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Abstract

Catalytic combustion is a promising technology for power applications, especially gas turbines.
By using catalytic combustion ultra low emissions of nitrogen oxides (NOX), carbon monoxide (CO)
and unburned hydrocarbons (UHC) can be reached simultaneously, which is very difficult with con-
ventional combustion technologies. Besides achieving low emission levels, catalytic combustion can
stabilize the combustion and thereby be used to obtain stable combustion with low heating-value
gases. This thesis is focused on the high temperature part of the catalytic combustor. The level of
performance demanded on this part has been proven hard to achieve. In order to make the catalytic
combustor an alternative to the conventional flame combustor, more stable catalysts with higher ac-
tivity have to be developed.

The objective of this work was to develop catalysts with higher activity and stability, suitable
for the high-temperature part of a catalytic combustor fueled by natural gas. A microemulsion-based
preparation method was developed for this purpose in an attempt to increase the stability and activity
of the catalysts. Supports known for their stability, magnesia and hexaaluminate, were prepared using
the new method. The microemulsion method was also used to impregnate the prepared material with
the more active materials perovskite (LaMnO3) and ceria (CeO2). It was shown that the microemul-
sion method could be used to prepare catalysts with better activity compared to the conventional
methods. Furthermore, by using the microemulsion to apply active materials onto the support a
significantly higher activity was obtained than when using conventional impregnation techniques.

Since the catalysts will operate in the catalytic combustor for extended periods of time under
harsh conditions, an aging study was performed. One of the most stable catalysts reported in the
literature, LMHA (manganese-substituted lanthanum hexaaluminate), was included in the study for
comparison purposes. The results show that LMHA deactivated much more strongly compared to
several of the catalysts consisting of ceria supported on lanthanum hexaaluminate prepared by the
developed microemulsion method.

Keywords: catalytic combustion, microemulsion, hexaaluminate, magnesia, perovskite, ceria,
methane, gas turbine
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Sammanfattning

Katalytisk förbränning är en lovande teknik för användning vid kraftgenerering, särskilt för
gasturbiner. Genom att använda katalytisk förbränning kan man nå mycket låga emissioner av kvä-
veoxider (NOX), kolmonoxid (CO) och oförbrända kolväten (UHC) samtidigt, vilket är svårt vid
konventionell förbränning. Förutom att man erhåller låga emissioner, kan katalytisk förbränning sta-
bilisera förbränningen och kan därmed användas för att uppnå stabil förbränning för gaser med låga
värmevärden. Denna avhandling behandlar huvudsakligen högtemperaturdelen av den katalytiska
förbränningskammaren. Kraven på denna del har visat sig svåra att nå. För att den katalytiska för-
bränningskammaren ska kunna göras till ett alternativ till den konventionella, måste katalysatorer
med bättre stabilitet och aktivitet utvecklas.

Målet med denna avhandling har varit att utveckla katalysatorer med högre aktivitet och stabili-
tet, lämpliga för högtemperaturdelen av en katalytisk förbränningskammare för förbränning av natur-
gas. En mikroemulsionsbaserad framställningsmetod utvecklades för att undersöka om den kunde ge
katalysatorer med bättre stabilitet och aktivitet. Bärarmaterial som är kända för sin stabilitet, magne-
sia och hexaaluminat, framställdes med den nya metoden. Mikroemulsionsmetoden användes också
för att impregnera de framställda materialen med de mer aktiva materialen perovskit (LaMnO3) och
ceriumdioxid (CeO2). Det visade sig att mikroemulsionsmetoden kan användas för att framställa ka-
talysatorer med bättre aktivitet jämfört med de konventionella framställningsmetoderna. Genom att
använda mikroemulsionen för att lägga på aktiva material på bäraren erhölls också en högre aktivitet
jämfört med konventionella beläggningsstekniker.

Eftersom katalysatorerna ska användas under lång tid i förbräningskammaren utfördes också en
åldringsstudie. Som jämförelse användes en av de mest stabila materialen som rapporterats i litteratu-
ren: LMHA (mangan-substituerad lantan-hexaaluminat). Resultaten visade att LMHA deaktiverade
mycket mer jämfört med flera av katalysatorerna innehållande ceriumdioxid på hexaaluminat som
framställts med den utvecklade mikroemulsionstekniken.

Sökord: katalytisk förbränning, mikroemulsion, hexaaluminat, magnesia, perovskit, ceriumdioxid,
metan, gasturbin
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Chapter 1

Setting the scene

A prerequisite for the industrial revolution to take place was the possibility to extract work
from fuels through combustion. The utilization of fuels has ever since been a major driving
force for society. However, already in the beginning of the industrial revolution problems
with pollution were observed. At that time pollution was regarded as a local health prob-
lem, but as the use of fuels intensified in the 20th century the awareness of emissions as a
global environmental problem grew. Currently it is well known that combustion processes
result in a number of different emissions that can be connected to local and global environ-
mental problems, such as global warming, acid rain and ozone depletion.

A common way to generate heat and power from fuels is to use gas turbines. Since
gas turbines have a high power-to-heat ratio compared to other technologies the use of
gas turbines is expected to increase as the need for electricity is increasing. Just as most
technologies driven by combustion, the gas turbines emit pollutants such as NOX, CO and
unburned hydrocarbons (UHC). The most common way to address this problem today is
to apply tail-end solutions, i.e. to eliminate the emissions through exhaust gas after treat-
ment. These technologies generally involve complicated and expensive processes. A more
progressive approach is to address the emission problem before it arises. One of the most
promising technologies that uses this approach is catalytic combustion. Besides achieving
ultra-low levels of NOX, CO and UHC, catalytic combustion can stabilize the combustion
of low heating-value gases and reduce damaging vibrations and acoustic phenomena in the
turbine.

Catalytic combustion for gas turbines was proposed as early as in the 70s, but has only
recently become commercially available. One of the main reasons for the delay, despite
the extensive research in the area, is the high demands on stability of the catalyst materials.
Very few materials have been shown to deliver the necessary performance under the harsh
conditions of the gas-turbine combustor for sufficient periods of time. The trend in the
gas turbine industry is also to increase the firing temperature as well as the life-time of
the combustor in order to increase the efficiency and to lower the service cost. Since the
catalytic combustor is competing with the conventional combustor on the market, new and
better materials have to be developed. High-temperature materials with extreme sintering

1
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resistance have an obvious place in this development.

1.1 Scope of the work

The objective of the work presented in this thesis has been to develop catalysts with in-
creased stability at high temperatures. The development was focused on meeting the de-
mands of the high-temperature part of a gas-turbine combustor, but all applications where
materials capable of retaining a high surface area at high temperatures are needed, could
be a potential application. In order to increase the stability and activity, a new preparation
procedure has been developed based on the microemulsion technique. The focus of the
work has not been to characterize the microemulsion but rather the resulting catalyst ma-
terials. The information obtained from the characterization was used both to improve the
preparation procedure and to assess the long-term stability of the materials.

The first part, chapters 2-3, of this thesis aims to introduce all relevant technical terms
and set the work performed in its context in order to fully understand the second part. The
second part, chapters 4-6, is based on the appended papers I-III. This part aims to describe
the experimental setup and results achieved in a more comprehensive way than possible
in the papers. The third part, chapter 7, aims to highlight the most important findings and
their consequences.

The work included in this thesis was conducted at the Department of Chemical Engi-
neering and Technology at Royal Institute of Technology (KTH), Sweden.
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Catalytic combustion

3





Chapter 2

Homogeneous combustion

Homogeneous combustion, commonly known as flame combustion, occurs at high tem-
perature in the gas phase. Flame combustion is something encountered on an everyday
basis and even though it appears to be a simple process, the exact mechanisms involving
radical chemistry are very complex. They also differ for each individual fuel and change
depending on the surrounding atmosphere. As an illustration of the complexity can be
mentioned that 127 elementary reactions including 31 species were required in order to
predict autoignition times for the simplest hydrocarbon, methane [1]. Due to its com-
plexity a detailed description of flame combustion will be outside the scope of this thesis.
This chapter will give an overview of flame combustion focusing on the various emissions
formed in combustion processes.

2.1 Flame combustion conditions

Flame combustion can only occur within certain air-to-fuel ratios (λ), between the lower
and upper flammability limits. In Figure 2.1 an illustration of the flammability limits for
methane in air can be seen. The flammability limits form a window where a flame can be
maintained. Outside the flammability limits, the heat released from the combustion is not
sufficient to sustain a flame. The temperature must be high enough to allow the combustion
reaction to proceed at the necessary rate. Thus, the temperature of the fuel/air mixture will
influence the flammability limits as seen in Figure 2.1; a higher temperature will increase
the range of flammability. If any fuel/air mixture is heated to a high enough temperature
it can be completely combusted through flame combustion, providing that there is enough
oxygen available. The activation energy of the combustion reaction will also influence
the flammability limits since the activation energy controls the rate of the reaction; a lower
activation energy will increase the range of flammability. The value of the activation energy
depends on the fuel and on whether a catalyst is present. The influence of catalysts on
combustion will be further described in chapter 3.

5



6 CHAPTER 2. HOMOGENEOUS COMBUSTION

Figure 2.1. Illustration of the flammability limits and their dependence of temperature for a
methane in air mixture. The temperature dependence of the flammability limits was calculated
from the Burgess-Wheeler law which is valid from 25 to 450 ◦C

.

2.2 Emissions

As the use of combustion processes has increased to the wide-spread use of modern society,
the awareness of emissions as a global environmental problem has grown. Today there are
several emissions that have been identified as responsible for phenomena such as ozone
depletion, acid rain and the greenhouse effect. In this section the most common emissions
from combustion of hydrocarbons and their origin will be described.

2.2.1 Nitrogen oxides

Emissions of nitrogen oxides (NOX) are connected to several severe environmental impacts
such as photochemical smog and acid rain. Due to the large impact, much focus has been
directed towards lowering the emissions of NOX during recent years. This can clearly
be seen by the increasingly stringent legislation concerning emissions of NOX. There
are four mechanisms of NOX formation important for combustion: the thermal, prompt,
fuel and nitrous oxide mechanisms. Each of the mechanisms is important under different
conditions, which will be further described below.

Thermal NOX

Thermal NOX is formed from N2 and O2 in the air. The reaction is initiated by reaction
(2.1) and proceeds mainly through reactions (2.2) and (2.3) as proposed by Zeldovich [2].
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Figure 2.2. Relation between the flame temperature of a gas-turbine combustor and the emission
of NOX [3].

