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Sammendrag

Form̊alet med denne masteren var å karakterisere en Pt/Al2O3 katalysator
før og etter post- and pre-modifisering med WO3. En 2wt%Ru/Al2O3 og en
WO3/ZrO2 katalysator ble ogs̊a karakterisert. Pt/Al2O3 med 1wt%Pt ble
tillaget ved en stegs incipient wetness impregnering. Post- og pre-modifisering
av katalysator med 1.3wt %WO3 skjedde ved to-stegs incipient wetness im-
pregnering. I dette arbeidet har karakterisering med N2 adsorpsjon, H2 og
CO kjemisorpsjon, røntgenfluorescens (XRF), sveipelektronmikroskopi (SEM),
røntgenkrystallografi (XRD), temperatur programmert reduksjon (TPR), Fourier
transform infra-red Attenuated Total Reflectance (FTIR-ATR) og in-situ Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) blitt utført.
Nitrogen adsorpsjon viste tilføring av platina og wolframoksid ikke endret over-
flatearealet, porevolumet eller porestørrelsen til aluminiumoksid. Kjemisorp-
sjon viste god dispersjon av platina, men denne minket noe etter modifisering
med wolframoksid, noe som tyder p̊a blokkering av aktive seter. XRF viser at
katalysatoren inneholder 1,2wt%Pt for umodifisert katalysator, mens for b̊ade
post- og pre-modifisert er innholdet 0.8wt%Pt og 0.7%wtWO3. Hydrogenopp-
tak ble ikke detektert for TPR, som kan bety at platina allerede er i metallisk
form. P̊a grunn av lavt innhold av Pt og WO3, samt aluminaoksids amorfe
struktur, kunne hverken face eller krystallstørrelse bestemmes.

Ex-situ FTIR-ATR viste ingen tegn til endring i overflatestrukturen til alumi-
naoksid etter tilsetting av Pt and WO3. DRIFT viser at topper forbundet med
sterke og medium sterke Lewis syrer s̊a vidt er synlige for Pt/Al2O3. Disse top-
pene har betraktelig sterkere intensitet for b̊ade pre- og post- WO3 modifisert
katalysator. Dette kan tyde p̊a at WO3 øker surheten til aluminaoksid. Disse
resultatene vil bli brukt senere for å finne en passende katalysator for det til n̊a
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ikke-katalyserte NO oksidasjonssteget i salpetersyre produksjon
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Abstrat

The aim of this work was to characterize an alumina supported Pt catalyst
before and after post- and pre-modification with WO3. A 2wt%Ru/Al2O3 and
a WO3/ZrO2 catalyst were also characterized. Pt/Al2O3 with a loading of
1wt%Pt was prepared by one step aqueous incipient wetness impregnation. Post
and pre-modified 1wt%Pt-1.3wt%WO3 catalyst was prepared by two step aque-
ous incipient wetness impregnation. In this work, characterization by N2 adsorp-
tion, H2 and CO chemisorption, X-ray fluorescence (XRD), Scanning electron
microscopy (SEM), energy-dispersive X-ray analysis (EDS), X-ray diffraction
(XRD), temperature programmed reduction (TPR), Fourier transform infra-
red Attenuated Total Reflectance (FTIR-ATR) and in-situ Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS) with pyridine adsorption
were performed.
Nitrogen adsorption showed that the addition of platinum and tungsten ox-
ide did not alter the surface area, pore size or pore volume of the support.
Chemisorption showed a good dispersion of platina on alumina, but this de-
creased slightly when modified by WO3, indicating blockage of active sites.
XRF measurements shows a metal loading of 1.2wt%Pt for unmodified cata-
lyst, and 0.8wt%Pt and 0.7%wtWO3 for both post- and pre-modified catalyst.
No ceH2 uptake were detected by TPR, which could mean that platinum was
already in its elemental state. Due to the low Pt and WO3 content and highly
amorphous alumina, assignment of phase type or calculation of crystallite size
with XRD was not feasible. Ex-situ investigation with FTIR-ATR did not de-
tect changes in the surface structure after addition of Pt and WO3.
DRIFT investigations shows that band associated with strong and medium
Lewis acid sites are barely present in Pt/Al2O3 catalyst. By contrast, these
bands increased in intensity for post- and pre-modified catalyst. This indicates
increased acidity of the alumina after WO3 addition. These results will later be
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used in the investigation of a suitable catalyst for the current non-catalytic NO
oxidation step in nitric acid production.
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Symbols
β peak width
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Θx angle between the incoming x-rays and the normal to the reflecting lattice plane
C BET constant
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R the gas constant
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Å Ångstrøm

xi



xii



Contents

1 Introduction 1
1.1 Oxidation Catalyst . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 NO oxidation catalyst . . . . . . . . . . . . . . . . . . . . 3
1.1.2 Support effect . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.1.3 Deactivation of platinum . . . . . . . . . . . . . . . . . . 4
1.1.4 Modification of support acidity . . . . . . . . . . . . . . . 4

1.2 Nitric acid Production . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.1 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.2 Technology . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.3 Reactions and thermodynamics . . . . . . . . . . . . . . . 6
1.2.4 Reaction mechanism . . . . . . . . . . . . . . . . . . . . . 8

2 Theory 9
2.1 Catalyst preparation . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Support . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 BET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Hydrogen and CO chemisorption . . . . . . . . . . . . . . . . . . 11
2.4 X-Ray Fluorescence . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.5 Scanning electron microscopy . . . . . . . . . . . . . . . . . . . . 15
2.6 XRD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.7 TPR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.8 IR Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.8.1 Molecular vibrations . . . . . . . . . . . . . . . . . . . . . 19
2.8.2 Practical uses . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Experimental 25
3.1 Catalyst preparation . . . . . . . . . . . . . . . . . . . . . . . . . 25

xiii



CONTENTS CONTENTS

3.1.1 Reference catalyst: Pt/Al2O3 . . . . . . . . . . . . . . . . 25
3.1.2 Catalyst Modification . . . . . . . . . . . . . . . . . . . . 26
3.1.3 WO3/ZrO2 and Ru/Al2O3 . . . . . . . . . . . . . . . . . 27

3.2 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2.1 BET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2.2 Hydrogen Chemisorption and CO chemisorption . . . . . 28
3.2.3 XRD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.4 XRF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.5 SEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.6 Temperature Programmed Reduction . . . . . . . . . . . 32
3.2.7 XRD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.8 Fourier transform infrared spectroscopy . . . . . . . . . . 32

4 Results 37
4.1 Nitrogen adsorption . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2 Dispersion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3 X-Ray Fluorescence . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.4 SEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.5 X-ray diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.6 Temperature Programmed Reduction . . . . . . . . . . . . . . . . 47
4.7 FTIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.7.1 FTIR-ATR . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.7.2 DRIFTs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5 Conclusion 59

6 Further work 61

A Calculations 71
A.1 Catalyst preparation . . . . . . . . . . . . . . . . . . . . . . . . . 71
A.2 Pre-Modification . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
A.3 Post-Modification . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

B Pore volume 77

C Nitrogen adsorption 79

D Chemisorption 83
D.1 Chemisorption Sequence . . . . . . . . . . . . . . . . . . . . . . . 83

xiv



CONTENTS CONTENTS

D.2
Chemisorption Isotherm . . . . . . . . . . . . . . . . . . . . . . . 84

E X-ray Difraction 87

F FTIR wavelength 91

G Risk assesment 93

xv



CONTENTS CONTENTS

xvi



List of Figures

1.1 Proposed reaction mechanism of reducing NOx storage and re-
duction in LNT [42]. . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 Langmuir isotherm for different surface energies, where b1 is
smaller than b2, b2<b3, etc.[78]. . . . . . . . . . . . . . . . . . . 12

2.2 An illustration of the method for obtaining only irreversible ad-
sorption, or chemisorption.[78]. . . . . . . . . . . . . . . . . . . . 13

2.3 An illustration of the isotherm of the first test in black, the
isotherm for the second test in white and the difference in grey[78].
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4 An illustration of transition of an electron and emitting of a pho-
ton [1]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5 The interaction between the electron beam and the sample. As
can be seen, a number of signals are emitted. . . . . . . . . . . . 16

2.6 Example of SEM using SE, BSE, YAG-BSE adn EDX . . . . . . 17
2.7 An illustration of x-rays scattered by atoms in the ordered lattice

structure, as well as the angle of the diffraction [11] . . . . . . . 18
2.8 The interatomic potential of a diatomic molecule, as HCl, where

the curvature is dependent on the bond-vibrations and the energy
levels of the molecule. . . . . . . . . . . . . . . . . . . . . . . . . 22

2.9 Schematics of an ATR setup with the sample placed on top of
the ATR crystal. The laser, represented by the red line, passes
through the crystaltotal by totalinternal reflection, creating an
evanescent wave which penetrates the sample, represented by the
orange layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1 Block diagram of preparation method for reference catalyst. . . 26

xvii



LIST OF FIGURES LIST OF FIGURES

3.2 Block diagram of post-modification method for preparation of
modified catalyst. . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3 Block diagram of pre-modification method for preparation of mod-
ified catalyst. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.4 SEM set-up. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.5 Flow sheet of the set-up used for the experiment. . . . . . . . . 34

4.1 ??Platinum catalyst with high amount of small surface particles
and 4.1(b) with smaller amount of large surface particles. . . . . 42

4.2 4.2(a)Post-modified catalyst with high amount of small surface
particles and 4.2(b) with smaller amount of large surface particles. 43

4.3 4.3(a)Particle size on pre-modified catalyst with and 4.3(b) a va-
riety of particles of different size. . . . . . . . . . . . . . . . . . . 43

4.4 Composition of particles on 4.4(a) post-modified catalyst and
4.4(b) pre-modified catalyst. As can bee seen, particles consists
mainly of platinum with small amounts of tungsten. . . . . . . . 44

4.5 4.5(a) The distribution of platinum and 4.5(b) tungsten in the in-
terior structure of crushed post-moddified catalyst.4.5(c) The dis-
tribution of platinum and4.5(d) tungsten particles in pre-modified
catalyst. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.6 XRD results for all plots θ . . . . . . . . . . . . . . . . . . . . . . 46
4.7 XRD plot for Pt-W θ . . . . . . . . . . . . . . . . . . . . . . . . 47
4.8 TPR of Pt/Al2O3 . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.9 ATR-spectrum 4000-400 cm1 . . . . . . . . . . . . . . . . . . . . 49
4.10 ATR-spectrum 4000-3500 cm1 . . . . . . . . . . . . . . . . . . . . 50
4.11 ATR-spectrum 2750-1500cm1 . . . . . . . . . . . . . . . . . . . . 51
4.12 ATR-spectrum 1500-400cm1 . . . . . . . . . . . . . . . . . . . . . 52
4.13 DRIFTIR-spectrum of Al2O3 in the region of 4000-500cm−1 . . . 53
4.14 IR-spectrum 1375:1640 cm−1 . . . . . . . . . . . . . . . . . . . . 54
4.15 IR-spectrum 1700-1500 cm−1 for Pt/Al2O3, Pt-W/Al2O3 and

W-Pt/Al2O3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.16 IR-spectrum 1400-1500 cm−1 for Pt/Al2O3, Pt-W/Al2O3 and

W-Pt/Al2O3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.17 DRIFTIR-spectrum of the OH and CH region for Pt/Al2O3, Pt-

W/Al2O3 and W-Pt/Al2O3 . . . . . . . . . . . . . . . . . . . . . 58

C.1 The The adsorption/desorption curve for γ-Al2O3 . . . . . . . . 80
C.2 Pore size distribution for γ-Al2O3 . . . . . . . . . . . . . . . . . . 81

xviii



LIST OF FIGURES LIST OF FIGURES

D.1 Pt/Al2O3The isotherm for the total adsorption with trend line in
red and the isotherm in green. The blue line represents strongly
adsorbed CO. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

E.1 XRD plot for pure alumina θ . . . . . . . . . . . . . . . . . . . . 87
E.2 XRD plot for Pt θ . . . . . . . . . . . . . . . . . . . . . . . . . . 88
E.3 XRD plot for Pt-W θ . . . . . . . . . . . . . . . . . . . . . . . . 88
E.4 XRD plot for W-Pt θ . . . . . . . . . . . . . . . . . . . . . . . . 89

xix



LIST OF FIGURES LIST OF FIGURES

xx



List of Tables

3.1 Time and temperature for the reduction step during pretreat-
ment. For both tungsten modified catalysts, same procedure as
for CO chemisorption on Pt/Al2O3 was used. . . . . . . . . . . . 28

3.2 H2 Chemisorption analysis conditions and sequences for Pt/Al2O3.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3 Weight percentage of the different samples in KBr. . . . . . . . 35

4.1 The surface area, pore volume and average pore width of calcined
γ-Al2O3, reference catalyst, as well as post- and pre-modified
catalyst, calculated from N2 adsorption. The calculations of pore
size and pore volume are based on BJH desorption method. . . 38

4.2 The dispersion and crystal size of Pt/Al2O3, Pt-W/Al2O3, W-
Pt/Al2O3 and Ru/Al2O3 calculated by chemisorption of both CO
and hydrogen. Dispersion and crystal size are given for strong
adsorption unless stated otherwise. . . . . . . . . . . . . . . . . 39

4.3 Element composition for alumina supported Pt catalyst, non-,
post- and premodified, alumina supported Ru catalyst and zir-
conia supported WO3 catalyst. Each catalyst were analyzed two
times, and the middle values are given. Al2O3 and ZrO2 have a
detection limit of 0.01mm and 1.03mm, respectively. . . . . . . . 40

