi, E. & Forzatti, P. (2001b) Structured reactors 
for kinetic measurments in catalytic combustion. Chemical Engineering Journal, 
82, 57-71. 

Hayes, R.E. & Kolaczkowski, S.T. (1997) Introduction to catalytic combustion. 
Gordon and Breach Science Publisher, Amsterdam. 

Heck, R.M. & Farrauto, R.J. (1995) Catalytic air pollution control. Commercial 
Technology. Van Nostrand Reinhold, New York. 

Ismagilov, Z.R. & Kerzhentsev, M.A. (1990) Catalytic fuel combustion. A way 
of reducing emission of nitrogen oxides. Catalysis Reviews, 32, 51-103. 

Jacoby, J., Strasser, T., Fransson, T., Thevenin, P. & Järås, S. (2001) 
Pressurized pilot-scale test facility for catalytic combustion of simulated gasified 
biomass: first test results. ASME Paper, 2001-GT-0369. 

Johansson, E.M. & Järås, S.G. (1997) Catalytic combustion of low-heating 
value fuel gases: ignition of CO, H2 and CH4. Preprints - American Chemical 
Society, Division of Petroleum Chemistry, 42, 146-150. 

Johansson, E.M. & Järås, S.G. (1999) Circumventing fuel-NOx in catalytic 
combustion of gasified biomass. Catalysis Today, 47, 359-367. 

Kenevey, K., Valdivieso, F., Soustelle, M. & Pijolat, M. (2001) Thermal 
stability of Pd or Pt loaded Ce0.68Zr0.32O2 and Ce0.68Zr0.32O2 catalyst materials 
under oxidising conditions. Applied Catalysis B: Environmental, 29, 93-101. 

Kesselring, J.P. (1986) Catalytic combustion. In Advanced combustion methods. 
F.J. Weinberg (Ed.), Academic Press, London, pp 327-375. 

Klingstedt, F., Neyestanaki, A.K., Byggningsbacka, R., Lindfors, L.-E., 
Lundén, M., Petersson, M., Tengström, P., Ollonqvist, T. & Väyrynen, J. 
(2001) Palladium-based catalysts for exhaust aftertreatment of natural gas 



 

66 

powered vehicles and biofuel combustion. Applied Catalysis A: General, 209, 301-
316. 

Klvana, D., Kirchnerova, J., Gauthier, P., Delval, J. & Chaouki, J. (1997) 
Preparation of supported La0.66Sr0.34Ni0.3Co0,7O3 perovskite catalysts and their 
performance in methane and odorised natural gas combustion. Canadian Journal 
of Chemical Engineering, 75, 509-519. 

Kolaczkowski, S.T. (1995) Catalytic stationary gas turbine combustors: A 
review of the challenges faced to clear the next set of hurdles. Transactions of the 
Institution of Chemical Engineers, 73, 168-190. 

Labalme, V., Beguin, B., Gaillard, F. & Primet, M. (2000) Characterisation and 
acid properties of some modified combustion catalysts: Pt/alumina with 
barium and Pt/zirconia with yttrium. Applied Catalysis A: General, 192, 307-316. 

Lampert, J.K., Kazi, M.S. & Farrauto, R.J. (1997) Palladium catalyst 
performance for methane emissions abatement from lean burn natural gas 
vehicles. Applied Catalysis B: Environmental, 14, 212-223. 

Lavoie, G.A., Heywood, J.B. & Keck, J.C. (1970) Experimental and theoretical 
study of nitric oxide formation in internal combustion engines. Combustion 
Science and Technology, 1, 313-326. 

Lefebvre, A.W. (1983) Gas Turbine Combustion. McGraw-Hill Series in Energy, 
Combustion, and Environment. McGraw-Hill Book Company, New York. 

Loong, C.K., Thiyagarajan, P., Richardson, J.W., Ozawa, M. & Suzuki, S. 
(1997) Microstructural evolution of zirconia nanoparticles caused by rare earth 
modification and heat treatment. Journal of Catalysis, 171, 498-505. 

Lowe, D.M., Gusman, M.I. & McCarty, J.G. (1995) Synthesis and 
characterization of sintering resistant aerogel complex oxide powders. In 
Preparation of Catalysts VI, Scientific bases for the preparation of heterogeneous 
catalysts. G. Poncelet, P.A. Jacobs, P. Grange, B. Delmon (Eds.), Elsevier 
Science B.V., Amsterdam, pp 445-452. 

