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Zusammenfassung

Ziel dieser Arbeit war der Aufbau und Test einer Apparatur zur zeitgleichen Messung zweier
atomarer Spezies in StofBwellenexperimenten. Aufgrund der Bedeutung von iodierten Radikal-
vorlaufern in der Untersuchung von Zerfallsreaktionen von Kohlenwasserstoffradikalen, wurde
der bestehende Stofrohr/H ARAS Aufbau um eine | ARAS Apparatur ergénzt. Um die Qualitét
der H ARAS Messunge zu erhalten, wurde diese in der zweiten Detektionsebene montiert.
Variationsméglichkeiten wurden diskutiert.

Der neue Aufbau wurde in Untersuchungen zum thermischen Zerfall von Ethyliodid erstmals
getestet. Die bestimmten Verzweigungsverhéltnisse der zwei Zerfallskandle des Ethyliodids
stimmen gut mit den bekannten Literaturwerten berein. Im Rahmen der Messungen wurden
Unstimmigkeiten in der Kalibrierung des | ARAS festgestellt. Um diese zu beheben wurde die
Geschwindigkeitskonstante fiir die C-1 Bindungsspaltung in Methlyiodid mit Hilfe von I ARAS
Messungen neu bestimmt.

Im zweiten Teil der Arbeit wurde der thermische Zerfall der Furanderivate Furan, 2-MF und 2,5-
DMF néaher untersucht. Die erhaltenen Messergebnisse konnten durch die Anpassung eines Li-
teraturmechanismus flir die Oxidation der Furanderivate erklart werden. Mittels Sensitivitats-
analysen und Reaktionsflussanalysen wurden die wichtigsten Reaktionskandle fiur die
Bildung von Wasserstoffatomen identifiziert.

Damit konnten in dieser Arbeit die apparativen Voraussetzungen fiir eine genauere Untersu-
chung der thermischen Zerfallsreaktionen von Kohlenwasserstoffradikalen in StoBwellenexpe-
rimenten geschaffen werden.






1 Introduction

The combustion of hydrocarbons and other fuels accounts for a great part of todays energy sup-
ply. Due to the restricted amount of fossil fuels, the focus shifts to alternative biofuels. To assess
their combustion properties, and their tendency to form possibly hazardous products, a lot of
effort is put into the investigation of their oxidation and pyrolysis behaviour. However, the
extreme conditions in combustion processes, especially the high temperatures, make an investi-
gation experimentally challenging.

Combustion chemistry can be investigated directly in flames. In this case, the high number of
different processes occurring (e.g. chemical reactions, transport processes) make a simulation of
the experimental results difficult. Information about specific reactions can hardly be deduced
from flame measurements. A different method for the generation of high temperatures is the use
of shock tubes and shock waves. In a traditional membrane shock tube, high temperatures in a
probe gas are generated by passing of a shock wave through the probe gas.

Under pyrolytic conditions, H atoms are the predominant chain carrier species. Thus, the con-
centration of H atoms mainly influences the temporal development of the system (e.g. conversion
rates, product yields, species concentrations). H atoms at short reaction times are primarily
formed from the reactant by bond fission reactions. Consequently, information about these reac-
tions can be directly deduced from H atom concentrations at short reaction times. With increas-
ing concentration of H atoms, the influence of bimolecular consumption pathways increases.
One important pathway is the abstraction of H atoms from the reactant or other molecules by
H atoms yielding H,. Information about these consecutive reactions can also be deduced from
H atom concentration-time profiles.

A very sensitive method for the measurement of atom concentrations is the atomic resonance
absorption spectroscopy (ARAS). It is commonly employed for the determination of H atom
concentrations in shock rube experiments [3]. Due to its high sensitivity, experiments on very
dilute mixtures can be conducted. Thereby, it is possible to reduce the influence of bimolecular
reactions, and to directly determine rate coefficients for H atom forming reactions from the rec-
orded concentration-time profiles. However, with increasing complexity of the reactant, the
number of H atom forming and consuming reaction pathways increases. Usually, the decompo-
sition of the radicals formed form the reactant in the initial reaction steps has a non-negligible
influence on the concentrations of H atoms in the system. Therefore, it is of interest to investigate
the decomposition of these radicals.

In shock tube experiments, hydrocarbon radicals are often generated from iodinated radical pre-
cursors molecules. In these molecules, the C-I bond is usually the weakest bond. Nonetheless,
the elimination of hydrogen iodide is often competitive to the C-I bond fission reaction. To assess



1. Introduction

the initial concentration of the radical, branching fractions of the initial reaction pathways must
be known. These can be determined from measurements of | atom yields, for example by | ARAS
experiments. As the reproducibility of shock tube experiments is restricted, it would be advan-
tageous to follow the concentration of both species, H and | atoms, simultaneously.

In this work, the existing shock tube/ARAS setup has been extended by a second ARAS detec-
tion unit. Thereby it is possible to record concentration-time profiles of two atomic species sim-
ultaneously. The second ARAS setup was mounted perpendicular to the already existing one.
Throughout this work, they will be denoted as ‘horizontal’ and ‘vertical” ARAS unit in accord-
ance with their spatial orientation. In the original horizontal ARAS system, a monochromator is
used as dispersing component to isolate the detection wavelength. Due to the restricted space in
the vertical detection axes, the utilization of a monochromator in the vertical ARAS unit was not
possible. Different approaches to restrict the wavelength range detected (e.g. choice of optical
materials) are considered. Both combinations of H and | ARAS (vertical H ARAS/horizontal
I ARAS and vice versa) are discussed and advantages and disadvantages are elucidated. Remarks
on a further application of the dual ARAS setup to other ARAS techniques are given.

As a first trial of a H ARAS/lI ARAS combination, the thermal decomposition of ethyl iodide
was investigated. This system is especially suitable, since the underlying mechanism is well
known. However, a comparison of simulated and measured concentration-time profiles indicated
inconsistencies in the calibration of I ARAS with methyl iodide. Therefore, the thermal decom-
position of methyl iodide itself was studied, and the rate coefficient for the C-I bond fission
reaction of methyl iodide was revaluated based on the results of new I ARAS experiments.
Additionally, the formation of H atoms in the high temperature thermal decomposition of methy!l
iodide was examined.

For the implementation of a vertical H ARAS setup, an oxygen filter was developed. This filter
could also be operated as an atom filter. In a first trial of the atom filter, the amount of resonance
radiation emitted by the H ARAS lamp was determined and compared to earlier high temperature
experiments on highly concentrated hydrogen mixtures. Furthermore, in a trial to improve the
reproducibility of the experimental conditions in the shock tube experiments, an alternative
membrane system was tested. The new system simplifies the experiment as the uncontrolled
splintering of the diaphragm is avoided.

In a second part, the pyrolysis of furan and its two methyl substituted derivatives 2-methylfuran
(2-MF) and 2,5-dimethylfuran (2,5-DMF) was investigated in shock tube/H ARAS experiments.
Information about the initial reaction steps was deduced from an extensive literature review and
integrated into an oxidation mechanism for the three furan derivatives published by Liu et al.
[4-6] The modified mechanism was analysed to highlight the formation pathways of H atoms.
Trends in H atom formation were discussed.

With this work, the instrumental requirements for a thorough investigation of thermal decompo-
sition reactions of radicals in shock tube experiments were established in our shock tube facility.
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2.1 Shock Wave Experiments

driver gas
diaphragm

high-pressure section low-pressure section

detection

Figure 2.1: Schematic layout of a membrane shock tube.

A schematic setup of a shock tube experiment is depicted in figure 2.1. The shock tube consists
of a high- and a low-pressure section, which are separated by a diaphragm. By introducing the
driver gas into the high-pressure section, the pressure difference between the two sections in-
creases. At some point, the diaphragm bursts. Subsequently, compression waves spread into the
probe gas in the low-pressure section. Their velocity equals the sound velocity as, which is
related to the temperature of the medium by

kRT
as = 7 (21)

K=c,lcy (2.2)

R denotes the ideal gas constant.  is the adiabatic coefficient of the gas in the low-pressure
section, which is defined by equation (2.2), T its temperature and M its molar mass. Each com-
pression wave leads to an adiabatic compression of the gas and thereby to an increase in temper-
ature and pressure. As later compression waves propagate through the already heated medium,
their velocity is higher. In consequence, they overtake previously formed waves. A shock front
is formed which moves with supersonic velocity with respect to the probe gas. The thickness of
the shock front amounts to a few mean free path lengths. At the end of the low-pressure section,
the shock wave is reflected. It then moves through the already compressed gas, leading to a
second jump in temperature and pressure.
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Figure 2.2: Shock wave propagation in a shock tube (left) and evolution of temperature and pressure in the plane of
detection (right), according to [7-9].

In figure 2.2, the propagation of a shock wave in a shock tube is summarized and different states
of driver and probe gas are highlighted. These states can be assigned to

(1) The gas in the low-pressure section before the passing of the shock wave.

(2) The probe gas in the low-pressure section after the transition of the incident shock wave.
(3) The driver gas after transition of the expansion waves.

(4) The driver gas during the passing of the expansion waves.

(5) The probe gas in the low-pressure section after the transition of the
reflected shock wave.

(6) The gas in the high-pressure section before the passing of the expansion waves.

To define the experimental conditions behind the reflected shock wave, a mathematical descrip-
tion of the shock wave is necessary. Therefore, some assumptions have to be made:

e No energy and momentum is transferred between the shock wave and
the shock tube wall.

e  The thermal boundary layer close to the shock tube wall can be neglected.’
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e All gases are regarded as ideal gases and fulfil the ideal gas equation (2.7).
e  The diaphragm bursts without interaction with the gases or the shock tube wall.

With respect to a coordinate system with origin in the shock front, the conservation laws for
mass, energy and momentum can be formulated as

mass pUq = PyUa, (2.3)
momentum Py + p,UT = P, + p,U3, (2.4)
2 2
uy Py u; Py
energy Ei+ -+ —=E+ -+ —= 25

E denotes the energy per mass unit, p the mass density and u the flow velocity. Additionally,
caloric (2.6) and ideal gas (2.7) state equations are considered:

Ey-Ei=c(T2-Th), (2.6)

pV =nRT. 2.7)

With these, the conservation laws (2.3) - (2.5) can be solved to give relations between the con-
ditions before and after the incident shock wave as a function of the shock Mach number M:
(2.8):

M, =2 (2.8)

PO (29)

&=ﬂ=7(K+1)M$ 2.10

Py Uz (k-DM+2 (2.10)

E = & . & = <2KM% _ (K- 1)) . ((K- 1)M$ * 2) (211)
Ty py P K+1 (k + DM
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Under the assumption that the shock wave is perfectly reflected at the end of the low-pressure
section, the conditions behind the reflected shock wave can be calculated by

2K 2
ps _ [Bk-DM:-2) (—K-1)'V'1'1

o e 2 P , (2.12)
K-1 K-1
K+1,o (2K
b M (Z5ME-1)
o) (MgK+ Z) .K(zMz R @1
<3ff1Af-2)- oM + 3K
%: ) K+1z( 1+K1). (2.14)
(=) ¥

If highly diluted mixtures are investigated, the heat capacities cv and c, are determined by the
properties of the bath gas. For a monoatomic noble gas (ideal in first approximation) they are
given by

3

c=5R (2.15)
5

6=5R. (2.16)

To increase the reproducibility of the experimental conditions in shock tube experiments, a
slightly different method of shock wave generation is often chosen. Instead of a spontaneous
rupture of the diaphragm due to the pressure difference between high- and low-pressure section,
the membrane is cut manually [7]. In these experiments, the experimental conditions are deter-
mined by the ratio of driver gas to probe gas introduced into the shock tube prior to the destruc-
tion of the membrane. To predict the pressure of driver gas necessary to generate the desired
experimental conditions, a relation between the pressure in the high-pressure section at the
beginning of the experiment (ps) and the pressure of the probe gas behind the incident (pz) or
reflected shock (ps) is needed.
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These relations can be derived, if the changes induced by the expansion waves are considered
(for a complete description see [7]):
2+f6
p ) \
—< -1
p

[ e
P _ 1. 686 \Pq — (2.17)
Ps 1+ (P, '
@2+f)- 1+2+f1 (;7_1_1)
2 +f,
P _ GHAMI-2 () hay Mot ) @19
Pe M3 + f, feag (1 +f)M,

a1 and as are the sound velocity in the probe gas and the driver gas respectively. f1 and fs denote
the number of degrees of freedom for the two gases. For a monoatomic gas, f equals three. For a
diatomic molecule, f equals five.

From equations (2.9) and (2.17) a relation between the shock Mach number and initial pressures
of driver and probe gas can be derived:

2+f
i T+ (M)

Pio (. fay M-t \TF 219
feas (1+1£)M;

Pe _

The higher the shock Mach number, the greater is the increase in temperature and pressure after
passing of the shock wave. For a simple membrane shock tube, the thickness and the stability of
the membrane define the pressure differences reachable. For a fixed initial pressure of probe gas
in the low-pressure section, a thicker diaphragm will lead to a higher pressure and temperature
behind the shock wave.

Driver and driven gas are usually chosen to obtain a maximum pressure and temperature jump
with a minimum amount of driver gas. In most cases, the detection method employed determines
the choice of the driven gas. As the driver gas, a light weight gas should be used. Common
choices are helium and H.. Hz is the more effective driver gas. However, it sometimes cannot be
utilized due to its reactivity.

2.2  Atomic Resonance Absorption Spectroscopy (ARAS)

Atomic resonance absorptions spectroscopy (ARAS) is a very sensitive method for the detection
of atomic species (lower detection limit H ARAS: ~ 5 x 102 mol cm [3]). Myerson et al. [10]
were the first to combine the ARAS technique with a shock tube setup to quantitatively follow
the production of hydrogen atoms in the high temperature thermal decomposition of (H>).
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Throughout the years, ARAS has been applied to numerous different atomic target species. Some
of them are exemplarily listed in table 2.1.

Table 2.1: Different ARAS techniques, the associated detection wavelength and calibration systems (based on [3]).

target species Alnm calibration ref.
N 119.9 NO or N, [11, 12]
D 121.5 N20/D; [13]
H 121.6 NO/H, or H, [13, 14]
0 130.4 N0 [15-17]
Cl 137.9 CHsCl [18, 19]
C 156.1 CHa [20, 21]
[ 183.0 CHl [22, 23]

Key part of an ARAS experiment is the ARAS lamp or light source. Usually, a microwave dis-
charge lamp is used. The lamp gas contains the ARAS target species precursor (e.g. H ARAS:
H[10], I ARAS: CHal [22], CI ARAS: Cl; [19]).

2.2.1 Line Absorption Theory

| detection|

probe

reversal
layer (2)

ARAS

lamp emission

layer (1)

~— microwave

cavity

Figure 2.3: Two layer model for the description of an ARAS lamp.

Emission and absorption processes within an ARAS lamp can simplified be described by a two
layer model [3, 24, 25]. The differentiation of the layers is illustrated in figure 2.3. The first layer




2.2 Atomic Resonance Absorption Spectroscopy (ARAS)

is the ‘emission layer’ within the lamp. In this layer, excited atoms are generated by microwave
discharge. Resonance radiation is emitted due to the relaxation of the excited atoms to the ground
state. The second layer is directly bordered to the emission layer. In this ‘reversal layer’, reso-
nance radiation generated in the emission layer is absorbed by atoms in the ground state.
Depending on its length and the concentration of absorbing atoms in this layer, the line shape
can become completely reversed — the so called self-absorption or self-reversal phenomena (for
a detailed description, see Cowan and Dieke [26]). Thereby, the presence of the ‘reversal layer’
leads to the necessity of a separate calibration procedure as Beer-Lamberts law only holds for
infinitely narrow emission lines, and exact line shape calculations are difficult.

For a mathematical description of the total emission of an ARAS lamp, some assumptions have
to be made [25]:

e  Emission only occurs in a restricted emission layer with the length ..
e  Emitters are uniformly distributed in this layer. There are no concentration gradients.
¢ Reemission of absorbed resonance radiation is negligible.

Under these conditions, the frequency distribution (Ei(v)) of the radiation emitted by emission
layer can be written as

Ei(v) =1-exp(- oy (V[X]11). (2.20)

[X]1 denotes the concentration of the emitting atoms (species X) in the emission layer. If a

Doppler line shape is assumed for the emission line, the absorption cross section in layer i, oi(v),

) ( (v(v>>2>
o;(v) =ggexp| - 0 ) (2.21)

oo is the absorption cross section at the centre wavelength. The quantity y describes the line form
caused by doppler broadening. It is connected to the centre line frequency vo by

is given by

V-Vy
v =—- (2.22)
]
with the Doppler line width
Vo (2RTA®S
= - 2.23
o c ( M ) (2.23)
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ai accounts for temperature differences between the layers. If the reversal layer is accepted as
reference state and its temperature is assumed to be 298 K [3], ai is defined as

7. .05 0.2
(T 2.24
ai (298 K)

with Ti as the temperature of the layer i.

The reversal layer (length I2, concentration [X]z2) is a purely absorbing layer. Its emission (E2(v))
depends on the emission (E1(v)) of the emission layer and the absorption cross section o(v) of the
absorbing species [24]. E2(v) is the total emission of the ARAS lamp.

E;(v) = E4(v) - exp(- 02(V)[X]2h) (2.25)

If the emission line consists of an overlapping multiplet, equations (2.20) and (2.25) have to be
slightly modified. Fractions by all j components must be summed up:

Ei(V) =1- exp(Z;(- o1 (v, )[X]411) (2.26)

E,(v) =E1(v) - eXp(Zj(‘ 02(v,)) [X]zlz)) (2.27)

These equations were first derived by Ladenburg and Reiche [27] in 1913.

The Lyman-a line of hydrogen atoms is an overlapping doublet with the two centre wavelengths
121.5668 nm (2S1/2 < 2Ps2) and 121.5673 nm (2Su2 < 2P12) [28]. With equation (2.27), the total
emission function of an H ARAS lamp as a function of y(v) (2.22) is given by

2 A2
Ex(y) =[ 1-exp| - (001 [H]1/4 exp (' <a—y1) ) +2004[H]4/4 exp <' <V -;1 V) ))

(eXp(‘C’oz[H]z/z exp(-yz) + 200,[H]2/, exp(- v+ AV)Q)))- (2.28)

The total emission of a H ARAS lamp for different concentrations of H atoms in the reversal
layer ([H]2 = 0 cm® to [H]> = [H]» = 5 x 10 cm?®) is illustrated in figure 2.4. With increasing
concentration [H]z, self-reversal of the line becomes more pronounced. However, also for small
concentrations, effects on the line shape are noticeable.

10
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- o<

0.8 1

0.6 1

E,(i)/a.u.

0.2 4

0.0 T T T T
121.568 121.570 121.572 121.574

Alnm

Figure 2.4: Total emittance calculated for the H Lyman-a line by equation (2.28). Input parameters: |, = 3 cm,
l,=15cm, T, =300 K, T, =298 K, [H]; =5 x 10%* cm, [H], = 0 cm™® (black), 1 x 10%° cm (red),
5 x 10%° cm® (green), 1 x 10 cm (blue), 1.25 x 10'* cm (dark green), 5 x 10** cm-2 (yellow).

Usually, lamp setups for ARAS experiments are designed to reduce self-absorption effects. This
can easily be achieved by low precursor concentrations in the lamp mixtures. Alternatively, the
flow direction of the lamp gas through the lamp setup can be varied: If the lamp mixture passes
through the microwave discharge from the probe side of the lamp, H atoms between emission
zone and probe originate only from diffusion of H atoms from the emission layer. Different lamp
designs were also discussed: Myerson and Watt [29] experimented with an ARAS lamp with
expansion chamber. Lifshitz et al. [1] omitted the reversal layer by dividing the quartz tube into
two parts by an additional optical window (figure 2.5).

vacuum ]
gas out EErmm \
—_— T
gasin ;i
Ll probe
MgF; window

Figure 2.5. Microwave discharge lamp design by Lifshitz et al. [1] to reduce self-absorption.
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2. Theoretic Foundations

2.2.2 Detection

The detection unit of an ARAS experiment usually consists of a wavelength selector to isolate
the detection wavelength (compare table 2.1), and a photomultiplier tube to record the transmit-
ted intensities. The choice of the devices mainly depends on the detection wavelength, and the
space available in the experimental facility.

2.2.2.1 Instruments for the Isolation of Specific Wavelength

Specific wavelengths can be isolated with a monochromator [30]. The incident radiation enters
the monochromator through the entrance slit. The light beam passes through a dispersing com-
ponent (e.g. prism, grating) where the different wavelengths are separated. The spatial orienta-
tion of the dispersing element relative to the exit slit determines the wavelength of the mono-
chromatic radiation transmitted through the device. Two lenses or spherical mirrors are used to
focus the incoming light onto the dispersing element, and the monochromatic radiation onto the
exit slit. Aberrations (e.g. astigmatism, coma) can be reduced by the choice of the optical com-
ponents (gratings, mirrors, lenses) and the spatial arrangement of these [31-33].

If the utilization of a monochromator is not feasible (e.g. due to space restrictions), optical filters
can be an alternative. Commercial filters are categorized either according to the underlying phys-
ical processes (e.g. absorption filter, interference filter) or according to their spectral properties
(e.g. edge filter, band pass filter) [32]. Edge filters exhibit high transmissions, and a steep edge
separating the transmitted and blocked wavelengths. Short pass and long pass filters are distin-
guished. Band pass filters transmit a restricted range of wavelengths. Their transmission curves
are characterized by the peak wavelength, their maximum transmission and the full width at half
maximum. They usually show a lower maximum transmission compared to edge filters. Broad
band and narrow band filters are distinguished. Alternatively, also gases (molecular or atomic)
can used as transmission filters [34]. The absorption spectrum of the filter species determines
the application range. Additionally, the reactivity of the filter species must be considered to pre-
vent damage to the experimental setup.