A.1 A summary of measured amounts of chemicals required for prepar-
ing catalyst with 1wt%W and 1wt%Pt . . . . . . . . . . . . . . . 71

A.2 A summary of measured amounts of chemicals required for prepar-
ing catalyst with 1wt%Pt. . . . . . . . . . . . . . . . . . . . . . . 72

A.3 A summary of measured amounts of chemicals required for prepar-
ing catalyst with 1.3wt%WO3 and 1wt%Pt. . . . . . . . . . . . . 74

xxi



LIST OF TABLES LIST OF TABLES

A.4 A summary of measured amounts of chemicals required for mod-
ification of WAl2O3 with 1wt%Pt. . . . . . . . . . . . . . . . . . 74

A.5 A summary of measured amounts of chemicals required for mod-
ification of PtAl2O3 with 1wt%WO3. . . . . . . . . . . . . . . . . 75

B.1 Data used for finding pore volume of alumina. . . . . . . . . . . . 77
B.2 Data used for finding pore volume of W/Al2O3. . . . . . . . . . . 78

D.1 H2 Chemisorption Analysis conditions and sequences for Pt/Al2O3.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

D.2 CO Chemisorption Analysis conditions and sequences for Pt/Al2O3.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

D.3 H2 Chemisorption Analysis conditions and sequences for Ru/Al2O3.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

F.1 Position of pyridine bands upon adsorbtion on γ-alumina . . . . 92

xxii



Chapter 1

Introduction

1.1 Introduction to Oxidation Catalysis in NOx

Reduction

Air pollutant acts as one of the major problems regarding air quality in dense
populated urban areas. Especially in areas with stagnant air, concentration of
pollutants can reach critical levels. The main source of pollutions is a result of
combustion processes of fossil fuel in vehicles, power plants and other industrial
processes, and these have therefore been given special attention for the past
years [67]. Of the air pollutions affecting human health, the most focus has
been on NOx [9], where especially long term exposure has proved a negatively
effect on health.
As NOx has the ability to react with other chemicals, being responsible for sev-
eral other air-born components, these are considered primary pollutions. Some
of the more critical by-products are photochemical smog, acid rain and tropo-
spheric ozone, where the latter can react further, creating free radicals, which
is another health issue. It is also known that NOx contributes to the global
warming when forming N2O [67]. Several attempts have been tried to minimize
the amount of NOx release in both industry and in car engines. For industry,
usually three methods are used; Pre-combustion, combustion modifications and
post-combustion techniques. Pre-combustion is simply the purification of fuel
to reduce the content of nitrogen containing species, as this will reduce the

1



1.1. OXIDATION CATALYST CHAPTER 1. INTRODUCTION

fuel bound NOx formation [22]. On the other hand, combustion modification
is the attempt of reducing emissions during incineration processes. This can be
achieved by reducing flame temperature, creating oxygen deficient stoichiometry
conditions or by changing residence time within different parts of the combus-
tion zone [30, 24].
Post-combustion, as the name implies, concentrates on removal of already formed
NOx species after combustion, providing a noticeable reduction of NO [67]. For
gasoline vehicle, the three-way catalyst is the main component for NOx removal,
where the reduction of NO by CO is the main reaction [64]. Usually, the stan-
dard three-way catalyst uses a combination of Pt, Rh and Pd precious metals
[20]. Overall main reactions can be seen in equation 1.1, 1.2 and 1.3.

CO + O2 → CO2 oxidation agent Pt, Pd (1.1)
CyHx + O2 → CO2 oxidation agent Pt, Pd (1.2)
CO + NO2 → N2 + CO2 reduction agent Rh, Pd (1.3)

Diesel engines have the highest fuel efficiency at oxygen rich, or lean, conditions,
resulting in a lowered fuel consumption, as well as decreasing CO, HC and CO2
emissions. Unfortunately, this also removes the reducing agent in the flue gas,
meaning that the three-way catalyst cannot be utilized [48]. Instead, other
NOx reduction technologies have been commercialized in its place. One such
technology is Selective Catalytic Reduction, SCR, using ammonia or urea as
the reducing agent. Still, there are challenges connected to this, as transport of
reducing agent in a separate tank and consequences of ammonia slip.
The Lean NOx Trap, LNT, on the other hand, do not need an external reducing
agent, but rather exploits a two-step cyclic operation; one step with a lean phase,
trapping NOx, and reduction during the second, rich phase. NO2 is here trapped
as surface nitrates by alkaline earth metals in the form of oxides or carbonates.
Since the alkaline earth metals’ ability to store NO2 is more facile, NO must
undergo an oxidation step for increased efficiency [7]. Usually, a noble catalyst is
used for this step, even though several other catalysts have been proposed [42].
Figure 1.1 represents a proposed mechanism for LNT using Pt as oxidation and
reduction catalyst.
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Figure 1.1: Proposed reaction mechanism of reducing NOx storage and reduction in
LNT [42].

1.1.1 NO oxidation catalyst

Nitrogen oxides have long been known for their harmful effect on environment
and health due to its ability to form smog, ground ozone and acid rain. This has
forced governments all over the world to introduce new and strict regulations re-
garding NOx emissions. For this reason, a great deal of oxidation catalysts have
been studied for NO oxidation, ranging from supported metal oxides and noble
metals to ion exchanged zeolites and activated carbon fiber[46]. Historically,
supported noble metals are most commonly used, as they are associated with
an outstanding ativity over a range of conditions. Of these, alumina supported
platinum seems to be the most active metal catalyst in the lower temperature
range of 200-300◦C, with conversions reported as high as 95% [8]. Unfortu-
nately, nobel metals are also known for their high cost due to their scarcity, as
well as being prone to a large number of poisons[2, 10, 25, 59].
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1.1.2 Support effect

The catalytic performance of the supported catalyst is highly dependent on the
support material, and has in recent years gained increased attention. Support-
metal interactions are not fully understood, but it is believed that the acidic
strength of the support material changes the metals catalytic properties. This
is especially true for Pt based catalyst, where kinetic studies shows that NO
oxidation activity decreases with increased basicity of the support[28, 81, 77].
This is supported by Yazawa et.al. [82], who found that the electron density of
unoccupied platinum 5d-orbital decreased with the increased basicity, resulting
in more oxidized and less reactive platinum.

1.1.3 Deactivation of platinum

As mentioned alumina supported platinum have proven to be the most active
metal for NO to NO2 oxidation. Unfortunately, this seems to be a self-inhibiting
process, where both NO2 and O2 work as powerful oxidation agents, oxidizing
platinum to its non-active form. From the proposed NO oxidation mechanism
on platinum, shown in Chapter 1.2.3, oxygen is adsorbed onto vacant sites before
it dissosiaties to chemisorbed oxygen, forming strong oxygen-platinum bonds.
Due to the stability of these bonds, an inactive layer of platinumoxide is formed
on the surface, inhibiting further reactions [27, 18]. By increasing temperature
or oxygen coverage, the oxygen-platinum bond is weakened due to increased
steric hinderence, resulting in more reactive oxygen.
It has also been reported that the increase of platinum particle size does have
a positive effect on oxidation resistance of platinum[63], as a result of higher
stability of platinum oxide on smaller platinum particles [45]. The product, NO2,
has itself been reported to have an inhibiting effect, as it thermodynamically
shifts the equalibrium towards NO formation, but also because of its strong
oxidating effect on platinum.

1.1.4 Modification of support acidity

As a solution to the self-inhibition of platina, attempts of increasing acidity
of alumina in Pt/Al2O3 catalysts have been carried out. X.P. Auray and L.
Olsson [2] showed that the addition of chlorine, because of its electronegative
nature, decreased the electron density of platinum resulting in higher oxidation
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resistance of platinum. They also showed that sulfation increased the acidity
of alumina, a trait already used in catalytic cracking. Strong Brønsted acids,
which are not seen in pure alumina, were also formed[56]. During catalyst
testing, modified catalyst expressed a lower NO oxidation activity than nor-
mal, and it was therefore believed that although acidity increased, excess of
sulfate and chlorine poisoned the active sites. Luckily, some metal oxide addi-
tives have showed promising results for NO oxidation. One such metal oxide is
tungsten oxide, WO3[17]. Dawody et.al. discovered that in the absence of SO2,
WO3/Pt/AlO2 showed higher NO oxidation prompting than for Pt/Al2O3. Ac-
cording to Zhang et al.[83], WO3 addition of tungsten oxide increases the amount
of both Brønstedt and Lewis acid sites in alumina support, whereas number of
Brønstedt sites increased three times faster than Lewis sites.

1.2 The Production of nitric acid

1.2.1 History

The production of nitric acid has a long history, where the oldest recipes date
back to 1300 in Europe, and maybe earlier in other parts in the world. The
use of nitric acid at that time was mostly linked to the art of alchemy, in-
cluding the creation of aqua regia, a mixture of nitric acid and chloric acid,
for dissolving gold. Several production methods developed through the years,
where distillation was one of the most important parts in the process. In the
middle of the 17th century, the Dutch-German alchemist developed a method
for production of relatively pure and concentrated nitric acid, where sulfuric
acid reacts with saltpeter. This was a technique that would remain unchanged
for over a century[32]. In the beginning of the 1800’s, the production method
changed again with the introduction of sodium nitrate, mainly from Chile. As
the source of saltpeter was exhausted by the end of the 19th century, new ways
for production had to be found [71].

1.2.2 Technology

As new and more efficient ways of ammonia productions were introduced, for
example the Haber process, the production of nitric acid shifted from using
sodium nitrate and sulfuric acid to using ammonia as feedstock. Today, the
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production of nitric acid is based on oxidation of ammonia in air which creates
nitric oxide. This step does not only yield nitrogen oxide, but does also yield
bi-products in the form of Nitrogen gas and nitrous oxide. Nitric oxide is then
oxidized by oxygen, before absorption of nitrogen dioxide into water to yield
nitric acid. This process is named after Wilhelm Ostwald, who developed and
patented it in 1902, although modernized. The overall reaction can be seen in
equation 1.4[71].

1.2.3 Reactions and thermodynamics

As seen in Equation 1.5, the combustion of amonia with oxygen is highly
exothermic. Still, NO is not the only product formed, which can be seen from
equation 1.6 and 1.7. These reactions are undesired, and as they are more ther-
modynamically stable, they could be avoided by running the combustion at high
temperature and low residence time over a platinum/rhodium gauze.

NH3 + 2O2 → HNO3 + H2O ∆rH298 = −330kJ/mol (1.4)
4NH3 + 5O2 → 4NO + 6H2O ∆rH298 = −907kJ/mol (1.5)
4NH3 + 3O2 → 2N2 + 6H2O ∆rH298 = −1261kJ/mol (1.6)
4NH3 + 4O2 → 2N2O + 6H2O ∆rH298 = −1103kJ/mol (1.7)

Oxidation of nitric oxide to nitric dioxide is done non-catalytically, and is fa-
cilitated by low temperatures, as the reaction is exothermic, see equation 1.8.
As nitric dioxide also forms a dimer with itself, low pressure would favor NO2
before N2O4. Low pressure also means that this part will occupy a large part
of the volume in a process plant[71].

3NO + O2 ⇀↽ 2NO2 ∆rH298 = −113.8kJ/mol (1.8)

Nitric dioxide is then absorbed into water, creating nitric acid and nitrous acid,
where the later will be converted to nitric acid and NO. This process is highly
complex, but the overall reaction is shown in equation 1.9. The mass transfer
between the gas and liquid phase drives absorption in water. The reason is that
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oxidation of nitric oxide is in the gas phase, while absorption of water is in liquid
phase[71].

3NO2 + O2 → 2HNO2 + NO ∆rH298 = −37kJ/mol (1.9)
(1.10)

Even though oxidation of nitric oxide is non-catalytic in the nitric acid produc-
tion, reaction mechanisms have been proposed for the oxidation of low concen-
tration NO in the presence of a catalyst. This is because NO oxidation is an
important step in removal of NOx in exhaust abatement for industry and in
diesel engines, espesially after combustion in fuel in lean conditions, as it works
as an oxidizing agent for noncombusted hydrocarbons. A proposed mechanism
for NO oxidation on platinum supported on alumina is as follows:

O2 + ∗⇀↽ O2
∗ (1.11)

O2
∗ + ∗⇀↽ O∗ (1.12)

O2
∗ + NO ⇀↽ O∗ + NO2 + ∗ (1.13)

NO + O∗ ⇀↽ NO2 + ∗ (1.14)

Here, oxygen is first adsorbed onto a vacant site ∗, Equation 1.11, before it disso-
ciates to form chemisorbed oxygen, 1.12. It could also react with chemisorbed
NO to form NO2, equation 1.13. O∗ could also react with non-chemisorbed
ceNO to form NO2 and a vacant site, Equation 1.14. This step is not a elemen-
tary step in itself, but reflects a sequence of quasi-equilibrated elementary steps
not shown here[79].

Another reaction model, proposed by Harold et al.[7], see Equation 1.15, also
takes into account the strong inhibiting effect of NO2, discussed in Chapter
1.1.3, where O2 dissosiation is regarded as the ratedetermining step.

