Ali Abdali

Gas-phase Synthesis
of Silica Nanoparticles:

Reaction Kinetics, Synthesis and Characterization

(v Cuvillier Verlag Gottingen

Internationaler wissenschaftlicher Fachverlag



Gas-phase Synthesis of Silica Nanoparticles:

Reaction Kinetics, Synthesis and Characterization

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persénlichen Gebrauch.



Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



Gas-phase Synthesis of Silica Nanoparticles: Reaction Kinetics,

Synthesis and Characterization

Von der Fakultat fiir Ingenieurwissenschaften, Abteilung Maschinenbau und
Verfahrenstechnik der
Universitat Duisburg-Essen
zur Erlangung des akademischen Grades
eines
Doktors der Ingenieurwissenschaften
Dr.-Ing.

genehmigte Dissertation

von

Ali Abdali
aus

Manama, Bahrain

Referent: Prof. Dr. rer.-nat. Christof Schulz

Korreferent: Prof. Dr. rer.-nat. Burak Atakan

Tag der Miindlichen Prifung: 04.11. 2013

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



Bibliografische Information der Deutschen Nationalbibliothek
Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der
Deutschen Nationalbibliografie; detaillierte bibliografische Daten sind im Internet
Uber http://dnb.d-nb.de abrufbar.
1. Aufl. - Gottingen : Cuvillier, 2014
Zugl.: Duisburg-Essen, Univ., Diss., 2013

© CUVILLIER VERLAG, Gottingen 2014
Nonnenstieg 8, 37075 Gottingen
Telefon: 0551-54724-0
Telefax: 0551-54724-21

www.cuvillier.de

Alle Rechte vorbehalten. Ohne ausdriickliche Genehmigung des Verlages ist
es nicht gestattet, das Buch oder Teile daraus auf fotomechanischem Weg
(Fotokopie, Mikrokopie) zu vervielfaltigen.

1. Auflage, 2014

Gedruckt auf umweltfreundlichem, saurefreiem Papier aus nachhaltiger Forstwirtschaft.

ISBN 978-3-95404-704-8
elSBN 978-3-7369-4704-7

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persénlichen Gebrauch.



Acknowledgements

It would not have been possible to write this doctoral thesis without the support of the kind

people around me, only some of whom is possible to particularly mention here.

Foremost, | would like to thank my supervisors Prof. Dr. Christof Schulz and Dr. Hartmut
Wiggers for providing me the opportunity to complete my PhD at the University of Duisburg-
Essen and for their guidance, support and patience during my scientific work at the Institute

for Combustion and Gasdynamics.

Above all, | would like to thank my wife Dr. Khadijeh Mohri for her personal support, English
language corrections and great patience at all times. My parents have given me their une-

quivocal support throughout, for which my mere expression of gratitude does not suffice.

| am most grateful to Dr. Mustapha Fikri, Mohammad Aghsaee and Metehan Bozkurt for
their help in the shock tube lab, Dr. Hans Orthner, Dr. Ingo Plimel, Dr. Anoop Gupta and Dr.
Alessandro Faccinetto in the nanoparticle lab, Prof. Dr. Thomas Dreier and Dr. Christian
Hecht for their support in the laser diagnostics lab and Dr. Irendus Wlokas and Claudia Weise
for the CFD support. Thanks to my colleagues at the Institute for Combustion and Gasdy-
namics for the excellent teamwork and great time. | am also thankful to the technical team
which includes Natascha Schldsser, Beate Endres, Birgit Nelius, Jorg Albrecht, Ludger Jerig
and Dieter Hermann for providing valuable assistance. Without the help of these colleagues

no experiment could be carried out.

Special gratitude goes to the GIP-project team, especially Dr. Manfred Dannehl from EVONIK
Industries AG. | would also like to acknowledge the financial support from Deutsche For-
schungsgemeinschaft (DFG, No. PAK 75).

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



Contents

1. INEFOAUCTION. ...t 1
2. State Of The At .o e 4
3. Theoretical background of nanoparticle synthesis in the gas phase................... 8
3.1. Gas-phase kinetics and mechanism of TEOS decomposition .........cccccvveeeeeeennnnns 9
3.2. Particle formation and growth.........cccooiiiiii i 12
3.2.1.  Homogeneous NUCIEALION ......ceiii i 12
3.2.2.  Coagulation, coalescence and agglomeration ........cccccceveiieeeriiieeescieee e 14

4, o q o 1= ol [0 1T o | USSP 16
4.1. Precursor delivery SYSTEMS ....ccccvveeiie ettt e e eeerrree e e e e e 16
4.1.1.  Mixing vessel Method ......cceeuiiiiiii i 16
4.1.2. Pressure-controlled mixing (bubbler system)........cccccoeeeeiiieeiciiiee e, 17
4.1.3. Controlled evaporation and mixing (CEM)........ccueeieiiiieiiiiiee e 18

4.2. R0 o - LYl == ot o] U 19
4.2.1. Hybrid microwave-plasma hot-wall reactor .........cccecveeieiiieeeviiee e, 19
4.2.1.1.  Overview of hot-wall reactors ........cccceevueeiienieneceeecece e 19
4.2.1.2. Overview of microwave-induced plasma reactors.......cccccevvveeeeeeeeccvvenennnn. 20
4.2.1.3.  Microwave-plasma hot-wall reactor........cccccccviiiieiiiiicie e, 23

4.2.2. Premixed low-pressure Hy/O,/Ar flame reactor........ccccceeeeeeeecieeecveeccree e 24
4.2.2.1.  Overview of flame reactors .......c.ccccoceeiiieiiiici e 24

4.2.2.2.  Experimental setup of the premixed low-pressure H,/O,/Ar flame reactor

..................................................................................................................... 25
4.2.2.3.  Particle mass spectrometer (PIMS)........cccoiiciiiverieeieeeciireeeeeeeeeeirreeeeeeeenans 26
4.2.3. Gas-dynamically-induced particle synthesis .........ccccuveeieeiieicciieeeee e, 30

4.2.3.1. 3D-Simulation of the production of gas-phase synthesized nanoparticles in

11 QTSR =T Lo (o] SUUURTR OO EPPPR 31

4.2.3.2. Experimental study of the mixing process of the injected precursor with

10 (SR L= [ Ko == [ =Y TSRO PPN 33

4.2.3.3.  Studying the precursor chemistry and the particle growth ....................... 33

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persénlichen Gebrauch.



4.2.3.4. Supersonic expansion and water quenching system..........ccccceeeeeecvrinennn. 34

4.2.3.5.  Sampling technique of particles from the reactor.........ccccccevvvveeeriveerennee. 34
4.3. ShOCK-tUDE EXPEIIMENTS .ooieeiiei et e saaee s 35
4.3.1. Principles of shock-tube eXperiments........cccccceeeeiiiieeee e 35

4.3.2. Shock-tube experiments to determine the ignition delay time of TEOS and

HIMIDSO ...ttt ettt sttt b e ettt e sae e e an e e ne e neeeaees 38
4.3.3. Time-of-flight mass spectrometer (TOF-MS) .......ccccivivieeriiieeniee e 41
4.3.3.1.  Theory of time-of-flight mass spectrometry .........ccccceeevveeiircieeecncieee e, 41
4.3.3.2.  TOF-MS for kinetics investigations at the shock tube .........ccccccveeviiiennnns 44
4.4, Multiline NO-LIF thermometry in flow reactors ......cccccceveeeeeeccieeeeceeeeccrreeeeeeen, 46
4.4.1. Fundamentals of multiline NO-LIF thermometry.......cccccceeevieeeiiiiee e, 46
4.4.2. Multiline NO-LIF-technique at a low-pressure premixed flame reactor............ 48
4.4.3. Multiline NO-LIF technique at the microwave-plasma reactor ..........ccccvveeeeee.. 49
Results and diSCUSSION .......coiuuiiiiiiiiiiieeieceee e 50

5.1. Kinetics studies of precursor decomposition and oxidation in shock-tube
Lo Y=L T 1= RPN 50
5.1.1.  Tetraethoxysilane (TEOS) .....cccuuieiiiiiieeeceee et e e e 50

5.1.1.1.  Studying the decomposition kinetics of TEOS using TOF-MS at the shock

L00] o 1T PP 50
5.1.1.2.  Ignition delay times Of TEOS ......ccveiiiiiiieieriiee e 59
5.1.2. Hexamethyldisiloxane (HMDSO) .......ccccueeiieieiiiiieiee e 63

5.1.2.1.  Studying the decomposition kinetics of HMDSO in the shock tube via TOF-

VIS ettt et h e e a e bt e b e e nan e e bt e nneenaneereeneen 63
5.1.2.2.  Atomic Resonance Absorption Spectroscopy (ARAS) of silicon atoms....... 66
5.1.2.3.  The influence of oxygen on the initial gas mixture.......c.ccccecvevevvcieeeninnenn. 68
5.1.2.4.  Ignition delay times of HMDSO.........cocoieiiiiiiiiiiiee e 70

5.1.2.5. Simultaneous measurements of OH* chemiluminescence and TOF-MS... 71
5.2. MICroWaVve Plasma FEACLON ... ..uuuuuririiiriiiiiierrereeeeeeeere e e e eeeeeeeeeeeeeeeeeeeeeseeeseseeessnnns 73

5.2.1. Temperature imaging in the microwave-plasma reactor using multiline NO-LIF

ENEIMOMELIY e e s e s s bae e e s saeeas 73

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persénlichen Gebrauch.



5.2.1.1.  Investigating the influence of the main parameters on the plasma

5.2.1.2

5213

5.3.

5.3.1.

5.3.1.2

5.3.1.3

5.3.2.

5.3.2.2

53.2.3

5.4.

5.5.

5.5.1.

5.5.2.

Dieses Werk i

OMPEIATUNE .. et e e e e e e et e e e e e eeeees 73
. Investigation of the plasma temperature by injecting TEOS..........c..c........ 77
. Investigation of particle formation in the microwave-plasma hot-wall

[E<T [o1 {0 ] G U PP P P PP TP PP PP PPN 80
Low-pressure premixed Hy/O,/Ar flame reactor ........ccceeeeeeeeveeecveeccnee e, 88

Investigation of silica particle formation in the H,/O,/Ar flame reactor using

L= 1 USSP PSR 88
Influence of the height above burner (HAB) on the mean particle size and
particle size distribution.........cc.eveeiii i 90

. Influence of TEOS concentration on the mean particle size..........ccceuu..e... 92

. Influence of the equivalence ratio ¢ on the mean particle size.................. 93

Investigation of silica particle formation in the H,/O,/Ar flame reactor with

HIMIDSO ...ttt e 95
Influence of the height above burner (HAB) on the particle size and the
particle size distribution........ccc.eveeiii i 96

. Influence of the HMDSO concentration on the mean particle size............ 98

. Influence of the equivalence ratio on the mean particle size..................... 99

Gas-dynamically induced particle synthesis (GIP reactor)......ccccccceeevvveeeeennnn. 101

Comparison between TEOS and HMDSO .......ccccuvvieeeeeieiiiieeeee e eerreeeee e 102

1gNItION dEIAY TIMES ...viiieiii e e e e 102

Investigation of the particle formation in the flame reactor........cccccceeununeen. 103

CONCIUSIONS ..ttt 105

Recommendation for future WOork ..........ccocceeeiiiiiiiiiniiiieee e 108

RETEIENCES ...ttt 109

List of OWN PUBIICAtIONS ...ccoeiiiieieeee e e 120

ifi

st copyrightgeschitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persénlichen Gebrauch.



List of symbols, abbreviations and acronyms

Latin symbols

A Pre-exponential factor

A* critical cross section area

by Distance between the deflection capacitors
d Length of the flight path

dp Particle diameter

e Electronic charge

Field strength

Ep Potential energy

Ex Kinetic energy

Gy Free energy per unit volume
f Focal length

f Frequency of the grid voltage
| Electrical current

k Rate coefficient

ks Boltzmann constant

ls Distance between grids

Ix Length of deflection capacitor
Ip Package length

Lpiis Distance between aperture and deflection capacitor
m Mass

mp Particle mass

M Mach number

M Molar mass

N Particle number

Ny Avogadro’s number

N, Molar concentration of nuclei
p Pressure

Ps Saturation pressure

Pyw Microwave power

q Particle charge

r Spherical nucleus radius

r* Critical nucleus radius

R Universal gas constant

S Saturation ratio

So Ground state energy level

S; Excited energy level

t Time

iv

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



T Temperature

Te Electron temperature

Ti lon temperature

U Electric potential difference (Voltage)
Uk Deflection Voltage

v Velocity

Viw Incident shock wave velocity
Ves Contact surface velocity

Vp Particle velocity

Vp Particle volume

Xp Particle size

z Number of electron charges

Greek symbols

AG Change in free energy

AG* Critical free energy

At s Available time for measurement
p Collision frequency function

A Wave length

@ Equivalence ratio

Cg Geometric standard deviation

T Ignition delay time

Abbreviations and acronyms

ARAS Atomic resonance absorption spectroscopy
BET (Brunauer, Emmett, Teller)
CEM controlled evaporator mixer
CFD Computational fluid dynamic
CMD Count mean diameter
El Electron impact
FTIR Fourier transform infrared
GDE General dynamics equation
GIP Gas-dynamically induced particle synthesis
HAB Height above burner
HMDSO Hexamethyldisiloxane
HRR High repetition rate
ICCD Intensified charge-coupled device
LIF Laser induced fluorescence
MCP Microchannel plate
v

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



MFC Mass flow controller

MS Mass spectrometry

MW Microwave

OMCTS Octamethylcyclotetrasiloxane
PDF Probability density function

PMS Particle mass spectrometer

SAS Scale adaptive simulation

sccm Standard cubic centimeter per minute
sim Standard liter per minute

SSA Specific surface area

TEOS Tetraethoxysilane

TEM Transmission electron microscope
TMS Tetramethylsilane

TOF Time of flight

Vi

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



Zusammenfassung

In dieser Arbeit wurden die Kinetik des Zerfalls von Tetraethoxysilan (TEOS) und Hexame-
thyldisiloxan (HMDSO) und von Bildung und Wachstum von Siliziumdioxid-Nanopartikeln in
der Gasphase untersucht. Die Zerfallskinetik wurde in StoRwellenrohrexperimenten mithilfe
hochrepetitiver Flugzeit-Massenspektrometrie (TOF-MS) untersucht. Wahrend beim Zerfall
von TEOS die Bildung von Si(OH)4 beobachtet wurde, zeigten die Massenspektren wahrend
des HMDSO-Zerfalls die Bildung mehrerer Silizium-haltiger Spezies, wie Si-Atome, SiO und
SiCH5. Die Verbrennung von TEOS und HMDSO in sauerstoffhaltiger Atmosphare wurde
durch die Bestimmung der Zlindverzugszeiten untersucht. Die stark temperaturabhangigen
Zundverzugszeiten von TEOS und HMDSO wurden mithilfe des Arrhenius-Gesetzes beschrie-
ben.

Die Bildung und das Wachstum von SiO,-Nanopartiklen aus TEOS und HMDSO wurden in
einer Kombination von Mikrowellenplasma- und HeiBwandreaktor und in einem Nieder-
druck-H,/0,/Ar-Flammenreaktor mit Hilfe in-situ und ex-situ Messverfahren untersucht. Par-
tikelgroRenverteilungen wurden mithilfe der Partikelmassenspektrometrie bestimmt. Die
raumliche Verteilung der Gasphasentemperatur wurde mit Multilinien-NO-LIF-Thermometrie
gemessen.

Die vorliegende Arbeit liefert umfangreiche Daten und neues Verstandnis fir die zerfallski-
netik von TEOS und HMDSO sowie Partikelbildung und -Wachstum von SiO,-Nanopartikeln
aus der Gasphase. Diese Daten kdnnen als EingangsgroRRen fiir die Simulation von Reaktions-
sysmtemen und somit fiir die Konstruktion von Gasphasenreaktoren zur Herstellung hoch-
spezifischer Nanomaterialien eingesetzt werden.

Vii
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Abstract

In this thesis the gas-phase kinetics of the decomposition of tetraethoxysilane (TEOS) and
hexamethyldisiloxane (HMDSO) and the formation and growth of silica nanoparticles were
studied. The kinetics study was carried out in shock-heated gases with species measure-
ments by high-repetition-rate time-of-flight mass spectrometry. The mass spectra indicate
the formation of Si(OH),; from the decomposition of TEOS while during HMDSO decomposi-
tion several Silicon-containing species were found, such as Si atoms, SiO and SiCHs. The igni-
tion-delay time of the precursors in oxygen-containing bath gases was studied by observing
the OH* emission signal behind the reflected shock wave. The ignition delay times of TEOS
and HMDSO are strongly temperature dependent and the Arrhenius parameters were de-

termined.

Silica-particle formation and growth from TEOS and HMDSO were investigated in a hybrid
microwave-plasma hot-wall reactor and a low-pressure premixed H,/O,/Ar flame reactor by
in-situ and ex-situ measurements. Particle sizes distributions were determined by particle
mass spectrometry and the spatial gas-phase temperature distribution was measured with

multi-line NO-LIF thermometry.

The present research work provides data and new understanding of TEOS and HMDSO de-
composition kinetics and particle formation and growth of silica nanoparticles in the gas-
phase. These data can be used as input for computational fluid dynamics simulations and

hence for the design of reactors for the gas-phase synthesis of highly specific nanoparticles.

viii
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1. Introduction

Nanotechnology is proving to play a vital role in many disciplines and can be considered the
key of future technologies due to the novel properties of materials in the nanosize range,
between 1-100 nm. Nanoparticles are viewed by many as fundamental building blocks of
nanotechnology. They are the starting point for many ‘bottom-up’ approaches for preparing
nanostructured materials and devices. As such, their synthesis is an important component of
rapidly growing research efforts in nanoscale science and engineering [1]. Nanomaterials
and ultrathin functional coatings of nanoparticles will determine the utility of many future
products such as super-hard materials [2], super fast computers, dirt-repellent surfaces, new
cancer treatments, scratch proof coatings and environmentally friendly fuel cells with highly
effective catalysts [3, 4]. The properties of materials change as their size approaches the na-
noscale and as the percentage of atoms at the surface of a material become significant. It is
often observed that the physical (e.g. melting point, conductivity, magnetism) and chemical
(e.g. catalytic activity) properties of nanomaterials change depending on the particle size [5].
Most of the worldwide production of nanomaterials on an industrial scale can be assigned to
carbon black, silica and titania. Silica nanoparticles have a large range of practical applica-
tions. They are widely used as fillers in plastics and coatings to improve material properties
such as hardness, tensile strength, abrasion resistance and thermal stability. In particular,
applications with demands for high transparency require silica particles with a specific size,
morphology, and surface coating [4, 6]. Recent discoveries have reported the use of silica

nanoparticles in biotechnology for bio-sensing and drug delivery [7, 8].

Moreover, besides the particle size the quality of the particles such as the particle size distri-
bution and agglomeration index also play an important role on the material properties.
Therefore, synthesis of highly defined nanoparticles with specific particle size, size distribu-
tion and morphology is desired. Particle agglomeration that commences in the end region of
gas phase reactors is an important quality index for a number of applications. For example,
agglomerated nanostructured particles are needed for the manufacture of fillers and cata-
lysts [9]. However, if particle agglomeration could be avoided, several advantages could be
achieved [10, 11]. Non-agglomerated nanoparticles are essential for many applications such
as pigments, nanocomposites e.g. batteries for higher capacity, porous electrodes for energy

storage and electronics [9, 12].

Highly specified nanoparticles that have a low agglomeration index and narrow particle size
distribution are usually produced using wet-chemistry. However, wet-chemistry requires
several processing steps in addition to batch processing and this reduces the production rate

and increases the price [13]. Furthermore, these particles may contain impurities from syn-

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



thesis and post-processing [14]. Gas-phase synthesis has the advantages of allowing contin-
uous production of pure nanoparticles, easy processing control and possibility to be scaled
up from laboratory to industrial scale reactors [15, 16]. The two main disadvantages of gas-
phase synthesized particles, especially in conventional large-scale production, is the broad
size distribution which is due to the inhomogeneous flow conditions, and the large degree of

end-product aggregation that is mainly due to the low cooling rates of the product [17].

It has been found that fast cooling in gas phase reactors enables non-agglomerated nanopar-
ticles, with a narrow particle size distribution, to be produced [6]. Based on this concept a
novel gas-phase reactor was built for mass production of highly specified metal-oxide nano-
particles within the scope of the project “Gas-dynamically induced particle synthesis”, fund-
ed by the German Research Foundation (DFG). The key of this novel process is to provide
one-dimensional conditions in the reactor for particle growth with nearly instantaneous de-
composition of the precursor, an adjustable time for particle growth and high cooling rates
of -dT/dt = 10’ K/s in order to suppress agglomeration [18]. The realization of this concept
required several studies such as numerical simulation of the particle formation and growth
with integrated reaction kinetics of the precursor [19]. The simulations required detailed
experimental data of the precursor decomposition, particle formation and particle growth

kinetics which were carried out as part of the work in this thesis.

The primary aim of this work was to investigate the influence of the precursor chemistry on
the particle size, size distribution and morphology of the final product. It has been found
that the decomposition of a precursor at high temperatures has a negligible influence on the
final product [20]. This is due to the very short time scales of the precursor chemistry at the
relevant temperature compared to the time required for particle formation and growth. On
the other hand, the molecular structure of the monomer that is produced from the precur-
sor decomposition can strongly influence the mechanism of particle formation and growth.
In this content, two different silicon containing metalorganic precursors with different mo-
lecular structures were chosen for investigation. Tetraethoxysilane (TEOS) and Hexamethyl-
disiloxane (HMDSO) as halide-free and inexpensive precursor materials are subject to grow-
ing interest for particle formation as well as for Chemical Vapor Deposition (CVD) from the
gas phase. In this work the precursor chemistry as well as the particle formation were indi-
vidually studied and the outcome from both studies were then compared. Furthermore, the
results of this work provided essential data for the CFD-simulations and construction of the

reactor for the Gas-dynamically Induced Particle or so called “GIP reactor”.

In this thesis the gas-phase kinetics of TEOS and HMDSO decomposition were investigated in
shock tube facilities due to their capacity to instantaneously heat a gas mixture within a wide

range of temperatures and pressures that cannot be obtained in other types of testing facili-

2
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ties. The objective of the shock tube experiments was to study the kinetics of the precursor
decomposition and oxidation at high temperatures. The thermal decomposition of TEOS and
HMDSO was achieved by combining the shock tube with a time-of-flight mass-spectrometer
(TOF-MS). This system was established for the study of complex reaction systems. The fast
detection method of high-repetition-rate TOF-MS provides time resolved information about
the change in composition of the investigated mixture. Furthermore, the ignition delay times
of TEOS and HMDSO were investigated by measuring the onset of OH*-chemiluminescence
behind the reflected shockwave in shock tube experiments. Because gas-phase synthesis for
nanoparticle formation is often based on flame-synthesis that contains high moisture levels
in the flame off-gas, the ignition delay times of TEOS and HMDSO have been investigated in

dry as well as moist synthetic air.

Since the focus of these experiments was to investigate the formation and growth of silica
nanoparticles, a microwave-supported plasma reactor and a premixed H,/0,/Ar-flame reac-
tor were chosen. These two reactors can provide high temperatures at the initial reaction
step. The experiments were performed at reduced pressure (30 —70 mbar) to stretch the
spatial axis for a detailed analysis of particle formation and growth. The particle formation
and growth of silica nanoparticles from TEOS and HMDSO were investigated by measuring
the particle size, particle size distribution and particle morphology by systematically varying
the main reactor parameters such as temperature, precursor concentration and residence
time. Several methods were used in this thesis for in-situ and ex-situ particle characteriza-

tion such as Transmission Electron Microscopy (TEM) and Particle Mass Spectrometry (PMS).

