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L'énergie est l'un des piliers fondamentaux du progrés de I'humanité. Depuis la
découverte du feu jusqu’a linvention des centrales nucléaires, le développement de
’humanité a été guidé par sa capacité a produire de I'énergie a partir de différentes sources,
principalement d’origine fossiles. Mais de nos jours, produire de I'énergie en quantité
suffisante sans aucun impact sur l'environnement est devenu une question prédominante
comparé a la production d'énergie brute. Les préoccupations ne se limitent plus a la quantité
mais plutét & la notion de qualité. L'épuisement programmé des stocks de combustibles
fossiles ainsi que la détérioration de I'écosystéme planétaire doivent conduire a une nouvelle
ere de développement et de recherche de solutions alternatives respectueuses de
I'environnement et responsables.

En 2019, les Nations Unies estiment la population mondiale & environ 7,715 milliards
d'habitants, soit une augmentation d'un milliard par rapport aux 6,145 milliards d'habitants en
2000 (United Nation et al., 2019). Cette croissance importante de la population entraine une
demande énergétique de plus en plus importante dans le monde et en particulier dans les
pays en développement, tels que la Chine ou l'Inde. L'Agence Internationale de I'Energie
(IEA) estime que la demande mondiale devrait passer d'environ 9 000 MTep en 2017 a
environ 13 000 MTep en 2040, avec une augmentation dans toutes les régions du monde
(IEA, 2018a). Afin de répondre a la demande mondiale future, deux solutions sont possibles:
augmenter la consommation de combustibles fossiles ou développer de nouvelles sources
d’énergie, telles que les biocarburants. En 2016, les combustibles fossiles représentaient
environ 80% de l'approvisionnement mondial total en énergie primaire, comme le montre la
Figure 1. Toutefois, cette ressource est limitée et a un impact considérable sur la pollution de
I'environnement en raison de la production de gaz a effet de serre. Le développement de
nouvelles sources d’énergie est donc essentiel pour soutenir la croissance de la population
et de la demande en énergie.
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Figure : 1. Demande d'énergie primaire totale (DEPT) par source au fil des ans en MTep (mégatonnes
d'équivalent pétrole)(IEA, 2018a)



La Figure 2 présente un apercu plus détaillé des différentes sources d’énergies
renouvelables. La source principale est la bioénergie qui correspond a I'énergie générée par
la conversion de produits solides, liquides et gazeux dérivés de la biomasse. Sa part dans le
bouquet énergétique devrait continuer a augmenter dans les années a venir en raison de sa
disponibilité immédiate et des préoccupations environnementales. La catégorie «Autres»
correspond a la contribution de I'énergie éolienne, des panneaux solaires, de I'énergie
solaire thermique et de I'énergie géothermique. La part des énergies renouvelables va
augmenter dans les prochaines années selon I'lEA (IEA, 2019) et notamment celle liée a la
biomasse. Les autres sources d'énergies renouvelables sont également supposées
augmenter, mais dans une moindre mesure que la biomasse.
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Figure : 2. Source d'énergie renouvelable en MTep au fil des ans (IEA, 2019)

La biomasse peut étre définie comme toute matieére organique, c'est-a-dire un
matériau biologique, disponible sur une base renouvelable. Cela inclut les matieres
premieres dérivées d'animaux ou de plantes, tels que le bois et les cultures, ainsi que les
déchets organiques de sources municipales et industrielles (IEA and FAO, 2017).

La plupart des types finaux de biomasse proviennent de sources végétales, qui sont
composées principalement de matiére lignocellulosique (Chirat, 2017). Ce type de biomasse
est composeé de trois polyméres:

* Cellulose (environ 50%)

* Hémicelluloses (30-20%)

* Lignine (20-30%)

La cellulose est composée d'un polymére linéaire de glucose, comme le montre la
Figure 3. Il s'agit du polysaccharide le plus abondant sur Terre, avec un stock mondial
disponible de 100 milliards de tonnes. Il est utilisé dans l'industrie du papier et également
dans le domaine pharmaceutique pour la synthése additive.
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Contrairement a la cellulose, les hémicelluloses sont composées de différents
monosaccharides: les hexoses et les pentoses. La composition en hémicelluloses est trés
variable selon les sources de biomasse. Les principaux sucres présents dans le bois et
formant des hémicelluloses sont représentés sur la Figure 4.
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Le dernier élément composant la biomasse végétale est la lignine. La lignine est le
deuxieme composé principal du bois et assure la rigidité de toute structure végétale. La
lignine est composée d'unités phénylpropane liées entre elles par des ponts éther pour
former un polymére complexe. C'est le seul composant capable de produire des composés
aromatiques similaires a ceux produits par la pétrochimie. La Figure 5 présente un exemple
de structure de la lignine, montrant la présence d'unités phényle.
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Figure : 5. Exemple de structure représentant un polymére de lignine (Chirat, 2017)

Il existe de nombreuses maniéres de transformer la biomasse pour produire de
I'énergie (IEA and FAQ, 2017). Certaines conduisent a la production de biocarburants pour le
transport et d'autres a la production directe d'électricité ou de chaleur par combustion,
comme illustré par la Figure 6. Cette figure présente également des exemples de processus
et de produits pour différentes matiéres premiéres de biomasse.
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I'électricité ou la chaleur issus de la biomasse

Utilisation finale Biocarburants

Figure : 6. De la biomasse a I'énergie: les voies de la bioénergie (IEA and FAO, 2017)
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Les biocarburants ainsi produits peuvent étre utilisés pour remplacer en partie ou
complétement les carburants d’origine fossiles. Cette possibilité peut en effet étre envisagée
dans le milieu des transports (avec I'ajout d’éthanol dans les essences par exemple) ou dans
le milieu industriel.

Le projet IMPROOF est un projet financé par I'Union européenne dans le cadre du
programme SPIRE (Djokic et al., 2017). Son objectif est d'améliorer de 20% ['efficacité
énergétique des fours de vapocraquage et, parallelement, de réduire de 25% par tonne
d'éthyléne produite les émissions de polluants tels que les NOy ou les gaz a effet de serre.
Ce consortium regroupe 11 partenaires de 6 pays différents, dont 7 industriels, qui donnent a
ce projet une orientation industrielle spécifique.

Pour atteindre les objectifs, le projet s'est concentré sur trois améliorations:

* Le développement de nouveau design et de nouveaux matériaux pour les tubes

utilisés dans le four: l'utilisation d’'un nouveau design 3D pour les tubes avec de

nouveaux matériaux empéchera la formation de coke a la surface du réacteur. La
minimisation de cette couche aidera a réduire la formation de CO- lors du craguage.

Le nouveau design contribuera également a optimiser le transfert de chaleur a la

paroi.

* La mise en ceuvre de revétements a haute émissivité sur la paroi du four: afin de

réduire la consommation de combustible dans le four, de nouveaux revétements a

haute émissivité ont été étudiés. lls contribueront a récupérer une partie de la chaleur

et ainsi & réduire la consommation de carburant pour atteindre la méme température.

« L'utilisation de carburants alternatifs et renouvelables: afin de réduire l'impact des

fours de vapocraquage sur les émissions de CO., lutilisation de combustibles

renouvelables issus de la biomasse a été envisagée. Ces carburants peuvent étre du
biogaz ou de la bio-huile et réduiront la production nette de CO; de l'installation.

Une combinaison d'études de laboratoire, de simulations et de mises au point de
pilotes industriels a été mise en place pour tester et valider les résultats de chaque axe
d'amélioration.

Cette these porte sur la partie concernant les carburants alternatifs et en particulier
les bio-huiles. La premiére tache consistait a définir un substitut pour les bio-huiles a l'aide
des données présentées dans la littérature. En utilisant la classification proposée par
Negahdar (2016), six familles chimiques ont été sélectionnées. Une base de données
expérimentale pour la combustion de ces produits de substitution, obtenue gréace a un
réacteur agité par jets gazeux, a été établie. Cette base de données a ensuite été utilisée
pour développer et valider des modéles cinétiques détaillés afin de reproduire la combustion
de ces substituants de bio-huiles. Les simulations des résultats obtenus ont été réalisées en
collaboration avec I'équipe du Professeur Faravelli de Politechnico di Milano.

La Figure 7 présente comment cette thése s’inscrit dans le cadre du projet IMPROOF.
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Figure : 7. Schéma de présentation du projet IMPROOF et du cadre de cette these
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Il existe principalement deux facons de produire de la bio-huile a partir de la
biomasse. La premiére est la liquéfaction sous pression de la biomasse afin d'obtenir de
I'huile. Cette huile nécessite quelques étapes de purification supplémentaires pour isoler une
fraction pouvant servir de combustible. L'autre facon est la pyrolyse de la biomasse. Avec ce
second processus, trois produits principaux sont obtenus, comme le montre la Figure 8:

* Le coke ou charbon, qui est le résidu solide.

* Un gaz principalement composés de CO, CO,, CHa...

* Un liquide correspondant a la bio-huile.

Condenseur
Biomasse
l l : Réacteur de b Bio-huiles
Pyrolyse

4

De nombreux auteurs ont tenté de caractériser les produits présents dans les
bio-huiles, mais aucun n’a réussi a identifier leur composition compléte. Leurs compositions
complexes ne nous permettent pas encore de définir un substitut clair. La détermination de
la composition de la bio-huile est toujours limitée par les outils analytiques, méme si de
nouvelles techniques sont maintenant disponibles (par exemple, la chromatographie en
phase gazeuse bidimensionnelle). La composition de la biomasse d'origine est déterminante
dans la composition finale autant que les conditions du procédé. Ainsi, dans le but de
comparer les bio-huiles, chague composant est classé parmi des familles chimiques.
Cependant, il n'y a pas de classification unifiée, il a donc fallu en sélectionner une dans le
cadre de cette thése. La classification utilisée dans ce travail est la méme que celle utilisée
par Negahdar (2016). Elle contient trois principales familles de composés: les composés non
aromatiques, les composés hétérocycliques et les composés aromatiques. Chacune peut
étre divisée en sous-familles chimiques. Cette méthode permet de comparer différentes
huiles biologiques.

En utilisant la classification de Negahdar (2016) et les compositions de certaines bio-
huiles de référence, la composition d'un mélange de substitution pour la
bio-huile a pu étre formulée. Ce substitut n'est pas composé d'especes chimiques mais
comprend des familles chimiques telles que les alcools ou les acides. Cette approche permet
une meilleure flexibilité et permet de représenter chaque type de bio-huile existante. Pour



avoir la meilleure prédiction possible de la réactivité d’'une bio-huile, notre substitut est
composé de six familles chimiques différentes:

* Alcools et diols

* Aldéhydes et Cétones

* Acides carboxyliques

* Furane et dérivés

» Composés aromatiques oxygéneés

» Composés azotés

En comprenant le comportement et la formation des produits de combustion de
chaque famille, nous serons en mesure de mieux évaluer et de prédire la réactivité des bio-
huiles. Notre composition de substitution est résumée graphiqguement a la Figure 9.

Alcools et
diols

Composés Aldéhydes et
azotés cétones

Aromatiques Acides
oxygenés Carboxylique

Furanne et
dérivés

Figure : 9. Composition du substitut des bio-huiles.

Durant cette thése, une revue de la littérature a été réalisée pour chaque famille.
L’objectif était d’'identifier les résultats expérimentaux et les modéles cinétiques déja publiés
et de détecter ce qui pouvait faire défaut pour une évaluation compléte de la réactivité de ces
composeés. Cet état de I'art nous a aidés a sélectionner les composés pertinents a étudier
par la suite.

De nombreuses études ont été trouvées dans la littérature au sujet de la combustion
des alcools Iégers (a savoir I'éthanol ou le propanol) ou de petits aldéhydes (principalement
I'acétaldéhyde), mais la combustion des composés les plus lourds, tels que le pentanol ou le
pentanal, a beaucoup moins été étudiée. La décomposition de composés poly-oxygenés,
tels que les acides carboxyliques ou les aromatiques, comme les aldéhydes aromatiques, a
également été moins étudiées. Presque uniqguement la pyrolyse de composés aromatiques
oXygénes a été étudiée, avec un manque de données dans des conditions d'oxydation. Les
connaissances sur les polluants formés et leurs voies de formation font notamment encore
défaut.



Notre approche consistait donc a étudier chacune de ces familles en choisissant avec
soin des composés représentatifs et a déterminer leurs comportements en combustion. Le
présent manuscrit présente une étude approfondie dans un réacteur agité par jets gazeux
avec des analyses par chromatographie en phase gazeuse de I'oxydation des alcools, des
aldéhydes et des acides carboxyliques linéaires en C4 a Cs, ainsi que celle du furanne et du
benzaldéhyde. A notre connaissance, les études sur l'oxydation des acides carboxyliques et
du benzaldéhyde ont été les toutes premiéres publiées.

Au cours de ce travail, huit combustibles ont été étudiés expérimentalement. Le
Tableau 1 résume la liste des carburants étudiés et les conditions expérimentales associées.

Nom Structure Formule Conditions expérimentales

n-Butanol /\/\OH CsH100  T=500-1100K, P=1 atm, ¢=0,5-1-2

n-Pentanol \/\/\OH CsH120 T=500-1100K, P=1 atm, ¢=0,5-1-2

n-Butanal SN0 CsHsO  T=500-1100K, P=1 atm, ¢=0,5-1-2

n-Pentanal MO CsH100  T=500-1100K, P=1 atm, ¢=0,5-1-2

C4HsO2 T=800-1100K, P=1 atm, ¢=0,5-1-2

Acide
butanoique /\)J\

O
@)

O

Furanne U

C4H40O T=700-1100K, P=1 atm, ¢=0,5-1-2

OH
pen?acr'“i?que \/\)L CsH1002  T=800-1100K, P=1 atm, g=+0-0,5-1-2
OH
=0

Benzaldéhyde ©/\ C7HeO T=700-1100K, P=1 atm, ¢=0,5-1-2

L'appareil expérimental utilisé et décrit a la Figure 10, est composé de 4 zones:

I: stockage du carburant liquide et contréle du débit liquide

II: Contr6le des débits de gaz et chambre d'évaporation

[ll: préchauffage et réacteur

IV: Contréle de la pression et chromatographes en phase gazeuse pour les analyses
La Figure 10 montre aussi les outils analytiques utilisés pour cette étude, quatre
chromatographes en phase gazeuse.
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Le réacteur consiste en une sphére de silice fondue (volume 92 cm?3) équipée de
quatre buses d’injection placées dans une croix située au centre de la sphére. La Figure 11
montre une image d'un réacteur agité par jets gazeux. Le gaz entre dans le réacteur par le
tube de gauche et sort du réacteur par le tube de droite. Au centre, on distingue les quatre
buses en forme de croix.
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Le diametre intérieur de chaque buse d’injection est d'environ 0,3 mm, ce qui entraine
la création de jets turbulents a l'intérieur de la sphére. Ce procédé d’injection assure une
turbulence élevée dans le réacteur et conduit & une homogénéité des concentrations dans la
phase gazeuse. Grace a cette homogénéité, le réacteur peut étre assimilé a un réacteur
parfaitement agité fonctionnant en régime permanent en tenant compte de certains criteres
(Matras and Villermaux, 1973). Pour assurer I'homogénéité thermique, le réacteur isotherme
est précédé d'une zone de préchauffage annulaire en quartz dans laquelle la température du
gaz est augmentée jusqu'a la température du réacteur. Le gaz sortant du réacteur est
ensuite transféré par une ligne chauffée métallique maintenue a 420 K a quatre
chromatographes en phase gazeuse (CPG) pour analyser la vaste gamme de produits
formés par les réactions.

L'étude sur le n-butanol et le n-pentanol a été la premiere réalisée dans le cadre de
ce travail. Ces travaux ont montré que le n-butanol commencait a réagir vers 800 K et était
entierement consommé a 1050 K. Des températures similaires ont été observées pour la
plage de température de réactivité du n-pentanol: 775-1050 K. Cette étude a également
montré que les deux carburants ne présentaient pas de réactivité a basse température ou de
zone avec un coefficient négatif de température (CNT), contrairement au n-butane ou au
n-pentane. Parmi les 23 et 31 produits détectés respectivement lors de l'oxydation du
n-butanol et du n-pentanol, l'aldéhyde et I'alcéne associés ont été détectés pour les deux
carburants. Ces résultats ont été utilisés pour développer un modeéle cinétique basé sur le
mécanisme CRECK (Ranzi et al., 1997; Granata et al., 2003; Ranzi et al., 2005). Le modéle
était capable de reproduire la réactivité du carburant, mais a aussi prédit une petite zone de
CNT pour le n-pentanol dans des conditions pauvre en carburant. Le modéle a également
réussi a reproduire les profils de fraction molaire des principaux produits. Ce modéle a
montré que la position a avait un réle important dans la réactivité de la chaine alkyle. En
effet, la fonction alcool augmentait la réactivité a cette position, ce qui conduisait a la
formation de produits spécifiques, tels que l'aldéhyde de méme taille que le carburant
associé.

L’oxydation du n-butanal et du n-pentanal a également été étudiée. Le n-butanal
commencait a réagir & 600 K et était consommeé aux alentours de 1075 K. Il ne montrait
aucune réactivité a basse température, sauf dans des conditions faible en carburant et entre
575 et 700 K. Au contraire, le n-pentanal montrait une réactivité a basse-température pour
toutes les conditions étudiées entre 650 et 725 K, dont 'ampleur était fonction de la richesse
en oxygene. En effet, plus la teneur en oxygéne était importante, plus la zone de CNT était
ample. Dans I'ensemble, le n-Pentanal commencait a réagir a 575 K et était entierement
consommeé a 1025 K. Cette différence de réactivité des deux molécules pourrait s'expliquer
par la différence de longueur de leurs chaines alkyle. 20 produits ont été détectés et
quantifiés au cours des expériences d'oxydation au n-butanal et 29 produits pour le pentanal.
Pour les deux carburants, une quantité importante de monoxyde de carbone a été observée
parmi les produits d'oxydation. L'aldéhyde C,.. a également été détecté parmi les produits
des deux carburants. Au cours des expériences sur le n-pentanal, de l'acide pentanoique a
été détecté dans les produits, mais sa quantification a été limitée par sa trés faible quantité
dans le mélange. Un modele cinétique a été développé pour reproduire la réactivité du
carburant et mieux évaluer les voies de décomposition des aldéhydes linéaires. Ce modele
était capable de reproduire la conversion du carburant et en particulier la zone de CNT
observée expérimentalement. Il en ressort que la formation importante de monoxyde de
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carbone pourrait s'expliquer par une décarboxylation rapide des carburants, due a une
réactivité importante de la position a. La formation d'autres produits spécifiques résultait de
la réactivité de la chaine alkyle. Le modéle a également prouvé que la longueur de la chaine
alkyle avait un impact important sur la réactivité des molécules. En effet, plus la chaine
alkyle était longue, plus l'influence de la fonction aldéhyde était faible.

Une étude a également été menée sur les acides butanoique et pentanoique. Cette
étude était la premiére sur ces composés dans les conditions étudiées. Ce travail a été
largement affecté par de nombreuses difficultés expérimentales. Les propriétés corrosives
des acides ont décomposé certaines des gommes du systeme, ce qui a créé des problemes
d'obstruction dans le pilote. De plus, des problemes d'adsorption pouvaient survenir en
raison de la forte teneur en oxygéne de ces molécules. Par conséquent, la quantification du
carburant était complexe. Afin de réduire ce probléme, un insert et une boucle
d'échantillonnage avec un revétement de surface ont été installés dans les chromatographes
en phase gazeuse. La plage de température de réactivité de l'acide butanoique se situait
autour de 850-1000 K pour I'oxydation, sauf dans des conditions riches en carburant ou la
conversion compléte n’a jamais été atteinte. En ce qui concerne l'acide pentanoique,
lintervalle de réactivité était d’environ 850-975 K dans des conditions d’oxydation. Pour
compléter cette étude, des expériences de pyrolyse ont été réalisées pour l'acide
pentanoique, mais certaines petites entrées doxygéne inattendues ne permettent pas
d’exploiter les données. L'analyse des produits de combustion des deux carburants a montré
gu'une formation importante de dioxyde de carbone était observée par rapport a celle de
monoxyde de carbone. Ainsi, il a été supposé que la fonction acide réagit pour donner du
dioxyde de carbone. Néanmoins, le modéle cinétique développé a montré, contrairement a
notre hypothése, que la fonction acide n'était pas la principale position réactive. La réactivité
était localisée sur la chaine alkyle avec un fort effet inhibiteur de la fonction acide sur I'atome
de carbone a proximité.

