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Abstract

Goal of the present work was the analysis of the complex interplay between surface

and gas phase reactions using the catalytic partial oxidation of methane as reference

system. The focus of the work was the detection and quantification of reactive gas

phase intermediates to verify or rebut existing reaction models.

The reaction was performed at industrial relevant conditions of temperatures up to

1300 ◦C, total flows of about 1000 ml ·min−1 and atmospheric pressure. The reactor

consisted of a resistively heated platinum tube, which acted as reaction tube and

catalyst simultaneously. Reactive species were analyzed using a Threshold Ionization

Mass Spectrometer. It allows the detection of small amounts of analyte in a matrix

of interfering species, appearing at the same m/z ratio, by its ionization potential.

The stabilization of reactive species was achieved by expanding a small gas fraction

from the atmospheric pressure reaction mixture into a surrounding vacuum through

an orifice of about 125 µm. This step represented the first stage of a three stage

pumped vacuum system, which creates by a skimmer and collimator arrangement a

molecular beam, that couples the reactor to the mass spectrometer. By the resulting

supersonic expansion radicals and other species were quenched. The molecular beam

therefore represents, with some restrictions, the gas phase above the catalyst.

The first task was the validation of the experimental system in terms of analysis

of several key data, as e.g. energy spread and offset of the MS, its detection limits

and the separation effects, occurring inside a molecular beam.

The found energy offset of 1.1 eV and the energy spread of 0.6 eV were low

enough to allow the unambiguous identification of all expected reaction intermedia-

tes, except for the OH· radical, as the not consumed 13CH4 will become ionized at

subjacent energies. Using an internal standard allowed additionally the quantitative
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data analysis.

Temperature profile measurements and off gas GC analysis identified two inde-

pendent reaction ignitions. The first could be described as the catalytic oxidation

of methane with CO, CO2, H2O and H2 as only products. Depending on flow rate,

temperature and gas composition a second ignition was observed at much higher tem-

peratures, which was described by a more complex product distribution. With the

appearance of C2 products also CH3· radical could be detected. Their molecular flow

correlated with the concentration of the C2 products. Together with the simultaneous

occurrence of higher, highly unsaturated hydrocarbons as diacetylene or several C3

species it was concluded that these molecules were formed by homogeneous reaction

pathways. The change in the oxygen conversion from about 80 %, due to a laminar

flow profile inside the tube, to 100 % and the appearance of flames supported this

theory. Experiments with varying flow rates and reactant stoichiometries revealed

the exclusive formation of the radical in the gas phase.

One can conclude that heterogeneous and homogeneous reactions can run in par-

allel. Surface bound reactions release heat into the surrounding gas phase and, at

a certain temperature, pyrolysis may start which is responsible for the formation of

radicals and coupling products. Additionally gas phase oxidation reactions ignite ge-

nerating more COx and several radicals (H·, CH3·, OH·), which can have an impact

onto the reaction mechanism. Unfortunately beside CH3· no other radicals could be

observed due to the expected very low concentrations below the detection limit of

the MS. At least for the methane CPO under the chosen conditions heterogeneous

and homogeneous reactions are coupled by the exchange of heat, but not by reactive

species themselves.

This work is the first experimental detection and quantification of methyl radicals

under such reaction conditions.



Kurzfassung

Das Ziel der vorliegenden Arbeit war die Analyse des komplexen Netzwerkes zwi-

schen Gasphasen und Oberflächenreaktionen, unter Verwendung der katalytischen

Partialoxidation von Methan als Beispielsystem. Der Fokus der Arbeit richtete sich

auf die Detektion und Quantifizierung von reaktiven Gasphasenintermediaten, um in

der Literatur diskutierte Reaktionsmodelle zu unterstützen oder zu entkräften.

Die Reaktion wurde unter industriell relevanten Bedingungen mit Temperaturen

von bis zu 1300 ◦C, Gesamtflüssen von 1000 ml ·min−1 und bei Atmosphärendruck

durchgeführt. Der Reaktor bestand aus einem widerstandsgeheizten Platinröhrchen,

welches gleichzeitig als Reaktionsrohr und Katalysator diente. Reaktive Verbindun-

gen wurden mit Hilfe von Threshold Ionization Massenspekrometrie detektiert. Dies

erlaubte die Bestimmung von kleinen Mengen des Analyten in einer Matrix störender

Verbindungen, die bei dem gleichen m/z Verhältnis auftreten, durch die zugehörigen

Ionisierungspotenziale. Die Stabilisierung der reaktiven Spezies erfolgte durch Ex-

pansion einer kleinen Gasfraktion aus dem Reaktor durch eine kleine, 125 µm große

Öffnung in ein umgebenes Vakuum. Die sich ergebene Überschallexpansion fror Radi-

kale und weitere vorhandene Spezies ein. Die folgende Formung eines Molekularstrahls

mithilfe von Skimmer und Kollimator gewährleistete einen schnellen und stoßfreien

Transport in die Ionenquelle des Massenspektrometers. Damit bildet der Molekular-

strahl, mit gewissen Einschränkungen, die Gasphase direkt über dem Katalysator

ab.

Die erste Aufgabe war die Untersuchung des experimentellen Aufbaus in Bezug

auf einige Schlüsselfaktoren, wie die Energieverbreiterung und der Offset des Massen-

spektrometers, Erfassungsgrenzen und auftretende Separationseffekte innerhalb des

Strahls.
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Der bestimmte Offset von 1.1 eV und die Energieverbreiterung von 0.6 eV waren

ausreichend, um eine ungestörte Identifikation aller erwarteten Intermediate zuzu-

lassen; mit Ausnahme von OH· Radikalen, da nicht umgesetztes 13CH4 Methan bei

geringeren Energien ionisiert und dieses Signal überlagert. Die Verwendung eines

internen Standards erlaubte zusätzlich die quantitative Auswertung der Daten.

Messungen von Temperaturprofilen und Produktgasuntersuchungen mittels GC

identifizierten zwei unabhängige Reaktionszündungen. Die erste ließ sich als kataly-

tische Oxidation des Methans zu CO, CO2, H2O und H2 als Produkte beschreiben.

Abhängig von der Flussgeschwindigkeit, der Temperatur und der Gaszusammenset-

zung wurde eine zweite Zündung beobachtet, die bei höheren Temperaturen auftratt

und ein komplexeres Produktbild zeigte. Mit dem Auftreten von C2 Verbindungen

wurden auch CH ·
3 Radikale detektiert. Ihr molekularer Fluss korrelierte mit dem der

C2 Produkte. Zusammen mit dem zeitgleichen Erscheinen von höheren, stark un-

gesättigten Kohlenwasserstoffen wie Diacetylen und verschiedene C3 Spezies, wurde

auf Reaktionen in der Gasphase geschlossen. Die Steigerung des Sauerstoffumsatzes

von rund 80 % auf Grund eines laminaren Flussprofiles im Reaktorrohr auf 100 %

und das Auftreten von Flammenerscheinungen im Rohr unterstützen diese Theorie.

Experimente mit veränderten Flussgeschwindigkeiten und Reaktant Stöchiometrien

belegten die ausschließliche Bildung der Methylradikale in der Gasphase.

Zusammenfassend kann gefolgert werden, dass heterogene und homogene Reaktio-

nen parallel ablaufen. Dabei dienen oberflächengebundene Reaktionen ausschließlich

zur Erwärmung der Gasphase. Ab einer bestimmten Temperatur können Pyrolyse-

reaktionen starten, die für die Bildung von Methylradikalen und Kopplungsproduk-

ten verantwortlich sind. Zusätzlich zünden Gasphasenverbrennungsreaktionen, wel-

che weiteres COx bilden und ebenfalls durch verschiedene Radikale (H·, CH3·, OH·)
in den Reaktionsmechanismus eingreifen. Außer CH3· konnte kein weiteres Radikal

nachgewiesen werden, was auch an den zu erwartenden, wesentlich geringeren Kon-

zentrationen unterhalb der Detektionsgrenze des MS lag. Zumindest für die Methan

CPO unter den gewählten Bedingungen sind homogene und heterogene Reaktionen

demzufolge durch Wärmetransport, aber nicht durch Stofftransport gekoppelt.

Diese Arbeit beschreibt die erste Detektion und Quantifizierung von Methylradi-

kalen unter solchen Reaktionsbedingungen.
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Chapter 1

Introduction

Catalysis is very present in our everyday life. Apart from automotive catalysis,

which is often the only catalytic application of public awareness, about 90 % of all

chemical conversions are accomplished with catalysts [1]. To illustrate the scale on

which catalytic processes are conducted in industry, catalytic cracking of crude oil

can be taken as example. About 3.9 · 109 tons of crude oil are processed by catalytic

cracking on zeolites every year. Facing this number, the economic aspects of catalysis

research are obvious. Already a small improvement in terms of conversion, selectivity

or catalyst lifetime can reduce costs and environmental pollution drastically.

As already a simple catalytic reaction as the ammonia synthesis consists of ad-

sorption, decomposition, recombination and desorption steps [2] the development of

an atomistic understanding of catalytic reactions is very challenging, costly and time

consuming. The industrial way of upgrading existing catalysts and processes is often

dominated by a ”trial and error”approach [3]. Improvements are made by changing

catalyst formulation or process conditions without an in-depth analysis of the un-

derlying reaction mechanism. The interplay between the active catalyst, the support

and the reaction media is very complex and in the majority of cases not understood.

The nature of the ”active site”, defined as the combination of functional groups which

are essential for the catalytic reaction, is object of intensive work [4] but remains un-

known in many cases. The situation is further complicated by the fact that a catalyst

typically changes its composition or shape under reaction atmosphere [5] making it

necessary to analyze as many parameters in situ as possible.

In many industrial processes and in the present work, heterogeneous catalytic
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reactions are conducted at high temperatures (T > 500 ◦C) and atmospheric or

elevated pressures. Under such drastic conditions, non-catalytic reactions can occur

in the gas phase surrounding the catalyst and the atomistic picture of the entire

process becomes even more complex. Taking methane activation as example, the

C − H bond dissociation energy in methane is about 435 kJ · mol−1 (104 kcal ·
mol−1) [6]. At temperatures above 1100 ◦C a noticeable fraction of C − H bonds

break and gas phase radical reactions can be initiated [7, 8]. After bond cleavage

the methyl radicals can recombine to form ethane and depending on temperature by

dehydrogenation, unsaturated species like ethylene and acetylene.

Initiation reaction : CH4 → CH3 ·+H ·
Recombination : 2 CH3· → C2H6

Dehydrogenation : C2H6 → C2H4 + (H2) → C2H2 + (H2)

Gas phase reactions become typically more important with increasing pressure which

can be a problem for industrial processes which operate often at pressures of 1 to

100 bar [9]. This pressure dependence is easily understood as the number of inter-

molecular collisions increases with pressure.

The aim of this work was the analysis of the interplay between heterogeneous

surface reactions and homogeneous gas phase reactions during the partial oxidation

of methane at temperatures up to 1300 ◦C and atmospheric pressure over a platinum

catalyst. Literature results indicate that next to surface reactions producing CO2,

H2O and synthesis gas (CO+H2) (Eq. 1.1-1.2 and Fig. 1.1) [10], also C2 hydrocarbons

are formed in a homogeneous reaction [11] via radical recombination.

Total oxidation : CH4 + 2 O2 → CO2 + 2 H2O (1.1)

Synthesis gas formation : CH4 + 1/2 O2 → CO + 2 H2 (1.2)

The C2 products are thought to be formed by recombination of methyl radi-

cals, but an in situ observation under atmospheric pressure and high temperature

conditions has never been performed.

The first task to study the formation process of C2 products would be to corre-

late the concentration of CH3· radicals in the gas phase with the formation of C2
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Figure 1.1: Simplified surface mechanism for syngas formation and

total oxidation - adopted from [10].

hydrocarbons. If such a correlation could be established, the gas phase recombination

mechanism was supported. If high amounts of C2 hydrocarbons were formed without

that methyl radicals were detected in the gas phase, a direct radical coupling on the

surface could be the formation pathway.

Secondly the origin of gas phase methyl radicals must be clarified. They could

be either produced on the Pt surface and desorb into the gas phase, or generated

homogeneously in the gas phase. Radical formation in the gas phase is typical for

combustion processes or methane pyrolysis. Other radicals such as OH· formed by

hydrogen oxidation which in turn is formed by surface chemistry (c.f. Fig 1.1) can

initiate methane fission.

It can be summarized that the question of the connection between gas phase and

surface reactions for methane oxidation on Pt is still unresolved and experimentally

largely unexplored. The high rate of methane oxidation on platinum leads to a high

rate of heat generation which results in high reaction temperatures and probably a

complicated reaction network at the surface and in the gas phase linked by physical

transport processes of mass and heat. Numerical simulations can give insight into

the reaction mechanism on a molecular scale [12], but the results remain speculative

unless they can be confirmed by in situ measurements.

In the present work, a combination of molecular beam mass spectrometry with

threshold ionization, optical pyrometry and gas chromatography is applied to study

the methane oxidation on Pt for the first time in situ at temperatures up to 1300 ◦C

and atmospheric pressure. Goal is to correlate the production of gas phase radicals

with the catalytic performance to study the coupling of surface and gas phase chem-

istry in this reaction in general and the formation mechanism of C2 hydrocarbons in

particular.
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Chapter 2

Background

2.1 Catalytic and Non-Catalytic Methane Activa-

tion

The following chapter will introduce the basic principles of heterogeneous catalysis

and the difference between catalytic and non-catalytic reactions. As methane oxida-

tion is the subject of this work examples will be given how methane can be activated

by means of heterogeneous catalysis but also non-catalytically by combustion and

pyrolysis reactions. The chapter finishes by giving an overview over the state of

knowledge about methane oxidation reactions involving catalytic and non-catalytic

reaction pathways.

2.1.1 Principles of Heterogeneous Catalysis

A chemical reaction that possesses a negative Gibbs free energy could, at least from

a thermodynamic point of view, proceed spontaneously (Eq. 2.1). However, even a

spontaneous reaction might proceed immeasurably slow if it is hindered by a high

activation barrier. As displayed in Fig. 2.1, a catalyst is a substance that lowers the

activation barrier for a specific chemical reaction without influencing its thermody-

namics.

Gibbs free energy : ∆G = ∆H − T∆S (2.1)
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spontaneous reaction ∆G < 0

equilibrium state ∆G = 0

nonspontaneous reaction ∆G > 0

Figure 2.1: Activation barrier for a reaction X → Y with and without

catalyst. The reaction enthalpy ∆H is equal for both, but the acti-

vation energies Ea are reduced for the catalytic reaction. - Adopted

from [13].

The reaction enthalpy ∆H is the same for the catalytic and the noncatalytic reac-

tion but as the reaction rate depends exponentially on the negative of the activation

energy (Eq. 2.2), the reaction rate of a catalytic reaction is higher at a given tem-

perature than that of a non-catalytic reaction. Vice versa, the same reaction rate is

achieved at a lower temperature due to the lower Ea for the catalytic reaction (red)

compared to the non-catalytic reaction (blue).

k = k0e
− Ea

RT (2.2)

An example is the oxidation of hydrogen with oxygen to water (Eq. 2.3).

H2 +
1

2
O2 → H2O ∆Gª = −237.1 kJ ·mol−1 (2.3)

According to Eq. 2.3, the Gibbs free energy is very negative for this reaction and

it could proceed spontaneously. However, a mixture of H2 and O2 can be stored
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for decades without that a measurable conversion occurs as the reaction involves a

high activation barrier. If the necessary activation energy is provided by means of an

external energy source (flames, sparks, etc) an explosion occurs. Contrary, flowing

hydrogen over a platinum sponge in air will immediately result in a flame. The

platinum sponge acts as a catalyst by reducing the activation energy by dissociative

adsorption of both gases and the reaction can proceed with a high rate. This is the

principle of the first lighter invented by Johann Wolfgang Döbereiner (”Döbereiner’s

lamp”).

The economic importance of catalysts results from the fact that a catalyst can

be designed to increase, in a set of spontaneous reactions, the rate of one reaction

stronger than the rates of the others. This leads to the concepts of selectivity, i.e. a

catalyst can be used to accelerate the formation of the desired product at the expense

of the undesired products. An example is the conversion of synthesis gas (a mixture

of CO and H2) to a variety of products over different catalysts as shown in Fig. 2.2.

Figure 2.2: Selectivity control by catalysts, adopted from [14].

2.1.2 Methane Activation by Heterogeneous Catalysis

The conversion of methane to more valuable chemicals is one of the major topics in

heterogeneous catalysis research during the last decades. The primary driving force

is to use natural gas as chemical feedstock instead of crude oil. The difficulty of

transformation arises from the strong C−H bonds in methane with bond energies of

about ∆HΘ(H−CH3) = 435 kJ ·mol−1 [15]. The activation is further complicated by

the fact that the methane molecule does not posses a permanent dipole moment and

that the electron cloud possesses nearly spherical symmetry. If high temperature/high
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pressure conditions are chosen to oxidize methane to desired products like ethylene,

formaldehyde or methanol, the target molecules react readily to COx and H2O.

Despite these challenges several conversion pathways have reached industrial stage,

e.g. the formation of hydrocyanic acid from methane and ammonia via the Degussa

process (Eq. 2.4, [16]) or the Andrussow process (Eq. 2.5, [17]):

CH4 + NH3 → HCN + 3H2 ∆rH
Θ = +256 kJ ·mol−1 (2.4)

CH4 + NH3 + 3/2O2 → HCN + 3H2O ∆rH
Θ = −474 kJ ·mol−1 (2.5)

Another large scale methane conversion process is the production of synthesis gas

via steam reforming on Ni catalysts, which has been investigated and used for more

than 50 years [18] Eq. 2.6:

CH4 + H2O → CO + 3H2 ∆rH
Θ = +206 kJ ·mol−1 (2.6)

The production of synthesis gas by catalytic partial oxidation (CPO, Eq. 2.7, e.g. on

Rh) has reached pilot plant status.

CH4 + 1/2O2 → CO + 2H2 ∆rH
Θ = −36 kJ ·mol−1 (2.7)

The advantage of catalytic partial oxidation is that the reaction approaches equilib-

rium within ms contact times and that CPO reactors can operate autothermally and

can be much smaller than conventional steam reformers [19].

Currently under research are methane oxidative coupling to ethylene [20] (Eq. 2.8)

and the direct oxidation of methane to methanol or formaldehyde [21] (Eqs. 2.9

and 2.10):

CH4 + 1/2O2 → 1/2C2H4 + H2O ∆rH
Θ = −185 kJ ·mol−1 (2.8)

CH4 + 1/2O2 → CH3OH ∆rH
Θ = −164 kJ ·mol−1 (2.9)

CH4 + O2 → HCHO + H2O ∆rH
Θ = −320 kJ ·mol−1 (2.10)

Whereas the oxidative coupling of methane (Eq. 2.8) can provide up to 25 % one pass

yield of C2 coupling products and has a certain potential for industrial application

the direct oxidation of methane to formaldehyde or methanol provides only a few

percent yield [21] and is currently only of academic interest.
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As the focus of the present work is on the mechanism of the high temperature

methane oxidation and the interaction between catalytic (surface) and non-catalytic

(gas phase) reactions, mechanistic details of selected catalytic processes of methane

conversion will be discussed in the following. After reviewing mechanistic aspects of

non-catalytic methane activation by combustion and pyrolysis in Section 2.1.3, the

state of knowledge for the interaction between catalytic and non-catalytic reactions

is discussed in Section 2.1.4.

Catalytic Combustion of Methane

Combustion of hydrocarbons is widely used to produce energy for domestic, trans-

portation or industrial use. Combustion engines rely usually on non-catalytic com-

bustion in flames. Methane (natural gas) is often used as fuel do to its high energy

content and environmental friendliness. The common oxidant is air. Unfortunately

the combustion in air leads to temperatures > 1600 ◦C - and to the emission of NOx

from atmospheric nitrogen [22].

Catalytic combustion offers an interesting alternative to non-catalytic combustion

as i) no ignition source is required ii) the combustion temperatures are much lower

than in a flame (< 1300 ◦C) and iii) the hydrocarbon/air mixture can be outside the

flammability limits (for methane in air 5−16 V ol% [23]). The only restriction for a self

sustained catalytic combustion is a minimum inlet gas temperature to maintain full

conversion [24]. For example, the catalytic combustion of 2% methane in air with an

inlet temperature of 450◦C will result in an exhaust gas temperature of about 980◦C,

which is low enough to reduce the emission of NOx to zero. Temperatures below

1000 ◦C reduces also the formation of soot and tar and CO2 and H2O are the only

observed products [25].

The general mechanism of catalytic combustion is presented in Figure 2.3. At

point (A) oxidation reactions are initiated on the catalyst surface at a temperature,

which depends from the catalyst itself and the used hydrocarbon. Increasing the

temperature leads to an exponential increase of the reaction rate (B). At the point,

where the produced heat by the combustion process exceeds heat losses, reactor light

off is observed (C). At this stage the reaction is controlled by mass transport. In

point (D) the reactants are depleted [26]. Relevant for the present work is that



2.1 Catalytic and Non-Catalytic Methane Activation 11

Figure 2.3: General mechanism of catalytic combustion - adopted from [26].

reactive intermediates can be released to the gas phase under catalytic combustion

conditions which can initiate gas phase radical chain reactions. Numerical simulations

on catalytic combustion systems have been published by numerous authors [27, 28].

An experimental proof of OH· radicals desorbing from the Pt surface under reaction

conditions has been given by Pfefferle et al. using LIF [29].