Due to the lack of information on the microwave-plasma temperature and the influence of
the reactor parameters, e.g., reactor pressure and microwave power, the multiline NO-LIF
thermometry technique was applied to measure the gas temperature under different condi-
tions. The data from these measurements can support better understanding and interpreta-

tion of particle formation and growth in the microwave-plasma reactor.
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2. State of the art

Silicon (Si) is one of the most abundant elements in the Earth's crust, second only to oxygen.
In nature silicon is combined with oxygen, in the form of silicon dioxide which is commonly
referred to as silica and silicate. Silica is one of the most important silicon compounds occur-
ring in nature as sand and quartz [21]. Bulk silica is used primarily in the production of glass,
fused quartz and crystal. Today, through the revolution of nanotechnology, silica nanoparti-
cles are considered an important material for a wide range of practical applications such as
additives in plastic and rubber to improve their mechanical properties. Rubber toughening
[22] and scratch resistance of polymer coating [23] are some examples. For environmental
applications silica nanoparticles have been used as an additive in concrete to reduce the ce-
ment content in concrete mixtures [24]. More recently, mesoporous silica nanoparticles
(MSN) have gained attention for their potential as controlled release systems and vehicles
for the delivery of chemotherapeutics due to their high surface areas, large cavity volumes,
and ability to be functionalized with biomolecules for the targeting of specific tissue popula-
tions [25, 26]. Such sensitive applications require particles of highly specific size, morphology
and surface characteristics. In order to design a new reactor and to control the particle
properties, it is essential to understand the detailed precursor kinetics as well as the mecha-

nism of formation and growth of these nanoparticles.

Nanoparticles are generally produced using one of the two so-called “bottom-up” synthesis
methods in industry. The first method is liquid-phase synthesis where chemical reactions are
applied to solvents. This leads to a colloid, in which the resulting nanoparticles can be stabi-
lized against aggregation by surfactants or ligands. Reviews in this area have been presented
by Grieve et al. [27], Trindade et al. [28], and Murray et al. [29]. The second method is gas-
phase synthesis which is the subject of this thesis. Gas-phase processes for particle synthesis
are usually continuous processes, while liquid-based synthesis processes are often per-
formed in a batch form. Moreover, gas-phase processes are generally purer than liquid-
based processes since even the most ultra-pure water contains traces of minerals, detri-
mental to electronic grade semiconductors [16]. Flame processes are by far the most widely
used ones for the manufacture of commercial quantities of nanoparticles. The most im-
portant products today are carbon black (Cabot, Columbia), fumed silica (Cabot, EVONIK),
pigmentary titania (DuPont, Kerr-McGee) and optical fibers (Heraeus, Sumitomo) [30]. None-
theless, a scientific understanding of gas-phase synthesis of particles remains a major chal-
lenge even though a variety of scientific communities have studied it closely. Swihart [31]
critically reviews the state of the art in vapor synthesis of materials, focusing on methods
and processes. Strobel et al. [32] review how flame aerosol technology can be used to make
various sophisticated materials for sensors, biomaterials, electroceramics, and even nutri-
4
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tional supplements. Biskos and colleagues [33] review aerosol generation and characteriza-
tion methods for nanoparticles. Athanassiou and colleagues [34] show how ceramics and

even metals are made in scalable flame aerosol reactors.

Fumed silica is the third largest industrial aerosol commodity by value and the fourth largest
by volume [35]. The dominant route for synthesis of fumed SiO, relies on the oxychloride
process for oxidizing various silica precursors, especially SiCl4. Recently, the interest for tet-
raethoxysilane (TEQS) and hexamethyldisiloxane (HMDSO) as halide-free and inexpensive
materials is growing for gas-phase production of silica. Many experimental and theoretical
papers have been involved with the thermal decomposition of TEOS in inert conditions. Her-
zler et al. [36] investigated the thermal decomposition of TEOS in a heated single-pulse
shock tube and analyzed the reactants and final stable products. The distribution of gaseous
products was monitored by gas chromatography, and the main gaseous stable by-products
were found to be ethylene and ethanol. The only source of thermochemical data for TEOS
originates from Kee et al. [37] who calculated species enthalpies of some silicon-based spe-
cies. In the same manner, Kraft and co-workers [38-40] generated thermochemical data for
TEOS. Recently, Kraft proposed a reduced kinetics model and particle inception pathways for
the flame synthesis of silica nanoparticles from TEOS. They show that the main product of
TEOS decomposition is silicic acid (Si(OH),), which forms silica nanoparticles by condensation
reactions [38]. Chu et al. [41] also studied the thermal decomposition of TEOS in a static sys-
tem with species detection by Fourier-transform infrared spectroscopy (FTIR) in the temper-
ature range between 700 and 820 K. The main by-product they found was ethanol and the
decomposition could be described assuming a six-ring elimination mechanism. Takeuchi et
al. [42] studied the thermal decomposition of TEOS in a low-pressure CVD reactor at 13 Pa
and 950 K. Reaction products as well as the rate of film growth were determined and fitted
with a new model. This model quantitatively accounts in the first step for the ethylene for-
mation and the condensation of silanol with TEOS, which finally leads to the formation of
ethanol as a stable by-product. Chagger et al. [43] were first to investigate HMDSO combus-
tion in opposed diffusion flames and proposed a reaction mechanism for the formation of
SiO,. Despite the intensive use of this precursor in industry for materials synthesis, there is
few or no information about the kinetics and thermochemistry of HMDSO. Wavhal et al. [44]
have studied the gas-phase species of HMIDSO decomposition in a plasma using optical emis-
sion spectroscopy, whereas Carles et al. [45] used a movable mass spectrometer. The pro-
duction of both, ionized and neutral fragments, occurs through charge transfer between the
Ar* ion and HMDSO that can be followed by subsequent ion-molecule reactions and the dis-
sociative recombination of the fragment ions. Carles et al. [45] measured the absolute rate
coefficients for the dissociative recombination of hexamethyldisiloxane (HMDSO) and pen-

tamethyldisiloxane (PMDSO) cations with electrons. Their results show also several Si-
5
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containing molecules produced from HMDSO decomposition such as CHsSiH,, (CHs),SiH and
(CHs)sSi. Recently, Burkert et al. [46] detected the emission of several excited species such as
OH*, CH*, Si* and SiO* of a rich HMDSO/propane/air flame. They have concluded that up to
heights of 10 and 40 mm, Si and SiO can be detected, respectively.

Various studies have been conducted on the synthesis of silica nanoparticles from the gas
phase using different methods. Ulrich and his co-workers [47, 48] conducted some of the
earliest work on the characterization of silica particle formation in flames. Their work fo-
cused on the agglomeration processes following the formation of silica particles. Using sili-
con tetrachloride as the silicon source in a variety of burner configurations, their work sug-
gested that nucleation and surface growth effects were not crucial for controlling the final
particle size. Particle growth was governed by coagulation effects. More recently Ahn et al.
[49] and Jang [50] have investigated the synthesis of silica nanoparticles from TEOS in diffu-
sion flames, while Goortani et al. [51] have worked on the formation of SiO, nanoparticles
from quartz in an RF-plasma reactor. They all found that, depending on temperature and
precursor concentration, silica nanoparticles with different morphologies and sizes arise
along the reaction coordinate ranging from spherical, spatially separated particles to large
agglomerates and aggregates. Abdali et al. [52] studied silica particle formation in a micro-
wave plasma reactor using gaseous TEOS as a precursor. They used a hot-wall furnace to
extend the residence time in the high temperature region. Their results indicate that the
silica particles are disperse in the gas phase, whereas the same particles start to aggregate in
the filter downstream of the reactor. They suspect that this is due to the high number of
hydroxyl-groups on the particles’ surfaces. In the same microwave-plasma reactor Hecht et
al. [53] measured the gas temperature distribution in the plasma using multi-line NO-LIF

thermometry.

Zachariah and Semerjian [54] found that the choice of precursor affects the mechanism of
particle formation and growth. They carried out in situ light scattering dissymmetry meas-
urements of the particle size and number density in a counter-propagating non-premixed
flame with silane and HMDSO as precursor. Their experiments showed that particle nuclea-
tion sets in earlier when using silane compared to organometallics like HMDSO or TMS (tet-
ramethylsilane) but reaches nearly the same number concentration by coagulation further
downstream. Briesen et al. [55] studied the effect of the silicon precursor source concentra-
tion and oxidant composition on the specific surface area of nanostructured silica particles
produced in a non-premixed and premixed CH4/0,/N; flame reactor. For these experiments,
hexamethyldisiloxane (HMDSO), octamethylcyclotetrasiloxane (OMCTS) and SiCl; were used.
They found that particles generated by oxidation of organometallic compounds tend to have

a smaller specific surface area than the ones made from SiCl, as precursor. This is attributed
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primarily to the increase of the flame temperature by the additional fuel coming from the

organometallic compound.

Several studies have shown that the mechanisms of the particle growth depend on the reac-
tor environment and the temperature history. As Ahn et al. have shown, an initially high
temperature seems to support the formation of non-agglomerated and spherical particles.
Tsantilis and Pratsinis [6] calculated that fast cooling results in soft agglomerates while in
systems with low cooling rates hard agglomerates are formed. Kusters and Pratsinis [1]
showed that an increase in the operation temperature generally increases the reaction rate
but decreases the surface tension. This provided an excellent way to improve monodispersi-
ty. However, they also showed that a high reaction rate and a low surface tension resulted in
larger aerosol concentrations and smaller particle sizes. Xiong et al. [56] showed, in theory,
that electrical charges during the gas-phase particle generation process reduce the average
particle size and narrow the size distribution of particles. Furthermore, Schiel et al. [57] and
Reuter et al. [58] studied the influence of the hot-wall temperature on the particle charge,
so-called thermionization, and investigated its effect on the particle growth. Their results
illustrated that the increase in particle charge that is accompanied with increasing hot-wall
temperature hinders particle collisions. Ehrman et al. [59] calculated the characteristic sin-
tering time of silica (for viscous flow) from property data while accounting for the effect of
hydroxyl groups. Xiong et al. [60] and Ehrman et al. [59] examined the effects of tempera-
ture on the characteristic sintering time of the silica particles. Recently Goertz et al. [61]
studied the influence of water vapor concentration on the structural changes of SiO, aerosol
nanoparticle agglomerates during tempering at a temperature range of 1100-1500 K. They

found that the presence of water vapor in the carrier gas strongly accelerated the kinetics.
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3. Theoretical background of nanoparticle synthesis in the gas phase

The synthesis of highly specified nanoparticles with specific control of the nanoparticle size
and morphology, particle size distribution and agglomeration index requires good theoretical
and experimental knowledge of the underlying process mechanisms and their influencing
parameters. This can be studied in two separate steps that occur as a subsequent process in
particle synthesis: the initiating precursor chemistry, and particle formation and growth.
Figure 3.1 gives an overview of the mechanism of the gas-to-particle conversion using TEOS
as a precursor for the production of silica nanoparticles. Providing a certain amount of ener-
gy that is higher than the activation energy is essential to initiate the reactions. The energy
source can be for example a flame, electric heating or microwave discharge. The decomposi-
tion of the precursor produces Si-containing molecules (monomers). Supersaturation of
monomers leads to condensation or nucleation and subsequent particle formation and
growth through surface reactions and coagulation. A comprehensive understanding of the
synthesis process of silica nanoparticles requires the successful coupling of the theoretical as
well as experimental details of the precursor kinetics in the gas-phase and the dynamics of

the particle formation and growth.
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Figure 3.1: Simplified scheme of the gas-to-particle conversion of silica nanoparticles using TEOS

as a precursor
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3.1. Gas-phase kinetics and mechanism of TEOS decomposition

Particle synthesis depends on various process parameters such as temperature, pressure
and flow properties. A deep understanding of the decomposition kinetics of the precursor
and the subsequent particle formation and growth is essential for tailor-made nanoparticles.
It is always beneficial to separate the chemistry from the transport processes. Knowledge
about reaction kinetics is therefore necessary to understand the underlying mechanisms
which can be further implemented into computer simulations for particle synthesis optimi-
zation. These can also support the design of new reactors or the improvement of existing
reactors. On the other hand, these data are essential to understand under which conditions,

e.g. temperature, the reaction should be initiated to control the synthesis.

Based on experimental and theoretical studies of the precursor chemistry, the reaction
mechanism as well as the reaction pathways can be illustrated in a kinetics model. Detailed
kinetics models represent the molecular interactions that occur when chemical bonds are
broken and new chemical compounds are formed. Such kinetics models are sometimes re-
ferred to as micro-kinetics models. Kinetics models that are based on elementary reactions
offer the best accuracy and reliability. Moreover, knowledge of a specific elementary reac-
tion can be universal for completely different operating conditions and in different species
mixtures. Thus, knowledge acquired about reactions at this level accumulates as a re-usable

III

asset. In contrast, more approximate methods (e.g., “operational” kinetics) have the param-
eters determined strictly by fitting to a set of experimental data and have very limited ap-
plicability. Although global reaction expressions can be included in detailed kinetics mecha-

nisms, more fundamental expressions provide more accuracy and extensibility.

For TEOS two kinetics models were mainly developed. Herzler et al. [36] studied the decom-
position of TEOS using a single-pulse shock tube and analyzed the reactants and final stable
products using gas chromatography. This well-established method is especially suited for
studying the quantitative detail of the initial unimolecular decomposition process of large
polyatomic compounds [62]. Herzler et al. presented a fully-irreversible kinetics scheme for
the decomposition of TEOS. The main products were shown to be ethanol and ethylene.
They proposed a reaction pathway involving the decomposition of TEOS to form silicates and
silyl acids and the rates were determined through fitting to their experimental data. This
model predicted the activation barrier for the formation of ethanol and silicate from silanol
to be less than 200 kJ/mol. Figure 3.2 shows the reaction pathway of the decomposition
mechanism of TEOS. Each arrow in the kinetics model represents an elementary reaction of
a silicon intermediate. The thicker arrows represent higher decomposition rates than the
thinner ones. This kinetics model shows that the main Si-containing product from the de-

composition of TEOS is SiO,. The gaseous SiO, molecules are highly supersaturated, leading
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to very fast nucleation reducing the concentration of SiO, molecules, and subsequent silica
particle formation. Therefore, they are likely to exist only in very low concentrations and at

very short times.
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Figure 3.2: Herzler kinetics model of TEOS decomposition mechanism [36]

Recently, Kraft and co-workers [38] proposed a new kinetics model and a novel inception
pathway for the flame synthesis of silica nanoparticles from TEOS. They developed the kinet-
ics model for the decomposition of TEOS by generating reactions involving species that were
reported in high concentrations at equilibrium such as ethoxy and methoxy silane. The iden-
tification of the main reaction pathways were performed by flux and sensitivity analyses. As
a result they found that the main product of TEOS decomposition is silicic acid (Si(OH)4).
They also reduced the kinetics model by determining the level of importance of each species
and retaining only the important ones to increase computational efficiency. Furthermore, a
new particle inception and a surface growth were incorporated into the particle model in
which particles form and grow through interaction of Si(OH); monomers. The further coagu-

lation and sintering of particles are also included in their model.
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Figure 3.3: Bond energies in TEOS in kJ/mol [63]

Based on the results from equilibrium calculations and the dissociation energies of different
bonds in the TEOS molecule (cf. Figure 3.3 and [63]), a TEOS decomposition mechanism that
leads to production of Si(OH)4 was systematically developed. The main elementary reaction
pathway proposed by Herzler et al. [36] is also included in the mechanism of Kraft as an al-
ternative route for TEOS decomposition that leads to formation of SiO; in the gas phase. The
resulting flux diagram from the kinetics modeling is illustrated in Figure 3.4. The thickness of
each arrow in this diagram is proportional to the flux associated with the corresponding re-
action. Figure 3.4 shows that the net elemental flux of Si in the direction of Si(OH), for-

mation is appreciably higher than in the direction of SiO, formation.
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Figure 3.4: Integrated flux diagram depicting the main reaction pathways of TEOS decomposition
(38]
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3.2. Particle formation and growth

Gas-phase chemical reactions of the decomposition or combustion of precursors will gener-
ate a condensable species e.g. SiO, from TEOS combustion. Once a condensable species has
been formed in the gas phase, the system is in a non-equilibrium state. It may progress to-
ward equilibrium by the generation of new particles (homogeneous nucleation) or by con-
densation on existing particles (heterogeneous nucleation). If all collisions between particles
are effective, the process resembles aerosol coagulation [64]. Notwithstanding that a num-
ber of different gas-phase processes exist, they all have in common the fundamental aspects
of particle formation mechanisms that occurs once the product species is generated from

precursor reactions [47, 65, 66].

3.2.1. Homogeneous nucleation

Homogeneous nucleation occurs once sufficiently high supersaturation is achieved as a re-
sult of formation of condensable species. The supersaturated vapor is inherently unstable
and tends to form a condensed phase. The initially formed molecules and clusters will form
particles through homogeneous nucleation. Clusters are generally finite aggregates of a few
to several thousands of atoms or molecules. A cluster is metastable and its properties such
as stability depend exactly on the number of atoms or molecules that compose it. If the clus-
ters are thermodynamically stable, the nuclei are formed through coagulation. In the case of
unstable clusters, mostly depending on temperature and concentration, the nuclei are
formed through a balance between condensation and evaporation of molecules or atoms to
and from the clusters until thermodynamically stable particles that are larger than a critical

particle size are formed [67].

Two mechanisms of nucleation with different driving forces take place, these being physical
and chemical nucleation. However, it is often not clear which mechanism is occurring and
there is some debate over the distinctions between the two phenomena [66]. Physical nu-
cleation involves only weak attractions such as van der Waals forces and is important only
for species with partial pressures near their vapor pressures [68]. On the other hand, chemi-
cal nucleation involves the formation of chemical bonds with the surface and can occur at
any temperature and pressure [69]. This is the mechanism by which many solid particles

grow.

The precursor decomposition produces a supersaturated vapor of primary growth-species
(monomers) and they generate clusters (nucleus) when a few monomers collide. The change

in free energy by the formation of a spherical nucleus of radius r is given by McDonald [70]
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AG = 4nr20+§nr3ViRTlnS (2.1)
M

where o is the surface energy, V), the molar volume of the monomer, R the universal gas

constant, T the temperature and S the saturation ratio. The saturation ratio is defined as

s=L (2.2)

where p is the partial pressure and p; is the saturation pressure of the monomers. Supersat-
uration occurs when S is higher than 1, and brings about a change in free energy per unit
volume, G,, between the gaseous and the newly created liquid/solid phase. This change in
free energy is balanced by the energy gain of creating a new volume, and the energy cost
due to creation of new interface. When the overall change in free energy, AG, is negative,

nucleation is favored (cf.Figure 3.5).

?G Surface formation
A
LTS AG
- » Radiusr
r
Total
Volume transition
Figure 3.5: Change in free energy due to nucleation [71]

Some energy is consumed to form an interface, based on the surface energy of each phase.
If a hypothetical nucleus is too small (known as an unstable nucleus), the energy that would
be released by forming its volume is not enough to create its surface, and nucleation does
not proceed. The critical nucleus size can be denoted by its radius, and it is when r = r* that

the nucleation proceeds.

« _ 20Vpy
" RTIn(S)

(2.3)

The critical free energy AG* is the energy barrier for the nucleation process and given by

16ma3VE
AG* = N

"~ 3(RT In(S))2 (2.4)
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The random collisions in a supersaturated vapor of monomers generate nuclei of different
radii. The rate of nuclei with radii greater than or equal to r* is an important parameter in

the gas-phase synthesis of nanoparticles. This rate is called nucleation rate and is given by

2~ ey (- 2) e

where N, is the molar concentration of nuclei, A is the pre-exponential factor and k3 is the
Boltzmann constant. The exponential term is the probability of the formation of a critical

nucleus. The value of A is given by Friedlander [64]

1= () ) (26)

where N, is Avogadro’s number and M is molar mass of the monomer. The nucleation rate

has substantial influence on the primary particle size.

3.2.2. Coagulation, coalescence and agglomeration

Following nucleation of condensable material in high-temperature processes, particles are
formed, which then grow further through coagulation. Particle coagulation is the process in
which small particles (assumed to be spherical) collide with each other and coalesce com-
pletely to form larger spherical particles. Coagulation influences the overall particle size dis-
tribution, whereby the particle number, and the specific surface area decreases due to the

formation of larger particles [6, 9]. The rate of change of the number density of particles N is

dN 1
E:_E'B*NZ (27)

where [ is the collision frequency function. When the chemical reaction and nucleation
times are significantly shorter than the total formation period, the particle growth will be
independent of the earlier history and thus can be determined using only the frequency of

Brownian collisions [47].

Depending on the temperature-residence time history and the material properties, particles
formed in this way may have different morphological structures and sizes. They may hold
together by weak physical van der Waals forces (soft agglomerates) or by stronger chemical
or sintering bonds (hard agglomerates or aggregates) [6]. The individual particles that com-
pose the agglomerates are called primary particles [64]. If the rate of particle collision is
faster than that of their coalescence, non-spherical (agglomerate, aggregate) particles are

formed (cf. Figure 3.1). If the sintering rate is faster than the particle collision rate, regularly
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shaped, monolithic (dense) particles are formed. The sintering rate depends strongly on the
material, primary particle size, and temperature. The materials properties that influence the
particle morphology and the sinter process are, for example, the surface tension g, and the
viscosity 77, or the solid state self-diffusivity D of the coalescing particles at the respective
temperature [72, 73]. Furthermore, short residence times (higher flow rates) at sufficiently
high temperature lead to smaller primary particles since growth takes place over a shorter
time in the reaction zone. Higher reaction temperatures tend to have the same effect, by
increasing the nucleation rate, and hence decreasing the amount of monomers available for

each particle to grow.

The difference between soft and hard agglomerates is frequently due to the temperature at
which the particles aggregate. If aggregation takes place at high temperatures during the
synthesis, sintering, viscous flow and interparticle diffusion will lead to strong bonds be-
tween the primary particles [61]. If aggregation can be suppressed until the temperature has
decreased sufficiently, then readily dispersed agglomerates may be formed. Other mecha-
nisms such as vapor deposition into the necks between aggregated primary particles may
also contribute to the formation of hard agglomerates. This process also takes place primari-

ly in the high temperature region of the reactor [67].
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4. Experiment

4.1. Precursor delivery systems

For highly defined reactions of metalorganic precursors and controlled synthesis of silica
nanoparticles in gas-phase reactors, a precise amount of the gaseous precursor that is ho-
mogeneously mixed with the required gases must be supplied. Evaporation of the liquid pre-
cursor and premixing with the desired gases were achieved in this work utilizing three differ-
ent precursor delivery systems. The selection and suitability of each method was based on
the vapor pressure of the precursor at room temperature, the precursor flow rate and the

experiment time.