NO + Pt ⇀↽ NO− Pt
O2 + Pt ⇀↽ O2 − Pt

NO− Pt + O− Pt ⇀↽ NO2 − Pt + Pt
O2 − Pt + Pt ⇀↽ 2O− Pt

(1.15)
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1.2.4 Reaction mechanism

The oxidation of nitric oxide is rather remarkable, as it is one of the few known
third order reactions, which can be seen in equation 1.16.

rNO = −kp · p2
NO · pO2

(1.16)

Where p is the partial pressure and k is the reaction constant. Another pecu-
liarity for this reaction is the fact that it is favored by low temperatures both
thermodynamically, as well as kinetically, due to the reaction rate constants
behavior, which definition can be seen in equation 1.17.

log kp = 652.1
T
− 1.0366 (1.17)

As mentioned earlier, the oxidation of NO takes place in the gas phase, as well
as dimerization of NO2 [71]. With the use of a catalyst, in this case platinum
on alumina, measured oxidation rates for NO oxidation can be expressed with
equation 1.18.

log kp =
kpt · p2

NO · pO2

pNO2

· (1− η) (1.18)

Here η is approach-to-equilibrium factor. The reaction rate is mainly developed
for fairly low concentrations of initial NO, and do not necessarily apply of high
concentration.
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Chapter 2

Theory

2.1 Catalyst preparation

Heterogeneous catalysts can be mainly divided into two categories; supported
catalyst, with small particles on support, and unsupported catalyst, that is, as
small loose particles. For supported catalysts, the two most well-known methods
for preparing are co-precipitation of the active component and the support, and
impregnation of an pre-existing support with a solution containing the active
component [12]. Impregnation can again be divided into two categories; dry im-
pregnation, or incipient wetness, and wet impregnation. In dry impregnation,
the volume of solution, VS, corresponds to the pore volume of the support,
VPT, that is VPT ≥ VS [43, 26]. This method relies on penetration of solution
by the capillary suction, or forces, due to the small pore diameter in the pores.
This method is mostly employed for noble metals, as these are expensive, and a
good dispersion of nanoparticles is preferred. A problem occurs when there are
weak interactions between a metal precursor and the support surface, as metal
complexes can migrate during drying [57]. For wet impregnation, the support is
already filled with water, before it is immersed into the solution, taking advan-
tage of the diffusion forces to disperse the active component [43]. Impregnation
is followed by drying to evaporate the liquid phase from the sample. Further
heat treatment, as calcination, is applied to decompose and remove the nitric
oxide precursor and oxidize the support [26].
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2.1.1 Support

The support used for catalysis should have high surface area, as well as being
cheap, inert and have the proper thermal and mechanical stability. Commonly
used supports are often oxide supports such as silica, alumina and zeolites. In
recent years, also activated carbon has gained more attention. One of the most
common oxide supports are aluminum oxide, Al2O3, due to being inexpensive
and to its high surface area and being inert. The heat treatment of alumina is
of high interest and importance, as it will change its transition state depending
on the temperature, such as γ, η and α-Al2O3[61]. These transition states have
different strukture and properties, where γ-alumina is the most used in catalysis,
as it has good stability, and at the same time a large surface area [74].

2.2 Surface area and pore volume distribution,
BET

Nitrogen adsorption is a widely used method for characterization of surface area
and pore volume distribution in porous catalysts. The principle behind surface
area measurements is quite simple; nitrogen is physisorbed on the surface, and
the amount of gas necessary to form one monolayer is measured. By using the
cross section of the N2 molecule at 77K, which is 16.2 Å, the surface area can
easily be found [11].

Usually, the BET isotherm developed by Brunauer, Emmet and Teller gives a
good estimate of the surface area, even though it uses an oversimplified model of
physisorption[66]. The BET equation 2.1 is a further development of the Lang-
muir isotherm to describe multilayer formation, and is based on the following
assumption.

• Heat of adsorption in the first monolayer is the same for all sites.

• Heats of adsorption for the second and all succeeding layers are equal, and
are equal the condensation energy.

• The rate of adsorption and desorption are equal for all layers.

P

Va(P0 − P ) = 1
CV0

+ (C − 1)
CV0

P

P0
(2.1)
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where P0 is the equilibrium pressure of the condensed gas, P is adsorption
pressure, Va is the total volume of adsorbed gas and V0 is the volume of gas
adsorbed in the first monolayer. By plotting P

Va(P0−P ) as a function of P
Va(P0−P ) ,

a linear relation can be found, where the monolayer coverage can be calculated
from the interception of the straight line and the constant C can be calculated
from its slope.

For porous materials, the first part of the isotherm curve follows the same
isotherm as for a solid without pores with the same surface area. As adsorption
pressure increases, the isotherm seems to deviate away from that of an open
surface, indicating filling of pores by capillary condensation. As it occurs below
the normal saturation pressure, it indicates formation of liquid-like meniscus in
the pores, which can be described by the Kelvin equation 2.2 [66].

ln( P
P0

) = −2σVncosΘ
rRT

(2.2)

Where σ is the surface tension of liquid nitrogen, Θ is the contact angle, R
is the gas constant, r is the radius of the pore, T is the absolute temperature
and Vn is the molar volume of liquid nitrogen. The most widely used method
today is related to the BJH method, where the pores are emptied by step-vise
reduction of the adsorption pressure, while taking into account the thinning of
the multilayer in pores that are already emptied of condensate [66].

2.3 Hydrogen and CO chemisorption

The activity for a supported catalyst often depends on how well the active
metal is dispersed on the support, as high dispersion gives high surface area
of the active metal. Dispersion is defined as number of available surface sites
(active surface metal atoms) divided by the total amount of active sites possible,
see 2.3, and is usually given in percentage.

D = number of active sites
total amount of active sites possible (2.3)

A way of measuring the dispersion of a metal is by selective chemisorption.
Heterogeneous catalysis involves chemisorption of at least one or more species
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involved in the reaction onto the active site, here the metal surface. With higher
number of active sites on the catalyst, the greater the probability for one of the
species to adsorb to the surface [19].

One way of measuring the dispersion is by selective chemisorption of species
that only chemisorbs to the metal surface and not to the support material.
Usually, CO and hydrogen are used for this purpose. There are mainly two ways
of obtaining chemisorption data; static volumetric chemisorption or dynamic
chemisorption. Both methods are based on introducing a known amount of gas,
and then plot the quantity adsorbed as a function of the pressure applied. One
necessary assumption is that only one molecule can chemisorb to one site. The
obtained curve is called the chemisorption isotherm. If the chemisorption is not
dissociative, most isotherms can be illustrated by the Langmuir isotherm, as
seen in Figure 2.1 [78]. The amount chemisorbed does not depend on pressure
alone, but also on temperature and surface energy.

Figure 2.1: Langmuir isotherm for different surface energies, where b1 is smaller than
b2, b2<b3, etc.[78].

In reality, not all of the molecules adsorbed are strongly bound to the metal
surface, but will also be adsorbed to the support, or adsorb in multilayers on
the chemisorbed species. The weakly bound gas molecules are often reversible
adsorption, while the strongly chemisorbed are called irreversible adsorption.
After the first adsorption test, the sample is put under vacuum, leaving only
the irreversible adsorbed species, before a second adsorption test is done. This
is illustrated in Figure 2.2[78].

The amount of gas adsorbed during the second test will only be reversible ad-
sorbed, and the difference between the isotherm of the first and second test will
be the chemically adsorbed species, as seen in Figure 2.3

12



CHAPTER 2. THEORY 2.4. X-RAY FLUORESCENCE

Figure 2.2: An illustration of the method for obtaining only irreversible adsorption,
or chemisorption.[78].

Figure 2.3: An illustration of the isotherm of the first test in black, the isotherm for
the second test in white and the difference in grey[78].

After finding the linear area of the isotherm, it can be extrapolated to find the
monolayer amount of the gas, which will be used further calculations.

2.4 X-Ray Fluorescence

X-Ray Rluorescence, or XRF, is an atomic spectrometric method used to de-
termine the element composition of a sample. By using emitted x-rays from a
radiated sample as a fingerprint for each element, it is possible to determine
the composition. The samples measured are not limited by its form, and can
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be powder, solid or liquid. The method is nondestructive to the sample, bulk
sensitive and relative fast compared to other characterization methods [1].

XRF is a two-step process method. In the first step, x-rays are emitted from a
radiation source, and sent towards the sample. The x-rays emitted need high
enough energy to dislodge a tightly bound electron in the inner shell. The atom
becomes unstable, and the first step is followed by transition of an electron in
an outer shell to an inner shell orbital. The transition is followed by emission of
x-ray radiation as the inner shell electron is more strongly bound than in outer
shells, thus the name X-ray secondary-emission spectrometer [65]. This can be
seen in Figure 2.4. The energy emitted has less energy than the x-ray photon
used for dislodging, and corresponds to the difference in the two electron energy
levels. The energy intervals between each electron shell are characteristic for an
element, so the element can easily be identified. The intensity of the fluorescent
photons can be measured at the same time to determine the amount of the
element present [1].

Figure 2.4: An illustration of transition of an electron and emitting of a photon [1].

Each shell has its own dedicated symbol, where the inner shell is the k-shell, the
second inner is the L-shell and so on. As an electron ejected out of the K-shell is
replaced by an electron from another shell, the radiation emitted will be read as
K-line. Depending on the origin of the vacancy-filling electron, the line is also
dedicated a Greek letter starting with α for the nearest shell. For example, a K
shell vacancy filled by an L-shell electron would give Kα-radiation, as illustrated
by Figure 3.5, while a K shell vacancy filled by an M-shell electron would give
Kβ-radiation. For analytical purposes, mainly K- and L-radiation is used for
determining elements. One would think that the number of x-ray lines would
blur out the spectra, however, the low intensity of the other x-ray lines allows
for a clear spectra [1].
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XRF can be divided into two groups, wavelength dispersive XRD (WDXRF) and
energy dispersive XRD (EDXRF), depending on whether the method is energy
or wavelength dispersive. While EDXRF uses detectors that can measure the
energy emitted from a sample directly, WDXRF uses and analyzing crystal to
disperse the energies in different direction [65]

2.5 Scanning electron microscopy

Quite often, the determination of the size and shape of supported particles
are of particular interest, e.g. to determine the planes and edges, where the
catalyst is most active, or to get a general idea of the structure. Unfortunately,
the wavelength of visible light is far greater than of the particles of interest,
and optical microscope will thus be useless for this purpose. Electromagnetic
radiation with the proper wavelength does exist, but focusing these waves would
be a major issue, due to the need of highly precise optics. Still, we are able to
overcome this hindrance by exploiting the wavelike properties of electrons of the
pico-meter scale, revealing details down to 0.1 nm [50].

By rastering a narrow electron beam over the surface of the sample, the sample
will “emit” secondary and backscattered electrons, which are detected. Knowing
the position of the beam, an image of the sample can be made. This is known
as Scanning electron microscopy, or SEM. Figure 3.5 gives an overview of what
happens when the electron beam hits the sample.

The secondary electrons (SE) are mainly low energy electrons at around
5-50eV, and are emitted from close to the specimen surface. Due to this, the
SE signal provides information of the surface, as well as topography, giving a
3D image. The contrast is caused by the direction of the scanned surface; if the
surface faces the beam, more of the SE are detected, thus appearing brighter
than of surfaces pointing away from the detector as seen in Figure 2.6(a). As
implied by the name, these are electrons “emitted by the sample”, and not the
original electrons from the beam [69].

The backscattered electrons (BSE) have a deeper penetration depth, and
will therefor contain more information from the bulk of the specimen. This
causes the resolution to go down due to elastically scattering. However, it can
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Figure 2.5: The interaction between the electron beam and the sample. As can be
seen, a number of signals are emitted.

give information about the composition because the BSE signal is related to the
atomic weight; the heavier element, the more reflection resulting in a brighter
representation in the image. This is demonstrated in Figure 2.6(b) and 2.6(c)
[69].

A result of using high voltage electron beam is the ionization of tightly bound
inner electrons. The electrons are then ejected from its orbital, followed by
relaxation of an electron from a higher shell, causing the emittion of an x-
ray photon. The X-rays are characteristic for an element, and can be used to
determine the chemical composition and dispersion in the sample, as seen in
Figure 2.6(d). This is mostly referred to as energy-dispersive X-ray analysis,
shortened EDX.[69].
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(a) (b)

(c) (d)

Figure 2.6: 2.6(a)The surface of alumina supported platina using SE, 2.6(a)
YAG(yttrium aluminium garnet)-BSE, 2.6(c)close-up BSE showing that
particles are present and 2.6(d) EDX of the close up surfacesurfae, show-
ing that the particles consists of platinum.

2.6 X-Ray Diffraction

In catalyst characterization, X-Ray Diffraction ,shortened XRD, is in addition
of being one of the oldest, also one of the most used methods. XRD is mainly
used for two purposes; the first is the characterization of the crystalline phases
by the lattice structures ability to spread the x-ray photons. The patterns of
the reflected x-rays are unique for each crystallite structure, and works as a
fingerprint. If the monochromatic x-rays are in phase with each other, they
will create constructive interference, which, by Bragg’s law, Equation 2.4, can
be used to calculate the lattice spacing, as well as allowing for further phase
identification.
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nλ = 2dsinΘx;n = 1, 2, . . . (2.4)

where n is the order of the reflection, λ is the wavelength of the x-rays, d is the
distance between two lattice planes and Θx is the angle between the incoming
x-rays and the normal to the reflecting lattice plane. An illustration can be
seen in Figure 2.7. Usually, XRD has a detection limit of 1wt% for any given
compound [49].