Catalytic Partial Oxidation of Methane on Noble Metals

The catalytic partial oxidation of methane on noble metals is very similar to catalytic

combustion but uses methane rich mixtures above the upper flammability limit. Goal

is to produce CO + H2 (synthesis gas) in ms contact times. As the formation of small

amounts total oxidation products (CO2 and H2O) is inevitable, the reaction can be

described by Eq. 2.11:

CH4 + (2− x

2
− y

2
) O2 → x H2 + y O2 + (2− x) H2O + (1− y) CO2 (2.11)

The values of x and y depend strongly on the catalyst and on the operation

conditions. On Rh the selectivity to hydrogen is over 90 % [10] and much higher

than on Pt which produces more water. The different behavior of the two catalysts

results from different activation barriers for the reaction of surface oxygen atoms Os

and surface hydrogen atoms Hs to surface OHs (Eq. 2.12):

Hs + Os → OHs (2.12)
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On Pt the activation energy for Reaction 2.12 is with only 10.5 kJ ·mol−1 much lower

than on Rh (83.8 kJ · mol−1) [12]. Hence, platinum increases the reaction rate to

H2O making it an excellent catalyst for catalytic combustion applications whereas

rhodium hinders this step and is the catalyst of choice for synthesis gas formation.

Other authors propose a Mars - van Krevelen mechanism via rhodium oxide for

the formation of CO and metallic rhodium sites for methane splitting and H2 forma-

tion [30].

CH4 + 5 ∅ → C∅ + 4 H∅

C∅ + RhxO → RH0
x + CO + ∅

O2 + 2 Rh0
x → 2 RhxO

2 H∅ → H2 + 2 ∅

Chemisorbed oxygen plays a role in the further oxidation of the carbon monoxide to

carbon dioxide. The authors stated, that over platinum a similar reaction mechanism

takes place, but could not confirm the formation of platinum oxide by ex situ XPS

as opposed to rhodium oxide. In situ X-ray absorption studies shows the presence

of RhOx and PtOx at least close to the ignition temperature of about 310◦C in the

oxidation zone [31].

The production of partial oxidation products is furthermore discussed in terms

of a two step (indirect) mechanism [32], where first a total oxidation of CH4 to CO2

and H2O occurs, followed by steam and carbon dioxide reforming (Eq. 2.13 and 2.14

respectively). The product distribution can also be changed by side reactions as for

example the water gas shift reaction (Eq. 2.15) [33]:

CH4 + H2O → CO + 3H2 steam reforming (2.13)

CH4 + CO2 → 2CO + 2H2 CO2 reforming (2.14)

CO2 + H2  CO + H2O water gas shift (2.15)

This discussion in terms of direct vs. indirect synthesis gas formation has been

somewhat alleviated by introducing spatially resolved measurements through au-

tothermally operated Pt and Rh coated foam catalysts [8, 34]. It was shown that

in the oxidation zone partial and total oxidation reactions proceed in parallel as de-

scribed by Eq. 2.11. After total consumption of oxygen, water becomes co-reactant
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to methane and more synthesis gas is produced by steam reforming. CO2 is formed

in small amounts in the oxidation zone but CO2 reforming does not occur under

autothermal conditions.

Oxidative coupling of methane over oxide catalysts

The coupling of methane to ethane is a reaction of strong economic interest as ethane

can be dehydrogenated to ethylene which is a highly valuable chemical intermediate.

The dehydrogenative coupling of methane to ethane is thermodynamically unfavored

(Eq. 2.16), but an oxidative coupling is thermodynamically feasible (negative Gibbs

free energy) (Eq. 2.17) [35]:

2CH4  C2H6 + H2 ∆G0 (1000K) = +71.0 kJ ·mol−1 (2.16)

2CH4 + 1/2O2  C2H6 + H2O ∆G0 (1000K) = −159.7 kJ ·mol−1 (2.17)

Numerous oxide catalysts, in particular strong basic oxides, are active for methane

oxidative coupling in a temperature range between 600 − 900 ◦C. Besides ethane,

ethylene is formed and therefore the yield is often specified in terms of C2 products.

The reaction mechanism on many oxides is discussed in terms of a coupled hetero-

geneous homogeneous mechanism. By using matrix isolation EPR spectroscopy [36,

20], Lunsford et al. showed methyl radical desorption from alkaline doped earth al-

kaline oxides. The results for Na doped CaO [36] and Li doped MgO [20] catalysts

are reproduced in Fig. 2.4 I and II respectively. The authors discovered a correlation

between the CH3· radical production, the C2 yield and the dopant concentration.

The authors concluded that gas phase coupling of CH3· radicals is a major pathway

for the formation of C2 products. To understand the role of the alkaline dopant, Ito

and Lunsford studied also the Li/MgO catalyst using EPR. By thermal quenching

of the catalyst operated at temperatures between 700 ◦C to 800 ◦C they showed that

[Li+O−] defects were present under reaction conditions and concluded that these cen-

ters probably facilitate CH3· radical formation at the surface [37]. After desorption

in the gas phase the CH3· radicals couple to ethane which is further dehydrogenated

to ethylene.

Feng et al. used Molecular Beam Photoionization Mass spectrometry for a direct

quantification of methyl radicals using NO as internal standard [38]. The comparison
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Figure 2.4: I Relative C2 yield and methyl formation rate as function of the Na+

loading - adopted from [36]; II Variation in C2 and CH3· productivity as a function of

the lithium content at 700 ◦C - adopted from [20].

of the production of these radicals and the C2 production, see Fig. 2.5, reveals C2

formation purely by homogeneous recombination. Neither heterogeneous production

of ethane or ethylene, nor deep oxidation of the radicals could be observed [39].

Figure 2.5: Plot of CH3· and C2H6 con-

centration as function of catalyst con-

tact time - adopted from [39].

Oxidative coupling of methane on Pt

C2 products are also observed if methane oxidative coupling is conducted on platinum

catalysts but the yields at typical oxidative coupling temperatures (600 − 800 ◦C)

are close to zero. Both on Pt/Rh gauzes [40] and coated monoliths [12] no C2
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hydrocarbons are observed below 1000 ◦C and only CO, CO2, H2 and H2O are

formed. If the the temperature is increased to more than 1000 ◦C traces of C2

coupling products appear [40] but their formation pathway remains unclear. Lunsford

was able to quantify methyl radicals over oxide catalysts at 800 ◦C [37], but has not

found any evidence for these radicals over a platinum surface at temperatures of about

900 ◦C [41]. He concluded that the role of platinum is to provide a catalytic surface

for the oxidation reactions, but not to release radicals. In numerical simulations of

the methane CPO on a Pt gauze C2 production was found to occur downstream the

gauze by coupling of methyl radicals in the gas phase [42, 43]. The authors stated

that these CH3· radicals are also produced in the gas phase downstream the gauze

and do not desorb from the platinum surface.

2.1.3 Non-Catalytic Methane Activation: Methane Pyrolysis

and Methane Combustion

Methane pyrolysis

Pyrolysis is defined as the thermal decomposition of organic compounds [44] in ab-

sence of any oxidant. Even though the present work focusses on catalytic oxidation

of methane on Pt, pyrolysis reactions are briefly reviewed in the following as they can

proceed in oxygen deficient regions of the reactor. In several experiments described

in Section 4 temperatures as high as 1300◦C were achieved and methane was used in

excess so that pyrolysis reactions have to be taken into account as possible sources

of reaction products.

As a simple example the pyrolysis of ethane to ethylene and hydrogen is shown

in Eq. 2.18. As can be seen, the term pyrolysis comprises a network of radical

reactions in the gas phase consisting of chain initiation, chain propagation and chain

termination reactions:

overall reaction : C2H6 → C2H4 + H2 (2.18)
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chain initiation : C2H6 → 2 CH3 ·
chain propagation : CH3 ·+ C2H6 → CH4 + C2H5 ·

C2H5· → C2H4 + H ·
H ·+ C2H6 → H2 + C2H5 ·

chain termination : 2 C2H5· → C4H10

2 C2H5· → C2H4 + C2H6

During chain propagation, a new radical is created for each consumed radical. In

chain termination reactions radicals are lost due to the radical recombination in the

gas phase or destruction at a wall. As the overall reaction is endothermic, energy

must be continuously supplied to sustain it.

The initial step in methane pyrolysis is the homolytic C−H bond cleavage. High

temperatures are necessary to break this bond as the bond dissociation energy is

about 435 kJ ·mol−1 [6]. The main products are hydrogen, acetylene, ethylene and

small amounts of higher hydrocarbons. As the complete reaction mechanism is too

complex to list it here (157 reactions between 48 different species [45]) only selected

important reactions in the methane pyrolysis network are given below (M denotes

an inert collision partner):

Initiation : CH4 + M → CH3 ·+ H ·+ M

Propagation : CH4 + H· → CH3 ·+ H2

CH3 ·+ CH3· → C2H5 ·+ H ·
C2H5 ·+ H· → C2H4 + H2

C2H4 + (M) → C2H2 + H2 + (M)

C2H2 + H· → C2H ·+ H2

C2H2 + C2H· → C4H2 + H ·
→ soot

Termination : CH3 ·+ CH3 ·+ (M) → C2H6 + (M)

Methane pyrolysis has been thoroughly investigated. Even at low temperatures of

1038 K (765 ◦C) measurable conversions are obtained with a high selectivity to

ethane [46]. The author describes the initial steps of soot and tar formation with

cyclopentadiene as intermediate. The intensive soot formation was one of the main
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reasons not to use methane as chemical feedstock in the low temperature conversion

in the past.

Methane pyrolysis has also been described with mathematical models. Ther-

modynamic equilibrium calculations including and excluding solid carbon predict a

product composition as shown in Fig 2.6 and 2.7 respectively. At temperatures,

where acetylene and benzene are produced in significant yields (temperatures from

1800 ◦C to 3000 ◦C); graphite and hydrogen are the thermodynamically stable prod-

ucts [47]. The formation of solid carbon can be suppressed by rapid heating and

product cooling, as well as addition of hydrogen [48]. In this case higher amounts

of acetylene are formed (Fig 2.7). Several industrial acetylene production processes

follow this strategy (Huels [49], DuPont [50]).

Non-catalytic combustion of methane

The non-catalytic (gas phase) combustion of methane proceeds, like methane pyrol-

ysis via a network of radical chain reactions. An important difference to pyrolysis

is that the methane combustion is exothermic and can proceed self-sustained upon

ignition. Furthermore chain branching can occur which can lead depending on com-

position temperature and pressure to an explosion. A simple and well understood

example for a combustion reaction is the combustion of hydrogen [51]. In the H2−O2

system the initiation occurs mainly by the reaction

initiation : H2 + O2  H ·+ HO2·

Upon initiation chain branching and propagation reactions may occur:

branching : H ·+ O2  O ·+ OH ·
branching : O ·+ H2  H ·+ OH ·

branching : O ·+ H2O  OH ·+ OH ·
propagation : OH ·+ H2  H2O + H ·
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Figure 2.6: Methane pyrolysis products with solid carbon phase -

adopted from [47].

Figure 2.7: Methane pyrolysis products excluding solid carbon phase

- adopted from [47].
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The chain branching steps compete with a chain-terminating sequence of reactions,

involving primarily:

termination : H ·+ O2 + M  HO2 ·+ M

termination : HO2 ·+ OH·  H2O + O2

termination : HO2 ·+ HO2·  H2O2 + O2

termination : H·, O·, OH·, HO2· wall→ inert

The first termination reaction is actually a chain propagation but can be considered

terminating as the HO2· radical is much less reactive than H·, O· and OH· radicals.

As for methane pyrolysis, the methane combustion mechanism is too complex to

reproduce it here. Several basic and important reactions for methane combustion are

presented below:

Initiation : CH4 + O2 → CH3 ·+ HO2 ·
CH4 + (M) → CH3 ·+ H ·+ (M)

Propagation : CH3 ·+ O2 → CH3OO ·
CH3OO ·+ CH4 → CH3OOH + CH3 ·

CH3 ·+ O2 → CH2O + OH ·
CH3 ·+ ·O· → CH2O + H ·
CH4 + OH· → CH3 ·+ H2O

CH4 + ·O· → CH3 ·+ OH ·
CH4 + H· → CH3 ·+ H2

CH4 + HO2· → CH3 ·+ H2O2

Branching : CH3 ·+ O2 → CH3O ·+ ·O ·
H ·+ O2 → OH ·+ ·O ·

Termination : CH3 ·+ CH3· → C2H6

H ·+ OH ·+ (M) → H2O + (M)

In general the main gas phase radicals are OH·, HO2·, CH3· and CH3OO· with

CH3OO· and OH· being the important chain carriers at temperature of only a few

hundred K and HO2· being dominant above 1000 K [52]. As reviewed by Mackie [53]
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the nature of the methane oxidation products (coupling products, oxygenates or total

oxidation products) is determined by the relative concentration of key radicals (e.g.

OH·, H·, HO2·, R·, RO2·) in the gas phase (R =organic fragment).

2.1.4 Interaction of Catalytic and Non-Catalytic Reactions in

Methane Oxidation

As described above, heterogeneously catalyzed high temperature reactions are often

insufficiently described by surface reaction steps only. In many cases surface and gas

phase reactions can proceed in parallel and interact with each other by exchange of

heat and/or exchange of reactive species.

Coupling by exchange of heat

Energetic coupling by exchange of heat is often observed during partial oxidation

processes, where a large amount of reaction heat is produced and raises the temper-

ature of the gas phase above the catalyst until gas phase reactions become possible.

A technical process utilizing this is the dehydrogenation of ethane to ethylene over a

platinum catalyst [54]. In a first step part of the ethane is oxidized over the catalyst,

producing a lot of heat due to the exothermicity of these reactions:

C2H6 + 7/2 O2 → 2 CO2 + 3 H2O ∆rH
Θ = −1560 kJ ·mol−1

C2H6 + 5/2 O2 → 2 CO + 3 H2O ∆rH
Θ = −994 kJ ·mol−1

The reaction heat increases the temperature of the gas phase above the catalyst and

the homogeneous dehydrogenation of ethane to ethylene becomes feasible:

C2H6 → C2H4 + H2 ∆rH
Θ = +137 kJ ·mol−1

The authors of [54] state that ethylene is not produced heterogeneously, as the desorp-

tion step would be too slow compared to further dehydrogenation to surface carbon

which in turn is oxidized to CO2. Contrary to this view Zerkle [55] showed, that the

production of ethylene changes from nearly homogeneous for very lean mixtures to

almost heterogeneous under very fuel rich conditions. This example illustrated that

there is need in the understanding of coupling processes between catalytic (surface)
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and non-catalytic (gas phase) reactions by heat exchange. This holds in particular

for industrial processes where ignition of undesired gas phase reactions may lead to

explosions [56].

Coupling by exchange of radicals - Radical desorption from the catalyst

A different kind of coupling between catalytic (surface) and non-catalytic (gas phase)

reactions occurs via exchange of radicals. The oxidative coupling of methane to

ethylene over lithium doped magnesium oxide is the prime example for this kind of

coupling:

2 CH4 + O2 → C2H4 + 2 H2O

As discussed in Section 2.1.2, Lunsford et al. detected methyl radicals during this

reaction using matrix isolation EPR spectroscopy [57]. The formation of C2 coupling

products could be correlated with the detection of methyl radicals in the gas phase,

leading to the conclusion that ethane is formed via methyl radical recombination in

the gas phase [20], followed by dehydrogenation to ethylene:

CH4, surface + ·Osurface → ·CH3, surface + OHsurface

·CH3, surface → ·CH3, gas phase

2 · CH3, gas phase → CH3CH3, gas phase

The release of reactive intermediates may occur under high temperature conditions

also over other catalysts and for different gas mixtures. During methane CPO on

noble metal catalysts gas phase reactions were found to reduce the selectivity to syn-

thesis gas by about 2 % behind the catalyst at 1188 K and 1 MPa [12]. Unfortunately,

the only radical species, which could be experimentally verified over Pt surfaces dur-

ing reactions and tracked by simulations were OH· radicals [58]. Their experimental

detection was accomplished by Laser Induced Fluorescence Spectroscopy but the sim-

ulations showed that these radicals were only formed by reactions in the gas phase.

Contradicting results were reported by Marks and Schmidt [59] who showed that

OH· radicals desorb from a Pt surface during catalytic combustion of various fuels.
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Coupling by exchange of radicals - Radical losses at the catalyst

Radicals, participating in gas phase radical chain reactions, can also be destroyed

at a surface, be it catalytic or inert. For example, the ignition temperature of hy-

drogen/air mixtures is higher over catalytically active surfaces compared to inert

surfaces [60]. Depending on the species, produced gas phase radicals can diffuse to

the wall and may become destroyed, e.g. by recombination to water [61] ( Eq. 2.19):

x H ·+ y O ·+ z OH· → (y + z) H2O (2.19)

The result of this radical scavenging is a zone directly above the catalytic surface,

where no self accelerated reactions can occur. Its height depends on the radical

species and its diffusivity. This might be the reason why non-catalytic gas phase

reactions are not observed at pressures below 1 MPa on Pt coated reticulated foam

catalysts which have pore sizes in the range of a few hundred µm [12].

The dependence of the rate of gas phase radical chain reactions on pressure is

quite complicated. On the one hand, gas density increases with pressure leading to

more intermolecular collisions compared to wall collisions. Radical generation and

branching reactions are supported. On the other hand increasing pressure enhances

also the number of three body collisions (Z) according to Eq. 2.20 [62] with N1, N2

and N3 denoting the concentrations of the three species and σ the binary collision

cross sections.

Z = N1N2N3

(
4πσ2

1,2

) (
4πσ2

2,3

)
δ

[√
RT

m1 + m2

2πm1m2

+

√
RT

m2 + m3

2πm2m3

]
(2.20)

As gas phase radical recombinations require a third collision partner to carry away

excess kinetic energy chain terminating reactions become also more efficient at higher

pressure [63].
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2.2 Molecular Beam Threshold Ionization Mass Spec-

trometry

Chapter 2.2 introduces shortly the principles of molecular beams, their generation

and their application for sampling of reactive intermediates from chemically reacting

flows. The chapter finishes with a discussion of the mass spectrometric detection of

gas phase radicals by threshold ionization and the quantitative analysis of threshold

ionization data.

2.2.1 Molecular Beam Principles

A molecular beam is formed when a gas expands through a nozzle or orifice from

a high pressure region into a low pressure background. The pressure conditions

influence strongly the attributes of the molecular beam. Molecular beams can be

classified be means of their Knudsen number in the orifice. The Knudsen number

(Kn) describes the ratio of the mean free path of the molecules (λ) to the geometric

dimensions of the vessel, in this special case to the orifice diameter - dn.

Kn =
λ

dn

(2.21)

Knudsen numbers above 0.5 represent molecular flow regimes, where the mean free

path of the molecules is larger than the orifice diameter. Beams produced in this

region are called effusive beams. The directionality of effusive beams is determined by

the collision of the molecules with the orifice walls rather than by collisions between

the molecules. Knudsen numbers between 10−2 and 0.5 are called ‘Knudsen type

flows’ and are rarely used. Knudsen numbers lower than 10−2 specify gas dynamic

expansions where the directionality of the beam is determined by collisions between

the molecules and the flow is driven by the pressure gradient.

The Maxwell mean free path λ [m] can be calculated by Eq. 2.22 from the collision

cross section σ [m2] and the particle density N [m−3]:

λ =
1√

2 ·N · σ (2.22)
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Assuming ideal gases, the particle density can be calculated from temperature and

pressure:

N =
p

kT
(2.23)

If conditions typical for this work are inserted (p = 101300 Pa, T = 298 − 1573 K)

and N2 is assumed as probe molecule (σ = 1.4 · 10−19 m2) the mean free path results

to 2 · 10−7 m at 298 K and 1.1 · 10−6 m at 1573 K. The diameter of the sampling

orifice of the system used in this work was about 125 µm leading to the following

Knudsen numbers:

Kn298 K = 1.6 · 10−3

Kn1573 K = 8.8 · 10−3

The flow regime is therefore always continuous.

If the pressure ratio between the high and the low pressure side G = phigh/plow

is higher than the critical pressure ratio G∗ given by Eq. 2.24, the particles in the

molecular beam reach supersonic speed during the expansion:

G∗ =

(
(γ + 1)

2

) γ
(γ−1)

(2.24)

In Eq. 2.24, γ = Cp/Cv denotes the adiabatic exponent which is γ = 7/5 for diatomic

ideal gases. Taking again N2 as probe molecule G∗ calculates to 1.9 and is in general

for all types of gases smaller than 2.1 [64]. During this study the reactor was operated

at atmospheric pressure (phigh ≈ 1000 mbar) and the expansion chamber was operated

at about plow ≈ 10−3 mbar. For this pressure ratio G calculates to 106 which is much

larger than G∗. It can be concluded, that the used molecular beam in this work was

always supersonic.

The structure of a supersonic gas expansion is shown in Figure 2.8 [65]. If the

gas expansion behind the orifice is not restricted by any walls, as it was also the

case in the present work, the term ‘free jet expansion’ is frequently used. During the

expansion the particle density inside the beam decreases steeply and the molecules

reach several times the speed of sound. At a certain distance from the orifice, the

collisions of the beam molecules with the background gas molecules results in the

formation of shock waves. The location of the formed mach disk (xM), the shock
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Figure 2.8: General struc-

ture of a supersonic free

jet expansion with MN de-

noting the mach number -

adopted from [65].

wave perpendicular to the expansion direction, can be calculated from Eq. 2.25 using

p0 = 101300 Pa, pNC = 3 · 10−1 Pa, dn = 125 · 10−6 m:

xM = dn · 0.67.

√
p0

pNC

= 0.0487 m ' 49 mm (2.25)

The Mach disk is therefore located 49 mm downstream the orifice. The thickness of

the mach disc (and also of the barrel shocks) is approximately 0.5 to 0.75 times the

mach disk distance [65] - about 30 mm. This implies that there is no real shock wave

structure formed in the expansion chamber of the MBMS used in this work rather

than a slow change in the beam attributes.

The molecular beam itself is formed in this work by cutting out the center part of

the expansion using an arrangement of two differentially pumped metal cones termed

skimmer and collimator (Fig. 2.9).