4.1.1. Mixing vessel method

The method of preparing the initial gas mixture in a mixing vessel is based on the partial-
pressure of gases, as well as on the assumption due to the low total pressure that the gases
and vapors behave like ideal gases. This method has been used in this work to prepare the
initial gas mixture for the shock-tube experiments as well as supplying the flame reactor with
diluted precursor. The setup of the mixing vessel that has been used for the flame reactor is
illustrated in Figure 4.1. It consists of a 50 liter stainless-steel tank, which is ultra high vacu-
um (UHV) sealed, and a combination of a rotary pump and an oil diffusion pump. Oil diffu-
sion pumps are known as fluid entrainment pumps and work without mechanical move-
ment. They produce extremely high vacuums (10 mbar) by diffusing the gas into the vapor
of heavy oil. The gas is carried off and separated from the oil vapor by condensation [74, 75].
This setup was specifically used for the experiments with the flame reactor. In the shock
tube experiments a turbo molecular pump was used instead of an oil diffusion pump. The
liquid precursor is prepared in a little UHV-tank made from stainless-steel and evacuated
from other gases. Membrane valves are used to separate the precursor tank and the argon

cylinder, or any other required gases, from the mixing vessel.

The mixing vessel is initially evacuated, using a combined pump system, down to a pressure
of 107° mbar. Subsequently, vapor from the precursor tank is sent into the mixing vessel by
opening the valve (V1) until the desired pressure, typically 2 mbar, is reached. The precursor
vapor in the mixing vessel is then diluted with argon to a mixture pressure of 1000 mbar. To
ensure a homogeneous mixture the gases are left to diffuse for about two hours. This tech-

nique provides the highest accuracy in the precursor delivery methods used.
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Figure 4.1: Schematic of the precursor mixing vessel setup

4.1.2. Pressure-controlled mixing (bubbler system)

The pressure controlled or bubbler-based system consists of a precursor tank, two mass flow
controllers and a pressure control system. Figure 4.2a shows a simplified illustration of the
bubbler system setup that has been used in this work for the supply of gaseous TEOS into
the microwave-plasma reactor. The mass-flow controller MFC 1 was used to control the
mass flow of nitrogen as a carrier gas through the precursor tank. A certain amount of pre-
cursor vapor is extracted by bubbling nitrogen through the liquid precursor. The pressure
inside the tank was controlled with means of a combined setup of pressure transducer and a
feedback control valve from Bronkhorst. The second mass flow controller MFC 2 was used to

dilute the precursor to avoid condensation prior to the reactor.

The concentration of the precursor vapor in the precursor tank is estimated from the vapor
pressure of the precursor at the measured temperature of the liquid inside the tank. The
flow of vapor is controlled by the carrier gas and by keeping the pressure constant inside the
bubbler. Variation in the concentration of precursor vapor can also be achieved by altering
the pressure inside the precursor tank. This precursor delivery system can supply the gas
phase reactor with diluted precursor for long experimental times. However, the exact con-

centration of the precursor cannot be well known.
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4.1.3. Controlled evaporation and mixing (CEM)

The liquid-precursor delivery system consists of a precursor tank and a controlled evapora-
tor-mixer system from Bronkhorst, which includes a liquid mass-flow controller, a gas mass-
flow controller (MFC) and the mixing valve on top of the vaporization chamber (see Figure

4.3). A noble gas such as argon with a pressure of 2 bar presses on the surface of the liquid
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precursor inside the tank causing the precursor to flow into the liquid mass-flow controller.
The CEM-system is based on an injection technique in which the liquid is measured and con-
trolled by a mass-flow controller. The advantages of the CEM liquid injection system include
fast response times, high repeatability, good stability and low working temperature [76]. The
liquid, controlled by the liquid flow controller, is transported with a carrier gas into the
evaporator-mixer where vaporizing takes place. The CEM can provide vapor temperatures
between ambient and 200°C. The inner volume of the mixing chamber was minimized, so
that the response of the system would be defined mainly by the response of the liquid and
gas MFCs. The partial pressure of the fluid downstream of the evaporator mixer must be

lower than its vapor pressure at the set temperature to prevent condensation.

4.2. Gas-phase reactors

4.2.1. Hybrid microwave-plasma hot-wall reactor

4.2.1.1. Overview of hot-wall reactors

Hot-wall reactors or oven sources are simple systems (cf. Figure 4.4) that can be used to
produce nanoparticles. The hot-wall reactor can be operated under a wide range of operat-
ing parameters such as temperature, pressure and concentration. They are heated to a cer-
tain temperature to achieve supersaturation from the decomposition of a gaseous precur-
sor. The gas composition is freely selectable, which enables the synthesis of oxide as well as
non-oxide nanoparticles. The pressure is often atmospheric but it can also be reduced down
to a few mbar. The maximum operation temperature is limited due to the choice of crucible
material. Despite the simple construction of this reactor, simulating the reaction kinetics and
subsequent particle formation and growth should be three-dimensional due to the radial
temperature gradient in addition to the axial temperature profile. The axial and radial tem-
perature gradients can be varied in addition to the pressure by using different carrier gases

which have different energy transport properties, heat conductivities and heat capacities.
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Figure 4.4: Simplified sketch of a hot-wall reactor

4.2.1.2. Overview of microwave-induced plasma reactors

An alternative means of providing the energy needed to induce precursor reactions that lead
to supersaturation and particle nucleation is to inject the precursors into a microwave-
induced plasma. The plasma enhances the kinetics of the chemical reactions leading to na-
noparticle formation due to ionization and dissociation of the reactive molecules [42, 56, 77,
78]. Microwave plasmas are very interesting for the gas-phase synthesis of nanoparticles,
especially at laboratory scales. Microwave-plasma reactors provide high heating rates (10°
K/s) and they are generally compact and easy to control. However, their high energy re-
guirement makes microwave-plasma reactors less interesting for industrial applications un-

less the value of a very specific product justifies the cost of operation.

In principle, a microwave-plasma reactor consists of a magnetron, a circulator and the mi-
crowave antenna (cf., Figure 4.5). The magnetron cavity is a high-powered vacuum tube that
generates microwave radiation. The microwave radiation usually is guided from the magne-
tron to the microwave-antenna through a wave guide made from a good electrical conduc-
tor, e.g. aluminum. The circulator, which is made of magnets and ferrite material, is used to
control the direction of signal flow in the microwave circuit. Thus, the circulator protects the
power supply against any reflected power by guiding reflected microwaves into an absorbing
water bath. The microwave-antenna is made from aluminum and has the function of focus-

ing and matching the incident microwave radiation into the center where the plasma locat-
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ed. The idea of employing a tuner is to optimize the energy transfer into the plasma and

minimize reflection. Further details can be found in [79].

Nozzle

Quartz tube
Antenna
Gas mixture N
=
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Figure 4.5: Schematic illustration of the uW-plasma reactor

Theoretical background of plasma processing

Plasma in physics and chemistry is a state of matter similar to gases in which a certain frac-
tion of gaseous atoms and molecules are ionized leading to strong electrostatic forces be-
tween gas molecules [15, 80]. Therefore, plasma is often called the fourth state of matter.
The plasma can be generated through heating with high enough energy which leads to the
ionization of atoms and molecules. Other methods involve electrical systems for induction of
a plasma using direct-current (DC), radio frequency (RF) or microwaves. The plasma consists
of positively and negatively charged elements (electrons and ions) in such a way that the
sum of all electric charges is zero. These electrically charged elements are intermixed with
neutral gas atoms or molecules. The degree of ionization (usually between 10'° — 10" cm™),
which is the ratio of charged particles over the uncharged ones, may be quite small. Due to

the mobile electric charges, a plasma is electrically conductive [78].
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The thermal equilibrium of a plasma is an important feature for the classification of plasmas
which are distinguished based on the relative temperatures of electrons, ions and neutrals.
In thermal plasmas, free electrons and heavy neutrals possess the same temperature, i.e.
they are in thermal equilibrium with each other. In contrast, non-thermal plasmas (non-
equilibrium) have different levels of thermal energy. In such plasmas the electrons have the
highest thermal energy whilst the ions have significantly less energy, and the neutral gas
species posses the lowest energy (see Table 4.1). Moreover, molecules with different de-
grees of freedom (such as translation, rotation and vibration) are also not in equilibrium.

Table 4.1: Subdivision of plasmas [81], where T,, T; and T are the temperatures of electrons,
ions and neutral gas species, respectively.

Low-temperature plasma High-temperature plasma
(LTP) (HTP)
Thermal LTP Non-thermal LTP
T.=T;=T<2x10°K T=Ti<<T.<10° K Te=T;210"K
e.g., arc Plasma at normal e.g., microwave plasma e.g., fusion plasma
pressure

In the case of the microwave-induced plasma, the energy is transmitted to the plasma via
the microwave radiation field, which accelerates the electrons until they have sufficient en-
ergy to cause further ionization in a chain reaction [60]. The electrons can then dissipate
their energy through a vast number of collisions with neutral and ionic species causing exci-
tation and ionization processes. Because this is a relatively inefficient process due to the
large difference in mass, the heavy species’ temperature will remain lower than the electron
temperature [82]. It must be noted that the atoms and ions are much heavier than electrons

and energy transfer in a two-body collision is much more efficient if the masses are similar.

A characteristic feature of microwave radiation is that its wavelength is comparable to the
dimensions of the apparatus (2.45 GHz, A = 12.2 cm). The absorption of microwave radiation
in gas, i.e. the energy that is delivered to a unit volume per time, depends on the electron-
neutral collision frequency and the ionization energy, i.e. on the gas pressure and the nature
of the gas. The absorption efficiency in a 2.45 GHz discharge is high for He at pressures in the
region of 10% and 10* Pa whereas the maximum efficiency for Ar is reached at 200 Pa [83].
Microwave discharges can also be operated at pressures as high as atmospheric [81]. How-
ever, at atmospheric pressure the collision frequency is so high that an increase in micro-
wave power input is required to ensure sufficient ionization of the gas [84]. The electron
acceleration and collision energy exchange mechanism in high-frequency fields have been

discussed in detail by Brown [85].
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4.2.1.3. Microwave-plasma hot-wall reactor

The hybrid reactor, which consists of a microwave plasma reactor and a subsequent hot-wall
furnace, has been constructed for gas-phase synthesis of high-purity silica nanoparticles us-
ing TEOS as the precursor (see Figure 4.6). The aim of combining the microwave-plasma re-
actor and the hot-wall furnace is to extend the residence time of the reactions at high tem-
perature. This combination allows the particle formation to be studied by characterizing the

final product with variable temperature-time histories.

Quartz tube

may Hot-wall furnace Pneumatic  cylinder

for TEM samplin
TEOS(g) + Ar max. 1200°C ping

80°C HW-antenna Pressure transducer
A‘ | TEM-grid
A -
Ar + 02 282222 o v

Microwaves N
2.45 GHz Control
max. 2 kW valve

Vacuum pump

Figure 4.6: Hybrid microwave-plasma hot-wall reactor

A 2.45 GHz magnetron oscillator (Fricke und Mullah) capable of delivering up to 2 kW of con-
tinuous power was used as a microwave power source. The magnetron was protected from
the reflected power by using a circulator and a matched load. The microwave radiation en-
ters the antenna through a directional coupler so that the incident and reflected power
could be monitored simultaneously. The power absorbed by the plasma was defined as the
incident power minus the reflected power, assuming no power is lost to the housing. The
hot-wall furnace (Carbolite, three zone tube), which is 450 mm long, can be electrically heat-
ed up to 1200°C.

In order to obtain reproducible synthesis conditions, the current apparatus allows the gas
flow rates, gas composition, pressure, and temperature of the hot-wall furnace to con-

trolled. The reactor pressure can be varied between 20 and 1000 mbar using a control valve
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behind the particle filter. A rotary vacuum pump with a capacity of 100 |/min can ensure a

wide variety of stable gas flow rates and pressures in the reactor.

The required gaseous TEOS (mixed with argon as the carrier gas) was supplied using a con-
trolled evaporator mixer (CEM) from Bronkhorst (cf. Figure 4.3). The CEM system supplies
gas mixtures that can feed up to 13 g/h of TEOS vapor into the reactor despite the poor va-
por pressure of TEOS (1.6 mbar at 20°C). The tube that connects the CEM and the reactor
inlet is heated up to 80°C to prevent condensation of TEOS. An additional gas mixture of ar-
gon and oxygen, as oxidizing reagent, is added to the TEOS/argon mixture prior to entering

the reactor.

The synthesized particles are filtered from the flowing gas using a cellulose extraction thim-
ble downstream of the reactor. The collected particles were used for ex-situ analyses such as
transmission electron microscopy (TEM) and isothermal Brunauer-Emmett-Teller (BET) ni-
trogen adsorption method. Online-sampling of silica particles was achieved from the reactor
chamber by thermophoretic deposition onto TEM-grids using a double acting pneumatic

cylinder. The sampling time can be defined in a time range between 50 and 500 ms.

4.2.2. Premixed low-pressure H,/0,/Ar flame reactor

4.2.2.1. Overview of flame reactors

Rather than supplying energy externally to induce the reaction and particle nucleation, parti-
cle synthesis can be achieved within a flame and its hot exhaust gas. The energy needed for
initiating the precursor reactions would be supplied in-situ by the combustion reactions (cf.
Figure 4.7). This is by far the most economic approach in nanoparticle synthesis, used to
produce millions of metric tons per year of carbon black and metal oxides [2, 4, 86]. In addi-
tion, flame reactors can be easily scaled up for practical applications and consequently used
for continuous processing [20]. Flame reactors have also been extensively used in laboratory
scale systems to produce metal oxide nanoparticles such as magnetic oxide, high-
temperature superconductors and photocatalysts. However, coupling the particle produc-
tion to the flame chemistry is a complex process that is rather difficult to control. It is pri-
marily useful for making oxides, because the flame environment is quite oxidizing. Recent
advances are expanding flame synthesis to a wider variety of materials and providing greater

control over particle morphology.

Powders, liquids and vapor can be used as precursors in a flame reactor. The flame provides

the energy to evaporate the precursor and to drive the chemical reactions. The precursor

concentration can be high due to the high energy density in the flame. The heating rate in

the flame is quite high and temperatures from 1000 to 2400°C can be realized [15]. Several
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parameters that influence the flame are used to control the particle growth such as temper-
ature profile, reactor residence time and reactant concentration. However, these parame-
ters cannot be changed in flame reactors independently. Every adjustment of the feed flow

causes a change in the other parameters.

Using “premixed” or “non-premixed” flames can influence the shape of the flame. In a pre-
mixed flame the fuel and the oxidizer are already mixed and the reactions take place right
after the burner head. These premixed flames are typically very short. In non-premixed
flames the fuel and the air or oxygen are fed separately to the burner head. The reactants

must mix through diffusion and turbulent mixing and react in the mixing zone [80].

Burner head

Premix zone Flat flame
O,+ Ar S
> D PR SN Vacuum pump
H, » P S D———
> s . . . . . .r
> = . e e o Thermophoretically
Precursor + Ar R T R "'M\'\k" J  deposited particles
Figure 4.7: Schematics of the low-pressure H,/O,/Ar flame reactor

4.2.2.2. Experimental setup of the premixed low-pressure H,/0,/Ar flame re-
actor

The experimental setup in Figure 4.8 shows a simplified illustration of the premixed low-
pressure H,/O,/Ar flat flame reactor. The complete setup is divided into three chambers,
which are operated under different pressures. The precursor, TEOS or HMDSO diluted in Ar,
was prepared in a vessel and mixed with the flame gases prior to entering the 30 mbar
chamber through a porous sintered-bronze burner head. The premixed flame was ignited
and stabilized on the water-cooled burner head which was mounted on a horizontal transla-
tion stage that allowed the distance between the burner head and the probing nozzle (flow
coordinate) to be varied. The major characteristics of this flame type is that the maximum
temperature is reached just above the burner head. Furthermore, hydrogen as a fuel allows
for synthesis of particles with low level contamination due to the absence of carbon [87].
The low-pressure operation (30 mbar) creates a spatially expanded reaction and particle-
growth zone where important information about species concentration can be measured
with high resolution. The flame was doped with diluted precursor, leading to a gas-phase

reaction that yields condensable metal oxides. Because of the axial temperature gradient in
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the reactor, condensation of metal oxides as well as growth of particulate solids by coagula-
tion and coalescence occurs, leading to a mixture of primary particles, agglomerates and

aggregates.

A sampling orifice that is located downstream of the first chamber is used to extract and
expand the silica nanoparticles into the second chamber operated at 10> mbar. The rapid
expansion into molecular free jet “freezes” almost all chemical reactions and particle inter-
action. A skimmer located in this chamber then extracts the particles from the centerline of
the expanded jet into the third chamber that is operated at 10° mbar, generating a particle-
laden molecular beam. In the third chamber a particle mass spectrometer (PMS) which

works on the principle of deflection of charged particles passing through an electric field is in

place.
Burner head
Premix zone Flat flame
_ Particle mass spectrometer
O, + Ar L ] -
{ |
H — i . .: _:,.' . L e 3 _T.. ....-‘ =
2 —> B R L
<>
" ‘“h
30 mbar 10° mbar 10" mbar
Precursor = ™ H =g B 1. F &
+ Ar H/. ﬂ L
Rotary vacuum Oil diffussion Oil diffussion
pump  pump pump
Figure 4.8: Premixed low-pressure H,/O,/Ar flame reactor

4.2.2.3. Particle mass spectrometer (PMS)

The particle mass spectrometer is used to analyze the mean particle size as well as the parti-
cle size distribution. These are considered to be two major characteristics of nanomaterials
that influence their unique properties. The combination of the PMS with the gas phase reac-
tor, in this work only the flame reactor, allows online determination of the mass of charged
particles. The measured mass of charged particles can be then converted into the particle-
size distribution using the solid density of the material. The technique of the PMS measure-

ment is based on combined physical principles, which are:

e the physics of the molecular beam technique to generate a particle beam
e an electrical deflection and filter system which classifies the particles due to their ki-

netic energy and velocity in the beam
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e adetection system for the charged particles

The transfer of the particles from a normal aerosol into a beam of particles is necessary to
realize the measurement principle of the PMS. This is possible by applying the molecular
beam technique, which is well known from classical gas dynamics [88]. The generation of a
molecular beam is achieved by expanding the gas through a small orifice nozzle using a pres-
sure difference between the reactor chamber (30 mbar) and the expansion zone (10~ mbar)
of the PMS (cf. Figure 4.9). The gas species and nanoparticles are adiabatically expanded to
form a supersonic jet whereby the particles move at approximately equal velocities with
very few collisions. The flow conditions are such that the gas temperature decreases very
rapidly, nearly completely freezing any physical or chemical processes inside the expansion
aerosol probe. The center of the free jet is extracted using a sharp edged nozzle called
“skimmer” and moves as a particle-laden or molecular beam into a second vacuum chamber
[89].

Us=1kV
Deflection f=0-10kHz —““ Amplifier
capacitor JUL
Nozzle Skimmer Repelling $<— I, %E e i
potential o BRI
\ o ] ‘: . .. . ° . . \
. ARSI Faraday cup
T e TR ]
\’ ﬁ Ug=0to
. +300V DC
30 mbar 10 mbar 10° mbar 1
Reactor Expansion Analysis ‘”‘
!
zone zone
Figure 4.9: Simplified schematic illustration of particle mass spectrometer (PMS) [89]

The analysis zone of the PMS consists of a deflection capacitor with length I, width by, an
aperture at a distance Lpys from the deflection capacitor (Figure 4.10a), and a Faraday cup
behind an aperture for particle-charge detection. The well-focused particle beam, which
moves in the x-direction (cf. Figure 4.10), enters the center of the deflection capacitor. By
applying a certain voltage between the parallel plates of the capacitor the charged particles
are deflected from the original path. The force of the electrical field is assumed to exist only
inside the capacitor and to be perpendicular to the electrode surfaces. The field strength
therefore is E = Ux/ bk. An individual charged particle entering the electrical field is deflected

by a force F = ze U/ bi acting in the direction of the field lines. It causes the particle to ac-
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celerate in the y-direction in relation to its mass: yp = ze Uy / bx mp. The individual particle

trajectory and the velocity components inside the capacitor

!
0<xp<lg or OStSv—K
P

can be described in Cartesian coordinates using the time t as a parameter thus,

_ l zeUk , o _

Vp = Z—meKt Xp = Upt (3.10)
_ l zeUg .

yp = 2 mpbr Xp = Up (3.11)

Outside the electrical field the particles move along straight lines as indicated in Figure
4.10a. The direction of motion with respect to the x-axis results from the condition of con-
stant velocity components yp and Xp outside the capacitor. The particle trajectory is there-

fore given by:

zeUk lg

Yp = (xp - %{) for Xp = lK (312)

mpvlzg bk

The well-focused particle beam passing through the capacitor splits into different trajecto-
ries according to the mass and charge of individual particles. According to equation 2 each

particle mass mp with charge ze has its individual trajectory yp = f(xp).

a) b)

“‘ ] (e “\\
Deflection . f__l—LI_I_
capacitor

}/\ Uk ..x‘ y P
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Figure 4.10: a) Deflection of charged particles in an electrical field and resulting particle trajectories
in a vacuum containment. b) PM velocity measurement

In the next stage, a grounded slit, with width Ad at a position y = d from the x-axis, is intro-
duced at a distance x = 50 mm from the origin of the coordinate system. It separates a dis-
crete class of particles which can pass through the slit whereas the rest are blocked and col-
lected by the grounded plate. By re-arranging equation 2 and setting yp = d and xp =/, the

kinetic energy at this selected point of the signal is:

mpvp _ g W (2Ll
ze 2 UKbK(d d) (3.13)
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For fixed geometrical conditions, especially for a fixed slit position or beam deflection d, ca-
pacitor dimensions /¢ and by, and for a known distance Lpys between the entrance of the
capacitor and the aperture, the voltage Uy selects particles of kinetic energy (mpvp2/2) carry-
ing elementary charges z. By varying or tuning the deflection voltage Uy, particles of various
energies can pass through the aperture. In other words, Uk is a direct and unique measure of
the kinetic energy of particles which pass through the slit arrangement. Thus,

2

Uy = const?—:vf (3.14)

Up to this point, the particle beam is classified by the deflection voltage Uk (together with
the slit) into discrete classes of kinetic energy. The desired proportionality between particle
mass (mp/ze) and deflection voltage (Uk) can be obtained from equation 3.14, if the particle
velocity vp is known. This property can be measured by an electrical chopping system, as
illustrated in Figure 4.10b. The beam of charged particles passes through two grids supplied
with a synchronously-pulsed repelling potential. The upper grid forms packages of charged
particles when the potential is zero and the particles can thus pass through the grid and are
repelled during the time that the voltage is suddenly increased to 1 kV. The length of the
package /p depends on the frequency of the grid voltage f and on the particle velocity vp.
Whether the full package of particles or only part of it can pass through the second grid and
reach the aperture can be estimated by the application of a simple geometrical phase condi-
tion. Only very few or no particles pass through the second grid if the package length /» is the
reverse odd-numbered multiple of the grid distance /. This results in a series of minima of
the electrical current | or the particle flux Ip, which occur in the later described current plots

at frequencies fpi ;, for the following conditions:
Up = 2fmin,ilpi (3.15)
_ lg lg
lpi = lG,?,?,etC. (3.16)

Equation 3.15 represents the measurement guidance for the particle velocity vp. The fre-
quencies fmin; of the repelling potential which cause the minimum particle flux Ip must be
determined. At this minimum frequency, the particle velocity v» can be measured for every
group of particles selected by the deflection voltage Ui. Therefore, equation 3.14 can be fur-

ther simplified to its final form:
_ mp
Uk = const — (3.17)

This is a well known relation in mass spectroscopy. The deflection voltage U of the capacitor
is a direct measure of the particle mass mp divided by the particle charge ze. What remains is

to determine the particle flux that is classified by both the deflection voltage Uy and the ap-
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erture. The simplest way is to collect the charged particles using a Faraday cup and to con-
vert the signal into an equivalent electrical current / by means of a very sensitive electromet-
ric amplifier. The measured electrical current is, for singly charged particles (z = 1), directly

proportional to the particle flux passing the aperture; thus
I = f(Ux)~ANp (3.18)

For particles carrying more than one elementary charge (z >1) the situation is in principle
similar. However, practically only a small portion of doubly charged particles can exist in

some conditions due to small particle sizes.