Figure 2.7: An illustration of x-rays scattered by atoms in the ordered lattice struc-
ture, as well as the angle of the diffraction [11]

By complementing XRD with line-broadening analysis, the second purpose is
expressed; the crystal size can be found. As crystals get larger, the characteristic
diffraction peaks will get narrower (or sharper), while smaller crystals tend to
get broader and more blurred peaks due to incomplete destructive interference
for directions where x-rays are not in phase. To correlate the width of the peak
and the crystal size, Scherres formula, equation 2.5, can be utilized [11].

< L >= Kλ

βcosΘ (2.5)

Where < L > is a measure of the dimension of the particle in the direction
perpendicular to the reflecting plane, K is a constant often taken as 1 and β is
the peak width. The rest of the parameters are as mentioned for Bragg’s law.
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2.7 TPR

TPR, or Temperature-programmed reduction, is an analytical method for mon-
itoring the reduction of a reducible catalyst as a function of temperature. In
a typical experiment, the catalyst is exposed to a reducing gas, typically hy-
drogen, diluted by an inert gas, while the temperature is linearly elevated[16].
The rate of reduction is closely monitored by analyzing the gas mixture at the
outlet by either a MS or a Thermal Conductivity Detector (TCD)[51]. The
provided information gives the temperature which is needed for total reduction
of the catalyst. In addition, TPR also gives information on whether the reduc-
tion happens in a single or in multiple steps [11]. A single step reduction is
illustrated by Equation 2.6.

MOn + nH2 →M +H2O (2.6)

The reduction of a catalyst is often a critical step, as lack of proper reduction
can eventually lead increased risk of sintering or reduced activity of the catalyst
[11]

2.8 IR Spectroscopy

IR Spectroscopy is one of the most importante and oldest spectroscopic thech-
niques in the field of catalysis. IR spectroscopy is most commonly used in
identifying species that are chemisorbed on the catalyst surface, as well as the
way these species are adsorbed.

2.8.1 Molecular vibrations

The energy of a molecule can roughly be devided into four components: an elec-
tronic, a vibrational, a rotational and a translational. A fifth component does
also exsist, called the nuclear component, but this will not be covered here. A
chemical compound has the ability to absorb radiations through energy tran-
sitions within these energy components. The vibrational component is based
on the chemical bond between atoms in a molecule. As these are not rigid
bonds, they have the ability to rotate, vibrate, stretch contract and even bend.
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When hit by a photon with a frequency ν within the infrared range of 50-2.5 µm,
transition between vibrational levels occurs and give rise to absorption bonds
throughout infrared spectra[52, 14].

Molecular vibrations can be considered as a classical problem in mechanics,
where the nuclei, N, represents the center of mass, and the intramolecular forces
holding the molecule together represents massless springs. Within the molecule,
each mass needs three coordinates to its position, making 3N degrees of free-
dom of motion for all the nuclear masses. The molecule itself also needs three
coordinates to define its center of gravity, as well as 3 rotational coordinates to
define the molecular orientation, meaning there will be six independent degrees
of freedom for motion for a non-linear molecule in its equilibrium configuration.
This means the molecule will have 3N-6 internal degrees of freedom. For a linear
molecule, one of the rotational degrees of freedom does not displace the nuclei,
and will thus have 3N-5 internal degrees of freedom. These internal degrees
of freedom correspond to the normal modes of vibrations, and are defined as
”when all the atoms in the molecule vibrate with the same frequency and all
atoms pass through their equilibrium positions simultaneously”[14], where the
senter of gravity does not move, even though the vibrations amplitudes of each
atom might be of different magnitude and directions

For a diatomic molecule, the deviation from the equilibrium position can be
described as a harmonic oscillation, as described in Equation 2.7. The total
degrees of freedom will therefore

V (r) = 1
2k(rd − req)2 (2.7)

Where k is the force constant of the vibrating bond, rd is distance between the
two atoms and req is the distance at equalibrium. By solving the Schrödingers
wave eguetion, the corresponding vibrational energy levels, or the energy level
for each normal mode is given by Equation 2.8

En = (n+ 1
2)hν (2.8)

Where n = 0, 1, 2, . . . represents the vibrational quantum number, h is Planck’s
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constant„ ν is the frequency, which can be described by Equation 2.9 and 2.10.

ν = 1
2π

√
k

µ
(2.9)

1
µ

= 1
m1

+ 1
m2

(2.10)

Here, k is the force constant of the bond, m1 and m2 are the masses of the
vibrating atoms and µ is the reduced mass.
In the model of harmonic oscillation approximation, two rules govern the ad-
sorption of a photon; transitions are only allowed if the vibrational quantum
number changes by one, that is, ∆n = ±1, and the transition must lead to a
change of dipole moment. This means, that for neighboring vibration levels, the
energy is given by 2.11

∆En+1,n = ((n+ 1) + 1
2)hν − (n+ 1

2)hν = hν (2.11)

Whereas the energy of a photon is given by 2.12

Ep = hν (2.12)

Since the only allowed change in vibrational quantum number is by one, a photon
would need frequency given by Equation 2.9, giving the molecule an increase in
energy equal to hν. As chemical bonds in a molecule are of different strength
depending on the atoms, the characteristics of the bond (single bond, double
bond etc) and neighboring atoms, each bond will have its own characteristic
frequency. The force constant of a bond does not actually correspond to the
depth of the interatomic potential, that is, the energy potential of the bond, but
its curvature. Still, one can use the frequency to calculate the force constant,
as the depth and curvature usually follows each other[52, 14]. This can be seen
in Figure 2.8

2.8.2 Practical uses

Based on the molecular vibrations, infrared spectroscopy can be used to de-
termine the chemical species present. Several forms of infrared spectroscopy
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Figure 2.8: The interatomic potential of a diatomic molecule, as HCl, where the
curvature is dependent on the bond-vibrations and the energy levels of
the molecule.

are available today, whereas the most common ones are transmission, Attenu-
ated Total reflection (ATR) and diffuse reflection infrared (DRIFT). Of these
methods, the simplest and historically most important is the transmission. In
this technique, the sample and an IR transparent matrix is pressed into a self-
supporting disc. As electromagnetic radiation within the entire IR spectra is
sent through the pellet, some will be absorbed by the sample bulk, before the
remaining radiation is sent to a detector. By comparing the received radiation
with the transmitted signal, a characteristic spectra of the analyzed compound
can be made [52]. ATR on the other hand, is a method for obtaining the spectra
of solids and liquids, and a minimum of sample preparation is needed. The sam-
ple is placed on top of a prism, or crystal, and a laser beam of monochromatic
radiation is sent through the crystal in an angel such that in the sample-crystal
interface, it is reflected back into the crystal 2.9.

Along the way, some of the radiation is absorbed by molecular vibrations. By
comparing the received signal and the transmitted signal, the characteristic
spectra can be found [14]. For DRIFT, the samples can be measured as mere
powder, thus eliminating tedious work from sample preparation and diffusion
limitations from tightly pressed samples. It is also a good alternative when
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Figure 2.9: Schematics of an ATR setup with the sample placed on top of the ATR
crystal. The laser, represented by the red line, passes through the crys-
taltotal by totalinternal reflection, creating an evanescent wave which
penetrates the sample, represented by the orange layer.

analyzing strongly absorbing or scattering compounds, e.g. oxide supports.
When radiation hits the sample, it gets scattered, before it is collected and
focused on the detector by ellipsoidal mirrors [52].

As mentioned in Chapter 1.1.4, alumina contains acidic sites that are of great
interest, as these could affect the catalytic properties. The acid sites consist of
both Brønsted acids and Lewis acids sites, whereas only the Brønsted acid sites
can be observed by the hydroxyl vibration of the sites [75]. Lewis acid sites,
on the other hand, have coordinatively unsaturated sites, and are thus not a
vibrator. A solution of this problem is the use of a probe molecule consisting of
a Lewis base. However, not every Lewis base are suitable. The probe has to be
small enough to interact with all available sites, and its basic strength should
be strong enough to interact to even weak acid sites. However, it should not be
so strong that it modifies the structure of the support. One such molecule is
pyridine.
The acidic strength of different sites will vary depending on its environment.
As a result, also the normal mode will differ for the chemical bonds. As pyri-
dine interacts with Lewis acid sites of different strength, slight changes in the
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vibrational levels will occur, leading to absorption of radiation with different
wavelengths [55]. The region between 1700-1400cm−1 is commonly the most
studied, as it originate from 8a and 19b ring vibration in the pyridine, which
are the most sensitive[36].
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Chapter 3

Experimental

3.1 Catalyst preparation

3.1.1 Reference catalyst: Pt/Al2O3

A catalyst containing 1wt% Platinum on a γ-alumina support (Pt/Al2O3) was
selected as the reference catalyst. Catalyst was prepared by a one-step incip-
ient wetness impregnation of γ-alumina support with an aqueous solution of
Platinum (IV)nitrate, Pt(NO3)4. Prior to impregnation, Al2O3 was calcined at
750◦C for 2.5h.

The incipient wetness point of γ-Al2O3 was estimated by dropwise addition of
distilled water. The wetness point was used to calculate the amount of platinum
nitrate precursor needed to give 1 wt% Pt, and the precursor solution was
prepared thereafter. The solution was homogenized by stirring, before dropwise
addition to the support while manually stirring to ensure exposure of all of the γ-
Al2O3 support. The wet powder was then dried at 110◦C overnight, then lightly
crushed to breake up clusters of alumina particles and transferred to a fixed bed
quartz calcination reactor. The powder sample was heated to 600◦C at a ramp
of 5◦C/min, and calcined under 55mLn/min air for 2h at this temperature. This
synthesis was based on the work of Xavier P. Auvray and Louise Olsson[2]. A
representation of the procedures can be seen in Figure 3.1.
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Figure 3.1: Block diagram of preparation method for reference catalyst.

3.1.2 Catalyst Modification

The reference catalyst was modified with the aim of changing its acidic/bacidic
properties of alumina support. For modification, (NH4)10W12O41 × XH2O, or
Ammonium tungsten oxide hydrate, was used, based on work on its property
to increase the amount of Lewis as well as Brønstedt acid sites on the alumina
surface [54, 83].
Modified catalyst will hereafter be denoted as X-Y/Al2O3, where X denotes the
compound from the first impregnation and Y from the second. A representation
of the procedures for post- and pre-modification can be seen in Figure 3.2 and
3.3 respectively.

Post-modification
The incipient wetness point of Pt/γ-Al2O3 was estimated by dropwise addition
of deionized water. The wetness point was used to calculate the amount of
Ammonium tungsten oxide hydrate precursor needed to give 1 wt% WO3, and
the precursor solution was prepared thereafter. Tungsten salt was dried for 2h
at 100◦C to remove any adsorbed water to ensure an accurate estimation of
incipient wetness impregnation calculations.

Pre-modification
To see whether the modification with tungsten would cover platinum particles
or block pores, pre-modification was conducted. Here, the support was first
modified with (NH4)10W12O41 × XH2O, before addition of platinum, following
the procedure mentioned in section 3.1.2 and 3.1.1 respectively.
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Figure 3.2: Block diagram of post-modification method for preparation of modified
catalyst.

Figure 3.3: Block diagram of pre-modification method for preparation of modified
catalyst.

3.1.3 WO3/ZrO2 and Ru/Al2O3

Both WO3/ZrO2 and Ru/Al2O3 were commercial catalyst supplied by Alpha
Aesar.
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3.2 Characterization

3.2.1 BET

BET surface area was measured by adsorption of nitrogen at 77K, using a Mi-
crometics TriStar II instrument. The samples were first weighted to be around
60-80mg, and then degassed at 200◦C overnight. The physiosorption isotherms
were obtained, and the BET surface area and pore-size distribution were then
found in accordance with section 2.2

3.2.2 Hydrogen Chemisorption and CO chemisorption

Dispersion of active metal was measured using a Micrometics ASAP 2020 instru-
ment. Quartz-wool was first loaded into a U-shaped quartz reactor. Approxi-
mately 150mg of catalyst was then introduced, before a second layer of quartz
wool was inserted. The reactor was then mounted to the instrument, and placed
inside an electrical heated furnace. A thermocouple was placed along the out-
side of the reactor, at the height of the catalyst, to monitor the temperature.
The samples were then evacuated for approximately 2h, before a manual leak-
test was conducted. This was done to ensure that the pressure change did not
surpass more than 50µmHg/min. The automatic sequence was then started.
For platinum dispersion measurement, it was assumed that the chemisorption
gas did not interact with the support. It was also assumed that no impurities
were present, and adsorption only happened at the surface of platinum parti-
cles. Time and temperature for the reduction step during pretreatment for the
different catalysts is summarized in Table 3.1

Table 3.1: Time and temperature for the reduction step during pretreatment. For
both tungsten modified catalysts, same procedure as for CO chemisorption
on Pt/Al2O3 was used.

Sample Chemisorption gas Temp[◦C] Time[min]
Pt/Al2O3 Hydrogen 600 120
Pt/Al2O3 CO 600 120
Ru/Al2O3 Hydrogen 400 120
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Pt/Al2O3

For hydrogen chemisorption, the sample was first evacuated with helium for
30min at 110◦C and leak tested. A flow of hydrogen was then introduced for
10min at 100◦C for in-situ reduction. The sample was then heated at 10◦C/min
to 600◦C under a flow of hydrogen gas for 2h. After reduction, the sample
was evacuated for2h at 600◦C and for 30min at 35◦C. A leak test was then
preformed, before evacuation at 35◦C for 20min. This was followed by the
analyzing step at 35◦C [4].