Lyubovsky, M., LaPierre, R., Smith, L., Castaldi, M., Nentwick, B. & Pefferle, 
W.C. (2002) Catalytic combustion of methane under fuel lean and fuel rich 
conditions over supported Pt, Pd and Rh catalysts. Book of abstracts - 5th 
International syumposium on catalytic combustion, Seoul. 



 

67 

Lyubovsky, M. & Pfefferle, L. (1998) Methane combustion over the α-alumina 
supported Pd catalyst: activity of the Pd/PdO state. Applied Catalysis A: General, 
173, 107-119. 

Lyubovsky, M., Weber, R. & Pfefferle, L. (1996) Pd on low surface area α-
alumina system: is metallic Pd active for methane combustion? In Proceedings of 
the 26th Symposium (International) on Combustion. vol. 1, pp 1779-1787. 

Machida, M., Eguchi, K. & Arai, H. (1987) High temperature combustion over 
cation-substituted barium hexaaluminates. Chemistry Letters, 5, 767-770. 

Machida, M., Eguchi, K. & Arai, H. (1988) Preparation and characterization of 
large surface area BaO·6Al2O3. Bulletin of the Chemical Society of Japan, 61, 3659-
3665. 

Machida, M., Eguchi, K. & Arai, H. (1989) Catalytic properties of BaMAl11O19-

α (M= Cr, Mn, Fe, Co and Ni) for high-temperature catalytic combustion. 

Journal of Catalysis, 120, 377-386. 

Marti, P.E., Maciejewski, M. & Baiker, A. (1994) Methane combustion over 
La0.8Sr0.2MnO3+x supported on MAl2O4 (M=Mg, Ni and Co) spinels. Applied 
Catalysis B: Environmental, 4, 225-235. 

McCarty, J.G. (1994) Kinetics of PdO combustion catalysts. In Proceedings 2nd 
International Workshop on Catalytic Combustion, April 18-20, Tokyo. H. Arai (Ed.), 
Catalysis Society of Japan, Tokyo, pp 108-111. 

McCarty, J.G. (1995) Kinetics of PdO combustion catalysis. Catalysis Today, 26, 
283-293. 

McCarty, J.G. (2000) Methane combustion: durable catalysts for cleaner air. 

Nature, 403, 35-36. 

McCarty, J.G., Gusman, M., Lowe, D.L., Hildenbrand, D.L. & Lau, K.N. 
(1999) Stability of supported metal and supported metal oxide combustion 
catalysts. Catalysis Today, 47, 5-17. 

McCarty, J.G. & Wise, H. (1990) Perovskite catalysts for methane combustion. 
Catalysis Today, 8, 231-248. 



 

68 

Ozawa, Y., Fujii, T., Sato, M., Kanazawa, T. & Inoue, H. (1999) Development 
of a catalytically assisted combustor for a gas turbine. Catalysis Today, 47, 399-
405. 

Papadias, D., Würtenberger, U., Edsberg, L. & Björnbom, P. (2002) Design 
and characterisation of a close-concentric annular reactor for kinetic studies at 
high temperatures. Chemical Engineering Science, 57, 749-762. 

Pfefferle, L.D. & Pfefferle, W.C. (1987) Catalysis in combustion. Catalysis 
Reviews - Science and Engineering, 29, 219-267. 

Pfefferle, W.C. (1974) Catalytically supported thermal combustion. Belgian 
Patent 814, 752. 

Pfefferle, W.C. (1975) Catalytically supported thermal combustion. US Patent 
3,928,961. 

Pfefferle, W.C. (1978) The catalytic combustor: An approach to cleaner 
combustion. Journal of Energy, 2, 142-146. 

Prasad, R., Kennedy, L.A. & Ruckenstein, E. (1984) Catalytic Combustion. 
Catalysis Reviews - Science and Engineering, 26, 1-58. 

Sadamori, H. (1999) Application concepts and evaluation of small-scale 
catalytic combustor for natural gas. Catalysis Today, 47, 325-338. 

Sadamori, H., Tanioka, T. & Matsuhisa, T. (1995) Development of a high 
temperature combustion catalyst system and prototype catalytic combustor 
turbine test result. Catalysis Today, 26, 337-344. 