L'oxydation atmosphérique du furanne a également été étudiée. Le furane
commencait a réagir a 800 K et était complétement consommé a 1050 K dans des conditions
pauvres en carburant. Pour les conditions riches en carburant et stoechiométriques, un
comportement instable a été observé pour des températures supérieures a 1000 K, mais on
peut supposer que la conversion compléte du carburant était atteinte dans ces conditions.
Au cours de cette étude, 18 produits ont été identifiés, parmi lesquels l'acétaldéhyde et
l'acroléine, deux des principaux produits. Les données expérimentales ont ensuite été
comparées aux prévisions de deux modeles. Le premier modéle est celui développé par
Tran et al. (2015a) et contenait un sous-mécanisme pour la description de la réactivité a
basse température du furanne. L’autre modeéle testé est le modéle CRECK, utilisé dans toute
cette thése pour les autres carburants. La prédiction globale de la conversion du carburant
et de la formation des produits par le modéle de Tran et al. était bonne, alors que le modéle
CRECK n’était pas capable de reproduire la réactivité a basse température. Mais on peut
supposer que le modéle CRECK pourrait gérer la décomposition du furanne a basse
température avec I'ajout du sous-mécanisme mis au point par Tran et al. (2015a) dans leur
mécanisme global.

Concernant l'étude de [I'oxydation des composés oxygénés aromatiques, le
benzaldéhyde a été choisi comme molécule étudiée. C’est un combustible dont I'oxydation
n'a été pas frequemment étudiée et sa décomposition peut donner des indications sur la
réactivité de composés aromatiques oxygénés plus grands. Le benzaldéhyde commencait a
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réagir & 750 K et la conversion compléte était atteinte a 1025 K. Au cours de sa
décomposition, 48 produits ont été détectés. Les principaux sont le monoxyde de carbone, le
phénol et 'acroléine. Le crésol et le dibenzofurane étaient également des produits importants
dans des conditions riches en carburant. Un sous-mécanisme dédié a l'oxydation du
benzaldéhyde a été développé pour reproduire les données expérimentales obtenues.
L’hypothése d’une décarboxylation rapide du carburant a été retenue. Le modéle était
capable de reproduire la réactivité du carburant et la formation des produits principaux.
Cependant, quelques différences sur les profils d'acétaldéhyde et de styrene ont été
observées. L'analyse du modéle a également mis en évidence le fait qu'un cycle phénol /
phénoxy régissait la réactivité du benzaldéhyde.

En parallele du travail expérimental, des modeles cinétiques semi-détaillés ont été
développés pour chaque composé. Chaque sous-mécanisme a été développé en fonction
des résultats expérimentaux obtenus a Nancy et les performances du modéle y ont été
comparées. Les sous-mécanismes développés pour les acides carboxyliques et le
benzaldéhyde ont été les premiers développés spécifiquement pour reproduire la réactivité
de ces composés.

Dans le cas des composés linéaires, grace aux résultats du modéle, nous avons
essayé de définir des régles cinétiques et des classes de réactions pour chaque famille et
pour I'ensemble de ces familles chimiques. Leurs réactivités ont ainsi été comparées et il est
apparu qu'aucune régle générale ne peut étre établie. La meilleure hypothése consiste a
considérer chaque molécule comme composée d’'un fragment spécifique oxygéné et d’un
fragment alkyle. La réactivité de chaque fragment est régie par ses propres régles. Il pourrait
étre intéressant d'étudier I'extension de ce modéle a des molécules plus complexes, telles
gue des composés multi-substitués (tels que des diols ou des dials) ou a des fonctions
spécifiques au cceur de la chaine alkyle (comme par exemples des cétones ou des alcools
secondaires)(voir la Figure 12).

Cette theése
H H
N
H H H
/\
H clg H T H H
Q Q
AN YN
H H H H H H H H

Substitution au cceur de la chaine Composés multi-substitués
alkyl

Une perspective a plus long terme serait de créer un mélange synthétique des
composés étudiés pour remplacer les bio-huiles de référence. Ces bio-huiles de référence
devraient étre étudiées grace a la chromatographie bidimensionnelle pour définir leur
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composition. Apres cela, les résultats expérimentaux sur l'oxydation du mélange de
substitution doit étre comparée a ceux de la bio-huile. Il sera important de vérifier la
concordance des résultats au niveau de la réactivitt du mélange, mais aussi de la
distribution des produits formés. Ensuite, les performances du modéle permettant de prédire
la réactivité doivent étre comparées aux résultats expérimentaux, afin de vérifier si une voie
ou une interaction entre les composés est manquante. De plus, l'utilisation d’'une CGxCG
pourrait améliorer les résultats expérimentaux obtenus. On pourrait observer plus de produits
et la distinction des isomeéres pourrait donner des informations importantes sur les voies de
réaction. Malheureusement, cet appareil n'était disponible qu'a la toute fin de mon travail de
thése. La séparation du benzéne et de I'un de ses isoméres linéaires a montré la faisabilité
de la méthode.

Dans le cadre du projet IMPROOF, ce travail avait aussi pour tdche de proposer une
formulation de substituts pour les bio-huiles et une extension de la base de données
expérimentale liée a ces composés. Sur la base du modéle cinétique développé au cours de
cette thése, une modélisation CFD avec une chimie assez détaillée sera réalisée et
appliquée au futur brdleur des fours de craquage a la vapeur. Une évaluation de l'efficacité
énergétique des bio-huiles et des émissions de polluants sera réalisée. Cependant, certaines
propriétés physiques peuvent limiter l'utilisation de bio-huiles en tant que combustibles de
fours de craquage a la vapeur. En effet la viscosité et l'acidité sont deux paramétres
importants pouvant limiter leur utilisation a I'échelle industrielle. Le probléme de la corrosion
et les colts d'investissement liés au transport des bio-huiles pourraient également constituer
des obstacles trop importants a surmonter pour I'utilisation de bio-huiles comme
combustibles.

Ce travail a conduit & la publication de trois articles évalués par des pairs:

* Les travaux sur I'oxydation des aldéhydes ont donné lieu a une publication dans le
Proceedings of Combustion Institute: (Pelucchi et al., 2019. An experimental and
kinetic modelling study of n-C4Cs aldehydes oxidation in a jet-stirred reactor. Proc.
Combust. Inst. 37, 389-397.)

* Les travaux sur l'oxydation des acides carboxyliques ont été publiés dans le
Chemical Engineering Journal: (Namysl et al., 2019. A first evaluation of butanoic and
pentanoic acid oxidation kinetics. Chem. Eng. J. 373, 973-984.).

e |’étude sur l'oxydation du benzaldéhyde a été publiée dans le journal Combustion
and Flame: (Namysl et al., 2019, Experimental and Modeling Study of Benzaldehyde
Oxidation, accepté Septembre 2019).
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Introduction

Energy is one of the fundamental pillars of the progress of humanity. Since the
discovery of fire until the invention of nuclear power plant, the development of humanity has
been led by its capacity to produce energy from different sources and mainly fossil ones. But
nowadays producing energy in sufficient quantity without any environmental impact has
become a prevailing question over brut energy production. Concerns are no more limited to
guantity but rather to notions of quality. The programmed exhaustion of fossil stock along
with the deterioration of the planetary ecosystem must lead to a new era of development and
research of alternative eco-friendly and responsible solutions.

In 2019 the worldwide population is estimated to be around 7.715 billion inhabitants
by the United Nation, which is a 1 billion increase compared to 6.145 billion inhabitants in
2000 (United Nation et al., 2019). This important growth of the population leads to a more
and more important demand in energy over the world and especially in the developing
countries, such as China or India.
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As shown in Figure 1, the International Energy Agency (IEA) estimates the world
demand to grow from around 9000 Mtoe in 2017 to around 13,000 Mtoe in 2040, with an
increase in almost every region of the globe (IEA, 2018Db). In order to respond to the future
world demand, two answers are possible: to increase the consummation of energy supply
like fossil fuels or to develop new source of energy such as biofuels.

In 2016, fossil fuels represented about 80% of the world total primary energy supply,
as shown in Figure 2. However, this resource is limited and has a huge impact on the
environment pollution because of the production of greenhouse gases. So the development
of new energy sources is essential to sustain the growth of the population and of the energy
demand.
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Figure 2. Total primary energy demand (TPED) by source over the years in Mtoe (Megatonnes of oil
equivalents)(IEA, 2018a).

Figure 3 presents a more detailed overview of the different sources of renewable
energy. The main source is bioenergy which correspond to energy generated from the
conversion of solid, liquid and gaseous products derived from biomass. Its part in the energy
mix is estimated to grow in the future years due to its immediate availibility and to the
environmental concern. The category “Other” corresponds to the contribution of wind, solar
panel, solar thermal and geothermal energy. The part of renewable energy is going to
increase in the next years according to the IEA (IEA, 2019) and especially the one related to
biomass. The other sources of renewable energy are also supposed to increase but in a

lower extent than biomass.

2000 2005 2010 2015 2016 2017 2025 2030 2035 2040

mBioenergy ®Hydroenergy ®Other

Figure 3. Source of renewable energy in Mtoe over the years (IEA, 2019).
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In parallel of the problem of the energy demand, there is also that of the global
warming and emissions of pollutants. The ecology and the environmental protection are
more and more a concern for the future of energy. Many efforts have been recently
performed to limit the emission of greenhouse gases and other pollutants. One of the main
greenhouse gases is carbon dioxide, CO;, which is mainly produced by one sector of activity:
the industrial sector (see Figure 4) (IEA, 2018c).

m Electricity and heat
m Industry

m Buildings

= Transport

= Other

2016 2016 (Electricity and heat
realocated to the
corresponding sector)

Figure 4. Global CO2 emissions by sector in 2016 (IEA, 2018c).

The other sector that produced around 25% of the CO2, emission is transportation.
These both activities are also responsible for other pollutants emissions like nitrogen oxides
(NOy), sulfur dioxide (SO,), particulate matter (PM) and especially fine particles, as shown in
Figure 5 (IEA, 2018d).
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Figure 5. Emission of different pollutants in Millions tons (Mt) for different sectors in 2015(IEA, 2018d).
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Thus, it is important and critical to reduce the impact of these two sectors by
proposing alternatives to their actual operation. That is why a focus on biofuels is made in
the industrial world and for transportation in order to drastically reduce CO, emissions.
However, our knowledge about their impact on the emission of other pollutants, like NOx,
remains limited and need to be studied to validate biofuels as a sustainable replacement to
actual energy suppliers.

[.2. Biomass: origin, production and composition.

Biomass can be defined as any organic matter, i.e. biological material, available on a
renewable basis. It includes feedstock derived from animals or plants, such as wood and
agricultural crops, and organic waste from municipal and industrial sources (IEA and FAO,
2017). Biomass sources can be sorted in three main categories depending on the original
source: biomass from residues and waste, from forestry and from agriculture. Figure 6
presents the different sources described before and the types of biomass that can be
produced from them.

Agro-food processing

Wood processing

Organic Harvesting residues
residues and
waste Livestock residues

Household waste

Material waste

Natural and seminatural forests

Forestry
Forest plantation

Sugar, starch and oilseed crops

Agriculture

Lignocellulosic plants and short rotation coppice

Figure 6. Biomass types according to origin (IEA and FAO, 2017).

Most of the final types of biomass among the 10 presented in Figure 6 come from
vegetal sources, mainly composed of lignocellulosic matter (Chirat, 2017). This kind of
biomass is composed of three polymers:

e Cellulose (around 50%)
e Hemicelluloses (30-20%)
e Lignin (20-30%)
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Cellulose is composed of a linear polymer of glucose, as shown in Figure 7. It is the most
abundant polysaccharide on earth with a global stock of 100 billion tons available. It is used
in the paper industry and also in the pharmaceutical field for additive synthesis.
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Contrary to cellulose, hemicelluloses are composed of different monosaccharides: hexoses
and pentoses. The composition in hemicelluloses is very variable depending on the sources.
The main sugars present in wood and forming hemicelluloses are represented in Figure 8.
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The last element composing vegetal biomass is lignin. Lignin is the second main compounds
in wood and ensures the stiffness of any vegetal species structure. Lignin is composed of
phenyl propane units linked together by ether bridges to form a complex polymer. It is the
only component that can produce aromatic compounds similar to those produced by
petrochemistry. Figure 9 presents an example of lignin structure, showing the presence of
phenyl units.
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Figure 9. Example of structure representing lignin polymer (Chirat, 2017).

.3. Biomass transformation

There are multiple ways to use biomass to produce energy (IEA and FAO, 2017).
Some lead to the production of biofuels for transportation and other lead to the direct
production of electricity or heat by combustion as shown in Figure 10. This figure also
presents examples of process and products for different biomass feedstock.

Lignocellulosic biomass .
Sugar and starch from forestry, Biomass from

crops agriculture and other waste
industries

Feedstock Oil crops

Anaerobic
digestion

Advanced biofuel
process

Transesterification Pelletisation

Production

process

Product

Final energy use

Fermentation

Chipping

Pyrolysis

Gasification

Biodiesel

Bioethanol

Renewable diesel

Cellulosic ethanol

Woodchips

Pellets

Pyrolysis Oil

Syngas/Biogas

Biofuels

Combustion for electricity

and heat

Biomass-based materials

and products

Figure 10. From biomass to energy : bioenergy pathways (IEA and FAO, 2017).

A part of biomass is also used to produce materials and products for industry or other fields.
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Biomass can be directly used to produce heat by combustion, but it is often more
interesting to use biomass as a source for other intermediates, that will be more energetically
efficient. Bio-oil and biogas are two of these products, which can be used as fuels in the
industrial world. It will help to decrease the consumption of fossil fuels and will also help to
reduce drastically the CO; production of some facilities.

Biogas is mainly produced by the anaerobic digestion process of biomass (Appels et
al., 2008). The composition of biogas depends on the biomass source (see Table 1). It is
primarily composed of methane and carbon dioxide. However it also contains smaller
amounts of hydrogen sulfide and ammonia and is normally saturated with water vapor. Small
amounts of aromatics and organo-chlorinated and —fluorated compounds can be found in
biogas from household waste.

Biogas must be desulfurizated and dried before utilization to prevent corrosive
damage. Since the sources of biogas anaerobic digestion are different, the methane
composition derived from the biogas varies from 30-70% with content in hydrogen sulfide of
100-1000 ppm, and in ammonia of 5-100 ppm.

Landfill Digestion North Sea Dutch

Components .

gas biogas natural gas  natural gas
CHas % vol 45 (30-65) 63 (53-70) 87 (-) 81 (-)
Higher hydrocarbons % vol 0 0 12 3.5
CO2 % vol 40 (15-50) 47 (30-50) 1.2 (-) 1()
N2 % vol 15 (5-40) 0.2 () 0.3 (-) 14 (-)
02 % vol 1 (0-5) 0() 0() 0()
H> % vol 0-3 0 0 -

<100 <1000
H.S ppm vol (0-500) (0-10%) 1.5(1-2) -(-)
NHs ppm vol 5 <100 0 -
Total chlorine (as ClI)) mg/m?3 20-200 0-5 0 -

The composition of biogas has a strong influence on its physical properties. The main
difference by the comparison with natural gas is the lower heating value (high content of
CO3y) and the larger density for biogas.
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There are mainly two ways to produce bio-oil from biomass. The first one is the
liquefaction of biomass under pressure in order to obtain oil. This oil needs some additional
purification steps to isolate a fraction which can be used as a fuel. The other way is the
pyrolysis of biomass. With this second process, three main products are obtained as
presented in Figure 11:

e Coke or char, which is the solid residue.
e Gases mainly composed of CO, CO;, CHa...
e Liquids corresponding to the bio-oil.

Condenser
Biomass
b Pyrolysis Reactor b Bio-oil

-@

In order to maximize the production of oil, some parameters of the pyrolysis process
have to be controlled. The first one is the pyrolysis final temperature. To maximize the
production of oil, this temperature has to be set around 500°C (Onay and Kockar, 2003;
Uzun et al., 2007). The second one is the heating rate (Onay and Kockar, 2003; Pittn et al.,
2007). A heating rate of 300°C min* increases the production of oil compared to a rate of
30°C min?. Pyrolysis with this first value of heating rate is called “fast” pyrolysis.
Temperature and heating rate are the two most significant parameters to maximize the
production of bio-oil, but there are also other minor parameters to consider (origin of the
biomass, particle size, flow rate and composition of sweeping gas, residence time...). Many
processes already exist to produce bio-oil like Haloclean® or Fortum Otso®.

Some bio-oil compositions found in literature are compared below in Table 2. This Table
presents several bio-oils: their biomass of origin and their production process, mainly fast
pyrolysis. For some clarity, each bio-oil is described by a number. This number will be used
in the next section. Bio-oil 10 was not produced by fast-pyrolysis, but it is still considered
here due to the high number of compounds identified in this study.
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Type of Reaction

Reference biomass Type of pyrolysis Temp. (°C) N°
(Beglggnaa and Czernik, Various?! Various - 1
(Azargohar et al., 2013) Saw dust Fast pyrolysis 400-475-550 2
(Azargohar et al., 2013) Flax straw Fast pyrolysis 400-475-550 2
(Azargohar et al., 2013) Poultry Litter Fast pyrolysis 400-475-550 5
(Azargohar et al., 2013) Wheat Straw Fast pyrolysis 400-475-550 6
(Putdn et al., 2007) Tobacco residue Fast pyrolysis 550 3
(Abedi et al., 2015) Unknown? Unknown conditions 4
(Negahdar et al., 2016) Wheat Straw Fast pyrolysis 480 7
(Negahdar et al., 2016) Pinewood Fast pyrolysis 500 8
(Djokic et al., 2012) Pinewood? Fast pyrolysis Unknown 9
(Bertero et al., 2012) Pinewood Copr;‘ﬁiwis?sna' 550 10

This section is dedicated to the description of bio-oils by considering their properties
and their compositions.

A bio-oil is not only described by its chemical composition but also by its physical
properties. The aim is to obtain bio-oils with the same properties as a petroleum fuel or even
better. The physical properties of oils are described in several publications (Oasmaa and
Czernik, 1999; Zhang et al., 2007; Bertero et al., 2012; Azargohar et al., 2013; Abedi et al.,
2015). Basic data about bio-oils and petroleum fuels were extracted from these later
publications and are presented in Table 3.

The data given in Table 3 are presented in the form of a range of values because
these properties are actually significantly dependent on the type of biomass and pyrolysis
process used. The composition in cellulose, hemicelluloses and lignin for vegetal biomass or
the protein fraction in animal biomass is directly responsible for some oil characteristics, such
as viscosity or heating value. Biomass with a high content of lignin or protein has a higher
viscosity. Furthermore, for a same amount of lignin in the biomass, the viscosity of the oil
increases with the pyrolysis temperature (Azargohar et al., 2013). For this reason, it is hard
to characterize precisely a bio-oil. However, a general trend can be observed: the bio-oils
have a larger content of water, which lowers their High Heating Value (HHV), compared to
petroleum fuels. So, this high amount of water reduces their thermal efficiency, but it also

! About 150 Samples of oil were used
2 Provided by Biomass Technology Group (BTG-BTL), The Netherlands
3 Data presented in this work are extracted from the crude bio-oil results

11
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reduces the viscosity of bio-oil. The difference in viscosity and in pH can also lead to
problems in combustion devices, such as corrosion or tube-obstruction. The Department of
Energy of the USA published some recommendations for materials that are corrosion
resistant (DOE, 2019). These problems involve that a crude bio-oil is never a good fuel, but
many solutions exist (Bertero et al., 2012; Zhang et al., 2007) to improve the bio-oils as fuels,
like thermal treatment or hydrodeoxygenation.

Bio-oil 1 Bio-oil 2 Gasoline Diesel

Physical property (Oasmaaand  (Azargoharet (Guibet, 1997) (Guibet, 1997)
Czernik, 1999) al., 2013)

Water (wt %) 15-30 13-38 - -
Density at 25°C(kg/L) 1.1-1.3 0.9-1.2 0.74 0.84
Viscosity (40-50°C) (cP) 40-100 24-418 0.7 7.6
pH* 2-3.7 - - -
High Heating Value (MJ/kg) 16-19 20-34 =40 =40
T(%tg' 20 /”gt;mber 50-100 40-150 : :

The first point in the chemical comparison between different fuels is the elemental
composition. There are indeed official regulations on them: for example, the sulfur content is
limited in the fuels used in engines. The elemental composition can give some clues about
the pollutants that the fuel can produce during combustion processes. Table 4 presents
some elemental composition from literature for bio-oils and petroleum-based fuels.