For CO chemisorption, the sample was first evacuated with helium for 1h at
400◦C and leak tested. The sample was then heated at 10◦C/min to 600◦C
under a flow of hydrogen gas for 2h. After reduction, the sample was evacuation
for 1h at 580◦C and for 45min at 100◦C. A leak test was then preformed, before
evacuation with helium at 50◦C for 1h. This was followed by the analyzing step
at 35◦C [4].

For illustration, the the analysis sequences for hydrogen chemisorption on Pt/Al2O3
is given in Table 3.2

The same procedures were also used for chemisorption on both Pt-W/Al2O3
and W-Pt/Al2O3, and the analysis sequences is summarized in TableD.1 and
D.2 in Appendix D.1.

Table 3.2: H2 Chemisorption analysis conditions and sequences for Pt/Al2O3.

Task number Analysis step Temp[◦C] Time[min]
1 Evacuation 110 30
2 Leak Test 100
3 Hydrogen Flow 100 10
4 Hydrogen Flow 600 120
5 Evacuation 600 120
6 Evacuation 35 30
7 Leak test 35
8 Evacuation 35 20
9 Analysis 35
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Ru/Al2O3

For hydrogen chemisorption, the sample was first evacuated with helium for 2h
at 35◦C. The sample was then heated at 10◦C/min to 400◦C and leak tested.
A flow of hydrogen gas was introduced for 2h at 400◦C for in-situ reduction.
After reduction, the sample was evacuation for 2h at 400◦C and for 30min at
100◦C. A leak test was then preformed, before evacuation at 100◦C for 30min.
This was followed by the analyzing step. The analysis sequences is summarized
in Table D.3 in Appendix D.1
As Ru/Al2O3 came in an egg shell pellet, with a darker outer layer containing
ruthenium and a whithe and, presumably, pure alumina phase in the interior,
both pellet and crushed catalyst underwent chemisorption.

WO3/ZrO2

For WO3 on ZrO and SiO2, it has been reported that no chemisorption of H2 or
CO, respectively, takes place [58]. It is therefore assumed that this is also the
case for WO3/Al2O3, as reports of this has yet to be found.

3.2.3 XRD

The XRD aparatus Bruker D8 Advanced DaVinci X-Ray Diffractometer – D8
DaVincie1 CuK α radiation was used for obtaining the XRD profiles spectra.
The catalyst was prepared in the second smallest sample holder, with a 2θ angle
of 5◦ − 75◦ with 15 seconds steps in 30 minutes with slit opening set to V6.

3.2.4 XRF

For obtaining the composition of the sample, Rigacu Supermini200 instrument
was applied. A pellet was first prepared by mixing the approximately 200mg
sample with 2.5-3.0g boric acid. The mixture was then pressed into a pellet,
which was placed into the pellet-holder, covered with polypropylene film on one
side. The weight of the sample and the boric acid was entered into the software,
together with the diameter of the pellet.
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(a)

Figure 3.4: SEM set-up.

3.2.5 SEM

Scanning electron microscopy was used for investigate changes in the surface to-
pography of alumina supported Pt-, Pt-W- and W-Pt- catalyst the imaging was
performed in a Hitachi S-5500 Scanning Electron Microscope, using PC-SEM
software for image processing. Crushed and uncrushed samples were applied
to a metal stub covered with either double layer copper or carbon tape, before
being mounted to the sample holder. The sample holder was then entered into
the SEM apparatus. The setup is demonstrated in figure 3.4.

Focusing of images were conducted stepwise, with correction of stigmatism and
focus alignment between each step for optimization of image quality and resolu-
tion. A current of 5A was used to prevent charging effects and voltages between
5V and 3V was chosen, depending on wanted resolution.

EDX was carried out for element analysis as part of the topographical investi-
gation, and Hitachi S-5500 Scanning Electron Microscope, in collaboration with
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Espirit 1.9.4.5 software, was used for this purposes. As EDX measurements uti-
lizes x-ray excitation from the sample, a high current, preferably 20A, is needed
to ensure good detection. For topographical reasons, a voltage of no more than
5kV was used.

3.2.6 Temperature Programmed Reduction

Temperature Programmed Reduction was carried using ChemBET 300 TPR
analysis apparatus. Quartz-wool was first loaded into a U-shaped quartz reactor.
Approximately 150mg of catalyst was then introduced, before a second layer of
quartz wool was inserted. The tube was then installed in the apparatus, and
leak-test performed using the reduction agent, made up of 7%H2 in Argon with
a flow of 60mL/min and a pressure of two bars. After leak test, the furnace was
installed , and the heating to 800◦C at 10◦C/min was initiated, still under a
flow of 60mL/min 7%H2/Ar. A termocouple was inserted to the quartz reactor
prior to heating for temperature control. A thermal conductivity detector was
used to measure the hydrogen consumption as a function of temperature.

3.2.7 XRD

The XRD aparatus Bruker D8 Advanced DaVinci X-Ray Diffractometer – D8
DaVincie1 CuK α radiation was used for obtaining the XRD profiles spectra.
The catalyst was prepared in the second smallest sample holder, with a 2θ angle
of 5◦ − 75◦ with 15 seconds steps in 30 minutes with slit opening set to V6.

3.2.8 Fourier transform infrared spectroscopy

Infraerd spectra were collected using OMNIC v.9.0 software in connection with a
912A0763 Nicolet iS50 FTIR KBr Gold Spectrometer, which allows for the use of
both DRIFT and ATR measurements. A Ge-on-KBr beamsplitter was used. A
top-mounted DaTGS mid-IR detector was utilised, capable of IR measurements
in the range of 5000 to 100cm−1. For ATR, the instrument was used as procured,
with a monolithic diamond ATR crystal. A 60 psi pressure tower was used to
ensure proper contact between the sample and the crystal.

Diffuse Reflectance Fourier Transform Spectra were obtained using FTIR seg-
ment of the Nicolet is50. A Harrick Praying Mantis High Temperature Reaction
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Chamber with KBr windows were used. A 220V Temperature Controller was
used, and automated heating profiles were programmed with an EZ-ZONE Con-
figurator software. The cell and the external parts were cooled by an EHEIM
2217 aquarium pump.

A N2 flow line was regulated by a mass flow controller allowing up to 30ml/min,
before it was split in two lines, where the gas could be directed to either flush
the cell or bubbling the N2 through a pyridine bubbler for in-situ adsorption
studies. A nitrogene purge of 30 SCFH was connected directly to the instrument
housing to minimize atmospheric disturbances for the IR-beam. An illustration
of the set-up can be seen in Figure 3.5
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Figure 3.5: Flow sheet of the set-up used for the experiment.
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ATR-FTIR

ATR-FITR was performed for initial investigation of the support, the reference
catalyst and both the modified catalysts. For obtaining a background, measure-
ment of an empty sample holder was conducted, before the catalyst sample was
placed in the sample holder and pressed to the surface by the pressure tower.
32 scans at a resolution of 4cm−1 was used for scanning, and an absorbance
spectrum was calculated by the OMNIC software.

In-situ DRIFT

In-situ DRIFT with pyridine adsorption was performed for studying the surface
structure of the catalyst samples, as well as the change in acidity as a function of
added tungsten. The procedure is based on the work of David A. Coucheron[15].
The sample was mixed with KBr to get approximately 1wt% sample, see Table
3.3, as this is required by the instrument for obtaining accurate measurements.
The sample mixture was then placed inside the praying mantis cell, and flushed
with pure N2 gas at 15ml/min. During flushing, the sample was heated to 773K
at 50◦C/h and held at that temperature for 1h to ensure proper dehydroxylation,
before being cooled to 423K.

Pyridine was then introduced for 30 min at a rate of 30mL/min, before flushing
with pure N2 gas at 15mL/min for 1h to ensure the removal of all physiosorbed
species. During both pyridine introduction and the subsequent flushing, a re-
flectance spectra was taken each minute. A background was taken right before
the introduction of pyridine for each sample.

Table 3.3: Weight percentage of the different samples in KBr.

Sample weight percentage[%]
γ-alumina 0.99
Reference catalyst 0.98
Post-modified catalyst 0.99
Pre-modified catalyst 0.98
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Data Analysis

OMNIC v.9.0 was used for data recording and processing for both ATR and
in-situ DRIFT measurements with pyridine adsorption. For quantitative in-
terpretation of pyridine adsorption spectra, measured in reflectance untis, all
spectras were converted to Kubelka-Munk units by the built-in function in OM-
NIC, using equation 3.1 [14],

f(R∞) = (1−R∞)2

2R∞
(3.1)

where R∞ represents the reflectance of an infinitely thick layer. Spectras were
then peakfitted using FITYK v.0.98 and Voigt peak shape and Levenberg-
Marquardt fitting model, based on the work of David A. Coucheron[15], ob-
served peak strukture and theoretically expected peaks.

Besides the surface strukture of transition aluminaes, Lewis and Brønsted acid
sites are of great interest due to their catalytic properties and effect on its
supported metals [56, 2, 83, 17]. Unfortunately, only Brønsted acid sites can
be observed due to their OH band, while Lewis acid sites have coordinatively
unsaturated sites, and are thus not a vibrator. A solution of this problem is the
use of a probe molecule consisting of a Lewis base, but not every Lewis base are
suitable. The probe has to be small enough to interact with all available sites,
and its basic strength should be strong enough to interact to even weak acid
sites. However, it should not be so strong that it modifies the structure of the
support. One probe molecule that fits these criterias is pyridine, and it has thus
been widely investigatet throughout the years [14, 75, 55, 36, 5, 34, 41, 40, 35].
The region around 1600 and 1400cm−1 is commonly of the greatest interest,
as these originate from the 8a and 19b ring vibration in the pyridine, giving
the most intensive vibration [36]. Especially frequencies given in Table F.1 in
Appendix F are of interest, as the aim of tungsten modification is to increase
acidity of the platinum catalyst.
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Chapter 4

Results

4.1 Nitrogen adsorption

Surface area, pore volume and average pore width was obtained from nitrogen
adsorption. The results are given in Table 4.1, and BET isotherms can be found
in Appendix something, together with pore size distribution. As can be seen
in Table 4.1, the surface area and pore volume of γ-alumina was measured to
be within the range of other studies[12, 73, 31, 68, 39], whereas the addition of
platinum had a small or no effect on these parameters. This was also true for
modified support.

Surface area of WO3/ZrO2 seems to be within the medium surface area region
compared to values reported in litterature[70, 33, 44, 13], with relatively narrow
average pore diameter compared to the alumina supported catalysts.
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Table 4.1: The surface area, pore volume and average pore width of calcined γ-Al2O3,
reference catalyst, as well as post- and pre-modified catalyst, calculated
from N2 adsorption. The calculations of pore size and pore volume are
based on BJH desorption method.

Catalyst BET surface area Pore volume Avg. Pore Dia.
[m2/g] [cm3/g] [nm]

γ-Al2O4 146 0.73 144
Pt/Al2O4 143 0.71 146
Pt-W/Al2O4 136 0.70 150
W-Pt/Al2O4 135 0.66 149
WO3/ZrO2 110 0.18 50
Ru/γ-Al2O4

a 200 - -
a Surface area of Ru/γ-Al2O4 was given by Alpha Aeser

4.2 Dispersion

Both hydrogen and CO chemisorption were performed for 1wt% Pt/γ-alumina.
For hydrogen chemisorption, a H2:Pt stoichiometry of 2:1 and a H2:Ru of 1 was
used, while for CO chemisorption a CO:Pt stoichiometry of 1:1was used, based
on available literature [21, 60]. The dispersion and measured crystal size can be
seen in Table 4.2. For modified catalyst, only CO chemisorption was used.

It is believed that due to hydrogen being both weakly and strongly chemisorbed
on the metalsurface of platinum on alumina[53], the accessible metal surface, and
thus the dispersion, should be based on the total amount of hydrogen adsorption,
and not only the strongly adsorbed. For carbon monoxide chemisorption, the
crystal size and dispersion is based on strongly adsorbed species.

Ruthenium dispersion seems to be best governed/determined by strongly ad-
sorbed hydrogen as reported by X. Wu et.al. [80]. It is difficult to intepretate
the results from CO chemisorption as it has been reported that, for Ru/SiO3,
several CO molecules tends to form bonds with a single surface ruthenium atom,
like Ru-(CO)2 and Ru-(CO)3 [38]. To complicate even more, other studies have
reported bridge bonded CO on ruthenium as well [6]. A H2:Ru stoichiometry
of 1 is recommended [6] .

As one can see in Table 4.2, both of the WO3 modified catalysts experienced a
decrease in dispersion of platinum. For post-modified catalyst, this could be a

38



CHAPTER 4. RESULTS 4.3. X-RAY FLUORESCENCE

Table 4.2: The dispersion and crystal size of Pt/Al2O3, Pt-W/Al2O3, W-Pt/Al2O3
and Ru/Al2O3 calculated by chemisorption of both CO and hydrogen.
Dispersion and crystal size are given for strong adsorption unless stated
otherwise.

Catalyst Analysing gas Dispersion Crystallite size
[%] [nm]

Pt/Al2O4
a H2 64 3.2

Pt/Al2O4 CO 60 1.9
Pt-W/Al2O4 CO 52 2.2
W-Pt/Al2O4 CO 55 2.0
WO3/ZrO2

b - - -
Ru/Al2O4 H2 5.9 22
Ru/Al2O4

c H2 17 7.7
aTotal adsorption is used for H2 measurements
bAs mentioned in Chapter 3.2.2, no chemisorption takes place on tungsten.
cChemisorption on egg shell pellet.

consequence of heat treatment, both from calcination and from the chemisorp-
tion procedure, leading to agglomeration or Ostwald ripening. This is supported
by the increase in size of Pt-particles on γ-alumina, as can bee seen in Chapter
4.4. Still, this does not explain the decreased dispersion of pre-modified cata-
lyst, where platinum only undergoes one calcination procedure. It is therefore
believed that addition of WO3 blocks the access of CO to platinum, leading to
lower dispersion values.