The main difference between the two components, filter and monochromator, lies in the band-
width of the light transmitted. To obtain unbiased ARAS results, it is important to ensure that
only radiation of the detection wavelength of the ARAS target species is transmitted to the
detector, if the probe additionally contains other absorbing species. Due to the high sensitivity
of ARAS and the often low concentrations in the probe, the interfering absorption processes are
mostly resonance absorption processes by other atomic species. The utilization of a monochrom-
ator is recommendable. If an ARAS setup is operated with a filter, the filter and the material of
the other optical components must be chosen to restrict the wavelength range transmitted as
much as possible. Therefore, possibly interfering species have to be identified in the planning of
the experiment.
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2.2 Atomic Resonance Absorption Spectroscopy (ARAS)

2.2.2.2 Photomultiplier Tubes

Detection of light by photomultiplier tubes is based on the photoelectric effect. After passing the
entrance window, the incident radiation causes the emission of photoelectrons from the photo-
cathode. These electrons are accelerated and focussed onto the first dynode of the electron mul-
tiplier unit. In this unit, the electron emission of the first dynode is amplified. Electrons emitted
by the final dynode of the unit are collected at the anode, and the current is measured. This
current is related to the intensity of the incident radiation.

The material of the entrance window and the photocathode mainly determine the spectral re-
sponse range of the photomultiplier. The entrance window should exhibit a high transmission in
the range of the detection wavelength. For the photocathode, materials with a low work function
are used. The number of dynodes and their spatial arrangement influence the sensitivity, time
resolution and response linearity of the photomultiplier tube.

2.2.3 Calibration

Three principal approaches to calibrate an ARAS experiment are available. In the following, a
brief introduction will be given.

Calibration through a well-known reaction system

To calibrate ARAS, a reaction system with a well know mechanism is chosen. Rate coefficients
should be known with good precision. ARAS experiments on this system are conducted and the
concentration-time profile of the ARAS target species is simulated under the conditions of the
experiment. To obtain a calibration curve, simulated concentrations are assigned to measured
absorbance values for each point of time during the measurement. Each experiment corresponds
to one calibration curve.
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Figure 2.6: Right: Comparison of a measured absorbance-time profile with the simulated concentration-time profile.
Left: Resulting calibration curve.
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2. Theoretic Foundations

This calibration technique is regularly employed in H ARAS experiments [3, 13, 35]. H ARAS

calibration measurements are performed on mixtures of N2O and Ha.

Table 2.2.: Reaction mechanism for the calibration of H ARAS with N,O/H, mixtures.

Parameterization: k(T) = A x (T/K)" x exp(-Eo/RT). Units: s, kJ, mol%, cm?, K.

reaction A n Ea ref.
(R2.1) N,O+M— N, +O+M 3.97 x 10 | 0.00 237 [36]
(R2.2) O+H, - OH+H 5.11 x 10* 2.76 26 [37]
(R23) Hy+M—>H+H+M 6.02 x 10*® | -1.10 343 [38]
(Ra.4) H+H+M—H,+M 6.89 x 1017 | -1.00 0 [38]
(Rzs) H+OH+M—H,0+M 8.34 x 10 | -2.00 0 [37]
(Ras) Hy, + OH > H, + O 1.02x 108 | 1.60 14 [37]
(R27) N,O +H — N, + OH 2.23x 10" | 0.00 70 [39]
(R2s) N2O+0 — Ny + 0Oy 1.02 x 10 | 0.00 117 [40]
(R2) 0O+0+M—0,+M 1.01 x 10¥ | -1.00 0 [41]
(R2.10) OH+OH—H,0+0 1.50 x 10° | 1.14 0.4 [37]
(Raa1) OH+0— 0, +H 1.44x 108 | 0.00 2.9 [37]

The decomposition of N0 yields N, and atomic oxygen (Rz.1). These oxygen atoms can abstract
a hydrogen atom from H, forming hydroxyl radicals and hydrogen atoms (R22). By these two
reactions a sufficient amount of atomic hydrogen can be produced, also at lower temperatures.
The ratio of N,O to H; in the mixtures determines the temperature range that can be covered in
the calibration experiments. Under low temperature conditions, an excess of N2O should be used.
At higher temperatures, mixtures containing a surplus of H; are better suited. For temperatures
above 2000 K, calibration with mixtures containing only H is feasible.

The main disadvantage of this calibration method lies in the sensitivity of calibration curves to
the rate coefficients in the calibration mechanism. For H ARAS calibration, this problem is
reduced by the number of reactions influencing H atom concentrations. However, if only one or
two reactions determine the absolute concentrations of the ARAS target species in the simula-
tion, uncertainties in the corresponding rate coefficients directly translate into errors in the cali-
bration curve.

14



2.2 Atomic Resonance Absorption Spectroscopy (ARAS)

Calibration by maximum absorbance measurements

If a molecule completely decomposes, and secondary reactions are negligible, concentrations of
products at long reaction times are equivalent to the initial concentration of the reactant. For
calibration, a reactant is chosen, which yields the ARAS target species in one reaction step. Ex-
periments on mixtures of this reactant are conducted in a temperature range, in which a complete
dissociation of the reactant is highly probable. Measured absorbance-time profiles will converge
to a constant absorbance value for long reaction times. This constant absorbance value corre-
sponds to a concentration of the ARAS target species equal to the initial concentration of the
reactant. To obtain a calibration curve, measurements on different initial reactant concentrations
are evaluated. Each measurement translates into one point of the calibration curve.
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Figure 2.7: Right: Determination of the maximal absorbance. Left: Calibration curve (red square: experiment).

The main disadvantage of this calibration technique lies in the number of experiments necessary
to generate one calibration curve. Due to the fairly poor reproducibility of shock tube measure-
ments it is difficult to obtain calibration curves for specific experimental conditions, for instance
at a specific pressure. To cover the entire range of absorbances values, experiments on different
mixtures with distinct reactant concentrations are required. Very low reactant concentrations are
reached by stepwise dilution of higher concentrated mixtures. With each dilution step, the error
in the absolute concentration of the reactant increases. Thus, also the error in the calibration
curve increases for low absorbance values.

Calibration through line absorption theory calculations

An introduction to line absorption theory for ARAS was given in section 2.2.1. For the compu-
tation of calibration curves, the two layer model is extended by a third, purely absorbing layer,
corresponding to the probe.
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2. Theoretic Foundations

Absorption by this layer, denoted with the index three, can be described by

As(v) =exp(- 03(v) [X]3 /) .

For an overlapping multiplet, equation (2.29) changes to

As(v) = eXP(Z/(' o3(v,)) [X]3 /3))-

With these equations, the transmission through the probe layer Tr can be calculated as

_ 2B A dv

/
Tr =+ =
lo [ As(v) dv

The absorbance by a probe is related to its transmittance by

Abs = -log (Tr).

(2.29)

(2.30)

(2.31)

(2.32)

By varying the concentration of the absorber in the probe ([X]s) in equations (2.29) or (2.30),
calibration curves for a specific temperature Tz can be calculated with equations (2.31) and
(2.32). Thereby, calibration curves for the entire range of absorbance values can be obtained
quite easily and without the dependence on specific rate coefficients of various reactions. How-
ever, the determination of accurate lamp parameters is crucial and experimentally challenging.
Whilst the experimental conditions (temperature Tz and length of optical pathway Is) are in most
cases well known, lamp parameters, especially concentrations and temperatures, cannot be di-
rectly measured. As an additional parameter, the fraction of non-resonant radiation emitted by
the ARAS lamp has to be known. As calculations are based on a simplified model, daily fluctu-

ations in lamp intensities are not accounted for.
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2.3 Introduction to Reaction Kinetics

2.3 Introduction to Reaction Kinetics

2.3.1 Reaction Mechanisms

To describe the temporal development of a reacting system (e.g. the variation of species concen-
trations), reaction mechanisms are developed. Depending on the complexity of the system (hum-
ber of reactants, reactivity of reactants, reaction conditions) and the properties to be described
(concentrations of one species, concentrations of more species), the corresponding mechanisms
can consist of only a few up to several thousand elementary reactions. An elementary reaction
proceeds in only one step. Its molecularity equals the order of the reaction [42].

In general, the chemical equation of an (elementary) reaction can be expressed as [43]

zn1 e AS 2"1 VA, (2.33)

Ai denotes the species i in the system. vi represents the stoichiometric coefficient for species Ai as
educt (e) or product (p). k is the rate coefficient for the reaction.

From equation (2.33), the differential rate expression for the concentration of species j (cj) can
be derived to

% =k -v7)] o (2:34)

For a mechanism of r reactions with the rate coefficients ki (1 =1 ... r), the total rate of formation
of a species i is given by
n
dc; r Ve
] il
o 2 )]
i=1
To predict the temporal development of the concentrations of different species in a reaction sys-
tem, the differential rate equations (2.35) have to be solved. For the integration of these coupled
differential equations, different program packages are available (e.g. OpenSMOKE [44, 45]).
The results mainly depend on the values for the rate coefficients of the different reactions. To
assess which reaction has the maximum impact on the concentration of a species or by which
reaction path a certain species is formed, different methods are available [43, 46].
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2. Theoretic Foundations

2.3.2 Analysis of Complex Reaction Mechanisms

2.3.2.1 Sensitivity Analysis

Sensitivity analysis is a tool to identify the most important reaction steps in the formation and
consumption of one species in a complex mechanism. In this context, the most important reaction
is not necessarily the reaction which dominates the production or consumption of a species, but
the one for which a small change in the rate coefficient implies the most radical change in con-
centration. Hence, sensitivity analysis singles out rate determining steps in a mechanism

In practice, sensitivity coefficients are calculated. These are defined as:

n
=
1
QD
O

(2.36)

\Y)
)

Sir denotes the absolute sensitivity coefficient for the concentration of species i (ci) in relation to
reaction r with the corresponding rate coefficient k.. More frequently, relative sensitivity coeffi-
cients are employed. These can be calculated as:

5= @) ke 25, ean
T dIn(k) ¢ Odk

The larger the sensitivity coefficient, the higher is the influence of a distortion in the related rate

coefficient on the concentration. For sensitivity coefficients with positive sign, the change in the

rate coefficient is positively correlated to the change in concentration. In the case of negative

signs, the two numbers are negatively correlated, meaning an increase in the rate parameters

leads to a decrease in concentration.

In general, local and global sensitivities are distinguished. For a time-dependent system, a local
sensitivity coefficient at time t is the sensitivity coefficient calculated with the values at this time.
On the contrary, global sensitivity coefficients are the result of integration over the complete
time interval simulated.

2.3.2.2 Reaction Flux Analysis

In contrast to a sensitivity analysis, where the impact of change of rate coefficients is evaluated,
a reaction flux analysis describes how much of one species is directly formed or consumed in a
specific reaction. Commonly, a reaction flux analysis is performed for an atomic species. The
redistribution of this species throughout the reaction is than followed.
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2.3 Introduction to Reaction Kinetics

75.0 %

Figure 2.8: Reaction flux diagram.

Reaction flux analysis results are usually visualized as reaction flux diagrams. A schematic ex-
ample is displayed in figure 2.8. Assuming that this example shows the result of a reaction flux
analysis regarding the atomic species B, two cases need to be distinguished for the interpretation
of the diagram:

e Reaction flux analysis for the consumption of ‘AnBmC;’:
75 % of the atoms B in the reactant are found in the product.

e Reaction flux analysis for the production of ‘AxByC;’:
75 % of the atoms B in the product originate from the reactant.

Thus, in the interpretation of reaction flux diagrams, the stoichiometry of reactants and products
needs to be considered. All reaction channels originating from, or resulting in, a species have to
sum up to 100 %.

2.3.3 Temperature and Pressure Dependence of Rate Coefficients

Rate coefficients usually vary with temperature. To adequately describe a reaction system the
temperature dependence of the rate coefficients has to be parameterized. In most cases an Arrhe-
nius parameterization (2.38) is sufficient:

KD =Aexp - Ff_T) (2.38)

The rate coefficient k is given as a function of the Arrhenius parameter A and the activation
energy of the reaction Ea. This equation was first found by S. Arrhenius [47] in 1889.

If wide temperature ranges are covered, deviations from the simple Arrhenius form (2.38) can
be noted. In such cases, an extended Arrhenius expression [48] is employed:

k(T)=A'T"exp <- %:) (2.39)

Total rate coefficients of unimolecular reactions often additionally vary with pressure. A first
model to describe the pressure dependence of unimolecular reactions was developed by Linde-
mann [49, 50]. It was further refined by Hinshelwood [51], Rice, Ramsperger [52] and Kassel
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[53] and Rice, Ramsperger, Kassel and Marcus [54, 55]. According to Lindemann, a unimolec-
ular reaction

A% p (Ra1)
is better represented by
ki o«

A+M->A +M, (Rz22)

. k.4
A+M->A+M, (R2.3)

« ko
A SP. (R2.4)

The reactant A is activated through collision with the bath gas M. The activated species A" can be
either deactivated (R2.3) or react to form the product(s) P (R2.4).

kuni Can be expressed as a function of the rate coefficients ki, k-1 and k2 and the bath gas concen-
tration [M] which is proportional to the pressure in the system:

ki ko [M]

uni = PRIEDS (2.40)

At low pressures, kuni is directly proportional to the concentration of the bath gas [M]. At high
pressures an upper boundary value, the high-pressure rate coefficient, is reached.
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2.3 Introduction to Reaction Kinetics

2.3.4 Experimental Determination of Rate Coefficients

In general, rate coefficients can be determined either experimentally (direct or indirect) or cal-
culated with quantum chemical methods. The choice of the method mainly depends on the reac-
tion to be described. In the optimal case, not only one single method is employed, but a combi-
nation of both experimental and theoretic methods is chosen. In the following, two experimental
approaches will be discussed.

Determination of rate coefficients for first-order decomposition reactions
from concentration-time profiles

If a chemical reaction can be isolated experimentally, meaning it can be assured that only the
desired reaction or a small set of reactions influences the experimental results, rate coefficients
can be determined directly from the experimental data. This is especially true if concentration-
time profiles are recorded in the experiment conducted. For a simple first order reaction

AS P (Ra1)

the corresponding differential rate law is given by

Dividing equation (2.41) by the initial concentration of the reactant and evaluating the equation
for short reaction times leads to the following expression for the rate coefficient K under the
conditions (temperature, pressure) of the experiment:

" 1 d[P]

ST A 2.42
Aot @42
The initial slope (d[P]/dt) can be determined directly from measured concentration-time profiles.
Evaluating equation (2.42) for different experiments with different initial conditions provides
the data necessary for the deduction of an Arrhenius parameterization of the rate coefficient, and
gives information about a possible pressure dependence.

The main challenge is to ensure that only one isolated reaction influences the measured concen-
tration-time profiles. Experiments must be performed on very dilute reactant mixtures, which
restricts the available detection methods. At higher concentrations, the influence of bimolecular
(initiation) reactions increases as well as the number of influencing reactions. Furthermore, the
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2. Theoretic Foundations

experimental conditions must be chosen so that the reaction process can be timely resolved by
the detection method. This mainly defines the temperature range for the determined rate coeffi-
cients. Errors in the concentrations determined in the experiment directly translate into errors in
the rate coefficient.

Determination of rate coefficients by simulation of a (complex) reaction mechanism

If it is not possible to isolate a single reaction or to obtain uniform experimental conditions, rate
coefficients cannot be determined directly. In these cases, simulations must be employed. A
mechanism is chosen and, by variation of a (small) number of rate coefficients, adjusted to best
describe the experimental results. As before, by repeating the procedure for different initial re-
action conditions, Arrhenius parameterization and pressure dependence can be deduced.

Only rate coefficients of reactions which exhibit a high sensitivity towards the concentration of
the measured species can be determined this way. The quality of the obtained rate coefficients
strongly depends on the quality of the mechanism utilized and the rate coefficients implemented
therein. Especially missing reactions can falsify the obtained coefficients.
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3 Experiment

3.1 Experimental Setup

3.1.1 Shock Tube
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Figure 3.1: The shock tube. For detailed explanations see text.

All experiments were conducted in a stainless steel shock tube with polished inner walls. It con-
sists of a 4.25 m long low-pressure and a 3.05 m long high-pressure section. The low-pressure
section has an inner diameter of 10.0 cm and a wall thickness of 1.00 cm, whilst the high-
pressure section has an inner diameter of 9.85 cm and a wall thickness of 1.30 cm. Both parts
are connected by a quick-lock (a). At this position, a diaphragm (b) can be clamped.

On its other end, the high-pressure section is sealed with an end flange (c). Close to the end
flange, the inlet for the driver gas is mounted. The driver gas is introduced into the shock tube
via an electropneumatic valve (d) (Co.: SMC, NVZ110), which is operated with compressed air.

The low-pressure section is also sealed with an end flange (e). 5.3 cm from this end flange, four
mountings for optical windows (f) are positioned. These define two perpendicular optical detec-
tion axes.

To measure the shock wave velocity, four piezo resistant pressure transducers (g) (Co.: Kistler,
603B) are mounted into the wall of the low-pressure section starting 15.8 cm from the end flange.
The distance between two adjacent pressure transducers accounts to 40.0 cm.
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3. Experiment

The entire shock tube can be evacuated by a rotary vane pump (h) (Co.: Adixen, Pascal 2021SD)
mounted to the connection of low- and high-pressure section. To reach pressures below
8 x 10° mbar, a turbomolecular pump (i) (Co.: Pfeiffer, TMU 260) with a rotary vane backing
pump (j) (Co.: Pfeiffer Balzers, DUO 004B) is used. Pressures in the shock tube are monitored
by four pressure gauges ((p1) Co.: MKS, 122A; (p2) Co.: Balzers, TPR020; (p3) Co.: MKS, Bar-
atron 626 AX13MDE; (p4) Co.: Pfeiffer, IKR 550).

3.1.2 ARAS Setup

Only the original horizontal ARAS setup will be described here. The second, vertically mounted,
ARAS system will be discussed in chapter 4.3.1 as a part of the new dual ARAS experiment.

Figure 3.2: The horizontal ARAS setup. For detailed explanations see text.

An ARAS setup in general consists of two parts: a light source and a detection unit.

The light source is a 15 cm long quartz tube (a) (Co.: Aachener Quartzglas, inner diameter:
10 mm; wall thickness: 1.5 mm), partly enclosed by an Evenson cavity (b) which is connected
to a microwave generator (Co.: Muegge, MW-GPR YJ 1511-300-01). In this cavity, the micro-
wave discharge is generated and stabilized. To prevent melting of the quartz tube, cavity and
tube are cooled by a compressed air flow. One end of the quartz tube is connected to a rotary
vane pump (c) (Co.: Leybold, Trivac D4B). The other end is embedded into a stainless steel
flange to mount the ARAS lamp to the shock tube. To shield the shock tube from radiation, a
shutter is integrated into the flange.
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3.1 Experimental Setup

The lamp mixture is stored in a mixture tank (d) which is connected to the stainless steel flange
of the ARAS lamp. A metering valve (e) is used to set the gas flow through the lamp system.
This flow is characterized by the pressure inside the lamp system which is measured by a pres-
sure gauge ((p) Co.: MKS, Baratron 626BX12MDE). For H ARAS and Cl ARAS experiments,
an inner lamp pressure of ~ 15 mbar is chosen. It is decreased to ~ 10 mbar for | ARAS experi-
ments.

The detection unit consists of a monochromator (f) (Co.: Acton Research Cooperation, VM504)
and a photomultiplier tube (g) (Co.: Hamamatsu, R6349). The monochromator is directly
mounted to the shock tube. It is constantly evacuated by a turbomolecular pump (h) (Co.:
Pfeiffer, HiPace 80) with a diaphragm backing pump (i) (Co.: Pfeiffer, MVVP015-4). The photo-
multiplier tube is operated with a high voltage supply (Co.: Stanford Research Systems, PS325)
and connected to an oscilloscope (Co.: Tektronix, TDS5104B) for data acquisition.

To increase the time resolution of the ARAS experiments, two slits (width: 1 mm) are inserted
into the system. These are positioned in front of the optical windows of the shock tube.

3.1.3 Mixing System
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Figure 3.3: The gsa mixing system. For detailed explanations see text.

The gas mixing system consists of a stainless steel tube with seven KF flanges. It can be evacu-
ated by a rotary vane pump (a) (Co.: Adixen, Pascal 2021SD). Two pressure gauges (p1, p2) (Co.:
MKS, Baratron 626 AX02MDE (max. 2 mbar) and Baratron 626AX13MDE (max 1000 mbar))
are utilized to record the pressure inside the mixing system. Via another flange, the mixing
system is connected to the low-pressure section of the shock tube (b). Through this connection,
gases can be let into the shock tube. By the remaining three flanges, mixing and lamp tanks,
flasks, and gas cylinders can be connected to the mixing system.
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3. Experiment

For mixture preparation and storage, three 100 | vessels are available. Two of them (c) are con-
stantly coupled to the mixing system. These are both equipped with a turbomolecular pump (d)
(Co.: Pfeiffer, TMU261; Co.: BOC Edwards, EXT255H) and a pressure gauge (ps, ps) (Co.:
Balzers, PKR251). The two turbomolecular pumps are connected to one shared rotary vane back-
ing pump (e) (Co.: Edwards, RV8).