Bio-oil 1 Bio-oil 2 Bio-oil 3 Bio-oil 4 Gasoline  Diesel
Element (Oasmaa (Azargohar  (PuUtin etal.,, (Abedietal., (Guibet, (Guibet,
and Czernik, etal., 2013) 2007) 2015) 1997) 1997)
1999)
C (wt %) 32-49 60-76 66.02 45.83 83 85
H (wt %) 6.9-8.6 6-13 8.5 7.15 16 14
O (wt %) 44-66 10-30 27.76 46.15 <1 <1
N (wt %) <0.2 0.4-10 3.02 0.87 <1 <1
S (wt %) <0.05 <0.3 - - <0.03 0.05

Bio-oils show many differences with petroleum fuels. The carbon content in bio-oils is
indeed lower than that in petroleum fuels, but the oxygen content is higher for bio-oils. Some
bio-oils have also particularly higher nitrogen content than petroleum fuels, which can lead in
the case of combustion to a higher production of NOx. However, the amount of sulfur is very
low for oils, which is an advantage compared to petroleum-based fuels for combustion.

For the different bio-oils, the elemental composition changes with the type of biomass
of origin. The carbon content in bio-oils is not constant: for example it is around 40% for
bio-oil 1 and 66% for bio-oil 3 of Table 4. The same observation can be made with the

4 pH does not apply to fuel free of water, such as gasoline and diesel
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proportion of oxygen and nitrogen. The amount of hydrogen is however almost constant
around 7% in weight and the proportion of sulfur can often be considered as negligible.
These differences in the elemental composition can also be seen in the chemical
composition of the biomass of origin. Woody biomass presents a higher lignin content than
that from wheat shell for example (Bertero et al., 2012). This initial composition impacts
directly the final composition of the bio-oil due to the chemical differences between cellulose,
hemicellulose and lignin. Furthermore, in the case of oils from animal biomass, the
composition is totally different from a vegetal one, because they also contain proteins.

Many authors tried to characterize bio-oils, but none succeeded in identifying their
entire composition. Bio-oils can present a very large spectrum of components; thus, with the
goal of comparing bio-oils, every component is classified among chemical families. However,
there is no unified classification, so one needs to be chosen. The classification used in this
work is the same as the one used by Negahdar (2016). It contains three basic families of
compounds: non-aromatic compounds, heterocyclic compounds and aromatic compounds.
Each one can be divided in chemical subfamilies. This method allows to compare different
bio-oils. Table 5 presents a comparison of the composition of three bio-oils.

Bio-oil 5 Bio-oil 6 Bio-oil 7
Type of bio-oil (Azargohar et (Azargohar et (Negahdar et
al., 2013) al., 2013) al., 2016)

Non-aromatic compounds
Alcohols 4.5 - 0.32
Carboxylic Acids 3.7 2.8 4.85
Aldehydes - 5.5 1.48
Ketones - 1.2 4.94
Ethers - - -
Hydrocarbons - - -
Nitrogen-containing compounds - - -
Esters - 0.06
Heterocyclic compounds
Furans - - 0.72
Pyrans - - 0.07
Carbohydrates - - 0.04
Other - - 1.27
Non-aromatic Hydrocarbons - - 0.05
Non-aromatic Nitrogen-containing

13.6 - -
compounds
Aromatic compounds
Hydrocarbons - - -
Oxygenated Compounds - - 0.86
Aldehydes - - 0.07
Phenols 14.7 13 1.11
Benzenediols - - 0.54
Phenol Derivatives - - 0.88
Nitrogen-containing compounds - - -
Mass of bio-oil identified in weight % 36.5 22.5 17.3

Figure 12 graphically summarizes the information presented in Table 5. The
percentage of bio-oil not identified is always more than the half of the global mass and the
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‘known” part is divided in many chemical subfamilies. Bio-o0il 7 has a lower content in
aromatic compounds compared to the other oils and especially for the phenols. Only bio-oil 5
includes non-aromatic heterocyclic nitrogen-containing compounds. It is the only one
produced from an animal biomass. The nitrogen atoms come mainly from the proteins
present in the original biomass. This shows how the chemical composition of oil strongly
depends on the biomass origin. This also well shows the complexity of a bio-oil in terms of
composition.

= Alcohols = Carboxylic Acids = Aldehydes
m Carboxylic Acids mKetones = Phenols

® Non-aromatic Nitrogen-containing Compounds = Mass of bio-oil not identified

® Phenols

= Mass of bio-oil not identified

4% 3%
4% 5%
14% 1%
13%
15%
m Carboxylic Acids u Aldehydes m Ketones
® Other Non-aromatic Compounds ® Heterocyclic Compounds ®m Aromatic Oxygenates
Phenols Phenol Derivatives u Other Aromatic Compounds

H Mass of bio-oil not identified

4,9%

1,5%

4,9%

0,4%
2,2%
0,9%
1,1%

0,9%
0,6%

Figure 12. Graphical summary of the data shown in Table 5. Comparison of the composition of three bio-
oils in weight % (top left: Bio-oil 5, top right: Bio-oil 6 and bottom: Bio-oil 7).

Even with the same type of biomass of origin, the composition of the oil can change a
lot. The process parameters, such as the temperature of pyrolysis, have indeed some impact
on the decomposition chemistry of the biomass. Table 6 presents a comparison between
three different oils coming from the same type of biomass (pinewood) but produced by three
different installations of pyrolysis. Two installations are fast pyrolysis pilots and the third one
is a conventional pyrolysis set-up (more process condition data are given in Table 2). These
oils were investigated in three different studies.
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Type of bio-oil Pinewood
Bio-oil 8 Bio-oil 9 Bio-oil 10
(Negahdar et  (Djokic et al., (Bertero et
al., 2016) 2012) al., 2012)
Non-aromatic Compounds
Alcohols 0.27 0.217 9.15
Carboxylic Acids 4.9 3.036 18.71
Aldehydes 2.82 5.158 4
Ketones 2.39 1.482 19.63
Ethers - - 0.31
Hydrocarbons - - 0.8
Nitrogen-containing Compounds - - 0.86
Esters 0.21 - 8.29
Heterocyclic Compounds
Furans 1.62 0.676 5.95
Pyrans 0.24 - 1.49
Carbohydrates 0.08 3.075 1.01
Other 7.05 - 1.42

Non-aromatic Hydrocarbons - - -
Non-aromatic Nitrogen-containing

Compounds i ) 0.31
Aromatic Compounds

Hydrocarbons - - -
Oxygenated Compounds 0.27 - -
Aldehydes 0.08 - -
Phenols 0.3 - 541
Benzenediols 0.9 1.111 -
Phenol Derivatives 1.47 - 10.33
Nitrogen-containing Compounds - - 0.35
Mass of bio-oil identified in weight % 22.6 14.8 88.0

The three bio-oils have different composition specificities and it can be observed that
more components have been identified for bio-oil 10 than for bio-oil 8 and 9. Also each study
did not reach the same percentage of identified mass, which can explain some differences
between the results. The compositions diverged on the amount of some components: the
content of carboxylic acids, ketones and phenol derivatives is much higher in the bio-oil 10.
The results can be summarized in terms of large chemical families: non-aromatic,
heterocyclic and aromatic compounds, as presented in Figure 13.
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Figure 13. Summary of the data presented in Table 6. Comparison of the composition of three bio-oils
derived from the same type of biomass
(in weight %).

For each study, the bio-oil is mainly composed of non-aromatic compounds (as far as
the identified part is concerned). For the bio-oils 8 and 9, the amount of aromatic compounds
is the lowest fraction, whereas bio-oil 10 presents almost as much aromatic species as
heterocyclic compounds.

In summary, the composition of a bio-oil is a very complex mixture of chemical
species. The composition is influenced by many parameters like the type of biomass used or
the pyrolysis conditions. Some studies have detected and identified around 200 compounds
in bio-oils, but this represents only 17% to 22% of the global mass (Negahdar et al., 2016).
So a large part of the bio-oil composition is not known yet. However, considering the
identified fraction of the bio-oils, the chemical composition can be known and described
using chemical families. This is why many proposed surrogates of bio-oils are mainly based
on this composition in terms of chemical families rather than on the chemical distribution
directly. It is assumed that the global composition in terms of families of the identified part is
representative of the whole bio-oil.
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The IMPROOF project is funded by the European Union under the Spire framework
(Djokic et al., 2017). Its objective is to improve the energy efficiency in the case of steam
cracking furnaces by 20% and in parallel to decrease by 25% per ton of ethylene the
emission of pollutants like NOx or greenhouse gases. The consortium gathers 11 entities
from 6 different countries, including 7 industrial partners which give this project a specific
industrial orientation.

To reach the objectives the project has been focused on three improvements:

¢ The development of a new design and materials for the coils used in the furnace: The
use of new 3D design for the coils with new materials will prevent the formation of
coke at the surface of the reactor. The minimization of this layer will help to reduce
the formation of CO, during the cracking. The new design will also help to optimize
the heat transfer at the wall.

¢ The implementation of high emissivity coating on the wall of the furnace: In order to
reduce the consumption of fuel in the furnace, new coatings with high emissivity have
been studied. They will help to recover a part of the heat and so lower fuel
consumption to reach the same temperature.

e The use of alternative and renewable fuels like biogas and bio-oil: to decrease the
CO; impact of the steam cracking furnaces, the use of renewable fuel produced from
biomass has been considered. These fuels can be biogas or bio-oil and will decrease
the net CO; production of the plant.

Combinations of laboratory studies, simulations and industrial pilots have been set in place to
test and validate the results of each improvement proposition. This PhD is focused on the
part concerning alternative fuels and especially bio-oils. The first task was to define a
surrogate for bio-oils using the data presented in this chapter. Using the classification
proposed by Negahdar (2016), six chemical families were selected. Then an experimental
database of the surrogate combustion products obtained in a jet-stirred reactor has been
established. This database was then used for the development and validation of detailed
kinetic models in order to reproduce the fuel combustion. Simulations of the obtained results
were performed in collaboration with the team of Prof. Faravelli at Politechnico di Milano.

This manuscript will be divided in different parts:

e The first chapter presenting a state of the art of molecules selected as surrogate or
from the same chemical family.

e The second chapter is a description of the experimental set-up and of the analytical
tools used in the present work to obtain experimental data.

e The third chapter will be dedicated to the presentation of the experimental results
obtained for the linear oxygenated molecules and of the models developed.

o The fourth chapter will present the study of the cyclic oxygenated fuels and of their
kinetic models.

e A conclusion summarizing the achievements and limitations of the present work as
well as perspectives and recommendations for future studies in this field.

Figure 14 presents a scheme of the IMPROOF project and the place of this work
within its framework.
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Figure 14. Scheme presenting the IMPROOF project and the place of this PhD in this framework.
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As it was seen in the previous part, bio-oils are complex mixtures of organic
compounds. There are almost as many chemical compositions as studies on the subject.
However, some trends can be observed. Indeed, to better assess the reactivity of bio-oils
and to understand the formation pathways of the products, which can also be pollutants, it is
necessary to surrogate the composition of these bio-oils.

Using the classification of Negahdar (2016) and the compositions of some reference bio-oils,
which are both presented in part 1.4.2, a composition of a surrogate mixture for bio-oil can be
formulated. This surrogate is not composed of chemical species but includes chemical
families, like alcohols or acids. This approach allows a better flexibility and makes possible to
surrogate every kind of existing bio-oil. To have the best prediction of the bio-oil reactivity,
our surrogate is composed of 6 different chemical families:

e Alcohols and diols

e Aldehydes and ketones

e Carboxylic acids

e Furan and derivatives

e Oxygenated aromatics

¢ Nitrogen—containing compounds
By understanding the behavior and the combustion products formation of each family, we
would be able to have a better assessment of the reactivity of bio-oils. Our surrogate
composition is graphically summarized in Figure 15.

Alcohols
and diols

Nitrogen- Aldehydes
containing and
compounds ketones

Oxygenated Carboxylic
Aromatics acids

Furan and
derivatives

Figure 15. Composition of the surrogate for bio-oils.

For each family, a literature review has been carried out. The aim is to identify the
experimental results and kinetic model already published and to detect what can be missing
for a complete assessment of the reactivity of those compounds. This state of the art will help
us to select relevant compounds to be studied next. In the following part, this state of the art
about the experimental oxidation, combustion and pyrolysis studies concerning these
chemical families is presented in details.
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Alcohols are already used in biofuels and this is especially the case for ethanol. They
represent a large part of the non-aromatic fraction of bio-oils (see part 1.4.2). The amount of
alcoholic species can even be increased by the hydrotreatment of crude bio-oils (Djokic et
al., 2012). That is why the alcoholic fraction is significant. In this section, a review of the work
previously made about alcohols is given. Publications about ethanol are first presented, then
publications about propanol, to finish with publications on heavier alcohols (C4-Cs).

Ethanol can be used as a pure fuel or as an additive in fuels due to his high octane
number (Research Octane Number or RON=120 and Motor Octane Number or MON=99)
(Ballerini, 2006). It is also one of the products formed during bio-fuel oxidation. An extensive
review about alcohol combustion and pyrolysis studies has been made a few years ago by
Sarathy et al. (2014). It presents experimental and modeling works published before 2014 on
the combustion of alcohols, including ethanol, and indicates that alcohols are suitable fuels
for combustion engines, with especially the advantages of using high molecular weight
alcohols in term of energy densities. In their work, Sarathy et al. decomposed alcohol
oxidation mechanism in 30 reaction classes, separated in high-temperature reaction classes
and low-temperature reaction classes. This work highlighted specific reaction pathways, such
as the unimolecular reactions at high-temperatures (dehydration and dehydrogenation).

Our report presents here only the publications on ethanol reactions available only after this
review (those published from 2013) as summarized in Table 7.

Experimental Conditions Reference
Ethanol
Premixed flame
T=300-2100 K; P=0.06 atm; ®=0.7-1.3 (Tran et al., 2013a)
Rapid compression machine

T=825-985 K; P=10-50 atm; ®=0.3-1 (Mittal et al., 2014)
Tubular flow reactor

T=400-1200 K; P=1 atm; ®=0.8-1.2 (Herrmann et al., 2014)

Shock tube

T=1047-2518 K; P=1-2 atm; ®=c-1 (Aghsaee et al., 2015)
Combustion bomb

T=318-473 K5, P= 1-5 atm; $=0.7-1.5 (Aghsaee et al., 2015)

Five studies on ethanol were performed after 2013. The first one was carried out in a
low-pressure laminar premixed flame (0.06 atm) (Tran et al., 2013a). The setup was coupled
with gas chromatographs to performed online gas analyses. The mole fractions of 20
products were measured during the combustion of methane/ethanol mixture and used to
develop a kinetic model for ethanol oxidation involving 87 species in 760 reactions. Figure 16

S initial temperature
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shows the experimental results and the performance of the model developed for the ethanol
flame for three different equivalence ratios. The mechanism was also compared to data from
the literature and a satisfactory agreement was obtained between experimental and
computed results. During the experiments, the dilution was kept at 78% with a mole fraction
of oxygen around 0.2. So the fuel inlet mole fraction varies as shown in Figure 16.

0.10 IPure ethanol flame, ¢ = 1 | 0.10 5 |Pure ethanol flame, ¢ = 1.3| 0.10 + |Pure ethanol flame, ¢ = 0.7
0.08 - 0.08 — 0.08
5 5 * 5
S 0.06 T 0.06 - B 0.06 -
£ £ ¢ £
@ @2 L]
g 0.04 — g 0.04 — g 0.04 | @
0.02 - 0.02 — 0.02 -
0.00 — 0.00 — 0.00 -
T T 1T 1T 1T 17T 17T T 17T 1T 1T 171 1T T T T 1T 1T 11
0123 45678 0123 45861738 0123 45678
Distance above the burner (mm) Distance above the burner (mm) Distance above the bumner (mm)

After that, a study in a rapid compression machine was performed to measure ignition
delay times (Mittal et al., 2014). This study was carried out under high pressure (10-50 atm)
and for lean to stoichiometric conditions (0.3 < ¢ < 1). The data obtained were used to
develop a kinetic model to improve the prediction of ignition delay times. During this study,
the effect of pressure on autoignition delay times was measured and the importance of
hydroperoxyl radicals was reported. The quantification of species during low temperature
oxidation of ethanol and dimethylether was performed using a laminar flow reactor at
atmospheric pressure (Herrmann et al., 2014). The composition of the gas was determined
by time-of-flight mass spectrometry. Experimental data were then compared to computed
data using the model of Cancino et al. (2010) for the oxidation of ethanol. Some differences
were observed between experimental and computed data, suggesting further needs of
improvements for this model. The laminar flame speed of ethanol has been studied in 2015
for different pressures and equivalence ratios in a combustion bomb (Aghsaee et al., 2015).
The pyrolysis and oxidation of ethanol were also studied in a shock tube during this work.
The mechanism developed by Ranzi and co-workers (2012) was used to model the
experimental data and a good agreement was found.

Propanol is the first alcohol to present two isomers. The first one is n-propanol, which
can be used as an engine fuel with its high-octane number (RON=118 and MON=98). But its
production is too expensive to be a common fuel; however, it is often used as a solvent. The
second one is iso-propanol, which is used as an intermediate of reaction in chemistry and in
medical field. It is also used as fuel additive in “gas dryer”. Sarathy et al. have also made a
review concerning the studies about propanol until 2014 (Sarathy et al., 2014). Table 8
presents the main experimental studies published more recently.
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Experimental Conditions Reference
Propanol

Combustion bomb (n-propanol)

T=343-393 K% P=3.5-11 atm; ®=0.7-1.6 (Gong et al., 2015)
Shock tube (n- and iso-propanol)

T=1150-1550 K; P=1 atm; $=«-0.5-1-2 (Jouzdani et al., 2017)

Counterflow diffusion flame (n- and iso-propanol)
T=400 K&; P=1 atm (Alfazazi et al., 2016)

Only three publications were published after 2013. The first one (Gong et al., 2015)
deals with a comparative study of n-propanol, propanal, acetone and propane laminar flame
speeds. The study was carried out in a combustion bomb under high pressure (3.5 to 11
atm) and for a range of equivalence ratios from lean to rich conditions (0.7 < ¢ < 1.6). The
main result is that propanal presents the highest flame speed in contrary to acetone. They
explained this difference by the stability of the radical formed during the combustion. The
results of this study will be further detailed in the section dedicated to aldehydes and
ketones. Another study has been performed by Alfazazi et al. on n- and iso- propanol
oxidation in a counterflow diffusion flame. They measured autoignition temperature by
varying the air temperature, as well as extinction times for both propanol isomers and also for
two butanol isomers (1- and iso-butanol). This study shows that n-propanol and 1-butanol
have similar ignition temperatures and extinction limits. This also shows that the substituted
alcohols produce more propene and propargyl radical than normal alcohols. The last study
was performed by Jouzdani et al. (2017). The two propanol isomer pyrolysis was studied in a
shock tube at average pressures of 3.5, 5.0, and 11 atm and over a temperature range of
1150-1550 K. The oxidation of those compounds was also investigated in the same
apparatus for three equivalence ratios (0.5-1-2). Ignition delay times were measured
indicating a higher reactivity for n-propanol under oxidizing conditions, as shown in Figure
17.
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In comparison to ethanol, heavier alcohols (from C.) exhibit a higher heating value, as
presented by Sarathy et al. (2014), making them preferable bio-fuels or fuel additives in term
of energy density. In the present review, we consider the publications published after 2009 to
have an overview on the recent data published during the last ten years. However, due to the
over abundance of these studies, especially for Cs alcohols, we consider only the
experimental studies on C4 to Cg alcohols providing a detailed species dataset, which are
more relevant to the work planned in the IMPROOF project frame (Djokic et al., 2017).
Concerning experiments on laminar flame speeds and ignition delay time measurements,
one can refer to the review made by Sarathy et al. (2014).

Table 9 presents the experimental studies carried out for linear butanol isomers
combustion, oxidation and pyrolysis. Experiments about the two branched butanol isomers
are presented in Table 10. Table 11 summarizes the oxidation, combustion and pyrolysis
studies about Cs-Cg alcohols.