4.2.3. Gas-dynamically-induced particle synthesis

“Gas-dynamically-induced particle synthesis” (GIP) is a new concept for mass production of
highly specific oxide nanoparticles from gas-phase precursors in a shock-wave flow reactor.
The reactor consists of two consecutive Laval nozzles with a reaction zone in between and
utilizes gasdynamic heating and cooling rates respectively (see Figure 4.11). In this concept
the shock wave of an over-expanded supersonic nozzle flow heats the gas mixture, including
the gaseous precursor, instantaneously up to high temperatures and initiates the reactions.
Single particles with a narrow size distribution are aimed to be produced with the aid of high
heating and cooling rates in this processing technique. Figure 4.11 shows an overview of the
principle of GIP operation. The exhaust gas from the pore burner (1) flows at a high speed,
high temperature (1300 K) and high pressure (10 bar) through the supersonic tunnel. Gase-
ous TEOS with nitrogen as carrier gas is then injected (2) prior to the first nozzle. TEOS is
mixed with the exhaust gas, which is then accelerated in the first nozzle (3) to supersonic
flow speeds and produces a shock wave (4) at a certain axial location downstream. The
shock wave heats the gas mixture instantaneously and initiates the chemical reaction of pre-
cursor decomposition or ignition, which is then followed by particle formation and growth
(5). The length of the reaction volume is variable. Therefore, the residence time within the
reaction volume is adjustable. Sudden expansion to lower pressure (atmospheric pressure)
through the second nozzle (6) reduces the temperature instantaneously. Finally, the total
enthalpy of the flow is reduced by injecting cooling water in a quenching system (7). A de-

tailed process description is given by Grzona et al. [90] and Al-Hasan [91].
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Figure 4.11:  Schematic representation of the gas-dynamically-induced particle synthesis [90]
The realization of this novel process required several studies such as:

e Numerical simulation of the gas dynamic, precursor chemistry and particle growth
and subsequently comparison with experiments

e Precursor injection and mixing with the gases prior to the shock wave

e Precursor chemistry and particle formation and growth in the gas phase

e Gasdynamic cooling and water evaporation in the quenching system

e Sampling method of the particles from different locations in the reaction volume
The studies mentioned above have been carried out by different groups.

4.2.3.1. 3D-Simulation of the production of gas-phase synthesized nanoparti-
cles in the reactor

This part of the work has been carried out by Al-Hasan [19, 91, 92] and Giglmaier [18] at the
Institute of Aerodynamics and Fluid Mechanics, Technical University of Munich. The 3-D
simulation models the entire gasdynamic flow and the particle formation and growth includ-
ing injection and mixing of the precursor, ignition delay, heat release, formation of mono-
mers and coagulation. The governing equations for the flow are the 3-D time-dependent
Favre-averaged Navier-Stokes equations for compressible mixtures of gases. For the simula-
tion of particle growth an efficient bimodal monodisperse model has been investigated
based on the work of Kruis et al. [93]. In contrast to the original model, an additional balance
equation for the monomer concentration is taken into account in order to reproduce the

bimodal particle distribution, which is due to the comparatively slow precursor combustion.

The particle sizes predicted by the 3-D CFD simulation are validated against experimentally
obtained results for the generator facility. In particular, the sensitivity of the processes is
analyzed with respect to operation condition variations, such as stagnation conditions, pre-
cursor mass flow and wall cooling. Detailed insight can be provided into the complexity of

this novel process of gas-phase synthesized, non-aggregated nanoparticle generation, and
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display the potential of coupled 3-D Navier-Stokes/particle-growth simulations as a tool for

the design and analysis of innovative particle production processes and particle reactors.

The pilot facility was designed using 3-D reactive CFD simulations that provided a detailed
insight into the full process. Figure 4.12 shows a numerical simulation of the doubly choked

Laval nozzle system. The shock position is determined by the critical cross sections Al* and
Az* and the overall losses due to heat release from the precursor combustion, wall cooling

and friction. As the ignition of the precursor is initiated by the temperature rise across a
gasdynamic shock, 3-D simulations of all thermodynamic conditions of the transonic flow are

required to predict the conditions are at a stagnation temperature and pressure of Tm =

2
1400 K and of Py = 10 bar respectively. At the first minimum cross section, A1* =88.8 mm

where x = 0, the flow reaches sonic speed, i.e. Mach number M = 1, and accelerates further
downstream to supersonic flow speed. The static temperature (red curve) drops to a mini-
mum of 880 K at x = 196 mm. At that position a pseudo shock system with a pre-shock Mach

number M = 1.8 forms and decelerates the flow.
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Figure 4.12: Dominating phenomena during "gas-dynamically induced particle synthesis" [18]

The precursor TEOS is injected into the flow shortly upstream of the first throat (cf. Figure

4.11). The available mixing-length from the injector to the pseudo-shock system is 200 mm

in order to ensure mixing of the precursor and the carrier gas. The rise in static temperature
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across the gasdynamic shock leads to ignition of the precursor. The location of ignition on
the time axis in Figure 4.12 is determined from the ignition delay time study as a function of
temperature, which has been carried out in this thesis work (cf. section 5.1). Simulation of

the particle formation and growth begins after the ignition delay time of TEOS.

4.2.3.2. Experimental study of the mixing process of the injected precursor
with the reactor gases

This part of the work has been carried out by Mohri [94, 95] (Institute of Combustion and
Gasdynamics, University of Duisburg-Essen) and Wohler [96] (Institut fir Thermodynamik
der Luft- und Raumfahrt, University of Stuttgart). Homogeneous molecular mixing of the
precursor with the reactor gases between the injector and the reactor main flow is essential
to achieve high particle quality of low agglomeration index and narrow particle size distribu-
tion. The injector design and the flow conditions play the most important role on influencing
the mixing process. Studying the mixture formation and flow conditions between the inject-
ed flow and the reactor main flow, using different injector designs have been conducted

with the laser based diagnostic technique known as laser-induced florescence (LIF) imaging.

4.2.3.3. Studying the precursor chemistry and the particle growth

The kinetics data as well as the ignition delay times of the precursor are essential to define
the injector axial location and the GIP reactor length. The residence time between the injec-
tor and the shock wave should be shorter than the ignition delay time at the respective gas
temperature. This is to ensure that precursor ignition occurs after the shock wave. When the
temperature at the injector is high enough to initiate the reactions, the precursor will not
ignite before the shock wave if the ignition delay time is longer than the residence time be-
tween the injector and the shock wave. Moreover, the reactor should be long enough to
cover the required time for the precursor decomposition, particle formation and growth.
The fine tuning of the residence time can be adjusted with the reactor conditions. This study
has been carried out for the GIP project as part of this doctoral work. The kinetics of the pre-
cursor decomposition and ignition were studied in shock-tube experiments. The particle
growth was investigated in gas-phase reactors such as a flame and a microwave plasma reac-
tor under various conditions. These experiments provide the required information for the
design of the GIP reactor as well as the numerical simulations. The GIP reactor length as a
variable parameter and the experimental conditions can be defined with means of a previ-

ous numerical simulation of the particle growth process.
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4.2.3.4. Supersonic expansion and water quenching system

This part of the work has been carried out by Rakel [97] at Institut flr Technische Thermody-
namik und Kaltetechnik, Karlsruhe Institute of Technology KIT. The high cooling rate beyond
the second Laval nozzle is achieved by the combination of instantaneous expansion in the
lower pressure (atmospheric pressure) to reduce the temperature and a supersonic water
guenching system to reduce the total enthalpy by evaporation and freezes the reactions.
Figure 4.13 illustrates the principle of the supersonic quenching system, whereby the scale
proportions are adapted to improve the description. The gas is flowing as indicated from left
to the right through the convergent nozzle. The temperature descent is illustrated as a color
gradient. As water penetration into a supersonic gas stream is relatively low, the water is
injected from the wall and in the center of the Laval nozzle to cover the entire cross-section.
The so called quench lance extends from the outlet into the direction of the nozzle throat in
the center. The quench lance is a pipe with a slender cone at its tip to avoid strong oblique

shocks.

Gas dynamical cooling Reduction of the specific gas enthalpy (evaporation of liquid) .

>
|

1. Supersonic flow Supersonic flow N
< | »
Water
Gas Water
[r—— Water Shock-Wave
1300 300
T/ (K)

Figure 4.13:  Schematic sketch of the supersonic quenching system [97]

4.2.3.5. Sampling technique of particles from the reactor

This part of the project has been carried out by Verena Goertz [98] at Institut fiir Mecha-
nische Verfahrenstechnik und Mechanik, Karlsruhe Institute of Technology (KIT). An im-
portant aspect of the novel reactor is the characterization of the particles during their
growth. In order to investigate particle size, size distribution and morphology, samples are
taken at different positions in the reactor, i.e. in the reaction volume and downstream of the
guenching. In order to ensure representative sampling, the probe has to be adjusted with
respect to the high particle number concentration and the high temperature and pressure

inside the reaction chamber. Chemical reaction must be prevented inside the probe.
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Figure 4.14 represents the schematics of the probe. The probe for extracting particles from
the reaction chamber consists of four coaxial thin walled stainless steel capillaries. Due to
the multi coaxial design it is not possible to provide a 90° bend probe which would allow
sampling in flow direction. Therefore, the probe is installed normal to the flow direction in
the reactor part. To avoid particle sampling out of the recirculation area, the probe was bev-
elled at an angle of 30°. By applying 3-D unsteady scale adaptive simulations (SAS) [99] the
design was optimized with the commercial CFD-Tool Ansys CFX. As the gases in the reaction
chamber reach high temperature e.g. 1300 K, it is necessary to cool the probe by means of
water inside the two outer capillaries. The product is exhausted through the central capil-
lary. Finally, the particles are collected on a carbon-coated TEM grid attached to a glass fiber
filter.

e Cooling
+— water

Sample
—>

<«+—— Nitrogen

Figure 4.14: Schematic representation of the sample probe to extract particles from the reaction
chamber [98]

4.3. Shock-tube experiments

4.3.1. Principles of shock-tube experiments

The shock tube is a laboratory device used mainly for aerodynamic and high temperature
kinetics studies [100]. Because of the high and variable stagnation enthalpies (and tempera-
tures) that are obtained, the shock tube provides a means to study phenomena such as
thermodynamic properties of gases at high temperatures, dissociation, ionization and chem-
ical kinetics [101]. It allows the study of gas-phase kinetics under a wide range of tempera-
tures and pressures that are difficult to obtain in other types of testing facilities. A shock
tube has the ability to heat up a gas in a very short time, such that any reactions at interme-

diate temperatures and the influence of transport are prevented.

In general, shock tubes are thick-walled tubes made of stainless steel with circular, square or
rectangular cross sections with a very smooth inner surface [102]. Some form of a dia-
phragm, usually made from aluminum, separates a gas at low pressure and a gas at high-

pressure. The low-pressure gas, referred to as the driven gas, is subjected to the shock wave.
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The high pressure gas is known as the driver gas. The corresponding sections of the tube are
likewise called the driven and driver sections respectively. The driver gas is usually chosen to
have a low molecular weight and high speed of sound, but may be slightly diluted to 'tailor’
interface conditions across the shock. Hydrogen or helium may be used, with helium being
the safer option. The driven section contains the test gas mixture including the fuel or the
precursor. Typically the driver section is fed with driver gas until the diaphragm bursts and
the highly compressed driver gas flows into the low pressure chamber. A shock wave then
propagates through the test gas, while a rarefaction wave travels through the driver gas (cf.
Figure 4.15). The interface, across which a limited degree of mixing occurs, which separates
driven and driver gases is referred to as the contact surface and follows the shock wave at a

lower velocity.

The pressure distribution prior to bursting of the diaphragm and the resulting pressure and
temperature distributions after bursting of the diaphragm are shown in Figure 4.15 along the
axis of the tube. It shows the axial pressure and temperature distributions, at (a) t = 0, for
intermediate times (b) and (c) before the arrival of the incident shock wave to the end wall,
and (d) and (e) after the reflected shock wave reaches the sample gas. In Figure 4.15 it can
be observed that the incident and reflected shock waves induce two stepwise increases of

temperature and pressure in the test gas.

Successive longitudinal time-pressure distributions, indicating the shock front position, can
be plotted in an x-t diagram, i.e. the typical distance-time diagram, as shown in Figure 4.16
[103]. At time t = 0 the diaphragm ruptures and a series of compression waves coalesce into
a normal shock wave which propagates at supersonic velocity in the driven section. The
moving shock wave induces the fluid behind it to travel in the same direction with velocity
Viw- A contact surface formed at the interface between the driven and driver gases, behind
the incident wave, moves at velocity v.. The difference between v;, and v, permits the test
gas to achieve the condition of high pressure and temperature (Ts, ps), required for the ex-
periment, when the reflected wave is formed and before the arrival of the contact surface.
This is shown as region 5 in Figure 4.16 where the test gas is under uniform conditions. Sim-
ultaneously, in the driver section a set of rarefaction waves propagate in the opposite direc-
tion inside the driver gas. The arrival of the rarefaction waves disturbs the test gas. The time
interval between the arrival of the reflected wave and of the contact surface is the available

time for measurements, At (e.g. 2 ms).
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Figure 4.15: Operation principle of a shock tube

37

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



Driver section (high pressure) Driven section (low pressure)

A \

Reflected

Time rare- Diaphragm

faction head \

Rarefaction

wave tail Contact surface

[ ®

} St

.~ Reflected /

shock wave

/

Rarefaction Incident shock wave

O)

wave head

Distance

Figure 4.16: Distance-time diagram in shock tube. The gas behind the reflected shock wave is at
rest. Adapted from Zel’dovich et al. [103]
4.3.2. Shock-tube experiments to determine the ignition delay time of TEOS and

HMDSO

Ignition delay times provide kinetics data of the precursor ignition in an oxidizing environ-
ment. Emission from the electronically excited OH A’Y* state (OH*) near 307 nm is a promi-
nent feature of hydrogen and hydrocarbon flame spectra [104]. OH* emission and the reac-
tions important in OH* chemiluminescence have long been studied [104,108]. The OH*-
formation reactions and rates are presented in Table 4.2. The CH and H species in the reac-
tant side of the reaction equation no. 1 and 2 in Table 4.2 are fragments during TEOS de-
composition. This means that these reactions take place during TEOS decomposition and
ligand combustion. Increasing the temperature will accelerate the decomposition of TEOS

and therefore the formation of OH*, and OH* emission will appear earlier.

Table 4.2: Elementary reactions of OH* formation and quenching. Rate coefficients are ex-
pressed as k = AT" exp(—E/RT) with units of cal, mol, cm and s
No. Reaction A n E Source
1 CH + 0, <> OH* + CO 3.24x10"*  -0.4 4150  Formation  [109]
2 H+0+M&OH*+M  3.10x10% 0.0 10000  Formation  [109]
3  OH*+H,0>O0H+H,0  5.92x10% 0.5 -861 Quenching  [110]
4 OH* + CO, <> OH + CO, 2.75x10" 0.5 -968 Quenching [110]

The ignition delay time with respect of the shock-tube experiments of a combustible fuel-

oxygen-argon mixture is defined by the time delay between the compression of the gas and
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the sudden increase in the rate of reaction, coinciding with large temperature and pressure
changes and emission of light. This time interval is a characteristic quantity for any fuel and
is a function of the initial temperature, pressure and mixture composition [101]. The ignition
can be observed by measuring the onset of OH*-chemiluminescence emission at 307 nm.
The wavelength of emitted light is selected using a band-pass filter and detected with a pho-
tomultiplier located downstream in the measurement plane (cf. Figure 4.17). One of the
main objectives of measuring the ignition delay time is to define the axial location of the
precursor injector in the GIP reactor (cf. Figure 4.11). When the exhaust gas temperature at
the precursor injector is high enough to initiate the reactions, precursor ignition upstream of
the shock wave can be avoided. On the other hand, when the reactions do not commence at
the injector the shock wave will heat the gas mixture instantaneously and thus the reactions
will begin. In this case the ignition delay time must be included into the overall residence

time beyond the shock wave.

Photomultiplier

Helium
Diaphragm ] -—
Interference filter =
I Driver section Driven section
Pressure transducer —
Vacuum pump Vacuum pump
22 -6
10 mbar 10" mbar

Oscilloscope

Figure 4.17: Simplified schematic of a shock tube with an experimental setup for the ignition
delay time measurements

Two shock tubes that have the same diameter of 80 mm have been used. Shock tube 1 has
been used for low precursor concentrations and chemiluminescence detection whiles shock
tube 2 has been used for higher concentrations. Test times in both experiments were up to 2
ms. The driver and driven sections of shock tube 1 have a length of 3.8 and 7.2 m, respec-
tively. A 300 um thick aluminum diaphragm was chosen to achieve a pressure of about 10
bar behind the reflected shock wave. The driven section can be baked out and pumped
down to pressures below 10™° mbar using a turbo molecular pump. The driver section can be
pumped to 1072 mbar with a rotary pump. Gas mixtures were prepared in a stainless-steel

mixing vessel. Ignition was observed by measuring the onset of OH* chemiluminescence
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emission at 307 nm through a window on the side wall of the shock tube 20 mm upstream of
the end flange. An arrangement of two slits in between the window and the detector results
in a narrow acceptance angle of the detector corresponding to a time resolution of 6 us de-

fining by the passage of the reflected shock wave and the slit diameter.

Shock tube 2 is equipped with pumps that can handle particle-laden gases and thus allows
experiments at higher precursor concentrations. Aluminum diaphragms of 70 and 100 um
thickness were chosen to achieve pressures of 1.7 and 2.8 bar behind the reflected shock
wave, respectively. The driven and the driver sections as well as the mixing vessel can be

pumped down to 4x107° mbar using a dry vacuum pump (Edwards dry star; Model QDP 80).

Temperatures and pressures behind the reflected shock wave (Ts, ps) are determined from
the incident shock-wave velocity assuming one-dimensional behavior using the standard
approach [111]. The velocity is measured from the arrival time of the incident shock wave at
four pressure transducers located at 20, 170, 320 and 570 mm upstream of the end flange.
The liquids and gases used were of highest commercial purity: TEOS > 98%, HMDSO >99%,
He, O;, Ny, CO, and Ar >99.999%.

Ignition delay times of TEOS were measured in shock tube 1. Homogeneous mixtures were
provided by injecting liquid TEOS into the evacuated stainless-steel mixing vessel with sub-
sequent addition of the desired amount of gases. The mixture rested for 2 hours prior to the
experiments to ensure homogeneous mixing. In the first set of tests, 1600 ppm TEOS was
mixed with dry synthetic air. In a second set of tests TEOS was mixed with a gas mixture that
is representative of the exhaust gases from the methane flame in the GIP reactor. This con-
tained N,, O,, CO,, and H,O. For these experiments the desired amount of water was inject-
ed directly into the driven section of the shock tube, and after evaporation mixed with the
TEOS/gas mixture from the mixing vessel. The mixture rested for one hour to ensure homo-
geneous mixing. In the first and second set of tests the ignition delay times of TEOS in dry
and humid gas mixtures were investigated as a function of temperature (in the range 1140-
1390 K). Additionally, a set of tests was conducted in order to investigate the influence of
water concentration on the ignition-delay time of TEOS. For this purpose various amounts of

water, 0-12 mol%, were added to a fixed mixture of TEOS (1600 ppm) in dry synthetic air.

Homogenous mixtures of HMDSO in dry and moist synthetic air were prepared in a similar
manner as described for TEOS. The concentration of HMDSO in the gas mixtures was 1800
ppm. HMDSO was investigated in shock tube 2 due to a higher amount of particle produc-
tion. Since HMDSO produces higher number of particles than TEOS, HMDSO was investigated
in shock tube 2.
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4.3.3. Time-of-flight mass spectrometer (TOF-MS)

4.3.3.1. Theory of time-of-flight mass spectrometry

Time-of-flight mass spectrometry is an early arrival in the mass spectrometry family which
underwent a deep revival in the last 20 years [112]. The implementation of new-generation
ion sources allowing the analysis of high-mass molecular species and the solution of virtually
all the technical problems affecting the early instruments allowed TOF-MS to successfully
compete with magnetic and quadrupole instruments for some applications despite their
higher sensitivity and resolving power. The ability of time-resolved measurements and high-
repetition-rate of TOF-MS within a very short time provides the opportunity to analyze
chemical kinetics in the gas phase. Particularly, in the combustion context, TOF-MS has been
combined with a shock tube for qualitative and quantitative measurements of chemical ki-
netics behind the reflected shock wave to determine the reaction mechanisms, the reaction
rates and the time-resolved gas composition. The challenge for using TOF-MS in combination
with shock-tube experiments is the short time window available as test time in the shock
tube. Due to its wide mass range, TOF-MS may in principle be used to measure particles up
to 10° u [113] (4 nm in case of SiO,).

Time-of-flight measurement is a method in mass spectrometry where mass separation is
obtained after creating ions, all of which have approximately the same kinetic energy
through acceleration in an electric field, and allowing them to travel in a field-free region.
Since the ion velocity is acquired according to the mass-to-charge ratio m/z, the ions sepa-

rate into individual packets and the masses can thus be detected sequentially in time [114].
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Figure 4.18: Principle of a linear time-of-flight mass spectrometer (TOF-MS)

To explain the theory behind TOF-MS a simplified principle set-up of a linear TOF is present-
ed in Figure 4.18. The ions are generated in the instrument's ion source (ionization, typically

achieved by electron impact or laser beams) with the same initial kinetic energy and acceler-
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ated by means of a pulsed electric field (extraction). As they then pass along the field-free
drift zone, they are separated by their masses as the lighter ions travel faster. This enables
the instrument to record all ions sequentially in time as they arrive at the detector and so
covers a very large mass range. The relationship between time or velocity and mass is gov-
erned by the energy balance. Independent of the ionization method the potential energy of
a charged particle in an electric field is related to the charge of the particle and to the

strength of the electric field as given in the following equation:
E, =qU = ezU (3.1)

Where E, is potential energy, U is the electric potential difference (Voltage), g is the charge
of the particle (g = ez), e is the charge of the electron and z is the number of electron charg-
es. When the charged particle is accelerated by the voltage U, it gains kinetic energy. The

kinetic energy of any mass is:

E, = ~mv? (3.2)
In effect, the potential energy of the ion in the electric field is converted to kinetic energy,
meaning that equations 2.1 and 2.2 are equal:

E, = Ej (3.3)

ezl = %mvz (3.4)

The velocity of the charged particle after acceleration will not change since it moves in a
field-free high-vacuum flight tube. The velocity of the particle can be determined in a time-
of-flight tube since the timing of the ionization and the length of the flight path (d) of the ion
is known and the flight time of the ion (t) can be measured using a transient digitizer or time

to digital converter. Thus,

d

v = 7 (3.5)
and the value of v from eq. 3.5 can be substituted into eq. 3.4 to give

ezl = *m (5)2 (3.6)

2 t )
By rearranging eq. 3.6 the flight time will be expressed as
a m

(= s 2 3.7)

Where \/% contains factors that are related to the instrument settings and can be taken as

a constant k, which in principle does not change when a set of ions are analyzed in a single

extraction pulse. The final time-of-flight equation can be expressed as:
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This equation reveals more clearly that the time-of-flight of the ion varies with the square

root of its mass-to-charge ratio (m/z).