For alumina supported ruthenium, there is a large difference between cushed
and uncrushed pellet. This could be a consequence of the grinding procedure,
where ruthenium might be covered by alumina from the ruthenium free interior,
preventing hydrogen chemisorption.

4.3 X-Ray Fluorescence

For obtaining sample composition, X-ray fluorescence was conducted. A sum-
mary of catalyst composition can be seen in Table 4.3.

XRF results show that the amount of platinum in the prepared catalyst cor-
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Table 4.3: Element composition for alumina supported Pt catalyst, non-, post- and
premodified, alumina supported Ru catalyst and zirconia supported WO3
catalyst. Each catalyst were analyzed two times, and the middle values
are given. Al2O3 and ZrO2 have a detection limit of 0.01mm and 1.03mm,
respectively.

Catalyst Element Analyzing depth
[wt%] [mm]

Pt/Al2O3 1.2wt%PtO2 2.79
Pt-WO3/Al2O3 0.8wt%PtO2 2.79

0.7wt%WO3 1.96
WO3Al2O3

a 0.9wt%WO3 1.96
WO3-Pt/Al2O3

a 0.8wt%PtO2 2.79
0.7wt%WO3 1.96

Ru/Al2O3
b 2wt%Ru -

WO3/ZrO2 14wt%WO3 1.04
1.5wt%HfO2 1.24
1.0wt%CeO2 0.23

aContent of WO3 after first incipient wetness impregnation step was measured
to be 0.8wt%.
bValues are given by the Alpha Aeser.
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responds to the desired value within a reasonable range. This also shows that
there was no detection of impurities due to sample preparation or contamina-
tion in neither γ-alumina nor the platinum. There were some contaminations
detected in the pellet, but these mainly originated from impurities in the bind-
ing material, boric acid. Even though catalyst impurities in the catalyst could
be masked by those from the binder, these were left out due to their low wt%.
Previous test-measurements have shown the importance and effect of the degree
of homogeneity in the sample prepared. As the difference in grain size of binder
and sample are not the same, achieving homogenious pellets are difficult. Even
with manual grinding, mechanical loss will occur, resulting in lower measured
values. Values in Table 4.3 should therefore not be used as absolute, but rather
as an indication of the composition.
The importance of homogeneity could arise from the difference in penetration
depth for different elements. If the sample accumulates on the surface of the
pellet, the instrument would detect a higher amount of Al2O3 with an analyzing
depth of only 0.01 mm compared to a more homogenous pellet. This would also
be the case for platina, but because of its greater analyzing depth, this would
even out as one moves deeper into the pellet were occurrence of sample are more
scarce.
Both post- and pre-modified catalyst seems to contain the same amount of both
platinum and tungsten, making comparison of post- and pre-modification effects
easier in later studies. The decrease in platinum content after post-modification
are belived to be partly due to addition of tungsten oxide. This is also believed
to be the case for tungsten in pre-modified catalyst after platinum addition.
Comercial WO3/ZrO2 catalyst was found to contain hafnium, a trait commonly
found in zircona support, as Hf and Zr shares a number of chemical properties,
and is therefore hard to separate [16].

4.4 SEM

Scanning electron microscopy (SEM) analysis was carried out to investigate the
surface topography.

As seen from Figure 4.1(a), using BSE, there exists a high number of particles
with a diameter of 50-70nm on the surface. Nevertheless, not all alumina spheres
have such a high density of small particles, but rather fewer and larger ones,
with a diameter of 120-130nm, as seen in Figure 4.1(b). This shows that it might
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be some difficulties with homogeneous dispersion of platinum on the alumina
support.

(a) (b)

Figure 4.1: ??Platinum catalyst with high amount of small surface particles and
4.1(b) with smaller amount of large surface particles.

Due to chemisorption giving a crystallite size of approximately 2nm, and that
the average pore volume diameter, given by BET, of 14nm, it is believed that
particles of this size only occur on the surface of the support.
This is also supported by the fact that large particles within the alumina struc-
ture would certainly block pores, resulting in decreased surface area. As re-
ported in Chapter 4.1, no such decrease in surface were observed.

For Post modified catalyst, surface particles seem to be slightly larger, a feature
belived to be caused by sintering of Pt particles during the second calcination,
see Figure 4.2(a) and 4.2(b).
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(a) (b)

Figure 4.2: 4.2(a)Post-modified catalyst with high amount of small surface particles
and 4.2(b) with smaller amount of large surface particles.

For pre-modified catalyst, size of surface particles were even greater than those
of post-modified catalyst, as well as having a variety of diffrent sizes, as seen
in Figure 4.3(a) and 4.3(b). This indicates that calcination is not the largest
contributor, but only plays a small role in particle growth. As the size is larger
after both post- and pre-modification, it would be reasonable to ascribe this
trait to tungsten oxide.

(a) (b)

Figure 4.3: 4.3(a)Particle size on pre-modified catalyst with and 4.3(b) a variety of
particles of different size.
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As mentioned in Chapeter 1.1, larger particles of platinum have showed resis-
tance towards deactivation than smaller particles, due oxygen forming stronger
bonds with smaller Pt-particles. Even though the surface particles only make
up a small amount of the total platinum, this could help increase activity during
NO oxidation due to resistance towards self-inhibition[63].

EDX measurements

EDX was carried out for element analysis and shows that the surface particles in
platina catalyst consist mainly of platinum in its elemental form. EDX images
of both post- and pre-modified also shows that surface particles consist mainly
of elemental platinum, with small amounts of tungsten oxide.

(a) normal sem (b) YAG-BSE bilde

Figure 4.4: Composition of particles on 4.4(a) post-modified catalyst and 4.4(b) pre-
modified catalyst. As can bee seen, particles consists mainly of platinum
with small amounts of tungsten.

EDX imaging was also done for crushed post-modified catalyst to see metal
distribution within the interior of the support. From Figure 4.5(a) and 4.5(b), it
seems that both Pt and WO3 is well dispersed without large particle formations
whithin each alumina sphere. This is also the case pre-modified catalyst, as
seen in Figure 4.5(c) and 4.5(d).
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(a) (b)

(c) (d)

Figure 4.5: 4.5(a) The distribution of platinum and 4.5(b) tungsten in the interior
structure of crushed post-moddified catalyst.4.5(c) The distribution of
platinum and4.5(d) tungsten particles in pre-modified catalyst.

4.5 X-ray diffraction

Figure 4.6 shows the XRD profiles of γ-Al2O3, Pt-Al2O3, Pt-W-Al2O3 and
W-Pt-Al2O3. The crystalline phases of the samples are matched to reference
patterns/characteristic spinel reflections (vertical lines), using “Diffrac. Eva
V4.1”.

The XRD patterns of η and γ-alumina, seen in Figure E.1, Appendix E, are
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Figure 4.6: XRD profile of γ-Al2O3, Pt-Al2O3, Pt-W-Al2O3 and W-Pt-Al2O3.

almost identical, with only a slightly difference in the width of some peaks,
mainly due to the occupancy of the sites by cations and vacancies, more than
any structural differences. In respect to this, most authors suppose that the two
transition phases are essentially the same. Even so, it has been suggested that
η-alumina has stronger Lewis acid sites and therefore a slightly higher activity
than γ-alumina [31].

Still, the peaks are notable broad compared to other crystalline compounds, as
expected from alumina. Owing to alumina being highly amorphous, assignment
of phase type or calculation of crystallite size is for this reason rather challenging
[34] According to Guido Busca [31] , this is a result from structural disorder
within the cubic structure of alumina.

As for the reference catalyst containing 1wt% Pt and the modified catalysts,
a small elevation in the peak around 40 θ◦region is observed, together with
a broadening of the peak at the 40 θ◦region, see Figure 4.6. No change in
morphology should arise by means of calcination procedure alone, as calcination
of pure alumina occurred at a higher temperature. It is therefore believed that
these alterations stem from platinum and tungsten crystallites.
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Figure 4.7: XRD profile of Pt-W/Al2O3 and its corresponding spinal reflections.

From figure 4.7 it can be seen that the spinel reflections for platinum is over-
lapping with that of aluminum. Unfortunately, this seems to be the case for
Tungsten as well, making it impossible to ascribe phase or calculate crystallite
size for neither of the compounds. It must be noted that the height of spinel
reflections do not neccesarely reflect the measured intencity.

In addition to overlapping peaks, the small changes in the diffraction pattern
could be a consequence of either a weight percentage or crystallite sizes of metals
below or close to detection limit, which have been reported to be the case for
WO3[83].

Profiles matching characteristic spinel reflections for individual samples can be
seen in Figure E.1, E.2, E.3 and E.4 found in Appendix E.

4.6 Temperature Programmed Reduction

Temperature Programmed Reduction was performed for Pt-Al2O3 to find opti-
mal reduction temperature. No hydrogen uptake were detected seen, as shown
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in Figure 4.8.
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Figure 4.8: TPR of Pt/Al2O3 from ambiant temperature to 800◦C.

The lack of hydrogen uptake could be caused by the fact that platinum is al-
ready in a reduced state. Ivanova et al.[29] have reported that in H2-TPR
studies of platinum and paladium supported on alumina, platina was reduced
already at 44◦C. In the same study, it was found that reduction temperature for
Pd catalyst depended on the calcination temperature, theorized to be caused by
a decrease in Pd and Al2O3 interactions. As platinum and paladium are both
elements of the same group, this could also be true for platinum. Additionaly,
Rossin[62] discovered that by increased calcination temperature of alumina sup-
ported platinum catalyst led to an increase in the extent of platinum reduction.
This implies that the catalyst is in an already reduced state, caused either dur-
ing the leak test sequnce, or by calcination at 600◦C. It would therefore be of
interest to performe H2-TPR at a lower temperature.
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4.7 Fourier Transform Infrared Spectroscopy

4.7.1 FTIR-ATR

ATR investigation was conducted to detect the changes in the surface structure
of the catalyst to confirm the presence of modifier.

1,0002,0003,0004,000
Wavenumber [cm−1]

Al2O3 Pt
Pt-W W-Pt

Figure 4.9: ATR absorbance-spectra of Al2O3, Pt/Al2O3, Pt-W/Al2O3 and W-
Pt/Al2O3 in the mid IR region. Y-axis is given in arbitrary units.

Figure 4.9 compares the mid-range spectral region of γ-alumina, reference cata-
lyst, post and pre-modified catalysts. It has been reported that the addition of
Tungsten to alumina increases its acidity by an increased amount of Brønsted
and Lewis acid sites [83]. It will therefore be natural to investigate the OH re-
gion at 3000-3600cm−1, as Brønsted-acid sites are usually identified through the
ν(OH) band of hydroxyl groups [76]. For comparison purposes, other wavenum-
bers have also been investigated closer. As seen from Figure 4.10, it appears to
be no significant changes in these regions due to modification. This is also the
case for Figure 4.11 and 4.12 indicating that the modification does not alter the
hydroxyl group, nor any other region within the mid-range spectra. Vibrations
of metal oxygen bonds on the surface are not visible in the observable spectra, as
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3,0003,5004,000
Wavenumber [cm−1]

Al2O3 Pt
Pt-W W-Pt

Figure 4.10: ATR absorbance-spectra of Al2O3, Pt/Al2O3, Pt-W/Al2O3 and W-
Pt/Al2O3 in the OH region between 4000-3500 cm1. Y-axis is given in
arbitrary units.

exists in the same spectral region as lattice vibrations. For metal-metal bonds,
the vibrational frequencies lie beyond that of conventional FTIR spectrometers
[5]. Changes due to metal addition on the surface will therefore not lead to any
changes in the IR spectra by itself, unless other surface groups are altered, or a
probe molecule is introduced.
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1,5002,0002,500
Wavenumber [cm−1]

Al2O3 Pt
Pt-W W-Pt

Figure 4.11: ATR absorbance-spectra of Al2O3, Pt/Al2O3, Pt-W/Al2O3 and W-
Pt/Al2O3 in the 2750-1500cm−1 region. Y-axis is given in arbitrary
units.
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5001,000
Wavenumber [cm−1]

Al2O3 Pt
Pt-W W-Pt

Figure 4.12: ATR absorbance-spectra of Al2O3, Pt/Al2O3, Pt-W/Al2O3 and W-
Pt/Al2O3 in the 1500-400cm−1 region. Y-axis is given in arbitrary
units.
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4.7.2 DRIFTs

In-situ DRIFT was used to further investigate the effect of catalyst modification
by pyridine adsorption. The use of pyridine as a probe molecle in adsorption on
γ-alumina has been widely investigated throughout the years [14, 75, 55, 36, 5,
34, 41, 40, 35].
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Figure 4.13: DRIFTIR-spectrum of γ-Al2O3in the region of 4000-500cm−1 30 min
after bubbling of pyridine was ended. The spectra were taken at 150
◦C under a flow of 15 mL min−1 N2.