O2 ↔ 2O· (2.1)
O· + N2 ↔ NO + N · (2.2)
N · + O2 ↔ NO + O · (2.3)

The mechanism is strongly favored by high temperatures due to both the kinetics and the
equilibrium of the reactions. As seen in Figure 2.2 the formation of thermal NOX is almost
zero at temperatures below 1300 ◦C; the temperature has to exceed 1700 ◦C if substantial
amounts of NOX are to be formed [3]. However, as the temperature dependence of NOX
formation is exponential, large amounts of NOX will be formed if the temperature is in-
creased further. Thermal NOX is very important in the combustion of methane, since high
temperature is needed in order to achieve a stable combustion due to the inert nature of
methane. However, also for other fuels thermal NOX can be important since high temper-
atures will increase the efficiency of the gas turbine and may be necessary for achieving
complete combustion of the fuel.

Prompt NOX

Prompt NOX is formed from N2 and O2 in air, induced by hydrocarbon radicals through
reaction (2.4). The nitrogen radical then reacts further to form NOX according to reaction
(2.3).

CH · +N2 → HCN + N· (2.4)

Prompt NOX is formed in the flame front where the amount of hydrocarbon radicals is
high. High temperature is not required for the mechanism to be important, but the concen-
tration of hydrocarbons needs to be high. Therefore, it is generally considered that prompt
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NOX is only important under stoichiometric or fuel-rich conditions. Prompt NOX can be
circumvented by running the combustion in a fuel-lean mode.

Fuel NOX

Fuel NOX originates from nitrogen bound in the fuel. The nitrogen compounds react
through several intermediate reactions and form mainly N2 and NOX. The intermediate
reactions are not completely understood, but generally the nitrogen in the fuel reacts to
form nitrogen-containing compounds with low molecular weight, such as NH3, which are
oxidized to NOX.

Fuel NOX is very important for many types of biomass. Depending on the origin and
type, biomass such as energy crops, peat and wood contain various amounts of bound
nitrogen. Fuel NOX could also be a problem for some fossil fuels such as diesel and coal.
However, for natural gas fuel NOX is not a problem.

Nitrous oxide

In similarity to the thermal NOX mechanism, the nitrous oxide mechanism starts with the
formation of oxygen radicals, but instead of forming NO as in reaction (2.2) N2O is formed
according to reaction (2.5). The N2O can then react with an oxygen radical to form NO
through reaction (2.6).

O· + N2 → N2O (2.5)
N2O + O· → 2NO (2.6)

The nitrous oxide mechanism is generally considered to be less important than the thermal
mechanism. However, the nitrous oxide mechanism does not require as high temperature
as the thermal mechanism and can therefore be the most important mechanism when con-
sidering lean combustion of natural gas at low temperatures, which may be the case for
catalytic combustion (more about this in chapter 3).

2.2.2 Incomplete combustion
Complete combustion of hydrocarbons will result in carbon dioxide and water. Even
though carbon dioxide emitted from combustion is the main compound responsible for
the greenhouse effect, carbon dioxide and water are the least harmful emissions from com-
bustion of hydrocarbons. Furthermore, several proposals on how to separate and store car-
bon dioxide and hence hindering it from reaching the atmosphere have been made. These
technologies will allow also fossil fuels to be carbon dioxide neutral in the same way as
renewable fuels. However, a detailed description of these methods is outside the scope of
this thesis.

Incomplete combustion of hydrocarbons will result in emissions of unburned hydro-
carbons (UHC) and carbon monoxide (CO) from the combustor. These compounds are
harmful to the human health as well as the environment. CO is a suffocating substance,



2.2. EMISSIONS 9

Figure 2.3. Typical relation between flame temperature and the emissions of hydrocarbons (HC),
carbon monoxide (CO) and NOX.

which binds irreversibly to the hemoglobin and makes it impossible for the body to trans-
port oxygen. Many of the unburned hydrocarbons are carcinogenic and they can also
function as greenhouse gases.

Combustion will never reach completion since that would require an infinite residence
time, hence UHC and CO will always be emitted from the combustor. However, since
combustion reactions generally occur very quickly, a residence time of a few milliseconds
will be sufficient to reach UHC and CO concentrations of a few tens of ppm in the exhaust.
Besides short residence time, low combustion temperature and poor mixing of fuel and air
will increase the amount of emissions originating from incomplete combustion. Residence
time and mixing quality are related to the combustor design and are routinely optimized by
the combustor manufacturer in order to reach high efficiency. A higher firing temperature
will also lead to higher efficiency. However, in order to avoid formation of thermal NOX
(section 2.2.1) the combustion temperature needs to be limited. As seen in Figure 2.3 this
results in more emitted UHC and CO. Thus, low emissions of UHC, CO and NOX are
hard to reach simultaneously even though a flame temperature can be identified, where the
emissions of the three groups of compounds are low.





Chapter 3

Heterogeneous combustion

Heterogeneous combustion or catalytic combustion was discovered in the beginning of the
19th century when Sir Humphry Davy observed that coal gas could be combusted in air
without a flame over a platinum surface [4]. The discovery resulted in the invention of
the miner’s safety lamp, which could be used in mines without risking mine gas explo-
sions. Catalytic combustion differs from homogeneous combustion in the way that the
main part of the combustion occurs on a catalytically active surface. This enables the
reaction mechanism to follow another route with lower activation energy. Thus the tem-
perature for complete combustion can be lowered, as the amount of heat generated remains
the same.

Catalytic combustion can be divided into two types: low-temperature and high-tempe-
rature catalytic combustion. Besides the obvious difference in operating temperature, the
two types have several differences in terms of application and operating conditions. In this
chapter the differences will be addressed focusing on high-temperature catalytic combus-
tion for gas-turbine applications.

3.1 Low-temperature catalytic combustion

In some isolated cases the temperature range for catalytic combustion starts already below
0 ◦C, such as the application of PEM fuel cells, where poisoning CO can be selectively
combusted in streams of H2 over e.g. gold catalyst [5]. However, low-temperature cat-
alytic combustion is typically used from 150 ◦C up to approximately 400 ◦C. One of the
most important applications of this type of combustion is the abatement of volatile hydro-
carbons (VOC), e.g. removal of organic solvents from a ventilation outlet. In most cases
the concentration of the combustible components is far below the lower flammability limit
(up to a few thousand ppm) and a stable flame would therefore be impossible to sustain.
As mentioned in chapter 2 the temperature therefore has to be increased in order to obtain
complete oxidation. By using a catalyst, the activation energy of the combustion reac-
tion can be lowered and the temperature needed for complete combustion can therefore be
radically reduced, which results in a lower energy cost.

11
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Temperature
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Figure 3.1. Relation between temperature and reaction rate for catalytic combustion [6].

3.2 High-temperature catalytic combustion

High-temperature catalytic combustion is typically used from 300 ◦C to 1500 ◦C to gen-
erate heat and power and the concentration of combustible components is therefore much
higher (typically above 20 000 ppm). During the recent decades, the research in the field of
catalytic combustion has been extensive [6, 7]. The overall aim has in most cases been to
reduce the emissions originating from combustion. The possibility with catalytic combus-
tion to lower emissions originates from the catalyst’s possibility to decrease the activation
energy of the combustion reactions. Lowering of the activation energy means that com-
plete combustion can be achieved at lower temperature than for homogeneous combustion.
This enables a stable combustion to be achieved at temperatures lower than the threshold
temperature for the formation of thermal NOX. Hence, low levels of NOX, CO and UHC
can be achieved simultaneously. Furthermore, since catalytic combustion is not limited
by flammability, low heating-value gases (e.g. gasified biomass, landfill gas etc.) can be
combusted in a stable manner.

Due to the lower activation energy of the catalytic reaction, this reaction will domi-
nate at low temperatures, while homogeneous combustion becomes more important as the
temperature increases. As seen in Figure 3.1 the reaction rate will at low temperatures be
controlled by the kinetics of the catalytic reaction (A) and the reaction rate will therefore
increase exponentially with temperature. At higher temperatures, where the kinetics of the
catalytic reaction is fast, a transition region (B) is reached. At this point mass transfer to
and from the catalyst surface becomes increasingly important and since the rate of mass
transfer does not increase exponentially with temperature a breakpoint is reached. At (C)
the reaction rate is fully controlled by mass-transfer. If the temperature is high enough,
homogeneous combustion starts to be important (D). At this point the reaction rate again
displays an exponential increase with temperature as it is controlled by the kinetics of the
homogeneous combustion reaction.
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Figure 3.2. Schematic picture of a gas turbine.

3.3 Catalytic gas turbine

A gas turbine in its simplest form consists of compressor, combustor and turbine (Figure
3.2). The introduction of a catalyst only marginally changes the design of the gas turbine
provided that the catalyst fits in the current combustor. The only major difference is that
a lower combustion temperature can be achieved in the catalytic combustor, hence there
is less need of by-passing air to cool the gas down to a suitable turbine inlet temperature.
This has practically no influence on the efficiency, but the lower combustion temperature
will reduce the formation of thermal NOX as described in section 2.2.1.

There are a many varieties of gas turbines on the market, ranging in power from a few
tens of kW to hundreds of MW. The different sizes operate at different pressures, which
will give different compressor discharge temperatures, as well as turbine inlet tempera-
tures. If catalytic gas turbines are to compete with conventional gas turbines, they must
deliver the same performance in terms of efficiency and reliability. The catalyst will have
to withstand extreme temperatures in presence of steam, fuel and, to some extent, poi-
soning compounds. Carroni et al. [8] have reviewed the requirements of the catalytic
combustor (Table 3.1). Most of these requirements are of crucial importance if catalytic
combustion is to be considered as an alternative to conventional combustion. Originally,
the proposal was to bring the temperature up from the inlet temperature to the exit tem-
perature of the combustor solely with a single catalyst. After numerous tests it is today
considered to be impossible to use this approach with the catalyst materials available, at
least for large gas turbines. In order to solve this problem, different engineering solutions
have been proposed to limit the catalyst temperature. All have in common that they limit
the exit temperature of the catalyst by limiting either the available fuel, oxygen or the cat-
alyst surface [9]. The catalyst temperature can then be limited to less than 1000 ◦C, the
exit temperature (1500 ◦C) is reached by introducing a homogeneous burn-out zone. It has
been shown that the homogeneous combustion zone does not contribute significantly to the
formation of NOX if a catalyst is used to combust the major part of the fuel [10]. However,
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Table 3.1. Requirements for a catalytic combustion chamber in gas turbines [8].

Parameter Requirement
Inlet temperature 350-450 ◦C
Exit temperature 1500 ◦C
Pressure 8-30 bar
Pressure drop <3 %
Mixedness 80-85 %
Ambient condition variations -25 - +40 ◦C
Working life >8000 hours
Poisons Sulphur and others
Thermal shocks >500 ◦C/s
Multifuel capability Natural gas / Liquid fuels
Size restrictions Typically 300 mm length and 180 mm diameter

even if these solutions are applied the conditions are very harsh for the catalyst materials.
Development of better catalyst materials will directly influence the competitiveness of the
catalytic combustor by making the combustor smaller (retrofit possible), increase the life-
time of the combustor (lower cost) and make higher firing temperatures possible (increased
efficiency).