Experiments dealing with species measurements are available for all the isomers of
butanol over a large range of temperatures and pressures; from 300 to 2000 K and from
0.007 to 12.5 atm. In addition, the studies cover a large range of equivalence ratios from fuel
lean conditions (e.g. 0.28) to pyrolysis. Experiments were carried out in different types of
reactors: jet-stirred reactors, counterflow diffusion flames, tubular flow reactors and premixed
flames. The publications show that the oxidation of the butanol isomers produced high
concentrations of carbonyl compounds and some enolic compounds. Due to the high number
of studies, only the experiments performed in jet-stirred reactors, the reactor used in the
present work, will be described.

Dagaut et al. studied n-butanol oxidation at 10 atm under fuel-lean and fuel-rich
conditions. The experiments were carried out between 750 and 1100 K (Dagaut et al., 2009).
The profiles for CO, CO,, H,0, H,, C:—C4 hydrocarbons, and C,—C. oxygenated compounds
were measured by Fourier-transform infrared (FTIR) spectroscopy and off-line gas
chromatography (GC) analyses. CO, CO,, H.O, H;, CH4, formaldehyde, ethylene and
propene are the main products identified. The oxidation of n-butanol was also studied by
Sarathy et al. but at atmospheric pressure and for a larger temperature range (750-1300 K)
(Sarathy et al., 2009). They also performed gas chromatography analyses and detected the
same products as Dagaut et al. (2009). They also performed experiments in a counterflow
diffusion flame. Togbé et al. studied also two other isomers of butanol (2- and iso-butanol) in
a jet-stirred reactor at 10 atm and for temperatures from 770 to 1250 K. They investigated
conditions from fuel-lean ($=0.28) to fuel-rich (®=4). GC and infrared (IR) spectroscopy were
used for the analyses and the results were consistent with the previous studies. It could also
be noticed that no oxidation study was performed in tubular flow reactors, but only pyrolysis
ones.
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Experimental Conditions

Reference

n-Butanol

Jet-stirred reactor
T=750-1100 K; P=10 atm; = 0.5-2
T=750-1300 K; P=1 atm; ®=0.5-2

(Dagaut et al., 2009)
(Sarathy et al., 2009)

Counterflow diffusion flame
T=300-2000 K; P=1 atm;
T=400-1800 K; P=1 atm;

(Sarathy et al., 2009)
(Grana et al., 2010)

Tubular flow reactor
T=880-1010 K; P=1.5-1.7 atm; ®= «
T=600-807 K; P=1.7 atm; ®= «
T=800-1500 K; P=0.007-1 atm; ®= «
T=880-1010 K; P=1.5-1.7 atm; ®= «

(Van Geem et al., 2010)
(Harper et al., 2011)
(Cai et al., 2012h)

(Van Geem et al., 2012)

Premixed flame

T=500-1900 K; P=0.02-0.033 atm; ®=1-1.4
T=500-2000 K; P=0.04 atm; ®=1.7
P=0.04 atm; ®=0.7-1.8

(Hansen et al., 2011)
(ORwald et al., 2011)
(Cai et al., 2012b)

Combustion bomb
T=350 K’; P=0.89 atm; ®=0.8-1.4

(Sarathy et al., 2009)

2-Butanol

Jet-stirred reactor
T=770-1250 K; P=10 atm; ®=0.28-4

(Togbé et al., 2010b)

Counterflow diffusion flame
T=400-1800 K; P=1 atm;

(Grana et al., 2010)

Tubular flow reactor
T=880-1010 K; P=1.5-1.7 atm; ®= «
T=880-1500 K; P=0.007-1 atm; ®= =

(Van Geem et al., 2010)
(Cai etal., 2013)

Premixed flame
T=500-2000 K; P=0.04 atm; ®=1.7
P=0.04 atm; ®=0.7-1.8

(ORwald et al., 2011)
(Cai et al., 2013)

Some studies have investigated the impact of the carbon skeleton on the final product
composition. McEnally and Pfefferle carried out experiments on methane nonpremixed flame
at atmospheric pressure with the addition of the four butanol isomers and the two butane
isomers (McEnally and Pfefferle, 2005). They show that depending of the additive the
distribution of the products between aldehydes, ketones and hydrocarbons varies. The
formation of aldehydes and ketones is favored in the case of alcoholic fuels but the formation

7 initial temperature

28



State of the art

of benzene is not affected by the presence of the hydroxyl group. It is more affected by the
presence of a branch in the structure of the molecule. The structure of butanol isomers has
then a strong influence on the related-combustion products.

Experimental Conditions Reference

iso-Butanol

Jet-stirred reactor

T=770-1250 K; P=10 atm; ©=0.28-4 (Togbé et al., 2010b)
Counterflow diffusion flame
T=400-1800 K; P=1 atm (Grana et al., 2010)
Tubular flow reactor
T=550-1100 K; P=1.7 atm; ®= « (Merchant et al., 2013)
T=950-1850 K; P=0.04-1 atm; ®= « (Cai et al., 2014)
Premixed flame
T=500-2000 K; P=0.04 atm; ®= 1.7 (ORwald et al., 2011)
T=500-1900 K; P=0.015-0.03 atm; ®= 1-1.5 (Hansen et al., 2013)

tert-Butanol

Counterflow diffusion flame

T=400-1800 K; P=1 atm (Grana et al., 2010)
T=365-400 K& P=1 atm (Lefkowitz et al., 2012)
Tubular flow reactor
T=880-1010 K; P=1.5-1.7 atm; ®= « (Van Geem et al., 2010)
T=950-1850 K; P=0.004-0.016 atm; ®= « (Cai et al., 2012a)
T=675-950 K; P=12.5 atm; ®= 1 (Lefkowitz et al., 2012)
Premixed flame
T=500-2000 K; P=0.04 atm; ®= 1.7 (ORwald et al., 2011)

As shown in Table 11, experimental data on Cs-Cg alcohols are more scarce when
dealing with species measurements. The combustion of pentanol isomers with species
detection was mainly studied in jet-stirred reactors (Togbé et al., 2011; Dayma et al., 2011;
Sarathy et al., 2013; Serinyel et al., 2014). Studies in jet-stirred reactors were carried out
under a pressure of 10 atm, over a range of temperatures from 500 K to 1200 K, and for lean
to rich conditions (® = 0.35-4). The species concentrations were determined by gas
chromatography and FTIR spectroscopy. The authors pointed out that, during pentanol
isomers oxidation, aldehydes and unsaturated hydrocarbons are the main products. Indeed
the associated aldehydes, with the same carbon skeleton as the fuel, are always one of the
main oxidation products. The transmission of the carbon skeleton can also be observed on
the hydrocarbon products. For example, pentene is observed as products of pentanol
through reactions of dehydration, as shown in Figure 18 (Sarathy et al., 2014).
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Experimental Conditions Reference

n-Pentanol

Jet-stirred reactor
T=750-1220 K; P=10 atm; &= 0.35-4 (Togbé et al., 2011)

iso-Pentanol

Jet-stirred reactor
T=530-1220 K; P=10 atm; = 0.35-4 (Dayma et al., 2011)
T=750-1200 K; P=5 atm; ®= 0.35-4 (Sarathy et al., 2013)

2-Methylbutan-1-ol

Jet-stirred Reactor
T=700-1200 K; P=10 atm; ®= 0.5-4 (Serinyel et al., 2014)

n-Hexanol

Jet-stirred reactor

T=600-1100 K; P=10 atm; = 0.5-3.5 (Toghé et al., 2010a)
T=500-1100 K;P=1 atm; ®=0.5-1-2 (Rodriguez, 2016)
Counterflow diffusion flame
T=400-1800 K; P=1 atm (Yeung and Thomson, 2013)
n-Octanol

Jet-stirred reactor

T=500-1200 K; P=10 atm; ®=0.5-2 (Cai et al., 2015)
Shock tube
T=800-1400 K; P=20-40 atm; ®=1 (Cai et al., 2015)
OH
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The oxidation of all hexanol isomers has not been yet studied during a joint study but
three publications on the combustion of n-hexanol were released. Experiments were carried
out in a jet-stirred reactor (Togbé et al., 2010a) and in a counterflow diffusion flame (Yeung
and Thomson, 2013) for a large range of temperature (500-1400 K) and under atmospheric
and high (10 atm) pressures. Togbé et al. used gas chromatography and FTIR spectroscopy
to detect the oxidation products. They obtained very similar results to the previous study
about lighter alcohol oxidation (Togbé et al., 2011; Dayma et al., 2011; Sarathy et al., 2013;
Serinyel et al., 2014). Rodriguez et al. studied n-hexanol oxidation in a jet-stirred reactor at
atmospheric pressure (Rodriguez, 2016). They obtained similar results to the previous
alcohol studies made in Orleans in terms of products formation but no negative temperature
coefficient (NTC) area was observed compared to the other studies.

Finally, n-octanol oxidation was also studied because of its potential as engine fuel.
Cai et al. (2015) investigated for the first time n-octanol oxidation in a jet-stirred reactor and a
shock tube at high pressure (10 to 40 atm) over a range of temperatures from 500 to 1200 K
and from 800 to 1400 K, respectively. Ignition delay times and species concentration profiles
were measured. The species concentrations were measured with an FTIR (online)
spectroscopy and gas chromatography (off-line) during the JSR experiments. With the
support of these data, a detailed kinetic mechanism has been developed. It consists of 1280
species and 5537 reactions and was written on the base of reaction classes and their
corresponding rate rules.

A large number of publications on alcohol oxidation were published during the last
years; however only a few studies concerned Cs-Cg alcohol combustion. Studies about diols
combustion were also searched, but no relevant publication was published on this topic.
While some results were published for several pentanol isomers, only the linear isomers of
hexanol and octanol were recently studied. Complementary data about the species
concentration profiles could be useful to improve kinetic models for the combustion of
alcohols. Furthermore, it could be possible to detect some general trends about alcohol
combustion as a function of their carbon chain length or substitution. That is why more
experiments on heavy alcohols need to be carried out.

Aldehydes and ketones are, like alcohols, an important characteristic fraction of the
non-aromatic part of bio-oils. They are, furthermore, important intermediates of reaction
during the combustion of alcohols, which is why their behavior during oxidation has always
been an interesting subject of studies. Those compounds are also intermediates during
alkanes oxidation (Herbinet et al., 2011; Babhrini et al., 2013; Bugler et al., 2017).

Table 12 presents the main experimental studies about the combustion, oxidation and
pyrolysis of formaldehyde and acetaldehyde. Many computational studies were also
published about the combustion of formaldehyde (Shvartsberg et al., 2015; Christensen et
al., 2016; Luo and Liu, 2017) (not shown in Table 12).The main experimental studies about
propanal and butanal are presented in Table 13. Finally, Table 14 presents the main
experimental studies about pentanal and hexanal.
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The combustion of formaldehyde has been studied since 1986 (Vandooren et al.,
1986). A flat flame under lean conditions (¥=0.22) was used at low pressure (P=0.03 atm) to
measure species concentrations with a molecular beam mass spectrometer. The same
laboratory performed another study at low pressure in a premixed flame in 2012 for
temperatures from 400 to 1800 K and for lean and stoichiometric conditions (®=0.2-1) (Dias
et al., 2012). Gases were analyzed with mass-spectrometry and those results were used to
improve a kinetic mechanism (Dias and Vandooren, 2011). The final mechanism contains
568 reactions for 107 chemical species. The model was able to reproduce the experimental
results obtained.

Hidaka et al. (1993a, 1993b) also studied formaldehyde pyrolysis and combustion
using shock tubes at various pressures (P=0.06-3 atm) over a range of temperatures of
T=1200-2000 K. They followed the decay of formaldehyde with time-resolved IR-laser
absorption and IR-emission in both studies. The oxidation of formaldehyde was studied over
a large range of equivalence ratios (®= 0.25-4). In 1998, another study used a shock tube to
determine rate coefficients for unimolecular decomposition of formaldehyde and H-
abstractions by H and HO; on formaldehyde (Eiteneer et al., 1998). The experiments were
carried out over a range of pressures between 0.7 and 2.5 atm and over a range of
equivalence ratios going from pyrolysis to lean conditions (®= «-0.17).

The oxidation of formaldehyde was also studied in a tubular flow reactor (Glarborg et
al., 2003) at atmospheric pressure, over a lower range of temperatures (T=800-1400 K) for
equivalence ratios from 0.004 to 1.5. The influence of nitric oxide was also investigated. The
gases were analyzed by ultraviolet (UV) and IR analyzers for NO, CO and CO.. They
showed that nitric oxide has an effect on the reactivity depending on the equivalence ratio:
inhibiting under fuel-rich conditions and promoting under fuel-lean ones.

The studies on acetaldehyde pyrolysis began in the 60s. In 1967, Laidler and Liu
studied its thermal decomposition in a static vessel at 800 K and for low pressures (P=0.01-
0.7 atm) with the help of gas chromatography (Laidler and Liu, 1967). The high-temperature
pyrolysis of acetaldehyde was investigated in 1975 by Colket et al. (1975) in a turbulent flow
reactor using also chromatography for the gas analysis. They showed that the main products
were CO, CH4, Hz, CoHs and C:H4. These experiments allowed determining rate constants
for key reactions in pyrolysis, such as the unimolecular decomposition of acetaldehyde in
CHs; and HCO or the H-abstraction by CHs. The pyrolysis had also been studied in a shock
tube by Kern et al. (1990) but the analysis were performed this time with a time-of-flight mass
spectrometer. They measured species concentration over the temperature range 1200-1800
K for low pressures (P=0.2-0.4 atm) and they identified the same main products as the
previous described study (Colket et al., 1975).

Latter, experiments in a shock tube were performed by Gupte et al. (2007) for higher
temperatures (T=1550-2400 K) and over a larger range of pressures (P=0.05-0.7 atm). Bentz
et al. (2008) also performed pyrolysis experiments in a shock tube with H-atom resonance
absorption spectrometry as detection technique. They also studied the reaction between
acetaldehyde and H-atoms. Rate coefficients were determined for the pyrolysis and for the
reaction with H-atoms over a temperature range from 1040 to 1650 K.
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Experimental Conditions

Reference

Formaldehyde

Premixed flame
T=600-1800 K; P=0.03 atm; ®=0.22
T=400-1800 K; P=0.03 atm; ®=0.2-1

(Vandooren et al., 1986)
(Dias et al., 2012)

Shock tube
T=1200-2000 K; P=1.3-3 atm; ®= «
T=1400-1900 K; P=0.06 atm; ®= =-4
T=1300-2270 K; P=0.7-2.5 atm; ®= «-0.17

(Hidaka et al., 1993a)
(Hidaka et al., 1993b)
(Eiteneer et al., 1998)

Tubular flow reactor
T=800-1400 K; P=1 atm; ®=0.004-1.5

(Glarborg et al., 2003)

Acetaldehyde

Batch reactor
T=800 K; P=0.01-0.7 atm; ®=
T=320-540 K; P=0.08 atm; ®=0.17
T=553-713 K; ®=0.14-1.7

(Laidler and Liu, 1967)
(Baldwin et al., 1970)
(Kaiser et al., 1986)

Tubular flow reactor
T=1000-1240 K; P=1 atm; d=«=

(Colket et al., 1975)

Microtubular reactor
T=1400-1675 K; P=0.1-0.2 atm; ®=«
T=1000-1900 K; P=0.07-0.3atm; ®=

(Vasiliou et al., 2011)
(Vasiliou et al., 2012)

Jet-stirred reactor
T=900-1300 K; P=1-10 atm; ®=0.1-2

(Dagaut et al., 1995)

Shock tube
T=1200-1800 K; P=0.2-0.4 atm; ®=«
T=1230-2530 K; P=2-5 atm; ®=0.5-2
T=1320-1897 K; P=0.13 atm; ®=0.8-1.7
T=1550-2400 K; P=0.05-0.7 atm; ®=
T=1000-1700 K; P=1.2-2.8 atm; ®=~-3
T=1040-1650 K; P=1-5 atm; =
T=1273-1620 K; P=0.34-1.6 atm; ®=

(Kern et al., 1990)
(Dagaut et al., 1995)
(Won et al., 2000)
(Gupte et al., 2007)
(Yasunaga et al., 2008)
(Bentz et al., 2008)
(Wang et al., 2016a)

Rapid compression machine

T=580 K; P=3-15 atm; ®=0.2-0.5

(Griffiths and Hasko, 1984)

Premixed flame
T=500-2000 K; P=0.05 atm; ®=0.75-1.25
T=298-358 K® P=1atm; $=0.3-1.8
T=438-2064 K; P=0.02-0.04atm; ®=1-1.7

(Leplat and Vandooren, 2010)
(Christensen et al., 2015)

(Tao et al., 2017)
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The pyrolysis was studied in a microtubular reactor by Vasiliou et al. (2011, 2012).
Using vacuum ultraviolet photoionization mass spectroscopy and infrared absorption
spectroscopy, they identified the early decomposition products (i.e. CHs, CH,=C=0,
CH,=CHOH, HC=CH...) and thermal decomposition pathways. More recently in 2016, Wang
et al. (2016a) performed experiments in a shock tube at temperatures of 1273-1618 K and
for pressures going from 0.34 to 1.6 atm.

The first recorded study on acetaldehyde oxidation was performed by Baldwin et al.
(1970) in a static vessel. They studied its oxidation over the temperature range 600-800 K to
better assess the negative temperature coefficient area reactivity. They showed that this
behavior was due to the competition between the branching reaction: CH3+O,=>HCHO+OH
and the reversible formation of CH30,: CH3+0,=CH30.. Latter the oxidation of acetaldehyde
was studied in a rapid compression machine to investigate the two-stage ignition of an
acetaldehyde/air mixture (Griffiths and Hasko, 1984). In 1986, Kaiser et al. (1986) carried out
experiments in a batch reactor at temperatures of 553 and 713 K for fuel-rich to fuel-lean
conditions. The results were used to develop a detailed kinetic mechanism and to study the
negative temperature coefficient zone between 550 and 900 K.

Dagaut et al. (1995) used a jet-stirred reactor at high temperatures (T=900-1300 K)
over a pressure range 1-10 atm to perform species concentration measurements with gas
chromatography. They also measured ignition delay times in a shock tube for lean to rich
conditions (®=0.5-2). More recently, Won et al. (2000) performed ignition delay time
measurements in a shock tube by following the OH radical emission and the pressure profile.
They developed a mechanism consisting of 110 reactions and 34 species.

Yasunaga et al. (2008) performed experiments on acetaldehyde for both pyrolysis
and oxidation. They measured species profiles thanks to time-resolved UV and IR-laser
absorptions. They also used time-resolved IR emission and single pulse technique in
complement of the previous techniques. A shock tube was used under pressures between
1.2 and 2.8 atm and over a temperature range of 1000-1700 K. The pyrolysis and oxidation
data obtained allowed the development of a mechanism of 178 reaction steps and 50
species. The submechanisms of methane, ethylene, ethane, formaldehyde, and ketene were
found to play an important role in the acetaldehyde oxidation mechanism.

An experimental and numerical study of acetaldehyde combustion was carried out by
Leplat et al. in 2010 (2010). They studied the structure of several flames and they measured
species mole fraction profiles at low pressure (P=0.05 atm) and over a large range of
equivalence ratios (®=0.75-1.25) with a molecular beam mass spectrometer system with
electron impact ionization. Christensen et al. (2015) measured laminar burning velocities of
acetaldehyde/air mixture. Experiments were carried out at 298, 318, 338, 348 and 358 K. A
comparison with several models and the experimental data was performed and the model
developed by Leplat et al. gave the best predictions (Leplat and Vandooren, 2010). The
chemical structure of laminar premixed flames was studied by Tao et al. (2017) at low-
pressure over an equivalence ratio range from 1 to 1.7. With molecular beam synchrotron
photo-ionization mass spectrometry, they identified and quantified about 40 species. They
observed for the first time the formation of ethanol and butanal.
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The oxidation of propanal has only been studied since the last 6 years. Veloo et al.
studied the oxidation of propanal in a jet-stirred reactor and in a flame. Species concentration
profiles and laminar flame speeds were measured with a FTIR spectrometer and gas
chromatography (off-line) coupled with a thermal conductivity detector (TCD), a flame
ionization detector (FID) or a mass spectrometer (Veloo et al., 2013a). A detailed kinetic
model, consisting of 327 species and 1618 reactions, was tested against these experimental
data.