Figure 2.9: Sketch of the for-

mation process of the molecular

beam with a combination of skim-

mer and collimator cone in a three

stage differentially pumped vac-

uum system.
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2.2.2 Molecular Beam Characterization

The adiabatic expansion of molecules into a vacuum background leads to intermolec-

ular collisions and to the exchange of energy between the molecules. In general,

undirected translation energy (thermal energy) is transformed into directed trans-

lation in beam direction. As long as the mean free path is small compared to the

wall distances intermolecular collisions occur and energy is exchanged. Along the

expansion coordinate the intermolecular collision frequency drops and at a certain

position virtually no intermolecular collisions occur anymore. This is called the quit-

ting surface of the system. The lowest temperature of the expanded gas is defined by

the Mach number reached during expansion up to the quitting surface. The maximal

reachable Mach number can be calculated using Eq. 2.26 [66]:

MNmax =

√√√√
(

2

γ − 1

) [(
p0

p1

) (γ−1)
γ

− 1

]
(2.26)

For argon with an adiabatic exponent γ = 5/3 and for nitrogen with γ = 7/5 this

results in MNmax = 27.4 and MNmax = 16 respectively.

The ratio between the temperature upstream the expansion orifice (T0) and some-

where in the expansion (T1) is related to the Mach number at this point by Eq. 2.27 [67]:

T0

T1

= 1 +
γ − 1

2
·MN2 (2.27)

For example, if T0 corresponds to a reactor temperature of 1300 ◦C = 1573 K,

Eq. 2.26 and 2.27 can be used to calculate the final temperature of the beam con-

stituents. If values for Ar are inserted (γ = 5/3, MNmax = 27.4) the Ar atoms can

be theoretically cooled down to 1573 K/250 K ≈ 6.3 K.

Up to the quitting surface the temperatures parallel and perpendicular to the

beam are equal, as energy can be exchanged by collisions. Behind this point no

collisions take place, the speed of the molecules remains constant and the temperature

parallel to the beam does not change anymore. The temperature perpendicular to

the beam decreases further, as the geometric spherical expansion continues with a

maximum rate proportional to r−2. The average temperature behind the quitting

surface will therefore be somewhat lower than the one calculated by Eq. 2.27.

The position of the quitting surface can be estimated as the distance at which the

continuum expansion reaches the maximum Mach number MNmax. For axisymmetric



2.2 Molecular Beam Threshold Ionization Mass Spectrometry 27

expansions at distances larger than 0.5 orifice diameters, the dependence of the Mach

number on the distance from the orifice can be calculated from a correlation such as

the one shown in Eq. 2.28 [68]:

MN =
(x

d

)γ−1

·
[
C1 +

C2

(x/d)
+

C3

(x/d)2 +
C4

(x/d)3

]
(2.28)

If the constants C1−C4 for monoatomic and diatomic gases are inserted (C1 = 3.232,

C2 = −0.7563, C3 = 0.3937, C4 = −0.0729 and C1 = 3.606, C2 = −1.742, C3 = 0.9226,

C4 = −0.2069 respectively [68]) the position of the quitting surface can be calculated.

For Ar with MNmax = 27.4 and N2 with MNmax = 16 the (x/d) values calculate

to 24 and 40 respectively. As the adiabatic exponent becomes smaller for larger

molecules it can be assumed that the distance of the quitting surface is always smaller

than (x/d = 80). In the present work an orifice with a diameter of 0.125 mm was

used which translates into a quitting surface distance for Ar and N2 of 3 mm and

5 mm respectively. To sample always behind the quitting surface where all relaxation

processes are terminated, the skimmer was placed in all experiments at a distance of

10 mm from the orifice.

According to Fenn [69] each molecule experiences on average 1000 collisions during

the expansion. Because relaxation of translational and rotational degrees of freedom

require only about 1 and 100 collisions respectively they will be fully relaxed up to the

quitting surface. Vibrations on the other hand require on average 1000000 collisions

to relax and will therefore be frozen but not relaxed at the quitting surface.

Of particular importance for the present work is that heavier species tend to

enrich along the center of a molecular beam whereas lighter species tend to move

outwards [70]. This particularity makes molecular beams interesting for species sep-

aration [71] but imposes severe limitations on their applicability as a sampling tool

simply because the beam composition at the place of analysis does not represent the

composition of the sampled gas mixture. Several effects may be responsible for this

separation phenomenon and an understanding of these effects is necessary if data

quantification is required.

Four separation effects are discussed in the literature. The most effective mecha-

nism is the separation due to pressure diffusion [72]. During the expansion process

the pressure drops very steeply over the first few nozzle distances. The lighter species
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are accelerated more strongly transverse to the beam than heavier species and will

therefore become depleted in the beam center.

The second effect, leading to a mass separation, is molecular diffusion [73]. As-

suming the same mean velocity for the heavier and the lighter gas species, the lighter

ones have a larger thermal velocity spread in all directions. Their diffusion perpen-

dicular to the beam is therefore faster than that of the heavier compounds leading

again to their depletion in the beam center.

Thirdly, skimmer shock separation leads also to an increase of the heavier com-

ponents [74] in the beam center. As the skimmer represents a barrier, a shock wave

is formed at the skimmer entrance. Heavier components can easier penetrate this

shock wave due to their higher kinetic energy. In the present work, skimmer induced

separation is probably of miner importance as the background pressure was with

10−3 mbar too low to form a distinct shock wave structure.

The fourth effect known as background gas penetration [75] has the opposite

sign and can increase the concentration of lighter gas species in the beam center.

Background gas penetration can become important if the particle density in the

molecular beam is not much higher than in the vacuum background. In this case,

background gas molecules will diffuse into the beam, lighter ones faster than heavier

ones leading to an enrichment of the first.

For the conditions used in the present work, enrichment of heavier species in the

beam center clearly dominates. Greene et al. [72] conducted an extensive experimen-

tal study on mass separation effects in molecular beam sampling of gas mixtures at

atmospheric pressure. Firstly, the authors calibrated their mass spectrometer at low

pressures using pure components. Secondly, diluted multi-component mixtures were

sampled from atmospheric pressure by means of a molecular beam and the calculated

signals from the partial pressures and the beforehand determined sensitivities were

compared to the experimentally obtained signals. To quantify the mass separation ef-

fects the authors calculated for each solute-solvent combination an enrichment factor

α using (Eq. 2.29):

α =

(
calculated signal
observed signal

)
component

(
calculated signal
observed signal

)
solvent

(2.29)

As can be seen from Fig. 2.10 there is indeed a strong enrichment of heavier species
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in the molecular beam with respect to N2 which was the solvent in these experi-

ments. If the values reported in Fig. 2.10 are applied to the mixtures that have been

Figure 2.10: Mass sep-

aration factors α of

various compounds di-

luted in nitrogen.

investigated in the present work with mean molar masses between 18− 22 g ·mol−1

(cf. Chapter 4) it can be expected that the concentration of H2 and He will be

underestimated by a factor of 2 − 3 whereas CO2 will be overestimated by a factor

of 2.

In summary, mass separation effects in molecular beam sampling have to be taken

into account but can be minimized by using low background pressures and a skimmer

with sharp edges and small cone angle. Furthermore the mass spectrometer signals

should be calibrated with sample mixtures of similar molar mass as the mixtures to

be analyzed.

2.2.3 Molecular Beam Applications

Molecular beams are frequently used tools in science. In UHV experiments, molecular

beams provide excellent conditions for studying adsorption, desorption and reaction

processes on model surfaces. Whereas high particle densities can be realized in a

molecular beam and at the sample surface, the surrounding vacuum chamber still
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achieves UHV conditions [76]. By stepwise adsorption of two reactants [77] or two

crossed molecular beams [78] basic atomic and kinetic parameters can be determined.

The cooling properties of molecular beams are used in molecular physics for high

resolution spectroscopy. A third field of application to which also the current work

belongs to is molecular beam sampling of chemically reacting systems at pressures

in the mbar to bar range (e.g. flames [79], plasmas [80], reactors [66, 81]). Here

the molecular beam enables quenching of highly reactive species such as radicals

(cooling rates up to 108 K ·s−1) and provides an interfaces between the high pressure

application and a mass spectrometer which requires high vacuum for operation.

2.2.4 Threshold Ionization Mass Spectrometry

Mass spectrometry of free radicals relies on the selective ionization of the radicals

in presence of a number of interfering species [82]. Generally, gas ionization can be

achieved with a variety of methods such as chemical ionization, photoionization or

electron impact ionization. Whereas the extent of molecular fragmentation is low for

the former two methods (soft ionization) electron impact leads to strong molecular

fragmentation and is therefore considered a hard ionization method.

During this work electron impact ionization (EI) was used. As the name implies,

electrons of sufficient energy collide in this ionization method with the gas molecules

and expel electrons from their valence orbitals (Eq. 2.30):

A
e−−→ A+ + e− (2.30)

As the ionization process is very fast, the ionized molecules are left in a state of high

potential energy leading to secondary bond breaking. As an example a mass spectrum

of butane is shown in Fig. 2.11 obtained with an ionization energy of 70 eV [83]. The

energy of 70 eV is often chosen, as the cross section for the electron impact ionization

has its maximum between 50 eV and 150 eV for most species [84]. Figure 2.12 shows

how the total ionization cross section varies as function of the ionization energy for

He, N2 and CH4.

The aim of this work was to identify and quantify gas phase radicals in a large

excess of interfering background molecules. As an example relevant to methane



2.2 Molecular Beam Threshold Ionization Mass Spectrometry 31

Figure 2.11: Electron

impact ionization

mass spectrum of

butane, showing

strong fragmenta-

tion (the molpeak at

m/z = 58 amu has

only small intensity) -

adopted from [83].

oxidation and oxidative coupling, the problem of how to detect methyl radicals CH3·
at m/z = 15 amu in presence of the interfering molecules CH4 and C2H6 is illustrated

in Figure 2.13. As can be seen, the signal of CH+
3 ions resulting from ionization of

CH3· radicals overlaps on mass m/z = 15 amu with the signal of CH+
3 ions from

methane and ethane fragmentation. As the latter two are reactant and product

respectively and have orders of magnitude higher concentrations than the reactive

CH3· radicals, the signal at 15 amu will be dominated by contributions from methane

and ethane fragmentation. Consequently, a specific detection of CH3· radicals using

the standard ionization energy of 70 eV would be impossible.

The method of threshold ionization for the detection of radicals takes advantage

of the difference between the ionization potential of the radical of interest and the

appearance potentials of interfering fragment ions. The appearance potential of an

ion A+ formed by dissociation of a molecule AB is always higher than the ionization

potential of the corresponding radical A namely by the amount of the dissociation

enthalpy of the A−B bond (Eq. 2.31) [82]:

AP (A+/AB) = IP (A) + ∆dH(A−B) (2.31)

Applied to the system CH3 · /CH4/C2H6 this translates into Eqs. 2.32-2.33:

AP (CH+
3 /CH4) = IP (CH3·) + ∆dH(H3C −H) (2.32)

AP (CH+
3 /C2H6) = IP (CH3·) + ∆dH(H3C − CH3) (2.33)
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Figure 2.12: Total

electron ionization

cross sections for

He, N2 and CH4

as function of the

electron energy - the

maximum is observed

between 50 eV and

150 eV .

Figure 2.13: Possible

sources of the signal at

m/z = 15 amu, ei-

ther by ionization of

the sought CH3· rad-

icals or by fragmenta-

tion of other molecules

like CH4 and C2H6.

The bond energies lie in the range of about 4 eV for C−H bonds and 3 eV to 4 eV for

C − C bonds. If the energy of the ionizing electrons is now selected higher than the

IP of the radical, but lower than all AP ′s of interfering fragment ions it is possible

to detect the radical selectively even in large excess of the interfering molecules. This

technique is called threshold ionization. In Fig. 2.14 the measurement of methyl

radicals in excess of methane is shown. The energy of the ionizing electrons was

varied and the peak area of the m/z = 15 amu peak was measured. The onset of

ionization at about 10 eV corresponds to the IP of methyl radicals, whereas the

change in slope at about 14 eV corresponds to methane fragmentation.
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Figure 2.14: Thresh-

old ionization mea-

surements of methyl

radicals in an excess

of methane - addi-

tionally the IP of the

radical and the AP

from methane frag-

mentation are shown.
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Chapter 3

Experimental

3.1 Molecular Beam Mass Spectrometry

Molecular Beam Mass Spectrometry (MBMS) is a dedicated method to detect and

quantify highly reactive species, e.g. radicals, in chemically reacting flow environ-

ments. It has been used in the past to detect radicals in flames [79, 85], plasmas [86]

and CVD applications [87]. In the current work, the MBMS technique has been

adapted to sample, detect and quantify gas phase radicals from a high temperature

catalytic wall reactor in which the catalytic partial oxidation of methane is conducted

at atmospheric pressure.

The setup was build to connect a catalytic wall reactor to a threshold ionization

mass spectrometer. The three stage pumped vacuum system ensures on the one

hand a stabilization of reactive intermediates, arising from the reactor, by supersonic

expansion and on the other hand a pressure lowering by ten orders of magnitude

(atmospheric pressure inside the reactor to 10−7 mbar at the mass spectrometer). A

detailed description of the design and the physical principle of the MBMS is given in

the following Sections 3.1.1-3.1.4.

3.1.1 Reactor

The heart of the catalytic wall reactor placed in the main vacuum chamber of the

MBMS is a 100 mm long platinum tube with an inner diameter of 4.4 mm and
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an outer diameter of 5.0 mm (wall thickness 0.3 mm) (Fig. 3.1). The tube ends

are conically shaped (2 ◦) and fit gas tightly into two copper clamps which hold the

reactor in place, compensate for length changes due to thermal expansion and provide

electrical contact for resistive heating of the tube. For the investigated stoichiometries

(V̇CH4/V̇O2 = 1.2−4.0), the methane catalytic oxidation on Pt starts between 500 ◦ C

and 600 ◦ C and after ignition, the reactor can be operated autothermally or with

additional electrical heating. With heating powers up to 350 W , temperatures of

1300 ◦ C could be reached. At 1300 ◦ C, losses due to platinum vaporization [88] or

formation of volatile oxides [89] are still insignificant. However, the copper clamps had

to be water cooled to avoid melting and oxidation of the Pt/Cu interface. Resistive

heating of the Pt tube was only possible because of its small length. As stainless steel,

from which all connections to the reactor were made (water and gas supplies), has

an electric conductivity similar to Pt, all connections had to be significantly longer

than the Pt tube itself to minimize their resistive heating (≥ 500 mm):

Pt = 9.71 ∗ 106 S ·m−1 [90]

Fe = 10.6 ∗ 106 S ·m−1 [90]

The three stainless steel mounting rods (Fig. 3.2, number 2) which were of the same

length as the Pt tube were electrically isolated from the copper clamps.

To quench and stabilize reactive gas phase species for mass spectrometric analysis,

a small fraction of the reacting mixture inside the Pt tube was expanded from reactor

pressure (1000 mbar ≤ pr ≤ 1200 mbar) through a small sampling orifice in the tube

wall into a vacuum background (≤ 5 · 10−3 mbar). An orifice diameter between

Figure 3.1: Shape and di-

mensions of the Pt reactor

tube.
Figure 3.2: Picture of high temperature tubular catalytic

wall reactor in the main vacuum chamber of the MBMS.
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100 µm and 125 µm was found to be a good compromise between strong signals

(large diameters) and available pumpage in the vacuum chamber. The orifices were

manufactured by laser drilling (Frey GmbH, Berlin), giving excellent wall smoothness

as shown in Fig. 3.3.

Figure 3.3: Laser drilled orifice for molecular

beam sampling from the high temperature

tubular flow reactor (tilted by 15 ◦ for wall

view).

3.1.2 Vacuum System

A pressure reduction from 103 mbar (reactor pressure) to about 10−7 mbar (operating

pressure for the mass spectrometer) is hardly achievable within one step. As shown

in Fig. 3.4, a differentially pumped three stage vacuum system consisting of sampling

orifice, skimmer cone and collimator cone was used to achieve ten orders of magnitude

pressure reduction and to form the molecular beam. A picture of the MBMS is shown

in Figure 3.5.

The first vacuum chamber, henceforth called reactor chamber, contained the re-

actor. It was evacuated by a large turbomolecular pump (TMU 1601 PCH Pfeiffer

(1400 l · s−1 N2), as the gas discharge into the reactor chamber was high (cf. calcula-

tions in Chapter 4, Section 4.1.1) and the pressure had to be kept below 10−2 mbar

to avoid shock wave formation behind the sampling orifice which would disturb the

molecular beam (cf. Section 2.2.1).

A skimmer cone, located about 10 mm above the reactor orifice, cut out the cen-

terline of the free jet expansion to form a molecular beam. The vacuum chamber

above the skimmer (henceforth called skimmer chamber) was evacuated by a smaller

turbomolecular pump (TMU 261 - Pfeiffer). Finally, a collimator cone, located above
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Figure 3.4: Sketch of

the experimental setup

to measure gas phase

radicals in the catalytic

partial oxidation of

methane.

Figure 3.5: Picture of the experimental setup to measure gas

phase radicals in the catalytic partial oxidation of methane.
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the skimmer reduced the pressure to a value where the mass spectrometer could be

operated. This vaccum chamber, henceforth called collimator chamber, was also

pumped by a smaller turbomolecular pump (TMU 261 - Pfeiffer). All three turbo-

molecular pumps were pre-pumped by a strong oil-free booster pump with 35 m3 ·h−1

(RP35C Vario - Vaccubrand). Using this three stage differentially pumped sampling

systems, the following pressures were achieved under operation:

preactor = between 1000 and 1200 mbar

preactor chamber = 5 · 10−3 mbar

pskimmer chamber = 5 · 10−5 mbar

pcollimator chamber = 5 · 10−7 mbar

Pressures were measured with Pirani gauges at the booster pump and with cold

cathode gauges in all three vacuum chambers. Another Pirani gauge was used at the

reactor chamber to follow shutdown and start up of the vacuum system.

3.1.3 Mass Spectrometer

The quadrupole mass spectrometer used in the MBMS was a HIDEN HAL IV

EPIC Low Energy, from Hiden Analytical Limited, UK. The mass spectrometer was

equipped with an ionizer designed for molecular beam inlet and threshold ionization,

a triple quadrupole mass filter for masses up to 510 amu and an electron multiplier

as detector. For threshold ionization experiments full mass spectra were measured

at increasing electron energies but at constant electron current in the ionizer.

3.1.4 Pyrometer

Temperature measurements are conducted with optical pyrometry. The usage of a

thermocouple turned out to be impractical, as it allows only measuring one single

spot. Essential for the data analysis is the knowledge about the complete profile,

which helps to identify reaction zones.

The following theory, describing the basic principles of pyrometry / ratio pyrom-

eter, is taken from Müller and Renz [91].
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The spectral radiation energy of a black body is given by Planck’s law:

Eλ,b(T ) =
C1

λ5 [exp (C2/λT )− 1]
(3.1)

With C1 and C2: Planck’s radiation constants; λ: wavelength; T : absolute tempera-

ture of the black body.

For values of λ ·T lower than 3125 µm ·K Wien’s approximation can be used with

an error less than 1 %. The pyrometer wavelength in this study is about 1.6 µm, at

maximum used temperatures of 1573 K. Therefore λ · T is about 2500 µm ·K and

the approximation valid, resulting in Eq. 3.2:

Eλ,b(T ) =
C1

λ5 [exp (C2/λT )]
(3.2)

This formula can be used to derive the measured signal Iλ(T ) of a radiation pyrometer

at a distinct wavelength:

Iλ(T ) =
Kελ

λ5exp(C2/λT )
(3.3)

With ελ is the monochromatic emissivity of the measured object, K a pyrometer

specific geometric constant.

Unfortunately, the emissivity of platinum changes with temperature [92], but ratio

pyrometry eliminates this problem. Using two wavelength close to each other, equals

the emissivity, and therefore also its changes. The true object temperature T is

connected to the measured pyrometer temperature TR by the ratio of the intensities

according to:

TR =

(
1

T
+

ln(ε1/ε2)

C2(λ
−1
2 − λ−1

1 )

)−1

(3.4)

As λ1, λ2 and C2 are constant and ε1 = ε2 the object temperature is only dependent

from the measured by a constant factor k, that contains these values. The pyrometer

has to be calibrated only once. Simultaneously several additional effects, as the non

uniform reflectivity of the mirror and the adsorption by the glass window, can be

corrected by using the complete setup during calibration.

During this work temperature profiles of the Pt reactor tube were measured by

contact free ratio pyrometry. In a ratio pyrometer, the radiative power is measured

at two wavelengths close to each other (1.52 µm and 1.64 µm) and the temperature is

calcuated from the ratio of these two measurements which eliminates the emissivity
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Figure 3.6: Sketch of the pyrometer setup including a 0.45 ◦

stepper motor for an effective spatial resolution of 4 mm on the

platinum tube.

dependence of the measurement. Fig. 3.6 shows a sketch of the pyrometer setup. The

pyrometer optic has a focus length of 600 mm and the measurement spot is scannend

along the tube by a rotating mirror mounted on a stepper motor with 0.45 ◦/step.

This translates into tube temperature profiles with a spatial resolution of 4 mm, just

slightly larger than the spot diameter of about 3 mm.