Schaper, H., Doesburg, E.B.M. & van Reijen, L.L. (1983) The influence of 
lanthanum oxide on the thermal stability of gamma-alumina catalyst supports. 
Applied Catalysis, 7, 211-220. 

Schlatter, J.C., Dalla Betta, R.A., Nickolas, S.G., Cutrone, M.B., Beebe, K.W. 
& Tsuchiya, T. (1997) Single-digit emisssions in a full scale catalytic combustor. 
ASME Paper, 97-GT-57. 

Seinfeld, J.H. (1986) Atmospheric chemistry and physics of air pollution. John Wiley 
& Sons, New York. 



 

69 

Shelef, M., Otto, K. & Otto, N.C. (1978) Poisoning of automotive catalysts. 
Advances in Catalysis, 27, 311-365. 

Suhonen, S., Valden, M., Pessa, M., Savimäki, A., Härkönen, M., Hietikko, 
M., Pursiainen, J. & Laitinen, R. (2001) Characterisation of alumina-supported 
Pd catalysts modified by rare earth oxides using X-ray photoelectron 
spectroscopy and X-ray diffraction: enhanced thermal stability of PdO in 
Nd/Pd catalysts. Applied Catalysis A: General, 207, 113-120. 

Trimm, D.L. (1983) Catalytic combustion (review). Applied Catalysis, 7, 249-
282. 

Trimm, D.L. (1995) Materials selection and design of high temperature 
catalytic combustion units. Catalysis Today, 26, 231-238. 

Trimm, D.L. (1997) Deactivation and regeneration. In Handbook of heterogeneous 
catalysis. G. Ertl, H. Knözinger, J. Weitkamp (Eds.), vol. 3, Wiley-VCH, 
Weinheim, pp 1263-1282. 

Wang, R. (1997) Catalyst support for high temperature applications and 
catalysts and catalytic processes employing same. WO Patent 97/05057. 

Yu Yao, Y.F. & Kummer, J.T. (1977) A study of high temperature treated 
supported metal oxide catalysts. Journal of Catalysis, 46, 388-401. 

Zarur, A.J., Hwu, H.H. & Ying, J.Y. (2000) Reverse miroemulsion-mediated 
synthesis and structural evolution of barium hexaaluminate nanoparticles. 
Langmuir, 16, 3042-3049. 

Zdrazil, M. (1988) Recent advances in catalysis over sulfides. Catalysis Today, 3, 
269-269. 

Zeldovich, J. (1946) The oxidation of nitrogen in combustion and explosions. 
Acta Physicochimica URSS, 21, 577-628. 

Zwinkels, M.F.M., Druesne, S., Björnbom, E., Menon, P.G. & Järås, S.G. 
(1998) Thermal stability of complex oxide combustion catalyst supports. 
Industrial and Engineering Chemistry Research, 37, 391-397. 

Zwinkels, M.F.M., Järås, S.G. & Menon, P.G. (1996) Catalytic fuel 
combustion in honeycomb monolith reactors. In Structured catalysts and reactors. 
A. Cybulski, J.A. Moulijn (Eds.), Marcel Dekker, New York, pp 149-179. 



 

70 

Zwinkels, M.F.M., Järås, S.G., Menon, P.G. & Griffin, T.A. (1993) Catalytic 
materials for high-temperature catalytic combustion. Catalysis Reviews - Science 
and Engineering, 35, 319-358. 

 


	ABSTRACT
	SAMMANFATTNING
	PUBLICATIONS REFERRED TO IN THIS THESIS
	TABLE OF CONTENTS
	Summary
	1 INTRODUCTION & STRUCTURE OF THE THESIS
	2 GAS TURBINE COMBUSTION
	3 LOW- NOx TECHNOLOGIES
	4 CATALYTICALLY STABILIZED COMBUSTION
	5 DEVELOPMENT OF COMBUSTION CATALYSTS  (PAPER I)
	6 DESIGN FOR A CATALYTIC COMBUSTOR  (PAPER I)
	7 PALLADIUM-BASED CATALYSTS  (PAPERS II, III AND IV)
	8 CATALYST DEACTIVATION  (PAPERS V AND VI)
	9 CONCLUSIONS AND PERSPECTIVES
	10 ACKNOWLEDGEMENTS
	11 REFERENCES