3.2 Experimental Procedure

Prior to each experiment, the entire shock tube was evacuated to pressures below
8 x 10 mbar. To avoid any interaction of the probe with radiation emitted by the ARAS lamp
(e.g. absorption, photoinduced reactions) before the experiment, the ARAS lamp shutters were
closed throughout the preparation procedure. They were opened short before the start of a meas-
urement.

The preparation of an experiment began with disconnecting the high- and low-pressure section
of the shock tube. After turning on the ARAS lamps, the probe gas was introduced into the low-
pressure section. A measurement was started by handling the foot pedal which operates the elec-
tropneumatic valve. The driver gas H was introduced into the high-pressure section of the shock
tube until the rupture of the diaphragm. Registration of a pressure rise at the first pressure trans-
ducer triggered the data acquisition at the oscilloscope. Data points were recorded for 2000 ps.

After an experiment, the valve separating high- and low-pressure section was opened again. The
shock tube was evacuated to pressures around 5 x 10 bar. Afterwards, it was filled with nitro-
gen and opened to remove the rest of the diaphragm. Parts of the diaphragm which were carried
into the shock tube, were removed by a strong flow of nitrogen. After inserting a new diaphragm
at the quick-lock, the shock tube was evacuated again.

To ensure a contamination-free setup, the first experiment each day was performed on pure argon
as probe gas. If an absorbance was recorded with any of the detection setups, another measure-
ment on argon was conducted. When the neatness of the shock tube was proven, calibration
experiments were performed. These had to be repeated every day to account for intensity fluctu-
ations of the ARAS lamps.

3.3  Mixtures

Mixtures were prepared in the mixing system (section 3.1.3) by the partial pressure method.
Components were introduced into the tanks in order of increasing ratio in the mixture. All liquid
chemicals were degassed in three pump-freeze circles prior to use.
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Lamp mixtures contained 1 % precursor in helium. That is H. for H ARAS, methyl iodide (CHal)
for I ARAS and chlorine (Cly) for ClI ARAS. Calibration mixtures for H ARAS experiments
consisted of N2O and Hz in a ratio of one to ten in argon. Mole fractions in these mixtures usually
ranged between 200 and 300 ppm N2O and 2000 and 3000 ppm Hz. The composition of all other
mixtures was varied during the experiments and will be stated in the corresponding sections.

A complete list of chemicals used, including their purity and manufacturer can be found in ap-
pendix A.1.

3.4 Software

For the calculation of the experimental conditions behind reflected shock waves based on the
shock wave equations (compare section 2.1) Mathcad 2000 and Mathcad Prime 2.0 (Co.: PTC/
Mathsoft) were used. Data was processed and evaluated with Origin (Co.: OriginLab Corpora-
tion, Versions 8 and 2017).

ARAS calibration curves were deduced with the LabView program ‘ARAS-Kalib’ written by T.
Bentz [56]. It was slightly modified to process the output data of OpenSmoke simulations.

All simulations were performed with the program package OpenSmoke Suite++ [45]. The ex-
periment was represented as a batch reactor under non-isothermal constant volume conditions.
To solve the coupled differential equations, the implemented ODE-solver ‘OpenSMOKE’ [45]
was used.

3.5 Errors and Uncertainties

The main source of errors in the experimental results is the restricted precision of the instruments
utilized. Errors in the experimental conditions behind reflected shock waves are mainly due to
uncertainties in the measured shock wave velocity. The precision of the calculated temperatures
was estimated to + 10 K. For the calculated pressures, uncertainties amount to circa + 0.1 bar.

The restricted precision of the pressure gauges leads to errors in the mixing ratios of probe and
calibration mixtures. These directly translate into uncertainties in reactant concentrations in the
experiment as calculated by the shock wave equations. Very dilute mixtures are prepared by
dilution of higher concentrated ones. With each dilution step, the error in the concentration in-
creases. The relative error for the calculated initial concentrations in the experiments was esti-
mated to + 10 %.

For rate coefficients directly determined from the initial slope of recorded concentration-time
profiles, errors were estimated to + 30 %. These include uncertainties in the concentration meas-
urements due to calibration, signal-to-noise ratio of the measurement and fluctuations in lamp
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intensities. Differences originating from the choice of the initial time interval for the determina-
tion of the initial slope are also included in this error estimate. This was shown in a trial with
students of the 2016 summer term reaction kinetics course. The participants were asked to mark
the initial part in ten H atom concentrations-time profiles from H ARAS experiments. From the
marked intervals, rate coefficients were calculated.

If rate coefficients were determined through modelling of a reaction mechanism, errors were
estimated to + 50 % to additionally account for uncertainties in rate coefficients of other reac-
tions, and for possibly missing reactions.
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4  Instrumental Modifications

4.1 Overview

Throughout this work, different instrumental modifications were developed and tested. Main
objective was the implementation of a second ARAS setup into the existing shock tube/ARAS
experiment. The second ARAS unit was installed onto the second available optical pathway,
perpendicular to the original ARAS system. However, as the detection axes do not exhibit
exactly the same conditions, some changes were necessary in the adoption of the ARAS setup.
In the process, a filter flange was constructed which can be employed either as a molecular or as
an atom filter.

In another series of experiments a different membrane system was tested. Aim was an improve-
ment of the reproducibility of the experiments. An inlet for the low-pressure section of the shock
tube has been developed by which a mandrel can be positioned close to the diaphragm. The
rupture of the diaphragm should then be determined by the position of the mandrel, rather than
by the pressure difference alone. Thereby, the spontaneous and ‘uncontrolled’ rupture of the
diaphragm should be avoided.

Both instrumental modifications will be described in detail in this chapter. In the first section,
the alternative membrane system will be presented and the reproducibility of shock tube meas-
urements will be discussed. The dual ARAS setup will be introduced in the second part. An
introduction to the oxygen filter system (one application of the filter flange) will be given. Inter-
changeability of ARAS for different species will be discussed. The second utilization of the filter
flange is the topic of section 4.4. Possible applications of this atom filter will be considered.

This work has been partly performed as a student work supervised by the author. L. Golka par-
ticipated in the trial of the atomic filter flange during her seven week practical lab course
(‘Vertieferpraktikum’). M. Kraft conducted the test measurements of the new membrane system
in his bachelor thesis. F. Poschen took part in the trial of a vertical Cl ARAS setup during his
seven week practical lab course (‘Vertieferpraktikum”).

4.2 Test of an Alternative Membrane System

A main disadvantage of the traditional membrane shock tube is the restricted reproducibility of
experimental conditions behind the incident or reflected shock wave. This is mainly due to the
spontaneous rupture of the diaphragm once the pressure difference between high- and low-
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pressure section is high enough. Slight variations in the condition of the aluminium foil (e.qg.
unwanted small bents) influence the tear properties of the material. The problem can be reduced,
if the rupture of the diaphragm is introduced manually. If a cutter is placed into the low-pressure
section at a given distance from the diaphragm, the contact of the strained membrane with the
cutter induces the rupture of the diaphragm. In this case, the experimental conditions should be
mainly determined by the position of the cutter and the pressure in the high-pressure section.

In this work, a cutter system was developed in analogy to a setup utilized in the shock tube
facility at the Clean Combustion Research Centre at KAUST [57]. It was tested with polycar-
bonate sheets (Co.: coloprint tech-films, Makrofol DE 1-1, thickness: 175 pum and 250 pm) and
aluminium foil (Co.: Alfol, 99.9 % Al, thickness: 80 um and 60 pum) as membranes.

Figure 4.1: The currer system.

The cutter setup consists of an inlet which can be positioned into the low-pressure section of the
shock tube. It is crafted out of an 8.00 cm long hollow messing cylinder with an outer diameter
of 9.98 cm and a wall thickness of 0.98 cm. In the centre of this cylinder, the cutter can be fixed
in a thread by a lock nut. Three thin messing struts hold the thread in the centre of the cylinder.
A threaded rod with a four-sided pyramidal head is used as cutter. To ensure a cutting of the
membrane, a blunt tip is utilized. A sharp tip would result in a hole in the diaphragm and the
pressure in the two shock tube sections would equalize without generation of a shock wave. The
distance d characterises the position of the cutter relative to the membrane.

Test measurements with polycarbonate sheets were performed on pure argon as probe gas. In a
small number of high-temperature H ARAS experiments, no absorbance due to the presence of
H atoms was recorded. This indicates, that no or only negligible quantities of hydrocarbons or
other hydrogen containing substances are outgassed from the polycarbonate sheets even under
high vacuum conditions.

Temperatures behind the reflected shock wave as a function of the initial pressure in the low-
pressure section for different positions of the cutter are displayed in figure 4.2. All experiments
were performed with 175 um thick polycarbonate sheets.
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Figure 4.2: Temperature (Ts) behind the reflected shock wave for different initial pressures (p1) in the low-pressure
sections and different cutter positions d: black: 4.1 mm; green: 5.2 mm; red: 6.1 mm; blue: 7.0 mm.

With increasing initial pressure, the temperatures behind the reflected shock wave decreases.
Apparently, the greater the distance between cutter and membrane, the higher the temperature
behind the reflected shock. For a greater distance d, the generation of a shock wave requires a
stronger straining of the membrane. Therefore, higher pressures of driver gas in the high-pressure
section are necessary. In accordance with equation (2.18), this results in a higher pressure behind
the reflected shock wave and thus a higher temperature.

This is supported by figure 4.3. The initial pressures of driver gas in the high-pressure section
were calculated from the initial pressures in the low-pressure section, and measured shock wave
velocities by equation (2.19). If the rupture of the diaphragm was mainly determined by the
position of the cutter, the inlet pressure in the high-pressure section should not change much for
small changes in the pressure in the low-pressure section. The results displayed in figure 4.3
indicate, that this is not the case for the experiments performed in this work. The greater the
distance d, the more pronounced are the differences in the initial pressure in the high-pressure
section. Thus, the destruction of the diaphragm is most probably dominated by the spontaneous
rupture of the membrane. This could change if thinner polycarbonate sheets were used as mem-
branes. The higher flexibility of thinner sheets should reduce pressures necessary to obtain a
certain curvature of the membranes. In consequence, also the pressure differences should be
reduced.
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Figure 4.3: Initial pressures in the high-pressure section for the experiments depicted in figure 4.2 calculated with
equation (2.19). Different cutter positions d: black: 4.1 mm; green: 5.2 mm; red: 6.1 mm; blue: 7.0 mm.

Plastic sheets with a thickness of 250 um proved too thick for practical applications. Pressures
and temperatures behind the reflected shock wave ranged between 2.0 and 4.2 bar and 2100 and
3100 K respectively (inlet pressure low pressure section: 40.0 to 75.0 mbar). The position of the
cutter was varied between 4.1 and 5.2 cm. However, of the 50 experiments conducted, only in
25 a shock wave was generated. In most of the other experiments, the plastic sheets did not
rupture. This was mainly due to the thickness and mechanical stiffness of the material.

No significant increase in the reproducibility of the shock wave experiments was obtained with
the new membrane system. However, due to the manual cutting, the uncontrolled splintering of
the diaphragms was prevented. This is not extremely important for the shock tube/ARAS setup.
However, at the second shock tube of our shock tube facility, it could be a significant improve-
ment. This second shock tube is coupled to a TOF-MS as detection unit. The sampling occurs
via a cone with a small pinhole (diameter 60 um) in the endplate of the low-pressure section.
Aluminium splinters can lead to a blocking of the sampling system.

In a few experiments, also a combination of aluminium foil with the cutter system was tested.
As for the plastic sheets, the reproducibility of the experimental conditions was not improved.
However, also in this case the uncontrolled splintering of the membranes was avoided.
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4.3 The Dual ARAS Experiment

4.3 The Dual ARAS Experiment

4.3.1 The Second ARAS Setup

The second ARAS setup is mounted perpendicular to the already existing horizontal ARAS unit.
Thereby, the second optical detection axis of the shock tube is used. Due to its spatial orientation,
it will be denoted vertical ARAS to distinguish it from the already present horizontal one.

vertical ARAS @

‘ (a)
horizontal ARAS I8

ﬁ,

Figure 4.4: Orientation of the two ARAS setups (left) and the design of the vertical ARAS setup (right).
For detailed explanations see text.

N

(c)

(b)

(d)

Like the horizontal ARAS unit described in section 3.1.2, it consists of a light source and a
detection setup. The light source is installed on top of the shock tube over the optical axis. Its
design resembles the one of the horizontal ARAS light source. Only the microwave generator
(Co.: MUEGGE, MGO0300D-211TC) and the rotary vane pump (Co.: Pfeiffer, DUO 005M)
differ.

As detection unit, a photomultiplier (¢) (Co.: Hamamatsu, R1259) in a stainless steel case is
directly mounted onto the other side of the optical axis. A rotary vane pump (d) (Co.: Leybold,
TRIVAC) is utilized to evacuate the photomultiplier case. Due to the very restricted space avail-
able, a monochromator, as in the horizontal ARAS detection unit, cannot be used. Between the
optical window and the photomultiplier, an optical filter (b) can be placed as alternative for the
monochromator (see discussion section 2.2.2.1).

To operate the vertical ARAS as H ARAS, a vacuum UV narrow band pass filter with a centre
wavelength of 121.6 nm (Co.: Pelham Research, 122-NB, peak wavelength: 122 +/- 2.5 nm, peak
transmission: 15 %, FWHM: 20 nm) was chosen. In figure 4.5 the transmission spectrum of the
filter is compared to a representative emission spectrum of the H ARAS lamp (operating
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conditions: mixture: 1 % Hy in He; pressure: ~ 15 mbar). In the spectrum, the atomic emission
line of hydrogen (121.6 nm) can be clearly identified.
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Figure 4.5: H ARAS lamp emission spectrum (1 % H, in He, piamp ~ 15 mbar) and selected atomic emission lines (red:
hydrogen; green: nitrogen; grey: oxygen) [28]. Blue: transmission spectrum of the narrow band pass filter
(Co.: Pelnam Research, 122-NB).

Additional emission lines can be assigned to transitions of oxygen and nitrogen atoms. These are
most probably formed from impurities in the gases used for mixture preparation. A list of the
identified emission lines and the corresponding atomic transitions can be found in appendix A.2.
All emission lines will be transmitted through the optical filter (compare figure 4.5).

H ARAS is calibrated by measurements on mixtures of N>O and H; (see section 2.2.3). The
associated mechanism (table 2.2) predicts the formation of oxygen atoms as an intermediate spe-
cies. It is likely that the oxygen atomic emission lines at 130.2 to 130.6 nm will be absorbed by
the atomic oxygen generated in the reaction system. In consequence, a higher total absorbance
would be recorded in the calibration experiments. The resulting calibration curves would be flat-
ter, and the actual H atom concentrations in experiments would be underpredicted. Nitrogen
atoms are not generated in the system. To suppress the effect of non-hydrogen absorption, all
other emission lines in the lamp spectrum have to be omitted.

34



4.3 The Dual ARAS Experiment

4.3.2 The Oxygen Filter

For the isolation of the Lyman-a line, an oxygen filter is often used (e.g. [13, 58]). The absorption
coefficient of molecular oxygen at 121.6 nm is relatively small and increases significantly to
slightly smaller and slightly larger wavelengths (compare figure 4.6).
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Figure 4.6: H ARAS lamp emission spectrum (black) and absorption coefficients of molecular oxygen (blue) [59].

Even though the absorption coefficient of O, is not maximal at ~130 nm, it is sufficiently high
to absorb the atomic oxygen emission line in the H ARAS lamp spectrum.

The oxygen filter designed in this work consists of a hollow stainless steel flange which can be
installed between the ARAS lamp and the shock tube. The upper side of the flange is sealed by
a magnesium fluoride window (Co.: Korth Kristalle, diameter: 12 mm, thickness: 2 mm).
Thereby, the filter cavity and the ARAS lamp are separated. The filter is connected to an O, gas
cylinder and a rotary vane pump (Co.: Pfeiffer, DUO 3M). By a metering valve the pressure
inside the filter system can be regulated. It is measured by a pressure gauge (Co.: Pfeiffer,
CMR262).

To assess the effects of the oxygen filter, H ARAS lamp spectra were recorded for different
oxygen pressures inside the filter setup. The intensities for oxygen and nitrogen atomic emission
lines were evaluated relative to the maximum intensity in the spectrum (figure 4.7). With
increasing oxygen pressure, the relative intensity of the atomic emission lines decreases. An
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inner filter pressure between 30 and 50 mbar proved to be sufficient to suppress the atomic oxy-
gen emission line. The intensity of the Lyman-a line is only slightly affected.
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Figure 4.7: Relative intensities of the oxygen (red squares: 130.2 nm) and nitrogen (grey triangles: 119 nm, light grey
triangles: 124.3 nm) atomic emission lines with increasing O, pressure in the filter flange.
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Figure 4.8: Calibration curves for the vertical H-ARAS measured with (black lines) and without (grey lines) the filter
flange (p(02) ~ 30 mbar).
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The effect of absorption by oxygen atoms on calibration curves is illustrated in figure 4.8. The
original calibration curves for the vertical H ARAS, measured without the oxygen filter, are
depicted as grey lines. The black lines were calculated from calibration measurements with the
oxygen filter (p(O2) ~ 30 — 35 mbar). The differences between the two groups indicate that
atomic absorption by oxygen atoms occurs in the experiments without the filter. As discussed
before, suppressing the atomic oxygen emission lines in the lamp spectrum leads to a steepening
of the calibration curves deduced from the experiments.

The main disadvantage of the oxygen filter is the insertion of a third magnesium fluoride window
into the optical path. Transmission of Lyman-a radiation through the optical window is relatively
small (~ 66 % maximum). Consequently, absolute intensities decrease, and the signal-to-noise
ratio of the recorded profiles is significantly worsened.

4.3.3 A Vertical | ARAS Setup

To preserve the advantages of the horizontal H ARAS experiment, especially the significantly
better signal-to-noise ratio, the feasibility of a vertical | ARAS unit was explored. The | ARAS
lamp is operated with a mixture of 1 % methyl iodide in helium. Apart of iodine atoms, the
dissociation of the precursor molecule will also yield carbon andhydrogen atoms. The emission
lines of these species will most probably be a part of the lamp spectrum.

A representative emission spectrum of an I ARAS lamp (operating conditions: mixture:
1 % CHsl in He; pressure: ~ 10 mbar) is depicted in figure 4.9. It was recorded with the horizon-
tal ARAS setup, utilizing the monochromator to successively scan wavelengths from 115 to
195 nm. This wavelength range corresponds to the spectral response range of the photomultiplier
tube (Co.: Hamamatsu, R1259) employed in the detection setup. Atomic emission lines of hy-
drogen, nitrogen, oxygen, carbon and iodine can be identified in the lamp spectrum. Only the
signals at 163.7 nm, 157.8 nm, 154.2 nm and 123.0 nm could not be assigned to specific transi-
tions.

For I ARAS, often a detection wavelength of 183.0 nm is chosen (e.g. [60]). However, the
183.0 nm emission line could not be identified in the lamp spectrum. To reduce self-absorption
effects (see chapter 2.2), the lamp mixture is introduced into the lamp on the side connected to
the shock tube. In consequence, a layer of (almost) 1 % methyl iodide in helium will be present
in between the emitting plasma and the optical window of the shock tube. Methyl iodide shows
a strong absorption ability at 183.0 nm [59]. Thus, it is likely that the 183.0 nm emission line is
completely absorbed within the lamp.

In shock tube experiments, hydrocarbon radicals are usually generated from iodinated precursor
molecules (e.g. propargyl radicals from C3Hgsl [61], benzyl radicals from C7H7I [22]). Following
the concentration of | atoms in the system, concentrations of the desired radical species can be
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Figure 4.9: Emission spectrum of the I-ARAS lamp (1 % CHsl in He, piamp ~ 10 mbar) and selected atomic emission
lines (blue: iodine, red: hydrogen, green: nitrogen, grey: oxygen, black: carbon) [28].
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inferred. For hydrocarbon radicals, H atoms will almost always be generated during the experi-
ment. If oxygenated species are investigated, a generation of oxygen atoms is also possible. Ex-
cept under extreme conditions, the production of atomic carbon and nitrogen is highly unlikely.
Therefore, to avoid a distortion of | ARAS measurements by the absorption of non-iodine emis-
sion lines, it should be sufficient to suppress the oxygen and hydrogen atomic emission lines in
the lamp spectrum.

An operation of the I ARAS lamp with mixtures of I, in helium could significantly improve the
spectrum. However, due to the low vapour pressure of I, this solution is not feasible. Thus, in
this work the materials of the optical components were changed to restrict the spectral bandwidth
transmitted to the detector. The magnesium fluoride windows utilized in the H ARAS setup ex-
hibit a high transmission for wavelengths above 121 nm. For quartz windows, the transmission
cut off is shifted to ~ 146 nm. Consequently, the magnesium fluoride window on the upper side
of the shock tube was replaced by a quartz window (Co.: Haereus, Suprasil 1, diameter; 12 mm,
thickness: 2 mm). No additional optical filter was used.
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Figure 4.10: Parallel I-ARAS measurement on ethyl iodide decomposition (T = 900 K, p = 1.6 bar, [C,Hsl]o =5.7 x
10 mol cm?, [Ar]o = 2.1 x 10"° mol cm). Absorbance-time (left panel) and relative | atom concentra-
tion-time profile (right panel). Black: vertical | ARAS results. Grey: horizontal | ARAS results.

