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Abstract  

 

 

Nanotechnology is a relatively new research topic that attracts increasing interest from 

scientists and engineers all over the world, due to its novel applications. The use of 

nanomaterials has extended to a broad range of applications, for example chemical 

synthesis, microporous media synthesis and catalytic combustion, contributing to 

achievement of improved or promising results. Microemulsion (ME) is considered a 

powerful tool for synthesis of nanomaterials, due to its unique properties. This thesis 

concentrates on the use of the ME as a catalyst synthesis route for obtaining metal 

nanoparticles for two challenging concepts: Hydrogen production by a membrane 

reactor and selective catalytic oxidation (SCO) of ammonia in gasified biomass. 

 

Particularly for the scope of the fist concept presented in this thesis, palladium 

nanoparticles were synthesised from ME in order to be deposited on zeolite composite 

membranes to improve the H2 / CO2 separation (hydrogen production) ability. The 

membranes impregnated with Pd nanoparticles were then tested in a metal reactor for 

the permeance and selectivity towards H2 and CO2. Regarding the second concept, 

cerium-lanthanum oxide nanoparticles were prepared by conventional methods and 

from ME in order to be tested for their activity towards SCO of ammonia in gasified 

biomass. 

 

The environmental importance of these two applications under investigation is great, 

since both are involved in processes contributing to the minimisation of the harmful 

exhaust gases released to the atmosphere from numerous industrial applications, such 

as the oil industry and heat-and-power production (for example combustion of natural 

gas or biomass in a gas turbine cycle). Regarding these applications, separation and 

capture of CO2 from exhaust gases and oxidation of the fuel-bound ammonia in 

gasified biomass directly to nitrogen, minimising at the same time NOx formation, are 



rated as very important technologies. The results obtained from this work and 

presented analytically in this thesis are considered successful and at the same time 

promising, since further research on the ME method can even lead to improvement of 

the current achievements. 

 

The first part (Chapter 2) of the thesis gives a general background on the ME method 

and the applications in the two concepts under investigation. Additionally, it describes 

how the nanoparticles corresponding to the concepts were synthesised. 

 

The second part (Chapter 3) of the thesis describes the different Pd-nanoparticle 

impregnation methods on the zeolite composite membranes and the results obtained 

form the permeation tests. In parallel with impregnation methods, various aspects that 

affect the Pd impregnation efficiency and the membrane performance such as duration, 

temperature and calcination conditions are discussed thoroughly. 

 

The third and final part of the thesis (Chapter 4) concerns the preparation of the 

cerium-lanthanum oxide catalysts and the activity tests (under simulated gasified 

biomass fuel conditions) carried out in order to monitor the activity of these catalysts 

towards the SCO of ammonia. Additionally, a comparison of the activity between 

identical catalysts prepared by conventional methods and the ME method is discussed. 

 

Keywords: nanotechnology, microemulsion, nanoparticles, hydrogen production, CO2 

capture, selective catalytic oxidation of ammonia, activity, gasified biomass 



 

Sammanfattning  

 

 

Nanoteknologi är ett relativt nytt forskningsområde som på grund av nya tillämpningar 

visats ökat intresse av forskare och ingenjörer från hela världen. Den utbredda 

användingen av nanomaterial inom ett brett applikationsspektrum, till exempel 

framställning av kemikalier, mikroporösa medier samt katalytisk förbränning har 

medverkat till förbättrade eller lovande resultat. Mikroemulsionsteknik är ansedd som 

ett kraftfullt vertyg för framställning av nanomaterial på grund av sina unika 

egenskaper. Denna avhandling är fokuserad på framställning av metallnanopartiklar 

genom mikroemulsionsteknik för två utmanande koncept: Väteproduktion medelst en 

membranreaktor och selektiv katalytisk oxidation av ammoniak i förgasad biomassa. 

 

Angående det första konceptet har målet med arbetet som presenteras i avhandlingen 

varit att framställa palladium-nanopartiklar för att belägga ytan av 

zeolitkompositmembran. Väteproduktion (H2 / CO2 avskiljning) sker genom en reaktor 

som innehåller membran. De belagda membranen testades sedan för att kontrollera och 

förbättra permeabilitetet och selektivitetet. Målet med arbetet angående det andra 

konceptet har varit att framställa cerium-lantanoxid nanopartiklar och testa deras 

aktivitet för katalytisk oxidation av ammoniak i förgasad biomassa. Miljöbetydelsen 

för de två applikationerna i undersökningen är avsevärd, eftersom de medverkar till att 

minska mängden farliga avgaser som släpps ut i atmosfären av olika industrier, bland 

annat oljeindustri och kraft-och-värme produktion (till exempel förbränning av 

naturgas eller biomassa i ett gasturbinsammanhang). För de två koncepten är 

avskiljning och borttagande av koldioxid från avgaser samt oxidation av bränslekvävet 

(NH3) direkt till N2 utan att bilda NOx speciellt viktiga teknologier. Resultaten som 

uppnådes och som presenteras i avhandlingen betraktas som lyckade och samtidigt 

lovande, eftersom ytterligare forskning på mikroemulsionsteknik kan ge förbättringar. 

 



Den första delen av avhandlingen (Kapitel 2) ger en generell bakgrund till 

mikroemulsionstekniken och dess tillämpningar på de två koncepten som undersökts. 

 

Den andra delen (Kapitel 3) behandlar tre olika metoder för palladiumbeläggning på 

ytan av zeolitkompositmembran och presenterar resultat från permeabilitetstester. 

Parallellt med beläggningsmetoderna diskuteras olika aspekter som påverkar Pd-

beläggningseffektiviteten och membransprestanda, till exempel livslängd, temperatur 

och kalcineringsförhållanden. 

 

I den tredje och sista delen (Kapitel 4) beskrivs framställningen av cerium-lantanoxid-

katalysatorer tillsammans med aktivetetstester (i simulerad förgasad biomassa under 

bränslerika förhållanden) för att undersöka aktiviten hos katalysatorer för selektiv 

katalytisk oxidation av ammoniak. Dessutom diskuteras en jämförelse mellan två 

framställningstekniker (konventionell och mikroemulsion). 

 

Nyckelord: Nanoteknologi, mikroemulsion, nanopartiklar, väteproduction, CO2 

avskiljning, selektiv katalytisk oxidation av ammoniak, aktivitet, förgasad biomassa 
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Chapter 1 Introduction 

 

 

1.1 Nanotechnology and nanomaterials 

 

Nowadays, nanotechnology is a relatively “new” term that is widely discussed and 

draws the attention of scientists and researchers all over the world. Currently many 

definitions of nanotechnology exist, but the most widely accepted involve the 

following three characteristics: 1) Research and technology development at the atomic, 

molecular or macromolecular levels, in the range of approximately 1 - 100 nanometer, 

2) Creating and using structures, devices and systems that have novel properties and 

functions because of their small and / or intermediate size and 3) Ability to control or 

manipulate on the atomic scale. 

 

While nanotechnology is in the “pre-competitive” stage since its applied use is limited, 

nanoparticles are being used in a number of industries. Nanoparticles (these are 

materials of which at least one dimension is nanometric, i.e. 10-9 m) consist of several 

tens or hundreds of atoms or molecules and may have a variety of sizes and 

morphologies (amorphous, crystalline, spherical, needles, etc.). Some kinds of 

nanoparticles are already available commercially in the form of dry powders or liquid 

dispersions. Liquid dispersions are obtained by combining nanoparticles with an 

aqueous or organic liquid to form a suspension or paste. In order to obtain a uniform 

and stable dispersion of formed particles, it may be necessary to use chemical 

additives such as surfactants or dispersants. With further processing steps, 

nanostructured powders and dispersions can be used to fabricate coatings, components 

or devices that may or may not retain the nanostructure of the particulate raw 

materials. Industrial scale production of some types of nanoparticulate materials such 

as carbon black, polymer dispersions or micronised drugs has been established for a 

long time. 
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Nanoscale materials are used in electronic, magnetic and optoelectronic, biomedical, 

pharmaceutical, cosmetic, energy, catalytic and materials applications. Areas 

producing the greatest revenue for nanoparticles are reportedly chemical-mechanical 

polishing, magnetic recording tapes, sunscreens, automotive and combustion catalyst 

supports, biolabelling, electroconductive coatings and optical fibres. 

 

A method of synthesising nanoparticles is the microemulsion (ME) technology. It was 

early 1940’s when the English chemist Schulman and his co-workers [1] coined the 

concept of the MEs. Schulman described ME as the transition from a stable oil-rich 

mixture to a stable water-rich mixture, for those systems used back in 1959 [2]. Since 

then, the amount of applications in which the ME could be used was extended 

dramatically to numerous modern technological areas [3, 4], for example from tertiary 

oil recovery to nanoparticle synthesis. ME’s novel properties, such as thermodynamic 

stability, availability of high surface area of end product, combined with the ability to 

solubilise otherwise immiscible liquids have led to the use of MEs in cosmetics, 

pharmaceutics, lubrication, food technology, agricultural sprays, coatings, 

environmental remediation, chemical synthesis, cleaning, enhanced reaction kinetics, 

microporous media synthesis, catalytic combustion. 

 

1.2 Nanomaterials in catalytic concepts 

 

Since the establishment of the ME technique in the early 1980’s [5] as a unique 

preparation method for nanoparticles, catalyst preparation became one of its widest 

applications. Various catalytic concepts, such as reforming, combustion, methanol 

synthesis, CO and CO2 hydrogenation and hydrogen production are among those 

receiving increasing attention. 