3.4 Catalyst materials

Catalyst materials for catalytic combustion can be divided into groups based on their re-
spective operating temperature. Generally, the operating temperature for catalytic com-
bustion ranges from 150-1500 ◦C, i.e. a very broad range. For gas turbines, a range of
350-1500 ◦C is observed depending on the gas turbine. Unfortunately it seems to be a law
of nature that catalysts with high activity are not stable at high temperatures. Therefore, in
order to be able to operate in the whole temperature range the catalyst is generally divided
into at least two segments. The first segment, termed the ignition segment, is characterized
by high activity. The second segment, termed high-temperature segment, is characterized
by high thermal stability. The temperature ranges of the ignition and high-temperature
segments are approximately 350-700 ◦C and 700-1000 ◦C, respectively. Despite limiting
the maximum temperature of the catalyst by using a homogeneous combustion zone, it has
turned out to be a challenging task to develop materials for the high-temperature segment
that are stable enough to operate the minimum of 8000 hours (∼1 year), which is a normal
service interval.

The catalyst segments consist of three parts: substrate, support and active material. In
Figure 3.3 a monolith catalyst is displayed, the catalyst of choice for gas-turbine appli-
cations. The final catalyst is dependent on all parts being durable and compatible. It is
crucial that the parts of the catalyst do not interact in a negative manner. The catalyst has
to retain its physical integrity and solid-state reactions between components, which could
induce sintering and/or formation of less active species, must be avoided. In the following
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Figure 3.3. The parts of a catalyst. Adapted from Zwinkels [11].

a more in-depth description of the catalyst parts will be given, focusing on catalysts for
gas-turbine applications.

3.4.1 Substrate
The substrate, also termed primary support, has as its primary objective to form a structure
for the catalyst to facilitate transport of reactants and products between the bulk gas flow
and the catalyst surface. Many types of substrates exist, the most common are pellet, wire-
mesh and monolith. For gas-turbine applications, monolith structures are preferred due
to the low pressure drop. The materials of the monolith can be divided into two types:
ceramics and metals. Common ceramic materials are cordierite, silicon carbide (SiC) and
mullite. Metal monoliths are usually made out of FeCrAlloy, which is a high-temperature
iron-based alloy containing chromium and aluminum. At high temperature the aluminium
diffuses out to the surface and forms a layer of alumina (Al2O3) that protects the metal
from further oxidation. The layer of alumina also facilitates adhesion of catalytic material
onto the surface. In general it can be said that ceramic materials are more resistent to high
temperatures, whereas metals are more resistant to thermal shock. Metal monoliths can be
made with thinner walls and lower pressure drop can therefore be achieved. Metals also
have a higher thermal conductivity, which may be positive as the temperature is evened out
in the catalyst and thus protects from over-heating. It should however be mentioned that
some ceramics (e.g. SiC) also have high thermal conductivity.

3.4.2 Support
The support, also termed washcoat or secondary support, has as its primary objective to
disperse the active component on a large surface area. This is especially important when it
comes to expensive active components, such as noble metals, since this reduces the amount
needed and thereby cuts the cost dramatically. The support could also increase the activity
and stability of the active components by interactions between the two. The support can
consist of inactive (such as ZrO2 or Al2O3) or active (such as substituted hexaaluminate)
materials.
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Supports for ignition catalysts

In order to achieve a low ignition temperature, high surface area is important to disperse
the active material in an effective manner. The most common support is alumina (Al2O3)
due to its relatively low cost, high surface area and thermal stability. Alumina has several
crystal structures, the most commonly used is the low-temperature phase γ-alumina, due to
its high surface area. If γ-alumina is subjected to high temperatures (850-1150 ◦C) it will
go through a phase-transition to the θ- and δ-phases and eventually to the α-phase [12].
The α-phase has a very low surface area and is not suitable as support for ignition catalysts.
In order to avoid formation of the α-phase, small amounts (a few wt.%) of additives, such
as lanthanum or barium are often used [12]. Cerium is another additive often used for
thermal stabilization of alumina [13]. Ceria has also been shown to be positive for the
activity of noble metals on the surface of the support due to increased oxygen mobility
[14]. A drawback with using alumina as support is that solid-state reactions with transition
metals such as Co and Ni easily occur thereby forming less active species with spinel
structure [15].

Another common support material is zirconia (ZrO2). Zirconia does not normally react
with active materials used for catalytic combustion, which makes it very versatile as sup-
port. In similarity to alumina, cerium is often used to stabilize the zirconia and increase
the oxygen mobility [16]. Yttrium is also often used to stabilize the zirconia.

Supports for high-temperature catalysts

The support used for a high-temperature catalyst must be very resistant to sintering. If
not, activity will be lost due to loss of surface area and possibly encapsulation of active
components.

The common supports for ignition catalysts, alumina and zirconia, are not suitable for
use at high temperatures due to sintering (see Figure 3.4). The highest temperatures in this
figure may appear too high for a catalyst that normally operates at 1000 ◦C, but since the
duration of the calcination at each temperature is only 4 hours, a higher temperature can
in this case be used to accelerate the sintering and thereby assess the long-term stability at
lower temperatures. It should also be mentioned that the temperature of the catalyst during
transient conditions could be considerably higher than under normal operation. Further-
more, the surface temperature of the catalyst is always higher than the temperature of the
bulk gas.

One of the most promising groups of materials in terms of sintering resistance is hexa-
aluminates [18, 19] (see Figure 3.4). Hexaaluminates have been studied for many appli-
cations, such as electrical ceramics, matrices for permanent immobilization of radioactive
elements from nuclear waste and refractory cement and concrete [20]. Hexaaluminates
can be represented by the general formula ABXAl12−XO19, where A represents an alkaline,
alkaline earth or rare earth metal (e.g. Ba, La, Sr) and B a transition metal of similar size
and charge as aluminium (e.g. Mn, Fe, Cu) [21, 22]. Hexaaluminates are well known
for their extreme sintering resistance originating from their layered crystal structure (see
Figure 3.5) with aluminum spinel blocks separated by mirror planes where the large cation
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Figure 3.4. Surface area for different supports as a function of calcination temperature. Calcina-
tion was performed at the respective temperature for 4 hours in dry air. � = alumina [12], H =
magnesia (paper I), N = hexaaluminate [17] and � = zirconia [12].

a b
Figure 3.5. The layered crystal structure of hexaaluminate shown schematically (a) [23] and as a
TEM micrograph obtained from barium hexaaluminate (b) [17].
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(A) is located. This structure inhibits diffusion of oxygen in the c-direction perpendicular
to the mirror plane and causes crystal growth in the direction of the layers [18]. Crystal
growth by stacking each spinel block along the c axis is very slow and sintering is therefore
strongly suppressed [24]. The most frequently studied hexaaluminate is barium hexaalu-
minate (BHA) (Ba in the A-position) due to its stability. BHA has been shown to exhibit
a surface area as high as 11 m2/g after calcination at 1600 ◦C [25]. Another frequently
studied hexaaluminate is lanthanum hexaaluminate (LHA). LHA has been shown to be
only slightly less stable than BHA [26]. Furthermore, LHA has been shown to be less sus-
ceptible to sulfur-poisoning since it forms less stable sulfates [27]. Substituted lanthanum
hexaaluminate (X>0) has also been shown to be slightly more active than its barium coun-
terpart. More details concerning substituted hexaaluminates can be found below in section
3.4.3.

Another thermally stable support is magnesia (see Figure 3.4). The preparation method
has been shown to be of major importance for the thermal stability of magnesia. Magnesia
developed by Ube Industries [28] by growing crystals in a turbulent flow of magnesium
vapor and oxygen resulted in magnesia that after calcination at 1500 ◦C had a surface area
of 72 m2/g [29], whereas magnesia prepared by Berg and Järås [30] showed a surface area
of less than 1 m2/g after the same treatment.

3.4.3 Active material

Due to the relatively high temperature in the catalytic combustor, great care has to be taken
in the choice of active materials. Volatilization, sintering and solid-state reactions with the
support are three of the most common deactivation mechanisms that need to be considered.

Ignition catalyst

Noble metals are the catalysts of choice for the ignition segment. Several of the noble met-
als, such as iridium, platinum and palladium, are highly active for combustion reactions.
For natural gas the most active material is palladium, which also is one of the most stable
noble metals [19]. Another positive property of palladium is that at a temperature of 800-
900 ◦C the highly active PdO decomposes to less active metallic palladium. If this occurs
the reaction rate will therefore drop until PdO is again formed. This does not occur directly
when the temperature drops below 800 ◦C, the temperature has to drop considerably lower
before the PdO is again formed. This phenomenon can serve as a temperature regulator
and decreases the risk of over-heating the catalyst [7].

In recent years palladium-based bimetallic catalysts have received considerable atten-
tion as ignition catalysts for catalytic combustion. Frequent co-metals used are Pt, Rh and
Ag, where Pt appears to be especially promising [31]. Bimetallic Pd-Pt catalysts have been
shown to be substantially more stable in terms of activity compared to Pd catalysts. Fur-
thermore, Pd-Pt catalysts have also been shown to be more resistant to sulfur in the reactant
gas [32].
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High-temperature catalyst

Noble metals are not suitable for the high-temperature segment [33]. Palladium, which is
the most stable noble metal in terms of vaporization will not be suitable at temperatures
above 800-900 ◦C due to the decomposition of PdO, as mentioned in the section above.
Most single metal oxides are not stable enough to be used as high temperature catalysts
due to volatilization [19]. Mixed metal oxides, such as perovskites and hexaaluminates are
therefore often used. By incorporating an active metal in the crystal structure of a mixed
metal oxide, a substantially higher resistance to sintering and volatilization can be achieved
[19].

Perovskites have been extensively studied due to their high catalytic activity in methane
combustion and their ability to operate at higher temperatures than noble metals [34]. The
general formula of a perovskite is ABO3, where A usually represents a rare earth metal or
an alkaline earth metal (e.g. La, Sr) and B a transition metal (e.g. Mn, Co,). The perovskite
crystal structure is very flexible, provided that the ionic radius of the A-ion is > 0.90 Å and
that of the B-ion is > 0.51 Å [34], most metal ions can be incorporated in the structure.
A perovskite (LaMnO3) was used in papers I-III. Since perovskites are known to sinter,
supports were used in all experiments reported in the papers. In paper I, magnesia was
used as support and in papers II-III, lanthanum hexaaluminate was used.

Hexaaluminates (see also 3.4.2) can be considered as active materials if active metal
ions are incorporated in the crystal structure. A few of the aluminium ions can be sub-
stituted by transition metal ions (e.g. Mn, Fe), substantially increasing the activity of the
material while retaining a similar sintering resistance as for unsubstituted hexaaluminates
[18, 21, 22]. The highest activity has been shown by hexaaluminates with Mn substitution
[18]. Manganese-substituted lanthanum hexaaluminate (LMHA) was used in paper III for
comparison purposes since it is considered to be one of the most stable active materials.