In figure 4.10, results of a dual I ARAS experiment (horizontal and vertical | ARAS) are dis-
played. Despite the low signal-to-noise ratio of the results obtained with the horizontal ARAS
setup, relative | atom concentration-time profiles recorded with the two ARAS units show a good
agreement. This indicates that possibly interfering emission lines are effectively blocked by the
selected optical window material, and that there is no interaction of the two optical detection
units.

Absorbance-time profiles recorded by the two ARAS setups differ noticeably (figure 4.10, left).
The broader spectrum transmitted to the detector in the vertical ARAS unit leads to an overall
higher intensity and, at the same time, to a smaller ratio of iodine resonance radiation. On the
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contrary, in the horizontal setup, a single line is isolated with a monochromator. Thus, the frac-
tion of iodine resonance radiation from the total radiation transmitted to the detector is higher.
In consequence, higher absorbance values can be recorded.

The low signal-to-noise ratio of the results obtained by the horizontal ARAS experiment are a
result of the low overall intensities recorded by the detector. For the test measurements, the hor-
izontal I ARAS setup was operated with a photomultiplier tube with maximum quantum effi-
ciency at 130 nm. At the detection wavelength of the experiments (178.3 nm) the quantum effi-
ciency of the photomultiplier tube accounts to 0.5 %. If a photomultiplier tube with a detection
maximum at 180 nm is utilized, the signal quality can be significantly improved.

4.4 The Atom Filter

Figure 4.11: The atom filter setup (black) installed within the horizontal ARAS unit (grey). For detailled explanations
see text.

A different method to suppress atomic emission lines is the installation of an atom filter. This
type of filter can also be used to determine the fraction of resonance radiation in ARAS experi-
ments [62, 63]. This information is necessary for the calculation of calibration curves based on
line absorption theory (see section 2.2.1).

In this work, the oxygen filter flange (section 4.3.2) was extended to function as atom filter. In
figure 4.11 the combined horizontal ARAS/atom filter setup is depicted. The filter flange (a) is
placed between the ARAS lamp (b) and the shock tube (c). A quartz tube (d) (Co.: Aachener
Quartzglas, inner diameter: 10 mm; wall thickness: 1.5 mm) is directly mounted to the flange.
As in an ARAS lamp, the quartz tube is partly enclosed by an Evenson cavity (e). The quartz
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tube is connected to a tank (f) containing the atom precursor mixture. A rotary vane pump (g)
(Co.: Pfeiffer, DUO 3M) is utilized to evacuate the system. The pressure inside the filter unit can
be monitored with a pressure gauge (Co.: Pfeiffer, CTR 262).

Atoms are generated inside the quartz tube by microwave discharge. These atoms pass through
the optical path of the ARAS detection setup. In passing, atoms previous relaxed to the ground
state absorb the corresponding resonance radiation. If the concentration of atoms in the filter
flange is high enough, the remaining signal recorded by the detection unit corresponds to the
amount of non-resonance radiation emitted by the ARAS lamp.

The atom filter was tested for H atoms. Filter mixtures contained 1, 3 and 10 % H> in helium
respectively. The intensity at the detector was recorded with respect to pressure inside the filter
unit, which was varied between 0 and 300 mbar.

To describe the behaviour of the filter, the fraction of radiation omitted (Omr) was calculated.
This fraction was defined as

Inax = 1
Omr= =2 . 100. (4.1)
/max
Results are displayed in figure 4.12. Error bars account for the signal-to-noise ratio of the exper-
imental data. The microwave input power was set to the same value as for the ARAS lamps and
the cavity was adjusted to minimize the fraction of reflected microwave power.

The amount of transmitted radiation decreases with increasing internal pressure in the filter. This
inner filter pressure correlates to the amount of H atoms produced within the system. For high
pressures, a constant value of omitted light is reached. In the case of the 3 % H- filter mixture,
this value amounts to circa 87 %. A further increase of the fraction of H, in the filter mixture has
almost no effect on the omission curve. Decreasing the fraction of Hy in the filter mixture to 1 %
leads to a lower maximum value which is reached at higher inner filter pressures. This indicates,
that the concentration of atomic hydrogen generated in the filter setup is too low to ensure a
complete absorption of the resonance radiation emitted by the ARAS lamp.

Interestingly, the omission curves exhibit a minimum at small internal filter pressures. At this
point, the intensity registered at the detector is higher than the one for zero mbar inner filter
pressure and no microwave discharge. The increase in intensity at the minimum depends on the
position of the cavity on the quartz tube of the filter. Therefore, it could be an emission effect in
the filter. If the excited hydrogen atoms generated by microwave discharge have only partly
relaxed to the ground state before passing the optical pathway of the ARAS setup, an emission
of resonance radiation by the remaining atoms in the excited state is possible. At the detector,
radiation by the ARAS lamp and radiation in the filter cannot be distinguished.
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Figure 4.12: Fraction of omitted radiation (Omr) as a function of the inner pressure of the atom filter and the percent-
age of H; in the filter mixture: black squares: 1 %,; red squares: 3 %; green squares: 10 %.

A different method for the determination of the fraction of resonance radiation emitted by the H
ARAS lamp are high temperature experiments on highly concentrated mixtures of H in argon.
For very high Hz concentrations in the mixtures, it can be assumed that all resonance radiation
is absorbed by the H atoms produced in the experiment.

For the experimental determination of the Lyman-a fraction, high temperature experiments (T =
2200 — 2600 K) at pressures around 1 bar were performed. Mole fractions of Hz in the mixtures
ranged from 6.5 to 15.0 %.. The percentage of Lyman-a radiation was calculated with equation
4.2).

The determined resonance radiation fractions are independent of the mole fraction of H; in the
mixtures. At temperatures below 2400 K it appears that the dissociation of hydrogen is not com-
plete. Fitting of the high temperature values leads to a fraction of resonance radiation of approx-
imately 89 %. This is in good agreement with the values extrapolated from the test of the atomic
filter. For the vertical ARAS setup, a lower value is expected. The resonance radiation fraction
amounts to approximately 70 %. This is due to the bandwidth of the interference filter as dis-
cussed in section 4.3.3.
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Figure 4.13: Fraction of resonance radiation for the horizontal H ARAS lamp determined in experiments on highly
concentrated H,/argon mixtures.

4.5 Outlook: Variations of the Dual ARAS Setup

The main focus of this chapter was the extension of the existing shock tube/ARAS setup by an
additional ARAS detection unit. This was realized for a combination of H and | ARAS. The
interchangeability of the two ARAS setups (horizontal H ARAS/vertical ARAS and vice versa)
was discussed. The argumentation can be extended to combinations of other ARAS types, if
some general principles are considered.

For the operation of an ARAS system, it must be ensured that no atomic emission lines can be
absorbed by the probe, except the one of the ARAS target species. Therefore, it is necessary to
isolate specific atomic emission lines by restricting the wavelength range to be detected. This
can be archived by different methods:

e Choice of lamp gas
e  Utilization of a monochromator (horizontal ARAS setup, section 3.1.2)

e Integration of an appropriate optical filter (e.g. narrow band pass filter,
compare section 4.3.1)

e Usage of a molecular or atom filter (compare sections 4.3.2 and 4.4)

e Choice of material for optical windows and other optical components
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As a consequence, it should be possible to combine most ARAS techniques, if a few precautions
are taken. Important is the recording of a complete lamp emission spectrum with respect to the
spectral response range of photomultiplier tube. In a second step, atomic emission lines in the
spectrum must be identified. To assess the applicability of the ARAS setup as vertical system
for a given experiment, the probability of formation of atomic species in the reaction system has
to be estimated and possibly interfering absorptions have to be identified. Last, but not least,
appropriate steps to restrict the wavelength range must be taken. To demonstrate the underlying
thoughts, a possible vertical Cl ARAS experiment will be briefly discussed. It was considered in
an attempt to evaluate the suitability of iodine monochloride as an | atom source for the calibra-
tion of I ARAS (see section 5.4.1).

The CI ARAS lamp is operated with mixtures of 1 % molecular chorine (Cl,) in helium. An inner
lamp pressure of 15 mbar proved to be sufficient. The corresponding lamp spectrum is depicted
in figure 4.14. Apart from the desired chlorine atomic emission lines, also emission lines of
hydrogen, oxygen, nitrogen and carbon atoms could be identified. In experiments on hydrocar-
bons, the hydrogen and oxygen atomic emission lines in the spectrum have to be suppressed to
avoid a distortion of the measurement by hydrogen and oxygen atomic absorption (compare dis-
cussion section 4.3.3). However, the use of a quartz optical window as in the vertical | ARAS
setup would also block the chlorine atomic emission lines. This problem can be solved by the
usage of barium fluoride optical windows in the optical pathway. Thereby, wavelengths shorter
than ~ 135 nm are suppressed [34].
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Figure 4.14: Emission spectrum of a Cl ARAS lamp (1 % Cl, in He, plamp ~ 15 mbar) and selected atomic emission
lines (yellow: chlorine, red: hydrogen, black: carbon, green: nitrogen, grey: oxygen) [28].
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5 Thermal Decomposition of
Ethyl lodide: A Test for the
Dual ARAS System

5.1 Introduction

The thermal decomposition of ethyl iodide (CzHsl) has been investigated in several studies [58,
64-70] throughout the last 25 years. Mechanism and rate coefficients of the system are well
known.

CzH5| d C2H5 + I (R5.1)

CyHs — CyH, + H (Rs.2)

Under shock tube conditions, ethyl iodide mainly reacts by C-I bond fission (Rs1). The ethyl
radical formed rapidly decomposes to ethylene (C2,H.) and a H atom (Rs>). Since the C-1 bond
fission is the rate determining step, both reactions can be summarised:

CzH5| — C2H4 +H+I (R5-3)

C2H5| — CzH4 + HI (R5,4)

Butler and Polanyi [71] were the first to note the influence of reaction (Rs.) as a second initial
reaction channel. Considering only reactions (Rs3) and (Rs.4), concentrations of | and H atoms
should be equal at short reaction times.
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The relative importance of reactions (Rs.1) and (Rs.4) in the consumption of the reactant can be
characterized by their branching ratio. This ratio is defined as

kR5 1 [I]w
= : = . 5.1
¢R5'1 kR5_4 + kR5_1 [CZHSI]O ( )

Branching ratios determined in different studies are compared in figure 5.1. Whilst the values
published by Kumaran et al. [58], Miyoshi et al. [72] and Varga et al. [65] show a reasonable
good agreement, the one of Weber et al. [66] is significantly lower. Kumaran et al. [58] and
Miyoshi et al. [72] both performed shock tube/l ARAS and shock tube/H ARAS experiments.
I and H atom yields were determined directly from the measured concentration-time profiles.
Weber et al. [66] conducted experiments on considerably higher concentrated mixtures. They
followed the thermal decomposition of ethyl iodide at different temperatures in a microreac-
tor/P1-MS setup. The deduced branching ratios depended on the photoionization cross sections
of hydrogen iodide and atomic iodine.
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Figure 5.1: Branching ratios for the two initial reaction steps (Rs1) and (Rs3) in the thermal decomposition of ethyl io-
dide. Solid line: Varga et al. [65] , dashed line: Kumaran et al. [58], densely dashed line: Miyoshi et al.
[72], densely dotted line: Weber et al. [66].
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The publication by Varga et al. [65] is based on the experimental results of a shock tube/H ARAS
study by Bentz et al. [64]. Additionally taking into account the experimental results of Michael
et al. [73] and Vasileiadis and Benson [74] for the reaction

H2 +| —>H+HI (Rs,s)

the authors optimized the rate coefficients in the mechanism proposed by Bentz et al. [64]. This
optimized mechanism is listed in table 5.1. Branching ratios were determined from the optimized
rate coefficients for reactions (Rs.1) and (Rs.4).

Table 5.1: Reaction mechanism for the thermal decomposition of ethyl iodide published by Varga et al. [65].
Parameterization: k(T) = A x (T/K)" x exp(-Eo/RT). Units: s, kJ, mol?, cm?, K.

reaction A n Ea ref.
(Rs.1) CoHgl —» C,Hg +1 3.34x 108 | 0.00 203.5 [65]
(Rs.2) CoHs+M > CoHy+H+M 1.00 x 1018 0.00 139.7 [65]
(Rs.4) C,Hsl — CoH, + HI 468x108 | 0.00 | 225.9 [65]
(Rs,) H+HI—Hy+1 6.61x 102 | 0.00 4.1 [65]
(Rs.7) C,Hsl + H - CyHs + HI 1.00 x 105 | 0.00 21.5 [65]

The thermal decomposition of ethyl iodide is a suitable test system for the new dual ARAS setup,
since mechanistic details are well known. As the concentrations of H and | atoms must be equal
for short reaction times, the quality of the measurement and calibration techniques can be as-
sessed. Therefore, as a first trial of the new instrumental setup, branching ratios for the initial
steps in the thermal decomposition of ethyl iodide were determined.

Parts of the experiments presented in this chapter have been performed in a student work super-
vised by the author. F. Poschen conducted some of the experiments on the calibration of
I ARAS and the revaluation of the rate coefficient for the C-I bond fission reaction in methyl
iodide during his seven week practical lab course (‘Vertieferpraktikum”).

5.2 Experiments and Calibration

To test the performance of the dual ARAS setup, experiments on mixtures of ethyl iodide were
conducted. Concentration-time profiles of | and H atoms were recorded simultaneously. Results
obtained with both types of dual ARAS setup (horizontal H ARAS + vertical | ARAS and hori-
zontal I ARAS + vertical H ARAS) were evaluated. Branching ratios were deduced directly from
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5. Thermal Decomposition of Ethyl lodide: A Test for the Dual ARAS System

the measured | atom concentration-time profiles at long reaction times. A temperature range from
900 to 1400 K was covered in the experiments. Pressures behind the reflected shock waves
ranged between 1.6 and 1.8 bar to enable a comparison to older experiments by T. Bentz [75].
Mole fractions of ethyl iodide were varied between 2.2 and 8.0 ppm (absolute concentrations:
2.2 x 101 to 1.5 x 1072° mol cm® ethyl iodide).

H ARAS experiments were calibrated with mixtures of N2O and H; in argon as described in
section 2.2.3. For | ARAS calibration, measurements on the thermal decomposition of methyl
iodide were performed. The mixtures contained between 0.5 and 10 ppm methyl iodide in argon.
I atom concentrations in the system were simulated with the mechanism proposed by T. Bentz
[75] (table 5.2). The thermodynamic data for all species in the mechanisms of this chapter were
adopted from the database by Burcat et al. [76].

Table 5.2: Reaction mechanism for the thermal decomposition of methyl iodide (calibration | ARAS) from T. Bentz
[75]. Parameterization: k(T) = A x (T/K)" x exp(-Eo/RT). Units: s, kJ, mol?, cm?, K.

reaction A n Ea ref.
(Rss) CH3l+M — CHz +1+M 2.65x10% | 0.00 | 165.0 [60]
(Rs) CHz +M— CHy +H +M 1.70x 10® | 0.00 | 379.0 [37]
(Rs.10) H+l+M—HI+M 2.07 x 10 | 0.50 183.0 [77]
(Rse) HI+M—H+1+M 5.00 x 10 | 0.00 | 340.9 [23]
(Rs.11) l+HI > H+1, 7.83x10% | 0.00 155.0 [78]
(Rs.12) H+Hl—Hy+1 476 x 108 | 0.00 2.7 [79]
(Rs13) [ +1+M— 1, +M 2.36 x 10% | 0.00 6.3 [79]
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5.3 Experimental Results: Comparison to the Mechanism
by Varga et al. [65]
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Figure 5.2: Comparison of simulated and measured relative concentration-time profiles for H (red) and | atoms (black).
Simulated mechanism: Varga et al. [65] (table 5.1). Experiments: T =970 K, p = 1.7 bar, [C,Hsl]o =
5.1 x 10" mol cm™®, [Ar]o = 2.2 x 10°° mol cm3, horizontal H ARAS, vertical | ARAS (left panel);
T=1012 K, p = 1.2 bar, [CoHsl]o = 1.2 x 10 mol cm?, [Ar]o = 1.4 x 10°° mol cm™, horizontal | ARAS,
vertical H ARAS (right panel).

In figure 5.2 results of two different measurements are compared to concentration-time profiles
simulated based on the mechanism by Varga et al. [65]. The experiments depicted differ not only
in their experimental conditions, but also in the experimental technique employed. The lower
temperature experiment (left panel) was conducted with a horizontal H ARAS/vertical | ARAS
configuration of the dual ARAS setup. Lower absorbances for the | ARAS measurements result
in significantly higher signal-to-noise ratios. These get even worse for longer reaction times, as
the calibration curves are steeper for higher absorbance values. This problem can be reduced by
decreasing the reactant concentrations in the mixtures investigated.

The experiment shown in the right panel of figure 5.2 was performed with a horizontal |
ARAS/vertical H ARAS dual ARAS setup. Here, the H ARAS results exhibit the lower signal-
to-noise ratio for the same reason previously discussed for the vertical I ARAS results

For both measurements, H atom concentrations are well described by the model. I atom concen-
trations are underestimated for short reaction times. At long reaction times, the agreement of
simulation and experiment improves as can be noted in the right panel of figure 5.2. For temper-
atures above ~1200 K, the agreement of simulated and experimentally determined profiles im-
proves considerably. This is mainly due to the restricted time resolution of the experiment. The
initial increase in | atom concentration is so high that it cannot be resolved by the detection
technique anymore.
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As discussed in section 5.1, the initial reaction steps in the pyrolysis of ethyl iodide should yield
the same amount of H and | atoms. The H ARAS calibration method employed in this work is
well established and H atom concentration-time profiles are sufficiently well predicted by the
model. Thus, errors in the initial concentrations of ethyl iodide caused by wall adsorption of the
reactant are unlikely. In consequence, the | atom concentration-time profiles probably are erro-
neous. These errors most likely originate from errors in the calibration.

I ARAS experiments presented in this section were calibrated based on measurements of methyl
iodide pyrolysis. The corresponding calibration curves strongly depend on the rate coefficient
for the C-I bond fission reaction (Rs), as can be noted from the time-dependent sensitivity anal-
ysis for iodine atoms in the mechanism by T. Bentz [75] depicted in figure 5.3. A factor two
decrease or increase of this rate coefficients leads to a doubling of halving of | atom concentra-
tions at short reaction times. This directly translates into an increase or decrease in the initial
slopes of deduced calibration curves.
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Figure 5.3: Time-dependent sensitivity analysis for | atoms in the thermal decomposition of methyl iodide. Mecha-
nism: T. Bentz ([75], table 5.2). Experimental conditions: T = 1081 K, p = 1.7 bar, [CHal]o = 4.59 x101
mol cm, [Ar]o = 1.93 x 10° mol cm?, Reactions: black: (Rsg), red: (Rsg)-(Rs.13).

To improve the calibration of | ARAS and to obtain consistent results for the pyrolysis of methyl
and ethyl iodide, two approaches were chosen. Firstly, a separate | atom source was investigated.
lodine monochloride has been chosen due to its very simple structure. The results of experiments
on iodine monochloride decomposition are discussed in section 5.4.1. Secondly, the thermal de-
composition of methyl iodide was reviewed and reinvestigated by new shock tube/H ARAS/
I ARAS experiments. Results are presented in section 5.4.2.
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5.4 | ARAS Calibration

5.4.1 lodine Monochloride: An Alternative I Atom Source

lodine monochloride is synthesized from Cl, and I, by the reverse reaction of (Rs.14). Two de-
composition pathways are feasible yielding either molecular (Rs 14), or atomic (Rs.1s) iodine and
chlorine. It is sensitive to hydrolysis (Rs.1s) with hydrogen chloride and hypoiodic acid as hy-
drolysis products.

ICI+IClI=1, +Cl, (Rs.14)
ICl - | +Cl (Rs.15)
ICI + H,O — HCI + IOH (Rs.16)

Kinetic studies on iodine monochloride are scarce and mainly concerned with photolysis [80] or
bimolecular reactions with halogens [81, 82] or H, [83-85]. In most studies, iodine monochloride
is synthesized in situ from Cl, and I.. Consequently, the exact determination of the initial reactant
concentrations in the experiments is difficult.

Benson et al. [86] discussed iodine monochloride as a possible thermal source of chlorine atoms
at lower temperatures (470 — 610 K). They spectroscopically studied the reaction of atomic chlo-
rine with atomic hydrogen in a packed vessel reactor. lodine monochloride was synthesized in-
side the reactor.

The only shock tube study on iodine monochloride has been performed by Zhang et al. [87] in
1983. lodine monochloride was generated in situ in the mixing vessels. Its thermal decomposi-
tion was followed spectroscopically (detection wavelength: 423 nm, 669 nm). Temperatures in
the experiments ranged between 1000 and 2000 K. A rate coefficient for reaction (Rs.1s) was
deduced.

In this work, a few experiments on the thermal decomposition of iodine monochloride were con-
ducted to assess its suitability as an iodine atom source in shock tube experiments. lodine mon-
ochloride was obtained from Sigma-Aldrich and used without further purification. To avoid the
hydrolysis of the reactant, all glass vessels have been thoroughly dried and stored over phosphor
pentoxide prior to use. Only small amounts of mixtures were prepared to prevent condensation
of the reactant in the mixing vessels. During mixture preparation, a pressure of 0.06 mbar iodine
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monochloride was not exceeded. Mole fractions in the mixtures were set to 4.3 and 5.8 ppm. A
temperature range from 1010 to 2010 K was covered by the experiments. Pressures ranged be-
tween 1.4 and 1.8 bar.

Experiments were conducted with the new dual ARAS setup (vertical | ARAS, horizontal
H ARAS). A detection of hydrogen atoms by H ARAS would have indicated hydrolysis prod-
ucts. However, no absorbance by H atoms was recorded.