3.2 Gas Supply and Reactor Off-Gas Analysis

All gases were supplied from Westfalen (O2 purity 5.0, CH4 purity 3.5, Ar purity 5.0,

He purity 5.0, N2 purity 5.0). The feed gases were dosed and mixed by mass flow

controllers (Bornkhorst Hi-Tech). The reactor off-gases were analyzed by gas chro-

matography. For the development of the analytical method the following problems

had to be solved. Firstly, separation and detection of H2, CO2, CO, N2, and O2 was

necessary. Secondly C1−C4 aliphatic hydrocarbons and benzene had to be separated

and detected. To accomplish these tasks, two columns, a Hayesep A and a Molsieve

column, were used in the GC according to the flow scheme shown in Fig. 3.7. The

final GC method comprised four steps which are explained in the following:
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Figure 3.7: GC gas flow and switch scheme.

fill (Fig. 3.7a): The first 0.2 min of each GC run were used to allow for measurement

of a baseline. As a small fraction of the reactor off-gas stream was permanently

flowing through the sample loop of the GC, these first 0.2 min were also neces-

sary to make sure that the sample loop contained a representative sample after

changing reactor conditions.

inject (Fig. 3.7b): After 0.2 min filling time, the injection valve was switched to

direct the He flow from EFC1 through the sample loop, injecting the sample

loop content into the chain of columns (Hayesep S followed by Molsieve). This

injection period lasted 0.3 min. At 0.5 min the injection was finished and the

injection valve turned back into the fill position.

serial (Fig. 3.7c): At the beginning of the separation process (0.5 min), all gases
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entered at first the Hayesep S column where the hydrocarbons and CO2 were

retained whereas the inert gases, CH4, O2, H2 and CO passed through quickly

and entered the Molsieve column. This part of the separation process lasted

from 0.5− 2 min.

parallel: After 2 min, the column separation valve was switched so that now Hayesep

S and the Molsieve column operate in parallel. The flow of the He carrier

through the Molsieve column was provided by the electronic flow controller

2. The effluents of both columns were connected to two detectors in series;

firstly a thermal conductivity detector (TCD) and secondly a flame ionization

detector (FID). O2, H2, CO and CO2 were detected with the TCD detector and

all hydrocarbons were detected with the FID detector. The latter measures

the ion density in a clean hydrogen flame, which increases drastically when

hydrocarbons are burned in the flame. O2, H2 and CO, which had passed

through the Hayesep S without separation were now separated in the Molsieve

column, whereas all hydrocarbons were separated in the Hayesep S.

To demonstrate the viability of the above described GC method, a test mixture with

C1 to C6 alkanes, C2 to C4 alkenes, CO2, CO, N2, O2 and H2 was analyzed. Fig. 3.8

shows the FID and Fig. 3.9 the TCD detector signal.

As can be seen, all C2 and C3 hydrocarbons as well as H2, CO2, O2 and CO

are well separated. From the five different C4 species only four could be separated,

but as nearly no C4 are expected during the reaction, this compromise could be

made. Water elutes in a very broad and poorly reproducible peak, which makes

the peak unsuitable for quantitative analysis. As the GC columns can be damaged

by operation in strong hydrous atmospheres (column bleeding), water was removed

before analysis by passing the reactor effluent stream through a condenser operated

at 15 ◦C leading to about 1 V ol% to 3 V ol% residual water in the gas stream. For

quantification water was calculated from the oxygen or hydrogen balance. Due to

the use of packed columns, the time for one GC analysis was with about 25 min

comparably long, in particular because of benzene, which will elute from the column

in the C6 region. However, using packed columns ensured a more robust system

in comparison to capillary columns in terms of contaminations and stability against

water.
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Figure 3.8: FID

signal of the hy-

drocarbons for the

GC separation ef-

ficiency demonstra-

tion.

Figure 3.9: TCD

signal of main

compounds for

the GC separa-

tion efficiency

demonstration.
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Chapter 4

Results and Discussion

Chapter 4 will focus on experimental results and their discussion. After presenting

important key data of the experimental setup showing performance and limits of the

MBMS system, experiments on the catalytic partial oxidation of methane on Pt are

presented and discussed.

4.1 Key Data of the Experimental Setup

4.1.1 Gas Flow through Orifice

The orifice represents a significant ‘leak’ inside the reactor vacuum chamber, and

adequate pumping is necessary to maintain low pressures inside the nozzle chamber.

According to Horn et al. [93] the first pumping stage was designed to maintain the

pressure in the reactor chamber under operation below 4 · 10−3 mbar, to avoid shock

wave formation in front of the orifice.

Secondly, the reactor inlet gas flow must be much higher than the loss through the

orifice, otherwise a stable flow profile can not develop inside the reactor and the

sampling process will disturb the reaction. The mass flux jm in kg/(m2 · s) through

the sampling orifice calculates for a frictionless flow according to Equation 4.1 [94]:

jm = ρ · v = −dp

dv
= p0

(
2γ

γ − 1

M̄

RT0

[(
p

p0

) 2
γ

−
(

p

p0

) 1+γ
γ

]) 1
2

(4.1)
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In Eq. 4.1, p0 corresponds to the pressure inside the reactor, p to the pressure in the

reactor vacuum chamber, M̄ is the mean molar mass of the gases inside the reactor, T0

the reactor gas temperature, γ = Cp/Cv the adiabatic exponent and R the universal

gas constant.

It can be shown that by decreasing p, jm reaches a maximum value j∗m at p/p0 < 0.5

which calculates to [94]:

j∗m = ρ∗ · v∗ = p0

(
2

γ + 1

) 1
γ−1

(
2γ

γ + 1

M̄

RT0

) 1
2

(4.2)

In the free jet expansion from the reactor into the reactor vacuum chamber p/p0

approaches 0, hence, the mass flux through the orifice can be calculated by Eq. 4.2 and

the mass-, molar- and volumetric flow rates (q̇m, Ḟ and V̇ respectively) by Eqs. 4.3-

4.5:

q̇m = j∗m ·
π

4
d2

n (4.3)

Ḟ =
q̇m

M̄
(4.4)

V̇ = Ḟ · RT0

p0

(4.5)

Exemplarily, the flow of He through the reactor orifice with diameter dn at room

temperature and atmospheric pressure can be calculated for the following values:

dn = 100 · 10−6 m

p0 = 101300 Pa

γ = 5/3 ≈ 1.67

M̄ = 0.004 kg ·mol−1

R = 8.314 J ·mol−1 ·K−1

T0 = 298 K

with the results

j∗m = 93.5 kg ·m−2 · s−1 (4.6)

q̇m = 7.34 · 10−7 kg · s−1 (4.7)

Ḟ = 1.84 · 10−4 mol · s−1 (4.8)

V̇ = 4.49 · 10−6 m3 · s−1 = 270 ml ·min−1 (4.9)
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For comparison, the volumetric flow rate V̇ was also determined experimentally.

Without an inlet gas flow and an opened reactor outlet to atmosphere, air was sucked

into the reactor and nitrogen and oxygen were present in the molecular beam. When

He was fed to the reactor N2 and O2 stayed detectable as long as the volumetric

flow rate through the orifice was greater than the He inlet volumetric flow rate. V̇He

corresponds then to the volumetric He flow rate, at which neither nitrogen nor oxygen

were detected anymore. The results of this experiment are presented in Fig. 4.1.

The initial increase of the N2 and O2 signals up to 100 ml · min−1 reflects the

initially decreasing mean molar mass of the gas mixture M̄ , as V̇ ∝ M̄−1/2 (cf.

Eqs. 4.2 and 4.5). Even though the mole fractions of N2 and O2 decrease, the absolute

molecular flow through the nozzle increases and with that the N2 and O2 signals.

Additionally, the enrichment of heavier gases in a mixture of light and heavy species

may have an effect (cf. Section 2.2.2). From 150 ml · min−1 He flow on the mass

scans were started above 4 amu to avoid overflow of the detector as the He signal

got too intense. As can be seen in Fig. 4.1, about 250 ml ·min−1 He are needed to

remove the air signals which is in good agreement with the calculated value of flows

270 ml · min−1, facing the fact that the simplifying assumption of frictionless flow

was made. Calculations at 1573 K show, that the flow of He through the nozzle is

reduced to 3.197 · 10−7 kg · s−1, meaning by a factor of 2.3.

To calculate the gas losses through the sampling orifice under reaction conditions,

a typical gas mixture during a methane CPO experiment is assumed. Table 4.1 lists

the species, their corresponding mole fractions taken from Section 4.2.1 and their

degrees of freedom f , as well as the resulting adiabatic exponent γ. With M =
∑

XiMi and γ =
∑

Xiγi the nozzle gas flow is only 50 ml ·min−1, corresponding to

standard conditions. The inlet volume flow is about 1000 ml ·min−1 (STP), therefore

only 5% of the reactive flow is lost through the nozzle. During the experiment changes

in temperature are only in the range between 1273 K and 1573 K, mean molar mass

changes are between 0.018 kg · mol−1 (1573 K with high hydrogen selectivity) and

0.022 kg ·mol−1 (1273 K, high CO2 and water selectivity). Within these limits, the

nozzle loss is always below 6 % and the disturbance of the gas flow inside the reactor

tube by the sampling process can be neglected.
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Table 4.1: Possible degrees of freedom for the main gas components at 1573 K

vibration deg. ν̃/cm−1 Θv excited fT fR fv ftotal γ

CH4 [X = 0.037]

sym. str. 1 2917 4196.9 no

deg. deform. 2 1534 2207 no 3 3 0 6 8/6

deg. str. 3 3019 4343.7 no

deg. deform. 3 1306 1879 no

CO2 [X = 0.047]

deg. deform. 2 667.5 960.4 yes

sym. str. 1 1388.4 1997.6 no 3 2 2 7 9/7

anti. str. 1 2350.1 3381.3 no

H2O [X = 0.296]

sym. str. 1 3657 5261.7 no

deform. 1 1595 2294.9 no 3 3 0 6 8/6

anti. str. 1 3756 5404.1 no

CO [X = 0.208]

str. 1 2143 3083.3 no 3 2 0 5 7/5

H2 [X = 0.298]

str. 1 4380 6301.9 no 3 2 0 5 7/5

C2H2 [X = 0.027]

CH str. 1 3374 4854.5 no

CC str. 1 1974 2840.2 no

CH str. 1 3289 4732.2 no 3 2 4 9 11/9

CH bend. 2 612 880.5 yes

CH bend. 2 730 1050.3 yes

He [X = 0.088] 3 0 0 3 5/3
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Figure 4.1: Determination of the He volumetric flow

rate through the sampling orifice.

4.1.2 Enrichment of Heavier Species in the Molecular Beam

Center

As described in Section 2.2.2, there are processes both in the free jet expansion and

the molecular beam formation that tend to enrich heavier species in the centerline of

the molecular beam altering the sample composition in the ionizer with respect to the

reactor tube. As a numerical prediction of these effects is difficult, experiments with

sample mixtures were conducted to study their influence on the current application.

In a first experiment, a mixture of 450 ml · min−1 He (M = 4 g · mol−1) and

50 ml ·min−1 Ar (M = 40 g ·mol−1) was used. The profile of the free jet expansion

and the separation effects were studied by shifting the orifice horizontally in steps of

0.1 mm with respect to the skimmer. With orifice and skimmer perfectly aligned,

sampling from the centerline of the free jet expansion occurs, whereas a shift between

orifice and skimmer leads to sampling from outer regions of the expansion. These

measurements were performed at four different temperatures (25 ◦C, 600 ◦C, 1000 ◦C

and 1300 ◦C). To study the profile of the free jet expansion, the total pressure in the

collimator chamber was plotted against the relative shift between orifice and skimmer

whereas separation effects are revealed by plotting the Ar and He MS signals and
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most importantly the Ar/He signal ratio versus shift positions. The results are shown

in Figure 4.2.

Fig. 4.2 I. shows that the profile of the free jet expansion is flat near the centerline

but drops steeply if y/d > 0.2, with y being the displacement between orifice and

skimmer. This results is in good agreement to literature [95]. It can also be seen that

the expansion becomes narrower with increasing temperature in the reactor tube.

Furthermore, the measurements presented in Fig. 4.2 I. are of practical merit as they

indicate that it is very easy to position the orifice underneath the skimmer by using

the collimator chamber pressure as indicator.

The changes in the MS signals of both gas components are shown in Fig. 4.2 II.

and Fig. 4.2 III. Indeed, the beam profile of the lighter component He is wider than

that of Ar. He, which is present in the mixture in large excess (XHe = 0.9) behaves

as can be expected from Eq. 4.2, i.e. the signal decreases with increasing temperature

(F ∝ (T0)
−1/2). Contrary to He, the Ar signal levels out at temperatures higher than

600 ◦C which can be attributed to an enrichment of Ar in He with temperature.

The enrichment factor, which is reflected by the Ar/He peak ratio 4.2 IV. depends

on both, temperature and displacement between orifice and skimmer. Between 25 ◦C

and 1300 ◦C the Ar/He peak ratio increases from 0.8 to 1.6, i.e. by a factor of 2. The

variation with displacement is less pronounced. At 1300 ◦C, the enrichment factor

increases only by about 15 % going from 0.3 mm to −0.3 mm displacement.

From the results presented in Figure 4.2 it can be concluded that the enrichment

of heavier species occurs in the sampling process but that it’s influence on the signal

intensities can be minimized by performing the calibration procedure at a tempera-

ture close to the measurement temperature and by sampling the free jet expansion

from the plateau region of the free jet expansion. For a real measurement the en-

richment effect will be further reduced as the enrichment factor, according to Dun

et al. [96], - increases in first approximation linearly with the ratio of the molecular

weight. The average molecular mass of the mixture under reaction conditions is be-

tween 18 g ·mol−1 and 22 g ·mol−1. Hence, the enrichment effect can be neglected for

species with molecular masses in the range CH4 to C2H6 as long as the calibration is

performed at about 1000 ◦C. Only for relatively light and heavy gases (H2 and CO2

respectively) enrichment or depletion can become significant.
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Figure 4.2: Orifice-skimmer shift experiments with 50 ml · min−1 Ar and 450 ml ·
min−1 He at four different temperatures: I. total pressure dependency; II. Axial MS

signal of Ar; III. Axial MS signal of He; IV. Axial Ar to He ratios.
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In a second experiment the temperature dependence of the enrichment factor for

a real mixture was simulated by using a sample gas with the following composition:

N2 = 1100 ml ·min−1 for e.g. CH4, H2O, CO, O2

He = 200 ml ·min−1 for e.g. H2, He

Ar = 50 ml ·min−1 for e.g. CO2, Ar

The temperature was changed in the following order:

25 ◦C → 1034 ◦C → 731 ◦C → 25 ◦C (for reproduction)

The resulting MS intensities are shown in Fig. 4.3. Normalizing these data to either

Ar or He, results in a maximum deviation of 15 % in the temperature range between

25 ◦C and 1034 ◦C. The deviation is expected to be much lower in the temperature

region from 1000◦C to 1300◦C, after performing the calibration at 1000◦C.

4.1.3 Offset and Energy Spread of the Mass Spectrometer

To analyze threshold ionization data, offset and energy spread of the ionizing elec-

trons have to be determined. Fig. 4.4, taken from Reference [97], presents threshold

ionization date of various noble gases, which have been measured using a system

designed and optimized for electron impact cross section measurements. Fig. 4.5

shows for comparison threshold ionization data measured with the used instrument

employing an electron impact ionizer without additional energy filtering of the ion-

izing electrons. As can be seen without further analysis, the onset of the ionization

curve in Fig. 4.5 is not sharp as in Fig. 4.4 but rather rounded in consequence of

a convolution between the true ionization efficiency curve Pi(E) and the Gaussian

electron energy spread of the ionizing electrons in the ionizer [8].

When using a heated filament as electron source the energy of the ionizing elec-

trons after acceleration is:

E = U + V (4.10)

V denotes the applied potential and U any ill defined energy contributions. As the

filament glows, one contribution to U is thermal energy. According to Honig [98] the

thermal energy spread can be expressed by a Maxwellian distribution - Eq. 4.11

dNe(U) =
4 · π ·m · A

h3
Uexp

(
−Φ + U

kT

)
dU (4.11)
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Figure 4.3: Temperature dependent MS signal evolution of a mixture of 50 ml ·
min−1 Ar, 200 ml · min−1 He and 1100 ml · min−1 N2: I. visible temperature ef-

fect on raw data; II. nearly no enrichment effect on He normalized data.

Figure 4.4: Rare gas electron ionization curves near

the threshold - adopted from [97].
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Figure 4.5: Electron ionization data of pure Ar near

the threshold, obtained with the used Mass Spec-

trometer in this work.

where dNe(U) denotes the number of electrons of energies between U and U +dU per

sec, U the thermal energy of electrons, m the electron mass, A the surface area in

cm2 and Φ the work function of the filament. If temperature gradients exist along the

heated filament the thermal energy spread becomes more complicated as T becomes

a function of position.

More important than thermal energy contributions to U are probably potential

gradients inside the source which can be expressed by a Gaussian type spread func-

tion,

m(U) =
1

σ · √2π
· exp

(
− U2

2σ2

)
(4.12)

where U denotes the energy of the electrons and σ the standard deviation. Additional

contributions to U are potential drops along the filament, filament contaminations

and contact potential between filament and source chamber. Together with the work

function of the filament Φ, the latter effects contribute also to the observed energy

offset [99]. As a consequence of above discussion it is very difficult to calculate energy

spread and offset but it will be shown in the following that these parameters can be

determined experimentally.

The single ionization of atoms close to the threshold can be approximated by
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Wannier’s threshold law [100] Eq. 4.13:

Pi(E) = C · (E − IP )1.127 E ≥ IP (4.13)

Later Geltman showed [101], that the exponent in Eq. 4.13 corresponds roughly to

n − 1, with n being the number electrons involved in the ionization process. In

photoionization for example, n = 1 because the electron is removed by interaction of

an atom with a photon. Hence, as n − 1 = 0, the cross section for photoionization

at the threshold is a step function. For single ionization by electron impact, two

electrons are involved, n = 2, n − 1 = 1 and the ionization cross section increases

linearly from the ionization potential on. For double ionization by electron impact,

n = 3, n− 1 = 2 and a quadratic threshold law is expected.

Different procedures have been described to determine energy spread and offset

experimentally, most of them are based on single ionization of light elements. If elec-

tron impact is used, as in the present work, the linear part above the threshold can

be extended until it intersects the energy axis. The point of intersection corresponds

then to the ionization potential (method used by e.g. Koffel [102]). This method

works in some cases [103] but in the majority of cases it gives erroneous results [98].

A more sophisticated method was described by Morrison [104]. He showed mathe-

matically that the second derivative of the measured ionization efficiency returns the

electron energy spread function, reflected about the vertical axis.

In the present work, the second derivative was only used to determine the shape

of the electron spread function. The results show that the electron energy spread

follows a Gaussian distribution (Fig. 4.6, right panel) with a maximum at 16.8 eV

and a standard deviation of 0.32 eV .

The numerical values of energy offset and spread were determined by fitting

Eq. 4.14 directly to the threshold data, as smoothing, necessary for calculating the

derivatives from the experimental data, would have increased the energy spread de-

termined from the second derivative.

i(V ) =
C

σ
√

2π

∞∑
j=0

Exp

(
−(IP + j ·∆E − V )2

2σ2

)
· (j ·∆E)1.127 ·∆E (4.14)

Using the literature ionization potential of Ar, the energy offset of the mass spec-
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Figure 4.6: Electron Ionization MS peak areas of Ar next to the threshold and the

resulting 2nd derivative - giving information about peak shape, energy spread and

offset of the MS.

trometer results to:

literature value = 15.8 eV [97]

measured IP = 16.8 eV

energy offset = 1.0 eV

With respect to the energy spread, the 2σ criterion is applied as it describes an

interval IP (AP )±2σ, in which 95 % of the electrons have their energy. The threshold

ionization measurements of the internal standard Ar have been repeated for different

reaction conditions. On average, the electron energy offset was found to be 1.1 eV and

the energy spread σ = 0.31 eV . Accordingly all experimentally determined ionization

potentials of atoms and molecules in the sections below will be specified as:

IP (species) = IP (measured)−offset±2σ = IP (measured)−1.1eV ±0.62eV (4.15)

The stability of the offset and energy spread can be demonstrated by a compari-

son to values, calculated using the same mass spectrometer in 2003 [93]. The offset

was found to be 1 eV and the energy spread σ = 0.3 eV , in very good agreement

with the now measured values. The only noticeable influence onto these data has

the filament and its undefined state of contamination. In the very first minutes of

operation the mass spectra changes slightly as a result of the changing work func-

tion of the filament. The actual experiment was started after at least 30 min of
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filament stabilization. Consequentially from the data analysis no changes, neither in

the MS signal intensities, nor in the onset of the threshold ionization data for the

internal standards (Ar or He) were observed after stabilization for the complete set

of experiments.

4.1.4 Quantification of Radicals by Threshold Ionization

The method of radical quantification in a mass spectrometer by threshold ionization

is based on the work of Singh et. al. [105]. The radicals are quantified by reference to

an ion, which is the product of a direct ionization process rather than being generated

by fragmentation and which lies very close in mass to the radical ion (e.g. CH+
4 for

the ion CH+
3 generated from the methyl radical CH3·).

The detector signal of any ion in the mass spectrometer depends on a variety of

variables:

ACH3·→CH+
3

ACH4→CH+
4

=
β(CH+

3 ) · t(15amu) ·Θ(15amu) · lcage · Ie · λCH3·→CH+
3 · nionizer

CH3·
β(CH+

4 ) · t(16amu) ·Θ(16amu) · lcage · Ie · λCH4→CH+
4 · nionizer

CH4

(4.16)

With A = detector signal, β = extraction efficiency of the ion from the ionizer,

t = species mass-to-charge ratio dependent energy filter transmission efficiency, Θ =

species mass-to-charge ratio dependent detector sensitivity, l = length of the ionizer

cage, Ie = emission current of the ionizer, λ = slope of the electron impact ionization

cross section at the threshold and n = species number density in the ionizer.