 

In the important field of power generation and pollution abatement, catalytic 

combustion has received increasing interest [6] as a result of stricter environmental 

legislation. During the past years, the challenge has been to prepare catalysts with such 
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physical and chemical properties as are able to withstand the rough conditions while 

maintaining high performance, stable operation and fulfilling the low emission targets. 

The level of complexity increases since for every different catalytic application, the 

corresponding catalyst should have its unique desirable properties. Some of the 

important characteristics that a catalyst should obtain are high dispersion with narrow 

particle size distribution, especially for those reactions for which the final product 

distribution varies with the catalyst particle size [7]. 

 

ME is also used as alternative to well-established catalyst preparation methods [8, 9], 

such as impregnation, ion exchange, anchoring, grafting and heterogenisation of 

complexes. One of the major advantages that the ME method offers is that it allows the 

preparation of metal-based catalysts that display a narrow particle size distribution [7]. 

Combustion catalysts prepared by ME [10] may be divided into two groups depending 

on the application: the low and high temperature catalysts. In the low temperature 

catalyst group, cerium oxide is the main catalyst that plays an important role, since it is 

the main component in the three-way catalysts (TWC) used in the automobile industry 

for pollution abatement. Hexaaluminates, especially barium hexaaluminate (BHA), are 

used as high temperature catalysts. Other catalysts prepared by ME are catalysts for 

methanol synthesis and hydrogen production (Pd nanoparticles supported on ZrO2, 

TiO2 or Al2O3), electrocatalysts (Pt or Pt-Ru nanoparticles deposited on carbon), 

catalysts for CO and CO2 hydrogenation (Rh / SiO2 or Rh / ZrO2), and photocatalysts 

(TiO2). Special attention, due to the environmental importance, has been given to the 

CO2 / H2 separation by a membrane reactor, where a porous composite membrane is 

impregnated by nanoparticles. The membrane selectively “filters out” the CO2 from 

the gas mixture achieving hydrogen production with high efficiency and purity. 

 

1.3 Scope of the work 

 

The objectives of this thesis are to describe the preparation of catalysts using the ME 

method, for the purpose of two different applications: Hydrogen production by a 

membrane reactor and SCO of NH3 in gasified biomass. Special attention was given to 
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the preparation conditions and characterisation of the catalysts, together with 

performance measurements and activity tests. 

 

The first application, hydrogen production by a membrane reactor is described in 

Paper I. Pd nanoparticles prepared by ME method were then deposited on zeolite 

composite membranes by three different techniques. Characterisation of both Pd 

nanoparticles and membranes after deposition was carried out. Studies of the 

permeation properties of the membranes for a single gas (N2) and binary mixtures 

(H2 / CO2) before and after Pd deposition were performed, monitoring the membranes’ 

hydrogen separation performance. 

 

In Paper II, SCO of NH3 over Ni catalysts supported on cerium-lanthanum oxides 

prepared by the ME method was studied, as a fuel-rich catalytic oxidation concept. 

Characterisation of the prepared catalysts was performed, followed by activity tests for 

the determination of per cent NH3 conversion to N2 and selectivity towards N2. 
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Chapter 2 

Microemulsion and the 

Applications to Membranes 

and Catalysts 
 

 

2.1 Definition, structure and nanoparticle synthesis 

 

MEs are thermodynamically stable dispersions of immiscible aqueous and 

hydrocarbon liquids that are stabilised in the presence of an interfacial film of 

surfactant molecules [11]. The role of the surfactant (and sometimes co-surfactant) is 

to decrease the oil / water interfacial tension. MEs are usually described as optically 

isotropic dispersions containing monodispersed spherical droplets of water-in-oil or 

oil-in-water, depending on the nature of the surfactants (hydrophobic or hydrophilic) 

and the composition of the ME. These spherical droplets have a size that varies 

between 50-800 Å in diameter [12]. MEs may be distinguished from macroemulsions 

on the basis of optical transparency, which is a direct function of the droplet size. 

Moreover, MEs are more complicated than other molecular dispersions and colloidal 

micellar systems. 

 

There are four different phases that a ME may exhibit, depending on the temperature, 

nature of surfactant and co-surfactant, oil phase and their relative concentrations [7]. 

The four phases, which may be represented in a ME’s ternary diagram, are 1) two 

phases, the ME is in equilibrium with the oil phase, 2) two phases, the ME is in 

equilibrium with the water phase, 3) three phases, the ME is in equilibrium with both 

the water and the oil phase and 4) a single phase, where oil, water and surfactant are 

homogeneously mixed. Once the ME is formed, depending on the concentration of the 

different components, the mixture will consist of two different micelle shapes: 1) 

spherical micelles (either water-in-oil or oil-in-water ME) and 2) rod-like micelles or 

bi-continuous phases [13, 14]. Figure 1 represents the phase diagram of the ME system 
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hexadecane-water-pentaethyleneglycoldodecylether (PEDGE) and the corresponding 

reverse micelles produced by adding a Pd2+-containing metal precursor [7]. 

 

 
 

Figure 1: Phase diagram at 25 °C of the ternary system hexadecane-water-PEDGE and 

the reverse micelles with Pd2+ ions in water (reproduced by permission from S. Rojas 

et al [7]) 

 

Reverse micelles are small aggregates (60-800 Å) formed by surfactant molecules that 

surround a well defined nanometer-sized water core [7]. This unique formation of the 

water droplets in a ME may be characterised as a small reactor used for the synthesis 

of nanoparticles. The reactants are confined within such dispersed droplets when 

water-soluble precursors are used. It has been shown that this structure is the most 

suitable for the preparation of fine inorganic colloidal particles, since the aggregates 

have very small size and are monodispersed. Additionally, the fact that most metal 

precursors are water-soluble enhances the particle synthesis procedure, which takes 

place inside the water core of the reverse micelles.  

 

Even though the MEs have been considered as being stable systems, it was 

demonstrated by Agrell and Li & Park [15, 16] that they are dynamic systems, where 
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the droplets collide continuously with each other, resulting sometimes in forming 

coalesced drops that tend to break up, since they lose their thermodynamic stability. 

As the particle formation takes place inside the droplet, the nature of the formed 

colloidal particles will be influenced by the droplet structure and its ability to 

exchange micellar-containing material [17]. Additionally, the size of the water droplets 

will determine the size of the catalyst nanoparticles. Generally, a low water to 

surfactant ratio (ω) is required to form reverse micelles, depending also on the type of 

the surfactant, i.e. number and length of hydrophilic chains. For given surfactants, ω 

will give aggregates of different size and shape (spherical micelles, rod-like micelles 

and others). The following table (Table 1) shows the influence of several parameters 

on the particle size of Pd particles prepared by ME. A comparison with the analogous 

particles prepared by impregnation is also given. 

 

Table 1: Influence of various parameters on Pd particle size 

 

Metal 

Precursor 

Particle 

size (nm) 
Surfactant Oil phase 

Reducing 

agent 

Preparation 

method 
Reference 

PdCl2 6-7 
NP-5 
Nonyl- 

phenol ethoxylate 
Cyclohexane Hydrazine ME 18 

PdCl2 12 - - - impregnation 18 

PdCl2 5 PEDGE Hexane Hydrazine ME 19 

PdCl2 5 
AOT 

Sodium di-2-

ethylsulfo succinate 
Isooctane Hydrazine ME 20 

Pd(NH3)4 5-8 AOT Isooctane Hydrazine ME 21 

 

For the purpose of this work, water-in-oil MEs were chosen for the preparation of the 

metal-based catalysts, since they have recognised as suitable systems for the 

preparation of nanoparticles. Synthesis of metal nanoparticles was first reported by 

Boutonnet et al in the early 1980’s [5]. The synthesis of the metal nanoparticles can be 

carried out in two different manners [7, 10]. The first manner includes the addition of a 
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reducing agent, such as hydrazine directly into the ME containing the metal precursor 

(Figure 2). The second manner involves the mixing of two reverse-micelle ME 

solutions, one containing the metal precursor and the other containing the reducing (or 

precipitating) agent (Figure 3).  