In figure 5.4, the results of maximum absorbance measurements (compare section 2.2.3) on
iodine monochloride are displayed. For comparison, representative calibration curves deduced
from experiments on methyl iodide decomposition are also shown. The results suggest signifi-
cantly higher | atom concentrations for low absorbance values. Extrapolating the results for the
4.3 ppm mixture to an absorbance value of zero leads to the conclusion that at zero absorbance,
circa 4 x 10" mol cm of iodine atoms should be present in the shock tube. This is highly un-
likely. However, it cannot be a consequence of a low sensitivity of the I ARAS technique, as
lower concentrations have been resolved in experiments on methyl and ethyl iodide before.

[11/10"" mol ecm™

0.0 0.1 0.2 0.3 0.4
absorbance

Figure 5.4: Results of maximum absorbance measurements on iodine monochloride (red squares: 5.8 ppm, black
squares: 4.3 ppm). Grey lines: calibration curves from experiments on methyl iodide decomposition.

Absorbance values recorded depended on the time between mixture preparation and the experi-
ment. Experiments could only be performed the day after mixture preparation. Two explanations
are possible: Either iodine monochloride was directly absorbed onto the walls of the mixing
vessel, or it decomposed according to reaction (Rs.14) and the product(s) were (at least partly)
absorbed. Complete dissociation after mixture preparation would not have any influence on the
actual atomic concentration as the total numbers of chlorine and iodine atoms do not change.
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According to Wiberg [88], iodine monochloride decomposes during evaporation. This is in line
with the brown gasses which were noted when the reactant containing glass vessel was evacu-
ated. Lowering the pressure in a system leads to a decrease in evaporation temperatures.

In consequence, it is highly probable that mixtures consisted of molecular chlorine and molecular
iodine which are in equilibrium with a certain amount of iodine monochloride. Due to its very
low vapour pressure, molecular iodine will most probably condense onto the walls of the mixing
vessel. Thereby, the equilibrium (Rs.14) will be shifted towards the decomposition products. The
mixture in the low-pressure section of the shock tube will consist of molecular iodine, maybe
some iodine monochloride, and molecular chlorine. Absolute concentrations cannot be assigned
due to the apparently complex processes preceding. Hence, calibration of I ARAS by measure-
ments on iodine chloride is not possible.

5.4.2 Thermal Decomposition of Methyl lodide

5.4.2.1 Literature Overview

The first study on thermal reactions of methyl iodide was conducted by Ogg [89] in 1934. Nine
years later, Butler and Polanyi [71] determined bond energies in different organic iodides. To
deduce the bond energy of the C-1 bond in methyl iodide, they measured rate coefficients for its
thermal decomposition at around 767 K (494 °C). However, Horrex and Lapage [90] repeated
their experiments, but could not reproduce the rate coefficients of the original study. From their
experimental results, the authors deduced a first order rate coefficient of

-1
229 kJ mol )S_1' 51)

ki(T) = 2.6 - 10" . exp< =

Saito et al. [91] investigated the thermal decomposition of methyl iodide in shock tube experi-
ments. Mixtures contained 0.2 to 3.0 mol% methyl iodide in argon. Experiments were performed
at different pressures (0.4 to 3.2 bar (total densities: 3.5 x 10 - 3.9 x 10-° mol cm®)) in a tem-
perature range from 1050 to 1500 K. To deduce a rate coefficient for the initial decomposition
step, the authors followed the depletion of methyl iodide concentration by monitoring its absorp-
tion at 259 and 275 nm. Absorption-time profiles were directly transformed into concentration-
time profiles by Beer-Lamberts law. The low pressure rate coefficient was parameterized as

178 kJ mol™

3mol” s 5.2
RT )cm mol™' s, (5.2)

Kong(T) =2.5- 10" - exp<

To further interpret their results, the authors proposed a small reaction scheme (9 reactions, 10
species). Computer simulations indicated that the published second order rate coefficient
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corresponds to the unimolecular C-1 bond fission reaction. Four years later, the authors further
investigated the thermal decomposition of methyl iodide in two different bath gases, helium and
krypton [92]. Collision efficiencies, and average energies transferred per collision, were de-
duced.

In 1990, Kodama et al. [93] published high-pressure rate coefficients for the dissociation of me-
thyl iodide and perdeuterated methyl iodide. Experiments were conducted in a quartz reactor at
seven temperatures between 600 and 650 K and pressures ranging from 20 to 200 mbar. Product
yields were measured by gas chromatography and mass spectrometry. Methane and 1, were iden-
tified as the main products under all experimental conditions. From the rate of formation for
methane, a dissociation rate coefficient for methyl iodide was deduced.

A comparative study of different methyl radical precursors was conducted by Davidson et al.
[94] in 1993. Concentrations of methyl radicals were directly measured by UV laser absorption.
From simulations of the measured concentration-time profiles, the authors determined a bimo-
lecular rate coefficient for the decomposition of methyl iodide:

133 kJ mol™

Kong(T) = 3.0 - 10™ . exp< =7

)cm3 mol™ s, (5.3)
Baeck et al. [95] studied the reaction of methyl radicals with H; in a shock tube/UV absorption
experiment at temperatures between 1250 and 1950 K. Azomethane and methyl iodide were uti-
lized as methyl radical precursors. Results were independent from the choice of the precursor
molecule. However, to satisfactorily simulate the experimental results obtained for the methyl
iodide/H, mixtures, the rate coefficient for the C-1 bond fission in methyl iodide had to be ad-
justed. The resulting second order rate coefficient was parameterized as

111 kJ mol™

Kong(T) = 3.2 - 10" . exp< =7

)cm3 mol” s (5.4)
A shock tube/l ARAS study on the thermal decomposition of methyl iodide was published by
Kumaran et al. [60] in 1997. The experiments covered a temperature range from 1052 to 1616 K
at pressures between 135 and 1100 mbar (102 — 828 torr). Mixtures contained 1.2 to 5.8 ppm
methyl iodide in krypton. | atoms were detected at 183.0 nm. Absorbance values were transferred
to absolute | atom concentrations by Beer-Lamberts law, accepting an absorption cross section
of 61=1.93 x 10 cm2. From the experimentally determined | atom yield of one, the authors
concluded that the C-1 bond fission channel is the only decomposition pathway. Bimolecular
channels like ‘T + CHslI’ or ‘CHs + CH3I’ ought to be of negligible importance.
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Rate coefficients were determined by least square analysis of semi-log plots of concentration-
time profiles and a bimolecular rate coefficient was published:

165 kJ mol™

Kana(T) = 2.62 - 10" - exp( =7 )cm3 mol s, (5.5)
In the same year, Takahashi et al. [96] reported on another shock tube/ARAS study under very
similar conditions. They investigated the thermal decomposition of methyl iodide and methyl
bromide in argon and nitrogen, recording halogen atom concentration-time profiles by | and Br
ARAS respectively. Temperatures between 1180 and 1600 K were covered at pressures between
1.5 and 2.2 bar (total concentrations: 8.6 x 10 - 4.0 x 10° mol cm™®). Rate coefficients were
directly determined from measured absorption-time profiles, assuming that Beer-Lambert law is
valid for the detection setup utilized. For methyl iodide in argon as bath gas, the following second

order rate coefficient was deduced:

165 kJ mol™

3 mol s 5.6
RT )cm mol™ s, (5.6)

kona(T) =2.28 - 10" . exp(
In 2009, Yang et al. [2] studied the suitability of methyl iodide as a methyl radical precursor for
higher concentration shock tube studies. They investigated the vibrational relaxation and thermal
decomposition of methyl iodide by laser schlieren densitometry at temperatures between 630
and 2200 K and low pressures (27, 88, 197 and 373 mbar (20, 66, 148 and 280 torr)). Mixtures
of 2 and 4 % methyl iodide in krypton were used in the decomposition experiments. At lower
temperatures, rate coefficients for the initial C-1 bond fission reaction were directly deduced from
initial density gradients. The rate coefficient was parameterized as

299 kJ mol™

kong(T) = 4.23 - 10°° - (TIK)952 . exp< =

)cm3 mol™ s7. (5.7)
To simulate their laser schlieren profiles, the authors developed a medium sized reaction mech-
anism (34 reactions, 15 species) based on an ethane pyrolysis scheme published by Kiefer et al.
[97]. Rate coefficients for the decomposition of ethane yielding two methyl radicals, and the
reaction of methyl iodide with H atoms yielding a methyl radical and hydrogen iodide, were
varied to optimize the agreement of simulated and measured profiles.

5.4.2.2 Experiments

Measurements of | and H atom concentrations were performed in two different temperature
ranges. Experiments at low temperatures (900 to 1250 K) were aimed at the revaluation of the
rate coefficient for the initial C-1 bond fission reaction. Experiments at high temperatures (1700
to 2000 K) were conducted to crosscheck the available literature mechanisms. At these
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temperatures, a formation of H atoms was observed. The new dual ARAS setup was utilized for
all experiments. Pressures ranged between 1.3 and 1.8 bar.

H ARAS experiments were calibrated with mixtures of N2O and H; in argon as described in
section 2.2.3. For | ARAS calibration a combined approach was chosen. At low concentrations,
I ARAS was calibrated with experiments on mixtures of ethyl iodide in argon using the Varga
mechanism ([65], table 5.1) for the simulation of I atom concentration-time profiles. For high
concentrations, results of maximal absorbance measurements on methyl iodide mixtures as dis-
cussed in section 2.2.3 were utilized. The approach is further illustrated in figure 5.5.

Straight lines at low absorbances are generated from the results of calibration experiments on
ethyl iodide. A slight temperature dependence can be noted. The results of maximal absorbance
measurements on methyl iodide are represented by black squares. Both results were fitted sepa-
rately. Measured absorbance-time profiles were calibrated depending on the absolute absorbance
values. For absorbances smaller ~ 0.07, calibration curves from ethyl iodide experiments were
used. For values higher ~ 0.07 the fitting polynomial of the maximum absorbance measurements
was employed. The resulting ‘final’ calibration curve is represented by the thick red line.
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Figure 5.5: Combined approach for the determination of I-ARAS calibration curves. Black lines: calibration curves

form ethyl iodide decomposition experiments. Black squares: results from maximum absorbance experi-
ments on methyl iodide/argon mixtures. Red thick line: one calibration curve.
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5.4.2.3 1 ARAS Results: The C-1 Bond Fission in Methyl lodide

To investigate the C-1 bond fission reaction (Rs.) in methyl iodide, I ARAS results of the dual
ARAS measurements were analysed. For temperatures above ~1250 K the decomposition pro-
cess could not be temporally resolved by the detector. Thus, only measurements at temperatures
between 950 and 1250 K are included in the determination of the rate coefficient for reaction
(Rszg). Rate coefficients were determined directly from the initial slope of the measured | atom
concentration-time profiles as discussed in section 2.3.4. Error bars account to 50 %. Lower sig-
nal-to-noise ratios and low absorbances increase the error in the determined rate coefficients
compared to results obtained with a horizontal | ARAS setup.
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Figure 5.6: Arrhenius plot of the experimentally determined rate coefficients for the unimolecular C-I bond fission re-
action in methyl iodide (p = 1.3 — 1.8 bar). Error bars: 50 %. Red line: Arrhenius fit.

From the Arrhenius plot depicted in figure 5.6, a unimolecular rate coefficient was parameterized
as

(5.8)

151 kJmol™\
-——]S8.
RT

k (T)=4.9- 109.exp<
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For comparison with the literature, a bimolecular rate coefficient was also determined assuming
that the rate coefficient is close to its low pressure limit:

160 kJ mol™

— 14 R
krgg)(T) =7.4-10 -exp( =T )cm3 mol™ s, (5.9)
The rate coefficient deduced in this work lies between the one published by Saito et al. [91] and
the ones of Kumaran et al. [60] and Takahashi et al. [96]. The rate coefficients determined by
Baeck et al. [95] and Davidson et al. [94] are almost an order of magnitude higher (compare

figure 5.7).
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Figure 5.7: Comparison of the bimolecular rate coefficient of this work (straight black line) with rate coefficients from
the literature: dark green: Baeck et al. [95] (p = 0.3 — 3.4 bar) ; light blue: Davidson et al. [94] (p=1—
1.25 bar) ; blue: Yang et al. [2] (p = 27 — 373 mbar); red: Kumaran et al. [60] (p = 0.13 — 1.1 bar); grey:
Takahashi [96] (p = 1.5 — 2.2 bar); green: Saito et al. [91] (p = 0.4 — 3.2 bar).

Kumaran et al. [60] and Takahashi et al. [96] studied the thermal decomposition of methyl iodide
in shock tube/l ARAS experiments. The experimental conditions were very similar to the ones
in this work. Takahashi et al. [96] deduced rate coefficients directly from the intensity-time pro-
files recorded. The authors assumed that the reaction proceeds as first order reaction, and Beer-
Lamberts law is valid. Whilst the first assumption should be acceptable, the second one is rather
critical for ARAS experiments. By working with highly diluted lamp mixtures (0.03 % I in
helium compared to 1 % methyl iodide in helium in this work), self-absorption effects in the
ARAS setup were reduced. Nevertheless, deviations from Beer-Lamberts law occur for high
absorbance values. These influence the rate coefficients determined.
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Like Takahashi et al. [96], also Kumaran et al. [60] worked with highly diluted lamp mixtures.
For the transformation of absorbance-time profiles into concentration-time profiles, they used
Beer-Lamberts law and a constant absorption coefficient. This absorption coefficient has been
determined in an earlier study [98] by maximum absorbance experiments on trifluoromethyl io-
dide (CF3l). Disadvantages of this type of experiment for the measurement of low concentrations
have been discussed in section 2.2.3.

The rate coefficients published by Beack et al. [95], Davidson et al. [94] and Saito et al. [91]
were deduced from simulations of experimental results. Saito et al. [91] followed the concentra-
tion of methyl iodide, whilst Davidson et al. [94] and Baeck et al. [95] recorded methyl radical
concentration-time profiles. Absorption measurements like these can be distorted by secondary
absorption of different species. In the case of methyl iodide measurements, secondary absorption
would lead to a presumably higher concentration of the reactant and thus a slower depletion.
This would result in an underprediction of the rate coefficient. On the contrary, secondary ab-
sorption in product concentration measurements leads to the assumption of higher product con-
centrations, and thus faster product forming reactions. Rate coefficients would be overestimated.

5.4.2.4 H ARAS Results: Mechanistic Considerations
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Figure 5.8: Comparison of measured H atom concentrations (T = 1970 K, p = 1.4 bar, [CHzl]o = 4.9 x 10" mol cm’3,
[Ar]o = 8.9 x 10 mol cm™®) to simulations with the mechanisms by Saito et al. (blue, [91]), T. Bentz (red,
[75]) and Yang et al. (green, [2]).

At temperatures above circa 1650 K, H atoms could be detected in the dual ARAS experiments.
In figure 5.8 measured and simulated H atom concentration-time profiles are compared. In the
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mechanism by Saito et al. [91] no H atom forming or consuming reactions are included. Thus,
no H atoms are predicted by the model at any time and temperature.

The only reaction pathway leading to a formation of H atoms in the mechanism by T. Bentz [75]
is the unimolecular decomposition of methyl radicals (Rsg). As this reaction is slow, only small
quantities of H atoms are expected even at high temperatures. The recombination reactions of
two methyl radicals, yielding either ethane or an ethyl radical and a H atom, are not included in
this model.

These reactions are incorporated in the mechanism by Yang et al. [2]. Furthermore, reactions of
hydrocarbons up to propane are considered. The main sources of H atoms are summarized in
figure 5.9. H atoms are mainly formed directly from methyl radicals. At lower temperatures, this
is mainly due to the recombination reaction forming an ethyl radical and a H atom. For higher
temperatures, there is also some influence of the C-H bond fission reaction. This is in line with
ethyl radicals being the second most important source of H atoms in the system.

c2H4
0.5% 52.3 %
0.6 % 50.6 %
14% 377/0
CZHG 1.1% =~ 295% C2H5
8.3 % 7.5 %
1.7% 5.8 %
C2H;

Figure 5.9: Reaction flux analysis for the formation of H atoms in the mechanism by Yang et al. [2]. t ~ 500 ps (black)
and t ~ 1500 ps (red). Experimental conditions: T = 1970 K, p = 1.4 bar, [CH3l]o = 4.9 x 10.4; mol cm3,
[Ar]o = 8.9 x 10 mol cm?®,

From the results of a time-dependent sensitivity analysis (figure 5.10), the recombination reac-
tion of methyl radicals can be identified as the rate determining step in the formation of H atoms
from methyl iodide. The C-1 bond fission reaction (Rss) is too fast to have an influence.
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Figure 5.10: Time-dependent sensitivity analysis for H atoms in the mechanism by Yang et al. [2]. Reactions: black:

(Rss), green: CH3 + CH3 = C,Hs + H (Rs17), orange: (Rsg). Experimental conditions: T = 1970 K,
p = 1.4 bar, [CHal]o = 4.9 x 10 mol cm™®, [Ar]o = 8.9 x 10°° mol cm™3.

Itis therefore possible to describe the experimental results of this work with only a few reactions.
These are listed in table 5.3.

Table 5.3: Reaction mechanism for the thermal decomposition of methyl iodide.
Parameterization: k(T) = A x (T/K)"x exp(-Eo/RT). Units: s, kJ, mol?, cm?, K.

reaction A n Ea ref.
(Rs.s) CH3l+M=CHz; +1+M 7.40 x 10% 0.00 160 p.w.
(Rs.9) CH3=CH, +H 1.70 x 108 0.00 397 [99]
(Rs.17) CH3; +CH3 +M =CyHg + M 3.50x 107 | -7.00 12 [99]
(Rs.18) CH; + CH3 = CyHs + H 9.00 x 10 | 0.00 76 [99]
(Rs.19) CoHs +M=aCyH  +H+M 1.70 x 10°® 0.00 140 [99]

The thermal decomposition of methyl iodide is initiated by C-1 bond fission (Rsg). The rate co-
efficient for this reaction has been deduced from the | ARAS results of this study (see section 0).
Methyl radicals can decompose to methylene and a H atom (Rs), or recombine forming either
ethane (Rs.17) or an ethyl radical and a H atom (Rs1g). Rapid decomposition of ethyl radicals
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leads to the formation of ethylene and H atoms (Rs.19). Rate coefficients for these reactions were
adopted from Baulch et al. [99].

Due to the small concentrations of ethane and ethylene, their decomposition reactions are of
minor importance in the temperature range investigated. Also, the influence of the hydrogen
iodine reactions (Rs¢) and (Rs.10) to (Rs.13) was found to be negligible. Thus, these reactions are
not included in the mechanism.

5.5 Reinterpretation of the Ethyl lodide Experiments

The influence of the rate coefficient for reaction (Rs.1) on I ARAS calibration curves is illustrated
in figure 5.11. Reducing the rate coefficient from the original value to the value deduced from
the experiments in this work, leads to a flattening of the calibration curves. The agreement of the
calibration curves with the results of the maximum absorption experiments significantly im-
proves. The same effect can be noted for calibration curves of the vertical | ARAS experiment.
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Figure 5.11: Influence of the updated rate coefficient for (Rsg) on | ARAS calibration curves from methyl iodide ex-
periments. Black: Calibration with rate coefficient determined in section 0. Grey: Calibration curves ob-
tained with the original mechanism by T. Bentz [75] (table 5.2). Black squares: Results of maximal ab-
sorbance experiments on methyl iodide mixtures.

I atom concentration-time profiles deduced with the new calibration curves are depicted in figure
5.12. The improved agreement of simulated and measured concentration-time profiles for both
detection setups becomes obvious in comparison with figure 5.2.
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Figure 5.12: Comparison of simulated and measured relative concentration-time profiles for H (red) and | atoms
(black). Simulated mechanism: Varga et al. [65] (table 5.1). Experiments: T = 970 K, p = 1.7 bar,
[C2Hs1]o = 5.1 x 10 mol cm, [Ar]o = 2.2 x 10> mol cm™®, horizontal H ARAS, vertical | ARAS (left
panel). T = 1012 K, p = 1.2 bar, [CoHsl]o = 1.2 x 10" mol cm™®, [Ar], = 1.4 x 10" mol cm, horizontal |
ARAS, vertical H ARAS (right panel).

Branching ratios were directly determined from | atom concentrations at long reaction times.
Due to the lower signal-to-noise ratio of the | atom concentration-time profiles measured with
the vertical | ARAS setup only results of horizontal | ARAS experiments were used. At temper-
atures below 1100 K, the | atom concentrations did not reach a constant value within the meas-
urement time. Hence, only experiments at temperatures above 1100 K were interpreted.
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Figure 5.13: Branching ratios for the two initial reaction steps (Rs) and (Rs.) in the thermal decomposition of ethyl
iodide.Solid line: VVarga et al. [65] , dashed line: Kumaran et al. [58], densely dashed line: Miyoshi et al.

[72], densely dotted line: Weber et al. [66], grey line: | atom yield from T. Bentz [75]. Black squares: re-
sults of this work.
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The experimentally determined branching ratios are in good agreement with the | atom yields
determined by T.Bentz [75]. However, they are slightly higher than the ones deduced by Varga
etal. [65]. This is unexpected, as the kinetic mechanism published by Varga et al. [65] adequately
predicts the H- and | ARAS results of this work. It indicates that not only the two competing
reaction channels (Rs.1) and (Rs4) have an impact on | atom concentrations.