As ionizer current Ie and length l are equal for both species and the mass-to-

charge ratio dependent quantities (β, t and Θ) are nearly equal for CH+
3 and CH+

4

Eq. 4.16 simplifies to:

ACH3·→CH+
3

ACH4→CH+
4

=
λCH3·→CH+

3 · nionizer
CH3·

λCH4→CH+
4 · nionizer

CH4

⇒ nionizer
CH3· =

ACH3·→CH+
3

ACH4→CH+
4

· λCH4→CH+
4

λCH3·→CH+
3

· nionizer
CH4

(4.17)

If mass separation effects are neglected, which is a good approximation according

to the findings in Section 4.1.2, than the number density of species x in the ionizer

is proportional to the number density of species x in the reactor tube which in turn
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calculates from the molar flow rate of x (Ḟx), the total molar flow rate of all species

Ḟtotal and the total particle density ntotal in the reactor

nionizer
x ∝ nreactor

x =
Ḟx

Ḟtotal

· ntotal (4.18)

If Eq. 4.18 is inserted in Eq.4.17, Ḟtotal and ntotal cancel on each side and the molar

flow rate of CH3· radicals can be related to the molar flow rate of CH4 molecules in

the reactor:

ḞCH3·reactor =
ACH3·→CH+

3 · λCH4→CH+
4

ACH4→CH+
4 · λCH3·→CH+

3

· ḞCHreactor
4

(4.19)

Finally, if molar flow rate of CH4 can be calculated from the molar flow rate of the

internal standard Ar Ḟ in
Ar using the response factor Rcal

CH4/Ar and the signal intensities

for methane and argon (S25eV
CH4

, S25eV
Ar ) at an ionization energy far above the ionization

threshold.

ḞCH3· =
ACH3·→CH+

3 · λCH4→CH+
4

ACH4→CH+
4 · λCH3·→CH+

3

· Ḟ in
Ar ·

S25eV
CH4

S25eV
Ar ·Rcal

CH4/Ar

(4.20)

Eq. 4.20 allows to calculate the flow rate of methyl radicals ḞCH3· at the sampling

position from values which can be determined experimentally or taken from the

literature. To minimize mass discrimination effects the calibration of CH4 in Ar

to determine Rcal
CH4/Ar has been performed at around 1000 ◦C. Instead of using just

one point, the slopes of the ionization efficiency curves were determined from a linear

fit of 20− 40 data points above the threshold.

4.1.5 Detection Limits by using Threshold Ionization

A radical can be selectively detected by threshold ionization in a matrix of interfering

molecules, if the energy of the ionizing electrons can be chosen to be higher than the

ionization potential of the radical but lower than the appearance potential of any

interfering molecular ion. In the system CH3 · /CH4 this is possible over an energy

range of about 4.17 eV above the threshold as:

IP
(

CH+
3 / CH3·

)
= 9.84 eV [106]

AP
(

CH+
3 / CH4

)
= 14.01 eV [107]

Unfortunately, the detection limit for radicals by threshold ionization can not be

determined directly, as calibration samples containing highly reactive radicals can
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not be prepared. To arrive at an estimate of the detection limit of radicals by

threshold ionization, calibration mixtures of stable species have been measured. In a

first experiment, a ‘worst case’ scenario was simulated by quantitative determination

of CO in N2. Both ions CO+ and N+
2 are detectable on the same nominal mass

(m/z = 28 amu) but their ionization potential difference of 1.5 eV is only slightly

larger than the electron energy spread of the ionizing electrons (±0.6 eV ). Fig. 4.7

presents the energetic situation.

IP (CO) = 14.07 eV [108]

IP (N2) = 15.58 eV [109]

In a second experiment, an ‘ideal’ scenario was simulated by detecting CH4 in N2.

Figure 4.7: Electron ion-

ization cross sections of

CO [110] in N2 [110] and

CH .
3 [111] in CH4 [112];

CH4 was omitted, as it

overlaps with CO. The ion-

ization potential difference

in CO/N2 is much smaller

than in CH ·
3/CH4.

Here, CH+
4 is detected at 16 amu and N+

2 at 28 amu meaning that no spectral

interferences occur at all and the full threshold region of methane ionization can be

used.

‘Worst Case’ Scenario: CO/N2

Facing an energy offset and energy spread of 1.1 eV and 0.6 eV respectively (cf.

Section 4.1.3), a first threshold ionization measurement was performed with N2 in

Ar to identify an ionization energy, were the background from N2 ionization is low

and does not influence the CO signal. It was found that at an ionization energy
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of 15.1 eV the N2 signal was close to zero. This energy corresponds - background

corrected - to the ionization potential of CO. The CO signal itself is then produced

only from electrons from the higher energy tail of the Gaussian energy distribution,

resulting in small but nearly undisturbed CO signals. CO/N2 mixtures were prepared

with nominal CO concentrations from 0.2 V ol% = 2000 ppm to 2 V ol% = 20000 ppm.

The total gas flow was adjusted to 1000 ml ·min−1. The actual concentration values

were determined with an infrared analyzer and are listed in Table 4.2. The measured

concentration values and the corresponding peak areas are listed in Tab. 4.3. The

data were analyzed with the software DINTEST 2003 for evaluation of the detection

limit and the results are shown in Fig. 4.8.

The calibration is strictly linear and the confidence interval is so narrow that it is

hardly visible in Fig. 4.8. The detection limit was estimated to about 140 ppm, and

if the outlier at 10640 ppm is removed, even to 80 ppm. The limit of quantification

is 510 ppm with the value at 10640 ppm included and about 290 ppm if this value is

removed. The linear regression intercept does not include zero as there is still some

background from N2 ionization. This experiment, simulating a ‘worst case’ scenario

in terms of radical detection, shows, that radical concentrations of 80 ppm or higher

can be detected with 95 % statistical certainty. Nevertheless, as the energy difference

in case of CH3 · /CH4 is much larger than in the system CO/N2 (4 eV vs. 1.5 eV

respectively), a larger excess energy can be used in methyl radical detection and the

detection limit should be lower than 80 ppm. To arrive at an estimate of the detection

limit in this more favorable case, CH4 has been determined in N2 as a second model

system.

‘Ideal’ Scenario: CH4/N2

The theory of the quantification of threshold ionization data was explained in Sec-

tion 4.1.4. As example, the threshold ionization data from 50 ppm CH4 in Ar are

presented in Fig. 4.9 I. For the quantification only the linear region of the ionization

efficiency curve (3 eV above the energy corrected threshold) is used, symbolized by

the blue line. The slope of this line corresponds to the A in Eq. 4.16-4.20. Fig. 4.9 II

shows a dataset of concentrations from 10− 75 ppm. The concentration values were

determined by GC. With known methane concentrations the slopes can be plotted
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Table 4.2: Parameters for the determination of the detection limit of CO in N2

c (CO) set [ppm] Ḟ (CO) [ml ·min−1] Ḟ (N2) [ml ·min−1] c (CO) measured [ppm]

0 0 1000 0

2000 2 998 2260

4000 4 996 4240

6000 6 994 6290

8000 8 992 8480

10000 10 990 10640

15000 15 985 15760

20000 20 980 20960

Table 4.3: Results for the analysis of CO in N2

c [ppm] 0 2260 4240 6290 8480 10640 15760 20960

MS peak area [c] 110.1 198.8 278.9 359.6 450.6 540.8 740.7 947.4

Figure 4.8: Linear regression of the MS peak area over concentration

data with confidence band and statistical analysis CO in N2.
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over concentrations, resulting in the calibration plot shown in Figure 4.9 IV.

As first it is obvious, that the usage of the signals of the first 3 eV behind the

threshold gives much more intense signals compared to the detection of CO in N2 in

Section 4.1.5. The lowest used methane concentration of 10 ppm is still well quan-

tifiable. The blue circles in this plot represent measurements performed in a second

experimental series, showing only slight deviations and demonstrate the stability of

the method.

For the quantification of radicals, where no stable source is available and the

sampling orifice discharge is a function of composition and temperature, an internal

standard (e.g. Ar) is necessary. Additionally, electron ionization cross sections at the

threshold region are necessary (λ’s in Eq. 4.16-4.20). The cross sections for the methyl

radical, methane and acetylene are shown in Figure 4.9 III and were taken from the

literature (Ref. [111], [112] and [113] respectively). The ionization cross sections are

handled in the same way as the threshold ionization MS signals, meaning that the

slope of the linear region (e.g. 3 eV above the threshold) is used instead of just a

single value at a fixed ionization energy. After each threshold ionization energy scan,

a full mass spectrum was measured at 25 eV to obtain the values of S25eV
CH4

and S25eV
Ar .

Finally a CH4 in Ar calibration at a reactor temperature of about 1000 ◦C and an

ionization energy of 25 eV was measured to determine the response factor Rcal
CH4/Ar

which is also required in Eq. 4.20:

Rcal
CH4/Ar =

SCH4

SAr

· ḞAr

ḞCH4

= 0.9 for Ar as internal standard (4.21)

With the availability of energy dependent cross section data the quantification of

nearly every gas compound is possible. The only constraints are the existence of a

stable species producing a molecular ion with nearly the same mass as the analyte

(CH4 for CH3·) in a direct ionization process and the absence of spectral interferences

at the threshold. The latter prevents the detection of OH· radicals in the catalytic

partial oxidation of methane, as the ionization threshold of the radical detected at

17 amu overlaps with the ionization threshold of CH4 whose isotope 13C1H4 has also

the mass 17 amu. (IP (OH) = 13.2 eV [114] and IP (CH4) = 12.6 eV [115]).
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Figure 4.9: I: demonstration of the linear fit of threshold ionization MS data about

3 eV behind the threshold with 50 ppm CH4 in Ar; II: threshold ionization MS data

of five different, low CH4 concentrations; III: linear fit of the electron ionization cross

section data behind the threshold from CH3· [111], CH4 [112] and C2H2 [113]; IV:

calibration of 10 ppm to 75 ppm CH4 in Ar to demonstrate the stability of the method

(the data with and without the blue circles represent two series of measurements) and

the very low detection limit (< 10 ppm).
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4.1.6 GC Calibration

The composition of the gases leaving the reactor was determined by GC. For the

calibrations different concentrations of every compound were prepared by dilution in

nitrogen or helium. The true concentrations were determined by measurement of the

individual gas flows by a film-flow-meter (HORIBA Semiconductor). The calibration

data were fitted by a straight line with the intercept set to zero:

- O2 in He from 10 V ol% to 60 V ol%

- CH4 in He from 10 V ol% to 60 V ol%

- H2 in He from 4.4 V ol% to 50 V ol%

- N2 in He from 25 V ol% to 75 V ol%

- CO from 3.44 V ol% to 7.02 V ol% → Lambda Mix

- CO2 from 14.1 V ol% to 14.9 V ol% → Lambda Mix

- C1 to C6 alkanes from 0.01 V ol% to 0.1 V ol% → N17 and N18 Mix

- C2 to C4 alkenes from 0.01 V ol% to 0.1 V ol% → N19 and N20 Mix

The dynamic range of a Flame-Ionization-Detector (FID) covers typically seven or-

ders of magnitude [116]. During the calibration process with methane it could be

shown, that for the instrument used in this work, the linear range was at least four

orders of magnitude. Measurements spanning a range from 0.01 V ol% to 50 V ol%

deviated only by about 0.1 %. Table 4.4 summarizes the calibration results with y

denoting the detector signal in mV and x the concentration in V ol%.

Some hydrocarbons produced during the experiments could not be quantified by

the above described calibration procedure, as no reference substances were available

(e.g. highly unsaturated C3 and C4 compounds). However, as the signal of the FID

depends in a first approximation only on the number of carbon atoms in an organic

compound [117], a calibration per C-atom is possible. The maximum difference for

the three regularly calibrated C2 hydrocarbons (acetylene, ethylene and ethane) was

about 13 %, for the five C4 compounds about 6 %. As the concentration accuracy of

the calibration mixtures was about ± 10 % this difference is within the error bars.

Therefore the approximation is valid as long as the molecule contains only C and H

atoms. The data for calibration per carbon atom are shown in Table 4.5.
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Table 4.4: GC calibrations of available compounds

TCD - calibration FID - calibration alkanes FID - calibration alkenes

CO : y = 38.82x CH4 y = 6120.8x C2H2 : y = 11482x

CO2 : y = 101.34x C2H6 : y = 11232x C2H4 : y = 12871x

H2 : y = 1.38x C3H8 : y = 25383x C3H6 : y = 25029x

O2 : y = 67.2x i− C4H10 : y = 37839x 1− C4H8 : y = 39960x

N2 : y = 87.91x n− C4H10 : y = 38230x cis− 2− C4H8 : y = 39838x

CH4 : y = 43.55x n− C5H12 : y = 50499x trans− 2− C4H8 : y = 37922x

n− C6H14 : y = 59361x

Table 4.5: GC calibrations per C-atom

C3 C4 C5 C6

y = 25200x y = 38750x y = 50500x y = 60000x

4.1.7 Identification of Unknown Components by GC-MS

Whenever the methane oxidation was conducted at very high temperatures (up to

1300 ◦C) unknown peaks occurred in the gas chromatogram. As the production of

oxygenates from methane is very unlikely, they were expected to be higher hydrocar-

bons. To quantify these unknown constituents using the above discussed calibration

methods, at least the number of carbon atoms had to be determined. Based on the

retention time of the peak in the chromatogram the number of carbon atoms could be

roughly estimated. However, further analysis was necessary to clarify the molecular

origin of the unknown peaks. For this purpose a very small fraction of the GC column

effluent was sampled into a second mass spectrometer (Pfeiffer QMS 200) connected

directly to the GC line upstream of the TCD and FID detectors (Fig. 4.10). A part

of the separated gas stream entered the mass spectrometer only a few ms before

being detected in the FID. Therefore a direct correlation of the GC peak and the

fragmentation pattern was possible.

Important for a correct identification of the unknown molecules by means of their

fragmentation pattern was the MS scan time. The FWHM (Full Width at Half Max-

imum) of the GC peaks was between 7 s and 12 s. The scan time of the MS had to be

much smaller than this time, as otherwise some fragments would have been collected
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Figure 4.10: Sketch of the

GC / MS combination for

the identification of un-

known GC peaks.
Figure 4.11: Comparison between reference (taken from

NIST [118]) and measured propene fragmentation pat-

tern.

at the front of the GC peak and others at the top leading to a wrong fragment in-

tensity ratio and to false identification. With an optimized program a complete scan

from 1 amu to 80 amu could be achieved in less than 4 s. This ensured, that groups

of MS peaks (neighboring masses) were not affected by peak profile concentration

changes and differences between multiple groups were small. To verify the applica-

bility of the method, a sample mixture with known constituents (various alkenes with

about 1000 ppm) was measured. Fig. 4.11 shows exemplarily the observed fragmen-

tation pattern of propene peak and a comparison to a fragmentation pattern from

the literature (NIST database [118]) which agree well enough to allow an identifica-

tion. For very similar molecules (e.g. different C4H8 isomers) the identification by

the MS fragmentation pattern was supplemented by sample chromatograms from the

individual columns and injections of pure substances. Identified products and results

will be shown in Section 4.4.3.

4.1.8 Standardless GC Quantification

Analysis of the reactor exhaust gases by gas chromatography was done after water

removal from the effluent stream using the calibration data reported in Section 4.1.6.

The water amount in the gas stream was reaction dependent and unknown, so that
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the total gas volume change by water removal was different from experiment to

experiment. Using an internal standard was not possible, as Ar was overlapping

with O2 in the Molsieve column and He was the carrier gas. N2 could not be used

as internal standard as it would have interfered with the CO detection in the MS.

This problem was solved by using the molecular carbon flow rate as internal

standard. During the methane CPO no oxygenates and only ppm concentrations of

larger molecules (benzene and higher ring systems) were formed. Carbon deposition

in the tube was negligible. All carbon containing products were gaseous and could

be quantified by GC after water removal. From these concentration values and the

known inlet flow rates of methane and oxygen (Ḟ in
CH4

and Ḟ in
O2

respectively) the flow

rates of all other species could be calculated as will be shown in the following:

For the carbon containing species an atom balance gives:

Ḟ in
C = Ḟ out

C = Ḟ in
CH4

(4.22)

As every carbon containing species x can be detected by gas chromatography the

carbon atom concentration in the effluent gas after water removal amounts to:

ctotal
C =

∑
νx · cx (4.23)

In 4.23, cx denotes the concentration of the species x in V ol% and νx the number

of C atoms in x. Individual flow rates for every carbon containing species can be

calculated using:

Ḟx =
Ḟ in

C

ctotal
C

· cx (4.24)

Assuming ideal gas behavior, the flow rates of non C containing molecules (O2, H2...)

can be calculated analogously, e.g.:

ḞO2 =
Ḟ in

C

ctotal
C

· cO2 (4.25)

Finally, the molar flow rate of water can be calculated from an oxygen atom balance:

Ḟ out
H2O = 2 · Ḟ in

O2
− Ḟ out

CO − 2 · Ḟ out
CO2

− 2 · Ḟ out
O2

(4.26)

With all flow rates known the selectivities (S) and conversions (X) can be determined:

Sx =
Ḟx · νx

(Ḟ in
CH4

− Ḟ out
CH4

)
(4.27)
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XCH4 =
(Ḟ in

CH4
− Ḟ out

CH4
)

Ḟ in
CH4

(4.28)

The accuracy of the method has been determined in two ways. Firstly the hydrogen

atom balance, i.e. the difference between the molar flow of H atoms in the reactor

(4·Ḟ in
CH4

) and the molar flow of hydrogen atoms out of the reactor has been calculated

to be below 10 %. Secondly, the calculated amount of water leaving the reactor

(Eq. 4.26) was compared to the experimentally determined amount collected during a

period of 2 h in the condenser. This difference was only 5 % (calculated 0.4 ml·min−1,

measured 0.38 ml ·min−1). In summary, the standardless GC quantification method

proved to be applicable for this work, even though the error was slightly higher than

by working with an internal standard (errors below 1 % possible).

4.1.9 Pyrometer Stability

The principles of optical pyrometry and the need for the application of ratio pyrom-

etry in this work were explained in Section 3.1.4. The temperature of interest for the

methane oxidation was of course that of the inner surface of the Pt tube. To deter-

mine the k-value so that the measurement of the pyrometer at the outer surface of the

tube corresponds to the temperature of the inner surface of the tube, a thermocouple

inside the reactor tube was used as reference. The thermocouple was positioned at

the hottest point inside the tube and pressed against the tube wall to ensure good

thermal contact. To avoid convective heat losses no gas flow was used inside the

tube and the reactor chamber was evacuated. Furthermore the same optical pathway

was used for the pyrometer calibration as in a real measurements (windows, mirrors,

etc.). Figure 4.12 shows how closely the thermocouple and pyrometer readings match

after adjusting the k-value. The deviation below 350 ◦C are due to the fact that this

is the lowest temperature the pyrometer can measure. At higher temperatures the

agreement is very good. Fig. 4.13 shows ten replications of full temperature profile

scans along the tube to illustrate the reproducibility of the measurement. The tem-

perature spikes < 20 mm and > 85 mm are caused by reflections from the copper

clamps and are not real. The points in between reflect the real temperature profile

of the tube. The reproducibility of the measurements is excellent, even at high scan

rates (7 s/profile).
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Figure 4.12: Comparison of thermocouple

and pyrometer readings at the same posi-

tion during heating of a platinum tube in

vacuum.

Figure 4.13: Overlay of 10 pyrome-

ter spectra to demonstrate the stabil-

ity and reproducibility of the measure-

ment.

4.2 Description of Flow Parameters

4.2.1 Convective Mass Transport through the Reactor

Using a catalytic wall reactor (tube) with an inner diameter of 4.4 mm requires an-

alyzing the influence of the mode of mass transport. A turbulent gas flow would

provide good radial mixing of reactants and products along the reactor minimizing

mass transport limitations. In laminar flow, a parabolic radial velocity profile devel-

ops in the tube and the rate of mass transport is only determined by diffusion from

the bulk gas stream to the catalytically active tube wall. If diffusion processes are

slower than the reaction rates at the surface, mass transport limitations arise. To

estimate whether turbulent or laminar flow prevails in the reactor tube the Reynolds

number was calculated for typical flow conditions using Eq. 4.29:

Re =
ρ · υ ·D

η
(4.29)

In Eq. 4.29, ρ [kg ·m−3] is the density, v [m ·s−1] the velocity, D [m] the tube diameter

and η [Pa ·s] the dynamic viscosity of the fluid medium. The dimensionless Reynolds

number gives an indication of the relative importance of inertial and viscous forces

in the fluid system. For Reynolds numbers below 2100 the flow in the tube can be
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considered laminar whereas at higher values any appreciable disturbance (e.g. wall

roughness) leads to turbulent flow.

During the reaction, gas composition and temperature change along the tube axis.

Because of this, the Reynolds numbers were calculated for three different sets of gas

temperature, composition and velocity.

• set A: reactor inlet conditions (298 K, reactant mixture)

• set B: conditions at reactor temperature maximum (1573 K, product mixture)

• set C: reactor outlet conditions (673 K, product mixture)

The temperature dependent dynamic viscosities were taken from the literature [119]

and are listed in Table 4.6.