Ceria (CeO2) is one of the more stable single oxides used for catalytic combustion
[19]. In catalysis ceria is mainly used as an oxygen storage material in the three-way-
catalyst used to lower emissions from the car exhaust. The oxygen storage capacity of
ceria makes it possible to oxidize CO and hydrocarbons while operating under reducing
conditions. Ceria has also been used as a combustion catalyst for methane [16, 35, 36, 37].
In paper III, ceria was used as active component supported on lanthanum-hexaaluminate.

More information about the preparation and performance of the catalyst materials in
papers I-III can be found in chapter 4-6.
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Chapter 4

Preparation methods

The method of preparing the catalysts is very important and can greatly influence the per-
formance of the materials. There are a number of different techniques for catalyst prepa-
ration, but only the most common will the described in this chapter focusing on the con-
ventional methods used in papers I-III. The microemulsion method used in the papers is
described in chapter 5. The substrate, which also is a part of the catalyst, will not be
included since it does not contribute very much to the activity of the catalyst but rather
to the stability of the whole system. The focus will be on preparation methods for high-
temperature catalysts as this is the subject of the papers, but most of the techniques can
also be used for low-temperature materials.

4.1 Single metal oxides (paper I)

The most common supports for catalytic combustion, as mentioned in section 3.4.2, are
the single metal oxides alumina and zirconia. Since they consist of only one component no
mixing is required and rather straightforward preparation methods can be used. The most
simple method to prepare a single metal oxide is to thermally decompose a metal salt by
calcination. The properties of the metal oxide will be largely dependent on the the nature
of the metal salt. In order to control the properties of the metal oxide, the metal salt can
be synthesized as part of the catalyst preparation. The starting point is to dissolve a water-
soluble metal salt (often nitrate) in water and thereafter precipitate the metal by adding a
precipitating agent, such as hydroxide, carbonate or oxalate depending on the metal. After
precipitation the material is separated from the mother liquor and washed. The precipitated
metal salt is then thermally decomposed by calcination. The precipitation process is very
important for the properties of the resulting metal oxide. Important parameters are: degree
of saturation, temperature and mixing. These parameters are chosen to optimize properties
such as surface area, pore volume and pore size distribution of the final material.

A single metal oxide, magnesia (MgO), was prepared in paper I (termed conventional
in the paper). This preparation method was used for the purpose of comparing with the
microemulsion method (chapter 5). The preparation procedure started with Mg(NO3)2,
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which was dissolved in deionized water. The magnesium was precipitated as insoluble
Mg(OH)2 by adding the magnesium nitrate solution to water containing ammonia. The
amount of ammonia used was 1.5 times the amount needed for the magnesium to form
Mg(OH)2. The precipitated particles were aged (slowly stirred in a closed vessel) for 24
hours. After aging, the particles were removed from their mother liquor by means of
centrifugation and washed twice: once with water and then with methanol. After each
wash centrifugation was used in order to remove the washing liquid. After washing, the
material was dried at 60 ◦C. After grinding, the material was calcined in alumina crucibles
for 4 hours in flowing air at 900 ◦C, 1100 ◦C and 1300 ◦C, respectively. The different
calcination temperatures allowed assessment of the stability of the material.

4.2 Mixed metal oxides

Very few of the single metal oxides are stable enough to be used at high temperature (above
900-1000 ◦C). Mixed metal oxides are therefore often used. Since the material will consist
of two or more different metals, mixing will play a major role in the preparation. It is
crucial that the metals are well mixed, preferably at the atomic level, in order to facilitate
crystallization to the final phase. The problem of mixing has been addressed by using
different preparation methods, in this section the most common will be described focusing
on the methods used in papers I-III.

4.2.1 Solid-state method
The principle of the solid-state method is to finely divide the metals salts by milling and
thereafter calcining the resulting mixture in order to form the wanted crystal phase. Since
the method starts from solid salts, the possible degree of mixing is limited. The results of
this is that the material demands high calcination temperature in order to form the desired
crystal phase and low surface areas are generally achieved. The method is mainly used in
the preparation of single crystals but is generally not appropriate for catalyst preparation
due to the low surface area of the final material.

4.2.2 Co-precipitation (papers II-III)
As the name implies, the co-precipitation method is based on simultaneous precipitation
of two or more metals. Similarly to the method described above for single metal oxides,
the starting point is to dissolve the metal salt precursors in water. The solution is then
added slowly under vigourous stirring to a solution containing precipitating agents for all
metals. It is important that all metals precipitate simultaneously so that a good degree of
mixing of the metals is obtained. The stirring assures that there is no region where the
amount of precipitating agent is low. If the stirring is inadequate local regions can form
in the solution where the concentration of a precipitating agent slowly increases which
could result in metals not precipitating simultaneously, which results in poor mixing of
the metals. Co-precipitation is the most commonly used method to prepare mixed metal
oxides in the industry since the metals salts are easy to handle and relatively inexpensive
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Figure 4.1. Schematic picture of the synthesis of the lanthanum hexaaluminate precursor.

[38]. The method is also very versatile since almost all mixed metal oxides can be prepared
just by choosing appropriate metal salts and precipitating agents.

In paper II and in paper III the co-precipitating method was used to prepare lanthanum
hexaaluminate (LHA) and manganese-substituted lanthanum hexaaluminate (LMHA), re-
spectively. The method used was the same as used by Ersson et al. [39] and similar to the
method used by Groppi et al. [40, 41]. A schematic picture of the synthesis can be seen
in Figure 4.1. The metal salts used for LHA were La(NO3)3·6H2O and Al(NO3)3·9H2O
with a Al/La-ratio of 11 corresponding to the stoichiometry of LHA (LaAl11O18), which
were dissolved in deionized water. In the case of LMHA, Mn(NO3)2 (aqueous solution,
45-50 %) was also added in an amount corresponding to the stoichiometry of LMHA
(LaMnAl11O19). Two precipitating agents were used: ammonium carbonate and ammo-
nia. The carbonate was mainly added to precipitate lanthanum and manganese, which
require a rather high pH-value to precipitate, and the ammonia was used to keep the pH-
value high enough to precipitate aluminum as hydroxide and assure that lanthanum and
manganese carbonates were not redissolved. The carbonate also acts as a buffer, which
facilitates keeping the pH-value constant. The synthesis procedure started with dissolving
ammonium carbonate in deionized water; the solution containing La and Al nitrates was
slowly added to the solution containing ammonium carbonate under vigorous stirring. The
amount of ammonium carbonate used was four times the required to form lanthanum and
manganese carbonates. The pH-value was kept constant at 8-9 by adding ammonia si-
multaneously with the metal nitrate solution. This assured that the conditions were similar
throughout the synthesis so that the composition of the precipitated particles remained con-
stant during the synthesis. After aging for 4 hours the particles were recovered by means of
centrifugation and thereafter washed twice: once with water and then with methanol. After
each wash centrifugation was used in order to remove the washing liquid. After washing,
the material was dried at 60 ◦C and thereafter finely divided by grinding in a mortar. Af-
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ter grinding, the material was calcined in alumina crucibles for 4 hours in flowing air at
1200 ◦C.

4.2.3 Sol-gel method
The sol-gel method of preparing catalyst supports starts with metal alkoxides, which are
dissolved in an organic solvent. The solution is then mixed with water, which causes gela-
tion due to hydrolysis of the alkoxides into a branched network. With the sol-gel method
it is possible to achieve mixing at the atomic level and very homogeneous materials can
be achieved. The high degree of mixing allows the precursor to form the required crystal
phase during calcination at a very low temperature and high surface areas can therefore
be achieved. However, it is important that the rate of hydrolysis of the different metal
alkoxides match. Otherwise inhomogeneities will be formed, which might lead to phase
segregation and lower surface area of the final material. Even if the sol-gel method is very
powerful for the preparation of materials with high surface area, it presents some draw-
backs. The alkoxide precursors are expensive and often require moisture and oxygen-free
atmosphere during synthesis [18]. This complicates the possibility of industrial scale-up.

4.3 Impregnation

Impregnation is used to apply active materials onto a support. It can be made in a number
of different ways. In this section the most common will be described.

4.3.1 Dry/wet impregnation (papers I-III)
One of the most straightforward impregnation methods in the laboratory is the incipient
wetness technique, also called dry impregnation. The method is based on the pore vol-
ume of the support being completely filled with a solution hosting the precursor salt of
the active component until the solution starts to wet the surface of the support (thereby the
name incipient wetness). The support with solution is thereafter dried and the impregna-
tion procedure may be repeated in order to increase the loading of active material in the
catalyst. After finishing the impregnation procedure and drying, the material is simply cal-
cined to the required temperature in order to decompose the precursor and form the active
component.

Even though incipient wetness impregnation is easy to perform in the laboratory, it is
quite complicated in industrial applications. In industry wet impregnation is preferred. Ba-
sically the same procedure is followed as for the incipient wetness technique, the difference
is that a larger volume of solution than the total pore volume of the support is used. The
surplus liquid is removed, usually by rotary drying under reduced pressure. The material
is thereafter calcined to form the active component on the support.

The incipient wetness technique was used in the experiments described in papers I-III
to impregnate magnesia and hexaaluminate with LaMnO3 and ceria.

In the case of magnesia support (paper I), LaMnO3 was added by dissolving equimolar
amounts of La(NO3)3·6H2O and Mn(NO3)2·xH2O in methanol in a total amount corre-
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sponding to 20 wt.% based on the total weight of the support and catalyst. Methanol was
chosen as a solvent instead of the standard water in order to avoid formation of Mg(OH)2
and dissolution of magnesia, which could result in changes in the morphology of the sup-
port. However, water was present in the solution in the form of crystal water from the
nitrates. The impregnation procedure was performed twice and after each impregnation
the material was dried at 60 ◦C for at least 2 hours. The final phase of LaMnO3 was
formed by calcining the materials at 900 ◦C or 1100 ◦C.

In the case of hexaaluminate support, LaMnO3 (papers II-III) or ceria (paper III) were
used as active materials. The impregnation followed the procedure described above for
LaMnO3 on magnesia, except that deionized water was used to dissolve the nitrates and
the drying temperature was therefore increased to 90 ◦C. Ce(NO3)3·6H2O was used as
precursor for ceria,. The amounts of LaMnO3 and ceria were in all cases 20 wt.% based
on the total weight of support and catalyst.