Figure 4.13 shows the Kubelka-Munk spectrum of pyridine adsorbed on γ-
alumina 30min after ended exposure. The bands at 1600 and 1400 cm−1 repre-
sent the 8a and 8b and the 19a, and 19b ring vibrations of pyridine, respectively.
The bands at 2350 cm−1 represent the CO2 region, the bands at 3100-2700 cm−1

represent the CH-stretch region while the broad band around 3500 cm−1 repre-
sents the hydroxyl area.
For this thesis, only known bands originated from pyridine adsorption are of
interest, and negative bands in the area of 1800-1350cm1 have therefore not
been discussed.
Ring vibrations in pyridine are known for giving the most intensive vibration
for pyridine adsorption[36, 47], and will therefore be more closely investigated.
For this purpose, a Kulba Munk spectrum in the 1400 and 1600 cm−1 region for
pyridine adsorbed at γ-alumina was plotted, comparing the pyridine adsorption
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every 10 min after ended exposure. This can be seen in Figure 4.14. For com-
parison reasons, the spectra of pyridine adsorbed on pure alumina is left out, as
its high intensity compared to those of Pt/ceAl2O3, Pt-ceWO3/ceAl2O3 and
ceWO3-Pt/ceAl2O3.
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Figure 4.14: IR-spectrum of γ-Al2O3 in the wavenumber range of 1350-1700cm−1

for every 10 min after bubbling of pyridine was ended. The spectra
were taken at 150 ◦C under a flow of 15 mL min−1 N2.

As seen from the figure, pyridine desorbs quickly after bubbling stops, with a de-
crease in intensity for all bands. After approximately 30-40 minutes, the signal
seems to stabilize, as physiosorbed pyridine is removed from the surface. Dur-
ing this removal, strongly hydrogen-bonded pyridine seems to gradually disap-
pear, while coordinated bound pyridine remains relatively stable, demonstrated
by the rapid decrease at the 1588cm−1 band compared the 1612cm−1 bands,
respectively[40]. For the 19a and 19b ring vibration region, the band seems to
shift from weakly coordinated bands at 1444cm−1 and weak hydrogen bands in
the favor of very strong coordinately bonds at 1447 [40, 34], as expected.

As seen by Figure 4.15, the band at 1612 and 1588, associated with medium
Lewis acid and strong hydrogen bonds[40], are significantly weaker in Platinum
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catalyst compared to tungsten modified catalyst, showing an increase in medium
Lewis acid sites after modification.
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Figure 4.15: IR-spectrum of Pt/Al2O3, Pt-W/Al2O3 and W-Pt/Al2O3 in the
wavenumber range of 1700-1500 cm−1 for 30 min after bubbling of
pyridine was ended. The spectra were taken at 150 ◦C undera flow of
15 mL min−1 N2. For both spectras, an y-offset is introduced for easier
intepretation. Y-axis is given in arbitrary units.

From the 19a, and 19b vibration area, see Figure 4.16, a strongly coordinated
band at 1450cm−1 and strong hydrogen bond at 1444 can be observed for mod-
ified catalyst. At comparison with platina catalyst, both of these bands seem
to have red shift, indicating weaker bond strength of these sites [23, 75].
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Figure 4.16: IR-spectrum of Pt/Al2O3, Pt-W/Al2O3 and W-Pt/Al2O3 in the
wavenumber range of 1500-1420 cm−1 for 30 min after bubbling of
pyridine was ended. The spectra were taken at 150 ◦C undera flow of
15 mL min−1 N2. For both spectras, an y-offset is introduced for easier
intepretation. Y-axis is given in arbitrary units.

In general, bandss associated with both medium and strong acidic sites are
barely present in platinum containing catalyst, indicating that little pyridine
adsorbs on the surface. Beard and Zhang found that highly dispersed platinum
particles behave as bases when interacting with acidic alumina, thus resulting
in decreased adsorption of pyridine [3]. This could explain the reduced intensity
for platinum catalyst. As mentioned in Chapter 4.2, average crystallite size
of platinum has been measured to be around 1.8nm, only slightly larger than
what have been reported. The addition of WO3 have been reported to increase
both the number of Lewis and Brønste acids[83] in alumina. This could explain
the increased intensity associated with Lewis acids, indicating that tungsten
counteracts the basic properties of platinum particles.

As pyridine might perturb the hydroxyl groups of alumina, this area was also in-
vestigated, shown by Figure 4.17(a). It has been found that increased intensity
of bands at 3561 and 3512 cm−1 suggest formation of hydrogen bonds, while
negative bands in the area between 3800-3650 cm−1 are caused by the perturba-
tion of OH groups [41, 37]. When pyridine interacts with Lewis acids of different
strength, the electron density within the pyridine ring structure changes. As
pyridine adsorbs on the surface, this gives rise to hydrogen bonding of different
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strength with adjunct OH groups. Ideally, one should therefore be able to corre-
late band strength from the pyridine adsorption area to those from the OH area,
and thus also find the distribution of Lewis acids with different strength [40].
However, this area suffers from a low signal to noise ratio, making it difficult
to interpret bands and acid cite distribution. The use of pyridine CH stretch
region has also been proposed for the same purpose [72], but also here, signal
to noise ratio is too low to obtain useful information, as seen in Figure 4.17(b).
This area is also associated with risk of contamination from other hydrocarbons,
and was therefore not given much attention.
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Figure 4.17: DRIFTIR-spectrum of Pt/Al2O3, Pt-W/Al2O3 and W-Pt/Al2O3 in
4.17(a) the OH region and 4.17(b) the CH region 30 min after bubeling
of pyridine was ended. The spectra wsere taken at 150 ◦C under a flow
of 15 mL min−1 N2. For both spectras, an y-offset is introduced for
easier intepretation. Y-axis is given in arbitrary units.
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Chapter 5

Conclusion

This research work focused on the synthesis and characterization of a poten-
tial and efficient alumina supported platinum catalyst for achieving NO/NO2
equilibrium.

The aim of this work was to investigate the properties of alumina supported Pt
catalyst both before and after post- and pre-modification with WO3. Catalyst
with 1%Pt was prepared by aqueous incipient wetness impregnation. Modifi-
cation with 1.3%WO3 was carried out by two methods; post-modification with
aqueous impregnation of Pt/Al2O3, and pre-modification with a two-step aque-
ous impregnation of γ-Al2O3, first with tungsten, then with platinum.
Nitrogen adsorption showed a surface area of approximately 145m2/g. Addition
of platinum and tungsten oxide did not alter the surface area, pore volume or
pore diameter of the support significantly.
Chemisorption showed that Pt is well dispersed on alumina, with crystallite size
of approximately 2nm. It was also discovered a slight decrease in dispersion of
Pt for modified catalyst compared to Pt/Al2O3 catalyst. As this occurs for
both pre- and post- modified catalyst, but slightly more for post-modification,
it is believed that WO3 blocks access of CO and H2. Ruthenium, on the other
hand, showed little dispersion with larger crystallite size.
SEM shows the formation of large particles on the surface of alumina spheres.
For post-modified catalyst, these particles were slightly larger, while pre-modified
catalyst showed a greater variety of size distribution. It is therefore believed
that tungsten addition affects the size of these particles. This could also explain
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the decrease in dispersion.
An X-ray fluorescence measurement indicates catalysts content of 1.2wt% Pt.
In modified catalyst, content of platinum oxide and tungsten oxide were 0.8wt%
and 0.7wt% respectively. These values should not be seen as absolute, but rather
as an indication of the composition. No impurities were detected in any of pre-
pared catalysts.
No hydrogen uptake were detected by TPR, indicating that platinum is already
reduced. Due to the low metal content and alumina being highly amorphous,
assignment of phase type or calculation of crystallite size with XRD was not
possible.
Ex-situ investigation with ATR could not detect changes in the surface structure
as expected. In-situ DRIFT shows that bands at 1446 and 1612 cm−1, associated
with strong and medium Lewis acid sites, are barely present in Pt/Al2O3, indi-
cating the lack of acidity. After addition of tungsten, band intensity increased,
with a blue shift of the 1446 band to 1450cm−1, demonstrating increased acidic
strength due to WO3. For all catalysts, no Brønsted acidic sites were found.
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Further work

More moddified Pt/Al2O3 catalyst with different loading of WO3 should be
prepered in order to verify the increased acidity. TEM imaging of the catalysts
should also be conducted in order to verify the platinum and tungsten oxide
particle size. XPS would also be of interest, as it can measure the chemical and
electronic state of platinum and tungsten oxide. An obvious next step would be
to test the catalytic activity, selectivity and stability for NO oxidation to NO2
at different for each of the catalysts.

After catalytic measurements, it would also be interesting to compare with Pt
catalyst on different supports.
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Appendix A

Calculation for catalyst
preparation

Table A.1: A summary of measured amounts of chemicals required for preparing
catalyst with 1wt%W and 1wt%Pt

Property Tungsten Platinum
Chemical formula H20N10W12·H2O Pt(NO3)4

Physical state Solid Solution
Molecular weight 3042.56 443.1036

A.1 Catalyst preparation

NO oxidation catalyst with 1wt%Pt on γ-alumina was prepared by one step
incipient wetness impregnation of γ-alumina with an aqueous solution of plat-
inum nitrate, Pt(NO3)4. The platinum precourser contained 15% platinum.
Calcination to obtain the amount of distilled water and precursor needed for
one step incipient impregnation of 10g γ-alumina support to get 1wt% loading
of Pt are shown below
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A.1. CATALYST PREPARATION APPENDIX A. CALCULATIONS

Amount of metal required = mP t

mP t +mSupport

mP t

mP t +mSupport
= 0.1

mSupport = 0.99
0.01mP t

mSupport = 9.9g

mP t = 0.01
0.99mSupport

mP t = 0.1g

Pore volume of alumina support = 1.345 cm3

gAl2O3

Incipient wetness point = 13.32cm3

Mass required precoursor = 0.1g
0.15mprecursor = 0.667g

mprecoursor liquid = 0.567
Amount water required = x ·mAl2O3

− y cm3 precoursor liquid

y =
mP t(NO3)4

ρP t(NO3)4

Due to lack of density for the precursor, platinum nitrate precursor was weighted,
before it was diluted with deionized water to reach required volume for impreg-
nation. A summary of measured catalyst can be seen in Table A.2

Table A.2: A summary of measured amounts of chemicals required for preparing
catalyst with 1wt%Pt.

Component Amount[g]
γ-Al2O3 9.9029

Pt-precursor 0.6750
water 13.35
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APPENDIX A. CALCULATIONS A.2. PRE-MODIFICATION

A.2 Pre-modification

Pre-modified catalyst with 1.3wt% W and 1wt%Pt on γ-alumina was prepared
by two step incipient wetness impregnation of γ-alumina, first with an aque-
ous solution of Ammonium tungsten oxide hydrate, H20N10W12·XH2O, then
an aqueous solution of platinum nitrate, Pt(NO3)4. The platinum precourser
contained 15% platinum. Calculations to obtain the amount of distilled wa-
ter and precursor needed for impregnation of γ-alumina support to get 3g of
1.3wt%WO3-1wt%Pt catalyst are shown below. Prior to dsiolving tungsten salt
in dionized water, H20N10W12·XH2O was dried for 2h at 100◦C to remove any
adsorbed water to ensure an accurate estimation of incipient wetness impregna-
tion calculations. A summary of measurement data for tungsten impregnation
can be seen in Table A.3

Amount of metal required = mW

mWO3
+m(future Pt+Support)

·m(future Pt+Support)

mWO3
= 0.039g

nWO3
=
mWO3

MWO3

MWO3
= 231.84 g

mole
nWO3

= 0.000168moles
nWO3

= 12 · nH20N10W12

mH20N10W12
= 1

12 · nW ·MH20N10W12

mH20N10W12
= 0.04265g

Pore volume of alumina support = 1.345 cm3

gAl2O3

mSupport = 2.931gIncipient wetness point = 3.942cm3
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A.3. POST-MODIFICATION APPENDIX A. CALCULATIONS

Table A.3: A summary of measured amounts of chemicals required for preparing
catalyst with 1.3wt%WO3 and 1wt%Pt.

Component Amount[g]
γ-Al2O3 2.9402

Tungsten salt 0.0416
Pt-precursor 0.6750

water 4.0451

For Platinum impregnation, same procedure as for Appendix A.1 was used, but
with a pore volume of 1.3275 cm3

gw−Al2O3
, as mentioned in Appendix B. Measure-

ments data can be seen in Table A.4

mW/Al2O3 = 2.5535g

mP t = 0.01
0.99 ·mWO3/Al2O3

mPt precursor = 0.172
Incipient wetness point = 3.3898cm3

Table A.4: A summary of measured amounts of chemicals required for modification
of WAl2O3 with 1wt%Pt.

Component Amount[g]
WAl2O3 2.5535

Pt-precursor 0.1719
water 3.39

A.3 Post-modification

Post modified catalyst with 1wt%Pt and 1wt%W on γ-alumina was prepared
by a one step incipient wetness impregnation of 1wt%Pt/Al2O3, prepared in
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APPENDIX A. CALCULATIONS A.3. POST-MODIFICATION

Appendix A.1. Amount of tungsten was found by the same procedure as men-
tioned in Appendix A.2, but with some modifications given below. A summary
of measured catalyst can be seen in Table A.5

msupport = mP t/Al2O3

mP t/Al2O3 = 1.98g
mH20N10W12

= 0.0276g
Incipient wetness point = 2.663cm3

Table A.5: A summary of measured amounts of chemicals required for modification
of PtAl2O3 with 1wt%WO3.