Table 4.6: Dynamic viscosities of reactants and products

— viscosity [Pa · s] viscosity [Pa · s] viscosity [Pa · s]
T [K] 298 673 1573

CO — 0.000034 0.00007

CO2 — 0.00003 0.000051

H2 — 0.00001554 0.000026

H2O — 0.00002412 0.000058

He 0.00001941 0.00003436 0.000053

CH4 0.00001331 0.00002026 0.00003

O2 0.00002018 — —

Reynolds Number at Reactor Inlet Conditions (298 K) - set A:

To calculate the Reynolds number for reactor inlet conditions a temperature of

(298 K) was assumed. The gas density was calculated using Eq. 4.30 based on

the composition listed in Table 4.7:

ρ =
p · M̄
R · T (4.30)
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Table 4.7: Reactor inlet gas composition

species flow [ml ·min−1] molecular mass [kg ·mol−1] mole fraction [Xi]

total 1022 — —

CH4 500 0.016 0.489

O2 416 0.032 0.407

He 106 0.004 0.104

p = pressure [Pa] = 110000 Pa

M̄ = mean molecular mass [kg ·mol−1]

R = universal gas constant [Pa ·m3/(mol ·K)] = 8.3145 [Pa ·m3/(mol ·K)]

T = absolute temperature [K] = 298 K

The mean molar mass was calculated by Eq. 4.31 using the species mole fractions

from Table 4.7. With the same mole fractions and the pure component viscosities

from Table 4.6, the mixture viscosity was calculated by Eq. 4.32:

M̄ =
∑

Xi ·Mi = 0.02126 [kg ·mol−1] (4.31)

η =
∑

Xi · ηi = 1.674 · 10−5Pa · s for 298 K (4.32)

The density of the reactant gas mixture at 298 K is about

ρ298 K = 0.944 kg ·m−3

For the reactant stream the gas velocity υ results direct from the tube dimensions

and the flow, using:

L = tube length = 0.1 m

D = internal tube diameter = 0.0044 m

V̇ = volume flow = 1022 ml ·min−1 = 1.70 · 10−5m3 · s−1

υ =
L

t
with t =

Vtube

V̇
→ υ298 =

4 · L · V̇
π ·D2 · L = 1.1 m · s−1 (4.33)

With these values, the resulting Reynolds number for the inlet gas composition at

298 K calculates to:

Re298 = 270
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Reynolds Number at Reactor Temperature Maximum (1573 K) - set B:

To calculate the Reynolds number at reactor temperature maximum, the gas compo-

sition shown in Table 4.8 was used which corresponds to the composition measured

at 1573 K at the reactor outlet by GC.

Table 4.8: Molecular fractions of the constituents of the product gas streams

species molecular mass [kg ·mol−1] mole fraction [Xi]

H2O 18 0.296

CO 28 0.208

CH4 16 0.037

CO2 44 0.047

H2 2 0.298

C2H2 26 0.027

He 4 0.088

Using these mole fractions the mean molar mass and the mixture viscosity result

to:

M̄1573 = 0.01863 g ·mol−1

ρ1573 = 0.157 kg ·m−3

η1573 = 4.77 · 10−5 Pa · s

The gas velocity is influenced by temperature and mole number changes and was

calculated by Eq. 4.34 with the value at 298 K as reference.

v1573 K = v298 K · 1573 K

298 K
· XHe,298 K

XHe,1573 K

= 6.9 m · s−1 (4.34)

Inserting all these values in Eq. 4.29 results in a Reynolds number at reactor tem-

perature maximum of

Re1573 = 100
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Reynolds Number at Reactor Outlet Conditions (673 K) - set C:

To calculate the Reynolds number at reactor outlet conditions, the same composition

as listed in Table 4.8 but a temperature of 673 K was used leading to the following

values:

M̄673 = 0.01863 g ·mol−1

ρ673 = 0.366 kg ·m−3

η673 = 2.40 · 10−5 Pa · s
v673 K = 2.9 m · s−1

⇒ Re673 = 195

According to these Reynolds numbers varying between 100 and 270, the flow in

the Pt tube is under all conditions well in the laminar flow region. Therefore, a

concentration profile in radial direction might develop for fast reactions, as diffusion

is the only transport mechanism from the centerline gas stream to the reacting walls.

As will be presented in the following section, a comparison of characteristic diffusion

times of reactants to the catalytic tube wall with characteristic times for convection

and reaction will give insight into the problem of mass transport influence on the

reaction.

4.2.2 Radial Mass Transport by Diffusion

To analyze whether oxygen breakthrough will occur in the Pt-tube because diffusive

mass transport to the catalytic tube wall is slower than convective mass transport

through the tube, one has to compare the characteristic time for the convective

transport of the O2 molecules τC [s] to the characteristic diffusion time of O2 in radial

direction τD[s] [120]. With L = tube length [cm], υ = gas velocity [cm · s−1],

Rtube = radius [cm], D = diffusion coefficient [cm2 ·s−1]) these two characteristic

times calculate to:

τC =
Ltube

υ
(4.35)

τD =
R2

tube

D
(4.36)
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The convective transport times can be easily calculated using the three sample flows

from Section 4.2.1 with linear velocities of ≈ 1.1 m·s−1, ≈ 3.2 m·s−1 and ≈ 6.9 m·s−1

corresponding to 298 K, 873 K and 1573 K conditions respectively. With a tube

length of 10 cm this results in:

τC, 1.1 m·s−1 = 91 ms

τC, 3.2 m·s−1 = 31 ms

τC, 6.9 m·s−1 = 14 ms

The calculation of the characteristic diffusion time of O2 is more complex, because

first the diffusion coefficient must be known. Whereas the diffusion coefficient of a

particular species can be easily calculated for binary mixtures, this is quite compli-

cated for a multi component mixture. The procedure used in this work was adopted

from Baerns et al. [121]. In a first step, all binary diffusion coefficients DO2,j with j

indicating all gas species but O2 are calculated using Eq. 4.37

DO2,j =
18.583 · T 3/2 · [(MO2 + Mj)/MO2Mj]

0.5

p · σ2
O2,j · Ω

in [cm2 · s−1] (4.37)

with:

T = absolute temperature [K]

M = molecular mass [kg · kmol−1 = g ·mol−1]

p = total pressure [105 Pa]

Ω = collision integral

ε = force constant [J ]

σ = collision diameter for the Lennard− Jones− Potential [pm]

The collision integral itself is a function of ε:

Ω = f

(
kT

εO2,j

)
(4.38)

with:

εO2,j =
√

εO2 · εj and (4.39)

σ = 0.5(σO2 + σj) (4.40)

Table 4.9 summarizes all data for the reactant and product species. To calculate
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Table 4.9: Parameters to estimate the O2 diffusion coefficient in the reaction mixture

species M [g ·mol−1] σ [pm] ε [J ] Xreactant Xproduct

CH4 16 375.8 2.05 · 10−21 0.489 0.037

O2 32 346.7 1.47 · 10−21 0.407 0

Ar 40 354.2 1.30 · 10−21 0.104 0.088

CO 28 369 1.27 · 10−21 0 0.208

CO2 44 394.1 2.69 · 10−21 0 0.047

H2O 18 264.1 1.12 · 10−20 0 0.296

H2 2 282.7 8.24 · 10−22 0 0.298

C2H2 26 403.3 7.73 · 10−21 0 0.027

the multi component O2 diffusion coefficient from the binary diffusion coefficients,

the theory of Wilke [122] was used (Eqn. 4.41) with DO2,j being the binary diffusion

coefficient and X mole fractions.

DO2 =
1−XO2∑N−1

j=1, j 6=O2
Xj/DO2,j

(4.41)

In total four diffusion coefficients were calculated. Two for the reactant mixtures at

298 K and 873 K respectively, and two for the product compositions at 873 K and

1573 K:

DO2(298 K, reactant mixture) = 0.21 cm2 · s−1

DO2(873 K, reactant mixture) = 1.37 cm2 · s−1

DO2(873 K, product mixture) = 1.69 cm2 · s−1

DO2(1573 K, product mixture) = 4.54 cm2 · s−1

The calculation of the characteristic diffusion times in radial direction and the com-

parison to the characteristic convection times at the corresponding temperatures are

shown in Table 4.2.2. At 298 K and at 873 K, regardless whether a reactant or

product mixture is assumed, the characteristic diffusion time of O2 to the tube wall

is always higher than the characteristic convection time through the tube. It can

therefore be expected that O2 conversion will be incomplete and that, provided fast

O2 consumption at the wall, pronounced radial gradients will develop. Only at very

high temperatures (1573 K), O2 diffusion is fast enough to compete with the axial

convective transport and complete O2 conversion can be expected.
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Table 4.10: Comparison of characteristic times for axial convective and radial diffusive

O2 transport τC , τD respectively

v [cm · s−1] τC [ms] DO2 [cm2 · s−1] τD [ms] τC/τD

298 K, reactant mixture 110 91 0.21 230 0.40

873 K, reactant mixture 320 31 1.37 35 0.89

873 K, product mixture 320 31 1.69 29 1.07

1573 K, product mixture 690 14 4.54 11 1.27

4.3 Catalytic Partial Oxidation of Methane on Pt

4.3.1 Ignition Studies

In Section 4.3.1 the ignition of methane oxidation on Pt in the catalytic wall reactor

is described. To follow product development during a temperature programmed re-

action experiment it was necessary to limit heat generation by exothermic oxidation

reactions. This was achieved by using a low flow rate of only 100 ml ·min−1 CH4,

50 ml ·min−1 O2 and 50 ml ·min−1 He corresponding to synthesis gas stoichiometry

(C/O = 1.0). Under these conditions, convective and radiative heat losses were higher

than heat generation by exothermic reactions, allowing to perform a temperature pro-

grammed experiment. The temperature ramp was controlled by an EUROTHERM

controller (model: 3472) and the temperatures were measured directly under the

skimmer. The product gas was analyzed by mass spectrometry in the tube center.

Due to the very low flow rates the gas mixture has enough time to react before the

orifice. Additionally a large fraction of the gas stream will escape through the orifice

disturbing the laminar flow. This results in the observed total oxygen conversion. A

set of MS signals corresponds to a product distribution at the related temperature.

A typical temperature profile is displayed in Fig. 4.14 and a photograph of the

tube perimeter at the point of ignition is shown in Fig. 4.15. The corresponding He

normalized mass spectrometer traces are displayed in Fig. 4.16 and Fig. 4.17.

Starting from 400 ◦C the temperature increases linearly. The onset of methane

and oxygen conversion is observed at around 450 ◦C which agrees well with ignition

temperatures reported by several authors for the same stoichiometry in the litera-

ture [123]. The actual reactor light off is delayed to about 580 ◦C as convective and
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Figure 4.14: Temperature ramp of methane CPO

ignition study - heating rate 10 K · min−1. Data

were smoothed by a 20 point FFT filter.

Figure 4.15: Snapshot of

the surface ignition (view

through the tube).

Figure 4.16: Reactant distribution during

ignition. Moderate conversion before sur-

face ignition visible. The ignition is rep-

resented by full oxygen conversion. Data

were smoothed by a 5 point FFT filter.

Figure 4.17: Background corrected prod-

uct distribution during ignition. The CO

signal was additionally reduced by the

fragmentation of CO2 on m/z = 28. Data

were smoothed by a 5 point FFT filter.
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radiative heat losses are high (cf. 2.1.2). The peak in the temperature ramp is due

to the delayed response of the temperature controller to the sudden heat liberation

at the ignition point.

With respect to product formation it can be seen from Fig. 4.17 that H2O and CO2

(total oxidation products) are formed during the ignition process. Before reactor light

off, no partial oxidation products are formed. After light off, the CO trace starts to

increase on the expense of the CO2 signal. The shift from CO2 to CO formation with

increasing temperature reflects probably the thermodynamic shift from the highly

exothermic total oxidation to the less exothermic partial oxidation. Hydrogen was

only produced in minor amounts at temperatures up to 800 ◦C due to the very low

activation energy for the surface OH formation of 11 kJ · mol−1 [10]. The overall

reaction can be described with Eq. 4.42 [34]:

CH4 + (2− x

2
− y

2
) O2 → x H2 + y O2 + (2− x) H2O + (1− y) CO2 (4.42)

The values x and y depend strongly on the operation conditions, such as temperature.

Due to the low flow rates oxygen was always completely consumed after reactor

light off. From Fig. 4.15 showing a snap shot view through the tube during ignition

it can be seen that the ignition does not occur uniformly across the Pt surface rather

than on a few distinct spots.

4.3.2 Reaction Zone Shifting

During ignition the reactor operates in transient mode and product formation can

be followed as a function of temperature. In a second experiment, the reactor was

operated stationary and product formation was studied by sampling the reaction

zone at different points with respect to the fixed sampling orifice. Fig. 4.18 shows

schematically the location of the sampling points on the temperature profiles and

Figure 4.19 shows photographs (left panels) and mass spectra taken at the different

points (right panels).

The mass spectrum at point I was measured right after ignition of a C/O = 0.6

reaction mixture containing 200 ml·min−1 CH4, 150 ml·min−1 O2 and 2000 ml·min−1

He at a heating current of 112 A. The high He flow was necessary to shift the
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Figure 4.18: Qualitative

tube temperature profile

and sample points.

reaction zone downstream the skimmer. At point I, the reactant gases are not yet

ignited below the orifice position but downstream and only reactants are visible in

the mass spectrum.

The mass spectrum at point II was obtained after the reactor had reached steady

state. To adjust sampling point II in the middle of the heating up zone, the heating

current was slightly reduced to 101 A. This sampling point is located on a steep

slope of temperature. Within some mm it increases by a few 100 K, resulting in a

likewise change in the reactant and product distribution. At point II the reaction is

ignited but a lot of O2 is still left in the mixture. In agreement to the results of the

ignition studies discussed in Section 4.3.1, H2O, CO and CO2 are the only products

formed in presence of high concentrations of gas phase O2.

At point III which is close to the temperature maximum of the tube, a heating

current of 130 A was used and the He flow was reduced to 1000 ml ·min−1. The mass

spectrum shows that the gas phase O2 concentration has dropped to approximately

half its value at point II. The CO/CO2 peak ration has shifted from 1 at point II

to nearly 3. There is still no H2 formation at point III.

One drawback of this kind of experiments is the limited comparability between

all three points. Although each point was measured under steady state conditions

the transport and reaction rates are changed by varying flow rates, compositions and

heating currents in these shift experiments. Therefore only a very qualitative picture
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Figure 4.19: Photographs (left panels) and mass spectra (right panels) from reaction

zone shifting experiments: I) Sampling at the reaction zone onset, II) Sampling be-

tween reaction zone onset and temperature maximum, III) Sampling at temperature

maximum.
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of the reaction sequence during the methane oxidation in the platinum tube can be

derived:

First, the reactant gas stream enters the Pt tube at room temperature heats up.

Between 450 ◦C and 500 ◦C surface oxidations start leading essentially to CO2 and

H2O. After ignition at 580 ◦C CO is formed. With increasing temperature the

CO/CO2 ratio increases but H2 is not observed as long as significant concentrations

of gas phase O2 are present.

4.3.3 Visual Examination of the Reaction Zones

A visual inspection of a catalyst tube after reaction revealed the presence of different

regions, which correlated with the observed temperature and gas species distribution.

In Fig. 4.20 a cut through a used Pt/ 10% Rh tube is shown. This metal mix was not

used in the catalytic studies to minimize the catalyst complexity, but shows quali-

tatively equal behavior in the zoning - carbon coverage and surface reconstruction.

A more detailed study of the individual parts by SEM microscopy is given in

Fig. 4.21. In Fig. 4.21 I the part of the reaction tube is shown, which is kept in

the cooled copper clamps. No changes of the surface before and after the reaction

were noticeable. Following the flow path the reactants were heated up and reactions

become feasible. In 4.21 II a transition from an unchanged surface (upper part) over

a region, where RhxOy was detectable (bright stripe), to a carbon covered surface

represents the ignition region of the surface reaction. Oxygen was present at least in

the oxide containing area near the surface as the oxide otherwise became instable. As

shown in 4.21 III the carbon layer was not dense. Pit formation, particle deposition

and cracks in the surface indicate the beginning reconstruction of the surface. The

Figure 4.20: Cut through a Pt/ 10% Rh tube, used in the methane CPO reaction.

Visible are several regions, part of them are visually covered with carbon. Gas flows

from left to right.
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Figure 4.21: I shows the cold inlet region - only striations from the production process

are visible. In region II the change into the reaction zone is displayed. The bright

stripe contains RhxOy, in flow direction carbon formation starts. The carbon film is

not dense, but consists of partly carbon covered particles and small carbon deposits,

shown in region III. At the hottest position the surface is massively destructed, as

shown in IV and in a cross section VI. The carbon deposits at the outlet, region V,

are relatively equal to III.



4.3 Catalytic Partial Oxidation of Methane on Pt 84

rupture of the surface became most intense in 4.21 IV illustrating the hottest zone

under reaction conditions. A noticeable material transport in outlet direction is

shown by the elevated number of particles deposited in 4.21 V.

The occurrence of a solid carbon phase additionally to the gaseous products can

be described by methane decomposition on the platinum surface Eq 4.43 [124]:

CH4 → Cs + 2H2 ∆rH
Θ = +74.8 kJ ·mol−1 [125] (4.43)

and by the Boudouard reaction, where also a connection between both carbon oxides

is established Eq. 4.44 [124].

2CO → Cs + CO2 ∆rH
Θ = −172.5 kJ ·mol−1 [126] (4.44)

The formation of carbonaceous deposits is suppressed in region IV due to the very

high temperatures where the Boudouard reaction is shifted towards CO. In the colder

regions III and V its equilibrium moves towards CO2 and Cs. Additionally this

results in a less effective conversion of carbon produced by methane decomposition,

elevating the influence of this reaction. On this account carbon is deposited in this

regions.

The reconstructions of the metallic surface are manyfold but are more influenced

by the gas atmosphere than by the temperature. Fig. 4.22 shows the vacuum side

of the tube in region IV - the hottest part. Clearly grain boundaries are visible,

but the surface is intact. Only impurities (e.g. Si, Ca and Mg) segregate from the

bulk to the surface, especially at the boundaries . The same region looks massively

destructed at the catalytic active side (cf. Fig 4.21 IV). At the grain boundaries

the surface is flake like cracked and at some positions these flakes are only loosely

connected to the subjacent material.

The reconstruction of catalyst metal (Pt and Rh) surfaces has been extensively

studied in ammonia oxidation [127, 128, 129]. In general the reconstruction of pure

Pt catalysts was stronger than for mixtures with Rh. Beside the fact that surface

reconstructions in hydrocarbon oxidation reactions are not that much studied, they

are expected to occur on the pure platinum tube used in methane CPO during this

study. The surface reconstruction and noticeable material transport become indeed

even more important if less massive catalytic system, e.g. Pt gauzes or supported

films and particles are studied over longer times.
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Figure 4.22: Region IV from the vacuum (outer) side. I shows the ETD

detector picture, representing the topography, II the SSD detector, displaying

more the elementary contrast.

The catalyst reconstruction under reaction conditions was not extensively studied

during this work, but may be an interesting research objective during, e.g. the study

of deactivation processes using supported platinum catalysts.

4.4 Catalytic Partial Oxidation of Methane - C/O =

0.6

To study the interaction of surface and gas phase reactions for the methane oxidation

in the Pt catalytic wall reactor temperatures of up to 1300 ◦C had to be realized.

As the electrical heating power was insufficient to reach this temperature, an oxygen

rich gas mixture (C/O = 0.6) was used so that the liberated heat of reaction could be

used to increase the temperature accordingly. The component gas flows and reactor

pressure were as follows:

CH4 = 490 ml ·min−1

O2 = 410 ml ·min−1 C/O = 0.6

He (Ar) = 100 ml ·min−1

preactor = 1100− 1200 mbar
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With these gas flows the reactor temperature could be varied between 1000 ◦C (au-

tothermal operation) and 1300 ◦C (upper pyrometer temperature limit). In Fig. 4.23

five temperature profiles under different conditions are shown.

Figure 4.23: Axial temperature profiles for different maxi-

mum temperatures at C/O = 0.6 and Ḟtotal = 1000 ml ·
min−1.

If the tube was only heated electrically and no gas was flown through it, a sym-

metrical temperature profile with a maximum at 50 mm of about 850 ◦C resulted

(‘electrical heating only - no gas flow’). With gas flow convective heat transport low-

ered the maximum wall temperature (550 ◦C) and shifted the temperature maximum

in flow direction (60 mm). As ignition occurred between 550 ◦C and 600 ◦C the curve

(‘electrical heating only - with gas flow’) presents a temperature profile right before

ignition. After ignition and turning off the electrical heating, the reactor operated

autothermally with a plateau from 25 − 65 mm slightly above 1000 ◦C (curve not

shown). Apart from a vertical offset, the shape of the profile did not change by

increasing the maximum temperature to 1100 ◦C. At both temperatures, 1000 ◦C

and 1100 ◦C, the profile was rather flat and the temperature maximum was located

close to the inlet where fresh reactants entered the tube. This implies a very high

reaction rate as can be expected for methane oxidation on platinum. In contrast,
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a further increase in temperature to about 1200 ◦C altered the temperature profile

dramatically by generating a pronounced temperature maximum close to the tube

outlet. The fact that the inlet temperature profile up to 30 mm remained unchanged

indicates that this maximum is caused by additional exothermic reaction in the sec-

ond half of the tube. Further heating to 1300 ◦C restored the symmetry of the profile

around a maximum at 50 mm. To illustrate that the reaction produces a highly

reproducible temperature profile, a second 1300 ◦C profile is shown in Figure 4.23

which was measured after several hours time on stream. Both profiles are nearly

identical.

4.4.1 Product Gas Composition at C/O = 0.6

The measurement of stable product and reactant species was accomplished by gas

chromatography. The selectivities given in this work have to be taken as integral

selectivities after nearly the complete consumption of oxygen (reaction limiting com-

ponent) at the reactor outlet. They are not suitable to evaluate reaction rates etc.

but will indicate changes in the reaction mechanism itself. The same is true for the

given conversions. Detailed kinetic experiments will follow in the future.

Figure 4.24 shows the conversion of methane and oxygen for the high temperature

methane oxidation at C/O = 0.6:

Between 1000 ◦C and 1100 ◦C the oxygen conversion stayed nearly constant at

about 85 %. The methane conversion increased in the same temperature range

slightly from 46 % to 50 %. As shown by the product selectivities in Figure 4.25,

the reactants are mainly converted to H2O, CO, CO2 and H2. It can be clearly seen

that the selectivity to partial oxidation products CO and H2 increases from 1000 ◦C

and 1100 ◦C whereas that to CO2 and H2O decreases. This is in line with the earlier

presented ignition studies (Section 4.3.1) and explains the slightly increasing CH4

conversion in this range. The selectivity to coupling products (C2H6, C2H4, C2H2),

summarized as C2 in Fig. 4.25, is less than 1 % for temperatures below 1100 ◦C.