4.3.2 Deposition-precipitation
In the deposition-precipitation method a water-soluble metal salt is dissolved in water.
The support is added to the solution and a precipitation agent is added very slowly under
stirring. Saturation of the metal salt solution is reached so slowly that hardly any nuclei of
the precipitated salt are formed in the solution, instead precipitation occurs preferably at
the surface of the support. With this technique high dispersion of the deposited component
can be reached. It is best suited for impregnation with single metals since when adding two
or more metals, saturation will most likely not occur simultaneously. Urea is often used
as precipitating agent. Urea in water solutions decomposes slowly into ammonia and CO2
at 60-90 ◦C. If the metal in question precipitates as hydroxide or carbonate, which is the
case for most metals of interest as catalysts, urea can be used. After assuring that complete
precipitation has been reached, the material is recovered, dried and finally calcined in order
to decompose the metal salt into its active form and firmly attach it to the surface of the
support.





Chapter 5

Microemulsions

The microemulsion technique was used to prepare catalysts in all the papers this thesis
is based on. This chapter will describe the fundamentals of microemulsions focusing on
the application of catalyst preparation. The preparation method used in the papers was
originally developed for preparing barium hexaaluminate (BHA) and selected results from
the development of BHA will therefore be described even though this material was not
used in the papers.

5.1 Introduction

A microemulsion is defined as a system of water, oil and surfactant. This system is an op-
tically isotropic and thermodynamically stable solution, as opposed to a normal emulsion
that needs energy in form of agitation in order to remain stable. At macroscopic scale, a
microemulsion appears to be a homogeneous solution but at molecular scale, it is in fact
heterogeneous. The internal structure of a microemulsion, at a given temperature, is deter-
mined by the ratio of its constituents. If the concentration of oil is low, a microemulsion
with a continuous water phase can be formed, a so-called oil-in-water (o/w) microemul-
sion. If more oil is added a bicontinuous phase, which has no defined shape, will be formed.
If oil is continued to be added until the water concentration becomes low, a water-in-oil
(w/o) microemulsion can eventually be formed. The surfactant molecules in o/w and w/o
microemulsions arrange themselves to form clearly defined shapes (often spherical) called
micelles. The micelles can host water droplets as seen in Figure 5.1.

Every microemulsion system has a certain region where the concentration of the com-
ponents are right to form a microemulsion. In Figure 5.2 the microemulsion system used in
papers I-III can be seen in the form of a ternary diagram indicating the concentration of the
three components: oil, surfactant and water. The filled circles indicate tested compositions
where the phases form a microemulsion. The grey area is an estimate of conditions under
which a stable microemulsion can form. If the composition corresponds to the white area,
phase segregation will occur. The microemulsion region in a ternary diagram is only valid
under certain conditions; temperature and other compounds present influence the system.
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Figure 5.1. Schematic picture of a water in oil (w/o) microemulsion. The surfactant molecules
form a reverse micelle and a droplet of water is formed in a continuous oil phase. The surfactant
molecule has both hydrophillic and hydrophobic parts and can therefore form a bridge between
the oil and water phases.
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Figure 5.2. Ternary diagram of a microemulsion system with iso-octane and CTAB (cetyl
trimethylammonium bromide)/1-butanol as oil-phase and surfactant/co-surfactant at 25 ◦C. The
filled circles indicate compositions where a microemulsion is formed and the grey area is an esti-
mate of the region where the microemulsion remains stable.
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5.2 Catalyst preparation

The w/o microemulsion, also termed reverse microemulsion, is very useful in the prepara-
tion of catalysts. It is important to stress that the microemulsion technique is not a prepa-
ration method in itself, but rather a method to control the particle formation. Catalysts
can be prepared by using the water droplets of the microemulsion to apply preparation
methods such as co-precipitation (section 4.2.2) and sol-gel (section 4.2.3) [42, 43, 44].
The water droplets are sometimes in the literature referred to as "nano-reactors", which
is somewhat misleading. It is true that the typical size of the droplets is in the nano-size
area (10-100 nm), but the name nano-reactor also implies that the reactor is rigid and has
walls that do not move. This is not true for microemulsions; the system is very dynamic,
micelles break, reform, collide and interchange material continuously. The size of the
catalyst particles formed in a microemulsion is influenced by the droplet size but they do
not correlate directly [45]. The nucleus of the particle is formed in a micelle, but crystal
growth occurs after changing material with other micelles. However, the surfactant mole-
cules hinder crystal growth by sterical hindering, which results in the particles growing at
the same rate; a narrow size distribution can therefore be obtained. The surfactant also
hinders agglomeration of the particles formed, which can continue to be suspended in the
microemulsion.

There are two methods for the preparation of catalysts using microemulsions (Figure
5.3). In alternative 1 in Figure 5.3 two microemulsions are used. The catalyst precursor
is dissolved in one microemulsion and in the other a reacting agent is dissolved, which
reacts with the dissolved catalyst precursor and causes particle formation. In alternative 2
in Figure 5.3 one microemulsion is used to dissolve the catalyst precursor. The reacting
agent (preferably soluble in the continuous phase) is added directly to the microemulsion
and diffuses into the micelles to cause particle formation. A version of alternative 2 is to

A

B

A

B

1 2

Figure 5.3. Schematic picture of the principles of the two alternatives for preparing particles with
the microemulsion technique. In alternative 1 two separate microemulsions are used with reagent
A and B hosted in the two. When the two are mixed A and B react to form a solid particle. In
alternative 2 only reagent A is hosted in the microemulsion. Reagent B is directly added to the
microemulsion and diffuses into the micelle and a solid particle is formed.
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dissolve the reacting agent in the microemulsion and to add a catalyst precursor soluble in
the continuous phase.

5.3 Barium hexaaluminate

Initially the preparation method used in papers I-III was developed for preparation of bar-
ium hexaaluminate (BHA). The strategy was to develop the preparation procedure for BHA
and then apply the same procedure to other materials.

By using a microemulsion the dissolved catalyst precursors (Ba, Al nitrate) are divided
into nanosized droplets, which is beneficial for the mixing of the metals. Good mixing of
the metals will result in short diffusion length of metal ions in order to settle into the desired
hexaaluminate crystal structure. This will reduce the sintering of the material before the
crystal structure is formed and is therefore one of the conditions for achieving high surface
area. It is also important to control the size of the precursor particles since too small
particles have been shown to collapse and yield materials with low surface areas [39, 44].

A microemulsion method was used to prepare BHA with great success by Zarur et al.
[44, 46]. They showed that it was possible to prepare BHA with a surface area exceed-
ing 100 m2/g after calcination at 1300 ◦C. However, the preparation procedure involved
hydrolysis of alkoxides in inert atmosphere and recovery by multiple freeze-drying steps
and supercritical drying. Furthermore, a water-to-alkoxide ratio of 100-1000 was needed
in order to obtain high surface area, which makes the concentration of catalyst low in
the microemulsion. The expensive precursor materials and complex procedure will make
industrial preparation of this material highly unlikely. In order to develop a preparation
procedure suitable for industrial production, three major objectives had to be fulfilled by
the new procedure:

1. Use of less expensive catalyst precursors: The alkoxides were exchanged for nitrates,
which are inexpensive compared to alkoxides and do not require any special handling
such as oxygen and moisture-free atmosphere. Thus, besides significantly reducing the
cost of the precursors, changing alkoxides into nitrates also reduces the complexity of
the preparation procedure.

2. High concentration of catalyst precursor in the microemulsion: A microemulsion sys-
tem was identified which remains stable while hosting high concentrations of nitrates
and precipitating agents in the water phase. The system can also handle high amounts
of water while still forming spherical particles.

3. Avoiding unnecessarily complex procedures: Complex and time-consuming procedures,
such as freeze-drying and supercritical drying were tested for comparison with standard
recovery techniques such as centrifugation and oven drying in order to identify possible
simplifications of the procedure.
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Table 5.1. The phase composition of the microemulsion system used in the preparation of barium
hexaaluminate and for lanthanum hexaaluminate in papers I-III. CTAB = cetyl trimethylammo-
nium bromide.

Component Amount (wt.%)
Iso-octane 53.9 %
CTAB 13.5 %
1-butanol 12.0 %
Water 20.6 %

Synthesis

Aging

Hydrothermal 
treatment

Centrifugation Freeze-drying

Washing

Calcination

Oven drying Supercritical drying

Figure 5.4. Alternative preparation steps for the development of the preparation procedure for
barium hexaaluminate.

5.3.1 Tested parameters

A microemulsion method was developed based on co-precipitation of metal nitrates with
ammonium carbonate and ammonia as precipitation agents. The composition of the mi-
croemulsion system used (Table 5.1) was similar to that used by Palla et al. [43]. The
amount of cetyl trimethylammonium bromide (CTAB) was increased slightly and n-octane
was replaced by iso-octane. The changes were made to increase the stability of the mi-
croemulsion.

In Figure 5.4 the tested parameters in the development of the preparation method can
be seen. Shortly described the preparation steps were:
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1. Synthesis/aging: The same synthesis and aging procedure was used in all tests. The
preparation procedure was similar to the co-precipitation method described in sec-
tion 4.2.2. The only major difference was that the water phase was hosted in the
micelles of a microemulsion. The preparation method used was the one termed al-
ternative 1 in Figure 5.3 on page 31. Since measurement with a pH-meter is compli-
cated as the continuous phase is iso-octane, a small amount of the pH-indicator BTB
(bromthymol blue) was added. This allowed a reliable indication of the pH-value
during the synthesis. Several batches of BHA were prepared with and without BTB
in order to verify that BTB did not influence the synthesis. No significant change
of the crystal phases or surface area of the resulting materials could be detected.
The amount of BTB for a batch of 5 grams of BHA was only a few milligrams and
after washing, no color from the BTB could be observed. After completion of the
synthesis, the particles suspended in the microemulsion were aged for 4 hours.

2. Hydrothermal treatment: Hydrothermal treatment has previously been combined
with microemulsions and been shown to influence the shape and crystal phase of
the particles [47, 48]. Hydrothermal treatment of the particles suspended in the mi-
croemulsion was performed in an autoclave. After adding the solution, the pressure
vessel of the autoclave was sealed. Nitrogen was flushed through the system several
times in order to remove the oxygen from the vessel. The temperature of the solution
was increased to 150 ◦C by heating with a temperature-controlled heating jacket and
was held constant for 20 hours. The pressure increased with the temperature and
was regulated at the maximum temperature to 10 bar by supplying nitrogen. Stirring
was used under the whole duration of the hydrothermal treatment.

3. Recovery/washing: Two different recovery techniques were evaluated: centrifuga-
tion and freeze-drying. After centrifugation the mother liquor was decanted and the
material in the bottom of the beakers was collected. Freeze-drying was performed
by spraying the particles, suspended in the microemulsion, with an atomizer into a
vessel containing liquid nitrogen. The frozen particles were poured onto an insulated
plate and placed in a vacuum oven. The vacuum oven was closed and the connected
vacuum pump was turned on. The temperature of the material was monitored by a
thermocouple in order to assure that the vacuum was sufficient to evacuate the gas
evaporated from the material. After using either recovery technique, the material
was washed once with a chloroform/methanol (1:1 mixture) and once with methanol
in order to remove most of the surfactant. In between each wash centrifugation was
used to recover the material.