This hypothesis is supported by the results of a time-dependent sensitivity analysis for | atoms
(see figure 5.14).Apart of the initial reaction channels (Rs1), (Rs2) and (Rs.4), the reaction of
hydrogen iodide with H atoms (Rs) has a non-negligible influence on I atom concentrations.
This reaction leads to a depletion of the reaction product of the molecular elimination channel
(Rs.12), whilst increasing the concentration of | atoms in the system. Thereby, reaction (Rs¢) has
a direct influence on the measured | atom yield. The resulting | atom concentrations are higher
than expected from the ratio of the rate coefficients for reactions (Rs.1) and (Rs.4).
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Figure 5.14: Time-dependent sensitivity analysis for | atoms in the mechanism by Varga et al. [65]. Reactions: black:
(Rs.1), red: (Rs2), green: (Rs.), blue: (Rsg), grey: (Rs). Experimental conditions: T = 1180 K, p = 1.62 bar,
[C2Hs1]o = 6.1 x 10"t mol cm™®, [Ar]o = 1.5 x 10°° mol cm®,
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5.6 Conclusions

In this chapter, the pyrolysis of ethyl iodide was investigated as a first trial of the new dual ARAS
setup. Branching ratios for the two initial reaction channels, C-1 bond fission (Rs.1) and molecular
HI elimination (Rs.4), were determined and compared to values from earlier studies. Reaction
channels influencing the total | atom yield were discussed.

Assuming that | and H atom concentrations at short reaction times have to be equal, possible
errors in the calibration procedure of the | ARAS experiments were elucidated. In consequence,
the thermal decomposition of methyl iodide was revaluated. The updated rate coefficient for the
C-1 bond fission in methyl iodide leads to a very good agreement of simulations and experimental
profiles for the ethyl iodide measurements.

Disadvantages of the dual ARAS setup were illustrated. The low fraction of iodine atomic reso-
nance radiation of the total radiation emitted by the I ARAS lamp leads to low maximum ab-
sorbances in the experiments. Therefore, only highly dilute mixtures with final concentrations
below 4 x 10°** mol cm™ can be investigated. If the investigated species contains one iodine
atom, this corresponds to mole fractions between 0.5 and 2.0 ppm reactant in bath gas for exper-
iments at 1 to 2 bar. In combination with H ARAS as the second detection setup, this should not
be an issue due to the high sensitivity of H ARAS. Nonetheless, low absorbances lead to higher
errors in the absolute concentrations determined. Consequently, options to increase the measur-
able absorbances should be discussed. One approach would be the insertion of a narrow band
pass VUV filter with a centre wavelength of 183 nm into the optical pathway. However, this
would also lead to a loss in intensity as observed for the vertical H ARAS setup (compare section
4.3.1). It should be tolerable though, as no additional filter setup is required for | ARAS.

Increasing the fraction of resonance radiation would also improve the signal-to-noise ratio of the
recorded concentration-time profiles. Low resonance radiation fractions lead to steeper calibra-
tion curves. In consequence, small variations in the absorbance values result in significant vari-
ations in the absolute concentrations.

The main application of the dual ARAS setup will be the investigation of the decomposition of
hydrocarbon radicals and their halogenated precursor molecules. The halogen ARAS will be
employed to track the concentration of the radical species to be investigated. At high tempera-
tures, when precursor molecules completely decompose on a short timescale, information about
the concentration of the radical species will be deduced from the initial branching ratio (bond
fission vs. molecular elimination). At low temperatures, where the precursor molecule might not
completely decompose, this information can be gained directly form the measured concentration-
time profiles. | ARAS measurements can be used for both approaches, as long as reactant con-
centrations are sufficiently low. For a precise determination of branching ratios, the work with a
horizontal I ARAS setup has to be preferred due to the better signal to noise ratios.

65



6 Thermal Decomposition of Furan and
Its Methyl Substituted Derivatives

6.1 Introduction

2,5-dimethylfuran (2,5-DMF) has often been discussed as a second generation biofuel. With its
low water solubility and its high energy density and research octane number [100] it exhibits
desirable properties. However, it shows a higher sooting tendency [101, 102] and an increased
formation of (potentially hazardous) pollutants [103]. Efforts were made to understand the com-
bustion behaviour of 2,5-DMF in lab scale experiments but also under engine conditions [104-
108]. Several mechanisms were developed to appropriately predict product yields, laminar flame
speeds, ignition delay times, flame instabilities and other combustion characteristics. Infor-
mation on the initial steps in 2,5-DMF combustion were mostly deduced from extensive ab initio
theoretical calculations [109, 110].

In the combustion and pyrolysis of 2,5-DMF, furan and 2-methylfuran (2-MF) are formed.
Hence, to obtain a thorough understanding of 2,5-DMF chemistry, the reactions of the two
smaller derivatives have to be known accurately. Although 2-MF and furan [105, 107] also show
a promising behaviour in engine tests, their toxicity and carcinogenicity make a wider application
unlikely.

Due to the absence of oxygen, pyrolytic processes are dominated by reactions of H atoms. There-
fore, elucidating the formation of H atoms at short reaction times, gives crucial information about
the initial reaction pathways. These are likely to be unimolecular bond fission reactions, if reac-
tant concentrations are sufficiently low.

| |
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Figure 6.1: Bond dissociation energies of representative C-H bonds in furan, 2-MF and 2,5-DMF in kJ mol* [111].

The rate of bond fission reactions strongly depends on the bond dissociation energy of the break-
ing bonds. In 2009, Simmie and Curran [111] published bond dissociation energies for C-C and
C-H bonds in different alkyl furans. The C-H bonds in furan and its methyl substituted
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derivatives can be divided into two groups: those in the methyl group(s) and those of the ring
carbon atoms. Bond dissociation energies of Ciing-H bonds account to approximately 504 kJ
mol? and are significantly higher than the ones of the C-H bonds in the methyl group(s)
(compare figure 6.1). In consequence, the formation of H atoms from 2,5-DMF and 2-MF will
most likely proceed by cleavage of a C-H bond in a methyl group. For furan, a direct formation
of H atoms is highly improbable.

This chapter aims at a better understanding of the initial steps in the pyrolysis of furan, 2-MF
and 2,5-DMF. In section 6.2 an overview of existing mechanisms for the oxidation and pyrolysis
of furan derivatives is given. Common features are emphasised, and the choice of the mechanism
discussed in this work is elucidated. Sections 6.3 and 6.4 focus on furan and 2-MF respectively.
For introduction, the literature is reviewed with special focus on the initial reaction steps under
pyrolytic conditions. After a brief description of the experiment, the results of this work are
displayed. Changes to the original mechanism are discussed in detail. To close these subsections,
the initial reaction pathways under the experimental conditions of this work are pointed out.
Section 0 is concerned with the pyrolysis of the third derivative, 2,5-DMF, and thereby refers to
the PhD thesis of P. Friese [112]. In section 6.6, the recently published updated version of the
mechanism considered in this work is briefly discussed. As conclusion, trends in the formation
of H atoms and the initial reaction steps under pyrolytic conditions are summarized.

6.2 Literatur Overview and Choice of Mechanism

In 1991, Organ and Mackie [113] investigated the pyrolysis of furan behind reflected shock
waves at temperatures between 1100 and 1700 K and pressures around 20 bar. Time-resolved IR
laser absorption measurements were performed to monitor the decomposition behaviour of furan.
In addition, product yields were extracted from single pulse experiments with GC-FID, GC-TCD
and FT-IR as detection methods. To explain their findings the authors developed a kinetic
scheme consisting of 46 reactions and 30 species.

Lifshitz et al. [114] proposed a mechanism (100 reactions, 36 species) for the thermal decompo-
sition of 2-MF. Rate coefficients for the initial steps were extracted from the results of a single
pulse shock tube study (T = 1100 — 1400 K, p = 2 — 3 bar) with GC-FID and GC-MS. Addition-
ally to 2-MF and the bath gas argon, the mixtures contained small quantities of 1,1,1-trifluoro-
ethane which served as a ‘chemical thermometer’ to determine the temperature in the experi-
ments. However, in 2013, Sirjean et al. [115] reviewed the rate coefficient for the thermal
decomposition of 1,1,1-trifluoroethane employed by Lifshitz et al. [114]. Based on quantum
chemical calculations, they found a rate coefficient a factor 3.8 smaller than the original one.
With the updated coefficient, they recalculated the temperatures for the experiments by Lifshitz
et al. [114] attaining temperatures between 20 to 90 K lower than in the original study.

67



6. Thermal Decomposition of Furan and its Methyl Substituted Derivatives

A year later, in 1998, Lifshitz et al. [116] published a mechanism (181 reactions, 50 species) for
the thermal decomposition of 2,5-DMF based on similar experiments. In this model, the 2-MF
mechanism [114] was incorporated in a slightly modified version.

In 2000, Sendt et al. [117] studied the initial steps of furan pyrolysis by ab initio quantum chem-
ical methods. The calculated rate coefficients were implemented into a kinetic scheme (82 reac-
tions, 35 species) and the experimental results of Organ and Mackie [113] were simulated.

Tian et al. [118] conducted experiments on premixed furan/oxygen/argon flames at low pressures
(p ~ 45 mbar). Mole fraction profiles of different species (reactant, intermediate and product)
were obtained by SVUV-PIMS and MBMS. The developed model (1368 reactions, 206 species)
is a combination of an earlier mechanism for the oxidation of toluene [119] and a primary and
secondary mechanism for the oxidation of furan. Rate coefficients for the initial reaction steps
were partly estimated, partly calculated, based on CBS-QB3 level quantum chemical calcula-
tions, and partly adopted from Sendt et al. [117]. To account for pressure effects, the latter were
extrapolated to the low pressure flame conditions of the experiments. However, for simulations
of the pyrolysis results by Organ and Mackie [113] and Fulle et al. [120], the high-pressure
coefficients were used. A reasonable good agreement of experimental and simulated profiles was
found.

2013 Sirjean et al. [115] developed a mechanism (1459 reactions, 294 species) to describe both
pyrolysis and oxidation of 2,5-DMF. This mechanism consists of a reaction basis for toluene
[121], the CO-C2 basis proposed by Curran et al. [122] and a 2-MF submechanism. Rate coeffi-
cients for reactions of 2-MF were estimated from the analogue reactions of 2,5-DMF. To com-
plete the mechanism, parts of the furan model by Tian et al. [118] were adopted. Rate coefficients
for most 2,5-DMF reactions have been taken from a theoretical study on its unimolecular de-
composition also published in 2013 [109]. For validation, the authors measured ignition delay
times in a shock tube (T = 1300 — 1831 K, p = 1 bar, 4 bar). In addition, the experimental results
by Lifhitz et al. [116] were simulated.

Somers et al. [123] conducted experiments on the oxidation and pyrolysis of 2,5-DMF. Oxidation
characteristics (e.g ignition delay times, species profiles, laminar burning velocities) were meas-
ured with three different experimental facilities (shock tube, jet-stirred reactor, flat burner). To
explain the experimental results, a kinetic mechanism (2768 reactions, 545 species) was devel-
oped. Rate coefficients for the reactions of 2,5-DMF (decomposition and reactions with radicals)
were mainly adopted from the theoretical studies by Simmie and Metcalfe [110] and Sirjean and
Fournet [109, 124].

In a different study, Somers et al. [125] measured ignition delay times and laminar burning ve-
locities of 2-MF mixtures with different equivalence ratios. A mechanism (2059 reactions, 391
species) consisting of several literature mechanisms and submechanisms (furan: [117, 118], ar-
omatics: [126], C0-C4:[127-130]) was proposed. Rate coefficients for the initial reactions of 2-
MF were calculated based on quantum chemical calculations. The only exceptions are the rate
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coefficients for the abstraction of a H atom from the methyl group by hydroxyl and methy! rad-
icals. These were estimated in analogy to similar reactions of 2,5-DMF [110].

In the following years, two further mechanisms for 2,5-DMF were published. Cheng et al. [131]
used SVUV-PIMS to measure concentration profiles in flow-reactor pyrolysis experiments.
Measurements were performed at different pressures (p ~ 40 mbar, 200 mbar and 1013 mbar)
and temperatures between 780 and 1470 K. A kinetic scheme (1173 reactions, 285 species) con-
sisting of three submechanisms (C0-C4, aromatics, 2,5-DMF) was developed. For the DMF part,
reactions from the mechanisms by Sirjean et al. [115] (2,5-DMF), Somers et al. [125] (2-MF)
and Tian et al. [119] (furan) were combined. The mechanism was additionally validated against
the experimental results of Lifshitz et al. [116], Somers et al. [123] and Djokic et al. [132].
Alexandrino et al. [133] utilized three different flow reactor setups to investigate the oxidation
and pyrolysis of 2,5-DMF. The kinetic scheme of their study (1314 reactions, 255 species) in-
corporates parts of the 2,5-DMF mechanism by Sirjean et al. [115].

In 2014 Liu et al. published one comprehensive mechanism to describe the oxidation behaviour
of all three furan derivatives. In a series of three papers [4-6], measurements on stoichiometric
and fuel-rich laminar premixed low-pressure flames (p ~ 25 mbar, 55 mbar) of furan, 2-MF and
2,5-DMF with EI-MBMS-TOF, GC-FID and GC-TCD are reported. The developed mechanism
(1472 reactions, 305 species) has a hierarchical structure and consist of three parts:

e  The 2,5-DMF mechanism published by Sirjean et al. [115] including
submechanisms for 2-MF and furan oxidation (see discussion above).

e The Nancy reaction base for C, species (n > 2) [121, 134, 135].
e  The C0-C2 base mechanism published by Curran [122].

To best describe their experimental results, Liu et al. [4] extended the submechanism for furan
by two additional decomposition channels for dihydrofuryl radicals. Tran et al. [5] modified the
2-MF part by including another pathway for the reaction ‘2-MF + H’. The 2,5-DMF part re-
mained unchanged.

Until now, two extended versions of the model by Liu et al. [4-6] have been published. In 2015,
Tran et al. [102] reported further experiments on low-pressure flames (p ~ 40 mbar) of 2-MF and
2,5-DMF under fuel-rich conditions. GC-FID, GC-TCD and GC-MS were employed to investi-
gate the formation of aromatics and polycyclic aromatic hydrocarbons (PAHS). The original
mechanism [4-6] was extended to include reactions of C8-species, ethylbenzene and the for-
mation of PAHs up to C16. 2017 Tran et al. [103] presented new flow-reactor measurements on
the three furan derivatives at temperatures between 730 and 1170 K and pressures around 1 bar.
Species were detected by EI-MBMS. The mechanism published in 2015 [102] was refined by
including calculated rate coefficients for important reactions identified by sensitivity and rate of
production analysis.
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Of all mechanisms, only the one by Liu et al. [4-6] is aimed at a description of the combustion
behaviour of all three furan derivatives. In this work, its suitability for the description of the
pyrolysis of furan, 2-MF and 2,5-DMF will be discussed. Since the model was originally devel-
oped for experiments under low-pressure conditions, the high-pressure rate coefficients pub-
lished by Sirjean et al. [115] have been used in the simulations, as recommended in the paper by
Liu et al. [4]. Species are named in accordance with the nomenclature used in the original mech-
anism [4-6].

6.3 Furan

6.3.1 [Initial Reaction Pathways in Furan Pyrolysis

The first investigation of furan pyrolysis was conducted by Grela et al. [136] in 1985. They
measured product yields at temperatures between 1050 and 1270 K under very low pressure
conditions (p ~ 1.33 x 10° mbar) by mass spectrometry. A one step unimolecular decomposition
of furan to carbon monoxide and a CsH4 isomer was proposed. However, the two isomers
propyne and allene could not be distinguished experimentally. Additionally, the authors deter-
mined a rate coefficient for the overall disappearance of furan. 2-MF and 2,5-DMF were also
investigated.

Lifshitz et al., in addition to their mechanistic studies of 2-MF [114] and 2,5-DMF [116] pyrol-
ysis (compare section 6.2), also investigated the thermal decomposition of furan [137] under the
same conditions. Propyne, carbon monoxide and acetylene were identified as the main products.
Comparing the ratios [C2H2]::[p-C3sHa]«(T) from their furan experiments with the ones found for
the thermal decomposition of propyne, they concluded that acetylene has to be formed directly
from furan. Thus, the authors suggested an additional decomposition channel for furan leading
to acetylene and ketene. However, they were not able to detect the latter.

1991 Organ and Mackie [113] succeeded in detecting ketene in the pyrolysis of furan. Based on
thermochemical considerations, they suggested the formation of a biradical by C-O bond cleav-
age. This biradical can than decompose to carbon monoxide and a CsHa-isomer, ketene and acet-
ylene or propargyl and formyl radicals.

Fulle et al. [120] studied the thermal decomposition of furan in a shock tube/TOF-MS experi-
ment (T = 1300 — 1700 K, p = 233 — 333 mbar, 2 % furan in neon). Only propyne/allene, carbon
monoxide, ketene and acetylene were detected. Form their results, the authors determined tem-
perature dependent branching ratios for the two decomposition pathways discussed by Lifshitz
et al. [137]. The radical formation channel suggested by Organ and Mackie [113] was not taken
into account.
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In 2009 Vasiliou et al. [138] examined the pyrolysis of furan in a turbulent flow reactor with
P1-MS and IR spectroscopy for detection and measured, among other species, propargyl radicals.
To identify the source of these radicals the authors performed additional experiments on mixtures
of furan and ds-propyne. From the peak ratio (41/40) in the mass spectra and the natural abun-
dance of deuterium, they concluded that propargyl radicals are a primary product in furan pyrol-
ysis.

The first theoretical study on furan pyrolysis was published in 1998. Liu et al. [139] calculated
geometries and energies of equilibrium and transition state structures for the three reaction path-
ways leading to propyne and carbon monoxide, acetylene and ketene, and allene and carbon
monoxide respectively. In analogy to isoxazole decomposition [140], the authors suggested the
formation of carbenes as intermediates species. Two years later, Liu et al. [141] published a
second paper discussing the biradical pathways proposed by Organ and Mackie [113]. They cal-
culated barrier heights more than 10 kcal / mol higher than the ones derived from the experi-
mental studies. Since calculated barrier heights for the carbene mechanism proposed in [139]
were in line with the experimental values, the authors concluded that a carbene mediated mech-
anism is more feasible.

Sendt et al. [117] arrived at the same conclusions. In addition to potential energy surfaces, the
authors also calculated rate coefficients. With these they were able to satisfactorily simulate the
species profiles obtained by Organ and Mackie [113].

6.3.2 Experiments

To investigate the thermal decomposition of furan, a total of 36 experiments behind reflected
shock waves were performed. H atom concentration-time profiles were measured by time-re-
solved H ARAS. The experiments covered temperatures between 1350 and 1900 K, and pres-
sures between 0.7 and 1.2 bar. To cover a wide range of initial furan concentrations, four mix-
tures with mole fractions between 0.5 and 9.5 ppm furan in argon were used. The resulting initial
concentrations of furan ranged from 2 x 10°**to 9 x 10°** mol cm™. H ARAS was calibrated with
experiments on mixtures of N,O and H, in argon as describe in section 2.2.3.

6.3.3 Mechanistic Considerations

In figure 6.2, measured H atom concentration-time profiles are compared to simulations based
on the mechanism by Liu et al. [4-6]. Significant discrepancies are obvious. The experimental
data is underpredicted at most times, especially for temperatures above 1600 K. Only for very
short reaction times (t < 30 psat T = 1825 K) are the experimental results satisfactorily described
by the model.
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[H]/ [furan],

Figure 6.2: Comparison of experimental results to simulations with the mechanism by Liu et al. [4-6] (solid lines). Ex-
perimental conditions: T = 1540 K (blue), 1650 K (green), 1770 K (red), 1825 K (black), p ~ 1 bar.

To identify the most influencing reactions, a sensitivity analysis for H atoms was performed.
Results for the temperatures depicted in figure 6.2 after a reaction time of 50 us are presented
below. An overview of reactions with the highest sensitivities, the corresponding rate coeffi-
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cients and the associated literature is given in table 6.1.

Figure 6.3: Local sensitivity analysis for H atoms of the mechanism by Liu et al. [4-6] at t ~ 50 ps. Experimental con-
ditions: T = 1540 K (blue), 1650 K (green), 1770 K (red), 1825 K (black), p ~ 1 bar.
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6.3 Furan

Table 6.1: Reactions with the highest sensitivities for H atoms in the mechanism by Liu et al. [4-6] and the correspond-
ing rate coefficients. Parameterization: k(T) = A x (T/K)" x exp(-Eo/RT). Units: s, kJ, mol?, cm?, K.

reaction A n Ea ref.
(Rea) pCsHy + M= C3Hz + H+ M 4.70 x 10'® | 0.000 335 [142]
(Re2) furan = CH,CCHCHO 458 x 1012 | 0.416 297 [118]
(Re.3) furan = C,H, + CH,CO 1.82 x 10 | 0.534 262 [118]

(Ro.a) CH,CCHCHO = CHO + C3H; | 7.90x 10% | 0.000 | 293 | [117,118]

(Res) CH,CCHCHO = CO + pC3H, 6.80 x 10 | 0.419 | 185 [118]

(Ro.6) aCsHy + M= CaHz + H+ M 2.00x10%8 | 0.000 | 335 [142]

Reactions (Rs.2) to (Re.4) are the initial reaction steps in furan consumption under pyrolytic con-
ditions. Although H atoms are not taking part in these steps, their influence on H atom concen-
tration, indicated by the sensitivity analysis, is considerably high. Tian et al. [118] adopted the
rate coefficient for reaction (Re.4) from the publication by Sendt et al. [117]. The rate coefficients
for reactions (Rs.2), (Re.3) and (Res) were calculated by TST based on CBS-QB3 level theoretical
calculations.