The incomplete O2 conversion in the temperature range 1000 − 1100 ◦C is in

contrast to most studies in literature, where oxygen is fully consumed at the reactor

exit. The major different between literature and this study is the form of the catalyst.
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Figure 4.24: Oxygen and methane conversions as function of

temperature at C/O = 0.6 and Ḟtotal = 1000 ml ·min−1.

Other groups used mostly foams [34] or small channel monoliths [19] with hydraulic

channel diameters in the range of a few 100 µm. and gas hourly space velocities

up to 4.4 · 105 h−1. In the present work, a Pt tube with a rather large diameter of

4.4 mm was used with a GHSV not higher than 100000. In this case, mass transport

in radial direction is limited to diffusion and the characteristic O2 diffusion times

are in the range of the characteristic convection times through the tube leading to

oxygen breakthrough (cf. Section 4.2.2). Keeping this picture in mind, the gas phase

O2 profile in the tube can be rationalized as shown in Figure 4.26.

The O2 concentration in the gas stream will decrease in flow direction due to O2

consumption at the wall. As diffusion limits the transport from the tube center to

the Pt surface a pronounced radial O2 profile will develop. The centerline stream will

always contain more oxygen than the near surface region which is depicted in Fig. 4.26

by imaginary cuts close to the tube entrance (A), in the middle of the tube (B) and

close to the tube exit (C). As the surface reactions are very fast oxygen is nearly fully

consumed next to the wall. Of course, this derived picture is only qualitative, but

it is supported by the data shown for C/O = 0.6, by the data shown later for other

C/O ratios (Section 4.5) and by the calculations presented in Section 4.2.2.
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Figure 4.25: Product selectivities as function of temperature at C/O = 0.6 and Ḟtotal =

1000 ml ·min−1. In I the carbon based selectivities are shown, in II the hydrogen based

one. The H2O molecular flow was calculated in respect to the hydrogen balance.

The trend of reactant conversion and product selectivities found between 1000 ◦C

and 1100 ◦C is drastically interrupted if the temperature is increased above 1100 ◦C.

If the temperature is increased to 1150 ◦C a step like increase of O2 and CH4 conver-

sion by 10 % and 25 % occurs respectively. At 1150 ◦C the O2 conversion amounts

to about 95 % and approaches 100 % above 1200 ◦C. A step like change is also ob-

served for the product selectivities. By going from 1100 ◦C to 1150 ◦C H2 selectivity

increases from 18 % to 38 % and H2O selectivity drops from 80 % to 55 %. Most

remarkable is the sudden onset of C2 formation going from less than 1 % at 1100 ◦C

to about 15 % 1150 ◦C.

Surprisingly the selectivity to CO formation decreases by going from 1100 ◦C

to 1150 ◦C which is against the thermodynamic trend favoring CO formation at

high temperatures. As also the CO2 selectivity drops, Fig. 4.25 might misleadingly

indicate that the C2 hydrocarbons are formed at the expense of CO and CO2. This

is actually not the case. The CO and CO2 selectivities drop between 1100 ◦C and

1150 ◦C because the methane conversion increases by 25 %. If the CO and CO2

molar flow rates are plotted against temperature instead of selectivities (Figure 4.27)

it becomes clear that CO and CO2 are actually produced above 1150 ◦C. This

behavior is attributed to ignition of gas phase reactions at about 1150 ◦C converting

the remaining gas phase O2 in the tube center and more CH4 to COx, H2 and C2

coupling products. Parallel, CH4 continues to be oxidized at the Pt surface with a
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Figure 4.26: Estimated O2 concentration profile as result of con-

vective axial O2 transport, radial O2 diffusion and catalytic O2

conversion at the Pt tube wall: (A) Radial O2 profile close to

entrance; (B) Radial O2 profile in tube middle; (C) Radial O2

profile close to tube exit.

product spectrum following the trends observed between 1000 ◦C and 1100 ◦C.

4.4.2 Radical Detection and Quantification at C/O = 0.6

As discussed in Section 2.1.2, the oxidative coupling of methane is often believed

to occur via recombination of methyl radicals in the gas phase. With Molecular

Beam Mass Spectrometry and threshold ionization it was now possible for the first

time to screen the gas phase above the catalyst for radicals at temperatures up to

1300 ◦C and atmospheric pressure. All previous studies were limited to much lower

temperatures (725 ◦C) and pressures (1 Torr - cf. [36]).

From the results presented in Section 4.4.1, it could be expected that ignition of

gas phase chemistry occured somewhere between 1100 ◦C and 1150 ◦C for C/O = 0.6.

Both, in the plot of reactant conversion vs. temperature and product selectivity vs.

temperature (Fig. 4.24 and Fig. 4.25 respectively), a discontinuity was observed in

this temperature range. As shown in Fig. 4.28, also the shape of the temperature

profile changed significantly if the temperature maximum of the tube was increased

from 1100 ◦C to 1200 ◦C. The pronounced temperature maximum highlighted as

shaded area in Fig. 4.28 indicated heat liberation by additional exothermic oxidation

reactions. To verify the assumption that all these discontinuities were caused by

gas phase reactions, threshold ionization measurements were performed to search for
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Figure 4.27: Molecular flow rates of CO and CO2 as function

of temperature at C/O = 0.6 and Ḟtotal = 1000 ml ·min−1.

At 1150 ◦C an additional production of COx is observed.

gas phase radicals in the temperature range between autothermal operation (Tmax =

1015 ◦C) and the maximum temperature of Tmax = 1310 ◦C. The parameters for the

threshold ionization measurements were as follows:

mass range = 0.4 to 50 amu

ionization energy = 9 to 25 eV

electron current = 100 µA

dwell time = 10 ms

settle time = 10 ms

For each ionization energy, a full mass spectrum was recorded (0.4 − 50 amu). As

described in Chapter 4.1.5, IE curves were created by integrating the peaks and

plotting the peak area over the ionization energy (IE).

Apart from CH3· radicals at 15 amu, no other radicals were detected in these or

any later discussed measurements. Figures 4.29 shows the IE curves at 15 amu for

autothermal reactor operation (blue dots; Tmax = 1015 ◦C) and for the maximum

temperature possible (red dots; Tmax = 1310 ◦C). The insets show the corresponding
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Figure 4.28: Temperature profiles at maximum tube temper-

atures of 1100 ◦C and 1200 ◦C respectively at C/O = 0.6.

The pronounced maximum (shaded area) in the 1200 ◦C pro-

file is attributed to heat liberation by exothermic gas phase

oxidation reactions.

mass spectra at an ionization energy of 11.9 eV which was high enough to ionize

methyl radicals but too low to generate interfering fragment ions at 15 amu.

At Tmax = 1015 ◦C no signal is observed at m/z = 15 amu and 11.9 eV ionization

energy. The IE plot has its onset at about 14 eV which corresponds to CH+
3 formation

by methane fragmentation in the ionizer of the MS (CH+
4 → CH+

3 + H·). The same

result was obtained at Tmax = 1050 ◦C and Tmax = 1100 ◦C. In contrast, the IE

measurements at 1310 ◦C reactor temperature showed clearly the presence of CH3·
radicals. The mass spectrum at 11.9 eV shows an intense peak at 15 amu evidencing

CH3· radical ionization (CH3· → CH+
3 ) as methane is not yet ionized at 11.9 eV

(negligible peak at 16 amu). The IE plot rises from 9.8 eV which corresponds to the

ionization potential of CH3· radicals. The steep increase of the slope of the IE curve

at 14 eV corresponds again to the fragmentation of residual methane. Therefore

CH3· radicals could be clearly detected at Tmax = 1310 ◦C which agrees well with

the detection of C2 products (C2H6, C2H4, C2H2) in the reactor effluent stream.
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Figure 4.29: Left: Threshold ionization IE curve at 1015 ◦C showing no signal increase

at 9.8 eV . The curve onset at 14 eV corresponds to methane fragmentation (CH+
4 →

CH+
3 +H·) in the MS ionizer. The inset represents a mass spectrum at 11.9 eV showing

nearly no signal at m/z = 15. No CH3· radicals were detected. Right: Threshold

ionization IE curve at 1310 ◦C. The onset at 9.8 eV corresponds to ionization of CH3·
radicals. The inset represents a mass spectrum at 11.9 eV showing a high peak at

m/z = 15 but nearly no ionization of CH4 at 16 amu.

By application of the radical quantification method described in Section 4.1.4 it

was now possible to calculate for each temperature the CH3· radical flow rate at the

sampling position. The results are shown in Fig. 4.30 together with the selectivity to

C2H6, C2H4, C2H2 and C2 total measured at the reactor outlet. The conversion of

CH4 to C2 coupling products is indeed connected to the presence of CH3· radicals

in the gas phase. Even though a parallel production of C2 species and CH3· radicals

can not be totally excluded a consecutive reaction is most likely. At temperatures

≤ 1100 ◦C, where virtually no CH3· radicals were detected, the selectivity to C2

coupling products was close to zero. Above 1100 ◦C, where the gas phase reactions

started, the methyl radical flow rate increased exponentially accompanied by a steep

increase in C2 selectivity. Even if a quantitative correlation between CH3· radical

formation and C2 product selectivity can not be established due to the different

sampling positions (tube center vs. tube exit respectively) and the dependence of

the measured CH3· radical flow on the location of the tube temperature maximum,

the qualitative connection is evident.
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Figure 4.30: Methyl radical flow rates measured at the tube

center and selectivities to C2H6, C2H4 and C2H2 measured

at the tube outlet as function of temperature.

As gas phase oxidation and pyrolysis reactions proceed via a network of radical

reactions (cf. Section 2.1.3) it is very likely that the methyl radicals are gener-

ated in the gas phase either by oxygen assisted hydrogen abstraction from methane

(CH4 + O2 → CH3 · +HO2·) or by homolytic C − H cleavage upon collision with

an inert collision partner M (CH4 + M → CH3 · +H · +M). The CH3· radicals

then recombine to C2H6 followed by dehydrogenation to C2H4 and C2H2. The for-

mation of CH3· radicals at the Pt surface followed by desorption into the gas phase

seems very unlikely, as noticeable CH3· formation should already begin at autother-

mal operation and increase with temperature. It is hard to believe that the surface

chemistry changes so drastically by increasing the temperature above 1100 ◦C. The

small amount of ethane detected by GC at the reactor outlet before CH3· radicals

could be detected by the MBMS can be explained by CH3· concentrations below

the detection limit which is in the low ppm range (Section 4.1.5). Small amounts

of CH3· and other radicals are probably formed before gas phase radical reactions

start but remain undetected because of their low concentration. The results observed

here are the first experimental verification of the numerical predictions by Quiceno
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et al. [43] which predicted that C2 products are exclusively formed in the gas phase

and that exothermic surface oxidations are only providing heat to drive the gas phase

chemistry.

The product distribution between the three possible C2 hydrocarbons C2H6, C2H4

and C2H2 shown in Fig. 4.30 follows a clear trend. At temperatures ≤ 1100 ◦C, where

only traces of C2 products are observed, ethane is formed preferentially. Ethylene

is the favored C2 product in a medium temperature range between 1100 ◦C and

1200 ◦C whereas acetylene dominates above 1200 ◦C. This trend follows closely the

thermodynamic stability trend of C2 hydrocarbons observed in methane pyrolysis

shown in Fig. 4.31 taken from Reference [130]. Even though the reaction mixture

leaving the tube is probably not in thermodynamic equilibrium the product distribu-

tion indicates that the gas phase chemistry in the O2 depleted tube section resembles

that of methane pyrolysis described by Eq. 4.45 [131]:

2 CH4 → 2 CH ·
3 + H2 → C2H6 → C2H4 + H2 → C2H2 (4.45)

The production of H2 described by Eq. 4.45 is also in agreement with the increasing

H2 selectivity upon onset of gas phase chemistry (cf. Fig. 4.25).

The experimentally determined CH3· radical flow rates are in reasonable agree-

ment to unpublished numerical simulations of the methane oxidation in a Pt tube

conducted by K. A. Williams at the Department of Chemical Engineering & Ma-

terials Science at the University of Minnesota, USA, using the CRESLAF code of

CHEMKIN [132]. To model the surface chemistry, Williams used a surface kinetic

model published by O. Deutschmann et al. [42]. The kinetic gas phase model was

taken from work published by Mims et al. [133]. Even though the reaction conditions

simulated by Williams (C/O = 1.0, vinlet = 200 cm · s−1, Tinlet = 1173 K, inert N2,

N2/O2 = 3.76 adiabatic reactor) were different from the conditions used in the exper-

iment (C/O = 0.6, vinlet = 110 cm · s−1, Tinlet = 298 K, inert Ar, Ar/O2 = 0.25, heat

losses by conduction and radiation) the calculated maximum CH3· mole fraction in

the tube Xcalc,max
CH3· = 1.25 · 10−3 is of the same order of magnitude as the experimen-

tally observed mole fraction at 1583 K of about Xexp.
CH3· ≈ 3 · 10−3. The predicted 2D

temperature and CH3 · mole fraction profiles up to the sampling position at 5 mm

are shown in Fig. 4.32 and Fig. 4.33 respectively. Because of radial symmetry, only

half of the tube cross section is shown. Even more interesting than this apparent



4.4 Catalytic Partial Oxidation of Methane - C/O = 0.6 96

Figure 4.31: Stability of different hydrocarbons in methane

pyrolysis - adopted from [130].

agreement is that the steady state concentration of all other radical species were

predicted to be lower than the detection limit of the MBMS method (Section 4.1.5).

Indeed even though it was searched for other radicals as CHx·, C2Hx· and C3Hx·, as

well as H· and oxygen containing radicals, not other than CH3· could be detected ex-

perimentally. The observation of the thermodynamically stablest products confirms

pyrolysis (cf. 2.1.3) as the main C2 forming mechanism. The non-catalytic oxidation

of methane seems to lead to additional total oxidation products due to the very low

stability of any oxygen containing intermediate. Nevertheless generated OH· and H·,
as well as CH3· may contribute to radical chain reactions.
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Figure 4.32: Calculated 2D temperature profile in the Pt tube up to

the sampling position at 5 mm.

Figure 4.33: Calculated 2D CH3· radical profile in the Pt tube up to

the sampling position at 5 mm.
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4.4.3 Unsaturated Higher Hydrocarbons at C/O = 0.6

Further support of the theory that the C2 products are formed via gas phase reactions

comes from the simultaneous appearance of highly unsaturated higher hydrocarbons.

Even though these hydrocarbons are not interesting as products themselves and as

soot precursors rather unwanted in practical application [134], their structures can

give insight into the radical chemistry in the gas phase.

Fig. 4.34 shows a chromatogram with peaks eluting between 9 − 10 min and

12 − 14 min which, based on their retention times, can be attributed to hydro-

carbons containing three and four C− atoms respectively. The structure of these

unknown hydrocarbons could not be identified by normal GC calibration, as none of

the available calibration species showed a matching retention time. An identification

by the MBMS was also not possible as the fragmentation patterns of these species

were strongly overlapping. Threshold ionization could not be used as the ioniza-

tion energies were too close together. The structures of the unknown hydrocarbons

were finally identified by employing the GC-MS technique described in Section 4.1.7.

Some ten ppm of each hydrocarbon were sufficient for reliable identification. The

concentration of each species was estimated from the GC data.

Fig. 4.35 shows the measured fragmentation pattern for each of the four unknown

GC peaks. Reference spectra at 70 eV , taken from the NIST database [135], are

shown in the insets. Small intensity differences between groups of peaks separated

by several amu in the mass spectra might occur due to the transient nature of the

sampled GC peak. However, the intensity distribution within a group of peaks was

only little affected. Background correction was done by subtracting an average of

five to ten MS spectra from a GC peak free region next to the analyzed peak. In

cases where spurious peaks remained in the spectra due to incomplete correction for

signals arising from background gases such as CO2 (44 amu), CO/N2 (28 amu), O2

(32 amu), CH4 and H2O (15− 19 amu) they are marked with stars in Fig. 4.35.

Based on this analysis, the GC peaks at 13.4 min and 12.6 min could be clearly

assigned to 1,3-butadiyne and 1-butene-3-yne respectively (Fig. 4.35 a) and b)). The

GC peaks at 9.8 min and 9.6 min could be assigned to propyne and allene respec-

tively (Fig. 4.35 c) and d)). Due to their similar fragmentation pattern of the peaks
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Figure 4.34: Gas chromatogram at C/O = 0.6 and 1300◦C

showing peaks of unknown C3 and C4 hydrocarbons.

Figure 4.35: Fragmentation pattern of: a.) 1,3-butadiyne

at 13.4 min; b.) 1-butene-3-yne at 12.6 min, c.) propyne

at 9.8 min and d.) allene at 9.6 min. The insets represent

reference spectra from NIST [135].
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from 36 − 41 amu the discrimination of the latter was backed by reference chro-

matograms [136].

Figure 4.36: Temperature dependent selectivities for C3 and

C4 hydrocarbons at a C/O = 0.6.

Fig. 4.36 shows the selectivities for the C3 and C4 hydrocarbons with increasing

temperature at C/O = 0.6. None of these coupling products is observed below

1100 ◦C, i.e. before gas phase oxidation processes have started. Their formation

coincides with the appearance of methyl radicals in the gas phase. From flame and

pyrolysis studies it is known, that acetylene plays a major role in the soot formation

process. The reaction of acetylene with a formed ethynyl (HCC·) radical is the source

for polyacetylenes [137]:

HC2 ·+C2H2 → C4H3· C2H2−→ C6H3 ·+(H2)
C2H2−→ C8H3 ·+(H2) (4.46)

Release of one H· atom from C4H3· by β−scission leads to formation of 1,3-butadiyne.

Contrary, the addition of one H· to C4H3· leads to 1-butene-3-yne. Both molecules

were found in the reaction mixture. The absence of the radicals in the threshold

ionization measurements results from their low concentration. As the stable, unsat-

urated C4 compounds were only formed in concentrations of about 100 ppm, the

radicals precursors C2H· and C4H3· are below the detection limit of the method.

In flames the formation of the first aromatic ring is one of the key steps in the

soot formation mechanism [138]. Whereas benzene formation by trimerization of
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acetylene has been observed on single crystals [139], a more general mechanism of

benzene formation seems to involve reaction between C4 and acetylene [7, 140] or two

propargyl radicals (C3H3·) [141]. The importance of one of these mechanisms in the

Pt tube experiments can not be clearly specified as C4 and C3 precursor molecules

are present in relatively equal amounts but benzene is indeed formed upon ignition

of gas phase chemistry.

Figure 4.37: Occurrence of flames in the Pt tube at 1300 ◦C

and C/O = 0.6. View through the tube.

In summary, all data presented in Section 4.4 support the mechanistic picture

that methane oxidation under O2 rich conditions (C/O = 0.6) can proceed through

heterogeneous (surface) and homogeneous (gas phase) reactions. At temperatures

below 1100 ◦C the oxidation reactions are bound to the surface and typical product

mixtures consisting of CO2, CO, H2O and H2 are observed. Due to the finite rate of

O2 diffusion to the Pt surface, O2 remains present at the tube center and gas phase

oxidation reactions are initiated if the temperature is raised above 1100 − 1150 ◦C.

This initiation is accompanied by the formation of flames inside the tube (Fig. 4.37)

and a distinct increase in CO and CO2 production is observed. Furthermore, the start

of gas phase chemistry goes along with the formation of CH3· radicals, C2 coupling

products, highly unsaturated C3 and C4 molecules and even benzene. This product
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spectrum indicates a complex network of gas phase oxidation-, radical coupling- and

pyrolysis reactions, whereas pyrolysis seems to play a leading part for the coupled

hydrocarbon species.

4.5 Catalytic Partial Oxidation of Methane - vari-

able C/O Ratios and Gas Flows

After discussing in detail the results for methane oxidation at C/O = 0.6 and tem-

peratures up to 1310 ◦C, the results for other C/O ratios and flow rates are presented

and discussed in the following. Unfortunately, C/O ratios higher than 0.6 could not

be investigated up to the maximum temperature of about 1300 ◦C as the available

heating power was limited. At C/O = 2.0, the highest investigated C/O in this

work, the maximum achievable temperature was 1100 ◦C. For this reason, all exper-

iments discussed in Section 4.5 were conducted with a maximum tube temperature

of 1100 ◦C. Three different C/O ratios of 0.6, 1.0 and 2.0 were investigated at two

different flow rates - 500 ml ·min−1 and 1000 ml ·min−1. The experimental conditions

are summarized in Table 4.11.

Table 4.11: Experimental conditions for variable C/O experiments

flow [ml ·min−1] 1000 ml ·min−1 500 ml ·min−1 1300 ml ·min−1

C/O C/O C/O

0.6 1.0 2.0 0.6 1.0 2.0 0.6

CH4 500 596 725 255 303 365 600

O2 416 306 194 217 154 92 500

Ar 106 103 109 52 52 53 200

4.5.1 Temperature Profiles for variable C/O Ratios

Figure 4.38 shows exemplarily the temperature profiles for C/O = 0.6, 1.0 and 2.0 at

a volumetric inlet flow rate of 500 ml ·min−1. The electrical heating powers to achieve

a tube temperature maximum of 1100 ◦C are also listed. The temperature profiles
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are a convolution of the heating power profile, due to the gas flow shifted in outlet

direction, and the heat release by oxidation reactions near the inlet. It is clearly seen

that with increasing C/O ratio (decreasing O2 concentration) less heat is produced by

exothermic surface oxidation reactions leading to an alleviated temperature increase

and a downstream shifted temperature maximum, as the heating power increases

strongly. The curves overlap only by chance in one point, which is even not the case

at flow rates of 1000 ml ·min−1.

Figure 4.38: Temperature profiles for variable C/O ratios

(0.6, 1.0, 2.0) at 1100 ◦C tube temperature maximum and

500 ml ·min−1 inlet flow rate.