4. Drying/Calcination: Two drying techniques were tested: oven drying and super-
critical drying. Oven drying was applied simply by placing the wet material in a
ventilated oven at a temperature of 60 ◦C. Supercritical drying was performed with
iso-octane as the supercritical fluid. The wet material was placed in an autoclave and
iso-octane was added. The pressure vessel was then closed and the temperature was
raised above the supercritical temperature of iso-octane. The temperature was held
for 1 hour after which the pressure was slowly released by opening the release valve.
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After drying, the material wash crushed using a mortar and placed in an alumina
crucible and calcined at 1200 ◦C.

5.3.2 Evaluation of parameters

The BHA precursor particles formed by using the microemulsion technique can be seen in
a TEM (transmission electron microscope) micrograph in Figure 5.5. The picture was ob-
tained by placing a drop of microemulsion (with suspended particles) onto a copper/carbon
grid, i.e. the material was not recovered before characterization. In the figure the particles
can be seen as dark spots. The cloudy formation is probably resulting from dried surfactant
(CTAB) on the grid. As seen, the particles are separated from each other, indicating that
the microemulsion was successful in avoiding agglomeration. Furthermore, the particles
appear to be spherical with a rather narrow size distribution in the range of 5-10 nm.

The effect that hydrothermal treatment, recovery and drying techniques have on the
surface area of the material after calcination at 1200 ◦C was evaluated by means of a 23

factorial test. In Table 5.2 the parameters of the factorial test can be seen as well as the re-
sults. Hydrothermal treatment, recovery and drying technique are represented by factors A,
B and C, respectively. The factors were varied at 2 levels, as indicated in the table by a neg-
ative or positive sign. Negative signs means that no hydrothermal treatment was used (A)
and centrifugation (B) and oven drying (C) were used for recovery and drying, respectively.
Positive sign means that hydrothermal treatment (A), freeze-drying (B) and supercritical
drying (C) were used. Also covariances of two and three factors were evaluated. It was

20 nm

Figure 5.5. TEM micrograph of the barium hexaaluminate (BHA) precursor. A drop of the
suspended BHA precursor was directly applied to the copper/carbon grid.
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Table 5.2. Factorial test of the tested parameters in the development of the preparation method
for barium hexaaluminate. Parameter A = hydrothermal treatment, B = recovery technique, C
= drying technique. Negative sign indicates not used (for hydrothermal treatment) or that the
conventional techniques (centrifugation and oven drying) were used. Positive sign indicates that
hydrothermal treatment and the advanced techniques (freeze-drying and supercritical drying) were
used.

Test Hydrothermal Recovery Drying Surface area (m2/g) Effect
{1} - - - 18.7 -
A + - - 76.3 28.8
B - + - 9.0 -4.7

AB + + - 58.9 -0.2
C - - + 19.5 2.6

AC + - + 77.8 2.0
BC - + + 10.8 2.0

ABC + + + 75.7 1.8

Table 5.3. The influence of duration and temperature of the hydrothermal treatment (HT). HA =
hexaaluminate.

HT temperature (◦C) Duration (h) Crystal phase (XRD) Surface area (m2/g)
150 20 HA, θ-Al2O3 76
150 3 HA, θ-Al2O3 93
120 20 HA 58

clearly shown that the most influential factor by far was hydrothermal treatment. Further-
more, using freeze-drying was shown to result in lower surface area of the BHA and by
using supercritical drying only a slight improvement was achieved. Covariance with two
or more factors showed no major influence. Hence, the use of the complicated methods
freeze-drying and supercritical drying were unnecessary for preparation of BHA by this
method, which was very important for keeping the method simple.

The factorial test showed that hydrothermal treatment was a very suitable technique
for increasing the surface area of BHA. However, hydrothermal treatment also resulted in
crystal phases besides hexaaluminate being formed in the calcined materials, which can
be negative for the stability of the material. The hydrothermal treatment was therefore
further investigated by changing the duration and temperature of the treatment. Selected
results from this investigation can be found in Table 5.3. By decreasing the duration of the
hydrothermal treatment a higher surface area can be achieved, but the problem of phase
segregation still existed. However, by using a lower temperature (120 ◦C), monophasic
BHA was formed with a rather high surface area.

In an attempt to explain how the hydrothermal treatment results in materials with high
surface area, a hydrothermally treated sample (termed HT sample) and a non-hydrothermally
treated sample (termed reference sample) were subjected to thermo-gravimetric analysis
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(TGA). TGA showed that the weight loss during calcination up to 1200 ◦C of the HT sam-
ple sample was only a third of that of the reference sample. This might indicate that bound
water was released from the sample during hydrothermal treatment, which could make the
particles less susceptible to agglomeration during recovery. Based on the TGA, calcination
temperatures were identified where large weight losses were observed. After calcination
at the different temperatures, the materials were characterized by X-ray diffraction (XRD),
nitrogen porosimetry and transmission electron microscopy (TEM). The results from XRD
(Table 5.4) shows large differences between the two materials. The reference sample was
to a great extent amorphous at temperatures below 1200 ◦C whereas the HT sample was
crystalline already after drying. Crystalline species were thus formed during the hydrother-
mal treatment, which influences the material during the course of calcination. Interestingly
it was also observed that barium hexaaluminate in the reference sample appeared to be
formed directly from amorphous species. This has been reported to occur for the sol-gel
method, but not for the aqueous co-precipitation method [18]. Thus, the microemulsion
used in this case evidently improves the mixing of the metals compared to the aqueous co-
precipitation method. Nitrogen porosimetry showed that the surface area of the reference
sample (312 m2/g) was higher compared to the HT sample (197 m2/g) after drying. How-
ever, as the calcination temperature was increased the surface area of the HT sample drops
slower than the reference sample and at approximately 1000 ◦C the surface area of the HT
sample is slightly higher than that of the reference sample. An explanation of this behavior
could be identified from the TEM micrographs of the dried samples (Figure 5.6). As can be
seen in Figure 5.6a for the HT sample the particles have agglomerated into needle-shaped
structures, whereas Figure 5.6b for the reference sample shows no such formations. Parti-
cles with high aspect ratios like needles and plates have been reported to be more resistant
towards sintering due to less contact-points between the particles [49].

Table 5.4. Crystal phases according to XRD after calcining at the indicated temperature for 4
hours. BC = barium carbonate, BM = BaAl2O4, AO = aluminum oxides, HA = hexaaluminate.
Brackets indicate trace amount.

Temperature (◦C) Reference sample HT sample
60 Amorphous, (BC) BC

400 Amorphous, (BM) BC
700 Amorphous BC, BM, (AO)
1000 Amorphous BM, (AO)
1200 HA HA, AO
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a

b
Figure 5.6. TEM micrographs of the barium hexaaluminate precursor dried at 60 ◦C. Sample (a)
was hydrothermally treated whereas (b) was not. Both samples were recovered by centrifugation
and oven dried
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Table 5.5. Development of the surface area with calcination temperature of magnesia prepared
by the microemulsion technique.

Calcination temperature (◦C) Surface area (m2/g)
900 56

1100 43
1300 35

5.4 Magnesia (paper I)

The preparation of magnesia was based on the microemulsion method developed for barium-
hexaaluminate, described above, except that only ammonia was used as precipitating agent
and the aging time was 24 hours. Mg(NO3)2·6H2O was used as the magnesium source. The
amount of ammonia used was 1.5 times the stoichiometric amount for forming Mg(OH)2.
Instead of regulating the pH-value with ammonia, the microemulsion containing the mag-
nesium nitrate was added to the microemulsion containing all the ammonia. The dried
and crushed magnesia precursor, consisting of Mg(OH)2, was divided into three alumina
crucibles. The materials were calcined for 4 hours in flowing air at 900 ◦C, 1100 ◦C and
1300 ◦C, respectively.

The materials were characterized by XRD and nitrogen porosimetry. No other phase
than MgO could be identified in any material. The surface areas after calcination at the
different temperatures can be found in Table 5.5.

5.5 Lanthanum hexaaluminate (papers II-III)

The preparation method of lanthanum hexaaluminate (LHA) followed the microemulsion
method developed for barium hexaaluminate, described in section 5.3. La(NO3)3·6H2O
was used as the lanthanum source. Five different variations of LHA were prepared: con-
ventional (described in section 4.2.2), microemulsion-based not hydrothermally treated
and three hydrothermally treated at three temperatures: 120 ◦C, 135 ◦C and 150 ◦C, respec-
tively. Centrifugation and oven drying were used for recovery and drying, respectively. All
material were calcined at 1200 ◦C for 4 hours.

The materials were characterized by XRD and nitrogen porosimetry, a summary of the
results can be found in Table 5.6. As also observed for BHA, an increase of the temperature
of the hydrothermal treatment results in higher surface area. Analogously to the results
from BHA, it was observed that as the temperature of the hydrothermal treatment was
increased, the amount of hexaaluminate decreased and the amount of LaAlO3 increased.
This can be seen in Figure 5.7 where the solid line indicates a hexaaluminate reflection and
the dashed line a LaAlO3 reflection.
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Table 5.6. A summary of the morphological properties of lanthanum hexaaluminate (LHA) in-
vestigated in paper II.

Identification codea Crystal phaseb (XRD) Pore size (nm) Surface area (m2/g)
LHA-Aq LAP, HA 25 19

LHA LAP, HA 41 21
LHA-120 LAP, HA 47 33
LHA-135 LAP, HA 35 41
LHA-150 LAP, (HA) 44 45

a Aq indicates that an aqueous preparation method was used, the other materials were prepared
by the microemulsion method. Number indicates temperature during hydrothermal treatment.
b Phases are listed in order of intensity. LAP = LaAlO3, HA = hexaaluminate. Brackets indicate
trace amount.
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Figure 5.7. XRD diffractogram of LHA prepared by the microemulsion method. The solid line
indicates a hexaaluminate reflection and the dashed a LaAlO3 reflection. LHA (_), LHA-120 (N),
LHA-150 (�).

5.6 Impregnation alternatives (papers I & III)

In paper I, four different impregnation methods for adding perovskite (LaMnO3) to magne-
sia were tested, schematically shown in Figure 5.8. The impregnation method was varied
in an attempt to vary the degree of interaction between the perovskite and magnesia, since
partial substitution of magnesium into the LaMnO3 lattice has been shown to be positive
for the activity [50]. Low and high amount of magnesium have shown to give lower activity
than an intermediate amount. The alternative impregnation methods tested were:

1. Co-precipitation (Figure 5.8a): Both the magnesia precursor and perovskite precur-
sor were added to the same microemulsion and this was added to the microemulsion
containing ammonia.
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Figure 5.8. Graphic illustration of the alternatives of impregnating active materials. White and
dark grey material indicates support and active material, respectively. Co-precipitation (a), surface
precipitation (b), separate precipitation (c) and incipient wetness (d).