Therefore, theoretically all the ions are given the same initial kinetic energy by the extraction
pulse and then drift along the field-free zone where they will be separated so that all ions of
the same m/z arrive at the detector at the same time. In practice, the initial kinetic energy
distribution of the ions in the ion source lowers the mass resolution by creating a time-of-
flight distribution for each m/z [115]. This is corrected for by the application of an ion mirror
(reflectron TOF-MS) at the end of the drift zone [116]. This consists of a static electric field
which repulses the ions back along the flight tube, usually at a slightly displaced angle (cf.
Figure 4.19), resulting in a refocusing of ions with the same m/z value at one location when
the ion detector is in place. The flat surface of the ion detector (typically microchannel plate,
MCP) is placed at the point where ions with different energies, reflected by the reflectron,
hit the surface of the detector simultaneously. The time-of-flight is defined as the time dif-
ference between the on-set of the extraction pulse in the ion source and the time the re-
flected ions are detected. A point where ions of the same mass and charge but different en-
ergies arrive at is often referred to as time-of-flight focus of the reflectron. An additional
advantage to the reflectron TOF-MS arrangement is that roughly twice the flight path is

achieved in a given length of instrument providing a higher mass resolution.
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Figure 4.19 Simplified schematic of a time-of-flight mass spectrometer
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4.3.3.2. TOF-MS for kinetics investigations at the shock tube

The high temperature and pressure conditions behind the reflected shock wave in the shock
tube are stable up to a few milliseconds. Therefore, fast detection methods that provide
time-resolved information about the change of composition of the investigated mixture are
required. A high-repetition-rate (HRR) time-of-flight mass spectrometer (TOF-MS) from
Kaesdorf can simultaneously measure the transient concentration profiles for numerous
species with approximately one measurement every 10 us [108, 117]. Combinations of shock
tubes with TOF-MS are established for the study of complex reaction systems. The most ex-

tensive set of TOF-MS shock-tube measurements was published by Kern et al. [118-120].

A high-repetition-rate time-of-flight mass spectrometer (HRR-TOF-MS) was coupled to shock
tube 2 (cf. Figure 4.20) in this work. The end-flange separating the driven section from the
TOF-MS contains a precision manufactured conical nozzle (Frey Berlin) with a diameter of 60
pum. The large pressure ratio across the orifice is sufficient to ensure a supersonic jet forms
as gas flows and expands through the nozzle. In order for the HRR-TOF-MS to be used in re-
action kinetics studies, the TOF-MS has to be operated at highest repetition rates. Hence,
the HRR-TOF-MS (Kaesdorf) was optimized for repetition rates up to 150 kHz by combining a
compact design (short flight distance) with high transmission energies (high flight velocities).
The resulting short flight times ensure no overlap of signals caused by ions from different
consecutive ionization cycles. The TOF is equipped with both an electron impact (El) ion
source that constitutes a two stage ion extraction, and a two stage ion reflectron. The latter
feature compensates for flight time differences due to different initial energies of the ions
with the same mass up to a second order correction (approx. 8-10% of the mean energy of

the distribution).

Commencing the data recording from the moment the shock passes the first pressure trans-
ducer provides some mass spectra information before the shock wave in the form of a sud-
den rise in the signal. This information helps to define the exact zero time of the arrival of
the shock wave at the end wall. Using the following equation m/z is determined for each

peak from its time of occurrence t.

% = a(t — b)? (3.9)

The constants a and b are determined from calibration measurements with noble gas mix-

tures.

44

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



Electron impact (El)

Pressure Transducer

Reflectron (ion mirror)
MCP detector
(reflectron mode)

MCP  detector

(linear mode)

e M |

»

Driven

section

4

Vacuum pump

Electrostatic lens

Repeller ' (Einzel Linse) b <5x10° mbar

Nozzle

Extraction grid

TOF-MS
< >

Shock tube

<

Figure 4.20:  Arrangement of the TOF-MS at the shock tube

The energy of the ionizing electrons can be tuned from 5 to 85 eV. It is possible to ionize un-
der field free conditions as ionization (200 ns — 2 ps) and extraction (300 ns — several s, rise-
time 10 ns) can be pulsed independently. The maximum kinetic energy of the ions is 10 keV
which is high enough to result in detectable signals for molecular weights up to 1000 u, using
the two stage MCP detectors. The HRR-TOF-MS is equipped with two detectors: one that is
used in the reflectron mode (higher resolution) and one that can be used in the linear TOF
mode (higher transmission and sensitivity). To avoid the negative influence of chemical ioni-
zation in the shock tube a positively charged lens deflects the negative ions from the mo-
lecular free jet. Further details about the experimental setup and the data acquisition system

can be found in Diirrstein et al. [108].
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4.4. Multiline NO-LIF thermometry in flow reactors

4.4.1. Fundamentals of multiline NO-LIF thermometry

Laser-induced fluorescence (LIF) imaging is a laser-based spectroscopic method used for
guantitative and qualitative detection of selective species in the gas phase. The fundamental
physical process can be simplified as shown in Figure 4.21. It is based on the quantum me-
chanical description of the interaction between an atom or a molecule and electromagnetic
radiation. An incident laser photon excites the system by stimulated absorption from the
ground state into the excited state. After some time (typically in the range of 1 — 100 ns), the
system falls back from the excited state into the ground state through various depopulating
processes, one of which is the radiative emission. Since the fluorescence intensity is depend-
ent on parameters such as ground state population, chemical environment, pressure and
temperature, LIF measurements have become an important tool in physical chemistry. Pho-
ton absorption in the visible and UV spectral range and appropriate fluorescence quantum
yields enable species detection down to the parts-per-billion (ppb) range. Many combustion-
relevant species such as OH, O,, NO, CH, CN, NH, and C, can be accessed selectively [121].
Also, organic molecules such as ketones or atomic species (e.g. indium) are frequently used
[122].

Excited energy levels (S;)

Laser Fluorescence

Ground state energy level

Figure 4.21: Fluorescence phenomenon using the diagram of the vibrational energy levels of an ab-
sorbing molecule
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The multi-line LIF thermometry technique is based on the measurement of LIF excitation
spectra of nitric oxide (NO). Nitric oxide is stable at room and higher temperatures, which
gives NO the advantage of a wide measurement range for LIF thermometry. The NO mole-
cule is non-polar and has a complex electronic structure. Laser-induced fluorescence imaging
experiments involve a number of different electronic states with extensive fine structure: NO
optical spectra show thousands of transitions in the UV range. A potential energy diagram of
the NO molecule with the five lowest doublet electronic states is given in Figure 4.22. The

ground state is termed X and the excited states are sorted alphabetically.

N(D") + O(P)

N(‘'S’) + O(P)

Potential energy [eV]

-2 % I 1 5 I 5 I ' 1 ' 1 o 1

— .
40 80 120 160 200 240 280 320 360

Internuclear Distance [pm]

Figure 4.22: Potential energy diagram of NO [123]

This laser-based method enables remote imaging of the gas-phase temperature without in-
troducing disturbances into the system. The applicable temperature range is 250 — 2500 K
with an accuracy of better than +2% [121, 122]. Moreover, the multi-line technique yields
absolute temperatures without the need for calibration, which also makes it applicable in

systems with comparably large background signal such as plasmas.

This thermometry technique is based on the temperature-dependent population of the
rotational energy levels of the nitric oxide (NO) molecule. The species are either generated
in the plasma flow itself, or added as a tracer molecule. The LIF excitation laser beam is
formed into a light sheet and illuminates a plane in the area of interest. The pulsed laser is
tuned over part of the NO A-X(0,0) electronic absorption band (y-system), while for each
wavelength position individual images of the induced fluorescence are recorded using an

ICCD camera. From the resulting stack of images LIF excitation spectra can be extracted for
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each pixel. LIFSIM [124] is used to fit simulated spectra to the experimental data with

temperature, a broadband background as a baseline and signal intensity as free parameters.

In this work, the multi-line NO-LIF technique has been applied to a plasma for the first time.
While several experiments were performed with addition of 1000—-4000 ppm of NO as a
tracer, some experiments used the naturally formed NO when operating oxygen/nitrogen
plasmas. The spectral range chosen for the excitation was between 225.19-225.10 nm
(44406-44425 cm™ ). Figure 4.23 shows spectra for two different temperature regions. Note
the significant change of prominent spectral features with temperature making this spectral

section ideal for sensitive temperature measurements.
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Figure 4.23: Experimental NO exitation spectra (solid symbols) and spectral fit (solid line)
obtained from regions in the plasma exhibiting significantly different temperatures
[124]

For each spectra an excitation scan over 191 wavelength positions at equal spectral intervals

of 0.1 cm™ was performed. Each wavelength position was averaged over 30 instantaneous

laser shots. The full image data set is acquired within 10 minutes.

4.4.2. Multiline NO-LIF-technique at a low-pressure premixed flame reactor

Multiline NO-LIF thermometry was previously utilized by Kronemayer and Ifeacho in the
same low-pressure H,/O,/Ar premixed flame reactor. Detailed information can be found in
Kronemayer et al. [121, 122]. Their results show temperature profiles for a hydrogen flame
with flame equivalence ratios of 0.375 and 0.667 at HAB from 0 to 180 mm. The reactor
conditions during the measurements were p = 30 mbar and mass flow rates of hydrogen,
oxygen and argon were 600, 800 and 400 sccm, respectively. The measurements show max-

imum temperatures between 1250 and 1375 K depending on the equivalence ratio.
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4.4.3. Multiline NO-LIF technique at the microwave-plasma reactor

The aim of these experiments was to measure the gas temperature downstream of the mi-
crowave-antenna in the plasma-reactor and to understand the influence of the main param-
eters on the plasma. In addition, the effect of precursor in the inlet gas mixture was studied.
Details about the setup of the microwave-plasma reactor have been explained in section
4.2.1.3. For this experiment the microwave-plasma reactor was simplified as much as possi-
ble to ease studying and understanding the influence of the main parameters such as reactor
pressure and microwave power on the NO-rotational temperature (Figure 4.24). The reactor
in this case consists mainly of a microwave-antenna, quartz tube with 30 mm outer diameter
and 2 mm wall thickness and a rotary vacuum pump. The delivery of the gaseous TEOS into

the reactor was achieved using a bubbler system.

A tunable KrF*-excimer laser (248 nm) is frequency-shifted to 225 nm in an 8 bar H, Raman
cell. The laser beam is formed using a cylindrical lens f = 500 mm to form a light sheet that
measures 20 mm high and 5 mm thick and illuminates a horizontal plane coaxially in the
guartz tube. The NO molecules are excited in the A-X (0,0) band and the LIF-signal is record-
ed with the intensified CCD-camera (LaVision). A 235-250 nm reflection band pass filter
blocks both stray light from the laser and the plasma glow. The quartz tube allows optical
access to the plasma region in the UV and visible spectral range, while the light sheet is
directed into the reactor from a window at the downstream end (cf. Figure 4.24). The
camera is mounted perpendicular to the quartz tube centerline to image a rectangular

spatial region of size 38x20 mm? downstream of the antenna exit as indicated in Figure 4.24.
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TEOS
Figure 4.24:  Simplified schematic illustration of the experimental setup of the NO-LIF thermometry on
the microwave-plasma reactor without co-flow
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5. Results and discussion

5.1. Kinetics studies of precursor decomposition and oxidation in shock-tube experi-

ments

5.1.1. Tetraethoxysilane (TEOS)

5.1.1.1. Studying the decomposition kinetics of TEOS using TOF-MS at the
shock tube

The gas-phase precursor chemistry and subsequent steps such as nucleation and particle
growth define the final particle properties. In order to understand the underlying process of
the precursor decomposition kinetic in more detail, which is essential for simulations of the
particle formation, the decomposition of TEOS was investigated with high-repetition-rate
time-of-flight mass spectrometry (HRR TOF-MS) in shock-tube experiments. With this device
it is possible to obtain the time history of the concentration of many species simultaneously
with an acceptable time resolution within a test time of approximately 2 ms. The decomposi-
tion of TEOS was investigated in the temperature range between 1330 and 1590 K. Mass

spectra in the range up to 250 u were taken every 10 ps.

Commencing the data recording from the moment the shock passes the first pressure trans-
ducer (cf. Figure 4.17) provides some mass spectra information before the incoming shock
wave in the form of a sudden rise in the signal. This information helps define the exact zero
time (tp) of the arrival of the shock wave at the end wall. Figure 5.1 shows raw data obtained
by the TOF-MS. The steep rise in intensity at approximately 500 us is due to the compression

induced by shock arrival.

Figure 5.1 shows the raw signal of 150 subsequent mass spectra in the time domain. In order
to identify the peaks in the individual mass spectra, the time domain (time-of-flight) must be
converted to mass. Equation 3.9 in section 4.3.3 explains the relationship between the mass
m of an ion and the time t taken for the ion of a given charge z to travel for a fixed distance.
The constants a and b can be determined from the measured t for the known m/z. Xe is usu-
ally used for the mass calibration of @ and b. With the mass resolution of the apparatus it is
easy to distinguish the xenon isotopes (m/z = 128, 129, 130, 131, 132, 134, 136) that are
separated by either one or two atomic mass units. Additionally, fragments of CCl; can be
considered for calibration. Figure 5.2 shows a calibration curve that contains a wide range of
masses between 12 for carbon and 136 for Xe. This was achieved by measuring each gas
separately at room temperature (without shock). The measurement of carbon atoms at mass

12 was achieved from fragmentation of CCl,. The resulting values of a and b from the fitting
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shown in Figure 5.2 are 2.5127 and 0.1843, respectively. It should be noted that the electron
energy has no influence on the time-to-mass calibration. Increasing the electron energy in-

creases the ionization and thus leads to stronger signal but also increases fragmentation.
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Figure 5.1: Raw TOF-MS data represents a series of individual mass spectra. The mixture is 0.5%
TEOS and 0.5% Ar in Ne, ps= 1.46 bar and T5;= 1410 K. Nozzle diameter: 45 um, Elec-
tron energy: 45 eV, repetition rate: 100 kHz, data span: 1.5 ms
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Figure 5.2: Time-to-mass calibration curve

A single spectrum of the fragments from TEOS decomposition and their reaction products is
shown in Figure 5.3 in the time domain. This figure shows a single scan (10 us) from 200 re-

petitive measurements extracted from the raw data (Figure 5.1) at 1.25 ms. Using the cali-
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bration procedure described before the spectrum in Figure 5.3 can be converted into mass

spectrum as shown in Figure 5.4,

0.004, ‘ »
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-0.10 . : . - T :
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Time of flight / ps
Figure 5.3: Mass spectrum from Figure 5.1 as function of time. The mixture is 0.5% TEOS and

0.5% Ar in Ne, ps= 1.46 bar and Ts = 1410 K. The spectrum is for 0.75 ms after the ar-

rival of the shock wave. Nozzle diameter: 45 um. Electron energy: 45 eV, repetition

rate: 100 kHz
Figure 5.4 shows a single spectrum from the pre-shock region (at T) from the same experi-
ment. In the pre-shock spectrum in addition to the peaks representing neon at m/z = 20 and
22 and argon at m/z = 40 a wide range of species that are produced due to the fragmenta-
tion of TEOS during ionization can be seen. These peaks for TEOS match the mass spectrum
of TEOS given in the NIST data base [126]. In addition to these peaks, the mass spectrum
from the post-shock region shows a large number of new peaks in the range between m/z =
12 and 46. These peaks reveal the species that are produced during the thermal decomposi-
tion of TEOS in the shock tube. The masses that receive additional signal due to electron im-

pact fragmentation of TEOS must be corrected for the respective signal contribution.

The post-shock spectrum up to m/z = 47 is presented and the species generated during the
fragmentation of TEOS are labeled in Figure 5.5. The data show that the strongest peak is at
m/z = 28, which reveals ethylene to be the main product of TEOS decomposition. Ethylene
cannot be a fragmentation product since the ionization and extraction in the TOF-MS occurs
rapidly inhibiting any isomerization process that could take place in the ion optic or in the
drift region. The delay between the ionization and extraction was about 1 ps. According to
the single-pulse shock-tube studies of Herzler et al. [36], in addition to ethylene a substantial
amount of ethanol in the reaction products is observed. However, the peak corresponding to
ethanol, at m/z = 46, is very week which can be correlated to the fast fragmentation of etha-
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nol. Instead of m/z = 46 an additional peak can also be seen at m/z = 45 that is attributed to
C,Hs0.
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Figure 5.4: TOF-mass spectra of pre-shock (red) and post-shock (blue) conditions. T5 = 1410 K,
ps=1.46 bar, 0.5% TEOS + 0.5% Ar in Ne

0.00
>
I -0.054
| Ar'
Ne' (20)
-0.10 T T T T T T T T T T T T T T
10 15 20 25 30 35 40 45
m/z
Figure 5.5: Post-shock TOF mass spectrum of the products detected from decomposition of

TEOS. The initial gas mixture contains 0.5% TEOS + 0.5% Ar in Ne. Ts = 1410 K,
ps = 1.46 bar, electron energy: 45 eV

The raw data were converted into intensity-time profiles by integrating the peak area of dif-

ferent species (i.e., m/z values). There were almost 150 repetitive measurements for each
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species during every run. Using software developed by the Olzmann group [127] the varia-

tion of the intensity of each species was plotted as a function of time.

The intensity histories that are investigated for clarifying the reaction kinetics in the shock
tube are then deduced from the mass information of a series of runs of the mass spectrome-
ter with the time resolution of the repetition rate of the ionization. The latter is limited by
the flight time of heaviest ions that are detectable to prevent overlapping of heavy and light
ion signals of subsequent measurements. Figure 5.6 shows the intensity-time profile for the
internal standard (Ar). The use of internal standards is necessary since the free-jet is non-
stationary due to the rapidly changing boundary conditions once the shock arrives at the
nozzle leading to an initial signal increase for all masses. For correction, all the species signal
profiles are therefore divided by the Ar signal intensity profile. Before the correction, the Ar
signal is fitted with a polynomial function to avoid deterioration of the signal-to-noise ratio
of the measured species signals by the scatter of the Ar signal. In the diagram the time of the

shock arrival has been set to 0.
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Figure 5.6: Ar peak intensities as a function of time for an experiment with 0.5% TEOS and 0.5%

Ar in Ne, ps = 1.46 bar and Ts =1410 K. Nozzle diameter: 45 um. Electron energy:
45 eV, repetition rate: 100 kHz
As an example Figure 5.7a shows the not normalized intensity-time profile of TEOS extracted
at m/z = 208. In Figure 5.7a the shock arrival can be recognized at the point of the sudden
increase of the signal intensity. Figure 5.7b shows the corrected values of the species using
the polynomial fit of the Ar signal. The resulting intensity-time profile during TEOS decompo-

sition is shown in Figure 5.7b. It can also be seen that the base line of the decomposition
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profile is quite high. This could be due to the fact that the ion optics in the TOF-MS are not

pumped.
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Figure 5.7: a) Peaks intensities of TEOS as function of time, b) TEOS intensity normalized with the

Ar signal. Ts = 1410 K, ps = 1.46 bar, 0.5% TEOS + 0.5% Ar in Ne

For the comparison of the TOF-MS measurements with literature, CHEMKIN simulations us-
ing the TEOS decomposition mechanism of Herzler et al. [36] as well as the mechanism of
Kraft and co-workers [38] were carried out for our experimental conditions. Figure 5.8 shows
a comparison between the measured TEOS decay from TOF-MS measurements at m/z = 208
with the CHEMKIN simulations. The measured TEOS intensity in Figure 5.8 calibrated with
the initial TEOS concentration of 0.5%. Figure 5.8 shows that the decomposition rates pre-
dicted by the Herzler et al. mechanism [36] as well as the Kraft et al. mechanism [38] are
obviously faster than the experimentally observed ones. This also could be due to the lack of

time resolution of the instrument or due to the rest signal at longer reaction times.

55

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



0.005 4
m  TOF-MS measurement
Herzler mechanism
0.004 - Kraft mechanism
_s 0.003 4
©
o
= 0.002 -
% m " 7 "o
s [ 1] -J..‘..- '..- - - l.
0.001 4 . e .
[ |
0.000

Time / ms

Figure 5.8: Comparison of TEOS decay between the TOF-MS measurements and CHEMKIN simu-
lations using Herzler et al. [36] and Kraft et al. [38] mechanisms. T5; = 1410 K, ps = 1.46
bar, 0.5% TEOS + 0.5% Ar in Ne

Comparisons of measurements and simulations of the TEOS decomposition for the condi-

tions presented in Figure 5.4-5.10 are plotted in Figure 5.9. Figure 5.9a shows that the simu-

lated concentration of SiO, from Herzler’s mechanism [36] reaches a maximum of almost

10% of the initial TEOS concentration and the amount of silicic acid formed is negligible.

Moreover, the simulated profiles with the Kraft et al. [38] mechanism [38] are shown in Fig-

ure 5.9b. It shows a continuous increase in the silicic acid formation at a slow rate. A longer

time (e.g., 10 ms) of the Kraft mechanism predicts that silicic acid concentration almost
reaches the value of the initial TEOS concentration and the final concentration of ethylene is
almost four times higher. This is because the decomposition model is based mainly on the
removal of terminal C,H; from each ethoxy branch to form ethoxysilanes Si(OH),(OC;Hs)4.x
and ultimately Si(OH)4. Therefore, the decomposition of TEOS after a longer time (e.g., 10

ms) can be approximately simplified to the following chemical equation

Si(OC2H5)4 - SI(OH)4 +4 C2H4
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Figure 5.9: Simulated concentration histories of some species that are produced from TEOS de-

composition using a) Herzler et al. [36] and b) Kraft et al. [38] mechanisms at 1410 K,
1.46 bar and 0.5 % TEOS

The previous simulations show a slight difference in the concentration of ethylene, but large
difference in the Si-containing molecules that are produced from TEOS decomposition. Her-
zler et al. [36] measured in their study the yield of ethylene and ethanol. Therefore, concen-
tration-time profiles of ethylene and ethanol (m/z = 28 and 45) from TOF results are pre-
sented in Figure 5.10. Furthermore, a CHEMKIN simulation using the GRI mechanism that
was assembled with the TEOS decomposition mechanism of Herzler et al. [36] was carried
out under the same conditions. The measured relative concentrations of ethylene and etha-
nol were normalized to their simulated concentrations at 1.2 ms. Figure 5.10 shows a good
agreement of the measurements with the simulation. However, in the measurements the
formation of ethanol begins at 0.2 ms, while the simulation predicts an earlier onset. This

behavior was also recognized by all the TOF experiments with TEOS.
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hind the reflected shock wave for an experiment at 75 = 1410 K and ps = 1.46 bar. The
blue and red lines are from CHEMKIN simulations of TEOS under the same conditions
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Normalized intensity profiles of TEOS and Si(OH);. T5 = 1410 K, ps = 1.46 bar, 0.5%
TEOS + 0.5% Ar in Ne

The TOF results do not show any new peak of silicon containing species in the post-shock

mass spectra under these conditions. The concentration of the Si-containing species are ei-

ther below the detection limit of our TOF-MS or the reaction is too slow to generate signifi-

cant concentrations within the test time of 1.2 ms. Furthermore, several peaks of Si-

containing species were detected, nonetheless these peaks also appeared in the pre-shock

TOF mass spectra. For example, Si(OH)s; was detected at m/z = 79. This signal at m/z = 79
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exhibits a slower rate of decay than TEOS (cf. Figure 5.11) and appears to originate from
other species than the TEOS signal. This species could have been formed from the cleavage
of one hydroxyl group from silicic acid Si(OH), in the ionization zone of the TOF-MS. This re-
sults can be an indication of the formation of Si(OH), from TEOS decomposition as Kraft et al.