 

Surfactants and molecules in 
solvent

Addition of 
Pd(NH3)4Cl2 aq

Pd 2+

Addition of hydrazine -

Nucleation

Particle Growth

Pd 0

TEM picture of the Pd 
nanoparticles

20nm

Surfactants and molecules in 
solvent

Addition of 
Pd(NH3)4Cl2 aq

Pd 2+

Addition of hydrazine -

Nucleation

Particle Growth

Pd 0

TEM picture of the Pd 
nanoparticles

20nm

 
Figure 2: Synthesis of Pd nanoparticles in one ME with direct reduction by hydrazine, 

reproduced from S. Rojas et al [7]) 

 

ME 2:
Reducing agent (aqueous)
(e.g: Hydrazine, N2H4 )
Oil phase
Surfactant

ME 1:
Pd(NH3)4Cl2 (aqueous)
Oil phase
Surfactant

+

Pd 0

Pd 2+

(aq)
N2H4
(aq)

ME 2:
Reducing agent (aqueous)
(e.g: Hydrazine, N2H4 )
Oil phase
Surfactant

ME 1:
Pd(NH3)4Cl2 (aqueous)
Oil phase
Surfactant

+

Pd 0

Pd 2+

(aq)
N2H4
(aq)

ME 1:
Pd(NH3)4Cl2 (aqueous)
Oil phase
Surfactant

+

Pd 0

Pd 2+

(aq)
N2H4
(aq)

 
Figure 3: Synthesis of Pd nanoparticles using two ME systems 
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2.2 Advantages and challenges of microemulsions 

 

MEs offer a series of remarkable features for synthesis of catalyst particles that make 

this technique preferable over the traditional catalyst preparation methods, depending 

of course on the catalyst and its application. One of the most important advantages of 

MEs is that they can create nanoparticles with narrow particle size distribution and at 

the same time give the ability of controlling the particle size to great extent, thus 

allowing to design the catalyst based on the application. Another important feature is 

the synthesis of bimetallic catalyst nanoparticles at room temperature, with no effect of 

the support material on the formation of the particles. An example of a bimetallic 

catalyst is Ru-Cu supported on SiO2. According to Zhang et al [22], these catalysts 

displayed very interesting surface area characteristics such as narrow particle size 

distribution, 3-5 nm, higher surface area (408 m2/g) than the same catalyst prepared by 

impregnation (198 m2/g) and a narrow pore size distribution. Additionally, the 

possibilities of reducing the metal particles directly in the ME and using them as 

catalyst in suspension without further thermal treatment, make the ME a novel catalyst 

preparation technique. 

 

On the other hand, there are some challenges to be overcome so that ME can be 

established as a commercial route for catalyst synthesis. These are focused on the 

amount of catalysts produced from a single ME and on the recovery and recycling of 

the liquid phase 
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2.3 Applications in heterogeneous catalysis 

 

2.3.1 Hydrogen production by a membrane reactor 

 

2.3.1.1 Introduction to CO2 capture technologies 

Reducing the global carbon dioxide emissions and their impact on climate change and 

the environment is one of the greatest international challenges. Research is driven by 

strict environmental legislation to find possible solutions to meet the global emission 

targets [23]. Over the past decade, the prospect of climate change resulting from 

anthropogenic CO2 has become a matter of growing public concern. The action taken 

will be required not only to reduce the anthropogenic CO2 emissions, but more 

importantly to stabilise the overall CO2 concentration in the earth’s atmosphere.  

 

The largest point sources of CO2 are electricity generating plants (coal-fired and 

natural gas-fired), natural gas upgrading plants, oil refineries, iron / steel plants, and 

lime / cement plants. There are different approaches to controlling the atmospheric 

CO2 levels: improved energy efficiency, decarbonisation (pre-combustion and post-

combustion CO2 capture), sequestration and oxyfuel combustion technology [24, 25]. 

The capture of carbon dioxide is expensive, which may hinder a more extensive use of 

the technology. The use of carbon dioxide capture systems also requires an extra 

amount of energy, which will reduce the overall efficiency in the plant [26]. 

 

An example of a decarbonisation approach is to improve the energy efficiency both on 

the supply and the demand side, and also to increase the use of non-fossil energy 

resources. Pre-combustion decarbonisation technology is based on well-known 

technologies that are currently used in commercial operations such as hydrogen, 

ammonia and syngas production. The technology comprises two main steps: 

reforming / conversion of fossil fuel to syngas (a mixture containing hydrogen, CO, 

and CO2), and separation of CO2 and hydrogen to produce a hydrogen-rich stream. 

Post-combustion CO2 capture includes a number of different technologies for 

capturing of carbon dioxide from flue gases, but most of them are all still under 
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development [25, 26]. These technologies comprise absorption systems (chemical, 

physical or hybrid), cryogenic processes (low temperature) and membranes. 

Sequestration of CO2, including capturing and storage, offers a new set of options for 

reducing greenhouse gas emissions that complement the current strategies. 

 

Oxyfuel combustion is burning fuel in oxygen so that the flue gas consists mainly of 

CO2 and water. The main technical issue is the separation of oxygen from air and 

managing the high temperatures and heat loads found in oxygen combustion processes. 

This can be achieved by different solutions, such as ceramic membrane oxygen 

production, chemical-looping combustion or advanced high efficiency gas turbine 

cycles with water injection [25]. 

 

2.3.1.2 Membrane technology 

Membranes are widely used for gas separation processes, especially for post-

combustion CO2 capture and oxyfuel combustion. Depending on the application, 

hydrogen or CO2 separation from the flue gases is achieved with high separation 

efficiency. However, further development is necessary for large-scale industrial 

applications. The main disadvantage is that the membranes are still too expensive to be 

considered an attractive option [26]. Two different types of membranes exist, gas 

separation membranes and gas absorption membranes [27].  

 

Gas separation membranes rely on the difference in chemical or physical interaction 

between the components present in the gas mixture and the membrane material. This 

difference causes one of the components to permeate faster through the membrane 

than the other (Figure 4). Gas absorption membranes are used as contacting devices 

between a gas flow and a liquid flow. The absorption liquid on one side of the 

membrane causes the separation by selectively removing certain components from the 

gas stream on the other side of the membrane (Figure 4). 
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Figure 4: Principles of gas separation and gas absorption utilising membranes 

(reproduced from P. Riemer et al [27]) 

 

The performance (selectivity and permeance of a single gas or binary gas mixtures) of 

these membranes is directly related to the material of construction. Ceramic composite 

membranes with micro-porous support structure (mainly alumina) covered by a thin 

intercrytalline layer consisting of mainly of silica, zeolite, and palladium alloy are 

widely used. They are fabricated in two different orientations: flat-plate and tubular. 

Depending on the application, the membranes can be impregnated with nanoparticles 

in order to plug the intercrystalline pores of the membrane and make the membrane 

selective towards a specific gas. This is a really innovative and pioneering application 

since it brings together nanotechnology and membrane technology under a single 

project scope. 

 

2.3.1.3 Membrane impregnation by Pd nanoparticles 

Zeolite composite membranes are used for impregnation of Pd nanoparticles. An 

accurate control of the Pd particle size is a very important factor in order to plug, 

selectively, the inter-crystalline pores (defects) of the zeolite composite membranes 

while maintaining the zeolite channels free (Figure 5). A structure in which the 

selective zeolite pores are preserved and the non-selective voids are blocked by Pd 

nanoparticles would certainly be attractive for H2 permeation and evaluation of the 

membranes regarding the selectivity and permeance of a single gas (N2) and binary 

mixtures (H2 / CO2). For this application, Pd nanoparticles were synthesised through a 

ME system. Particluarly, a Pd salt was dissolved in water and added to an oil and 
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surfactant mixture. After vigorous stirring, a ME is obtained. For the scope of this 

work, reduction of the Pd particles was performed directly by the addition of hydrazine 

under stirring. 

 

 
 

Figure 5: The intercrystalline pores on the surface of a zeolite composite membrane 

 

2.3.1.4 Synthesis of Pd nanoparticles by the microemulsion method 

The effect of the metal precursor has been studied by using two different sets of Pd 

salts. The two metal precursors used were: 1) PdCl2 (Palladium II chloride, 99.9+ %, 

Aldrich) which is only water soluble at acidic pH values and 2) Pd(NH3)4Cl2·H2O 

(Tetraaminepalladium II chloride, 99.9 %, Alfa Aesar). Additionally, the effect of the 

different oil phases and surfactants has also been investigated. The surfactants and oils 

used were:  

 

• Surfactants: Nonionic: Berol 050 (Alcoholethoxylate, Akzo Nobel), Berol 020 

(Nonylphenol ethoxylate, Akzo Nobel), Tween® 65 (Polyoxyethylenesorbitan 

tristearate, Sigma-Aldrich). Ionic surfactant: CTAB (Cetyl trimethyl ammonium 

bromide, Aldrich) in combination with co-surfactant 1-butanol (99.9 %, Aldrich). 
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• Oil: Isooctane (2,2,4-Trimethylpentane, HPLC 99.7+ %, Alfa Aesar), Cyclohexane 

(99.5+ %, Aldrich). 

 

The nanoparticle synthesis was carried out with direct reduction of the Pd salt (Section 

2.1, Figure 3). Hydrazine was added drop-wise to the MEs until complete reduction of 

the Pd salt was achieved. The variation of the above-mentioned constituents resulted in 

the preparation of a number of ME systems with different Pd particle size 

distributions. The Pd particle properties of some selected ME systems were analysed 

by transmission electron microscopy (TEM). 

 

The best conditions for the preparation of Pd nanoparticles for the present purpose are 

established as shown in Table 2 and in the corresponding TEM image in Picture 1. 

These conditions result in formation of Pd nanoparticles with an average size in the 

range of 5-7 nm, which is considered to be satisfactory for the purpose of membrane 

impregnation.  