Component Amount[g]
PtAl2O3 1.9995

Tungsten salt 0.0268
water 2.6880
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Appendix B

Pore volume measurements

The pore volume after calcination of γ-alumina was found by first measuring
teh weight of alumina, before applying water until it was wet, but without any
excess of free water. It is assumed that 1g of water corresponds to 1cm3, and
porevolume was found by dividing volume of water used by weight of alumina.
this was done in 3 parallells, and all data can be seen in Table B.1.

Table B.1: Data used for finding pore volume of alumina.

Parallel Pore volume [ cm3

g ]

Parallel 1 1.354
Parallel 2 1.339
Parallel 3 1.342
Average 1.345

For pre-modified catalyst, W/Al2O3 was transfered into a small mortar and
weighted, before deionized water was introduced. This was done until complete
wetting was achieved, and the sample was weighted again. The difference in
weight stem from water, and measured data can be seen in Table B.2. After
pore volume measurements, W/Al2O3 was dried at 100◦C to remove water.
Due to this, only one sample was measured.
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APPENDIX B. PORE VOLUME

Table B.2: Data used for finding pore volume of W/Al2O3.

Parallel Pore volume [ cm3

g ]

Parallel 3 1.3275
Average 1.3275
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Appendix C

Nitrogen adsorption

A representation of the Nitrogen adsorption isotherm and pore size distribution
is given below.
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APPENDIX C. NITROGEN ADSORPTION

Figure C.1: The The adsorption/desorption curve for γ-Al2O3
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APPENDIX C. NITROGEN ADSORPTION

Figure C.2: Pore size distribution for γ-Al2O3
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Appendix D

Chemisorption Sequence
and Isotherms

D.1 Chemisorption Sequence

Chemisorption measurements for the different catalyst, as well as a representa-
tion of the isotherms.

Table D.1: H2 Chemisorption Analysis conditions and sequences for Pt/Al2O3.

Task number Analysis step Temp[◦C] Time[min]
1 Evacuation 110 30
2 Leak Test 100
3 Hydrogen Flow 100 10
4 Hydrogen Flow 600 120
5 Evacuation 600 120
6 Evacuation 35 30
7 Leak test 35
8 Evacuation 35 20
9 Analysis 35
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D.2.
CHEMISORPTION ISOTHERM APPENDIX D. CHEMISORPTION

Table D.2: CO Chemisorption Analysis conditions and sequences for Pt/Al2O3.

Task number Analysis step Temp[◦C] Time[min]
1 Evacuation 40 60
2 Leak Test 40
3 Hydrogen Flow 600 120
4 Evacuation 580 60
5 Evacuation 100 45
6 Leak test 100
7 Evacuation 50 60
8 Analysis 35

Table D.3: H2 Chemisorption Analysis conditions and sequences for Ru/Al2O3.

Task number Analysis step Temp[◦C] Time[min]
1 Evacuation 35 120
2 Evacuation 400 20
3 Leak test 400
4 Hydrogen Flow 400 120
5 Evacuation 400 120
6 Evacuation 100 30
7 Leak test 100
8 Evacuation 100 30
9 Analysis 100

D.2
Chemisorption Isotherm
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APPENDIX D. CHEMISORPTION
D.2.

CHEMISORPTION ISOTHERM

Figure D.1: Pt/Al2O3The isotherm for the total adsorption with trend line in red
and the isotherm in green. The blue line represents strongly adsorbed
CO.
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Appendix E

X-ray Difraction

Profiles matching characteristic spinal reflections for individual samples can be
seen in Figure E.1, E.2, E.3 and E.4. The height of spinal reflections do not
neccesarely reflect the measured intencity
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Figure E.1: XRD profile of Al2O3.
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Figure E.2: XRD profile of Pt/Al2O3.
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Figure E.3: XRD profile of Pt-W/Al2O3.
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Figure E.4: XRD profile of W-Pt/Al2O3.
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Appendix F

FTIR wavelength

Position of pyridine bands between 1700-1400cm−1 upon adsorbtion on γ-alumina
are given in Table F.1.
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APPENDIX F. FTIR WAVELENGTH

Table F.1: Position of pyridine bands upon adsorbtion on γ-alumina

Adsorption mode Acids Peaks Strong/weak Source

Coordinated

Lewis 1447-1460 Very strong [55]
Lewis 1443 weak [41]
Lewis 1449 medium [41]
lewis 1453 strong [41]
Lewis 1485-1500 variable [55]
Lewis 1580 variable [55]
lewis 1592 weak [40]
Lewis 1593 weak [47]
Lewis 1610-1635 unknown [55]
Lewis 1612 unknown [40]
Lewis 1614 medium [47]
Lewis 1621 strong [40]

Ion

Brønstedt 1485-1500 very strong [55]
Brønstedt 1540-1543 strong [55]
Brønstedt 1620 strong [55]
Brønstedt 1640 strong [55]

Hydrogen bonded
1440-1447 very strong [55]
1485-1490 weak [55]
1580-1600 strong [55]
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Risk assesment
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Farekilde Uønsket hendelse Tiltak hensyntatt ved vurdering

Use of furnaces Burn from hot furnace Heat-restistant gloves

Preparation of precursor solution and 
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Formation of harmful chemicals/gas Safety Goggles
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inhalation of powders Fume hoods
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Electric shock 
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Eksisterende og relevante tiltak med beskrivelse:

Heat-restistant gloves
Using furnaces to calcine the support and impregnated catalyst. Protection against burns

Safety Goggles
Eye protection to be worn at all times while working in lab.

Lab Coat
Protection of skin against spills, corrosice chemicals, etc.

Fume hoods
Platinum nitrate can form harmful gases. Handle in fume hood

Nitrile gloves
Platinum nitrate is corrosive and oxidizing. Hand protection important

Emergency Eye shower and flask
In case chemicals come in contact with eyes. Rinse with plenty of water, consult medical personnell

Emergency shower
In case of serious spills, or clothing on fire. Located in lab.

Fire Extinguisher
[Ingen registreringer]

Tightening connections/cover with parafilm
[Ingen registreringer]

Exctensive flushing with N2
Removal and dilution 

Unntatt offentlighet jf. Offentlighetsloven § 14
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• Use of furnaces

• Burn from hot furnace

• Preparation of precursor solution and impregnation of alumina support

• Chemical burn

• Formation of harmful chemicals/gas

• Spill of platina precursor onto skin

• inhalation of powders

• Use of oil bath

• In-situ DRIFTS using Pyridine Adsorption

• Leakage

• Fire during heating treatment 

• Electric shock 

• Uncontrolled heating

Følgende farer og uønskede hendelser er vurdert i denne risikovurderingen:

I denne delen av rapporten presenteres detaljer dokumentasjon av de farer, uønskede hendelser og årsaker som er vurdert. 
Innledningsvis oppsummeres farer med tilhørende uønskede hendelser som er tatt med i vurderingen.

Risikoanalyse med vurdering av sannsynlighet og konsekvens

Oversikt over besluttede risikoreduserende tiltak med beskrivelse:

Use of furnaces (farekilde)

Alumina will be calcined in HT-furnaces
Catalyst/impregnated alumina will be dryed/calcined in furnaces

Accidentally touching a hot surface on the furnace may cause burns.

Use of furnaces/Burn from hot furnace (uønsket hendelse)

Vurdering av risiko for følgende konsekvensområde: Helse

Lite sannsynlig (2)

[Ingen registreringer]

Samlet sannsynlighet vurdert for hendelsen:

Kommentar til vurdering av sannsynlighet:

Vurdert sannsynlighet (felles for hendelsen):

Vurdert konsekvens:

Kommentar til vurdering av konsekvens:

[Ingen registreringer]

Middels (2)

Lite sannsynlig (2)
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Preparation of precursor solution and impregnation of alumina support (farekilde)

Diluting Platinum nitrate solution, and impregnating alumina

Platinum nitrate is corrosive and oxidising.

Preparation of precursor solution and impregnation of alumina support/Chemical burn (uønsket 
hendelse)

Vurdering av risiko for følgende konsekvensområde: Helse

Lite sannsynlig (2)

[Ingen registreringer]

Samlet sannsynlighet vurdert for hendelsen:

Kommentar til vurdering av sannsynlighet:

Vurdert sannsynlighet (felles for hendelsen):

Vurdert konsekvens:

Kommentar til vurdering av konsekvens:

[Ingen registreringer]

Middels (2)

Lite sannsynlig (2)

Platinum nitrate may react and form harmful gas.

Preparation of precursor solution and impregnation of alumina support/Formation of harmful 
chemicals/gas (uønsket hendelse)

Vurdering av risiko for følgende konsekvensområde: Helse

Sannsynlig (3)

[Ingen registreringer]

Samlet sannsynlighet vurdert for hendelsen:

Kommentar til vurdering av sannsynlighet:

Vurdert sannsynlighet (felles for hendelsen):

Vurdert konsekvens:

Kommentar til vurdering av konsekvens:

[Ingen registreringer]

Middels (2)

Sannsynlig (3)
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Preparation of precursor solution and impregnation of alumina support/Spill of platina precursor onto 
skin (uønsket hendelse)

Vurdering av risiko for følgende konsekvensområde: Helse

Sannsynlig (3)

[Ingen registreringer]

Samlet sannsynlighet vurdert for hendelsen:

Kommentar til vurdering av sannsynlighet:

Vurdert sannsynlighet (felles for hendelsen):

Vurdert konsekvens:

Kommentar til vurdering av konsekvens:

[Ingen registreringer]

Stor (3)

Sannsynlig (3)

Preparation of precursor solution and impregnation of alumina support/inhalation of powders (uønsket 
hendelse)

Vurdering av risiko for følgende konsekvensområde: Helse

Lite sannsynlig (2)

[Ingen registreringer]

Samlet sannsynlighet vurdert for hendelsen:

Kommentar til vurdering av sannsynlighet:

Vurdert sannsynlighet (felles for hendelsen):

Vurdert konsekvens:

Kommentar til vurdering av konsekvens:

[Ingen registreringer]

Middels (2)

Lite sannsynlig (2)
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Preparation of precursor solution and impregnation of alumina support/Use of oil bath (uønsket 
hendelse)

Vurdering av risiko for følgende konsekvensområde: Helse

Lite sannsynlig (2)

[Ingen registreringer]

Samlet sannsynlighet vurdert for hendelsen:

Årsak: Burns

Beskrivelse:

Kommentar til vurdering av sannsynlighet:

Vurdert sannsynlighet (felles for hendelsen):

Vurdert konsekvens:

Kommentar til vurdering av konsekvens:

[Ingen registreringer]

Middels (2)

Lite sannsynlig (2)
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In-situ DRIFTS using Pyridine Adsorption (farekilde)

Infrared spectra were collected using the OMNIC v.9.0 software in connection with a 912A0763 Nicolet iS50 FTIR KBr 
Gold Spectrometer and pyridine

Leakage of pyridine into the surrounding area.

In-situ DRIFTS using Pyridine Adsorption/Leakage (uønsket hendelse)

Vurdering av risiko for følgende konsekvensområde: Helse

Sannsynlig (3)

[Ingen registreringer]

Samlet sannsynlighet vurdert for hendelsen:

Årsak: Bad Conection between bubbler and pipes

Beskrivelse:

Årsak: Residuals of pyridine in reaction chamber

Beskrivelse:

Kommentar til vurdering av sannsynlighet:

Vurdert sannsynlighet (felles for hendelsen):

Vurdert konsekvens:

Kommentar til vurdering av konsekvens:

R-11 Highly flammable.
R-20/21/22 Harmful by inhalation, in contact with skin and if swallowed.

Stor (3)

Sannsynlig (3)

In-situ DRIFTS using Pyridine Adsorption/Fire during heating treatment  (uønsket hendelse)

Vurdering av risiko for følgende konsekvensområde: Helse

Svært lite sannsynlig (1)

[Ingen registreringer]

Samlet sannsynlighet vurdert for hendelsen:

Kommentar til vurdering av sannsynlighet:

Vurdert sannsynlighet (felles for hendelsen):

Vurdert konsekvens:

Kommentar til vurdering av konsekvens:

[Ingen registreringer]

Middels (2)

Svært lite sannsynlig (1)
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In-situ DRIFTS using Pyridine Adsorption/Electric shock  (uønsket hendelse)

Vurdering av risiko for følgende konsekvensområde: Helse

Svært lite sannsynlig (1)

[Ingen registreringer]

Samlet sannsynlighet vurdert for hendelsen:

Kommentar til vurdering av sannsynlighet:

Vurdert sannsynlighet (felles for hendelsen):

Vurdert konsekvens:

Kommentar til vurdering av konsekvens:

[Ingen registreringer]

Middels (2)

Svært lite sannsynlig (1)

Uncontrolled heating of either MS or the temperature controller.

In-situ DRIFTS using Pyridine Adsorption/Uncontrolled heating (uønsket hendelse)

Vurdering av risiko for følgende konsekvensområde: Helse

Lite sannsynlig (2)

[Ingen registreringer]

Samlet sannsynlighet vurdert for hendelsen:

Kommentar til vurdering av sannsynlighet:

Vurdert sannsynlighet (felles for hendelsen):

Vurdert konsekvens:

Kommentar til vurdering av konsekvens:

[Ingen registreringer]

Liten (1)

Lite sannsynlig (2)
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Oversikt over besluttede risikoreduserende tiltak:

Under presenteres en oversikt over risikoreduserende tiltak som skal bidra til å reduseres sannsynlighet og/eller konsekvens 
for uønskede hendelser.

Oversikt over besluttede risikoreduserende tiltak med beskrivelse:
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