[38] suggested.

5.1.1.2. Ignition delay times of TEOS

The objective of the experiments is to determine the ignition delay time of TEQOS/air mix-
tures as a function of temperature. Ignition delay times of TEOS were measured by observ-
ing OH* chemiluminescence and pressure increase behind the reflected shock wave in
shock-tube experiments. A typical measurement at these quantities that allows the ignition
delay time to be determined is shown in Figure 5.12. To eliminate the influence of pressure
on the experimental results all experiments were carried out at the same pressure (p = 10
bar). All ignition delay times shown in this work were determined by extrapolating the

steepest increase of the OH*-emission signal to its zero value on the time axis.
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Figure 5.12: Determination of the ignition delay time from the rise in OH* chemiluminescence
from TEOS for an experiment with Ts = 1206 K, ps = 10.4 bar. The pressure trace (blue
line) shows the step-wise increase after the incident and reflected shock waves. An
ignition delay time of 124 ps was determined under these conditions

The results for mixtures of 1600 ppm TEOS in dry synthetic air show that the ignition delay
time strongly depends on temperature (Figure 5.13). The ignition-delay time of TEOS follows

an Arrhenius-like relation and can be given as:
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Figure 5.13: Ignition delay times of TEOS in dry synthetic air (brown triangles), synthetic burnt gas
(blue squares) and moist synthetic air (red squares) at 10 bar
In practice, the initiation of the precursor reaction in gas-phase processes can be achieved,
e.g., by plasma or convective heating in dry gas, or with hot burnt gases from burners that
contain high levels of moisture and CO,. Therefore, the measurement of ignition delay times
of 1600 ppm TEOS was studied in a gas mixture that is similar to the burnt gas composition
of lean methane flame with equivalence ratio ¢ = 0.45. Details of the initial gas mixture are
given in Table 5.1 (mixture 2). Results of the ignition delay times are presented in Figure
5.13. This figure shows that the presence of H,O and CO, in the initial gas mixture increases
the ignition-delay time by almost one order of magnitude at 1300 K. In order to investigate
whether the presence of CO, or H,0 has the influence for increasing the ignition delay times
of TEOS a third gas mixture that contains only H,0 beside TEQS, O, and N,, but no CO, was
prepared (cf. Table 5.1). The results of the ignition delay time experiments with the third
mixture (see the red squares in Figure 5.13) show a good agreement with the results of the
second mixture. This indicates that it is the water that increases the ignition delay times of
TEOS, regardless of the presence of CO,. Therefore, the data obtained for TEOS in moist syn-
thetic air are considered to represent the ignition delay time behavior of the case with ex-
haust gas. The ignition-delay time of TEOS as a function of temperature in moist synthetic air

can be given by the following expression:

T=7.76 X 107® exp(21400K /T) us (5.3)
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Table 5.1: Gas composition of test condition 1: TEOS in dry synthetic air, 2: TEOS in gas with a
composition that represents the exhaust gas of a lean methane/air flame (¢ = 0.45),
3: TEOS in moist synthetic air

Mixture Volume concentrations / %
TEOS 0, N, CO, H,O
1 0.16 20.92 78.92 0 0
2 0.15 11.0 75.35 4.5 9.0
3 0.15 15.0 75.85 0 9.0

To rule out that reactions between water vapor and TEOS take place during the mixing time
at room temperature (approximately 1 hour), stability measurements were carried out. The
stability of TEOS in moist gas mixtures was investigated with FTIR spectroscopy. The testing
gas mixture was prepared in glas tubes, which were previously pumped down to 10° mbar.
The chemical composition of a fresh mixture (3.5 mbar TEOS, 1.2 mbar H,0 diluted in 570
mbar He) was investigated with FTIR after 30, 75, and 135 min indicating negligible decrease
in TEOS concentration or formation of products. The results are shown in Figure 5.14. It can
be seen that the spectrum remains almost unchanged even after 2 hours. A minor absorp-
tion band near 1000 cm™ is assigned to ethylene and is considered minimal and does not
increase with the time. Ethanol was not detected at all under these experimental conditions.
The absorption at 2250 cm™ (CO,) is due to the impurity from the air. Therefore, it can be
concluded that TEOS was stable in the presence of moisture during the mixing time before

starting the shock-tube experiments.

To clarify the influence of moisture on the ignition-delay time, measurements were per-
formed at various temperatures and different amounts of water vapor. Figure 5.15 shows
the results obtained at four different temperatures and water concentrations from 0 to 12%
by volume. The data points shown in Figure 5.15 have a temperature variation of +3 K
around the indicated value that is due to the scatter in temperature for all subsequent
shock-tube experiments at the same test conditions. It can be seen that even traces of water
in the gas mixture increase the ignition delay times significantly, up to an order of magni-
tude. Moreover, at water concentrations above 2% no further increase in ignition delay time

was observed.

61

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



ethylene

1t=0min CO Laas ‘| lh
M_..__L M l M \Ala A

| aﬂer 30 min ’W *J b

. I
after 75 min | ||[\
_M_.—L - U Soheondal ]

] |
after 135 min MMLWL
T T A s

4000 3500 3000 2500 2000 1500 1000 500

Absorbance / a. u.

-1
Wavenumber / cm

Figure 5.14: FTIR absorption spectrum of a TEOS/H,0/He mixture obtained immediately after
mixing and at various residence times at room temperature [128]
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Figure 5.15: Ignition-delay times of TEOS as a function of water concentration at various tempera-

tures: The lines show the average values of measurements in moist synthetic air.
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5.1.2. Hexamethyldisiloxane (HMDSO)

HMDSO has been investigated additionally for the comparison with TEOS and as an alterna-
tive precursor for the gas-dynamically induced silica nanoparticles in the GIP reactor (cf. sec-
tion 4.2.3).

5.1.2.1. Studying the decomposition kinetics of HMDSO in the shock tube via

TOF-MS

Due to the lack of detailed kinetics knowledge of HMDSO decomposition, shock-tube exper-
iments were required. The thermal decomposition of HMDSO was investigated in the tem-
perature range between 1300 and 2150 K and at pressures between 0.97 and 1.65 bar. The
measurements were performed with 0.5% HMDSO and 1% Ar as internal standard diluted in
Ne as the bath gas. Further TOF-MS experiments were carried out to investigate the influ-

ence of oxygen during the reaction.

0.00+ g e I "
A Gg /Y.p
45 59 73 181 a3
43
112-18
Pre-shock
— Post-shock
Ar'(40
> 25-29 ro
< 0.051 \ 7 147
29
> -0.02 25
Ne' (22) = 27
-0.04 26
28
Ne' (20) 24 % 28 30
m/z
-0.10+ T T T T T T T T T T T T T
20 40 60 80 100 120 140 160
m/z

Figure 5.16:  TOF-mass spectra of pre-shock (red) and post-shock (blue) conditions. Insert: zoomed

part of the post-shock spectrum. The gas mixture contains 0.5% HMDSO + 0.4% Ar in
Ne. T5 = 1650 K and ps = 1.31 bar

A pre-shock spectrum of HMDSO and an averaged TOF mass spectrum (10 mass spectra after
1.0 ms of the shock arrival) of HMDSO decomposition at 1650 K behind the reflected shock
wave are presented in Figure 5.16. Both mass spectra show a single high peak at m/z = 147,
representing pentamethyldisiloxane (PMDSO) Si-O(CHs)s". This is due to the cleavage of one
methyl group in the ionization chamber. As also found by Carles et al. [45] in plasmas, the

main initial decomposition path is the fast cleavage of a CHs group giving masses 15 and 147.

This is in agreement with the results of Basner et al. [129] and Wavhal et al. [44]. Therefore,
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the peaks at m/z = 147 were used to monitor the HMDSO concentration during decomposi-

tion.

The raw TOF data were post processed and the signal intensities of HMDSO and its product
species were corrected for temporal variations with argon in the same manner as for TEOS
as described in section 5.1.1.1. Additionally, calibration measurements were carried out for
various HMDSO pressures at room temperature. Figure 5.17a shows a linear behavior be-
tween the peak area and partial pressure ratios of HMDSO to argon. A calibration factor can
be extracted, which can then be used to convert the TOF-MS signals of HMDSO into the ab-

solute concentrations as shown in Figure 5.17b.
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Figure 5.17: a) Calibration diagram for the determination of absolute HMDSO concentrations.
Electron energy: 45 eV, repetition rate: 100 kHz. b) Concentration history of HMDSO
decomposition (at m/z = 147). Ts = 1654 K. Initial gas mixture contains 0.5% HMDSO

and 1% Ar diluted in Ne

The post-shock TOF-mass spectrum in Figure 5.16 also shows a wide range of species from
the decomposition of HMDSO between m/z = 12 and 74. It can be seen that a number of
small species with molar masses between 12 and 18, which represent C,* species (C*, CH",
CH,", CH5", CH,") and H,0" and fragments, are present. The peak corresponding to H,0" is
very small and it probably appears due to the impurities. Moreover, the peaks at molar
masses of 25, 26, 27 and 28 represent C, species that are C,H*, C,H,", C;Hs™ and CyHy', re-
spectively. The strongest peak was observed at m/z = 28 (see the insert in Figure 5.16). It
must be noted that Si atoms and CO also have a molar mass of 28, which is also shared by
C,H4. However, the probability of the appearance of CO as a product from decomposition of
HMDSO is impossible in the pyrolysis case. The Si-containing species that appeared or in-
creased in the post shock measurement can be seen at m/z = 43, 45, 59 and 73, representing
SiCH3", SIOH", OSi(CH3) " and Si(CH3)s" or HSi,O, respectively.
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It seems that methyl groups appear in the early stages of HMDSO decomposition and form a
wide range of C," species. In the absence of mechanism for the pyrolysis of HMDSO and for
rough understanding, the reaction of CH; fragments from HMDSO molecules can be simulat-
ed with CHEMKIN as software tool and using the GRI 3.0 mechanism [130], assuming that all
CHs is cleaved from the HMDSO molecules. Therefore, in this simulation the ligands were
considered (1 mol HMDSO producing 6 mol CHs). The simulation was carried out under simi-
lar conditions of T5 = 1654 K and ps = 1.39 bar with 3% CHs instead of 0.5% HMDSO. In Figure
5.18 CH4, CyH,, C,H4 and CyHg are readily observed due to their high concentration compared
to other C species. Figure 5.18 shows that ethane plays an intermediate role here. It appears
very early and the profile reaches a maximum very quickly before decreasing again. This im-
plies a fast reaction of CH3 forming mainly C,H,, C,H4 and CH, as a result. The simulation also
shows that acetylene (as end product) reaches the highest concentration, whereas the TOF-

MS results show the intensity signal at m/z = 28 is always higher than the signal at m/z = 26.
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0 1 T T T T T T T
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Figure 5.18: CHEMKIN simulation of the C species that yield from the reaction of 3% CH; diluted
mixed with 1% Ar and diluted in Ne at T5= 1650 K and ps = 1.39 bar

Acetylene has been already calibrated for the facility by Aghsaee et al. [131]. The calibration
factor can be used here to link the intensity-time profile of acetylene with absolute concen-
trations. Figure 5.19 shows the concentration-time profiles of HMDSO and acetylene. It can
be seen in the Figure 5.19 that acetylene starts to increase with an induction time of 100 us
and reaches 0.35% after 1.5 ms. The rate of acetylene formation in Figure 5.19 cannot be
compared with the previous simulation in Figure 5.18, because the simulation was artificially

started with the CH;" and therefore was very fast compared to the experimental results. It
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also can be seen in Figure 5.19 that the maximum concentration of acetylene at 1.5 ms is

about 0.4%, which is much lower than the simulation in Figure 5.18.
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Figure 5.19: Concentration-time profiles of HMDSO and acetylene. 0.5% HMDSO and 1% Ar dilut-
edin Ne at Ts= 1650 K and ps = 1.39 bar

It is also not clear if Si* appears at m/z = 28. Therefore, investigation of the free Si atoms
from the decomposition of HMDSO was carried out in the shock tube experiments using

Atomic Resonance Absorption Spectroscopy (ARAS).

5.1.2.2. Atomic Resonance Absorption Spectroscopy (ARAS) of silicon atoms

This technique was applied at the shock tube to determine the qualitative as well as quanti-
tative concentration details of free Si atoms from the decomposition of HMDSO molecules
behind the reflected shock wave. The highly diluted initial mixture which contained 1 ppm
HMDSO in Ar shows the high sensitivity of the technique. Moreover, the very low HMDSO
concentration also minimizes the influence of subsequent reactions. An example of a typical
time-resolved ARAS-signal of Si atoms is shown in Figure 5.20. It can be seen that the ARAS
signal immediately increases behind the reflected shock wave, exhibiting an absorption of
about 40%, and then decreases again but only down to a certain equilibrium plateau (30% of
the initial maximum absorption). A possible reason for the equilibrium plateau is that the
hydrocarbon species that are produced from the HMDSO decomposition absorb a portion of
the emitted light at 251.6 nm.

The peak in the signal or the amount of absorbed light can be used to determine the quanti-
tative concentration of Si atoms as a function of temperature. The calibration curve from

Mick et al. [132] for Si atoms from silane was used to calibrate the Si atom concentration
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from the decomposition of HMDSO. The ARAS experiments for the investigation of Si atoms
from the decomposition of HMDSO were carried out at temperatures between 1350 and
1993 K. The results in Figure 5.21 show an almost linear increase in the Si concentration with
rising temperature. Below 1350 K no ARAS signal could be detected for Si atoms. This means
that the TOF-signals at m/z = 28 of the HMDSO decomposition at high temperature (higher

than 1350K) is an overlap of ethylene and a small portion of free Si atoms.
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Figure 5.20: Raw ARAS data of Si atoms that produced from HMDSO pyrolysis. (1 ppm HMDSO in
Ar, ps=1.51 bar, Ts = 1674 K)
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Figure 5.21: [Si]/[HMDSO] peak ratio as a function of temperature. (1 ppm HMDSO in Argon,
ps = 1.5 bar)

67

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



5.1.2.3. The influence of oxygen on the initial gas mixture

To study HMDSO in an oxidative environment small amounts of oxygen, here between 1 and
4%, were added to the initial gas mixture. This range of oxygen concentration is not suffi-
cient for complete oxidation of the HMDSO. The purpose was to observe the change in the
kinetics by adding increasing concentrations of oxygen in the sub-stoichiometric region of
HMDSO combustion.

Figure 5.22 shows an averaged TOF mass spectrum (10 mass spectra after 1.0 ms of the
shock arrival) of the HMDSO oxidation behind the reflected shock wave with an initial gas
mixture of 0.5% HMDSO, 0.5% Ar and 4% O, diluted in Ne. In this mass spectrum two new
peaks appear beside those of oxygen (m/z = 16 and 32) at m/z = 17 and 44, which represent
OH" and CO," and/or SiO", respectively. At the peak of m/z = 28 CO* and C,H," are expected
and the probability of appearance of Si* at m/z = 28 from an initial gas mixture that contains
oxygen is very low. The reaction of Si with O, is very fast and its reaction rate is close to the
collision rate as stated in Mick et al. [132]. However, ethylene as an intermediate product

will disappear after a short time due to combustion and the CO concentration will increase.
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Figure 5.22: Mass spectrum for 0.5% HMDSO + 0.5% Ar + 4% O, in Ne; Ts = 1573 K, p5; = 1.38 bar

Figure 5.23 shows a comparison between the decay of HMDSO in the initial gas mixture with
4% oxygen and without oxygen. One can see that as expected the presence of oxygen accel-
erates the conversion of HMDSO, although Ts of the experiment without oxygen is higher by

about 80 K than that in the test with oxygen.

68

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



05 m 7.=1654 K, oxygen free
71 e 7.=1573 K, contains 4% O,
L)
0.4 1 ‘3
o
* e
=, 0.3 n
8 ‘hl
a
S 0.24 SO.‘F‘;’
I o o®
= Ao el 1"‘1""‘!!!“““.
011 L AL
[ ]
00 T T T T T T
0.0 0.4 0.8 1.2 1.6
Time / ms

Figure 5.23: Comparison of HMDSO decay curves in oxygen-free and oxygen-containing gas mix-
tures (4% oxygen)
2.5+
2.04
o\o i
= 157
Ke] 1
S 1.0
C
g |
c 0.5
8 ] . TOF-MS: m/z= 28
e TOF-MS: m/iz=44
0.04 Simulation: CO
—— Simulation: CO2
-0.5 T T T T T T T T T T T T T T T
00 02 04 06 08 10 12 14
Time / ms
Figure 5.24: Comparison of concentration-time profiles between simulated CO and CO, and TOF-

MS-signals of m/z =28 and 44. Ts = 1573 K, ps = 1.38 bar

Figure 5.24 shows the concentration-time profiles of m/z = 28 and 44, which are expected to
represent CO and CO, and/or SiO, respectively. It can be seen that the formation of CO starts
immediately behind the reflected shock wave, whereas the rise in m/z = 44 begins after an
induction time of 160 ps. Burkert et al. [46] detected SiO* emission in a substoichiometric

HMDSO/propane/air flame up to 40 mm height above burner. Based on this work it is as-
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sumed that the profile of m/z = 44 represents a non-negligible number of SiO species besides
CO,. Additionally, concentration-time profiles of CO and CO, from the combustion of 3% CH;
with 4% O, diluted in Ne were simulated in CHEMKIN under the same conditions of the ex-
periment. The TOF-signals at m/z = 28 and 44 were linked to absolute concentrations by
normalizing all measured points to the final simulated CO concentration. To match the ex-
periment and the simulation in time, the simulated profiles were stretched by a factor 10 on
the time axis. The simulation shows that the formation of CO, also increases with an induc-
tion time. However, the maximum concentration is reached quickly and remains constant

whereas the TOF-MS-signals at m/z = 44 continue to increase.

5.1.2.4. Ignition delay times of HMDSO

The ignition delay times of HMDSO were also evaluated by OH* emission detection behind
the reflected shock wave, as it was done for TEOS in section 5.1.1.2. The measurements of
ignition delay times as a function of temperature were carried out in shock tube 2, as men-
tioned in section 4.3.2. Additionally, the influence of moisture as well as pressure on the

ignition delay times was measured for three conditions (cf. Table 5.2).

Table 5.2: Conditions of the shock-tube experiments with HMDSO in synthetic air
Mixture Concentrations ps / bar
HMDSO / ppm H,O / vol. %
1 1800 0 1.7
2 1800 8 1.7
3 1800 0 2.8

The results of ignition delay times of HMDSO under the mentioned conditions in Table 5.2
were depicted as a function of temperature in an Arrhenius diagram. Figure 5.25 shows that
the presence of moisture in the initial gas mixture as well as increasing pressure behind the
reflected shock wave ps, up to 2.8 bar, has no influence on the ignition delay time of HMD-
SO.
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Figure 5.25: Ignition delay times of HMDSO under various conditions

The temperature-dependent ignition-delay time of HMDSO in synthetic air, for conditions 1,

2 and 3 in Table 4.2 can be given by the following expression:

7=1.186 x 10711 exp(41200 K/T) ps (5.4)

5.1.2.5. Simultaneous measurements of OH* chemiluminescence and TOF-MS

The aim of these experiments was to obtain better understanding of the interference be-
tween the combustion of the ligands and the kinetics of the precursor. The heat release
could significantly affect the precursor depletion. For this purpose, during the ignition of
HMDSO behind the reflected shock wave, the OH* emission signal was detected simultane-
ously using TOF-MS measurements. The initial gas mixture contained 0.5% HMDSO, 4% oxy-
gen and 0.5% Ar diluted in Ne. Figure 5.27 shows the OH* chemiluminescence and HMDSO
decay at m/z = 147 with the same time history behind the reflected shock wave. It can be
seen that OH* chemiluminescence appears after the depletion of about 50% of HMDSO. It
should be noted that this ignition delay time of HMDSO in Figure 5.26 is not comparable
with the previous measurements that are presented in Figure 5.25 due to the difference in

the gas composition.
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Figure 5.26: Ignition delay times during the decay of HMDSO from simultaneous measurement of

OH* chemiluminescence and TOF-MS measurement of the HMDSO concentration

Figure 5.27 shows the simultaneous measurement of OH* emission and the profiles of TOF-
MS at m/z = 28 and 44, which represent CO and CO, and/or SiO respectively. It can be seen
that CO formation starts together with a steep increase in OH* emission and the beginning

of CO, and/or SiO formation is located at the point of maximum OH* emission on the time

axis.
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Figure 5.27: Simultaneous measurement of OH* chemiluminescence and TOF-MS showing the
signals at m/z=28 and 44. T; = 1512 K
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It can be concluded from the results of the shock-tube experiments that several monomers
are produced from the decomposition of HMDSO. They are mainly Si atoms, SiO and Si-O-Si.
They can be found as free atoms and molecules or are joined with one or more H atoms
and/or methyl groups. The concentration of each species depends strongly on the tempera-
ture. Adding a small amount of oxygen into the initial gas mixture, which is not sufficient for
complete combustion of HMDSO, increases the concentration of CO, and/or SiO dramatical-
ly. These different monomers, from HMDSO decomposition, may have a strong influence on
the particle size and particle size distribution due to the different mechanisms for the for-

mation and growth of silica particles. This agrees with the study of Briesen et al. [55].

5.2. Microwave plasma reactor

5.2.1. Temperature imaging in the microwave-plasma reactor using multiline NO-

LIF thermometry

5.2.1.1. Investigating the influence of the main parameters on the plasma
temperature

The objective of these measurements was to understand the influence of the main parame-
ters such as microwave-power and reactor pressure on the plasma temperature. Especially
since the gas-phase chemistry is mainly governed by gas temperature. The experimental
conditions as well as the parameter variation range were chosen for the subsequently
planned experiments of the synthesis of silica nanoparticles from TEOS in the microwave-
plasma reactor. However, a certain amount of NO was added into the initial gas mixture that
is required for the multiline NO-LIF thermometry in the microwave-plasma reactor. From all
experiments the temperature in the center of the quartz tube was used for the following
discussion of this comparison. The experimental parameters for the NO-LIF temperature
measurements in the microwave-plasma reactor are presented in Table 5.3.