As presented in the previous section, a study was also performed about laminar flame
speed measurements of Cs; oxygenated fuels (Gong et al., 2015), including propanal,
propanal and acetone, to study the effects of different functional groups. It showed that
propanal has the highest flame speed in contrary to acetone. These differences came from
the concentrations of intermediate species generated. In the case of propanal, the hydrogen
radical concentration was higher than for the other fuels. This leads to an acceleration of the
reaction, which increases the reactivity. Figure 19 presents the results obtained during this
study at 393 K and atmospheric pressure. It can be observed that propanal has indeed a
higher reactivity than the other compounds, especially in rich mixtures.
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Yang et al. (2016) studied propanal ignition in a shock tube to compare it to propane,
n-propanol and iso-propanol ignitions. The temperatures were ranging from 1050 to 1800 K,
pressures from 1.2 to 16.0 atm and equivalence ratios of 0.5, 1.0, and 2.0. It was found that
ignition delays are in the order of:

propane > iso-propanol > n-propanol > propanal.
This result is similar to the one obtained by Gong et al (2015). The differences in reactivity
came from the stability of the intermediates produced; the intermediates of propanal and
n-propanol are indeed less stable than those of propane and iso-propanol.
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Experimental Conditions

Reference

Propanal

Jet-stirred reactor
T=500-1100 K; P=10 atm; ®=0.3-2

(Veloo et al., 2013b)

Counterflow diffusion flame
T=343 K% P=1 atm; ®=0.75-1.6

(Veloo et al., 2013b)

Combustion bomb
T=343-393 K% P=1 atm: ®=0.7-1.6

(Gong et al., 2015)

Premixed flame
T=500-1600 K; P=0.03 atm; ®=1-1.7

(Dias et al., 2016)

Shock tube
T=1100-1900 K; P=1-3 atm; ®=0.5-2
T=1050-1800 K; P=1.2-16 atm; ®=0.5-1-2

(Pelucchi et al., 2015)
(Yang et al., 2016)

n-Butanal

Jet-stirred reactor
T=500-1200 K; P=10 atm; ®=0.3-2

(Veloo et al., 2013b)

Counterflow diffusion flame
T=343 K% P=1 atm; $®=0.75-1.6

(Veloo et al., 2013b)

Shock tube
T=1100-1650 K; P=1.3-10 atm; ®=0.5-2
T=1100-1900 K; P=1-3 atm; ®=0.5-2

(Zhang et al., 2013)
(Pelucchi et al., 2015)

The last experimental study on propanal pyrolysis and oxidation with product
detection is the work of Pelucchi et al. (2015). It also concerned butanal and pentanal
pyrolysis and oxidation and took place in shock tubes at pressures between 1 and 3 atm over
a temperature range of 1100 to 1900 K for different equivalence ratios. Measurements of
species concentration profiles under pyrolysis conditions and of ignition delay time for
oxidation were performed. Propanal showed the highest reactivity, whereas butanal was the
least reactive. Figure 20 shows the results obtained for n-pentanal oxidation during the shock
tube experiments. It also compares the results with modeling using the POLIMI mechanism
and NUIG mechanism. The POLIMI mechanism gives overall a better agreement.

Zhang et al. (2013) also measured ignition delay times for butanal using a shock tube
in a temperature range of 1100-1650 K at pressures of 1.3, 5 and 10 atm and equivalence
ratios of 0.5, 1 and 2. With these data, a kinetic model was developed on the basis of a
literature review. The obtained agreement between experimental and computed data was
satisfactory.
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In the last years, experiments in premixed flames were carried out at low pressure
(P=0.03 atm) for stoichiometric to rich conditions ($=1-1.7) by Dias et al. (2016). Species
mole fraction profiles were measured by molecular beam mass spectrometry. This work
leads to an extension of the mechanism of Dias and Vandooren (2011) to propanal and its
simulations compared well with the experimental data.

Experimental Conditions Reference
n-Pentanal
Shock tube

T=1100-1900 K; P=1-3 atm; ®=0.5-2 (Pelucchi et al., 2015)
n-Hexanal

Jet-stirred reactor
T=475-1100 K; P=1 atm; ®=0.5-2 (Rodriguez et al., 2017)

Regarding n-hexanal, its oxidation in a jet-stirred reactor was carried out by
Rodriguez et al. (2017) following the mole fractions of some usual stable combustion species
and also that of important minor products using IR continuous wave-cavity ring-down
spectroscopy (cw-CRDS), such as H.O,, water or formaldehyde. The experiments were
carried out under atmospheric pressure and over a range of temperatures from 475 to 1100
K. The influence of the equivalence ratio was studied for three conditions (0.5-1-2). This
study succeeded in detecting and quantifying some specific products like hexanoic acid and
lactones. This work demonstrated the difference of reactivity between long chain aldehydes
and long chain alkanes: aldehydes had a significantly higher reactivity.
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Concerning ketones, the oxidation of acetone, butanone, pentanone and
cyclohexanone were studied over the last years. Table 15 presents a review of publications
about the combustion of acetone and butanone, whereas Table 16 presents the results
obtained for 3-pentanone and cyclohexanone.

Experimental Conditions Reference

Acetone

Combustion bomb

T=298 K'*; P=1 atm; ®=0.8-1.6 (Pichon et al., 2009)
T=343-393 K*; P=1 atm; ®=0.7-1.6 (Gong et al., 2015)
Premixed flame
T=300-2000 K; P=1 atm; ®=0.6-1.5 (Chong and Hochgreb, 2011)
T=298-358 K!!; P=1 atm; ®=0.6-1.6 (Nilsson et al., 2013)
T=600-1400 K; P=0.027 atm; ®=1.1-1.72 (Dias et al., 2015)
Shock tube
T=1050-1650 K; P=1.2-3.2 atm; ®=1 (Sato and Hidaka, 2000)
T=1340-1930 K; P=1 atm; ®=0.5-2 (Pichon et al., 2009)
T=1150-1550 K; P=1-4 atm; ®=0.5-2 (Davidson et al., 2010)
T=550-900 K; P=1-12.5 atm; ®=0.5-2 (Akih-Kumgeh and Bergthorson, 2011)
T=700-1000 K; P=20-40 atm; ®=1 (Minwegen et al., 2017)
Tubular flow reactor
T=700-1500 K; P=1 atm; ©=0.14-2.7 (Alzueta et al., 2010)
Butanone
Shock tube
T=1250-1850 K; P=1 atm; ®=0.5-2 (Serinyel et al., 2010a)
T=1100-1400 K; P=3-6.5 atm; ©=0.5-1 (Badra et al., 2014)
T=850-1280 K; P=20-40 atm; ®=1 (Burke et al., 2016)
Jet-stirred reactor
T=700-1300 K; P=1-10 atm; ®=0.5-2 (Thion et al., 2017)
Premixed flame
T=500-2000 K; P=0.05 atm (Decottignies et al., 2002)
Rapid compression machine
P=1-5 atm; ®=0.7-1.3 (Burke et al., 2016)

Acetone oxidation experiments were carried out over a temperature range of 298-
2000 K, at pressures from 0.027 to 40 atm and for equivalence ratios from 0.5 to 2 (Akih-
Kumgeh and Bergthorson, 2011; Alzueta et al., 2010; Chong and Hochgreb, 2011; Davidson
et al., 2010; Dias et al., 2015; Gong et al., 2015; Minwegen et al., 2017; Nilsson et al., 2013;

L initial temperature
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Pichon et al., 2009; Sato and Hidaka, 2000). Combustion chambers, premixed flames, shock
tubes and a flow reactor were used to perform measurements of ignition delay times, flame
speeds, species concentration profiles, respectively. The effect of nitric oxide on acetone
oxidation in a tubular flow reactor was also studied (Alzueta et al., 2010). It has been shown
that the addition of NO does not have a significant effect on acetone oxidation.

Shock tubes and a rapid compression machine were used to perform the
measurements of butanone ignition delay times. These were studied over a temperature
range of 500-1850 K, at pressures from 0.05 to 40 atm and for equivalence ratios from 0.5 to
2 (Badra et al., 2014; Burke et al., 2016; Decottignies et al., 2002; Serinyel et al., 2010a). A
study in a jet-stirred reactor was also performed to measure species concentration profiles
(Thion et al., 2017) thanks to FTIR spectroscopy and gas chromatography. The experiments
were made at pressures of 1 and 10 atm, over a temperature range of 700-1300 K, for lean
to rich conditions ®=0.5-2. Ethylene, hydrogen and methane were identified as the main
hydrocarbons products, whereas formaldehyde, acetaldehyde and methyl vinyl ketone were
the main oxygenated products detected. A model was developed and compared with these
data, but the author came to the conclusion that more data were needed especially to predict
the formation of methyl ketene and methyl vinyl ketone.

Experimental Conditions Ref

3-Pentanone

Shock tube
T=1250-1850 K; P=1 atm; ®=0.5-2 (Serinyel et al., 2010b)
T=1150-1550 K; P=1-4 atm; ®=0.5-2 (Davidson et al., 2010)
T=1350-1530 K; P=2.5 atm; ®=1.5 (Lam et al., 2012)
T=690-1270 K; P=10-40 atm; ®=0.5-1 (Fikri et al., 2013)
Combustion bomb
T=305 K*?; P=10 atm; ®=0.75-1.4 (Serinyel et al., 2010b)

Cyclohexanone

Jet-stirred reactor
T=530-1220 K; P=10 atm; ®=0.5-4 (Serinyel et al., 2015)

Regarding the combustion of 3-pentanone, its combustion was studied in shock tubes
mainly, as well as in a combustion chamber. The shock tube experiments were carried out at
pressures between 1 and 40 atm over a temperature range of 690-1850 K and for
equivalence ratios from 0.5 to 2 (Davidson et al., 2010; Serinyel et al., 2010b; Lam et al.,
2012; Fikri et al., 2013). The experiments in combustion chamber were at 305 K, 10 atm and
for equivalence ratios from 0.75 to 1.4. Ignition delay times and laminar flame speeds were
measured (Serinyel et al., 2010b).

The kinetics of cyclohexanone oxidation was studied in a jet-stirred reactor at high
pressure (10 atm) for lean, stoichiometric and rich conditions over a temperature range of
530-1220 K by Serinyel et al. (2015). This study provides species concentration data

12 |nitial temperature
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measured by FTIR spectroscopy and gas-chromatography, which were used to test a model
developed by the authors. The products detected were hydrogen, H.O, CO, CO;, methane,
formaldehyde, ethane, ethylene, acetylene, acetaldehyde, propene, acrolein, 1-butene,
1,3-butadiene, methyl vinyl ketone, 1,3-cyclopentadiene, cyclopentene, 2-cyclohexen-1-one,
and also 1,5-hexadiene, benzene, styrene (less than 10 ppm). Cyclopentene and
1,3-cyclopentadiene were identified as important intermediates. The computed and the
experimental data were in a relative good agreement.

Even if several studies were performed for the combustion of aldehydes and ketones,
studies recording species formation during the oxidation remain scarce. More research has
to be carried out on aldehyde oxidation to quantify species formation as these are an
important part of bio-oils as well as important intermediates in bio-fuel combustion.

Carboxylic acids, called acids further in the text, like alcohols represent a large part of
the non-aromatic compounds present in bio-oils. Table 6 (see 1.4.2) shows that they can be
even present in larger amount than alcohols. Despite this abundance, only limited studies on
the oxidation of acids were reported and none laminar flame speed measurements or JSR
experiments. Table 17 presents main studies about organic acid pyrolysis, oxidation and
combustion carried out under gas phase conditions.

Four studies were carried out on formic acid reactions, with three of them made
before 2000. The first one is a study in a batch reactor of the decomposition of formic acid
(Blake and Hinshelwood, 1960) with measurements of the production of CO and CO.. Later,
these experiments were repeated over a larger range of temperatures in batch and flow
reactors. From these experiments, Arrhenius kinetic values for the thermal decomposition of
formic acid were determined. Shock tube experiments were also presented for formic acid
decomposition in two papers (Saito et al., 1984, 2005). Experiments were carried out over a
temperature range of 1300-2000 K and rate constants were determined from these results.
Furthermore, some ab initio calculations were made to calculate transition states for two
decomposition pathways:

(1) HCOOH+Ar—CO+H,0O+Ar
(2) HCOOH+Ar—CO2+H,+Ar

It was found experimentally that pathway (1) is the main decomposition channel, as it is
explained by ab initio calculations. Pathway (1) is indeed that with the lowest potential
energy.

Acetic acid pyrolysis was more studied than its oxidation. Two studies have been
performed in batch reactor, one at atmospheric pressure (Blake and Jackson, 1968) and one
under low-pressure (Bamford and Dewar, 1949).

Acetic acid pyrolysis was also studied in tubular flow reactor by Blake and Jackson at
800-1035 K and under low-pressure (0.01-0.21 atm) (Blake and Jackson, 1969). They
detected ketene, water, methane and carbon dioxide as the main reaction products. Then
another study at higher temperatures (1300-1950 K) and atmospheric pressure was
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performed in a tubular flow reactor by Mackie and Doolan (1984). They identified the same
products than in the previous study.

Experimental Conditions Reference

Formic Acid

Batch reactor

T=700-800 K; P=0.06-0.26 atm; P=« (Blake and Hinshelwood, 1960)
T=730-1053 K; P=1 atm; ®=» (Blake et al., 1971)
Tubular flow reactor
T=1250-1850 K; P=1 atm; ®= (Blake et al., 1971)
Shock tube
T=1300-2000 K; P=1 atm; ®=« (Saito et al., 1984)
T=1300-2000 K; P=1 atm; ®= (Saito et al., 2005)
T=1230-1820 K; P=1-6.5 atm; ®=« (Elwardany et al., 2015)
Acetic Acid
Batch reactor
T=730-870 K; P=1 atm; ®== (Blake and Jackson, 1968)
T=780-1200 K; P=0.04 atm; ®=« (Bamford and Dewar, 1949)
Tubular flow reactor
T=330 K3; P=0.001 atm; ®= (Butkovskaya et al., 1995)
T=800-1035 K; P=0.01-0.21 atm; ®=« (Blake and Jackson, 1969)
T=1300-1950 K; P=1 atm; ®= (Mackie and Doolan, 1984)
Shock tube
T=1230-1820 K; P=1-6.5 atm; ®= (Elwardany et al., 2015)
Laminar premixed flame
T=400-1800 K; P=0.05 atm; ®=0.77-1.05 (Leplat and Vandooren, 2012)

The last study in a tubular flow reactor was carried out at 330 K and very low-
pressure (0.001 atm) by Butkovskaya et al. (1995). They used IR chemiluminescence
technique to measure CO; and HO; emissions. More recently two studies were performed in
a laminar premixed flame (Leplat and Vandooren, 2012) and in a shock tube (Elwardany et
al.,, 2015). Leplat and Vandooren studied the oxidation of acetic acid under fuel-lean and
stoichiometric conditions at 0.05 atm and for temperatures between 400 K and 1800 K. They
detected large amount of CH,CO in the front flame with molecular beam mass spectrometry
with electron ionization. Elwardany studied also the pyrolysis but at higher pressure than
before (1.6-5 atm) and for higher temperatures (1230-1820 K). They used laser-absorption
measurements to quantify CO, CO, and water emissions. Based on this, they then proposed
rate constants values for the decarboxylation (1) and dehydration (2) reactions of formic and
acetic acid:

(1) HCOOH=>H>+CO; and (2) HCOOH=>CO+H,0
(1) CH3COOH=>CH+CO- and (2) CH;COOH=>CH,CO+H>

13 initial temperature
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Cavallotti et al. recently performed a theoretical study about acetic acid
decomposition. Rate constants for its unimolecular decomposition were determined
integrating the 1D master equation over a Potential Energy Surface (PES) investigated at the
MO06-2X/aug-cc-pVTZ level. Energies were computed at the CCSD(T)/aug-cc-pVTZ level
using a basis set size correction factor determined at the DF-MP2/aug-cc-pVQZ level. Three
decomposition channels were considered: CO, + CH4, CH2CO + H,O, and CHs + COOH.
Rate constants were computed in the 700-2100 K and 0.1-100 atm temperature and
pressure ranges. H-abstractions reactions rate constants calculations with different radicals
(H, OH, OOH, O; and CHj3) were performed at the same level of theory.

Concerning the H-atom abstractions, the primary position in acetic acid was
investigated and compared to alkane primary position. Cavallotti et al. showed that acetic
acid primary position is less reactive than the alkane equivalent but also than an alkane
secondary position as showed in Figure 21. For the alkane position, the rate constants are
those proposed by Ranzi et al (1993).
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The interactions with the carboxylic function inhibit the H-abstraction making it a factor
of ~3-4 lower than an alkane primary position over the temperature range of interest. This
study also showed the importance of the stabilized radical (*CH2(C=0)-OH) in the kinetic
model and in particular for the prediction of flame speed.

These rates were integrated in the POLIMI kinetic model and simulations for the
pyrolysis and oxidation were performed. Simulations were validated over the data of Mackie
and Doolan, as shown in Figure 22 (Mackie and Doolan, 1984). Simulation of acetic acid
pyrolysis and combustion showed that the adopted kinetic model is able to predict well acetic
acid decomposition and the formation of its main primary products in all the investigated
systems. The only exception is ketene, whose formation is well predicted at low
temperatures, but underpredicted in combustion and slightly overpredicted in pyrolysis. In
addition, the formation of secondary species, in particular C, species, CO and H, in pyrolysis,
is underpredicted.
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They showed that acetic acid decomposition mainly starts through molecular
reactions (Ea ~71-74 kcal/mol), due to the high activation energy of the unimolecular initiation
reactions (Ea ~93-110 kcal/mol). The two main molecular reactions are decarboxylation and
dehydration.
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While some studies were carried out on the oxidation of formic and acetic acids, none
was made for butanoic and pentanoic acids. No species concentration profiles obtained
during the oxidation or pyrolysis of acids were reported recently: the only study that
measured species distribution is the one of Blake and Hinshelwood (1960). That is why to
better understand acid reaction mechanism, experimental data are highly needed, especially
for acid containing from 4 and 5 carbon atoms.
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Furanic compounds, here defined as derivatives of tetrahydrofuran (THF) and furan,
are potential biofuels, which are present in large fractions in bio-oils obtained from biomass
fast-pyrolysis. These biofuels with favorable octane number (ex. RON = 131 for
2-methylfuran) can be used as blending agents with petroleum-based fuels or as complete
replacement. Figure 23 shows the structures of THF and one of its derivatives,
2-methyltetrahydrofuran (MTHF), and Table 18 presents publications dealing with the
combustion, oxidation and pyrolysis of these two species.

O O -CHs

The pyrolysis of tetrahydrofuran was first studied by Klute and Walters in a batch
reactor (1946) and then by McDonald et al. under similar experimental conditions (T=800-
840 K and P=0.26 atm) (1951). Acetaldehyde and formaldehyde have been identified as
intermediate products. The products found in gas analysis are ethylene, carbon monoxide
and methane together with smaller percentages of higher unsaturated compounds, hydrogen
and ethane. Lifshitz et al. also studied tetrahydrofuran pyrolysis, but experiments were
performed in a shock tube under a pressure above 1 atm and over a range of temperatures
of T=900-1600 K (Lifshitz et al., 1986a). They identified a large range of products with gas
chromatography (Hz, CH4, C2H4, C2H2, C3H4, C3H4, 1-C4H8, C4H6, C4H4, and C4H2). The
oxidation of tetrahydrofuran was studied in a batch reactor by Molera et al. at low
temperatures (T=480-540 K) and under low pressure (P=0.2 atm) for an equivalence ratio of
2.75 (Molera et al., 1988). They identified primary reaction products by gas chromatography:
succinic acid, formaldehyde, water, acrolein, furan, acetaldehyde, hydroperoxides (HPO),
carbon monoxide, carbon dioxide, and ethylene. High-pressure (20-40 atm) ignition delay
times were studied by Uygun et al. (2014) in a shock tube at temperatures from 690 K to
1100 K.