 

Table 2: Best ME conditions for synthesis of Pd nanoparticles 

 

Phase Constituent wt.%

Metal precursor Pd(NH3)4Cl2.6H2O 0.1 

Oil Isooctane 74.8 

Surfactant Berol 050 20.0 

Water Distilled Water 4.9 

Reducing agent Hydrazine 0.1 
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Picture 1: TEM image (x 250000) of the Pd nanoparticles synthesised according to the 

best conditions. The size of the Pd nanoparticles is estimated to be between 5 and 7 nm 
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2.3.2 SCO of NH3 in gasified biomass 

 

2.3.2.1 Introduction 

There is an increasing interest in utilisation of renewable sources of energy for power 

production. Gasified biomass is considered to be a promising fuel for gas turbines. The 

gasified biomass usually contains considerable amounts of unwanted nitrogen-

containing compounds, predominantly ammonia, which during the combustion process 

in a gas turbine cycle may be converted into nitrogen oxides (fuel-NOx formation) 

affecting health and environment negatively [6, 28]. The challenge is focused on the 

technology applied to the catalytic combustion in order to minimize the formation of 

the harmful nitrogen oxides. This technology comprises the SCO of ammonia into 

nitrogen prior feeding to the gas turbine [29]. During the past years, several catalysts 

have been developed and tested for their activity in the SCO reaction at mainly low 

temperatures (<500 °C) [28, 30]. The challenge becomes even stronger since the 

catalyst has to be sufficiently active and stable at temperatures as high as 800 °C. 

Alumina (Al2O3)-supported catalysts containing transition metals such as Ni, Cu, Cr 

and Mn were reported to have very high activity, at temperatures as high as 

800 °C [29]. Further studies [31] have shown that the presence of small amounts of 

oxygen may improve the NH3 conversion when alumina is used as support material. 

 

2.3.2.2 Metal oxides by microemulsion 

Oxides are considered to be suitable catalysts for redox and acid-base reactions since 

they promote exchange of electron, protons or oxide ions [32]. Metal oxides (transition 

metals) are mainly used for redox catalysts and as precursors for preparation of 

different active phases. The use of nanomaterials in the field of catalysis is of great 

interest since when the particle size reaches the submicron range, then several 

properties of the material change significantly. Improved mechanical strength and high 

thermal stability, as well as large surface to volume ratio may be achieved. The 

technique followed for the preparation of the nanoparticle catalysts is a key issue in the 

process. Some of the preparation techniques commonly used are co-precipitation, the 

sol-gel method [33], laser pyrolysis and plasma techniques. 

 16



 

 

Cerium oxide (CeO2) has shown great ability to undergo rapid reduction / oxidation 

cycles and results in a higher conversion efficiency and resistance to thermal ageing.  

For this reason, CeO2 is used nowadays in the automotive industry in the TWC due to 

its high oxygen storage capacity (OSC) [34]. In the past, ultra-fine CeO2 particles have 

been synthesised in a reverse ME system by Martínez-Arias et al [35]. According to 

this work, by changing the concentration of the reactants, cerium nitrate from one ME 

system and ammonium hydroxide from the other ME system, the size of the particles 

produced after the mixing and reaction of the two MEs was in the range of 5 nm and 

could be easily controlled. The catalytic activity of CeO2 has also been tested several 

times for different applications. Carbon monoxide oxidation was for example tested by 

Martínez-Arias’ group, and it can be summarised that catalysts prepared by the ME 

method had a higher activity for CO oxidation than other catalysts prepared by other 

conventional methods. 

 

The influence of another metal on CeO2, known as doped cerium oxide, has also been 

investigated for different catalytic applications. The preparation procedure is important 

since it affects the surface area, homogeneity and phase formation of the material [36]. 

Cerium-zirconium oxide has been synthesised with the composition CexZr1-xO2, with x 

close to 0.5 [37]. It was demonstrated that this bimetallic oxide formed extremely 

small particles and the material exhibited a higher surface redox activity than both of 

the singe oxides (CeO2 and ZrO2) prepared by the same method. Additionally, it was 

observed that a high surface area was obtained, which promotes the dispersion of the 

active material. 

 

Another study of methane oxidation over doped cerium oxide materials [38] shows 

that when cerium oxide is doped with lanthanum, the catalytic activity is much higher 

in the entire temperature range investigated compared to Zr-doped material. The 

ignition temperature of the cerium-lanthanum oxide was much lower (750 °C) that the 

ignition temperature of cerium-zirconium oxide (840 °C). Furthermore, complete 

conversion could be obtained for the La-doped catalyst at approximately 850 °C. 
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Based on these catalytic activity results, Ce-La oxide was selected as the support 

material for the study of the SCO of ammonia in gasified biomass (Paper II). 

 

2.3.2.3 Ni supported on cerium-lanthanum oxide catalysts from microemulsion 

The catalyst decided to be tested for the SCO of ammonia was Ni supported on 

cerium-lanthanum oxide (CexLa1-xO2). In the first stage of the catalyst preparation, the 

Ce0.9La0.1O2 support was synthesised by co-precipitation in ME. The particle synthesis 

was carried out with two MEs, as described in Section 2.1, Figure 3. One ME system 

contained the Ce and La nitrates (dissolved in water) and the other contained the 

precipitating agent, which was aqueous ammonia. When the two MEs are mixed 

(drop-wise), Ce and La salts precipitate in the form of the corresponding metal oxide 

(Ce0.9La0.1O2). The ME system used for this work comprises CTAB / 1-butanol as 

surfactant / co-surfactant and isooctane as oil, with the following composition (wt.%): 

CTAB / 1-butanol – Isooctane – Water: 14.5 / 12 – 52.9 – 20.6 [39]. All chemicals 

were provided by Sigma-Aldrich. The reaction time (ageing) was set at 24 hours, 

followed by particle recovery and calcination. Finally, 5 and 10 atomic per cent (at.%) 

Ni was added onto the support material by the incipient wetness impregnation 

technique (IW). 

 

Ni0.05Ce0.86La0.09O2 and Ni0.1Ce0.82La0.08O2 were also synthesised by co-precipitation of 

the corresponding nitrates in the same ME system used for the preparation of the 

support material. Figure 6 explains schematically this catalyst synthesis from ME. The 

nitrates (Ni, Ce and La) were dissolved in water contained in ME 1, and the 

precipitating agent (aqueous ammonia) in ME 2. ME 1 was then added drop-wise to 

ME 2 and the reaction started to occur (co-precipitation of Ni, Ce and La salts in the 

form of oxide). 
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Figure 6: Catalyst synthesis by co-precipitation in ME (figure reproduced from E. Elm 

Svensson [40]) 

 19



 

 

Chapter 3 
Hydrogen Production by 

Membrane Reactor (Paper I) 
 

 

3.1 Introduction 

 

This work was carried out within the scope of the CO2 Capture Project - An Integrated, 

Collaborative Technology Development Project for Next Generation CO2 Separation, 

Capture and Geologic Sequestration (Acronym: GRACE), coordinated by BP 

Exploration Operating Company Ltd, under the EU FP5 Programme. The research at 

KTH was focused on three main areas: 1) preparation of nano-sized Pd particles using 

a suitable technology, 2) development of an efficient technique to impregnate the Pd 

particles on the membranes provided by the different partners and, finally, 3) 

evaluation of membranes regarding the selectivity and permeance of a single gas (N2) 

and binary-gas mixtures (H2 / CO2). 

 

During the first period of research, the preparation of Pd nanoparticles dominated, 

since it was very important to prepare Pd nanoparticles with such physical and 

chemical properties as are able to be absorbed on the membrane surface and to some 

extend block the membrane pores, in order to make the membrane selective towards 

single gas molecules. The Pd-nanoparticle preparation was carried out using the ME 

technique, which was preferably used due to the fact that it allows the preparation of 

metal particles with a narrow size distribution. The effect of the metal precursor on the 

size of the formed Pd particles was studied by using two different sets of Pd salts. 

Additionally, the effect of the different oil phases and surfactants was also 

investigated. 

 

The next step was to develop an effective technique in order to impregnate with Pd 

nanoparticles the zeolite membranes provided by the project partner University of 
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Saragossa (UNIZAR). The deposition was carried out using three different rig set-ups 

in order to investigate and compare the Pd deposition mechanism and the effect of the 

impregnation method on membrane permeance, Knudsen contribution and selectivity 

values (membrane performance indicators): 

• Method 1: Non-continuous vacuum impregnation in a steel module. 

• Method 2: Continuous vacuum impregnation in glass reactors. 

• Method 3: High pressure / vacuum impregnation in a steel module. 

 

Another important factor for the membrane preparation is the successful elimination 

from the membrane surface of the surfactant and other organics (oil and / or co-

surfactant) contained in the ME solution. High temperature calcination at high heating 

rate can probably result in formation of cracks on the membrane surface, destroying 

the intercrystalline pore structure and resulting in low performance.  

 

In order to monitor the above factors, membrane characterisation was performed at 

different stages, including scanning electron microscopy (SEM) with energy dispersive 

X-ray (EDX) analysis and thermo-gravimetric analysis (TGA). SEM / EDX analysis 

was carried out to investigate how the three impregnation methods and the elimination 

of the organics from the membrane surface during calcination affect the quality of the 

surface, as this might be directly related to the permeance and selectivity values of the 

membrane. Moreover, TGA was carried out in order to determine the optimal 

calcination conditions such as temperature, duration and atmospheric composition, 

required for the successful elimination of the surfactant and oil phase from the surface 

of the membranes. 

 

3.2 Zeolite composite membranes and Pd-nanoparticle deposition 

 

Zeolites are microporous crystalline materials with a uniform pore size at the 

molecular scale. This characteristic affords strong molecule–membrane interaction and 

makes them excellent candidates for separation applications based on molecular sizes. 