Table 5.3: Experimental conditions for the NO-LIF temperature measurements in the micro-
wave-plasma reactor

Parameter Variation range Unit
0, mass flow rate 1.0 slm
Ar mass flow rate 2.1 slm
Ar/0, ratio 1.5-14.5 -
NO concentration 1000-4000 ppm
Reactor pressure 30 mbar
Microwave power 100-500 W
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Due to the required presence of NO molecules in the initial gas mixture for the multiline NO-
LIF temperature measurement, the influence of NO on the plasma temperature was investi-
gated first. Therefore, the plasma temperature was measured using three different NO con-
centrations of 1000, 2600 and 4000 ppm in the initial gas mixture. Figure 5.28 shows that the
temperature with 4000 ppm NO after the microwave antenna is around 700 K and remains
almost constant up to 38 mm downstream of the microwave antenna (cf. Figure 4.24 ). De-
creasing the NO concentration from 4000 to 1000 ppm causes the temperature to decrease

by about 100 K. This means that adding NO into the initial gas mixture leads to an increase in

temperature.
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Figure 5.28: Influence of the NO concentration on the plasma temperature. Py, = 200 W,

p =40 mbar

The microwave power was varied between 100 and 500 W with a constant NO concentration
of 4000 ppm. The results are plotted in Figure 5.29 and show that the microwave power has
a strong influence on the plasma temperature. Figure 5.29b shows that the plasma tempera-
ture increases almost linearly with increasing microwave power. Increasing the microwave
power leads to a higher number of energetic electrons which collide elastically with heavy
neutral particles, thus leading to a higher gas temperature. During the experiment it was
also observed that increasing the microwave power leads to an increase in the plasma

length.
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Figure 5.29: Influence of the microwave power on the plasma temperature (p = 40 mbar,

[NO] = 4000 ppm)

Two dimensional CFD-simulation of the plasma reactor has been carried out by Matheis
[133] at Technical University of Munich. The simulated velocity and temperature distribution
as well as the particle formation and growth under similar conditions were obtained. Figure
5.30a shows a top view of the 2D-temperature distribution in the plasma reactor. The figure
shows a strong radial temperature gradient inside the antenna. This is because of the high
speed of the cold inlet gas from the small nozzle opening. On the other hand the tempera-
ture distribution outside the antenna is more homogenized. Figure 5.30b shows tempera-
ture profiles for variable microwave powers from 150 up to 250 W. The temperature profiles
were extracted from the centerline of the reactor, where the highest temperature is outside
the antenna. The figure shows that the temperature range of the simulation is much higher
than the experimental results. The temperature profile of Py = 200 W shows a temperature
of about 2200 K at the antenna exit and about 1500 K at 38 mm downstream from the an-

tenna exit.

The linear increase in temperature as shown in Figure 5.29b illustrates that at the given con-
ditions microwave radiation can deposit additional energy in the gas within the investigated
power range. In contrast, when varying the reactor pressure with a fixed gas composition
and a microwave power at 200 W deposited into the gas, the temperature increase satu-
rates for pressures above 60 mbar (cf. Figure 5.31). Below this value, the temperature in-
creases linearly with pressure (cf. Figure 5.31b). An explanation might be that increasing the
pressure at a constant mass flow rate by reducing the flow velocity of the gas leads to an
increased residence time of the gas inside the antenna. Thus, an increased amount of energy
per volume is deposited. However, it appears that around 60 mbar, steady state is to be at-
tained between energy deposition and removal by heat conduction and other loss mecha-
nisms, such that a further increase in residence time does not lead to a significant additional

temperature rise. The presence of argon in the gas mixture could also play a role. Conrad et
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al [83] demonstrated that the maximum absorption efficiency of argon in a 2.45 GHz dis-
charge is reached at 200 Pa. This also means that to operate the reactor at high pressure,

e.g. atmospheric pressure, an increase in the microwave power input is required to ensure
sufficient ionization of the plasma gas.
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Figure 5.30:  a) Top view of the temperature distribution in the microwave-plasma reactor,

Pyuw = 200 W, b) Gas temperature profiles from the reactor central line at different
microwave powers, p =40 mbar, 1 I/min O, and 2.1 |/min Ar [133]
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Figure 5.31: Influence of the reactor pressure on the plasma temperature. Py, = 200 W,
[NO] = 4000 ppm
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An additional parameter of concern is the Ar/O; ratio, which is important for later investiga-
tions of its influence on the particle formation. However, as Figure 5.32 shows the change in
Ar/O, ratio between 1.5 and 14.5 at a constant flow rate of 3.1 sIm, has almost no influence

on the plasma temperature.
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Figure 5.32: Influence of the Ar/O, ratio (by volume) on the plasma temperature (p = 40 mbar,
Pyw =200 W, [NO] = 4000 ppm)

5.2.1.2. Investigation of the plasma temperature by injecting TEOS

Following the previous understanding of the plasma behavior, by varying several parame-
ters, the influence of the precursor’s presence in the initial gas mixture on the plasma tem-
perature was investigated next. In order to avoid the influence of adding NO into the initial
gas mixture on the plasma temperature, NO was produced in-situ in the plasma. It was ex-
perimentally established that by supplying gas mixtures that consist of oxygen and nitrogen
into the microwave-plasma reactor, NO is formed. Following several tests it was also found
that the optimum gas composition for forming enough NO for the multiline NO-LIF meas-
urements is a mixture of 50% oxygen and 50% nitrogen. Thus, the experimental conditions

used are presented in Table 5.4.

Figure 5.33 shows the temperature profile of the oxygen/nitrogen gas mixture without pre-
cursor in the flow. The plasma temperature at the antenna exit is 1030 K and decreases line-
arly, with a weak slope, to reach 890 K at 38 mm downstream of the antenna exit. This tem-
perature drop is due to heat transfer to the environment with only little energy deposited at
the same time from ion recombination in the after-glow. In contrast, TEOS leads to addition-
al energy release from the combustion of precursor fragments in the oxidizing environment

as well as from the heat of condensation of the particles.
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Table 5.4: Experimental conditions for the NO-LIF temperature measurements in the micro-
wave-plasma reactor with presence of TEOS

Parameter Variation range Unit
TEQOS concentration 0, 800, 1600 ppm
Ar mass flow rate 1.5 slm
0, mass flow rate 1.5 slm
Reactor pressure 30 mbar
Microwave Power 200 w

By adding a small amount of TEOS (e.g., 800 ppm) to the same gas mixture and under the
same conditions the temperature profile changes [53]. It can be seen in Figure 5.33 that in
this case the temperature at the antenna exit is 970 K, about 50 K lower than in the precur-
sor-free case, and it increases to a maximum of 1130 K at 21 mm before decreasing to 950 K
at 35 mm downstream of the antenna exit. The overall heat capacity of the gas changes with
TEOS addition; this however, would only be responsible for a temperature variation of less
than 10 K. From the behavior of the temperature profile it can be understood that TEOS de-
composes almost completely in the microwave antenna and just after the antenna exit com-
bustion of the decomposition species such as ethylene and ethanol begin, causing the tem-
perature to increase. The combustion of ethylene and ethanol adds approximately 2594
kJ/mol to the gas, which would lead to an increase in the adiabatic flame temperature of
approximately 125 K [53]. This number is in reasonable agreement with the observed tem-

perature rise in Figure 5.33.

By increasing the TEOS concentration up to 1600 ppm the temperature profile shifts by
about 100 K higher for the 800 ppm case. However, the shape of the profile and location of
the maximum temperature remains almost the same. For both temperature profiles with
precursor a sharp temperature drop at about 25 mm downstream of the antenna exit can be
observed, indicating the end of the reaction zone. It should be noted that in the presence of
TEOS the deposition of particles to the reactor walls lead to a reduction in detected signal.
While this does not affect the temperature measurement in principle (signal intensity can-
cels out in data reduction) the loss in signal leads to a reduced signal-to-noise ratio as seen in
Figure 5.33.
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Figure 5.33:  Temperature profiles of the plasma as a function of distance from antenna exit with
and without precursor. Py, = 200 W, p = 35 mbar N,: 1.5 slm and O,: 1.5 sIm

Converting the distance from the antenna exit into time can provide data for kinetic studies
and may help in understanding the chemistry in the plasma. Figure 5.34 shows the tempera-
ture profiles with 800 and 1600 ppm cases as a function of time. The residence time inside
the microwave antenna was also taken into account. This was estimated with means of CFD
simulations under similar conditions. The residence time inside the microwave antenna was
then extracted from the centerline CFD data. The residence time outside the microwave an-
tenna was calculated depending on the measured temperature. Figure 5.34 shows that TEOS
has been already decomposed inside the antenna. The combustion of the decomposition
products, mainly ethylene and ethanol, begins just beyond the antenna exit causing an in-
crease in temperature. Inserting the temperature at the antenna exit, with value of 1080 K,
of the plasma with 1600 ppm into the equation of TEOS ignition delay times in dry mixture
(eq. 5.3) gives an ignition delay time of 2.23 ms. This ignition delay time (2.23 ms) is located
on the time axis close to the maximum of the temperature profile of the 1600 ppm case
(Figure 5.34).In contrast, the ignition delay time of TEOS at 970 K (800 ppm) is about 46 ms,
which is far from the time scale of the measurement. This is due to the higher temperature
in the microwave antenna which could not be measured with this experimental setup. This
also indicates that the temperature drops sharply in the region of the cooled antenna wall
(cf. Figure 4.5).
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Figure 5.34: Temperature vs. time for plasma with 800 and 1600 ppm TEOS. Py, =200 W, p = 35
mbar N,: 1.5 sim and O,: 1.5 sIm

5.2.1.3. Investigation of particle formation in the microwave-plasma hot-wall
reactor

Silica nanoparticles were successfully synthesized from TEQOS in the microwave-plasma reac-
tor. The growth of the particles was systematically investigated by changing various parame-
ters, which are expected to influence the particle size as well as the particle morphology. The
process parameters, the variation range and the standard conditions are presented in Table
5.5.

Table 5.5: Process parameters for SiO,-nanoparticle synthesis in the microwave-plasma hot-wall
reactor

Parameter Variation range Standard condition Unit
@ TEOS concentration 580-7470 1730 ppm
C
€ 5 3 | Mass flow rate Ar 2.1-2.9 2.1 slm
E20T
EJ_ S 5 | Mass flow rate 0, 0.2-1.0 1.0 sim
x
- Ar/0; ratio 2.1-14.5 2.1 -
< o Microwave power 150-450 200 W
=z O
i g Furnace temperature 200-1000 800 °C
< 2
- Reactor pressure 40-70 40 mbar
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The influence of TEOS concentration on the particle size was investigated by varying the TE-
OS flow rate from 1 to 13 g/h (equivalent to 580 to 7470 ppm) while keeping the flow rate of
argon and oxygen constant, at 2.1 sIm and 1.0 sIm respectively. The mass flow rate of oxy-
gen, of 1.0 sIm, ensures the complete oxidation of all TEOS decomposition products during
the variation of TEOS concentration (equivalence ratio range ¢ = 0.02 — 0.28). For these
tests, the plasma reactor was used without the hot-wall furnace in order to observe the di-
rect influence of TEOS concentration on the resulting particle size. A representative TEM
image of silica nanoparticles obtained by thermophoretic sampling from the reactor cham-
ber is shown in Figure 5.35. In all cases the particles were non-agglomerated and had an al-

most spherical morphology.
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Figure 5.35: a) TEM-image of silica nanoparticles sampled from the reactor chamber. TEOS con-
centration is 6000 ppm, reactor pressure is 40 mbar; b) histogram and fitted log-
normal size distribution with a mean particle diameter d, = 24 nm and geometric
standard deviation o= 1.5

Figure 5.36 shows the dependence of the mean particle diameter on the TEOS concentra-
tion. Up to TEOS concentrations of 4040 ppm the particle size increases as expected from 12
nm (at 580 ppm TEOS) to about 28 nm (at 4040 ppm TEQS). This progressive increase in the
particle size with rising precursor concentration results from higher frequency of collisions,
coagulation and coalescence, that are due to an elevated monomer concentration. However,
the particle size decreases slightly with a further increase in TEOS concentration. A likely
explanation for this is the increase in temperature of the gas with increasing TEOS concen-
tration as mentioned in section 5.2.1.2 (cf. Figure 5.33). This will speed up the gas flow in the
antenna region and decrease the residence time at high temperatures, which results in a
smaller particle size. Another explanation could be that at higher TEOS concentrations the
nucleation rate is increased, thus, resulting in a higher concentration of primary particles
with slightly smaller sizes. This behaviour is well known and described as collision-limited

growth of particles [66].
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Figure 5.36: Influence of TEOS concentration on the mean particle size. Py =200 W, p = 40 mbar

The microwave power was varied between 150 and 450 W. However, its influence on the
particle size is not clear, as shown in Figure 5.37. The particle size increases slightly at 300 W
and then decreases again. This can be explained by two antagonistic influences. With in-
creasing microwave power the plasma temperature increases significantly as shown in Fig-
ure 5.29, which in turn should result in larger particles due to the faster dissociation rate of
TEOS and higher collision rates of the monomers, clusters and particles. On the other hand
several factors can lead to smaller particle size with increasing microwave power. The higher
temperature decreases the residence time due to the reduced density at constant length,
pressure and mass flow rates. Moreover, the defragmentation rate of clusters increases at
higher temperatures. It was also observed during the experiments that the plasma volume
increased with rising microwave power. In this case the thermodynamic equilibrium of clus-
ters may take longer to be achieved, leaving less time for particle growth. High microwave
power can also lead to increased charging of both the gaseous species and the particles and,
thereby, the repulsive forces between the primary particles are increased and their collision-
al growth is thus reduced [134].
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Figure 5.37: Influence of the microwave power on the particle size ([TEOS] = 1730 ppm,
p = 30 mbar)

Increasing the Ar/O; ratio from 2.1 to 14.5, as illustrated in Figure 5.38, shows almost no
influence on the particle size. This can be explained by the constant plasma temperature
with variation of the Ar/O, ratio as discussed in subchapter 5.2.1.1 (cf. Figure 5.32). Howev-
er, the presence of TEOS in the initial gas mixture influences the plasma temperature. More-
over, the amount of oxygen at an Ar/O, ratio of 14.5 (equivalence ratio ¢ = 0.3) is high
enough to oxidize all the species formed from the decomposition of TEOS to produce CO,
and H,0 in addition to SiO,. Therefore, this variation is expected to have no influence on the

combustion process of TEOS.

For the following experiments the hot-wall furnace was mounted downstream of the plasma
reactor (cf. Figure 4.6) to investigate the influence of the temperature history on the mean
particle size. For these experiments, the TEOS concentration was 1730 ppm, the reactor
pressure was 40 mbar and the microwave power was 200 W. The same condition was also
investigated without the furnace (cf. Figure 5.36). To observe the influence of the furnace on
the mean particle size, the hot-wall temperature was varied between 200 and 1000°C. The
results are given in Figure 5.39, except for the data point at 1000°C as at this high furnace

temperature the TEM grids were getting damaged.
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In Figure 5.39 the red profile shows that for furnace temperatures up to 400°C the mean
particle size increases as expected due to the rise in frequency of collisions, coagulation and
coalescence up to a maximum particle size of 28 nm. However, the particle size decreases

when the furnace temperature exceeds 400°C. This is attributed to two factors: firstly as
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expected from plasma synthesis of nanoparticles, Coulomb repulsion plays an important role
in preventing agglomeration. Therefore, at high furnace temperatures the particles are likely
to gain a higher charge due to thermionization, thus, hindering particle collisions and growth
[135]. The influence of the hot-wall temperature on the particle charge due to thermioniza-
tion, and its influence of preventing the particle growth has been investigated by Schiel et al.
[57] and Reuter et al. [58]. Secondly, the residence time decreases with increasing furnace
temperature because of the reduced density at fixed pressure and gas flow rate. The influ-
ence of decreasing residence times on the particle size at high temperatures was investigat-
ed. For different temperatures the reactor pressure was varied in order to keep the resi-
dence time fixed at 164 ms, assuming that the temperature is static along the furnace axis.
The results of these tests are shown in Figure 5.39 (black profile). It can also be seen in Fig-
ure 5.39 that the particle sizes at constant residence time of 164 ms are also larger at lower
temperature and decreases with increasing furnace temperature mainly due to the Coulomb

repulsion effect.
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Figure 5.40: Influence of reactor pressure on the particle size. Trynace = 800°C, [TEOS] = 1730 ppm,
Pyw =200 W,
To investigate whether the residence time within the reactor influences the particle growth,
the furnace temperature was kept at 800°C whiles the residence time was varied from 72 to
126 ms by increasing the reactor pressure from 40 to 70 mbar. As it can be seen from Figure
5.40, the mean particle diameter depends strongly and almost linearly on the residence time
in this case. A rise in the pressure also increases the collision frequencies between the mon-
omers, clusters and particles, which also results in larger particle sizes. These results demon-
strate that we were able to adjust the size of silica nanoparticles, prepared by gas-phase

synthesis, via tuning the TEOS concentration, furnace temperature and reactor pressure.
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In contrast to the samples taken by thermophoretic deposition on TEM grids, all samples
collected by the filter or by thermophoretic sampling from the cold walls downstream of the
reactor always showed a very high degree of particle agglomeration (cf. Figure 5.41a). The
findings discussed above demonstrate that the particles in the gas phase are well separated
(as it was shown earlier in Figure 5.35), while hard agglomerates are found in samples taken
from the filter and from the cold reactor walls. Nevertheless, the size distribution of the ini-

tial silica nanoparticles that form the large aggregates on the filter follows the same log-

normal size distribution function as the non-agglomerated particles sampled on TEM grids
(cf. Figure 5.41b).
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Figure 5.41:  TEM-image of the collected particles from the filter (left); histogram and fitted log-
normal size distribution (right). [TEOS] = 4040 ppm, Pyw = 200 W, Tr,mece = 1000°C,
p =40 mbar
The calculated BET particle size of the samples from the filter, as shown in Figure 5.41, was
24 nm which is much bigger than that found in the material from the reactor (see Figure
5.41b, mean particle size is 16 nm). The high degree of agglomeration reduces the specific
surface area (SSA) and therefore, shows a larger particle size. The aggregation of formerly
spherical, non-agglomerated particles may be attributed to the surface chemistry of the
freshly prepared silica nanoparticles. Particle adhesion, especially in the nanosized of water
in the filter device [136]. Moreover, it is found that materials like inorganic oxides regime,
originates from van-der-Waals forces and capillary bridging [137] and creates soft agglomer-
ated silica nanoparticles. The electrostatic (Coulomb) forces, which can prevent particle-
particle interaction within the gas phase in the reactor, can be neglected in the filter device
because of the discharge due to presence that contain hydroxyl groups on their surface tend
to build new, stable chemical bonds by releasing water and thus lead to formation of hard
agglomerates [138]. For this reason, a particle sample from the filter was investigated with

Fourier Transform Infrared (FTIR) spectroscopy.
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Figure 5.42: FTIR transmission spectrum of SiO, nanoparticles sampled from the particle filter

Figure 5.42 shows the FTIR spectrum of silica nanoparticles. In the spectrum, a broad peak
around 1088 cm™ appears which can be assigned to stretching vibration of Si-O-Si. The small
peak of the absorption line at 1620 cm™ is related to the 2T02 mode [139, 140]. The FTIR
spectrum also shows a strong signal at about 3371 cm™ indicating a large amount of hydrox-
yl groups [139] that are expected to be responsible for the highly active particle surface. As a
result, it is proposed that silica nanoparticles that touch each other will sinter together due
to condensation of the hydroxyl groups on their surface. The high number of hydroxyl
groups on the particle surface supports Kraft and co-workers’ suggestion that silicic acid is

the monomer that is produced from TEOS decomposition.

The particle inception step from silicic acid has been postulated by Kraft and co-workers
[38]. It involves the interaction of two silicic acid molecules resulting in the loss of a water
molecule and the formation of a dimer. This dimer is considered to be the first particle. This
can be represented by a chemical reaction as shown in Figure 5.43. For further particle
growth, whether by surface growth or coagulation and coalescence, the surface of the pri-

mary particles will contain a high number of hydroxyl groups.
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Figure 5.43: Inception of Si-O-Si structure particle from gas-phase monomers [38]
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5.3. Low-pressure premixed H,/O,/Ar flame reactor

5.3.1. Investigation of silica particle formation in the H,/0,/Ar flame reactor using
TEOS

The formation of silica nanoparticles from TEOS was successfully investigated in the low-
pressure premixed H,/O,/Ar flame reactor with means of particle mass spectrometry (PMS).
The PMS was used to obtain online information about particle-size distribution of silica na-
noparticles during synthesis. The movable burner head at the nozzle orifice of the PMS (cf.
Figure 4.8) allows the time history of particle formation to be studied. The influence of the
main process parameters such as height above burner (HAB), TEOS concentration and equiv-
alence ratio ¢ on the mean particle size were systematically investigated. The range of the
parameter variation and the standard condition is presented in Table 5.6.

Table 5.6: Process parameters and standard condition for the silica nanoparticle synthesis in the
H,/0,/Ar flame reactor

Parameter Variation range Standard condition Unit
Height above burner (HAB) 130-210 mm
TEOS concentration 100-500 400 ppm
Ar mass flow rate 400-600 400 sccm
0O, mass flow rate 280-500 480 sccm
H, mass flow rate 300-520 320 sccm
Equivalence ratio ¢ 0.3-0.77 0.3 -
Reactor pressure 30 30 mbar

A typical example of the PMS signal and velocity measurement is shown in Figure 5.44. The
maximum current of 0.79 pA was detected at a deflection voltage of 55 V for silica nanopar-
ticles synthesized under the standard conditions and at height above burner (HAB) of
150 mm. Using the information from Figure 5.44 and the bulk density of silica material (2.2
g/cm3), the particle size distribution can be determined. The probability density function
(PDF) parameters were obtained from a log-normal fit of the signal in Figure 5.45. The mean
particle size, which is equivalent to the count median diameter (CMD), was 9.3 nm with a

standard deviation oy of 1.18.
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Figure 5.44: Example of PMS current/voltage signal and particle velocity (insert) of positively
charged particles measured at HAB = 150 mm, [TEOS] = 400 ppm and ¢= 0.3
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Figure 5.45: PDF of particle diameter determined from Figure 5.44. Log-normal fit of the meas-
ured signal yields dp = 9.3 nm and ¢, = 1.18. HAB = 150 mm, [TEOS] = 400 ppm and
$=0.3
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5.3.1.1. Influence of the height above burner (HAB) on the mean particle size
and particle size distribution

The influence of HAB on the mean particle size under the standard condition is presented in
Figure 5.46. As shown in this figure, increasing the HAB from 130 to 290 mm causes the
mean particle size to progressively increases. This is due to the longer characteristic time for
coagulation and coalescence of the suspended particles in the synthesis chamber. It can also
be seen that the profile of the particle growth changes to a steeper increase beyond 210 mm
HAB. This behavior was unexpected because even at complete coalescence the particle size
dp would be directly proportional to the third root of the particle volume, dp « 3/Vp. This
means that the profile in Figure 5.46 should be shallower than exhibited for HAB > 210 mm.
The growth rate should be less than that for HAB < 210 mm. To understand this behavior a
CFD simulation of the premixed low-pressure flame reactor was carried out under similar
conditions within the CFD group of our institute. The CFD simulation showed an asymmetric
temperature distribution due to the influence of gravity especially at longer distances from
the burner head. It was found that only results of measurements with HAB up to 210 mm

can be used for further discussion.
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Figure 5.46: Influence of HAB on the mean particle size of silica nanoparticles synthesized in the
low-pressure flame reactor under the standard conditions. [TEOS] = 400 ppm and

$=0.3

The first PMS signal could be seen clearly at 130 mm HAB. Before this point the PMS signals
are very poor or there is no signal. It seems that particle formation starts just before 130 mm

HAB. Figure 5.47 shows the mean particle size as a function of the residence time. The resi-
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dence time was determined with means of the CFD simulation and was extracted from the

centerline of the reactor. It seems that the silica start to nucleate just beyond 200 ms.
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Figure 5.47: Mean particle size of silica nanoparticles as a function of residence time. [TEQS] =

400 ppm and ¢=0.3
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Figure 5.48: Geometric standard deviation g, as a function of HAB. [TEOS] = 400 ppm and ¢= 0.3

Measurements of the change in size distribution function with time can be used to deter-
mine the form of the particle growth law. Therefore, the geometric standard deviation oy
from the log-normal fitting of the particle size distribution was also determined. As shown in

Figure 5.48, oy rises from 1.17 to 1.25 with increasing HAB. This increase in oy is influenced
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by the temperature-residence time history of the particles in the synthesis chamber. It has
been found that the size distribution of a coagulating aerosol at long coagulation times ap-
proaches approximately a log-normal distribution function regardless of the initial size dis-
tribution [141, 142]. The geometrical deviation for such a self-preserving size distribution in
the continuum regime is 1.35 [143, 144]. It can be seen in Figure 5.48 that the self-
preserving size distribution is still not reached. In addition, the decrease in temperature in
the direction of flow and incomplete coalescence of particles results in disperse particles,

agglomerates and aggregates.