Dagaut et al. studied the oxidation of tetrahydrofuran in a shock tube and in a jet-
stirred reactor (Dagaut et al., 1998). They respectively measured ignition delay times and
species concentration profiles for temperatures from 800 to 1800K, pressures from 2 to 10
atm and for lean to rich conditions (®=0.5-2). Species mole fraction profiles were measured
using offline gas chromatography. The main products of the oxidation of THF were H,, CO,
COz, CH4, CzH4, CH,0O and CsHe. C2H6, C3H4, 1-C4H8, C2H2, CH3;CHO and C,HsCHO were
also formed in the reaction at lower concentration levels.
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Experimental Conditions Reference

Tetrahydrofuran

Batch reactor

T=800-840 K; P=0.26 atm; ®= (Klute and Walters, 1946)
T=820 K; P=0.26 atm; ®=« (McDonald et al., 1951)
T=480-540 K; P=0.20 atm; ®=2.75 (Molera et al., 1988)
Shock tube
T=900-1600 K; P > 1 atm; ®=« (Lifshitz et al., 1986a)
T=1000-1800 K; P=2-5 atm; ®=0.5-2 (Dagaut et al., 1998)
T=690-1100 K; P=20-40 atm; ®=1 (Uygun et al., 2014)
T=600-750 K; P=20-40 atm; ®=0.5-2 (Tran et al., 2015b)
Jet-stirred reactor
T=800-1100 K; P=1-10 atm; ®=0.5-2 (Dagaut et al., 1998)
T=800-1100 K; P=1 atm; ®=0.5-2 (Vanhove et al., 2015)
Rapid compression machine
T=640-900 K; P=5-10 atm; ®=1 (Vanhove et al., 2015)
Premixed flame
T=500-2000 K; P=0.02-0.03 atm; ®=1-1.75 (Kasper et al., 2011)
T=900-2200 K; P=0.06 atm; ®=0.7-1.3 (Tran et al., 2013b)
Tubular flow reactor
T=400-700 K; P=0.01-2.6 atm (Antonov et al., 2016)

2-Methyltetrahydrofuran

Premixed flame

T=400-2100 K; P=0.04 atm; ®=1.7 (Moshammer et al., 2013)

T=298-398 K'*; P=1 atm; ®=0.6-1.6 (De Bruycker et al., 2017)

T=500-2000 K; P=0.06 atm; ®=0.7-1.3 (De Bruycker et al., 2017)
Tubular flow reactor

T=900-1100 K; P=1.7 atm; ®= (De Bruycker et al., 2017)

The combustion of tetrahydrofuran was studied in premixed flames at low pressures
(P=0.02-0.03 atm) for fuel-rich and stoichiometric conditions by Kasper et al. (2011). 60
species were detected and quantified in each flame using mass spectroscopy. They
identified water, carbon monoxide, carbon dioxide and hydrogen as main products. Recently,
Tran et al. (2013b) studied the combustion of tetrahydrofuran in a premixed flame at low
pressure (P=0.06 atm) using a different analytical technique, i.e. gas chromatography, to
measure stable species profiles for fuel-lean to fuel-rich conditions. As example, the profiles
of flame temperature and major species are presented in Figure 24. They identified the same

14 initial temperature

45



State of the art

major products than the previous study. The latter study also provided the data of laminar
burning velocities and ignition delay times of THF.
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A study investigating the low-temperature oxidation of THF was also performed in a
jet-stirred reactor and a rapid compression machine by Vanhove et al. (2015). Jet-stirred
reactor experiments were performed at atmospheric pressure for lean to rich conditions in
order to measure species profiles over a range of temperatures from 800 to 1100 K with gas
chromatography. In the same time, ignition delay times were measured in a rapid
compression machine under high pressures (P=5-10 atm). Those data have been used for
the validation of a recent kinetic model (Fenard et al., 2018). This model is able to well
reproduce the experimental data obtained by Vanhove et al. (2015).

Antonov et al. (2016) examined the competition among reaction pathways from O-
additions in the low-temperature oxidation of THF. The experiments were performed in a
tubular flow reactor coupled with synchrotron photoionization mass spectrometric technique
over a large range of pressures (P=0.01-2.6) and a temperature range of 400-700 K. The aim
of this study was to quantify the competition between reaction pathways concerning O
additions at low temperatures, so the conditions were very lean (©=0.0001-0.02). According
to their results, they proposed a sub-mechanism for low-temperature THF oxidation.

Regarding MTHF, its pyrolysis was recently studied in a tubular flow reactor at 1.7
atm and over a range of temperatures of 900-1100K by De Bruycker et al. (2017). Species
detection and measurement were performed with the help of gas chromatography and of
two-dimensional gas chromatography (GCxGC) coupled with a time-of-flight mass
spectrometer. Besides hydrocarbons, several oxygenated products were detected in the
reactor effluent, including CO, H.O, formaldehyde, acetaldehyde and ketene. Species
measurements were also performed by gas chromatography in a low-pressure premixed flat
flame under different conditions (¢=0.7, 1 and 1.3). During this study, a premixed flame was
also used to measure laminar burning velocities for the combustion of the fuel at atmospheric
pressure. These measurements were made under lean to rich fuel conditions (®=0.6-1.6).
They detected more oxygenated compounds under those conditions. Another study was
performed on 2-methyltetrahydrofuran in premixed flames at low pressure (P=0.04 atm) and
for an equivalence ratio equal to 1.7 (Moshammer et al., 2013). The aim was to measure
species concentration profiles using a time-of-flight molecular-beam mass spectroscopy.
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Even if furans and tetrahydrofurans are classified in the same furan family, because
of the presence of double bonds, furans exhibit a very different oxidation behavior than
tetrahydrofurans. Due to their complexity, studies on furans are still needed to understand
fully their combustion. Figure 25 displays the structure of furan and some its alkyl-derivative
(2-methylfuran and 2,5-dimethylfuran), and Table 19 presents a review of publications about
the combustion and pyrolysis of furan. The experiments dealing with furan akylderivates are
listed in Table 20.

© O\ ~CHs H3Cw '\ ~CHs

\ S/ A\ \

Studies of the reactions of furan started in the 80s, however only its thermal
decomposition was then studied (Grela et al., 1985; Lifshitz et al., 1986b). The experiments
were carried out in a shock tube (Lifshitz et al., 1986b) and in a tubular flow reactor (Grela et
al., 1985) over a temperature range of 1050-1460K at low and high pressures (0.001 and 2
atm). Later, Organ and Mackie (1991) investigated the pyrolysis of furan in a shock tube at
higher pressures (15-22 atm).

Experimental Conditions Reference
Furan
Shock tube
T=1050-1460 K; P=2 atm; ®=« (Lifshitz et al., 1986b)
T=1100-1700 K; P=15-22 atm; ®=« (Organ and Mackie, 1991)
T=1300-1900 K; P=1-10 atm; ®=0.5-2 (L. Wei et al., 2012)
T=950-1600 K; P=2-12 atm; ®=0.5-2 (Eldeeb and Akih-Kumgeh, 2014)
Premixed flame
T=600-1900 K; P=0.05 atm; ®=1.4-2.2 (Tian et al., 2011)
T=500-2500 K; P=0.02-0.04 atm; ®=1-1.7 (Liu et al., 2014)
Tubular flow reactor
T=1050-1270 K; P=0.001 atm; ®P=« (Grela et al., 1985)
T=700-1200 K; P=1 atm; ®=0.5-2 (Tran et al., 2017)
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During the 2010s, the oxidation of furan was extensively studied. In 2011, a study
was carried out in premixed furan flames coupled with molecular-beam mass spectroscopy
with synchrotron-based tunable VUV photoionization (Tian et al., 2011). The experiments
were performed over a temperature range of 600-1900 K, at low pressure (0.05 atm) and
under rich conditions (®=1.4-2.2). Another study was carried out in a shock tube by Eldeeb
et al. (2014) over the same equivalence ratio range, but for higher pressures (2-12 atm).
Ignition delay time measurements were also performed during this study. In 2014, a new
study in premixed flames was carried out for furan combustion under low pressures (0.02-
0.04 atm) and under stoichiometric and rich conditions (®=1-1.7) (Liu et al., 2014). In this
study, more than 50 species (CO2, H-O, H,, CHs...) were detected and identified using mass
spectrometry and gas-chromatography.

The reactivity of 2-methylfuran was studied in shock tubes, in premixed flames and in
a tubular flow reactor. Only two studies were on the pyrolysis of 2-methylfuran, one in a
shock tube at a pressure of 2 atm (Lifshitz et al., 1997) and the other one in a tubular flow
reactor at 0.001 atm (Grela et al., 1985). Three studies on the oxidation of this fuel were
carried out in shock tubes (Somers et al., 2013a; Wei et al., 2013; Eldeeb and Akih-Kumgeh,
2014) over a range of temperatures of 950-1800 K, for pressures from 1 to 12 atm and over
a large range of equivalence ratios (®=0.25-2). A combustion bomb was used to measure
laminar burning velocities (Ma et al., 2014) at atmospheric pressure for 2-methylfuran
blended with iso-octane (percentage of iso-octane in the mixture: 0, 20, 50, 100 %). Related-
combustion species of 2-methylfuran were also studied in premixed flames (Tran et al.,
2015a, 2014; Wei et al., 2012) under low pressures (0.02-0.04 atm). The experiments were
carried out over a temperature range of 400-2500 K and under lean to rich conditions
($=0.8-1.7).

Another alkyl derivative of furan is 2,5-dimethylfuran (DMF). This compound is also
known to be a potential biofuel; thus its reactivity has been largely studied since the first
oxidation work 10 years ago (Wu et al., 2009).

DMF oxidation and pyrolysis were studied in shock tubes, in a jet-stirred reactor, in a
combustion bomb, in tubular flow reactors and in premixed flames. The first study of DMF
was about its thermal decomposition in a tubular flow reactor at low pressure and over the
temperature range 1050-1270 K (Grela et al., 1985). Then Lifshitz et al. (1998) studied DMF
thermal decomposition in a shock tube at 2 atm and over a temperature range of 1050-1400
K. Djokic et al. (2013) studied the thermal decomposition of DMF at 1,7 atm and over a range
of temperatures from 873 to 1100 K. Using gas chromatography, species detection showed
the formation of mono- and polyaromatics at high conversions. A study in shock tubes was
performed to study the reaction of DMF in presence of hydrogen atoms at pressures from 1.6
to 4.8 atm (Friese et al., 2013). The pyrolysis of DMF was also studied in tubular flow
reactors (Cheng et al., 2014) under low pressures (P=0.004-1 atm) and under higher
pressures (P=1-40 atm) by Alexandrino et al. (2015). In the latter work, the oxidation of DMF
was also investigated under a large range of equivalence ratios (¢=«-0.03).
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Experimental Conditions

Reference

2-Methylfuran

Shock tube
T=1100-1400 K; P=2 atm, d=
T=1100-1700 K; P=1-10 atm; ®=0.25-2
T=1200-1800 K; P=1 atm; ®=0.5-2
T=950-1600 K; P=2-12 atm; ®=0.5-2

(Lifshitz et al., 1997)

(Wei et al., 2013)

(Somers et al., 2013a)

(Eldeeb and Akih-Kumgeh, 2014)

Premixed flame
P=0.04 atm; $=0.8-1.5
T=500-2500 K; P=0.02-0.04 atm; ®=1-1.7
T=400-2500 K; P=0.04 atm; ®=1.7

(Wei et al., 2012)
(Tran et al., 2014)
(Tran et al., 2015a)

Combustion bomb
T=333-393 K®; P=1 atm; ®=0.8-0.9

(Ma et al., 2014)

Tubular flow reactor
T=1050-1270 K; P=0.001 atm; ®=«
T=700-1200 K; P=1 atm; ®=0.5-2

(Grela et al., 1985)
(Tran et al., 2017)

2.5-Dimethylfuran

Shock tube
T=1050-1400 K; P=2 atm; ®=«
T=970-1240 K; P=1.6-4.8 atm; ®=«
T=1300-1831 K; P=1-4 atm; ®=0.5-1.5
T=1200-1350 K, P=2-2.5 atm, ¢p=«
T=950-1600 K; P=2-12 atm; ®=0.5-2
T=1000-1400 K; P=5-12 atm; ®=0.5-2

(Lifshitz et al., 1998)

(Friese et al., 2013)

(Sirjean et al., 2013)

(Somers et al., 2013b)

(Eldeeb and Akih-Kumgeh, 2014)
(Eldeeb and Akih-Kumgeh, 2015)

Jet-stirred reactor
T=770-1220 K, P=10 atm, ¢=0.5-2

(Somers et al., 2013b)

Combustion bomb
T=393-2000 K; P=1-7.5 atm; ®=0.8-1.5
T=393-2500 K; P=1 atm; ®=0.8-1.5
T=393-2000 K; P=1 atm; ®=0.9-1.5

(Wu et al., 2010)
(Wu et al., 2011)
(Li etal., 2012)

Tubular flow reactor
T=1050-1270 K; P=0.001 atm; ®=
T=873-1098 K; P=1.7 atm; ®=«
T=780-1500 K, P=0.004-1 atm, @p=
T=500-1400 K, P=1-40 atm, ¢==-0.03
T=700-1200 K; P=1 atm; ®=0.5-2

(Grela et al., 1985)
(Djokic et al., 2013)
(Cheng et al., 2014)

(Alexandrino et al., 2015)
(Tran et al., 2017)

Premixed flame
T=400K; P=0.04 atm; ®=2
T=298-358 K'5; P=1-7.5 atm; ®=0.6-1.6
T=500-2500K; P=0.02-0.04 atm; ®=1-1.7
T=400-2500 K; P=0.04 atm; ®=1.7

(Wu et al., 2009)
(Somers et al., 2013b)
(Togbé et al., 2014)
(Tran et al., 2015a)

15 initial temperature
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The first study to focus on its oxidation was carried out by Wu et al. (2009) in a
premixed flame for a rich condition (®=2). The oxidation of DMF was also studied in
combustion bomb at atmospheric pressure and for lean to rich conditions (#=0.8-1.5) (Wu et
al., 2011). In 2012, a study was carried out in a constant volume bomb in order to measure
laminar burning velocities for DMF and iso-octane blends (Li et al., 2012). The experiments
were performed at atmospheric pressure and for DMF percentage in iso-octane from 0% to
30%.

Sirjean et al. (2013) studied the oxidation of DMF in a shock tube by measuring
ignition delay times. Experiments were carried out at pressures from 1 to 4 atm for lean to
rich conditions and over a range of temperatures from 1300 to 1831 K. The first kinetic model
has also been proposed. In 2013, Somers et al. (2013b) also investigated DMF oxidation in a
shock tube, in a jet-stirred reactor and in premixed flames. The pyrolysis of DMF was studied
in a shock tube and oxidation experiments were carried out in a JSR and premixed flames
under pressure (1-10 atm). Lean to rich conditions were studied in both systems ($=0.6-2).
Another study of DMF oxidation was carried out in a shock tube under pressures from 2 to 12
atm and over a large range of equivalence ratios ($=0.5-2) (Eldeeb and Akih-Kumgeh,
2014). Eldeeb and Akih-Kumgeh (2015) also performed other measurements in a shock
tube; ignition delay times were determined for pressures from 5 to 12 atm and for
temperatures from 1000 to 1400 K. The experiments were carried out for DMF/iso-octane
and a 1:1 mixture by volume.

Two studies were carried out in premixed flames coupled to electron ionization
molecular-beam mass spectrometer and GCs at low pressures (P=0.02-0.04 atm), one over
a range of equivalence ratios of 1-1.7 (Togbé et al., 2014) and the other one only under rich
conditions (®=1.7)(Tran et al., 2015a).

Tran et al. (2017) carried out a comparative study of the oxidation of furan and its
alkyl derivatives (2-methylfuran and 2,5-dimethylfuran). The oxidation studies were
performed for low- to moderate-temperatures at atmospheric pressure and for lean to rich
conditions (®=0.5-2) in a tubular flow reactor coupled to electron ionization molecular-beam
mass spectrometer and GCs. Based on these new data, a kinetic model was developed with
improvements of the low-temperature chemistry of these fuels and the computed and
experimental results were compared as shown in Figure 26.
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The overall agreement between the model results and the experimental data is correct.
However, some deviations can be observed, such as a shift of 50 K in the prediction of the
reactivity for furan oxidation.

Many publications have been published on the reactivity of furan and its alkyl
derivatives, especially a lot on DMF. Concerning furanic components, the understanding of
their chemistry is possible thanks to the important database available even if any JSR facility
has never been used. For tetrahydrofuran and its derivatives, the database is less important
and especially no studies are available for dimethyl-tetrahydrofuran. Studies about the low-
temperature oxidation have still to be done to understand the decomposition chemistry.
Therefore, some research and experiments need to be done in this way.

Oxygenated aromatic compounds (phenol, anisole, catechol, guaiacol, vanillin...) are
gaining academic and industrial interest due to their presence in bio-oils produced from
biomass fast pyrolysis (Nowakowska et al., 2014; Pejpichestakul et al., 2018; Pelucchi et al.,
2019). Therefore, the influence of different functional groups on their combustion properties
should be systematically addressed. Moreover, the impact of oxygenated aromatics on
polycyclic aromatic hydrocarbons formation and soot growth should be better analyzed, as
the high aromatic content of bio-oils could lead to undesired increased formation of
particulate matter (Wang, 2011). In order to represent this fraction of the bio-oil, phenol,
catechol, anisole, benzaldehyde and guaiacol can be good surrogates. Cresols are also
good surrogates for the aromatics present in bio-oil and very few relevant publications for this
molecule were found in the literature. The structure of these species is presented in Figure
27.

_CH
OH OH o3
OH o
3
FPhenal Catechol Anisole
CH,
0 _CH o~
Z o3 CH,
OH OH OH
YWanilin
Benzaldehyde Guaiacal Cresaol

51



State of the art

For all these compounds, it can be noticed that their pyrolysis have been more
studied than their oxidation and especially very few flame studies were reported as detailed
further in the text.

The pyrolysis of phenol was significantly more studied than its combustion. Table 21
presents the main experimental studies about phenol and catechol. The kinetics of hydrogen
and hydroxyl radical attack on phenol were first studied in a shock tube (He et al., 1988).
Experiments were performed over a range of temperatures from 1000 to 1150 K and over a
range of pressures from 2.5 to 5 atm. Lovell et al. (1989) performed pyrolysis experiments in
a tubular flow reactor at atmospheric pressure for temperatures over 1000 K. They identified
the main pyrolysis products as being CO, 1,3-cyclopentadiene and benzene. Other phenol
pyrolysis experiments were carried out under H, atmosphere in a tubular flow reactor at
atmospheric pressure by Manion and Louw but over a larger range of temperatures (T=922-
1175 K) (Manion and Louw, 1989). They identified the same main products as (Lovell et al.,
1989). The pyrolysis of phenol was also studied in a shock tube at 2.5 atm (Horn et al.,
1998). They deduced from their results that the main initiation pathway is:
CsHs0~ CsHsO > CsHg+CO.

Experimental Conditions Reference

Phenol

Tubular flow reactor

T=922-1175 K; P=1 atm; H2 atmosphere (Manion and Louw, 1989)

T=1064-1162 K; P=1 atm; ®=« (Lovell et al., 1989)

T=1170 K; P=1 atm; ®=«-0.6-1.7 (Brezinsky et al., 1998)
Shock tube

T=1000-1150 K; P=2.5-5 atm-elementary step study (He et al., 1988)

T=1450-1650 K; P=2.5 atm; ®=« (Horn et al., 1998)
Catechol

Tubular flow reactor

T=1000 K; P=1 atm; ®=« (Wornat et al., 2001)
T=500-1000 K; P=1 atm; ®=« (Ledesma et al., 2002a)
T=700-1000 K; P=1 atm; ®=« (Ledesma et al., 2002b)
T=700-1000 K; P=1 atm; ®=« (Marsh et al., 2004)
T=350-650 K; P=1 atm; $=0.1-6 (Shin et al., 2004)
T=250-1000 K; P=1 atm; ®= (Lomnicki et al., 2008)
Batch reactor
T=873 K; ®=w (Asmadi et al., 2011a)
Cresol

Batch reactor
T=873 K; ®= (Asmadi et al., 2011a)
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Brezinsky et al. (1998) studied the pyrolysis and the oxidation of phenol (¢=0.64 to
1.73) in a tubular flow reactor at atmospheric pressure near 1170 K. They found like the
other studies that the main products formed during the pyrolysis were
1,3-cyclopentadiene, CO and benzene. In the case of the oxidation, 1,3-cyclopentadiene was
still one of the main product, but other major species were also detected: CO, COy,
acetylene, benzene, 1,3-butadiene, ethylene and methane.