In this work, the original rate coefficients for reactions (Rs.2), (Re.3) and (Res) by Sendt et al.
[117] have been adopted to obtain a consistent set of rate coefficients. These were originally
optimized for description of the experimental results obtained by Organ and Mackie [113] at
pressures around 20 bar. Fulle et al. [120] argued that the reaction rates of the initial furan de-
composition steps ought to be close to their high-pressure limit under the experimental condi-
tions of the studies by Lifshitz et al. [137] and Organ and Mackie [113]. Tian et al. [118] received
a good agreement of simulations and experimental results, although both, high and low pressure
rate coefficients for the initial reaction steps, are implemented in their model. Hence, pressure
effects should be minor under the experimental conditions of this work, and the adoption of high-
pressure rate coefficients should be justified.

For the thermal decomposition of propyne (Re.1) and allene (Re.), Liu et al. [4-6] accepted rate
coefficients from a study by Hidaka et al. [142]. These were extracted from IR spectroscopy
experiments behind reflected shock waves at temperatures in the range 1200-1570 K and pres-
sures between 1.7 and 2.6 bar. Initial reactant mole fractions were set to 4 % propyne and 1 %,
2 % or 4 % allene in argon respectively. In 2011 Giri et al. [143] published a H ARAS study on
highly diluted propyne and allene mixtures (2 — 15 ppm reactant in argon) behind reflected shock
waves. Rate coefficients were directly deduced from the initial slope of the H atom concentra-
tion-time profiles recorded. Unlike Hidaka et al. [142], Giri et al. [143] found no difference in
the decomposition rate coefficients for allene and propyne. As the experimental conditions in the
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study of Giri et al. [143] well match the conditions in this work, their bimolecular rate coefficient
has been adopted for reactions (Rs1) and (Re.s).

Although the unimolecular decomposition of propargyl radicals was not identified as an im-
portant reaction in the sensitivity analysis, it will be discussed here since relatively high mole
fractions of propargyl radicals are predicted by the model. In the original mechanism, the C-H
bond fission reaction of propargyl radicals is implemented in the form of its reverse reaction, the
recombination of propadienylidene radicals (CsH2) with H atoms.

Table 6.2: Rate coefficient for the recombination reaction ‘CsH, + H* as implemented by Liu et al. [4-6] and calculated
rate coefficient for the reverse reaction. Parameterization: k(T) = A x (T/K)" x exp(-Eo/RT). Units: s, kJ,

mol?, cm?®, K.
reaction A n Ea ref.
(Re.7) C3Hy + H= C3H3 1.00 x 10 [ 0.000 0 [4-6]
CsHz = C3H, +H 1.82x 10" [ 0.534 262 calc.

Reactions of the propargyl radical under pyrolytic conditions were investigated by Scherer et al.
[61]. The authors performed shock tube experiments at pressures between 1.5 and 2.2 bar and
temperatures between 1400 and 2000 K, detecting H atoms by H ARAS. 3-iodo-propyne was
employed as propargyl radical precursor. No pressure dependence was reported. In this work,
the rate coefficient for the unimolecular decomposition of propargyl radicals determined in their
study has been adopted for the backward reaction of (Rs7). For the forward reaction of (Re7), the
rate coefficient calculated by Harding et al. [144] has been used.

In figure 6.4, simulations based on the modified and the original mechanism are displayed. Meas-
ured concentration-time profiles are well predicted by the new model. For elevated temperatures,
slight discrepancies can be noted for longer reaction times. Nevertheless, the qualitative and
quantitative behaviour are described reasonably well.
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Figure 6.4: Comparison of experimental results to simulations with the modified mechanism (solid lines). Transparent
dashed lines: Simulations with the original mechanism by Liu et al. [4-6]. Experimental conditions:
T = 1540 K (blue), 1650 K (green), 1770 K (red), 1825 K (black), p ~ 1 bar.

6.3.4 Formation of H atoms in the Pyrolysis of Furan

Due to the high bond dissociation energies of the Cring—H bonds in furan (~ 503 kJ mol* [111]),
a direct release of H atoms from the reactant is highly improbable. Consequently, H atoms at
short reaction times will be formed mainly by decomposition of the primary products, propyne
(pCsHa4), propargyl (CsHs) and formyl radicals (CHO). Acetylene (CzH>) is stable under the ex-
perimental conditions of this work and therefore does not contribute to the H atom yield. Ketene
decomposition leads to methylene and carbon monoxide. H atoms are not formed directly from

ketene.

In figure 6.5 rate coefficients for reactions (Re.1) to (Re.7) implemented in the modified mecha-
nism are compared to rate coefficients for the reaction

furan — products + H (Re.g)

determined from the initial slope of the measured concentration-time profiles (compare section
2.3.4). The smallest rate coefficients are the ones for the decomposition of propyne/allene and
propargyl radicals, which are in good agreement with the one for reaction (Res). Reaction rates
for the initial furan decomposition steps are significantly higher.
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Figure 6.5: Rate coefficients for the reaction ‘furan — products + H’ (R¢s) deduced from the initial slope of the meas-
ured H atom concentration-time profiles (black squares, error bars: 30 %) and rate coefficients for the main
initial decomposition pathways (lines): dash-dot (dark grey):(Rss), dash-dot (light grey):(Rs.4),
dashed:(R6.2), dotted:(Rs 3), densely dotted:(Re1), densely dashed: ‘CsHs — C3H, + H” (reverse (Re7)).

This indicates that the overall formation of H atoms is indeed determined by the decomposition
of the primary products rather than by the decomposition of the reactant itself. A reaction flux
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Figure 6.6: Reaction flux analysis for the formation of H atoms at t ~ 50 pus. Experimental conditions: T = 1540 K
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6.3 Furan

H atoms are mainly formed from propyne. A second important source is allene, which is solely
formed by isomerization of propyne. Toward higher temperatures, the influence of propargyl
radicals in the formation of H atoms increases. Formyl radical decomposition only plays a role
at low temperatures. Formation of H atoms by C-H bond fission in furan is negligible.

The reaction flux analysis for H atoms in the decomposition of furan (figure 6.7) gives a similar
picture. Most H atoms from furan are transferred to 2,3-butadienale (CH,CCHCHO). The reac-
tion channel leading to acetylene and ketene only plays a minor role, although its importance
increases with increasing temperature. 2,3-butadienale in turn mainly decomposes to propyne,
which has been identified as the main source of H atoms. Apparently propargyl radicals are
mostly formed by thermal decomposition of propyne and its isomers allene and cyclopropene.
The radical channel leading from 2,3-butadienale to propargyl and formyl radicals is only of
minor importance.

78.5% 10.8 9N10.8 %
68.1 % 15.9 % 15.9 %
67.7 % 16.1 % 16.1 %
[CH,CCHCHO] [cH,CO]
0.07 % 02% \99.7 % 96.5 % 1.4 %

0.25 % 0.7 % 99.0 % 751 % 1.9 %
0.32 % 1.0% 98.7 % 76.1 % 122 %
[cHo] [CsHs|  [p-CsHd [CoH,]

Figure 6.7: Reaction flux analysis for H atoms in the decomposition of furan at t ~ 50 ps. Experimental conditions:
T = 1540 K (blue), 1650 K (green), 1770 K (red), 1825 K (black), p ~ 1 bar.
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6.4 2-Methylfuran (2-MF)

6.4.1 Initial Reaction Pathways in 2-MF Pyrolysis

Unlike for furan and 2,5-DMF, only a few studies have been focused on the initial reaction steps
in the pyrolysis of 2-MF. The first discussion is found in the publication by Grela et al. [136],
which was mentioned in section 6.3.1. In analogy to the reaction pathway suggested for furan,
the authors proposed a unimolecular decomposition step yielding carbon monoxide and a C4Hs-
isomer.

Lifshitz et al. [114] stated that the loss of symmetry caused by the methyl group in 2-MF leads
to more possible reaction channels compared to furan. In their mechanism, nine different decom-
position steps for 2-MF are considered. Four of them lead to carbon monoxide and C4Hg-isomers
(1,2-butadiene, 1,3-butadiene, 1-butyne, 2-butyne). Of the remaining channels, two yield only
molecular products (propyne and ketene or acetylene, ethene and carbon monoxide), whilst the
other three are radical pathways. These are the C-H bond fission in the methyl group leading to
the 2-furanylmethyl radical (furylCH,) and a H atom, and the C-C and C-O bond fissions in the
furan ring leading to acetyl and propargyl radicals or to formyl and C4Hs radicals.

In 2014, Somers et al. [145] published a quantum chemical study on the pyrolysis of 2-MF.
Potential energy surfaces for different possible reaction pathways were calculated and rate coef-
ficients were deduced by transition state theory, RRKM theory and master equation calculations.
According to Somers et al. [145], the thermal decomposition of 2-MF mainly proceeds via
carbene mediated ring-opening reactions. The C-H bond fission reaction was found to be of mi-
nor importance.

6.4.2 Experiments

To investigate the thermal decomposition of 2-MF, a total 43 experiments behind reflected shock
waves were performed. H atom concentration-time profiles were measured by time-resolved H
ARAS. The experiments covered temperatures between 1400 and 1900 K, and pressures between
0.8 and 1.2 bar. To cover a wide range of initial 2-MF concentrations, four mixtures with mole
fractions between 0.9 and 10.1 ppm 2-MF in argon were used. The resulting initial concentra-
tions of 2-MF ranged from 4 x 102 to 1 x 10"1° mol cm. H ARAS was calibrated with experi-
ments on mixtures of N,O and H- in argon as described in section 2.2.3.
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6.4.3 Mechanistic Considerations
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Figure 6.8: Comparison of experimental results to simulations (solid lines) with the mechanism by Liu et al.
[4-6] (left) and the modified version of the model (section 6.3.3) (right). Experimental conditions:
T = 1480 K (blue), 1580 K (green), 1690 K (red), 1790 K (black), p ~ 1 bar.

In figure 6.8 experimental results are compared to simulations of the original mechanism by Liu
et al. [4-6] (left) and to simulations of the mechanism modified for the description of furan py-
rolysis (section 6.3.3) (right). Neither of the mechanisms is able to predict the qualitative behav-
iour of the measured concentration-time profiles. For lower temperatures, H atom concentrations
are overestimated at all times. At higher temperatures, the initial rise in H atom concentration is
significantly overpredicted. However, for long reaction times, concentrations are predicted fairly
well by the modified mechanism.

Simulated concentration-time profiles only differ for temperatures above 1600 K. Modifications
implemented in section 6.3.3 mainly concerned rate coefficients for the unimolecular decompo-
sition of propyne, allene and propargyl radicals. In 2-MF pyrolysis, these species are not formed
directly from the primary products (compare section 6.4.1). At higher temperatures, the influence
of consecutive reactions yielding propyne, allene and propargyl radicals increases and thus the
effect of the modified rate coefficients is no longer negligible.

To identify the most influencing reactions, a sensitivity analysis for H atoms was performed.
Results for the temperatures depicted in figure 6.8 after a reaction time of 30 ps are presented
below. An overview of reactions with the highest sensitivities, the corresponding rate coeffi-
cients and the associated literature is given in table 6.3.

As for furan, only a small number of reactions exhibits a high influence on H atom concentrations
at short reaction times. These reactions are the decomposition reactions of 2-MF ((Re.g) to (Re.11))
and the primary products ((Re.12) and (Re12)) formed therein. In the mechanism by Liu et al.
[4-6], rate coefficients for these reactions have been estimated in analogy with reactions of furan
and 2,5-DMF.
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H+ CyH; = C4H, + H,
C,H, + CH, = CHsz2
C,Hgx12 = CH, + C,H,
CHex1 = C Hgx12
C,Hgx12 = H + C,H,
C,Hgx1 = H+ CHyx1s
H + C,H, (+M) == C,H; (+M)
CH,CHCCHCHO «* CO + C,Hyx1
CH;CHCCHCHO = CHO + C Hx1s
MF = CH,CCHCHO
MF = CH,COCHCCH,

H + furylCH, = MF
09 06 03 00 0.3 0.6 0.9
sensitivity coefficients

Figure 6.9: Local sensitivity analysis for H atoms in the modified mechanism of section 6.3.3 at t ~ 30 ps. Experi-
mental conditions: T = 1480 K (blue), 1580 K (green), 1690 K (red), 1790 K (black), p ~ 1 bar.

Table 6.3: Reactions with the highest sensitivities for H atoms in the modified mechanism (section 6.3.3) and the cor-
responding rate coefficients. Parameterization: k(T) = A x (T/K)" x exp(-E«/RT). Units: s, kJ, mol?, cmé, K.

reaction A n Ea ref.

(Re) H + furylCH, = MF 1.00 x 10 | 0.000 0 [4-6]
MF = H + furylCH, 4.88 x 101 | 0.515 355 calc.

(Re.10) MF = CH3COCHCCH, 2.29 x 102 | 0.416 297 [4-6]
(Re.11) MF = CH;CHCCHCHO 2.46 x 1011 | 0.659 288 [4-6]
(Re12) | CH3CHCCHCHO = CHO +C4Hs | 7.90 x 101 | 0.000 293 [4-6]
(Re13) | CH3CHCCHCHO = CO + C4Hgx1 | 6.80 x 101 | 0.419 185 [4-6]

Somers et al. [145] calculated rate coefficients for different reaction steps in the pyrolysis of
2-MF. Additionally to the reactions in table 6.3, the authors considered the formation of an
a-carbene at position C(5) (a(5)carbene) and its decomposition. Furthermore, two additional
reaction channels for the decompositon of the primary product 3,4-pentadienone
(CH3COCHCCHS,) were suggested. In this work, the 1 bar rate coefficients for these reactions
published by Somers et al. [145] were incorporated into the modified furan mechanism.
Thermochemical data for the a-carbene was taken from Somers et al. [125]. The resulting
changes in the simulated H atom concentration-time profiles are illustrated in figure 6.10.
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Figure 6.10: Comparison of experimental results to simulations with the modified mechanism (solid lines). Transparent
dashed lines: Simulations with the mechanism of section 6.3.3. Experimental conditions: T = 1480 K
(blue), 1580 K (green), 1690 K (red), 1790 K (black), p ~ 1 bar.

For low temperatures, the experimentally determined H atom concentrations are predicted
reasonably well. However, at higher temperatures only the behaviour for long reaction times is
described appropriately. For shorter reaction times, H atom concentrations are still
overestimated.

In figure 6.11, the results of a time-resolved sensitivity analysis for H atoms are shown. Only
reactions which exhibit significant sensitivity coefficients are included. These are the initial re-
actions in the decomposition of 2-MF and the newly implemented reactions discussed in this
section.

At 1480 K, simulated H atom concentration-time profiles are predominantly influenced by the
C-H bond fission reaction (Reo). As the measured concentration-time profile is appropriately
predicted by the model, no further changes to the rate coefficient for reaction (Rsg) should be
made. With rising temperature, the influence of the initial reactions decreases significantly with
reaction time. H atom concentrations at long reaction times are mainly determined by a different
set of reactions. For temperatures above 1500 K, these are well predicted by the modified model,
indicating that the consecutive chemistry in 2-MF pyrolysis is adequately implemented therein.
To further improve the model, the 1 bar rate coefficients for reactions (Rs.10) t0 (Re.13), and the
newly integrated reactions, were substituted by the corresponding high-pressure coefficients by
Somers et al. [145]. If pressure effects on the rate coefficients for the initial reactions of furan
are small (compare section 6.3.3), they should also be small for the reactions of 2-MF.
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Figure 6.11: Time-resolved sensitivity analysis for H atoms in the modified mechanism. Reactions: reverse (Re.o)
(black), (Re.10) (red), (Re.11) (light green), (Re.12) (blue), (Re13) (light blue), ‘a-(5)Carbene = pCzH, +
CH,CO’ (dark green), ‘CH;COCHCCH, = pCsH4 + CH,CO’ (orange). Experimental conditions:
T=1480 K, 1580 K, 1690 K, 1790 K, p ~ 1 bar.
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Figure 6.12: Comparison of experimental results to simulations with the modified mechanism (solid lines). Experi-
mental conditions: T = 1480 K (blue), 1580 K (green), 1690 K (red), 1790 K (black), p ~ 1 bar.
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The agreement of measured and simulated H atom concentration-time profiles significantly im-
proved. For long reaction times and very high temperatures, H atom concentrations are still
slightly underestimated. However, results for short reaction times are described accurately for
all temperatures.

6.4.4 Formation of H Atoms in the Pyrolysis of 2-MF

H atoms in 2-MF can be divided in two groups: H atoms with bonds to ring C atoms and H atoms
in the methyl group. Simmie et al. [111] calculated bond dissociation energies of ~ 361 kJ mol*
for the C-H bonds in the methyl group and ~ 504 kJ mol for the C(ring)-H bonds respectively.
The latter are independent of the position of the C-atom in the ring and are close to the values
for the Cring-H bonds in furan.

For temperatures above 1500 K, measured H atom concentration-time profiles exhibit a kink at
short reaction times (compare figure 6.12, figure 6.13). This feature can be explained by two
processes of different velocity contributing to the total H atom concentration. For 2-MF these
processes are the C-H bond fission reaction directly leading to H atoms and the ring-opening
processes in which H atoms are produced by the decomposition of the products.

0.5

W
[RelLLE ‘ [

0.4- s al

o
w
1

[H]/[2-MF],

0.1

0.0 + : T T T T
0 100 200 300 400 500

t/us

Figure 6.13: Kink at short reaction times. Simulations: solid lines. Experimental conditions: T = 1480 K (blue), 1580 K
(green), 1690 K (red), 1790 K (black), p ~ 1 bar.

In figure 6.14, the dominating processes in the decomposition of 2-MF (A) and the formation of
H atoms (B) are illustrated. Most H atoms in 2-MF are transferred to 3,4-pentadienone
(CH3COCHCCHy) and the a-carbene. Apparently, C-H bond fission is only of minor importance
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for the consumption of 2-MF. On the contrary (compare figure 6.14(B)), H atoms at short reac-
tion times are mostly formed directly from 2-MF. Vinyl and 1,3-butadien-1-yl (nC4Hs) radicals
originate from the decomposition of the 2-methyfuryl radical, which is the second product in the
C-H bond fission of 2-MF. 1-butyne-3-yl radicals (C4Hs-1s) are formed in the decomposition of
3,4-pentadienone. For long reaction times, H atom formation is dominated by the decomposition
of the primary products of the ring-opening/carbene mediated processes (compare figure 6.15).
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Figure 6.14: Reaction flux analysis for H atoms in the decomposition of 2-MF (A) and in the production of H atoms
(B) att ~ 1 ps. Experimental conditions: T = 1480 K (blue), 1580 K (green), 1690 K (red), 1790 K
(black), p ~ 1 bar.

By performing a reaction flux analysis at different reaction times, the time at which the C-H
bond fission does not contribute to the formation of H atoms any longer could be identified. At
1690 K, 55 ps have to pass, whilst at 1790 K the C-H bond fission reaction only has an influence
within the first 20 ps. These times correlate to the position of the kink in the recorded H atom
concentration-time profiles (compare figure 6.13). At very short reaction times, H atoms are
predominantly formed by C-H bond fission in 2-MF. As 2-MF is consumed the influence of the
indirect H atom formation channels via the decomposition of ring-opening products increases.
However, the production of H atoms is slower, since a number of intermediate reaction steps
have to occur. Consequently, the slope of the recorded H atom concentration-time profiles
decreases.
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Figure 6.15: Reaction flux analysis for the formation of H atoms at t ~ 30 ps (A) and t ~ 200 ps (B). Experimental con-
ditions: T = 1480 K (blue), 1580 K (green), 1690 K (red), 1790 K (black), p ~ 1 bar.

6.5 Formation of H Atoms in the Pyrolysis of
2,5-Dimethyfuran (2,5-DMF)

In his PhD thesis P. Friese [112] determined the rate coefficient for the initial reaction step in the
pyrolysis of 2,5-DMF, which is the C-H bond fission in one of the methyl groups:

DMF - R1CsH,0 +H (Re.14)

He measured H atom concentration-time profiles by H ARAS behind reflected shock waves at
temperatures between 1270 and 1520 K and pressures around 1.7 bar and 4.6 bar. Assuming that
only reaction (Re.14) contributes to the production of H atoms at short reaction times, rate coeffi-
cients were directly extracted from the initial slope of the concentration-time profiles. To support
this assumption, the author simulated concentration-time profiles with the three literature mech-
anisms by Lifshitz et al. [116], Somers et al. [123] and Sirjean et al. [115]. Employing sensitivity
and rate of production analysis, an insight into the main decomposition pathways implemented
in these models was gained.

To complete this study on the pyrolysis of the three furan derivatives, simulations with the orig-
inal mechanism by Liu et al. [4-6], and the modified version developed in this work, are
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compared to H atom concentration-time profiles recorded by P. Friese (figure 6.16). Both models
agree reasonably well with the experimental results. Differences for long reaction times and high
temperatures are small.
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Figure 6.16: Comparison of experimental results from [112] to simulations (dashed lines) with the mechanism by Liu
et al. [4-6] and the modified version developed in this work (solid lines). Experimental conditions:
T =1290 K (blue), 1340 K (green), 1400 K (red), 1480 K (black), p ~ 1.7 bar:

The changes implemented in the previous sections have only a minor influence on the predicted
H atom concentration-time profiles. In consequence, formation pathways for H atoms in 2,5-
DMF pyrolysis must be different from the ones in the pyrolysis of the other two derivatives.