Zeolite-supported membranes have been extensively developed over the last two 

 21



 

decades due to their potential applications as membrane separators, membrane reactors 

and selective sensors due to the intrinsic properties of zeolites and the advantages of a 

membrane-type configuration [41-44]. Ideally, zeolite membranes can sieve out 

molecules at high temperature, although permeation of molecules larger than the 

zeolitic pore size is sometimes observed due to the presence of nonselective inter-

crystalline defects. Therefore, a continuous defect-free zeolite layer is required for the 

optimal operation of the membrane separation system. This can be achieved by 

controlling the non-zeolitic pathway. However, differences in chemical nature, 

molecule size and shape, and adsorption / diffusion in the zeolite channels may also 

account for high separation selectivities between components of various mixtures such 

as hydrocarbon isomers, water / organics, etc. A series of zeolite composite 

membranes were manufactured and provided by the Foundation for Scientific and 

Industrial Research at the Norwegian Institute of Technology (SINTEF) and UNIZAR. 

 

The preparation of the Pd nanoparticles is described in section 2.3.1.4. The ME system 

used (Table 2) for the catalyst preparation resulted in the formation of Pd nanoparticles 

with a size range between 5 and 7 nm, according to TEM analysis. In order to 

overcome the problems that might arise from the presence of the surfactant (possible 

blocking of pores) the second Pd-particle source (suspension of Pd in ethanol) was 

used. The Pd suspension was obtained from destabilisation of a ME and re-dispersion 

of the Pd particles in ethanol using ultrasonic bath. 

 

3.3 Deposition of Pd nanoparticles into the membranes and experimental 

variables 

 

The deposition of the Pd nanoparticles into the membranes (Pd impregnation) was 

achieved by using the microporous zeolite membranes (provided initially by SINTEF 

and later by UNIZAR) as a filter of the selected Pd particle source. The microporous 

membranes provided by SINTEF were flat-type (ring), whereas those of UNIZAR 

were tubular-type, with the dimensions 7 mm inner diameter (10 mm outer diameter) 

and 8.5 cm length of which the available permeation length was 5 cm. Impregnations 
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were carried out on the SINTEF membranes, which were then sent to SINTEF for 

permeation tests [45].  

 

The main focus though was concentrated on the impregnation of Pd particles on 

membranes provided by UNIZAR. Microporous A-Type Zeolite (NaA) membranes 

were hydrothermally synthesized on the external surface of α-alumna symmetric tubes, 

with a nominal pore size of ~1900 nm. These supports, previously subjected to 

enameling at both ends defining a permeation length of approximately 5 cm, were 

externally seeded by rubbing with pure zeolite A crystals with a mean size of 1 μm. 

Additional to the A-type membranes, potassium-exchanged zeolite membranes were 

also supplied for impregnation and tests. Extensive description and information of all 

the membranes manufactured and used in this work may be found in Paper I. 

 

Pd particles were deposited onto the zeolite membranes directly either from 1) a ME 

solution or from 2) a suspension containing Pd particles de-stabilised / re-dispersed in 

ethanol. As mentioned in the introduction (3.1), the deposition was carried out using 

three different rig set-ups which are described in the following sections. For these Pd 

deposition methods, the experimental variables tested in order to determine how they 

affect the efficiency of the impregnation mechanism and the amount of Pd deposited 

on the membrane surface were: 

1. The use of Pd in ME or in suspension containing Pd (de-stabilized / re-dispersed in 

ethanol) as Pd particle source. 

2. Duration of impregnation: 4 / 12 / 48 hours (from short to long time). 

3. Temperature of impregnation (25 or 200 °C). 

 

3.4.1 Method 1 - Non-continuous vacuum impregnation in a steel module 

 

According to this technique, the membrane is securely placed into the steel module, 

which is connected to an oil pump to create the vacuum (2x10-3 mbar) required to 

drive the Pd particles into the module. The Pd-nanoparticle source used in this method 

was a suspension containing Pd particles de-stabilised / re-dispersed in ethanol. At the 
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two inlets of the steel module there are valves that allow the flow of the metal source 

solution. Once the system is stable with sufficient vacuum, the valves open (manually) 

and the Pd particles are fed into the steel module (Figure 7). The impregnation 

continues for some hours to ensure that a sufficient amount of Pd particles has been 

deposited on the membrane surface. After the impregnation, the membranes are 

washed thoroughly with ethanol and dried at 110 °C for twelve hours. 
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Figure 7: Non-continuous vacuum impregnation in a steel module 

 

3.4.2 Method 2 - Continuous vacuum impregnation in glass reactors 

 

According to this method, the membrane is submerged into ME solution in a glass 

module (Figure 8). Similarly, the membrane is connected by appropriate piping system 

with the vacuum pump that operates at the same conditions as described previously. A 

disadvantage with the configuration is the large risk of leakage of ME into the 

membrane, due to incompatibility of the membrane with the size of the Swagelok® 

pipe-fittings. 
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Figure 8: Continuous vacuum impregnation in glass reactors 

 

3.4.3 Method 3 - High pressure / vacuum impregnation in a steel module 

 

The ME is placed under pressure (up to 5 bar) in a pressure vessel, which is connected 

to the inlet of the steel module, where the membrane is securely placed. Similarly, 

vacuum is created in the steel module by a vacuum pump. Once the system is stable 

with high pressure on one side (ME in pressure vessel) and vacuum (inner area of 

membrane in the steel module), the on-off valve opens allowing the flow of the ME 

into the steel module, achieving Pd particle impregnation (Figure 9). 
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Figure 9: High pressure / vacuum impregnation in a steel module 
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A common disadvantage with the configurations using the steel module (Methods 1 

and 3) is the necessity of changing the membrane’s position inside the steel module 

due to preferential zone impregnation (Pd deposition takes place mainly on the part of 

membrane’s surface that contacts the inlet of the steel module). 

 

3.5 Flow tests of the impregnated membranes 

 

A rig was built up for the measurement of the membranes’ permeability; it is shown in 

Figure 10. The reactor is similar to the one used for the Pd deposition of the 

membranes. The flow tests were carried out at room temperature in order to determine 

the following permeation factors: 

1. Permeance of single gases: N2, H2, CO2 [mol m-2 s-1 Pa-1]. 

2. Knudsen contribution (%) to total permeation flux. 

3.  Selectivity (H2 / N2, H2 / CO2). 

 

The concept of diffusivity in a porous catalyst is widely used to assess the importance 

of diffusion limitations to chemical reactions. When the diameter of the pores is of the 

same order of magnitude as the mean free path of the molecules, the different kinds of 

molecules move independently of each other and diffusion is governed by the 

collisions of the molecules with the walls. Given the geometry of a material and the 

scattering laws of a gas hitting the walls of the pores the value of the Knudsen 

diffusion coefficient may be calculated. The Knudsen contribution (%) to the total 

permeation flux may be estimated, giving an overall idea of the type of permeation 

that takes place in the pores of the membrane. It is however usually much easier to 

calculate the Knudsen contribution (%) experimentally, assuming that only laminar 

and Knudsen permeation takes place. For the A-Type zeolite membranes, Knudsen 

contribution (%) decreases with increase of temperature, while N2 permeance 

increases almost linearly. 
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Figure 10: The test rig configuration 

 

According to the above configuration, the test gas is supplied by a gas cylinder and the 

flow rate and feed pressure are measured and controlled. The test gas enters the reactor 

where the membrane is located. The amount of gas that manages to pass through the 

membrane is monitored by controlling the exit flow rate and pressure. This procedure 

is repeated for all three single gases (N2, H2, and CO2) at different feed pressures 

levels: 1, 2 and 3 bar for N2 and H2 and 5, 10, 15 bar for CO2. Finally, permeance, 

Knudsen contribution and selectivity are calculated for each feed pressure for all the 

gases. 

 

3.6 Catalyst and membrane characterisation 

 

3.6.1 SEM / EDX analysis  

 

The first SEM / EDX analysis was carried out on 3 impregnated membranes. The 

membranes were of the same type and each one impregnated according to a different 

method (stated previously) and calcined according to the same heat treatment (heating 

rate of 1 °C / min and dwelling at 400 °C for 8 hours). The second SEM / EDX 
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analysis was carried out on the cross-section of a membrane that was impregnated with 

Pd nanoparticles according to method 3 (High pressure / vacuum impregnation in a 

steel module) and calcined according to TGA protocol 1 described below (“N2” 

environment). The purpose of this second analysis was to investigate how deep the Pd 

nanoparticles were deposited into the membrane’s zeolite coating. 

 

3.6.2 TG analysis 

 

In order to overcome the problems that might arise from the presence of an organic 

surfactant in the ME, which is susceptible to decomposition at elevated temperatures, a 

suitable procedure for surfactant removal which preserves the zeolite membrane 

quality has been investigated in this work. For that purpose, TG analysis carried out on 

Pd–MEs (dry sample) in order to establish the minimum temperature necessary for the 

organic removal.  

 

The studied experimental variables of the TGA have been the oxygen concentration in 

the gas stream (2 and 20 % with N2 as balance) and the final calcination temperature 

(from 250 to 350 °C). Three common protocols were established for the analysis, 

which are: 1) Protocol 1: “N2 environment”, which consists of 98 % N2 and 2 % O2; 

2) Protocol 3: “Air environment”, which consists of 20 % O2 and 80 % N2; and 

3) Protocol 2: “N2 to air environment” were the initial composition (2 % O2) changes 

to 20 % O2. All these protocols have the same calcination program, which comprises 

the heating of the sample with rate of 0.5 °C / min up to 350 °C, while dwelling for 2 

hours stepwise at 100, 150, 200 and 350 °C. For protocol 2, the change of the 

atmospheric conditions occurs at 200 °C. 