Concerning catechol its pyrolysis was also more studied than its combustion. The
only combustion study was carried out under heterogeneous cracking conditions at
atmospheric pressure in a tubular flow reactor (Wornat et al., 2001). Nanopatrticles of iron
oxide were used and decreased the temperature at which catechol started to react. The
equivalence ratio shown in Table 21 was determined from the value of the flows given in the
study. Concerning pyrolysis, many studies were carried out in flow tubes in order to study the
formation of polycyclic aromatic hydrocarbons (Wornat et al., 2001; Ledesma et al., 2002a,
2002b; Marsh et al., 2004). The pyrolysis of catechol was studied using gas-chromatography
coupled with a FID and high pressure liquid chromatography (Ledesma et al.,, 2002a).
Experiments were carried out in a tubular flow reactor over a range of temperatures of 500-
1000 K and at atmospheric pressure. The pyrolysis of catechol was also studied in a tubular
flow reactor at atmospheric pressure but for a wider range of products identified (Lomnicki et
al., 2008). A large variety of products was identified by on-line gas-chromatography coupled
with mass spectroscopy including phenol, benzene, dibenzofuran, dibenzo-p-dioxin,
phenylethyne, styrene, indene, anthracene, naphthalene, and biphenylene. A study was also
performed in a batch reactor for the pyrolysis of catechol and cresol under N, atmosphere at
873 K (Asmadi et al.,, 2011a). Catechol was more reactive than cresol, because of the
presence of the -OH group instead of the -CHs group.

Like phenol and catechol, the pyrolysis of anisole was more studied than its
combustion, even if it is an important intermediate in kinetic mechanisms of aromatic
compound oxidation. Table 22 presents main experimental studies about anisole pyrolysis
and oxidation.

The pyrolysis of anisole was first studied by Schlosberg et al. (1983) in a batch
reactor at a constant temperature of 723 K and at atmospheric pressure. The main products
were methane and CO. Other detected products were H,, water and phenol. The first study
of the thermal decomposition of anisole at higher temperature was carried out by Lin and Lin
(1986). Experiments were performed in a shock tube between 1000 and 1580 K. Following
CO concentration by CO lasers, they demonstrated the decomposition of anisole into C¢HsO
and CHs and the importance of the two following channels:

CeHs0O = CO+CsHs
CsHs0O+CHs = Cresol

Pecullan et al. (1997) were the first to study both the pyrolysis and the oxidation of
anisole in the same study. Experiments were made at high temperatures (T=999-1003 K)
and at atmospheric pressure in a tubular flow reactor. They showed that the addition of
oxygen did not have any impact on the products formed during oxidation compared to

pyrolysis.
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Experimental Conditions Reference

Anisole

Batch reactor

T=723 K; P=1 atm; ®=w (Schlosberg et al., 1983)
Shock tube
T=1000-1580 K; P=0.4-0.9 atm; ®=« (Lin and Lin, 1986)
Perfectly stirred reactor
T=850-1000 K; P=0.015-0.12 atm; ®= (Mackie et al., 1989)
Tubular flow reactor
T=793-1020 K; P=1 atm; ®=w (Arends et al., 1993)
T=999-1003 K; P=1 atm; ®=«-1.7 (Pecullan et al., 1997)
T=1023-1173 K; P= (Platonov et al., 2001)
T=873-1373 K; P=1 atm; ®=~« (Friderichsen et al., 2001)
T=293-1573 K; ®P=w (Scheer et al., 2010)
T=573-1323 K; P=0.0005 atm; ®=« (Li etal., 2014)
Jet-stirred reactor
T=673-1173 K; P=1 atm; ®=-1 (Nowakowska et al., 2014)

The pyrolysis of anisole was also studied in a tubular flow reactor but with the goal to
detect products with a heavier weight than anisole (Platonov et al., 2001). They classified the
products of pyrolysis in categories (light, phenolic and hydrocarbon) as a function of
temperature. They showed that with an increase of the temperature less phenolic
compounds were produced in favor of the two other types of products. The pyrolysis of
anisole at atmospheric pressure in a tubular flow reactor was also studied by Friderichsen et
al. (2001). Using a time-of-flight mass spectroscopy and FTIR spectroscopy, they identified
some free radicals and other intermediates of the reaction so they were able to describe
more precisely the formation of naphthalene. The same team (Scheer et al., 2010) performed
another study with the same analysis techniques to validate the mechanism of
decomposition of anisole proposed by the previous studies. The pyrolysis of anisole in a
tubular flow reactor was also analyzed using vacuum ultraviolet single-photon ionization
time-of-flight mass spectrometry (Li et al., 2014). During this latter study a comparison
between the decomposition of three compounds (anisole, phenyl ethyl ether, and p-methyl
anisole) was made and showed that the three compounds behave the same during the
pyrolysis process.

Mackie et al. (1989) studied the pyrolysis of anisole in a perfectly stirred reactor for
lower pressures (P=0.015-0.12 atm) and lower temperatures (T=850-1000 K). This reactor
was similar to a jet-stirred reactor but the injection of the gas in the reactor is different. They
also observed that CO and cresols were the main products and they identified phenol as one
of the most important secondary products. In 1993 the pyrolysis of anisole mixed with
hydrogen or fluorotoluene was investigated in a tubular flow reactor between 793 and 1020 K
(Arends et al., 1993). Fluorotoluene was used to study in particular the methyl-oxygen bond
homolysis. A kinetic model was developed during this study consisting of 37 reactions and 23
species. For some species (i.e. anisole, phenol, methane...), the predictions and the
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experimental observations were in a good agreement; but some deviations for other species
(i.e. CO, benzene...) were observed.

A study in jet-stirred reactor (Nowakowska et al., 2014) was performed to study the
impact of methoxyphenol compounds on the production of polycyclic aromatic hydrocarbons
under pyrolysis and stoichiometric oxidation conditions. A detailed kinetic model was
developed consisting of 303 species and 1922 reactions and a good agreement was
obtained with the experimental data. Figure 28 shows anisole depletion measured by gas
chromatography and the prediction of the model. It can be seen that the overall agreement is
good.

6x10™ —
- Anisole
=
=
%]
£
o
=]
=
0T
700 800 900 1000 1100
Temperature (K)

Benzaldehyde is an aromatic aldehyde commonly considered in bio-oil surrogate
formulation, and an important intermediate in the oxidation of other aromatic reference fuels
such as toluene. Table 23 presents main experimental studies about benzaldehyde pyrolysis.

Experimental Conditions Reference

Benzaldehyde

Batch reactor

T=573-963 K; P=1 atm; ®= (Hurd and Bennett, 1929)
T=614-657 K; P < 1 atm; ®= (Solly and Benson, 1971)
Tubular flow reactor
T=1050-1270 K; P=0.001 atm; d= (Grela and Colussi, 1986)
T=450-1300 K; P=1 atm; ®=« (Bruinsma et al., 1988b)
T=1200-1800 K; P=0.2 atm; ®= (Vasiliou et al., 2013)

Benzaldehyde oxidation has never been previously investigated experimentally and
no product formation profiles were reported in the very limited pyrolysis studies available in
the literature. Benzaldehyde pyrolysis has been studied in batch reactors by Hurd and
Bennet (1929) and by Solly and Benson (1971) covering a temperature range from 573K to
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963K at atmospheric pressure. Experiments on this reaction have also been carried out in
tubular flow reactors by Grela and Colussi (1986) at high temperatures (1005-1270K) and
low-pressure (P=0.001atm), by Bruinsma et al. (1988a) at atmospheric pressure and over a
temperature range from 773 K to 1173 K and by Vasiliou et al. (Vasiliou et al., 2013) between
1200 K and 1800 K and between 0.1 and 0.2 kPa. These studies showed that benzaldehyde
easily decomposes to phenyl radical plus H atoms and CO:

CeHsCHO (+M) — CeHsCO + H — CeHs + CO + H

contrary to the typical decomposition of aliphatic aldehydes where the alkyl acyl bond is the
weakest (R-CHO). However, none of these studies provided mole fraction profiles for the fuel
or the decomposition products for benzaldehyde pyrolysis.

Guaiacol is also a good candidate for a bio-oil surrogate, due to its similarity with
lignin. Furthermore, it could be an important intermediate from the decomposition of
polycyclic oxygenated compounds. Table 24 presents main experimental studies about
guaiacol pyrolysis. Most of the experiments on guaiacol were performed in batch reactors
under pyrolysis conditions.

The first published study was performed by Vuori and Bredenberg (1987). They
succeeded in identifying phenol and catechol as main products at 623 K with a gas
chromatograph coupled to a mass spectrometer. Suryan et al. (1989) studied the effect of
substituted groups on anisole and specially hydroxyl and methoxy groups. Experiments were
carried out at very low pressure (P=0.1 Pa atm). Asmadi et al. studied the pyrolysis of
syringol and guaiacol (Asmadi et al., 2011b) and the pyrolysis of the mixture of both (Asmadi
et al., 2011c). For syringol and guaiacol, the methoxy group was detected as the initiator of
the decomposition for T > 623 K. They showed that during the early stage of pyrolysis, the tar
formation was favored in the case of the mixture.

The most recent study was performed by Cheng et al. (2017). Using mass
spectroscopy and FTIR spectroscopy, they showed that o-quinonemethide is a low-
temperature intermediate during the pyrolysis of guaiacol and they also proved that salicyl
aldehyde is a higher temperature intermediate. Custodis et al. (2014) carried out experiments
in a tubular flow reactor at atmospheric pressure using mass spectroscopy and under high-
vacuum pyrolysis conditions. Their objective was to study the fast pyrolysis of lignin using
surrogates compounds: guaiacol and diphenylether. They studied the intermediates formed
during the pyrolysis and concluded that the stabilization of the primary intermediates could
lead to a better product selectivity of lignin toward desired compounds.

Nowakowska et al. (2018) studied also the pyrolysis and the oxidation under
stoichiometric conditions of guaiacol in a jet-stirred reactor between 623 and 923 K. With the
help of gas chromatography, 22 species were detected for pyrolysis experiments and 42 for
oxidation ones. Those data were used for the development of a kinetic model, based on the
one developed for anisole by the same team (Nowakowska et al., 2014). The model
successfully predicts the consumption of guaiacol and the formation of the main products
such as catechol or methyl catechols.
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Experimental Conditions Reference

Guaiacol

Batch reactor

T=623-673 K; P=1 atm; ®=« (Vuori and Bredenberg, 1987)
T=300-1275 K; P=0.1 Pa; ®== (Suryan et al., 1989)
T=823 K; P=1 atm; ®= (Asmadi et al., 2011c)
T=623-823 K; P=1 atm; ®= (Asmadi et al., 2011b)
T=300-850 K; P=1 atm; ®=« (Cheng et al., 2017)
Tubular flow reactor
T=873-1123 K; P<1 atm; =« (Custodis et al., 2014)
Jet-stirred reactor
T=623-923 K; P=1 atm; ®=«-1 (Nowakowska et al., 2018)

Several studies were performed on the pyrolysis of oxygenated aromatic compounds
and especially for phenol, catechol, anisole and guaiacol. However, more studies have to be
done under oxidation conditions and on intermediate species detection and quantification. It
could be a huge help in order to develop more accurate detailed kinetic mechanisms.

Nitrogen-containing compounds are specific species also present in bio-oils. They are
mainly produced from biomass from animal origins. The nitrogen atoms come indeed from
the proteins present in the biomass of origin (Azargohar et al., 2013). These compounds
could lead to the emissions of nitrogen oxides, which are pollutants with a huge impact on
human health and environment (World Health Organization, 2006). Nitrogen-containing
compounds are mostly present under the form of cyclic molecules in bio-oils (Azargohar et
al., 2013; Negahdar et al., 2016). To surrogate this fraction of bio-oils, pyrrole and pyridine
can be used for unsaturated compounds and pyrrolidine for saturated ones. Figure 29
displays the structures of these three compounds.

H H
N N X

\ / |/’

Table 25 presents studies on pyrrolidine combustion and Table 26 presents studies on
pyrrole and pyridine.
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Experimental Conditions Reference

Pyrrolidine
Premixed flame

P=0.04 atm; ®=1.4 (Wang et al., 2011)
Shock tube

T=900-1400 K; P=1 mPa; ®=x (Lifshitz et al., 1987)

Tubular flow reactor
T=950-1450 K; P=0.04 atm; ®=« (Lucassen et al., 2013)

Only three relevant studies were found about pyrrolidine combustion and pyrolysis.
The first study was carried out in a shock tube at very low pressure (P=1 mPa) for the
pyrolysis by Lifshitz et al. (1987). They succeeded in identifying some stable reaction
products using gas chromatography and mass spectrometry. They observed that the main
product among the nitrogen-containing compounds was hydrogen cyanide (HCN).

Later a study in premixed flame was carried out by Wang et al. (2011) to study the
combustion of pyrrolidine at low pressure (P=0.04 atm) under rich conditions (®=1.4) and to
propose a decomposition pathway. Using molecular-beam mass spectrometry with tunable
synchrotron vacuum ultraviolet photoionization, about 50 species were identified including
nitric oxide or hydrogen cyanide. The last study on pyrrolidine was performed by the same
team as the previous one (Lucassen et al., 2013). They used a tubular flow reactor at low
pressure (P=0.04 atm) to study the pyrolysis of this fuel using the same analytic tools. They
also observed that the main product among the nitrogen-containing compounds was HCN
followed by acetonitrile.

The first study about pyrrole was carried out in a shock tube under pyrolysis
conditions (Lifshitz et al., 1989). This study is not so different from the previous one on
pyrrolidine. However they observed more products during the pyrolysis of pyrrole. Another
pyrolysis study was carried out in a shock tube (Mackie et al., 1991). The pressure was set
between 7.5 and 13.5 atm and the temperature was over a range of 1200 to 1700 K. They
used gas chromatography with mass spectroscopy and FTIR spectroscopy to determine
species concentrations.

Concerning pyridine, its pyrolysis was first studied in 1980, then its oxidation in 1982
by Houser et al (1980, 1982). A tubular flow reactor at atmospheric pressure was used in
both cases. For the pyrolysis the main volatile products were HCN and C.H», whereas, for
oxidation, NO and NO; had a bigger contribution in the gas composition. In 1990, a shock
tube coupled with GCs, mass- and FTIR spectroscometers was used to quantify the products
of pyridine pyrolysis (Mackie et al., 1990). These experiments were made at high pressures
(P=7-11 atm) and the main volatile products at high temperature was again HCN. The
thermal decomposition of pyrazine, pyrimidine and pyridine in a shock tube was studied at
low pressures (P=0.2-0.5 atm) (Kiefer et al., 1997). Major products observed were HCN,
acetylene, cyanoacetylene and diacetylene.
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Experimental Conditions Reference
Pyrrole
Tubular flow reactor
T=700-1500 K; P=1 atm; ®=0.9-22 (Lumbreras et al., 2001)
T=1250-1700 K; P=0.002 atm; d= (Hong et al., 2009)
T=800-1400 K; P=1 atm; ®=0.07-0.2 (Yamamoto et al., 2012)
T=700-1100 K; P=1 atm, oxy-fuel conditions (Wang et al., 2016b)
Shock tube
T=1050-1450 K; P=1 mPa; ®= (Lifshitz et al., 1989)
T=1200-1700 K; P=7.5-13.5 atm; ®= (Mackie et al., 1991)
T=1100-1800 K; P=2-5.6 atm; ®=0.5-2 (MacNamara and Simmie, 2003)
Pyridine
Shock tube
T=1300-1800 K; P=7-11 atm; ®== (Mackie et al., 1990)
T=1600-2300 K; P=0.2-0.5 atm; ®=« (Kiefer et al., 1997)
T=1000-2200 K; P=8-20 atm; ®=0.6-5 (Ikeda et al., 2000)
T=1590-2340 K; P=2.2-3.4 atm; @=« (Memon et al., 2000)
T=1100-1800 K; P=2-5.6 atm; ®=0.5-3 (MacNamara and Simmie, 2003)
Tubular flow reactor
T=875-1050 K; P=1 atm; ®=w (Houser et al., 1980)
T=675-775 K; P=1 atm; ®=0.25-15.5 (Houser et al., 1982)
T=700-1500 K; P=1 atm; ®=0.06-6 (Alzueta et al., 2002)
T=700-1100 K; P=1 atm; oxy-fuel conditions (Wang et al., 2016b)
Premixed flame
T=400-1850 K; P=0.02-0.04 atm; ®=0.5-2 (Tian et al., 2008)

The oxidation of pyridine (Ikeda et al., 2000) was also studied in a shock tube for very
rich to lean conditions ($=0.6-5) for temperatures from 1000 to 2200 K and for pressures
from 8 to 20 atm. NO formation was only observed under lean and stoichiometric conditions.
The pyrolysis in a shock tube was again investigated by Memon et al. in 2000 (Memon et al.,
2000). The pressure was over a range of 2.2 to 3.4 atm and the temperatures ranged from
1600 to 2350 K. With these data a decomposition pathway was proposed: a C-H scission
into a decomposition of the pyridyl radical into C4Hs and HCN.

An experimental study of pyridine oxidation both in the absence and in the presence
of NO has been performed (Alzueta et al., 2002) in a tubular flow reactor at atmospheric
pressure and over a range of temperatures from 700 to 1500 K. The main nitrogen-
containing species formed were HCN, NO and N»O. Adding NO as bath gas decreased the
temperature for the observation of the fuel conversion. As presented in the previous part,
ignition delay times were measured for pyrrole and pyridine in shock tubes (MacNamara and
Simmie, 2003) (See Figure 30). Under the same conditions, pyridine exhibits a higher
reactivity than pyrrole.

59



State of the art

10g(tyes/ 11S)

T T T T T T v
066 OG:] a2 07 a7 081 os4

Oxidation of pyridine was studied in a low pressure premixed flame (Tian et al., 2008)
for lean to rich conditions (®=0.5-2) with tunable synchrotron vacuum ultraviolet (VUV)
photoionization and molecular-beam mass spectrometry techniques. About 80 intermediates
were identified and many new species, especially nitrogenous ones were detected in this
work.

Nitrogen-containing compounds are very important species in bio-oils, especially
concerning their ability to form NOy and nitrogen containing organic molecules like HCN. The
combustion and pyrolysis of pyrrolidine, pyrrole and pyridine were studied under several
conditions, but no experiment was carried out in a jet-stirred reactor. The specificities of this
kind of reactor could be used to obtain additional data in order to improve and develop
detailed kinetic models for this category of molecules.
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Concerning bio-oils, the complexity of the composition does not allow us to define a
clear surrogate yet. Bio-oil composition determination is still limited by analytical tools, even if
some new technigues are now available (e.g., two-dimensional gas chromatography). The
composition of the biomass of origin is determinant in the final composition as much as the
process conditions. However, it is possible to characterize the compounds present in the oil
in term of chemical families.

This chapter shows that many studies were found in the literature for light alcohols
(i.e. ethanol or propanol) or small aldehydes (mainly acetaldehyde), but the heavier
compounds, such as pentanol or pentanal, were significantly less studied. Other oxygenated
compounds decompositions, such as the carboxylic acids or aromatic aldehydes, were also
less investigated. In addition, almost only the pyrolysis of oxygenated aromatic compounds
was studied with a lack of data under oxidation conditions. Knowledge about the formed
pollutants and their formation pathways are still missing.

Our approach was thus to study each of these families by carefully choosing some
representative compounds and to determine their combustion behaviors. The present
manuscript presents a comprehensive study in a jet-stirred reactor with gas-chromatography
analysis of the oxidation of C.-Cs linear alcohols, aldehydes and carboxylic acids, as well as
that of furan and benzaldehyde. To our best knowledge, the studies on carboxylic acids and
benzaldehyde oxidation are the first ever published.
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The main part of this PhD work has been dedicated to the production of experimental
data. The aim was to use, as a fuel, molecules which surrogates a part of the bio-oils as
described in the previous chapter. The results produced are the identification and the mole
fraction profiles of the combustion products. These data will help to understand the
decomposition chemistry of the fuel and will allow the identification of the kinetic pathways
controlling the reactivity.