2. Surface precipitation (Figure 5.8b): The magnesia precursor was first precipitated
with ammonia and aged after which the perovskite precursor was added.

3. Separate precipitation (Figure 5.8c): The magnesia and perovskite precursors were
precipitated separately and were mixed after aging.

4. Incipient wetness (Figure 5.8d): The perovskite precursor was dissolved in methanol
and used to impregnate the calcined support according to the procedure described in
section 4.3.1 on page 26.

By combining perovskite and magnesia, the sintering of magnesia was accelerated
compared to pure magnesia. This can be seen in Table 5.7 as much lower surface areas
and larger MgO crystallites for the catalysts consisting of perovskite supported on mag-
nesia. Furthermore, within the group of catalysts consisting of perovskite supported on
magnesia calcined at 900 ◦C, it can be seen that the surface areas differs. A possible expla-
nation of this could be differences in interactions, due to mixing, between perovskite and
magnesia. The mixing between perovskite and magnesia was expected to be more intimate
in the catalyst prepared by co-precipitation (ME-Coprec) followed by surface precipitation
(ME-1) and separate precipitation (ME-2) and this trend was also observed for the surface
areas of these catalysts. Just based on the surface area, the incipient wetness technique
appeared to yield materials with a similar interaction between perovskite and magnesia
as in the other catalysts. However, after calcination at 1100 ◦C, the surface areas of the
catalysts with perovskite supported on magnesia were similar. This indicated that at this
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Table 5.7. A summary of the morphological properties of the catalysts with LaMnO3 supported
on magnesia (MgO) investigated in paper I after calcination at 900 ◦C and 1100 ◦C, respectively.

Identification codea Surface area (m2/g) Crystallite sizeb (nm)
900 ◦C 1100 ◦C 900 ◦C 1100 ◦C

LaMn 1.1 0.5 (145) (162)
MgO-ME 56 43 46 49
MgO-Conv 65 47 41 46
ME-Coprec 7.1 1.2 82 (57) 143 (88)
ME-1 9.8 1.7 98 (52) 128 (83)
ME-2 12 2.0 85 (53) 130 (102)
IW-ME 7.5 2.0 68 (47) 124 (96)
IW-Conv 8.7 2.5 73 (48) 119 (94)

a ME and Conv refers to the preparation method of magnesia: microemulsion method and an
conventional aqueous method.
b Crystallite size refers to MgO, the values in brackets refers to the crystallite size of LaMnO3.

high calcination temperature, the initial separation of the two components had very little
influence, which also was confirmed by TPR analysis.

In paper III lanthanum hexaaluminate (LHA) was impregnated with ceria using two
alternative impregnation techniques: surface precipitation (Figure 5.8b) and incipient wet-
ness (Figure 5.8d). Surface precipitation was used both for LHA not treated hydrother-
mally and LHA hydrothermally treated at 150 ◦C. The influence of the impregnation tech-
nique could not be isolated, since the supports were calcined at different temperatures. In
the case of incipient wetness, the support was calcined at 1200 ◦C before impregnation.
In the case of surface precipitation the support, impregnated with ceria, was calcined at
1000 ◦C. However, the behavior in terms of activity before and after aging was greatly
affected by the preparation method. This will be further discussed in the following chapter.



Chapter 6

Activity and deactivation

The main property of any catalyst material is of course its activity and especially the sta-
bility of the activity. In this chapter the results from the activity tests of the materials
described in chapters 4 and 5 will be discussed.

6.1 Activity test equipment

The catalysts were coated onto cordierite monoliths and tested in a reactor for their activity
in methane combustion. In Figure 6.1 a schematic picture of the test rig can be found. The
methane was supplied by using a pressurized bottle and air was supplied by an internal
pressure system. The amounts of methane and air were regulated by mass flow controllers
(MFC) to give 1.5 mol-% methane at a gas hourly space velocity (GHSV) of 100 000 h−1

at NTP. The GHSV was based on the total volume of the monolith. Two different gas
analyzers were used in papers I-III. In paper I, a series of six gas analyzers (CH4, CO,
CO2, O2, NO and NO2) based on the principle of IR/UV-spectrometry and paramagnetism
were connected on-line to the exit of the reactor. In papers II-III, a gas chromatograph (GC)
was used to analyze the gas composition of CH4, CO, CO2, O2 and N2. Two thermocouples

MFC

Reactor

Air

CH4

MFC

Mixer Furnace
Stack

Gas 
analysis

Figure 6.1. Schematic picture of the rig for activity tests using monoliths. The amounts of
methane and air were regulated by mass-flow controllers (MFC) and passed into the reactor placed
in a temperature-controlled furnace. The composition of the gas exiting the reactor was analyzed
and logged together with the catalyst temperature.

43
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Monolith:
Length: 10 mm

∅: 14 mm
400 cpsi

Quartz glass
reactor

Alumina tube
Furnace

Outlet thermocouple

To gas analysis

Alumina tube

Inlet thermocouple

Gas inlet

Figure 6.2. A close up of the reactor and furnace from Figure 6.1. The drawing is not perfectly
scaled to the actual reactor.

were used to measure the inlet and exit temperatures of the catalyst. The results from the
gas analysis together with the corresponding temperatures were logged by a computer. In
Figure 6.2 a close up on the reactor is shown. The reactor consisted of a quartz glass
tube housing the monolith catalyst. Directly after the catalyst the diameter of the tube
was constrained in order to limit the residence time in the reactor and thereby the time for
possible homogeneous reactions induced by the catalyst to occur.

6.2 Thermal Aging (paper III)

Thermal deactivation is one of the most important deactivation mechanisms for high-
temperature catalysts. At high temperatures, sintering of both support and active material
can significantly lower the activity of the catalyst due to lowering of the surface area of the
support or decreased dispersion of the active material. Interactions between support and
active material are also much more likely to occur at high temperatures, which also can
accelerate the sintering and result in the formation of less active species. The environment
during aging plays a large role in the deactivation. Water vapor has been shown to be one of
the most influential compounds due to its ability to accelerates sintering of many materials
[12, 19].

In order to assess the long-term stability of the catalysts, aging studies were conducted.
Aging studies for extended periods of time under relevant conditions are not often found
in the literature. In paper III, aging was performed by subjecting the catalysts to an envi-
ronment of 10 vol.% steam in air for 100 hours at 1000 ◦C. Activity tests of the catalysts
were performed before and after the aging. A powder sample for characterization of each
catalyst was placed in the aging furnace and aged simultaneously with the monolith cata-
lyst.
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Figure 6.3. Ignition curves for 20 wt.% LaMnO3 on magnesia prepared by using different impreg-
nation methods. For reference purposes the activities of pure magnesia and LaMnO3 are shown.
ME-1 (�), ME-2 (N), ME-Coprec (�), IW-ME (_), IW-Conv (H), MgO-ME (J), MgO-Conv (I),
the solid line represents unsupported LaMnO3.

6.3 Perovskite on magnesia (paper I)

A summary of the morphological properties of the catalysts with perovskite (LaMnO3) on
magnesia (MgO) and pure magnesia and perovskite can be found in Table 5.7 on page 42.
The results from the activity tests can be found in Figure 6.3. It can be concluded that
magnesia has a catalytic activity in itself, as previously reported by Berg and Järås [30].
Magnesia prepared by the microemulsion method (MgO-ME) was slightly more active
than magnesia prepared by a conventional aqueous method (MgO-Conv) at higher tem-
peratures, probably due to larger pores of the former that increased the mass-transport. By
using magnesia as support for perovskite the activity was increased substantially, compared
to that of pure magnesia, the size of the increase depended on the deposition method. By
using surface precipitation (ME-1) a significantly higher activity was obtained compared
to co-precipitation (ME-Coprec) and separate precipitation (ME-2). The conventional im-
pregnation technique, incipient wetness, gave materials with lower activity compared to
all the microemulsion-based impregnation techniques. No difference in activity could
be observed for two catalysts prepared by applying the incipient wetness technique on
magnesia prepared by a conventional aqueous method (IW-Conv) and the microemulsion
method (IW-ME). Furthermore, it can be concluded that the activity of the perovskite ben-
efits greatly from being supported. The activity of the unsupported perovskite (LaMn), is
considerably lower than for the catalysts with supported perovskite, despite 5 times more
perovskite being loaded onto the monolith in the case of the unsupported perovskite. The
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Table 6.1. A summary of the morphological properties of the catalysts investigated in paper II
with 20 wt-% LaMnO3 (LMP) supported on lanthanum hexaaluminate (LHA).

Identification codea Crystal phase (XRD)b Surface area (m2/g)
LMP/Al2O3 θ-, δ-Al2O3, LAM 83

LMP/LHA-Aq LAP, LAM, HA 16
LMP/LHA LAP, LAM, HA 20

LMP/LHA-120 LAP, LAM, HA 33
LMP/LHA-135 LAP, LAM, HA 40
LMP/LHA-150 LAP, LAM, (HA) 41

a Aq indicates that LHA was prepared using the aqueous co-precipitation method, remaining
LHA were prepared by the microemulsion method. Number indicates the temperature during hy-
drothermal treatment.
b Phases are listed in order of intensity , LAP = LaAlO3, LAM = LaAl1−XMnXO3, HA = hexaa-
luminate. Brackets indicate trace amount.

unsupported perovskite sintered dramatically already at 900 ◦C, which resulted in low sur-
face area and large crystallites.

6.4 Perovskite on lanthanum hexaaluminate (papers II-III)

A summary of the morphological properties of the catalysts investigated in paper II can be
found in Table 6.1.

The catalysts consisted of 20 wt.% perovskite (LaMnO3) supported on lanthanum
hexaaluminate (LHA). The different LHA were prepared by the varying the parameters
of the microemulsion method as described in section 5.5. For reference purposes were also
alumina used as well as LHA prepared by aqueous co-precipitation (section 4.2.2) used as
supports for the same amount of perovskite. The results from the activity tests of the cata-
lysts in Table 6.1 can be found in Figure 6.4, where the influence of the preparation method
of LHA can be seen. The activities of the catalysts consisting of perovskite supported on
LHA were shown to increase as the surface area of the support increased. The increased
surface area allows a higher degree of dispersion of the perovskite. The same explanation
is valid for explaining the high activity of the perovskite supported on alumina. LHA pre-
pared by the aqueous method has a considerably lower activity compared to LHA prepared
by the microemulsion method. This could be connected to the smaller pores in the LHA
prepared by the aqueous method, which could complicate mass-transfer to the perovskite
surface.