 

Finally, permeability tests were also carried out on membranes that had been calcined 

according to the three TGA protocols. The membranes were of the same type (same 

specifications by manufacturer) and were impregnated according to the same method 

(method 3). 
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3.7 Results and conclusions 

 

3.7.1 Effect of impregnation method on Pd deposition 

 

The following are the results and conclusions comparing the three impregnation 

methods regarding the Pd deposition: 

• Impregnation method 1 (at 25 °C, and de-stabilised / re-dispersed Pd in ethanol as 

metal source) results in a preferential zone impregnation. Change of the position of 

the membrane inside the membrane module was necessary to achieve more 

uniform Pd deposition. The non-uniformity of the Pd deposition might also be 

affected by the nature of the Pd particle feed. 

• Impregnation method 2 (at 25 °C, for 48 hours and ME as metal source) is the best 

method to get homogeneous membranes as there is no preferential impregnation 

(membrane is submerged into the ME in a glass module) and the Pd is deposited 

uniformly on the membrane’s surface. Main disadvantage is the leakage of ME in 

the system, as described above. 

• Impregnation method 3 seemed to be more effective so far (at 25 °C, for 72 hours 

and ME as metal source), as the Pd deposition appears to be uniform through the 

membrane even though change of the position of the membrane inside the steel 

module was sometimes necessary. High pressure and ME as metal particle feed are 

two imperative conditions for high quality deposition. 

 

The following are the conclusions regarding the effect of the experimental variables on 

impregnation: 

• The use of ME as the metal source results in a better Pd deposition, regarding 

uniformity and amount of Pd particles, than obtained from the suspension 

containing Pd particles de-stabilised / re-dispersed in ethanol. 

• The duration of the impregnation slightly affects the amount of Pd particles 

deposited on the membrane. It could be seen that the longer the impregnation 

period, the more the Pd deposited onto the membranes. It is important also to 

mention that after a certain duration of the impregnation, the membrane became 
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saturated by Pd deposition. That was easy to observe for method 2 (glass reactor 

allows measuring the amount of ME used). 

• The use of elevated temperature (high temperature impregnation – 200 °C) affects 

the Pd deposition insignificantly. 

 

3.7.2 Estimation of amount of Pd particles and improvement of impregnation method 3 

 

The amount of Pd particles deposited into the membranes was estimated. The 

estimation was based on measuring the weight of the membrane before-after 

impregnation and after calcination. The membrane was impregnated according to 

method 3 (High pressure / vacuum impregnation in a steel reactor) for 72 hours at 5 

bar and at 15 °C. Based on these results, an improvement of the current impregnation 

method (3) was attempted (Alternative method 3). According to alternative method 3, 

the position of the membrane inside the reactor was changed every 24 hours (total 

duration of impregnation is 72 hours) while at the same time the pressure was 

increased from 3 to 6 bars. Table 3 summarises the variations of the membrane’s 

weight at different treatment stages (before-after impregnation and after calcination) 

for both methods. 

 

Table 3: Weight variations of a membrane before and after Pd impregnation according 

to method 3 and alternative method 3 

 

Weight (g) 
Phase 

Method 3 Alt. Method 3 

Before impregnation 10.0975 9.8929 

After impregnation 10.2928 10.3466 

After calcination 10.1251 10.2416 

Pd particle deposition 0.0276 0.3487 
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3.7.3 Permeation tests 

 

Table 4 summarises the permeation properties before and after Pd impregnation from 

ME and after calcination. The membranes used are sodium-exchanged (NaA) and 

potassium-exchanged (KA) zeolite membranes. The calcination (surfactant removal) 

was carried out at 250 °C for 12 hours in air with heating rate of 1 °C / min. 

 

From the results however, for almost all the samples compiled, a notable reduction in 

single N2 permeance after Pd impregnation was found, more noticeable when Pd 

nanoparticles from ME had been deposited (i.e. complete blocking of the membrane to 

gas permeation for membranes NaA3 and NaA4, respectively). This effect agrees with 

a progressive reduction of the inter-crystalline defects and non-selective pathways for 

gas diffusion by Pd clusters and / or surfactant agent. 

 

Changing the calcination conditions, such as temperature, duration and heating rate, 

permeance and selectivity values appear to be influenced. Additional permeation tests 

were carried out on membranes that were calcined at 400 °C with air, for 8 hours at a 

heating rate of 0.5 °C / min, and compared to results obtained after calcination at 

250 °C for 12 hours with a heating rate of 1 °C / min.  
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Table 4: Permeation properties for sodium-exchanged (NaA) and potassium-

exchanged (KA) zeolite membranes before and after Pd impregnation 

 

Permeance [mole.m-2s-1Pa-1] 

Membrane 

Pd 

Impregnation 

Method 

After 

zeolite 

synthesis 

After Pd 

impregnation

After 

calcination 

H2 / CO2 

selectivity 

(after 

calcination) 

NaA1 3 6.7x10-8 2.8x10-9 7.6x10-8 7.5 

NaA2 3 1.3x10-7 6.2x10-9 3.8x10-7 7 

NaA3 2 4.7x10-9 Gas tight 8.9x10-8 8 

NaA4 3 1.7x10-8 Gas tight 7.3x10-8 7 

NaA5 2 6.5x10-8 9.5x10-10 1.3x10-7 5.5 

KA1 2 3.2x10-7 2.6x10-9 5.5x10-7 10.5 

KA2 1 7.2x10-7 1.7x10-8 1.3x10-6 4 

KA3 2 8.7x10-7 2.2x10-7 8.1x10-7 5 

KA4 3 9.9x10-7 2.6x10-7 8.1x10-7 5 

KA5 3 4.4x10-7 2.1x10-7 8.8x10-7 4 

 

Tables 5A and 5B summarise the N2 permeances evaluated at room temperature after 

Pd deposition by the three different methods using 250 °C / 8 hours (Table 5A) or 

400 °C / 12 hours (Table 5B) as calcination conditions. It is worth emphasising that 

method  3, proportions better permeation results in terms of effective pore blockage by 

Pd (N2 fluxes 6.7 times lower for method 3 vs. 4.6 times for method 1 after surfactant 

removal). Hence, method 3 can be considered as the most effective deposition method 

among the tested. It can also be observed that when 400 °C is used as final calcination 

temperature, permeation increases due to thermal cracks formation. This fact 

concludes that there is a direct relationship between the calcination conditions and the 

performance of the membrane. 
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Table 5A: Permeation results after calcination in air at 250 °C for 12 hours at a heating 

rate of 0.5 °C / min 

 

Permeance [mole m-2 s-1 Pa-1] 
After impregnation and 

calcination Sample 

(membrane 

type) 

Results 

for N2
After 

zeolite 

synthesis 

After 

impregnation

After 

calcination

Knudsen 

contribution 

[%] 

Selectivity 

H2 / N2

KA Method 1 7.3x10-7 1.7x10-8 1.6x10-7 77.4 3.1 

KA Method 2 8.7x10-7 2.2x10-7 1.6x10-7 92.9 2.2 

NaA Method 3 6.7x10-8 2.8x10-9 1.0x10-8 89.8 4.1 

 

Table 5B: Permeation results after calcination in air at 400 °C for 8 hours at a heating 
rate of 0.5 °C / min 

 

Permeance [mole m-2 s-1 Pa-1] 
After impregnation and 

calcination Sample 

(membrane 

type) 

Results 

for N2 After zeolite 

synthesis 

After impregnation 

and calcination 

Knudsen 

contribution 

[%] 

Selectivity 

H2 / N2

KA Method 1 2.0x10-6 5.3x10-7 61.3 3.5 

KA Method 2 2.0x10-6 3.2x10-7 80 4.8 

NaA Method 3 3.4x10-7 8.9x10-7 77.4 5.2 

 

3.7.4 SEM / EDX results on membrane surfaces 

 

The SEM / EDX analysis and pictures show important conclusions regarding the 

nature of the impregnation techniques and the relationship between calcinations 

procedures and selectivity values of the membranes. These conclusions are 

summarized below: 
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• Impregnation methods 2 and 3 result in a better (more uniform) Pd deposition over 

the membrane surface than method 1. 

• The manner of calcination is an important factor for membrane performance, since 

the performance is directly related to the porosity created by the evaporation of 

surfactant. Two causes of creating thick cracks and gaps on the membrane's 

surface, reducing the performance are: 1) High rate of surfactant evaporation 

and / or 2) High temperature calcination. 

 

2. (x 2000) 3. (x 2000) 

4. (x 2000) 

 

5. EDX 

 

 

Pictures 2, 3, 4 and 5: SEM image 

 

Picture 2 of membrane prepared by method 1 (Non-continuous vacuum impregnation 

in a steel module) show low percentage and non-uniform Pd deposition (preferential 
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zone coverage) with mainly agglomerated particles (5-30 µm). The porosity on the 

membrane surface seems to be high in forms of gaps and thick cracks, due to possible 

high rate surfactant evaporation or high temperature calcination. 

 

Picture 3 of membrane prepared by method 2 (Continuous vacuum impregnation in 

glass reactors) show high percentage and uniform Pd coverage (all over membrane’s 

surface) mainly in the form of flakes. Agglomerated Pd particles can also be seen to a 

small extent (5-15 µm). The porosity seems to be less in the form of mainly thin 

cracks, probably indicating surfactant still remaining. 