5.3.1.2. Influence of TEOS concentration on the mean particle size

The influence of TEOS concentration on the particle size has been investigated by varying the
flow rate of the precursor mixture (0.2% TEOS in Ar) from the mixing vessel into the reactor.
In order to keep the total volumetric flow rate constant, the difference from varying the pre-
cursor flow rate was compensated for by adjusting the argon flow rate. Figure 5.49 shows
the PMS measurement of the mean particle size as a function of TEOS concentration. This
investigation has been carried out at 190 mm HAB and under the standard conditions with
variations in TEOS concentration from 100 to 500 ppm. Figure 5.49 also shows that the mean
particle size increases with rising TEOS concentration due to higher collision frequency, co-

agulation and coalescence, all of which are a result of elevated monomer concentration.
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Figure 5.49: Influence of TEOS concentration on the mean particle size. HAB =190 mm, ¢=10.3

Figure 5.50 shows a comparison of the mean particle size at TEOS concentrations of 200 and
400 ppm as a function of HAB. It shows that the particle size at both TEOS concentrations

rises with increasing HAB due to longer characteristic times for coagulation and coalescence.
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As expected the particle size as a function of HAB for TEOS concentration of 400 ppm is
higher than for 200 ppm TEQS. Increasing the precursor concentration rises the flame tem-
perature and changes the temperature-residence time history downstream of the flame.

This affects the coagulation and coalescence processes and thus leads to smaller particles.
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Figure 5.50: Mean particle size as a function of HAB at TEOS concentrations of 200 and 400 ppm.
$=0.3

5.3.1.3. Influence of the equivalence ratio ¢ on the mean particle size

Varying the hydrogen/oxygen ratio in the range of stoichiometric combustion has a strong
influence on the flame temperature, flame velocity and flame length at constant mass flow
rates of the inlet gases and reactor pressure. This will change the temperature time history
along the reactor, which influences the kinetics of particle formation and growth and hence
the mean particle size at the end of the reactor. The equivalence ratio ¢ was varied between
0.3 and 0.77 at 190 mm HAB to explore its influence on the mean particle size. The variation
of equivalence ratio was achieved by altering both hydrogen and oxygen flow rates whilst
keeping the total flow rate constant. Figure 5.51 shows that the mean particle size decreases
when ¢ rises from 0.3 up to 0.77. This can be explained by two factors. Firstly, the rise in
equivalence ratio at a constant total mass flow and pressure increases the flame tempera-
ture as well as the flame velocity and decreases the residence time in the reactor chamber.
Secondly, at a higher flame temperature a stable nucleus will form further away from the
burner, where the gas temperature is lower. This can increase the number of nuclei until the
critical cluster size is reached resulting in a higher number of particles that are smaller in

size.
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Figure 5.51: Mean particle size as a function of flame equivalence ratio ¢. [TEOS] = 400 ppm,
HAB =190 mm

A comparison between two different flame equivalence ratios, ¢=0.3 and 0.75, is presented
in Figure 5.52. It shows that with both equivalence ratios the particle size increases as a
function of HAB due to the longer characteristic times for coagulation and coalescence. Fig-
ure 5.52 also illustrates that both profiles increase in an almost parallel fashion, whereas the
profile of ¢ = 0.3 is located at a higher particle size range than of ¢ = 0.75. The results indi-

cate that temperature plays a significant role in the formation process by controlling chemi-

cal kinetics.
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Figure 5.52: Mean particle size as a function of HAB at two different flame equivalence ratios of
0.33 and 0.75. [TEOS] = 400 ppm
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These results indicate that the particle growth can be controlled through changes in temper-

ature, precursor concentration and residence time.

5.3.2. Investigation of silica particle formation in the H,/O,/Ar flame reactor with
HMDSO

The formation of silica nanoparticles from HMDSO was investigated under a variety of the
main parameters in the low-pressure premixed H,/O,/Ar flame reactor with means of the
particle mass spectrometer (PMS). The standard conditions for these experiments with
HMDSO in the flame reactor are presented in Table 5.7. The main parameters were then

systematically investigated with respect to the resulting particle size.

Table 5.7: Process parameters for silica synthesis in the H,/O,/Ar flame reactor
Parameter Variation range Standard condition Unit
Height above burner (HAB) 110-210 130-210 mm
HMDSO concentration 67-150 100 ppm
Ar mass flow rate 400-600 400 sccm
0, mass flow rate 280-500 400 sccm
H, mass flow rate 300-520 400 sccm
Equivalence ratio ¢ 0.3-0.77 0.5 -
Reactor pressure 30 30 mbar

An example of the PMS signal is shown in Figure 5.53a. The maximum current of 0.26 pA was
detected at a deflection voltage of 95 V for silica nanoparticles synthesized under the stand-
ard conditions and at HAB of 190 mm. The PMS signal of the experiments with HMDSO is
about 30% weaker in comparison to the experiments with TEOS and the signal-to-noise ratio
is therefore higher. The standard conditions used for TEOS could not be used for HMDSO
because the signals were too weak. Therefore, a different set of standard conditions for
HMDSO were defined, as shown in Table 5.7, since these provided the highest PMS signal. It
seems that in this case a higher portion of charged silica nanoparticles is produced from TE-
OS than from HMDSO. It must be noted that the particles are charged by the particle synthe-
sis process itself and not from any external source. The particle size distribution was deter-
mined using the information from Figure 5.53a, the bulk density of silica material (2.2 g/cm3)
and the particle velocity that was measured previously. Figure 5.53b shows the probability

density function (PDF) parameters that are obtained from a log-normal fit. The mean particle
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size, which is equivalent to the count median diameter (CMD), was 11 nm with a standard

deviation of oy = 1.34.

a) b)
b Converted PMS signal
Log-normal distribution
0.028
i CMD=11nm
< 0.0241 =
~ © -
g W
o
= 4 Q
£ 0020 g |
O
0.016 4
I T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 0 5 10 15 20
Deflection voltage / V Particle diameter / nm

Figure 5.53: a) PMS current/voltage signal at 190 mm HAB and 100 ppm HMDSO, b) PDF of parti-
cle diameter determined from the log-normal fit of the measured signal vyields
dp=11nmand o, = 1.34

5.3.2.1. Influence of the height above burner (HAB) on the particle size and
the particle size distribution

The influence of the height above burner (HAB) on the mean particle size was investigated
under the standard conditions. Figure 5.54 shows that with increasing HAB from 110 to 210
mm a progressive increase in the mean particle size from 10 to 11 nm was observed. This
increase in particle size is because of the longer characteristic time for coagulation and coa-
lescence of the suspended particles in the synthesis chamber. Despite the weaker PMS sig-
nal, the experiments with HMDSO show an earlier particle formation, here at 110 mm, in
contrast with the experiments with TEOS. It can also be seen that beyond 190 mm HAB no

further particle growth takes place.

It was also observed that the HAB has an influence on the geometric standard deviation oy,
as seen in the log-normal fitting of the particle size distribution presented in Figure 5.55. This
figure shows that oy rises from 1.25 to 1.35 with increasing HAB due to the temperature
time history of the particles in the synthesis chamber. Figure 5.55 also shows that the parti-
cle size distribution approaches the self-preserving value of 1.35 at 190 mm HAB and re-
mains constant for further increases in HAB. This result of the self-preserving size distribu-
tion of o, = 1.35is in a good agreement with the studies of Friedlander et al. [143] and Lai et
al. [144].
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Figure 5.54: Influence of HAB on the mean particle size of silica nanoparticles synthesized in the
low-pressure flame reactor under the standard conditions. [HMDSO] = 100 ppm,
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Figure 5.55: Geometric standard deviation g, as a function of HAB. [HMDSO] = 100 ppm, ¢ = 0.5,
p =30 mbar
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5.3.2.2. Influence of the HMDSO concentration on the mean particle size

The investigation of the influence of HMDSO concentration on the mean particle size was
carried out in the same manner as done for TEOS by varying the flow rate of the precursor
mixture (0.2 % HMDSO in Ar) from the mixing vessel into the reactor. The difference of the
precursor flow rate was compensated by adjusting the argon flow rate to maintain a con-
stant total volumetric flow rate. For this investigation the HMDSO concentration was varied
between 67 and 150 ppm at 190 mm HAB. Figure 5.56 shows that with increasing HMDSO
concentration the mean particle size increases significantly from 8.2 to 11.8 mm. This is due
to the increase in frequency of collisions, coagulation and coalescence, as a result of elevat-

ed monomer concentration.
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Figure 5.56: Influence of the HMDSO concentration on the particle size. HAB = 190 mm, ¢ = 0.5,
p =30 mbar

In order to compare the influence of the concentration on the residence time history the
mean particle size as a function of HAB, for three different HMDSO concentrations of 70, 77
and 100 ppm, was investigated. Figure 5.57 shows that the mean particle size increases with

rising HMDSO concentration as well as with increasing HAB.
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Figure 5.57: Particle size as a function of HAB for different HMDSO concentrations

5.3.2.3. Influence of the equivalence ratio on the mean particle size

The influence of the flame temperature on the particle formation was investigated by vary-
ing the equivalence ratio ¢, between 0.3 and 0.77. It is known that ¢ affects the temperature
time history along the reactor. Figure 5.58 shows that the mean particle size decreases with

increasing ¢from 0.3 up to 0.77.
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Figure 5.58: Mean particle size as a function of equivalence ratio ¢. HAB = 190 mm, [HMDSO] =
100 ppm, p = 30 mbar
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The influence of ¢ on the mean particle size as a function of HAB was observed. For this in-
vestigation three cases with ¢ = 0.3, 0.5 and 0.77 were chosen. Details about the experi-
mental conditions of this investigation are described in Table 5.8. Figure 5.59 shows that for
¢ = 0.3 and 0.5 cases used, the slope of the particle growth appears to be almost similar,
whilst the particle size is in different ranges for each case. However, for ¢ = 0.77 case the

particle size increases steeper in the colder zone of the flame.

Table 5.8: Experimental conditions for investigating the influence of the flame equivalence ratio
on the particle size (cf. Figure 5.49)

o/ — Mass flow rates / slm [HMDSO] / ppm HAB / mm

Ar 02 Hz
0.3 400 480 320 100 130-210
0.5 400 400 400 100 130-210
0.77 400 320 480 100 130-210
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Figure 5.59: Influence of equivalence ratio ¢ on the particle size along the reactor axis from 130 to

210 mm HAB. [HMDSO] = 100 ppm, p = 30 mbar
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5.4. Gas-dynamically induced particle synthesis (GIP reactor)

Several experiments were carried out in the GIP reactor by EVONIK in Hanau, Germany, us-
ing TEOS as well as HMDSO. Experiments with TEOS showed that under a wide range of pa-
rameters the silica nanoparticles in the reaction volume are polydisperse (cf. Figure 5.60a).
However, at the absolute filter they are highly agglomerated and this is similar to the results
from the microwave-plasma reactor (cf. Figure 5.60b). Particle aggregation in the filter is also
due to the hydroxyl-group on the surface of the particles. Moreover, the high level of mois-
ture in the initial gas mixture may additionally increase the hydroxyl-group number on the

particles’ surface.

a)

Figure 5.60:  TEM-images of the particles sampled from a) the reaction volume of the GIP reactor
and b) the filter located downstream of the GIP reactor. TEOS flow rate 0.5 kg/h

Furthermore, a few experiments were carried out in the GIP reactor using HMDSO as the
precursor. Due to the lack of detailed kinteics data, similar experimental conditions were
used for the experiments with TEOS and HMDSO. Only the concentration of HMDSO used
was lower than that of TEOS. Figure 5.61 shows a TEM image of particles sampled from the
reaction volume. The image shows despersed particles are mixed with some form of liquid. It
is still not clear, exactly what kind of liquid it is. It seems to be some type of carbon
compound that has been formed due to incomplete combustion of all HMDSO species. The
ignition delay times of HMDSO under this condition (1200 K) is almost 10 ms (see section
5.1.2.4), which consumes most of the residence time beyond the shock wave in the reaction
volume. This GIP reactor was designed for TEOS. For it to be used with HMDSO a higher

initiation temperature and/or extended reactor length would be required. These results also
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support the assumption that it is the shock wave, and not the temperature at the nozzle,

that initiates the reactions.

.
f Qx
B o |
Figure 5.61:  TEM-image from the particles sampled from the reaction volume of the GIP reactor.
HMDSO flow rate is 0.18 kg/h

5.5. Comparison between TEOS and HMDSO

The comparison of results from TEOS and HMDSO can illustrate the extent to which the

choice of the precursor can affect the mechanism of particle formation and growth.

5.5.1. Ignition delay times

Comparison between the ignition delay times of TEOS and HMDSO provides useful infor-
mation for choosing the right precursor for the synthesis. This also depends on the type of
reactor and the range of the initiation temperature. For example, in the microwave plasma
reactor ignition delay times in dry synthetic air should be considered. Figure 5.62 shows the
ignition delay times of TEOS and HMDSO in moist and dry synthetic air. The ignition delay
times of HMDSO are longer than those of TEOS in dry synthetic air for the entire tempera-
ture range investigated. However, the ignition delay times of HMDSO exhibit a steeper slope
than for TEOS in moist synthetic air. The lines fitted to the ignition delay time data for TEOS
in moist synthetic air and for HMDSO cross each other at T= 1530 K. In the colder region the
ignition delay times of HMDSO are evidently longer. This can also provide the information
needed for the synthesis of nanoparticles in the GIP reactor, where high levels of moisture
and shock wave temperatures below 1300 K are present. Furthermore, the choice of the
precursor as well as the gas temperature behind the shock wave in the colder region of the

ignition delay times play a crucial role on the length of the reaction volume in the GIP reac-
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tor. However, at high temperatures beyond 1500 K the ignition delay time plays a negligible
role due to the very short time required for the precursor reactions. This means the choice
of precursor will only affect the mechanisms of the particle formation and growth at high

temperatures.

The gas temperature at the precursor injector in the GIP reactor is limited to 1300 K due to
the temperature stability of the wall material. This means using TEOS for the GIP reactor will
limit the distance between the first nozzle and shock wave. On the other hand, the long igni-
tion delay time of HMDSO requires a longer reaction volume. Therefore, TEOS was found to
be preferred for the post shock wave regime, where it is possible to reduce the distance be-

tween the nozzle and shock wave.
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Figure 5.62: Comparison between the ignition delay times of HMDSO and TEOS in dry and moist
synthetic air

5.5.2. Investigation of the particle formation in the flame reactor

The most interesting part of this work is to compare TEOS and HMDSO in the final product
properties. Figure 5.63 shows the mean particle size as a function of HAB using TEOS and
HMDSO. To achieve a similar Si atom concentration in the flame reactor the TEOS concentra-
tion used was double the HMDSO concentration. It can be clearly seen in Figure 5.63 that
the particles formed using HMDSO are about 5 nm bigger than those formed using TEOS.
This is also in good agreement with Kraft et al. [38] who state that silicic acid is the final sta-
ble product from TEOS decomposition. This means that the formation of SiO, from TEOS is
achieved by the combustion of Si(OH),, while HMDSO still has Si-O-Si bonds.
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Figure 5.63: Comparison of the particle size as a function of HAB between TEOS and HMDSO. [Si]
=200 ppm, ¢=0.3, p = 30 mbar
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6. Conclusions

Silica nanoparticles are considered to be one of the most industrially produced nanomateri-
als. Due to the increasing number of applications that require highly specified silica nanopar-
ticles, more control of the reactions and particle growth is needed. Moreover, the industrial
interest in silica particle formation from metal-organic precursors has increased. However,
to use these precursors more kinetics data are required for designing the suitable reactors.
An example of where such detailed kinetics data has been required is for realization of the
novel concept of gas-dynamically induced particles for continuous production of silica nano-
particles in the gas phase [90, 91]. This reactor, for which some work has been carried out in
this thesis, relies on instantaneous heating and cooling rates for fast and homogeneous initi-
ation and freezing of the reactions. This behavior allows highly dispersed nanoparticles with

a narrow particle size distribution to be produced.

For this work tetraethoxysilane (TEQS) and hexamethyldisiloxane (HMDSO) as halide-free
and inexpensive precursor materials were chosen. Due to the lack of the kinetics data of
TEOS and HMDSO, kinetic studies of the precursor decomposition, ignition delay times as

well as the study of particle formation and growth are essential.

The precursor chemistry and the particle formation were studied in this thesis individually.
The kinetics of TEOS and HMDSO decomposition and oxidation were studied in shock tube
facilities. Investigation of the precursor decomposition was carried out by utilizing a high-
repetition time-of-flight mass spectrometer at the shock tube for online measurements. The
mass spectra show that a wide range of species between m/z = 12 and 46 are produced from
TEOS decomposition. The data also show that the strongest peak is at m/z = 28 which repre-
sents ethylene as the main product of TEOS decomposition. In addition to ethylene, a sub-
stantial amount of ethanol was observed. The concentration-time history of ethylene and
ethanol show a good agreement with the study of Herzler et al. [36]. It was also found that
Si(OH),4 is formed from the decomposition of TEOS. This result supports the estimation of
Kraft et al. [38].

Furthermore, the results showed a wide range of species, between m/z = 12 and 73 consti-
tuting both organic as well as Si-containing species, from the decomposition of HMDSO be-
hind the reflected shock-wave. The strongest peak was observed at m/z = 28 which is indica-
tive of ethylene and free Si atoms. The formation of Si atoms from the decomposition of
HMDSO was verified with means of absorption resonance atomic spectroscopy (ARAS) in the
temperature range between 1350 and 1993 K. It was concluded from the TOF-MS results
that several monomers are produced from the decomposition of HMDSO. They are mainly Si

atoms, SiO and Si-O-Si. They can be found as free atoms and molecules or joined with one or
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more hydrogen atoms and/or methyl groups. The concentration of each species depends

strongly on the temperature.

The ignition delay times of TEOS and HMDSO were investigated in shock-tube facilities as
well. The ignition delay times of TEOS and HMDSO in dry as well as moist synthetic air were
measured by observing the OH* emission signal behind the reflected shock wave. The results
show that the ignition delay times of TEOS and HMDSO depend strongly on the temperature
and they can follow the Arrhenius behavior. The presence of water vapor in the initial gas
mixture showed a strong influence on decreasing the ignition delay times of TEOS whereas

the moist atmosphere did not exhibit any effect on the ignition delay time of HMDSO.

For the investigation of silica-particle formation and growth, a hybrid microwave-plasma
hot-wall reactor was constructed. Initially the plasma temperature behind the microwave-
antenna was measured using the multi-line NO-LIF temperature imaging technique. The re-
sults showed the progressive influence of the microwave power and reactor pressure on the
temperature. The temperature increases linearly with rising microwave power (from 100 to
500 W) whereas a temperature saturation can be observed for pressures above 60 mbar.
Furthermore, the results show that adding TEOS to the initial gas mixture dramatically alters
the gas temperature outside the antenna. It was understood from the behavior of the tem-
perature profile that TEOS decomposes almost completely in the microwave antenna and
combustion of the decomposition products such as ethylene and ethanol cause a tempera-

ture increase just after the antenna exit.

Particle synthesis in the microwave-plasma reactor was studied with varied TEOS concentra-
tions between 580 and 7000 ppm and microwave powers between 150 and 450 W. Results
showed that the greatest particle size is achieved with a TEOS concentration of around
4000 ppm. The microwave power, which clearly influenced the temperature in the plasma,
did not affect the particle size in the power range studied. A hot-wall furnace was added to
the microwave-plasma reactor in order to extend the residence time at high temperatures. It
was found that for a furnace temperature higher than 400°C thermionization greatly hinders
the particle growth. Furthermore, the reactor pressure or residence time showed a linear
relationship with particle growth. Moreover, the particle morphology was observed from the
reactor chamber and the collected particles in the filter with means of transmission electron
microscopy (TEM). The results showed that the particles in the gas phase were polydisperse
but not agglomerated, whereas the particles from the filter were highly agglomerated. FTIR
spectroscopy exhibited that the silica particles from the combustion of TEOS contain a high
number of OH groups on the particle surface. This is the reason for the sintering at room
temperature. This is in support of the fact that silicic acid is a main monomer that is pro-

duced from TEOS decomposition.
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Silica nanoparticles were also synthesized in a low-pressure premixed H,/O,/Ar flame reac-
tor from TEOS and HMDSO. Utilizing a particle mass spectrometer (PMS) allows the particle
growth and the change in particle size distribution to be studied. The results showed that the
particle size rises with increasing height above burner (HAB) and precursor concentration.
However, the particle size decreases at higher temperatures. A comparison between both
precursors in the flame reactor showed that silica nanoparticles from HMDSO are about 40%
bigger in size than from TEQS. This demonstrates the strong influence of the different de-

composition intermediates on the particle size and even particle size distribution.

The present research work provides data and more understanding of TEOS and HMDSO de-
composition kinetics and particle formation and growth in different gas-phase reactors.
These data were used to design the novel reactor for gas-dynamically induced particles as a
practical application. However, they can also be used for the design of any other gas-phase

reactors.
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7. Recommendation for future work

The knowledge gained from this work can be utilized to extend the research of the gas-phase
kinetics of the decomposition of tetraethoxysilane (TEOS) and hexamethyldisiloxane (HMD-
S0O) and the formation and growth of silica nanoparticles. Some of the research recommen-
dations are given below. Most of the studies in the literature assumed single-step reactions
or are based on kinetics information from stable products. Detailed kinetics mechanisms are

rudimentary without species concentration validation.

In this work, the kinetics study was carried out in shock-heated gases with species concen-
tration measurements by high-repetition-rate time-of-flight mass spectrometry. Further ex-
periments are recommended to enable building a detailed kinetics model, especially for
HMDSO.

A study of the initial phase of silica particle formation is also highly recommended. This can
be achieved by employing the light scattering/extinction technique in shock-tube experi-
ments. This method has been used to measure the soot and silicon particle formation, where
visible light is strongly attenuated after the inception of particles due to absorption and scat-
tering. However, for silica nanoparticles shock-tube experiments are much more difficult
due to the very limited absorption of the resulting white powder. These measurements will
require the selection of a suitable wavelength that prevents interference from absorption of

precursor molecules and intermediate species.

The presence of water vapor in the initial gas mixture has shown a clear influence on the
ignition delay times of TEOS. For future work, the impact of water vapor influence on the
gas-phase chemistry, particle formation and growth especially in the microwave plasma re-
actor should be further elucidated. Species concentration measurements should be em-

ployed on new classes of precursors.
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