Selected catalysts investigated in paper II were in paper III subjected to aging according
to the procedure described in section 6.2. A summary of the morphological properties
of these catalysts before and after aging can be found in Table 6.2. Activity test results
before and after aging of the catalysts in Table 6.2 can be found in Figure 6.5. It can
be seen that the catalysts consisting of perovskite supported on LHA deactivated quite
strongly during aging. The surface area of LHA obtained by hydrothermal treatment of
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Figure 6.4. Ignition curves for 20 wt.% LaMnO3 on lanthanum hexaaluminate (LHA), showing
the influence of the preparation method of LHA. Al2O3 (�), LHA-Aq (I), LHA-ME (N), LHA-
ME-120 (H), LHA-ME-135 (_), LHA-ME-150 (�). The dotted line represents the activity of an
empty monolith.

Table 6.2. Summary of the morphological properties for selected catalyst from paper II with 20
wt.% LaMnO3 (LMP) before and after aging as reported in paper III.

Identification codea Crystal phaseb (XRD) Surface area (m2/g)
Fresh Aged Fresh Aged

LMP/Al2O3 θ-, δ-Al2O3, LAM HA, LAM 83 61
LMP/LHA LAP, LAM, HA HA, LAP, LAM 20 18
LMP/LHA-150 LAP, LAM, (HA) LAP, HA, LAM 41 23

a Number (150) indicates the temperature during hydrothermal treatment.
b Phases are listed in order of intensity , LAP = LaAlO3, LAM = LaAl1−XMnXO3, HA = hexaa-
luminate. Brackets indicate trace amount.
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Figure 6.5. Ignition curves before and after aging for the catalyst with 20 wt.% LaMnO3 re-
ported in paper III. Filled symbols represents activity before aging and open symbols after aging.
LMP/Al2O3 (�), LMP/LHA (N), LMP/LHA-150 (�). The dotted line represents the activity of
an empty monolith.

the microemulsion (LMP/LHA-150), decreased to approximately the same value as the
non hydrothermally treated LHA (LMP/LHA). A possible explanation of this could be
migration of manganese ions into the LHA lattice, which can cause sintering of LHA and
loss of manganese from the surface. The increase of the amount of the hexaaluminate phase
after aging is supporting this theory, since manganese is known to lower the temperature
at which hexaaluminate is formed [26]. Perovskite supported on alumina (LMP/Al2O3) on
the other hand, showed an impressive stability. This can probably be related to lanthanum
present at the surface of alumina, which is known to stabilize the surface area of alumina
[12]. The major phase in this catalyst changed to hexaaluminate during aging, which is
probably also related to the manganese present. Despite this fact, almost all of the surface
area was retained. However, since major structural changes evidently were occurring, the
long-term stability is questionable.

6.5 Ceria on lanthanum hexaaluminate (paper III)

A summary of the morphological properties of the catalysts investigated in paper III before
and after aging can be found in Table 6.3. The catalysts consisted of 20 wt.% ceria on LHA
(lanthanum hexaaluminate). Two different LHA were used: with or without hydrothermal
treatment of the microemulsion. Two different impregnation techniques were used: incip-
ient wetness (section 4.3.1) and surface precipitation (section 5.6). For comparison pur-
poses was also manganese-substituted lanthanum hexaaluminate (LMHA) included in the
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Table 6.3. A summary of the morphological properties before and after aging of the catalysts
with CeO2 supported on lanthanum hexaaluminate (LHA) investigated in paper III.

Identification codea Crystal phaseb (XRD) Surface area (m2/g)
Fresh Aged Fresh Aged

Ce/Al2O3 CeO2, θ-, δ-Al2O3 CeO2, α-Al2O3 72 34
Ce/LHA-IW CeO2, LAP, HA CeO2, LAP, HA 21 19
Ce/LHA-SP CeO2 CeO2 97 51
Ce/LHA-150-IW LAP, CeO2, (HA) LAP, CeO2, (HA) 46 41
Ce/LHA-150-SP CeO2, LAP CeO2, LAP 69 46
LMHA HA HA 17 17

a Ce = CeO2. IW and SP refers to the impregnation methods incipient wetness and surface pre-
cipitation, respectively. Number (150) indicates the temperature during hydrothermal treatment.
LMHA = manganese-substituted lanthanum hexaaluminate.
b Phases are listed in order of intensity , LAP = LaAlO3, HA = hexaaluminate. Brackets indicate
trace amount.

study, due to its well-known stability. LMHA was prepared by the aqueous co-preparation
method described in section 4.2.2. The results from the activity tests before and after aging
can be found in Figure 6.6.

As seen in Figure 6.6 the fresh LMHA is the most active catalyst, at least at low tem-
peratures. However, aging at 1000 ◦C caused severe deactivation. This was not expected,
since LMHA has been reported to be one of the most stable catalysts for high-temperature
catalytic combustion. The reason for this drastic drop in activity is not known. Arai et al.
[51] reported that a similar material (Sr0.8La0.2MnAl11O19) experienced only minor deac-
tivation after aging at 1300 ◦C in dry air for up to 6400 hours. The authors contributed the
loss of activity to loss of surface area, which gradually decreased from 24 m2/g initially to
4 m2/g after completion of the aging study. As seen in Table 6.3 this cannot explain the
deactivation in paper III, since the surface area of LMHA remained unchanged after aging.
Furthermore, Arai and co-workers reported that the amount of manganese in the sample
remained constant during the course of aging. It is possible that the presence of steam in
the aging environment changed this behavior. Another possible explanation could be deac-
tivation by silicon from the cordierite substrate, which previously have been observed after
calcination at 1200 ◦C [23]. However, cordierite has been reported to be able to operate in
temperatures as high as 1400 ◦C [52].

The fresh catalysts with 20 wt.% ceria on LHA showed a lower activity compared
to LMHA before aging, but the activity was not lowered by aging to the same extent.
Especially ceria supported on LHA hydrothermally treated at 150 ◦C deactivated much
less during aging. A possible explanation for this could be that the higher surface area of
LHA-150 allowed higher dispersion of the ceria and protected it from sintering.

The catalyst obtained by surface precipitation of 20 wt.% ceria on LHA before and
after aging were subjected to activity tests. The results for ceria deposited on the surface of
LHA not hydrothermally treated can be found in Figure 6.7 compared to the corresponding
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Figure 6.6. Ignition curves for 20 wt.% ceria on LHA and LMHA before and after aging. Filled
symbols represents activity before aging and open symbols after aging. Ce/Al2O3 (_), Ce/LHA-
IW (N), Ce/LHA-150-IW (�), LMHA (�). The dotted line represents the activity of an empty
monolith.

Figure 6.7. Ignition curves for 20 wt.% ceria deposited by surface deposition on LHA not hy-
drothermally treated before and after aging. The corresponding catalyst impregnated with the
incipient wetness technique is shown for comparison purposes. Filled symbols represents activity
before aging and open symbols after aging. Ce/LHA-SP (F), Ce/LHA-IW (N).
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Figure 6.8. Ignition curves for 20 wt.% ceria deposited by surface deposition on LHA hydrother-
mally treated at 150 ◦C before and after aging. The corresponding catalyst impregnated with the
incipient wetness technique is shown for comparison purposes. Filled symbols represents activity
before aging and open symbols after aging. Ce/LHA-150-SP (I), Ce/LHA-150-IW (�).

catalyst impregnated by incipient wetness. It was found that surface precipitation gave a
catalyst with higher activity compared to incipient wetness. It should be noted however
that LHA used for impregnating ceria by incipient wetness was calcined at 1200 ◦C before
impregnation compared to 1000 ◦C for the catalyst using surface precipitation. The surface
area of the surface precipitation catalyst was therefore much larger. However, despite the
lower calcination temperature, the surface precipitation catalyst deactivated less than the
incipient wetness catalyst. Again this could be explained by different degree of dispersion
of ceria.

The same test as described above for LHA not hydrothermally treated, was also per-
formed on LHA hydrothermally treated at 150 ◦C. The result of these activity tests can be
found in Figure 6.8. The same aging resistance seen for LHA not hydrothermally treated,
was not observed in this case. The activity of the sample prepared by surface precipitation
was only slightly more active before aging and slightly lower after aging. The same pos-
itive effect as observed for non-hydrothermally treated sample was not seen in this case.
Probably due to the lower surface area before aging for this sample.
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Chapter 7

Conclusions

High-temperature catalytic combustion for gas turbine combustors has shown to be a good
technology for lowering the formation of NOX while maintaining a stable combustion with
low emissions of unburned hydrocarbons and carbon monoxide. However, harsh condi-
tions in the combustor together with long operating time are putting high demands on the
performance of the catalysts, both in terms of activity and stability. The development of
new and improved catalyst materials is therefore necessary if the catalytic combustor is to
be able to compete with the conventional combustor.

This thesis describes the development of high-temperature materials for catalytic com-
bustion. The catalyst materials developed in this work were intended to be used after an
ignition segment consisting of a highly active catalyst.

In order to prepare materials with improved properties, new preparation methods need
to be developed. A microemulsion-based method was for this reason developed for the
preparation of hexaaluminate. The objective was to simplify the preparation method as
much as possible in order to facilitate industrial production. The preparation proved to be
successful for preparing discrete, spherical precursor particles with a narrow size distribu-
tion. Furthermore, it was shown that hydrothermal treatment of the microemulsion was an
effective method for achieving high surface area of hexaaluminate. Complex methods such
as freeze-dying and supercritical drying were shown to have little influence on the surface
area of the hexaaluminate.

Two highly stable support materials prepared by the new microemulsion-based prepa-
ration method were investigated further: lanthanum hexaaluminate and magnesia. The
activity and stability of perovskite (LaMnO3) and ceria (CeO2) were investigated as active
components supported on lanthanum hexaaluminate and magnesia. The active components
were impregnated onto the supports by using several different techniques. It was shown
that impregnation by precipitating the active components on the surface of the supports
by using the microemulsion technique was beneficial for the activity and stability of the
catalyst. Furthermore, it was shown that the perovskite interacted with both lanthanum
hexaaluminate and magnesia in a negative way by inducing sintering. Ceria supported on
lanthanum hexaaluminate, on the other hand, showed impressive activity and stability even
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after aging for 100 hours at 1000 ◦C in humid air. This catalyst was shown to be consid-
erably more stable than manganese-substituted lanthanum hexaaluminate, which up to this
point has been considered to be one of the most stable combustion catalysts.
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List of abbreviations

BHA barium hexaaluminate
CTAB cetyl trimethylammonium bromide
GC gas chromatograph
GHSV gas hourly space velocity
IW incipient wetness
LHA lanthanum hexaaluminate
LMHA manganese-substituted lanthanum hexaaluminate
ME microemulsion
o/w oil-in-water
SP surface precipitation
TEM transmission electron microscopy
TGA thermo-gravimetric analysis
TPR temperature programmed reduction
UHC unburned hydrocarbons
VOC volatile organic compounds
w/o water-in-oil

λ Oxygen-to-fuel ratio, defined as
CO2 , actual

CO2 , stoichiometric
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