 

Picture 4 of membrane prepared by method 3 (High pressure / vacuum impregnation in 

a steel module) show high percentage and uniform Pd deposition mainly in the form of 

flakes and agglomerated particles to some extent. The porosity seems to be the same as 

for method 2 (thin cracks). Picture 5 is an EDX Pd mapping on the same area as in 

picture 4 showing the uniformity of Pd distribution (white dots). 

 

3.7.5 TGA results 

 

Figure 11 is a comparison between protocols 1 and 3. Some important observations 

that can be drawn from this comparison are: 

• Protocol 1 results in a higher weight loss (32 %). 

• Both protocols follow similar weight loss behaviour up to 200 °C. 

• Weight increase during protocol 1 is higher (4 %) but takes place at more elevated 

temperature (300 °C) than procedure 3 (2 %, 200 °C). 
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Figure 11: TGA analysis for protocols 1 and 3 (2 % and 20 % O2 respectively) 

 

Figure 12 shows the weight loss of the sample according to protocol 2. The important 

observations from protocol 2 are: 

• The weight loss is higher than for the other two protocols (75 %, 300 °C). 

• More uniform weight loss rate (from 25 to 150 °C), almost no weight loss between 

150 and 200 °C. 

• Rapid weight loss at 220 °C, probably due to the new calcination environment 

(air). 

• Largest weight increase (6 %) at 250 °C. 

 

 
Figure 12: TGA analysis for protocol 2 (change of environment from N2 to air) 
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3.7.6 Permeation tests on membranes calcined according to TGA protocols 

 

Permeation tests were carried out on membranes of the same type (NaA zeolite) that 

were calcined according to the three TGA protocols. All membranes had N2 

permeance of 3.4x10-7 and 8.9x10-7 mole m-2 s-1 Pa-1 (after zeolite synthesis and after 

Pd impregnation and calcination, respectively). From the results obtained (Table 6) it 

can be concluded that calcination protocol 1 (N2 environment) is the most appropriate 

for preparing the membrane in such way that it has the best possible performance 

regarding mainly the selectivity factors of H2 / N2 and H2 / CO2. It can also be pointed 

from the results that procedures with air or even changing from N2 to air are not so 

favourable, as they affect the performance of the membrane, probably by the formation 

of PdO on the surface of the membrane. 

 

Table 6: Results of permeation tests on membranes calcined according to the three 

TGA calcination protocols 

 

Membrane 

performance 

Protocol 1 

”N2” 

Protocol 2 

”N2  Air” 

Protocol 3 

”Air” 

Selectivity H2 / N2 8.7 5.71 5.04 

Knudsen contribution 

[%] 
80.0 67.7 50.83 

Permeance N2

[mole m-2 s-1 Pa-1] 
1.53x10-6 9.66x10-7 7.81x10-7

CO2 flow rate at 5 bar 

[ml / min] 
0.41 110 82 

Selectivity H2 / CO2 3943 9.27 10.06 

 

3.7.7 SEM / EDX results on membrane’s cross section 

 

The second SEM / EDX analysis shows the presence of Pd nanoparticles at a depth of 

range of 1-10 µm, which is approximately half-way through the porous coating 
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(20 µm) of the membrane. The average size of these Pd nanoparticles is 10-15 nm. 

Low percentage and non-uniform Pd deposition (preferential zone coverage) with 

mainly some agglomerated particles (10-15 nm) was also observed. 

 

7. (x 5000) 8. (x 2500) 

Pictures 7 and 8: SEM / EDX images from a cross section of a Pd composite zeolite 

membrane 

 

An extensive SEM / EDX study with in-situ IRIS technique on the membrane’s cross 

section gives an overall profile of the depth of Pd deposition. The study was carried 

out by UNIZAR and is described in Paper I. In to this study, the % Pd (atom.) is 

plotted against the distance to the external surface for a specific cross section of a 

membrane, giving a Pd deposition profile. It was found for a membrane impregnated 

according to method 3 that Pd deposition was confined within the zeolite layer, to a 

depth of around 10 μm. The Pd loadings varied from 98 to 25 % (of the total Pd 

present in that area of the membrane’s surface under investigation) with the distance 

from the external surface, indicating that Pd is preferentially deposited on the outer 

surface, probably where the intercrystalline pore concentration is higher. 
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Chapter 4 

Selective Catalytic 

Oxidation of Ammonia in 

Gasified Biomass (Paper II 

and Abstract I) 
 

 

4.1 Introduction and catalyst preparation 

 

In Paper II the research is focused on the technology applied to the preparation method 

of catalysts for the selective catalytic oxidation (SCO) of ammonia in gasified 

biomass. The work was carried out within the scope of the CATHLEAN project 

(Catalytic Hybrid Lean Premixed Burner for Gas Turbines), coordinated by Alstom 

Power Technology (Switzerland) under the EU FP5 Programme. The aim of this work 

is to prepare and determine the catalytic activity of Ni supported on ceria-lanthanum 

oxide catalysts for the SCO of ammonia. An indirect parameter that is monitored is the 

formation of NOx during the activity tests and the effect of the catalyst and its 

preparation method on decreasing the NOx emissions. 

 

The two techniques used for the preparation of the support material (Ce0.9La0.1O2) 

were the conventional (co-precipitation with ammonia) and the water-in-oil ME 

method. Furthermore, Ni was added on the support by IW (5 and 10 at.%). In order to 

compare the catalysts sufficiently regarding the effect of the amount of Ni added, Ni 

was also introduced during the initial support preparation, producing catalysts with a 

Ni atomic number of 0.05 and 0.1 so that they then could be directly compared to the 5 

and 10 at.% catalysts prepared by IW. 

 

The following table (Table 7) shows the catalysts prepared and compared within the 

scope of this work. All the catalysts were characterised by BET surface area analysis 
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(Brunauer-Emmett-Teller method) and X-Ray diffraction (XRD) analysis for 

determining the morphology and crystallinity. 

 

Table 7: The catalysts prepared for the SCO of ammonia 

 

Preparation method 
Catalysts 

Conventional ME 

Ce0.9La0.1O2 Co-precipitation Co-precipitation 

5 % Ni / Ce0.9La0.1O2 IW of Ni IW of Ni 

10 % Ni / Ce0.9La0.1O2 IW of Ni IW of Ni 

Ni0.05Ce0.86La0.09O2 Co-precipitation Co-precipitation 

Ni0.1Ce0.82La0.08O2 Co-precipitation Co-precipitation 

 

4.2 Monolith coating 

 

A catalyst used in catalytic combustion consists of three components: the support, the 

washcoat and the active components. While the support increases the mechanical 

strength and stability of the catalyst, the surface area is increased by the washcoat 

which carries the active components that enable the heterogeneous combustion 

reaction. A combustion catalyst is represented in Figure 13. 

 

Monolith Washcoat on 
monolith walls

Active components 
on the washcoat

Monolith Washcoat on 
monolith walls

Active components 
on the washcoat  

 

Figure 13: Illustration of a honeycomb monolith reproduced from Thevenin et al [46]. 
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A monolith is used as support material, since it allows a very small pressure drop over 

the catalyst. The monolith is designed and manufactured with small parallel channels 

that carry the catalyst so that the gases can pass through them. The monolith may be 

fabricated from ceramic materials, such as cordierite or metallic materials, for example 

Fecralloy steel. 

 

The monolith material itself has a low surface area, which is unsuitable for direct use 

in the combustion chamber. For that reason, the washcoat is supplied on the monolith 

walls, since it has high surface area. Furthermore, the washcoat acts as support to the 

active components by dispersing them and increasing their exposure to the reactants. 

One of the most common washcoat materials with high surface area is alumina 

(Al2O3). The active components are often precious metals such as Pd, Pt and Au. 

 

As mentioned above, this work was focused on metal oxides, particularly cerium-

lanthanum oxide. Once the catalysts were prepared, cordierite monoliths (400 cpsi) 

with dimensions of 10 mm thickness and 16 mm diameter were coated with 20 wt.% 

of catalytic material and then calcined in air at 800 °C for 4 hours. 

 

4.3 Laboratory set-up and activity tests 

 

The catalytic activity was determined using simulated gasified biomass [47] over 

cordierite monoliths in the presence of oxygen (fuel-rich conditions) and water. The 

simulated gasified biomass consists of H2, CO, CO2, CH4 and NH3. Air is supplied to 

provide the necessary amount of O2. It is important to mention that nitrogen was used 

as an inert gas carrier to the reactor. The initial NH3 concentration in the fuel gas was 

approximately 400 ppm for both the conventional and ME-prepared catalysts. An 

evaporator was used to evaporate the water before mixing with the other gases. 

 

Determination of catalytic activity was performed by activity tests in a tubular quartz 

glass reactor, where the coated monoliths were placed. Figure 14A shows the quartz 
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glass reactor. The reactor is then placed into an electric furnace where two 

thermocouples are placed on either side of the catalyst measuring the inlet and outlet 

catalyst temperature. 

 

4.3.1 Testing conditions 

 

The activity tests were carried out at fuel-rich conditions (λ=0.25) at 750 °C with a gas 

hourly space velocity (GHSV) of 100000 h-1, based on the monolith’s solid void. Two 

ramping cycles were performed in every test, where the first was used to introduce and 

stabilise the catalyst at the testing conditions and the second was used as the test result. 