A reaction flux analysis for H atoms identifies the ring-opening reaction to 3,4-hexadien-2-one
(M4CgHgO) as the main consumption pathway for 2,5-DMF (figure 6.17(A)). This intermediate
rapidly decomposes yielding the 1-methyl-2-propyne-1-yl radical (C4Hs-1s) which could be
identified as the main source of H atoms (figure 6.17(B)). The direct C-H bond fission in one of
the methyl groups appears to be only the second important reaction channel. If the mechanism
by Liu et al. [4-6] correctly describes the pyrolysis of 2,5-DMF, the rate coefficient determined
by P. Friese [112] corresponds to the reaction

DMF — products + H (Re.15)

rather than to reaction (Re.14).
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Figure 6.17: Reaction flux analysis for H atoms in the decomposition of 2,5-DMF (A) and the production of H atoms
(B) at t ~ 30 ps. Experimental conditions: T = 1290 K (blue), 1340 K (green), 1400 K (red), 1480 K
(black), p ~ 1.7 bar.

In their original publication Sirjean et al. [109] noted the importance of the 2,5-DMF ring-open-
ing channel in the decomposition of the reactant, and pointed out that the assumption made by
P. Friese [112] might not hold. As Liu et al. [4-6] adopted the model by Sirjean et al. [109, 115]
without further modifications, it is not surprising that similar results are obtained.

6.6 The 2017 Mechanism by Tran et al. [103]

Most recently, Tran et al. [103] adjusted a first modified version [102] of the mechanism by Liu
et al. [4-6] to best describe results obtained in flow-reactor experiments at 1 bar (T = 730 —
1170 K). Since the experimental conditions in their study are similar to the ones of this work, H
atom concentration-time profiles simulated with the 1 bar mechanism by Tran et al. [103] will
be briefly discussed here.

In figure 6.18, the experimental results of this work are compared to the simulations with the
2017 mechanism. As for the original version by Liu et al. [4-6], only the results of experiments
on 2,5-DMF are well predicted.
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Figure 6.18: Comparison of the experimental results for the pyrolysis of furan, 2-MF and 2,5-DMF (from top to bot-
tom) to simulations (solid lines) with the mechanism by Tran et al. [103]. Experimental conditions: Furan:
T =1540 K (blue), 1650 K (green), 1770 K (red), 1825 K (black), p ~ 1 bar. 2-MF: T = 1480 K (blue),
1580 K (green), 1690 K (red), 1790 K (black), p ~ 1 bar. 2,5-DMF: T = 1290 K (blue), 1340 K (green),
1400 K (red), 1480 K (black), p ~ 1.7 bar.
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6.6 The 2017 Mechanism by Tran et al. [103]

For furan decomposition, the simulations with the 2017 model show a better agreement com-
pared to simulations with the original one. H atom concentration-time profiles are still underpre-
dicted, especially for short reaction times. However, for high temperatures and long reaction
times, simulations and recorded profiles agree well. H atom formation in the pyrolysis of 2-MF
is not accurately described by both versions of the model.

The reaction flux analysis for H atoms in the decomposition of furan (figure 6.19(A)) indicates
a different influence of the initial reaction channels compared to the modified mechanism of this
work (figure 6.6 and figure 6.7). The importance of reaction (Re.3) yielding ketene and acetylene
is nearly doubled. However, neither ketene nor acetylene are a source of H atoms. H atoms are
mainly formed from propyne and, at low temperatures, from formyl radicals (compare figure
6.19(B)). These are products of the decomposition of 2,3-butadienale. As the importance of the
decomposition channel leading to 2,3-butadienale is reduced, less H atom sources are formed
and thus H atom concentrations are underpredicted. Consequently, the cause of underprediction
will most probably lie in the parameterization of the initial reaction steps.

A [cH.ccHcHo B
J
322 % 39.6 %
30.8 %
76.7 %
477 % 26.4 % 1.0 % 169.4 %
64.2 %
ran|—————|CH,CO||[a-C ~[H]< CHO
Wan 34.6 % [cHaCO]||a-CoH, | 12.9%
26.4 % 39.9 % 11.9%
14.9%
34.6 % 75%
399%,

Figure 6.19: Reaction flux analysis for H atoms in the decomposition of furan (A) and the production of H atoms (B) at
t ~ 30 ps. Experimental conditions: T = 1540 K (blue), 1650 K (green), 1770 K (red), 1825 K (black),
p~1bar.

For 2-MF, a reaction flux analysis of the 2017 mechanism for H atoms in the consumption of the
reactant shows an enhanced importance of the C-H bond fission channel compared to the model
developed in this work (figure 6.15). In consequence, more H atoms are formed at short reaction
times. While the relative importance of the decomposition channels leading to 3,4-pentadienone
and 2,3-pentadienale is similar for both models, the importance of the a-carbene channel is sig-
nificantly lower in the 2017 version by Tran et al. [103]. For long reaction times, H atom
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consuming reaction steps must play an important role, as the model by Tran et al. predicts a
decrease of H atom concentrations. With respect to the formation of H atoms, the reaction flux

analysis of the two models shows similar results.
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Figure 6.20: Reaction flux analysis for H atoms in the decomposition of 2-MF (A) and the production of H atoms (B)
att~1 ps. Experimental conditions: T = 1480 K (blue), 1580 K (green), 1690 K (red), 1790 K (black),
p~1bar.

6.7 Conclusions

In this chapter the initial steps in the pyrolysis of furan, 2-MF and 2,5-DMF were discussed with
focus on the formation of H atoms. To gain information, the mechanism by Liu et al. [4-6] was
modified to best describe the experimental results obtained in this work. Sensitivity and reaction
flux analysis were applied to identify the most important reaction steps in the formation of H
atoms.

As expected from the bond dissociation energies of C-H bonds in the three molecules (compare
section 6.1), a direct formation of H atoms by C-H bond fission only occurs for the methylated
furan derivatives.
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6.7 Conclusions

With increasing methylation of the furan ring, the lowest temperature at which H atoms could
be detected under shock tube conditions decreases (furan: ~ 1500 K, 2-MF: ~ 1400 K, 2,5-DMF:
~ 1200 K). This indicates a change in the reaction pathways for H atom formation. An increasing
importance of the C-H bond fission reaction from furan to 2,5-DMF would be in line with the
bond dissociation energies and the increasing number of H atoms bound in methyl groups
(2-MF: 3, 2,5-DMF: 6). However, the analysis of the modified mechanism developed in this
work does not support this hypothesis. Whilst the C-H bond fission dominates the H atom pro-
duction from 2-MF at short reaction times, the 1-butyne-3-yl radical is the main source of H
atoms in 2,5-DMF pyrolysis. 1-butyne-3-yl radicals are directly formed from the ring-opening
product 3,4-hexadien-2-one. Which channel actually dominates the formation of H atoms from
2,5-DMF cannot be distinguished by H ARAS experiments alone. Nevertheless, H ARAS ex-
periments on the thermal decomposition of 3,4-hexadien-2-one and the 2-methy-5-methylfuryl
radical formed by the C-H bond fission reaction could give important information. It should be
kept in mind, that Liu et al. [4-6] adopted the mechanism by Sirjean et al. [115] for the description
of 2,5-DMF chemistry without further modifications. The result is in line with the results ob-
tained by Sirjean et al. [115].

Simulations with the 2017 mechanism by Tran et al. [103] give a slightly improved description
of the production of H atoms in the thermal decomposition of furan compared to the original
mechanism by Liu et al. [4-6]. The relative importance of the different initial reaction channels
with respect to the formation of H atoms was discussed. A closer look at the parameterization of
the initial reaction pathways will be necessary to further evaluate the mechanism.
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7  Overall Conclusions and Outlook

This shock tube/ARAS work in general can be divided into three distinct parts:

Instrumental works
Throughout this work different instrumental modifications have been tested.

Even though the test of the new membrane system did not lead to the expected improvement in
reproducibility, its use in further studies is recommendable. As the cutter system prevents the
uncontrolled splintering of the membranes, it could improve the work on the shock tube/TOF-
MS experiment. Another trial on the reproducibility should be performed with significantly thin-
ner polycarbonate sheets as diaphragms.

The constructed filter flange was tested in two experimental setups. As an oxygen filter, it proved
sufficient to omit the atomic oxygen emission lines at ~ 130 nm. Utilizing the filter flange as an
atomic filter, the fraction of resonance radiation was determined.

Main focus of the instrumental works was the test of a dual ARAS setup consisting of a H ARAS
and an | ARAS detection unit. The two possible combinations were discussed. For a horizontal
H ARAS/vertical | ARAS setup, the main advantage lies in the preservation of the quality of
measured H ARAS profiles. However, due to the low fraction of resonance radiation emitted by
the I ARAS lamp, the signal quality of the | ARAS results decreases. It is acceptable for experi-
ments on highly diluted mixtures.

With a vertical H ARAS/horizontal | ARAS setup, the quality of the | ARAS measurements
significantly improves. However, due to the loss in intensity in the H ARAS setup caused by the
necessity of the utilization of the oxygen filter, the signal-to-noise ratio of the H ARAS experi-
ments decreases. For the operation of a vertical H ARAS experiment, a different approach should
be considered: The H ARAS lamp spectrum consists of hydrogen, oxygen and nitrogen atomic
emission lines and might also exhibit carbon atomic emission lines to longer wavelengths.
H ARAS experiments are mainly disturbed by absorption by oxygen atoms in the calibration
procedure. No interference of the other atomic lines is to be expected in most systems. It was
shown in this work, that the oxygen atomic emission line could be omitted by the usage of an
oxygen filter. Thus, it should be possible to operate a vertical H ARAS setup without the narrow
band pass filter utilized in this work. This should solve the problem of too low intensities and
the consequential low signal-to-noise ratios.

Additionally, the integration of other ARAS detection methods into the dual ARAS experiment
has been discussed.
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7 Overall Conclusions and Outlook

Ethyl iodide and the calibration of | ARAS

As a first trial of the new dual ARAS setup, the branching ratios of the initial pathways in the
thermal decomposition of ethyl iodide were determined. A good agreement of the results with
values from previous studies could be obtained. Differences between branching ratios and | atom
yields were discussed.

Throughout the experiments, inconsistencies in the calibration of I ARAS with methyl iodide
became obvious. Therefore, the thermal decomposition of methyl iodide was revaluated. For
these measurements, | ARAS was calibrated by experiments on ethyl iodide under the condition
that H and | atom concentrations are equal at short reaction times. The rate coefficient for the
C-I bond fission in methyl iodide was determined to

160 kJ mol™

— 14
k(R5_11)(T) =7.4-10 'eXp( RT

)cm3 mol ™ s,
Additionally, a small reaction mechanism was deduced to explain the formation of H atoms from
methyl iodide at high temperatures.

To achieve a reliable calibration of I ARAS under different experimental conditions, an investi-
gation of the pressure dependence of the rate coefficient for the C-1 bond fission (Rsg) would be
beneficial.

Pyrolysis of furan derivatives

In the third part of this work, the initial steps in the pyrolysis of the three furan derivatives furan,
2-MF and 2,5-DMF were investigated. The oxidation mechanism published by Liu et al. [4-6]
was modified to best describe the H atom concentration-time profiles recorded in this study. The
modified mechanism was analysed by means of sensitivity and reaction flux analysis to identify
the major pathways in the formation of H atoms. The influence of increasing methylation of the
furan moiety was discussed.

Overall rate coefficients for the reaction
reactant — products + H (R7.)

determined from the initial slope of the measured H atom concentration-time profiles are com-
pared in figure 7.1. Rate coefficients increase with increasing methylation. This could indicate
an increasing influence of the C-H bond fission channel as suspected from the bond dissociation
energies for different C-H bond calculated by Simmie and Curran [111]. The results of the anal-
ysis of the modified mechanism partly contradict this conclusion. As shown in chapter 6, the
importance of the C-H bond fission does increase from furan to 2-MF. However, for 2,5-DMF
the modified mechanism ascribes the formation of H atoms to the decomposition of the primary
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7. Overall Conclusions and Outlook

product 3,4-hexadien-2-one (M4CsHgO) of the ring-opening reaction. Based on the result of this
work, it is not possible to unequivocally identify the source of the H atoms formed. Further
investigations of the thermal decomposition of the primary products of the C-H bond fission and
the ring-opening process would be necessary.

TIK
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Figure 7.1: Overall rate coefficients for the reaction ‘reactant — products + H’ for furan (green), 2-MF (red) and 2,5-
DMF (black) determined from the initial slope of the recorded H atom concentration-time profiles.
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Appendix

A.1 Chemicals and Gases

substance CAS number purity distributor
argon (Ar) 7440-37-1 >99.999 % Air Liquide
hydrogen (driver gas) 1333-74-0 >99.9 % Air Liquide
hydrogen (mixtures) 1333-74-0 >99.999 % Messer Griesheim
helium (He) 7440-59-7 >99.999 % Air Liquide
nitrous oxide (N20) 10024-97-2 >99.5% Air Liquide
oxygen (Oy) 7782-44-7 >99.998 % Air Liquide
chlorine (Cly) 7782-50-5 >99.998 % Air Liquide
nitrogen (N2) 7727-37-9 >99.995 % Air Liquide
2,5-dimethylfuran 626-86-5 99 % Sigma-Aldrich
2-methylfuran 534-22-5 99 % Sigma-Aldrich
furan 110-00-9 >99 % Sigma-Aldrich
ethyl iodide 75-03-6 99 % Sigma-Aldrich
methyl iodide 74-88-4 99.5 % Sigma-Aldrich
iodine monochloride 7790-99-0 99.998 % Sigma-Aldrich
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Appendix

A.2 ldentified Atomic Emission Lines in Accordance with

Ref. [28]

A.2.1 Hydrogen (H)

Alnm

transition

121.6

251/2 < 2P3?/2

2 2
Si2 < P10/2

A.2.2 Nitrogen (N)

Alnm transition

119.9 59, « *Py),

120.0 S o
4Sé)/z < 4Pl/z

124.3 DY), « *Dsy

1411

149.2 D)y < Py

149.4

174.2 2p3?/2 < 2P3/2
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A.2 Identified Atomic Emission Lines in Accordance with Ref. [28]

A.2.3 Carbon (C)

Alnm transition
126.1

°Py < °DJ
127.7 3P, « D)

°p, < °DJ
128.0 P, « P9
132.9

3P1 - 3D§
156.0

3P, « °DJ
165.5 Py« P9

Py « P}
165.7

3p, « 3p9
165.8 3p, « 3pP

A.2.4 Oxygen (O)

Alnm transition
130.2 3p, « 389
130.4 3p, « 180
130.6 3p, « 189

99



Appendix

A.2.5 Chlorine (CI)

Alnm transition
117.9 —
1335 2P3, < %Py
134.7 2Py « %Py
135.1 2P10/2 < 2P1/2
136.3 Pl < 2Py
137.9 2Py < Py
138.9 P < P
2P10/2 < 4P1/2
139.6 2P10/2 < 4P3/2

A.2.6 lodine (1)

Alnm

transitions

136.1

139.0

1425

144.6

145.7

149.2

151.4

151.8

159.3

161.7

170.2
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A.2 Identified Atomic Emission Lines in Accordance with Ref. [28]

Alnm transitions
178.2 2Pg)y < 2[2]3);
179.9

184.4 2Py < P13,
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Appendix

A.3 Abbrevations of Experimental Techniques

GC

GC-FID
GC-TCD
GC-MS
FT-IR

MS

TOF-MS
P1-MS
SVUV-PIMS

MBMS
EI-MBMS
EI-MBMS-TOF

gas chromatography

gas chromatography flame ionization detector

gas chromatography thermal conductivity detector
gas chromatography mass spectrometry

fourier transform infrared spectroscopy

mass spectrometry

time of flight mass spectrometry

photoionization mass spectrometry

synchrotron vacuum ultraviolet photoionization

mass spectrometry

molecular beam mass spectrometry

electron ionization molecular beam mass spectrometry

electron ionization molecular beam mass spectrometry

(time of flight)
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A.4 Experimental Conditions and Rate Coefficietns for the Thermal Decomposition of Methyl lodide

A.4 Experimental Conditions and Rate Coefficients for the
Thermal Decomposition of Methyl lodide

T/K p / bar [Ar]/ mol cm® | [CHsl]o/ mol cm® k/s*t
950 1.73 2.2 x10° 5.2 x 101 25

980 1.72 2.3 x10° 5.0x 101 42

1020 1.64 2.0 x 10° 4.6 x 101 108
1020 1.66 2.0 x 10 4.7 x 101 64

1030 1.64 1.8 x 10 4.6 x 101 133
1050 1.64 1.9 x 10 52 x 10 90

1050 1.58 1.6 x 10 3.8x 10 182
1080 1.73 1.9 x 10 4.6 x 101 196
1080 1.67 1.9 x 10 5.1x 101 238
1090 1.69 1.9 x 10 45 %101 386
1100 1.79 2.0 x10° 46 x 101 459
1110 1.56 1.7 x 10 4.6 x 101 592
1110 1.71 2.0 x 10° 4.4 x 101 622
1120 1.67 1.8 x 10 43 x10% 767
1030 1.84 2.0 x10° 46 x 101 769
1150 1.67 1.7 x 10 4.1 x 101 559
1180 1.78 1.8 x 10 43 %101 1524
1180 1.69 1.7 x 10 4.1 x10% 1424
1210 1.59 1.6 x 10 4.4 x 101 1177
1220 1.64 1.6 x 10 3.9x 10 1644
1230 1.76 1.7 x 10 4.7 x 101 1584
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A.5 Experimental Conditions and Branching Ratios for
the Thermal Decomposition of Ethyl lodide

T/K p / bar [Ar]/ mol cm™ | [CaHsl]o / mol cm® ¢R5_1
1100 1.65 1.80 x 10°® 6.99 x 101 0.94
1130 1.68 1.78 x 10°® 4,08 x 101! 0.89
1160 1.64 2.15x 10° 4,90 x 101! 0.95
1180 1.62 1.65 x 10°® 6.41 x 101 0.92
1200 1.65 1.65 x 10° 417 x 101 0.90
1200 1.23 1.23 x 10° 9.56 x 101 0.91
1240 1.60 1.56 x 10° 6.03 x 101 0.90
1320 121 1.10 x 10°® 8.50 x 101 0.97
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A.6 Experimental Conditions for the Thermal Decomposition of Furan Derivatives

A.6 Experimental Conditions for the Thermal

Decomposition of Furan Detivatives

A.6.1 Furan
T/K p / bar [Ar] / mol cm® [furan]o / mol cm3
1540 1.06 8.3 x10° 4.4 x 101
1650 1.10 8.0 x 10°® 3.7 x 101
1770 1.05 7.1 x10® 6.6 x 10!
1825 0.91 6.0 x 10°® 5.6 x 10!

A.6.2 2-Methylfuran

T/K p / bar [Ar] / mol cm3 [2-MF]o / mol cm™®
1480 112 9.1 x 10® 4.0 x 101
1580 1.09 8.2 x 10°® 3.6 x 101
1690 0.93 6.6 x 106 2.9 x 101
1790 0.97 6.5 x 10°® 6.6 x 101

A.6.3 2,5-Dimethylfuran

All experiments were conducted by P. Friese during his PhD thesis [112].

T/K p / bar [Ar]/ mol cm® [2,5-DMF]o / mol cm3
1290 1.64 1.5 x 10° 6.1 x 10!
1340 1.68 1.5 % 10° 6.3 x 1011
1400 161 1.4 x 10 4.7 x 101
1480 1.60 1.3 x10° 5.2 x 101
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A.7 Rate Coefficients Implemented in the Modified Furan
Mechanism

Rate coefficients implemented into the original mechanism for the oxidation of furan and its

methyl substituted derivatives [4-6]. For a detailed discussion see chapter 6.

Parameterization: k(T) = A x (T/K)" x exp(-Eo/RT). Units: s, kJ, mol?, cm3, K.

reaction A n Ea ref.
(Re2) furan & CH,CCHCHO 5.90 x 10 | 0.000 293 [117]
(Re.3) furan = C,H, + CH,CO 9.00 x 10 | 0.000 344 [117]
(Res) CH,CCHCHO = CO + pC3H, 1.70 x 10% | 0.000 168 [117]
(Re.1) pCsHy + M= CiHz +H+ M 2.16 x 10® | -6.810 421 [143]
(Res) aCzHy; + M =2 CzHz +H+ M 2.16 x 10® | -6.810 421 [143]
(Re.7) CsHy + H — C3Hs 2.66 x 104 | 0.220 0.36 [144]
C3H; — C3H, +H 5.20 x 10*? | 0.000 328 [61]
MF = H + furylCH, 1.42 x 10% | -14.34 | 494 [145]
(Re.10) MF = CH3COCHCCH, 1.75 x 10%° | 1.000 284 [145]
CH3COCHCCH, = CH3CO + C3H3 | 1.52 x 10% | -2.480 329 [145]
CH3COCHCCH, = pC3Hs+CH,CO | 3.91x 108 | 1.480 281 [145]
(Re.11) MF = CH3CHCCHCHO 2.15x 10% | 0.750 292 [145]
(Re.13) CH3;CHCCHCHO = CO +C4Hgx1 7.30 x 10% | 0.690 182 [145]
CH3CHCCHCHO = CO +C4Hgx12 | 3.40 x 10t | 1.000 247 [145]
MF = a(5)Carben 2.26 x 101 [ 0.990 270 [145]
a(5)Carben = pC3H,+CH,CO 8.54 x 102 | 0.680 132 [145]
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