4.5.2 Conversions and Selectivities for variable C/O Ratios

Conversion plots for oxygen and methane at C/O = 0.6, 1.0 and 2.0 at 500 and

1000 ml · min−1 volumetric inlet flow rate are shown in Figure 4.39. As can be

seen, 100 % O2 conversion is only achieved at C/O = 0.6 and at a flow rate of

500 ml·min−1. It will be reasoned in Section 4.5.3 that also this situation corresponds

to the ignition of gas phase reactions. At any other C/O ratio and for C/O = 0.6

also at 1000 ml ·min−1, O2 conversion is incomplete and depends only weekly on the

C/O ratio. This can be understood as O2 is the stoichiometrically limited component



4.5 Catalytic Partial Oxidation of Methane - variable C/O Ratios and
Gas Flows 104

Figure 4.39: CH4 I and O2 II conversions with variable C/O

ratios. For a C/O of 0.6 and a flow rate of 500 ml ·min−1

gas phase reactions were observed.

at all investigated C/O ratios and its conversion at the tube wall depends rather on

the ratio of axial convection to radial diffusion (cf. Section 4.2) than on C/O. As the

residence time of O2 doubles by going from 1000 ml ·min−1 to 500 ml ·min−1 but the

diffusion coefficient remains roughly constant, O2 conversion is higher at the lower

flow rate. However, complete O2 conversion is only observed if gas phase oxidation

reactions occur.

The experiments at different C/O ratios and flow rates allow also to draw sup-

porting conclusions with respect to the stepwise dehydrogenation mechanism for

the formation of C2 hydrocarbons. In these experiments, C2 hydrocarbons are ei-

ther produced by gas phase oxidation reactions before ignition, at C/O = 0.6 and

500 ml · min−1 also after ignition, or by pyrolysis reactions in close vicinity to the

catalytic wall in an O2 depleted atmosphere (cf. Fig. 4.26). Fig. 4.40 shows the C2

selectivities at 1000 ml ·min−1 and Fig. 4.41 at 500 ml ·min−1 inlet flow rate respec-

tively. As described already in Section 4.4.1 the total C2 selectivity at C/O = 0.6
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Figure 4.40: C2 selectivities for variable C/O at 1000 ml ·
min−1 inlet flow rate.

Figure 4.41: C2 selectivities for variable C/O at 500 ml ·
min−1 inlet flow rate.
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and 1000 ml · min−1 inlet flow rate is lower than 0.5 %. As can be seen in Fig-

ure 4.40 this changes with increasing C/O ratio, where more ethane and ethylene but

no acetylene is formed. Ethane is clearly the dominant C2 species at 1100 ◦C and

1000 ml ·min−1 flow rate but the overall selectivity remains with 1.8 % very small.

Decreasing the flow rate to 500 ml ·min−1 and hence increasing the residence time

by a factor of two leads to a selectivity shift towards the dehydrogenated products.

At 500 ml ·min−1 and at C/O = 0.6, acetylene is the exclusive C2 species indicating

ignited gas phase reactions. At higher C/O ratios acetylene is no longer formed. The

main C2 product at C/O = 1.0 is ethylene (4 % selectivity) and at C/O = 2.0 ethane

(3.5 % selectivity) respectively.

4.5.3 Gas phase Ignition and Ignition Delay

The ignition of a homogeneous reaction requires the development of a stable radical

pool, which is known in combustion as ignition delay. The following section will

discuss the flammability of different used mixtures and the effect of temperature and

flow velocity on the ignition delay time. As a quantitative analysis of these effects

requires a known gas composition and a fixed temperature, the calculations shown

below can only be interpreted qualitatively. Surface reactions change the composition

in flow direction in the Pt tube and also the gas temperature is a function of the

position. Nevertheless, the concept of ignition delay times can explain why gas phase

ignition is only observed for C/O = 0.6 and not for other C/O ratios. For C/O = 0.6

it also explains the observed flow rate and temperature dependence.

Flammable Limits of Methane / Oxygen Mixtures and the Ignition Delay

The lowest temperature observed for homogeneous (non-catalyzed) ignition of methane

in air is about 580 ◦C at atmospheric pressure [142]. The flammable limit of a

methane-oxygen-nitrogen mixture is illustrated in Figure 4.42 [143]. The circles rep-

resent the three used C/O ratios of 0.6, 1.0 and 2.0, the red line shows the inert gas

fraction of about 10 % Ar.

As can be seen, the O2 concentration at a C/O ratio of 0.6 is high enough for the

mixture to ignite. At higher C/O values the mixture can not ignite as it is too fuel
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Figure 4.42: Flammable limits of methane in oxygen with

nitrogen as diluent, adopted from [143]. Circles represent

the three used C/O ratios.

rich. Unfortunately this diagram is only valid for a gas temperature of 25 ◦C. Higher

gas temperatures shift the UFL (Upper Flammable Limit) to higher methane values,

resulting in broadened flammable region.

The flammable limit for methane in air is about 5 to 16 %. Vanderstraeten et al.

showed, that for a pressure of 1 bar the UFL increases from 15.7 V ol% to 18.1 V ol%

methane in air while increasing the temperature from 25 ◦C to 200 ◦C [23]. He

also used Eq. 4.47 for the pressure dependency and Eq. 4.48 for the temperature

dependency for the calculation of the upper flammable limit:

UFL(p1) = UFL(p0) ·
[
1 + a ·

(
p1

p0

− 1

)
+ b ·

(
p1

p0

− 1

)2
]

(4.47)

with a = 0.0466 and b = −0.000269 for T = 20 ◦C

UFL(T1) = UFL(T0) ·
[
1 + c ·

(
T1 − T0

100

)]
(4.48)

with c = 0.0854 K−1

According to 4.48 and using the ULF for a methane/oxygen mixture at 1000 ◦C

only a small amout of oxygen is necessary for gas phase ignition.

Therefore it is in general possible, that the analyzed mixtures can ignite under

the used conditions.



4.5 Catalytic Partial Oxidation of Methane - variable C/O Ratios and
Gas Flows 108

The lower flammable limit may also be lowered by the interplay with a noncat-

alytic surface due to heat exchange, but is irrelevant under operation conditions, as

the fuel is always used in excess.

Nevertheless it was observed by several scientists that a flammable mixture does

not ignite instantaneously after supply of energy, but after a distinct time - the

ignition delay [144] [145]. Lamoureux et al. fits data of several groups and results

in the following expression for the calculation of the ignition delay, depending of

methane and oxygen mole fraction, pressure and temperature - Eq. 4.49 [146]:

τ(s) = (XCH4)
0.3 (XO2)

−1 p−0.7

[
7.8 · 106exp

(−25000

T

)
+ 7.8 · exp

(−10000

T

)]−1

(4.49)

A typical ignition delay for the non-catalyzed gas phase reaction for CPO conditions

is in the range of a few ms. The ignition delay for a surface reaction over platinum

instead is only about a few µs[147].

The Gas Phase Ignition with C/O of 0.6 with different Flow Velocities

The ignition of a gas phase reaction is dependent of the gas mixture and the flow

rate. During this work three different flow velocities were studied using a C/O ratio

of 0.6. As a result the gas phase ignition temperatures were found to be 1100 ◦C

for 500 ml · min−1, 1150 ◦C for 1000 ml · min−1 and 1180 ◦C for 1300 ml · min−1.

Using now Eqn. 4.49 from section 4.5.3 allows calculating the ignition delay for a

set of methane and oxygen ratios and temperature. Higher gas flows result in lower

residence times, respectively in lower reaction times in the tube.

Again the calculated data will only show trends as neither the gas composition

(oxygen is consumed at the wall and products, e.g. hydrogen, diffuse into the middle

gas stream), nor a defined temperature level is reached . A comparison of the flow

times through the tube and the ignition delays are presented in Fig. 4.43.

With increasing temperature the ignition delay for a C/O = 0.6 mixture decreases

strongly from about 6 ms at 1100 ◦C to about 2.2 ms at 1180 ◦C. The residence

times of the gases increase linearly with the flow through the tube. The intersection

between the residence time curve and one ignition delay curve is equal to gas phase

ignition at this point.



4.5 Catalytic Partial Oxidation of Methane - variable C/O Ratios and
Gas Flows 109

Figure 4.43: Ignition delay times for different temperatures

with a C/O of 0.6 - resident times for three flows velocities.

With a flow of 1300 ml · min−1 the mixture would ignite at a temperature of

1180 ◦C after being virtually 1.7 cm at this temperature level. This distance is not

equal to a position in the tube, as it represents a travel length at a fixed temperature.

The tube offers a temperature curve instead.

The gas phase ignition starts always from the outlet, shown by Fig. 4.44, which

displays the temperature curves of all three flows direct after the ignition of the gas

phase.

Assuming now an equal conversion of oxygen and methane for the mixtures before

gas phase ignition and equal temperature profiles (which is not too incorrect, as

before ignition methane conversion is small and oxygen conversion always between

75 % to 85 % and the temperature profiles look similar - compare e.g. Fig. 4.38) the

intercept between the delay times for the found gas phase ignition temperatures and

the residence times should always be at the same travel length. This behavior was

found and is represented by the green line in Fig. 4.43 and Fig. 4.45.
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Figure 4.44: Temperature profiles of three flow velocities with

a C/O of 0.6 direct after gas phase ignition.

The Gas Phase Ignition with varying C/O Ratios and a Flow Rate of 500

ml ·min−1

The same effect should hold not only for different flow velocities at a fixed C/O ratio,

but also for a fixed flow and varying C/O ratios. Fig. 4.45 shows the ignition delays

for a flow of 500 ml ·min−1 with varying C/O ratios.

With increasing C/O ratio the ignition delay time is shifted strongly to higher

values. Both mixtures with 1.0 and 2.0 respectively should not be gas phase ignited,

which was exactly shown by the experiments, as the oxygen conversion not reaches

totality.

Contrary to the homogeneous reaction the ignition times for heterogeneous surface

reactions are three orders of magnitudes lower [147] and therefore not influenced by

a changed gas flow velocity or C/O ratio.

This difference in ignition delay times for a surface and a gas phase reaction

is the best evidence, that the observed methyl radicals are exclusively produced in
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Figure 4.45: Ignition delays for different C/O ratios with a

flow of 500 ml ·min−1.

homogeneous reactions and not by a desorption from the catalyst surface. Applying

the same temperatures and C/O ratios should lead with nearly every flow rate to a

desorption (or contrariwise not to a desorption) of radicals as the surface reactions

run nearly instantaneously. A change in the reaction mechanism is not explainable

by surface reactions but was observed with a C/O of 0.6 and a temperature change

from surface ignition to above 1100 ◦C.The gas stream with 500 ml ·min−1 shows all

signs of homogeneous reactions, but the mixture with 1000 ml ·min−1 not.
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Chapter 5

Summary

Goal of the present work was to investigate whether gas phase reactions play a role

in high temperature methane oxidation on platinum. The experimental strategy was

to conduct the reaction in a dedicated Pt catalytic wall reactor at different reactant

stoichiometries, volumetric inlet flow rates and reactor temperatures and to screen

the reacting gases for short lived intermediates like radicals using the technique of

molecular beam mass spectrometry with threshold ionization. The experiments were

complemented by GC analysis of the reactor effluent gases and pyrometric tempera-

ture measurements of the reactor temperature profile.

After outlining in Section 4.1.3 and 4.1.4 how radicals can be detected and quan-

tified by molecular beam mass spectrometry and threshold ionization, the detection

limit for radicals and non-radical trace species was determined to be in the low ppm

range (Section 4.1.5). From catalytic ignition studies (Section 4.3.1), steady state ex-

periments at temperatures up to 1310 ◦C and a reactant stoichiometry slightly above

the upper flammability limit (C/O = 0.6) (Section 4.4) as well as from catalytic ex-

periments at other C/O ratios and at varying flow rates (Section 4.5) the following

mechanistic picture of the interplay between surface and gas phase reactions during

methane oxidation on Pt could be constructed:

At temperatures of about 450 ◦C, methane oxidation reactions started at the

Pt surface forming nearly exclusively CO2 and H2O and large amounts of heat due

to the high methane combustion enthalpy of about −800 kJ · mol−1. At 580 ◦C,

this rapid heat release exceeded heat losses in the employed reactor configuration
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and reactor light-off was observed. After light-off, the reactor could be operated au-

tothermally. The highest autothermal operation temperature was 1015 ◦C, observed

at the lowest investigated C/O ratio of 0.6. Neither C2 coupling products nor any

radicals desorbing from the Pt surface could be detected between ignition of surface

oxidation reactions and autothermal reactor operation. In terms of stable products,

the total oxidation products CO2 and H2O dominated clearly before reactor light-off,

but the selectivity to CO and H2 increased with increasing temperature in line with

the thermodynamic trend. At 1015 ◦C, the autothermal operation temperature at

C/O = 0.6, CO and H2 were formed with 67 % and 12 % selectivity respectively.

Characteristic for the employed Pt catalytic wall reactor was that O2 breakthrough

occurred for all investigated C/O ratios at inlet flow rates of 500 ml ·min−1 and more.

This incomplete O2 conversion turned out to be vital for the ignition of gas phase

oxidation reactions (cf. Section 4.4). As demonstrated numerically in Section 4.2,

the O2 breakthrough could be ascribed to the slower rate of O2 diffusion to the Pt

wall compared to its axial convection through the tube.

If the reactor temperature was increased above the autothermal temperature by

electrical heating, an ignition of gas phase oxidation reactions and complete O2 con-

version was observed at around 1150 ◦C for C/O = 0.6 but not for the other investi-

gated C/O ratios of 1.0 and 2.0. The interpretation of this second ignition point in

terms of gas phase reactions was supported by the following observations:

• jump up in O2 and CH4 conversion (cf. Fig. 4.24)

• occurrence of flames in the tube center (cf. Fig. 4.37)

• development of a pronounced temperature maximum upon ignition at 1150 ◦C

(cf. Fig. 4.28)

• onset of additional COx production (cf. Fig. 4.27)

• detection of CH3· radicals at 15 amu by threshold ionization (cf. Fig. 4.29)

• formation of C2 coupling products (C2H6, C2H4, C2H2) (cf. Fig. 4.30) and

higher unsaturated C3 and C4 coupling products (cf. Fig. 4.35 and 4.36)

• correlation between concentration of CH3· radicals in the gas phase and forma-

tion of C2 coupling products (cf. Fig. 4.30)
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As discussed in Section 4.5.3, the exceptional behavior of the stoichiometry C/O =

0.6 was rationalized by taking into account that this stoichiometry was already close

to the upper flammability limit of CH4/O2 mixtures. As the latter increases with

temperature and as other combustible fuels like H2 and CO were formed by surface

reactions, confined combustion reactions could occur at C/O = 0.6 in the tube with-

out being able to propagate with the flow direction (lack of O2) or against the flow

direction (feed mixture outside flammability limit and ignition delay for homogeneous

reactions). The occurrence of C2H6, C2H4, C2H2 and traces of higher unsaturated C3

and C4 coupling products suggests the occurrence of pyrolysis like reactions prob-

ably in O2 deficient regions like close to the tube wall or towards the tube outlet

(cf. Fig. 4.26 ). The flow dependence of the ignition temperature at C/O = 0.6 was

qualitatively explained by the interplay between ignition delay time and convective

transport time through the tube (Section 4.5.3).

Concerning gas phase radical chemistry, CH3· radicals were the only radical

species that could be detected by threshold ionization. As CH3· radicals are known

to be chain carriers in gas phase methane oxidation network as well as in pyrolysis

and as they always occurred upon ignition of gas phase oxidation reactions it was

concluded that they were exclusively produced in the gas phase and not at the Pt

surface in contrast to the mechanism assumed for methane oxidative coupling on

strong basic oxides like Li/MgO. The steady state concentration of other gas phase

radicals like OH·, HO2· must have been below the detection limit of the threshold

ionization technique, a solid assumption facing calculated concentration values in the

literature [42].

The main results of this thesis can be summarized in the simplified mechanistic

picture shown in Figure 5.1 The interaction between surface and gas chemistry during

high temperature methane oxidation on Pt comprises mainly the provision of heat

from exothermic surface oxidation reactions to drive the gas phase chemistry, in

particular endothermic pyrolysis reactions. It could be shown that ethane, ethylene

and acetylene are consecutive products formed upon recombination and dehydration

of CH3· radicals in the gas phase. No evidence was found for the catalytic generation

of gas phase radicals, it is rather more likely that the catalyst acts as a sink for

radicals (destructive wall collisions). Even though the gas phase CH3· radicals were

not produced at the catalyst, this work demonstrates for the first time that gas phase
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Figure 5.1: Interaction of surface and gas phase chemistry in the high temper-

ature catalytic methane oxidation on platinum.

radicals can be detected and quantified over a solid catalyst under high pressure and

high temperature reaction conditions.
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Gasförmiges Platindioxyd. Z. Anorg. Allgem. Chem. 1960, 304 , 317-321.

[89] Hulett G. A.; Berger H. W. Volatilization of Platinum. J. Am. Chem. Soc. 1904,

26 (11), 1512-1515.

[90] Weast R. C. CRC Handbook of Chemistry and Physics, chapter Section F - Mis-

cellaneous, pages F–171. CRC PRESS Inc, Boca Raton - Florida, 60th edition,

1980.

[91] Müller B.; Renz U. Development of a fast Fiber-Optic Two-Color Pyrometer for

the Temperature Measurement of Surfaces with varying Emissivities. Rev. Sci.

Instrum. 2001, 72 (8), 3366-3374.

[92] Aksyutov L. N. Normal Spectral Emissivity of Gold, Platinum, and Tungsten.

J. Eng. Phys. Thermophys. 1974, 27 (2), 913-917.



BIBLIOGRAPHY 126

[93] Horn R. Investigation of Heterogeneously Catalyzed Reactions using Molecular

Beam Sampling Mass Spectrometry with Threshold Ionization. PhD thesis, Tech-

nical University Berlin, 2003.

[94] Wutz M. Handbuch Vakuumtechnik, chapter 4.5.1 - Reibungsfreie Strömung,
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Wiley-VCH, Weinheim, 2006.

[122] Wilke C. R. Diffusional Properties of Multicomponent Gases. Chem. Eng. Prog.

1950, 46 , 95104.

[123] Aghalayam P.; Park Y. K.; Fernandes N.; Papavassilion V.; Mhadeshwar A. B.;

Vlachos D. G. A C1 Mechanism for Methane Oxidation on Platinum. J. Catal.

2003, 213 , 23-38.

[124] Claridge J. B.; Green M. L. H.; Tsang S. C.; York A. P. E.; Ashcroft A. T.;

Battle P. D. A Study of Carbon Deposition on Catalysts during the Partial

Oxidation of Methane to Synthesis Gas. Catal. Lett. 1993, 22 , 299-305.

[125] Atkins P. W. Physikalische Chemie, chapter 2.3.1 - Die Standardenthalpie,

page 79. VCH, Weinheim, 2. edition, 1996.

[126] Atkins P. W. Physikalische Chemie, chapter Tabellenanhang, page 1038. VCH,

Weinheim, 2. edition, 1996.



BIBLIOGRAPHY 129

[127] Nilsen O.; Kjekshus A.; Fjellvag H. Reconstruction and Loss of Platinum Catalyst

during Oxidation of Ammonia. Appl. Catal. A-Gen. 2001, 207 , 43-54.

[128] Hannevold L.; Nilsen O.; Kjekshus A.; Fjellvag H. Reconstruction of Platinum-

Rhodium Catalyst during Oxidation of Ammonia. Appl. Catal. A-Gen. 2005,

284 , 163-176.

[129] Lyubovsky M. R.; Barelko V. V. Formation of “Metal Wool“ Structures and

Dynamics of Catalytic Etching of Platinum Surfaces during Ammonia Oxidation.

J. Catal. 1994, 149 , 23-35.

[130] Gueret C.; Daroux M.; Billaud F. Methane Pyrolysis: Thermodynamics. Chem.

Eng. Sci. 1997, 52 (5), 815-827.

[131] Billaud F. G.; Baronnet F. Thermal Coupling of Methane in a Tubular Flow

Reactor: Parametric Study. Ind. Eng. Chem. Res. 1993, 32 , 1549-1554.

[132] Minnesota USA Personal communication with Ken Williams, Minneapolis.

[133] Mims C. A.; Mauti R.; Dean A. M.; Rose K. D. Radical Chemistry in Methane

Oxidative Coupling: Tracing of Ethylene Secondary Reactions with Computer

Models and Isotopes. J. Phys. Chem. 1994, 98 , 13357-13372.

[134] Homann K. H. Carbon Formation in Premixed Flames. Combust. Flame 1967,

11 (4), 265-287.

[135] NIST National Institute of Standards and Technology. Nist chemistry webbook,

http://webbook.nist.gov/chemistry/, 25.05 2009.

[136] GRACE. http://www.discoverysciences.com/chromdb/chromview.aspx?refno=

1869&discipline=gc, 16.01 2009.

[137] Lahaye J.; Prado G. Formation of Carbon Particles from a Gas Phase: Nucleation

Phenomenon. Water Air Soil Poll. 1974, 3 , 473-481.

[138] Frenklach M. Reaction Mechanism of Soot Formation in Flames. Phys. Chem.

Chem. Phys. 2002, 4 , 2028-2037.



BIBLIOGRAPHY 130

[139] Logan M. A.; Rucker T. G.; Gentle T. M.; Muetterties E. L.; Somorjai G. A.

Conversion of Acetylene to Benzene over Palladium Single-Crystal Surfaces. 2.

The Effect of Additives. J. Phys. Chem. 1986, 90 , 2709-2715.

[140] Westmoreland P. R.; Dean A. M.; Howard J. B.; Longwell J. P. Forming Ben-

zene in Flames by Chemically Activated Isomerization. Combust. Flame 1989,

93 (25), 81628170.
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.. Prof. Dr. Robert Schlögl for giving me the opportunity to prepare this work in

an excellent surrounding, offering interesting projects and providing scientific

advice
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