During the second ramping cycle, the temperature was increased 100 °C stepwise, 

dwelling for 30 minutes. Figure 14B schematically shows the activity tests rig. 
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Figures 14A and 14B: The quartz reactor and the activity test rig 
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4.4 Results and discussion 

 

4.4.1 Catalyst characterisation 

 

It can be summarised that the preparation method did not substantially affect the 

catalyst properties. Particularly, catalysts synthesised by both conventional and ME 

co-precipitation (Ni0.1Ce0.82La0.08O2 and Ni0.1Ce0.82La0.08O2) have larger surface area 

than those prepared by IW (5 and 10 % Ni / Ce0.9La0.1O2). In the case of IW 

impregnation, BET analysis indicated that the total pore volume decreases whereas the 

average pore diameter increases slightly for both the conventional and ME-prepared 

catalysts, comparing respectively to the support material. 

 

XRD analysis showed almost identical morphology for all materials. The main phase 

present on all catalysts was cerianite (CeO2) except for on those prepared by IW of Ni 

on the ME-prepared catalysts, where NiO was also detected. 

 

4.4.2 Activity tests 

 

The following table (Table 8) summarises the results obtained from the activity tests at 

750 °C for the conventional catalysts. It can be seen that IW of Ni resulted in much 

higher ammonia conversion than Ni co-precipitation, whereas N2 selectivity was 

unaffected by the preparation method, staying at a very high level (99 %). The best 

ammonia conversion, 92 %, was observed for the 10 % Ni / Ce0.9La0.1O2 catalyst. It 

can also be seen that the more Ni present, the more active the material. 

 

 43



 

Table 8: Activity test results at 750°C for the conventional catalysts 

 

Activity Tests Results at 750 °C Catalysts 

(Conventional) NH3 conv. (%) N2 selectivity (%) 

5 % Ni / Ce0.9La0.1O2 89 99 

10 % Ni / Ce0.9La0.1O2 92 99 

Ni0.05Ce0.86La0.09O2 71 98 

Ni0.1Ce0.82La0.08O2 85 99 

 

Table 9 summarises the activity tests results for the ME-prepared catalysts, at high 

temperature (750 °C). It can be clearly seen that ME-prepared catalysts have an even 

improved ammonia conversion, reaching almost total conversion (98 %). In this case it 

should be noted that the amount of nickel present does not affect the ammonia 

conversion substantially, compared with the conventionally prepared catalysts. On the 

other hand, Ni impregnation by IW offers much higher conversion. The N2 selectivity 

remained unaffected as well, remaining at a very high level. 

 

Table 9: Activity test results at 750 °C for the ME-prepared catalysts 

 

Activity Tests Results at 750 °C Catalysts 

(ME) NH3 conv. (%) N2 yield (%) 

5 % Ni / Ce0.9La0.1O2 97 97 

10 % Ni / Ce0.9La0.1O2 98 99 

Ni0.05Ce0.86La0.09O2 82 99 

Ni0.1Ce0.82La0.08O2 84 99 

 

ME-prepared catalysts mainly give higher NH3 conversion than conventional ones at 

lower temperature range (500-700 °C). Moreover, ME-prepared catalysts ignite at very 

low temperature, achieving already 60 % NH3 conversion at 500 °C, compared to the 

conventional catalysts which achieve 36 %. Generally, the ammonia conversion for the 
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ME-prepared catalysts varies at low temperature between 3 and 62 %, depending on 

the preparation technique. This range is wider than the conversion range for the 

conventional catalysts, for which the ammonia conversion varies between 6 and 36 %. 

 

IW contributes to more active catalysts and more stable NH3 conversion than co-

precipitation. That is likely because Ni is more accessible in the impregnated catalysts 

than in co-precipitated catalysts, where Ni is well-dispersed in the ceria oxide 

structure. 

 

The ammonia conversion as a function of time is presented in Figure 15 for the 

conventional catalysts, in Figure 16 for the ME-prepared catalysts. The results from 

the second ramping cycle are always reported. The activity tests were repeated twice 

for confirmation of the results. The four main steps appeared on the ammonia 

conversion curves represent the four 30-minute dwellings at the inlet catalyst 

temperature of 500, 600, 700 and 750 °C. 

 
 

Figure 15: NH3 conversion on conventional catalysts. The catalysts are: 

■10 % Ni/Ce0.9La0.1O2; ▲ 5 % Ni/ Ce0.9La0.1O2; ♦ Ni0.1Ce0.82La0.08O2; * Ni0.05Ce0.86La0.09O2; 
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Figure 16: NH3 conversion on ME-prepared catalysts. The catalysts are: 

■10 % Ni/Ce0.9La0.1O2; ▲ 5 % Ni/ Ce0.9La0.1O2; ♦ Ni0.1Ce0.82La0.08O2; * Ni0.05Ce0.86La0.09O2; 

 

Regarding carbon formation, conventional catalysts exhibited carbon residues after 

tests whereas the ME prepared showed only small traces. This is a great advantage 

since carbon formation during the activity test can result in CO and CO2 production, at 

the same time poisoning the monolith. 

 

N2 yield is very high for all the catalysts. Of particular interest are the co-precipitated 

catalysts with low Ni content synthesised both by conventional and ME method 

(Ni0.05Ce0.86La0.09O2) where at 500 °C nitrogen selectivity was much lower (80 % and 

38 %, respectively), resulting in NOx formation. All the other remaining catalysts had 

approximately 94 % nitrogen selectivity at 500 °C and very little NOx formation. 

 

4.5 Conclusions 

 

ME-prepared catalysts (5 and 10 % Ni / Ce0.9La0.1O2) appear to be the most promising 

and effective way to selectively oxidise ammonia to nitrogen, especially in the low 
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temperature range, 500-600 °C. In the higher temperature range, 700-750 °C, the 

ammonia conversion obtained from all the catalysts varied between 82-98 % with the 

ME-prepared catalysts obtaining the highest values. Conversion stability during the 

activity tests and negligible carbon deposition are two more important observations for 

the ME-prepared catalysts. Additionally, IW of Ni on the ceria-lanthanum support 

prepared by both methods led to catalysts with higher conversion than Ni co-

precipitation. Finally, the presence of water during the activity tests did not inhibit the 

catalyst performance. 
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Conclusions  

 

 

Metal catalyst nanoparticles have been prepared using the ME method and have been 

extensively characterised and tested for two different applications. The main 

conclusions of this work are presented here. 

 

Pd nanoparticles in the size range of 5 – 7 nm have been synthesised and impregnated 

on zeolite composite membranes in order to partially block the intercrystalline pores of 

the membrane and make the membrane selective towards single-gas molecules, 

achieving hydrogen production (H2 / CO2 separation). It was shown (by TEM and 

SEM / EDX) that impregnation method 3 (High pressure / vacuum impregnation in a 

steel module, at 25 °C, for 72 hours and ME as Pd source supplied at 6 bars) gives 

sufficient amount and uniform Pd deposition over the membrane surface area, and that 

the Pd nanoparticle deposition can be achieved mainly to a depth range of 1-10 nm. 

The appropriate calcination conditions were found (by TGA) to be at 400 °C in N2 

environment with a heating rate of 0.5 °C / min, eliminating successfully the organics 

left on the membrane surface by the ME. Having prepared the membrane at the above 

conditions, the permeance (N2), Knudsen contribution (%) and selectivity (H2 / N2, 

H2 / CO2) were determined by permeation tests. Results show H2 / N2 selectivity of 

8.7, Knudsen contribution at 80 % and N2 permeance of 1.53x10-6 mol m-1 s-1 Pa-1. 

CO2 flow at a pressure of 5 bar was extremely small (0.41 ml / min) setting an 

enormous selectivity factor of H2 / CO2 (3943), which was the best achieved in this 

work so far. 

 

Nickel catalysts supported on cerium-lanthanum oxide were synthesised and tested for 

the SCO of ammonia to nitrogen in gasified biomass. The catalysts were prepared by 

the ME method containing Ni in different loadings and compared with the 

corresponding catalysts prepared by conventional methods. Catalyst characterisation 
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was performed by BET and XRD analysis, showing similar morphology for all the 

catalysts but slightly improved surface area for the ME prepared catalysts. Activity 

tests showed that ME-prepared catalysts achieved 98 % ammonia conversion at 

750 °C, slightly higher than for conventional catalysts (92 %). At 500 °C, the ammonia 

conversion reached 60 % for the ME-prepared catalysts, whereas conventional ones 

reached 36 % conversion. Conversion stability during dwelling at different 

temperatures and very slight carbon formation are two important characteristics for the 

ME-prepared catalysts. 

 

By using nanotechnology on the two concepts under investigation, it has been shown 

how the results were further improved proving at the same time how catalysis and 

nanotechnology are very well connected. The ME method was the key ingredient in 

these improvements since it contributed by assisting with the appropriate properties for 

the membranes and catalysts to achieve better performance. 
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Abbreviation list  

 

 

ME  microemulsion 

IW  incipient wetness 

SCO  selective catalytic oxidation 

TWC  three-way catalyst 

OSC  oxygen storage capacity 

BHA  barium hexaaluminate 

TEM  transmission electron microscopy 

SEM/EDX  scanning electron microscopy / energy dispersive X-ray 

TGA  thermo-gravimetric analysis 
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