This part of the manuscript is dedicated to the presentation of the experimental
apparatus and of the method used to obtain the results.
The experimental apparatus is composed of 4 areas:

I: Liquid fuel storage and flow control

II: Gas flow control and evaporation chamber

lll: Pre-heating and reactor

IV: Pressure control and gas chromatographs (GC) for analysis

Figure 31 shows a schematic of the setup of the reactor, here a jet-stirred reactor (JSR), with
the analytical tools used for this study, gas chromatographs.
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Each part of the set-up will be presented and detailed in the next pages.
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During this work, eight fuels have been experimentally studied. Table 27 summarizes
the list of studied fuels and some of their chemicophysical properties. All the fuels have been
provided by Sigma-Aldrich. They have been sorted according to the different chemical
families they surrogate:

e Alcohols

o Aldehydes

e Carboxylic acids

e Tetrahydrofuran, furan and derivatives
¢ Oxygenated aromatics

Chemical Molar mass Boiling

Fuel name Structure formula (g/mol) point (°C) Purity
n-Butanol ZSN"0H  CaH10 74.12 117 99%
n-Pentanol " " OH CsHiO  88.15 138 99%
n-Butanal MO C4HsO 72.11 75 99%
n-Pentanal NN CsHoO 86.13 103 97%
@
Butanoic acid /\)J\ CaHsO2 88.11 164 99%
@)

O

Furan U

C4H40O 68.07 32 99%1°

OH
Pentanoic
o \/\)J\ CsH1002  102.14 185 99%
OH
~0

Benzaldehyde ©/\ C7HsO 106.12 179 99%

16 Stabilized with 250 ppmw butylated hydroxytoluene
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In this work, only liquid fuels are studied. They are stored in a metallic tank

pressurized with helium. The pressure in the tank is set in order to allow an easy flow of the
liquid into the liquid flow controller to around 2 bars.
To measure the liquid flow rate exiting the tank, a Coriolis flow controller has been installed
after the tank. Its role is to measure the liquid flow continuously and to send the information
to a valve placed downstream. The inlet flow rate is regulated to ensure a stable flow during
the experiments. Figure 32 shows a screenshot of the liquid flow regulation. It can be seen
that the actual value (green line) is stabilized around the set-point value (red line). At a
certain time after reaching the set-point value, the flow is disturbed but the regulation
succeeds in stabilizing the flow.

Valve opening

Value (%)

Set-pointvalue
\l/ Actual value

-5
SS5198 55210 55220  SS230 5S40 5250  SS260  SS70  S5280 55200 55300 SS310 553
Time (s)

The flow controller measures the mass flow rate of the liquid thanks to the Coriolis
Effect. The controller gives so an absolute value of the flow rate, independent of the liquid
going through the flow controller with an relative error around 1%.

The experiments are performed under diluted conditions (0.5%mol of fuel). Helium is
chosen as bath gas for all the experiments. The dilution helps to control the temperature
homogeneity inside the reactor by limiting the exothermic reaction influence on the reactor
temperature. It is also the carrier gas of the chromatographs used for the analysis in order to
keep the same bath gas all along the experiments.

The flow rate of the gases is measured by thermal mass flow controllers, such as the one
shown in Figure 33.
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Figure 33. Picture of the three mass flow controllers installed on the set-up.

Those apparatuses have a relative error of 0.5%, which makes them very reliable to
measure the flow rates of the different gases. Depending on the maximal flow rate value the
corresponding flow-meter is chosen in order to have the same range of flow. The maximal
range of work for each flow-meter is presented in Table 28.

Table 28. Range of flow rate for each flow meter depending on the gas used

Gas Oxygen  Helium Compressed air (Flush)

Maximal flow rate in nL/min 0.2 2 2

Three kinds of flow meters are selected corresponding to the three used gases:
oxygen, helium and also compressed air. Compressed air is not used during the experiments
but between two experiments as a flush. An important flow of air is used in order to purge the
reactor and the line after each experiment. It prevents the adsorption of products at the walls
of the set-up between two experiments and helps to clean the set-up of the low volatility
species. This flush is used during the experiments on carboxylic acids.

111.4. Evaporation and mixing chamber

To produce vapor from the liquid fuel, a device using the controlled evaporation and
mixing technology is placed before the entrance of the reactor. This device works in two main
steps:

- Mixing of the liquid and the bath gas into an aerosol
- Evaporation of the aerosol at constant temperature

The main aim of this apparatus is to lower the boiling point of the liquid by diluting it in the
bath gas and by creating an aerosol with the liquid. So the evaporator temperature is very
close from the one of the liquid but is largely enough to have a pure gas phase. It also
ensures that the fuel does not react in this part of the set-up as the temperature is too low to
promote the reactivity.
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In order to control the experimental conditions, we need to calculate the flow rate of
each inlet species. We have first to determine the inlet mole fraction of each of these
compounds. The fraction of fuel is fixed and then the mole fraction of oxygen will be deduced
from the stoechiometric combustion equation and from the equivalence ratio imposed. The
stoichiometric combustion equation for a standard hydrocarbon in presence of oxygen is:

CoHy + 20, > nC0; + % Hy0 with z = (n +2) 1)

In this equation, z is the stoechiometric coefficient of oxygen. This value will be used to
calculate the equivalence ratio @. This value represents the deviation of experimental
conditions to the stoechiometric case. The equivalence ratio ¢ is calculated by:

Xfuel/Xo, _ Xfuel/Xo, _ Xfuel*Z

¢ = (xfuel/xo2) B 1/z - Xo (2)

stoechio 2

And as we have already fixed the inlet mole fraction xwe, We can calculate the mole fraction
of oxygen with the equation (3).

X0, = Xfuel * z/@ (3)
The mole fraction of helium is then calculated to complete the mixture as it is the bath

gas. After those calculations, the mole fractions of each inlet compounds are known for any
equivalence ratios. Typically experiments will be carried out for three equivalence ratios:

e @=1: corresponding to the stoechiometric conditions.

o =0.5: oxygen fraction is higher than the stoechiometric one and so it is fuel-lean
conditions.

e (=2: contrary to the previous conditions, it is fuel-rich conditions.

The mole fractions are then used in the process of the mass flow rate determination
as explained below:

mass flow rate = total mole flow rate = mole fraction » molar mass

pressure*volume of the reactor

with total mole flow rate = . .
Rxtemperaturexresidence time

where R is the ideal gas constant. Examples of calculation Excel worksheet are given in

Appendix |.

The JSR consists of a fused silica sphere (volume 92 cm?®) equipped with four
injection nozzles positioned in a cross located at the center of the sphere. Figure 34 shows a
picture of a jet-stirred reactor. The gas enters the reactor via the tube on the left and exits the
reactor trough the tube on the right. In the center, the four nozzles in a cross shaped can be
seen.
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The inner diameter of the nozzle is around 0.3 mm which leads to the creation of
turbulent jets inside the sphere. This injection method ensures high turbulence in the reactor
and leads to homogeneity in product concentration of the gas phase. Thanks to this
homogeneity, the reactor can be assimilated to a perfectly stirred reactor working under
steady-state conditions considering some criteria (Matras and Villermaux, 1973):

¢ Minimal gaseous jet speed to have a turbulent flow

pAR?3

Re > 800 and <
e an SOT_23077d

¢ Maximal gaseous jet speed equal to the one of sound to keep the reactor intact

- 4 R3
T = — ———————————————————
3 dzcsound (T’ P)

e Recycling rate of gas higher than 30 to have a mixing time inferior to the residence
time

R
where Re is the Reynolds number, R is the reactor radius, d the nozzle internal diameter, p
the gas density, n the gas dynamic viscosity, T the residence time and A a constant.
Once those parameters are correctly set, the reactor can be considered as perfectly stirred
and the concentrations are taken as equal in each point of the reactor.

To ensure thermal homogeneity, the isothermal JSR is preceded by a quartz annular
preheating zone, in which the temperature of the gas is increased up to the reactor
temperature as described in Figure 35. The gas residence time inside the annular preheater
is very short compared to its residence time inside the reactor (a few percent) so the
reactivity in this section is negligible. So the low temperature reactions are not important in
the preheating area and we can consider that reactions only occur in the spherical reactor
section. The heating is ensured by resistances (Thermocoax) carefully rolled to fit the reactor
and the preheating zone shapes, which allows flexibility and swiftness in the heating of each
area. Temperatures are measured by several K-type thermocouples: one is located in a
glass finger inside the inlet cross for the actual reaction temperature measurement, and two
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are located between the resistances and the external wall of the reactor for the temperature
control. The resistance allows increasing the temperature up to 1273K, above that the
reactor could be damaged and the resistance will quickly deteriorate themselves. To have a
better energetically efficiency, the reactor and the resistance are wrapped into insulating
silica wool maintained by aluminum foils and steal wire as show in Figure 35.

r-—

Bugesyesd senuue

Figure 35. Picture of the reactor used for the experiments insulated and scheme of the reactor with
description of each part.
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The outlet gas leaving the reactor is then transferred by a metallic heated line
maintained at 420 K to three gas chromatographs (GCs) to analyze the wide range of
products formed by the reactions, similar to the three one presented in Figure 36.

The first chromatograph, equipped with a Carbosphere packed column, a thermal
conductivity detector (TCD) and a flame ionization detector (FID), is used for the
guantification of light-weight compounds like methane, ethylene, acetylene and ethane. The
second chromatograph is fitted with a Q-Bond capillary column and a FID preceded by a
methanizer and is used for the quantification of compounds containing from 2 carbon atoms,
like acetylene or ethylene, up to species containing up to 5 carbon atoms. The methanizer
(nickel catalyst for hydrogenation) allows the detection of species like CO, CO; and CH;0
with a good sensitivity and increases the sensitivity for species containing oxygenated
functional groups in a general manner. A third gas chromatograph equipped with a HP-5
capillary column is used for the detection of the heaviest compounds (Cs.). The identification
of reaction products is performed using another gas chromatograph equipped with both type
of capillary columns and coupled to a mass spectrometer (quadrupole).

Figures 37, 38 and 39 present three examples of chromatographs obtained for three
different oxidation experiments. Figure 37 shows 5 peaks corresponding to different products
obtained during butanol oxidation. The peaks are well separated and are in a Gaussian
shape. However, the fourth peak corresponds to the co-elution of acetylene and ethylene
and thus it is impossible to quantify each product separately. In this case another gas
chromatograph with another column has been used for the quantification of each product.

72



Experimental set-up and methods

Figure 38 presents the peak of butanoic acid obtained for an oxidation experiment at
975 K. The peak in this case does not have a Gaussian shape and thus its quantification is
more complex than usual. Furthermore the long retention time (2 mins) may lead to
co-elution with other compounds.

. . g
Butanoic acid g °
(w]

10 12 14 16

Figure 39 presents a chromatogram obtained during the oxidation of benzaldehyde.
In this case, we can observe that the number of peak is important and that several peaks are
under the detection limit. Also some peaks do not have a Gaussian shape, they present an
important tailing, which can lead to a higher uncertainty in the mole fraction determination.
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Figure 39. Products peaks during benzaldehyde oxidation at 925 K under stoichiometric conditions (HP-5 column).
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Two methods could be used to sample the gas:

e Using a metallic heated line connecting the outlet of the reactor to the inlet of the gas
chromatograph. In this case we talk of an online analysis. The gas is then injected in
the GC thanks to a 6-way valve equipped with a sampling loop.

e With a trap at liquid nitrogen temperature located at the outlet of the reactor. It is an
offline analysis. The trap condensates the outlet gases which are then dissolved in a
solvent (e.g. acetone or ethanol). This liquid sample is then injected in the GCs with a
syringe. The main limitation is that the “permanent gases” are not trapped. Only the
heaviest fraction of the gases is sampled with this technique. Furthermore some
recombination products can be formed with the solvent used for the dilution of the
liquefied sample. On the contrary with an online analysis, the probability to form
recombination products is lower and all the gases are analyzed even the lightest.
That is why we used mainly online analysis for the identification of our reaction
products.

It is possible that condensation and physical adsorption occur on some surfaces in
the manifolds (cold points, valve, gums). This could affect the quality of the results and
solutions have to be found to limit those phenomena as much as possible. This problem can
specifically occurs with highly oxygenated molecules such as acids.One solution consists in
coating the surface with the fuel before the occurrence of any reactions (Doolan et al., 1986).
In our case, the surfaces are constantly heated to limit the condensation of the heaviest
compounds, so the controlled coating of the surfaces is not possible. In some cases a flow of
air is also set to purge the system of any product traces. Also some components in
chromatographs are prone to adsorption; especially the sampling loop (mounted on a six-
way valve for injection), and the inlet liner in the injector. Thus, these compponents , adapted
to the study of acids, were supplied by the Restek company and used for the experiments.
An inlet liner made of deactivated silica and a surface-coated sampling loop treatment were
installed to minimize the occurrence of adsorption. All these equipments are also suitable for
the study and analysis of other oxygenated compounds like alcohols or aldehydes.

Table 29 summarizes the uncertainty sources and their quantifications related to
these experiments.

Uncertainty sources Uncertainty bounds
Temperature in the reactor +5K
Temperature in the transfer line 7K
Impurity of the fuels and the gases <1%

Fuel calibration 5%
rF:]ré)t?]l(J)((:jts calibration by effective carbon number +10%
Products calibration with standards 5%

Flow rate of liquid fuel +1%

Flow rate of gases +0.5%
Residence time 2%
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This table exibits that the main uncertainties come from the product calibrations and
especially the one by the effective carbon number method. The next part is dedicated to a
description of the calibration method.

Calibrations are performed by injecting gaseous and liquid external standards when
available. So we can obtain a factor k between the mole fraction of the species and the area
of the corresponding peak measured as defined in equation (4).

X; = ki * Ai (4)

In the equation (4), A is the measured area on the chromatogram and x is the corresponding
mole fraction. Larger is the area; higher is the mole fraction of the associated compound. The
products that have been directly calculated are: 02, CO, CO,, CH4, CzH;, CzH4, C2He and the
fuels.

For species, which could not be directly calibrated with a standard, the effective carbon
number (ECN) method, relying on the properties of the FID with respect of the structure of
the molecule, was used to obtain calibration coefficients. This method requires:

e To know the effective carbon number of the species.
e To have the calibration coefficient of at least one specie, called the reference (ref).

To obtain the calibration coefficient for a species i, we use the equation (5).

k; = * kref (5)

where n is the effective carbon number and k the calibration coefficient defined by the
equation (2). The number n can be calculated by adding the contribution of each carbon
atom of the molecule following the Table 30 below.

Atom/Group Type Contribution
C Aliphatic 1
C Aromatic 1
C Olefinic 0.95
C Acetylenic 1.3
Cc=0 Carbonyl 0
C-0-C Ether 1
CH2-OH Primary Alcohol 0.4
CH-OH Secondary Alcohol 0.25
C-OH Tertiary Alcohol 0.75

Table 31 summarizes the effective carbon number for the fuels studied.
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Fuel name Structure ECN Fuel name Structure ECN

n-Butanol /\/\OH 3.4 n-Pentanol \/\/\OH 4.4

n-Butanal MO 3 n-Pentanal MO 4

O O

Butanoic acid /\)j\ 3 Per;'i:ailgmc \/\)]\ 4
OH OH

~0 O

Benzaldehyde 6 Furan i\ /7 2.85

Those ECN are used as the references to calculate the calibration coefficients of the
products obtained in the corresponding experiments. Another possible reference species is
methane, which is directly calibrated with an external standard.

In the last years, the two-dimensional chromatography has been developed and used
in laboratories as an advanced analytical method. This technique has the advantage to have
a better separative power than the classical unidimensional chromatography. It was first
described in the 90s by Liu and Phillips (Liu and Phillips, 1991). Later, in 2013, Seeley and
Seeley made a review about the multidimensional gas chromatography (Seeley and Seeley,
2013).

Comprehensive two-dimensional gas chromatography or GCxGC is one kind of
multidimensional gas chromatography. Contrary to the heart-cutting two-dimensional gas
chromatography, the whole sample is flowing in the two dimensions in this case. It consists
of a succession of two separation stages connected with a modulator as presented in Figure
40.The separation is assured by a column similar to the one already existing for classical
chromatography. Each sample or product is forced to go through both columns. The role of
the modulator is to connect both columns and to transfer the compounds from the first
dimension to the second one continuously.
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The modulator is a capillary silica tube without any coating cooled down constantly by
an air flow. This air flow has previously been cooled by liquid nitrogen and is at about 77K.
So the species at the exit of the first column are trapped and focused in the capillary tube.
Then the tube is heated by a hot air pulse and the components are injected in the second
column. Figure 41 shows a scheme of a cryogenic modulator.
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The hot jet is pulsed at a given frequency. This period of trapping is called the
modulation time and is one of the important parameters of the GCxGC. The modulation time
or period must be longer than the retention times of the different species in the second
dimension. Thus it limits the length of the second column in order to avoid a remixing of the
compounds in the second dimension. The second dimension can also be set in a secondary
oven to have a temperature profile hotter in the second dimension than in the first one, which
reduces the retention times in this dimension.

The two separation stages of a GCxGC have to respect the principle of orthogonality.
The two stages should have two independent separative displacements, which mean that the
two columns should not separate the compounds on the same properties or not in the same
order of magnitude. In Nancy the separation is performed based on the polarity of the
compounds. The first stage is a rxi5 capillary column of 30 meters long with an inner
diameter of 0.32 mm and a film thickness of 0.5 ym. The second stage is a rxil7 capillary
column of 1.4 meters long with an inner diameter of 0.25 mm and a film thickness of 0.25
pgm. The two columns are connected with an open tube of 1.1 meters with an inner diameter
of 0.1 mm. The GCxGC has been coupled with an FID and the same mass spectrometer
previously presented.
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Thanks to the two separation stages, the compounds are separated in a two-
dimension space. The compounds are characterized by two retention times, one for each
dimension. Figure 42 presents the results of the analysis of the same sample on a classical
unidimensional GC and the GCxGC. The sample corresponds to the oxidation of
benzaldehyde under stoichiometric conditions.

— GC 1D - GC2D
- Benzene peak _.'

Benzene peak

Isomer peak

In the case of Figure 42, the GCxGC made it possible to detect another species
which was co-eluted with the peak of benzene. This second species present in much lower
amount is likely one of the linear isomers of benzene, such as hexadienyne. This linear
isomer of benzene was also previously detected during the pyrolysis of cyclopentene using
SVUV-PIMS (Herbinet et al., 2016). Figure 43 shows the projection of this peak in 2D on the
two dimensions.

Projection on the second
dimension

Projectionon the first
— dimension (equivalent to
] the GC 1D)

The jet-stirred reactor and the analytical tools presented in this section are used for
investigating the different fuel oxidations. Thanks to the gas chromatography, species
detection, identification and quantification are possible. Those data are then used to develop
new kinetic mechanism, which are also presented in the next chapter.
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This chapter presents the results obtained for the linear oxygenated compounds
studied in this work. It is divided in four parts. The first one presents the work performed on
alcohol oxidation: n-pentanol and n-butanol. The second describes the results obtained for
n-pentanal and n-butanal oxidation and then the study on pentanoic and butanoic acid is
presented. In each part, the experimental results are described and discussed. Then a
presentation of the mechanism developed in collaboration with the team of Prof. Faravelli in
Politenico di Milano is proposed and results are discussed. The last part is dedicated to a
comparison of the reactivity of all the compounds listed above to highlight the influence of the
functional group.

This work led to the publication of two peer-reviewed papers:

e The work on aldehyde oxidation led to a publication in the Proceedings of the
Combustion Institute: (Pelucchi et al.,, 2019. An experimental and kinetic modelling
study of n-C4Cs aldehydes oxidation in a jet-stirred reactor. Proc. Combust. Inst. 37,
389-397.)

e The work on carboxylic acid oxidation was published in the Chemical Engineering
Journal (Namysl et al., 2019. A first evaluation of butanoic and pentanoic acid
oxidation kinetics. Chem. Eng. J. 373, 973-984.).

In this section, only the main results from these studies are presented. The raw experimental
data are given in Appendix I, with a nomenclature of the detected species in Appendix I.

This part is dedicated to the presentation of experimental and theoretical results
obtained during the oxidation of n-pentanol and n-butanol, two surrogates for the alcohol
fraction present in bio-oil. These data were obtained using the setup and analytical tools
previously described (Chapter IlI).

This first section presents the experimental results obtained. The fuel conversion is
first discussed and in a second part the carbon balance and reaction product selectivity
analysis are displayed with the mole fraction profiles of the main products. The experiments
have been carried out in a jet-stirred reactor at 800 Torr and between 500 K and 1100 K.
Three equivalence ratios have been studied (0.5-1-2) for a fuel inlet mole fraction of 0.5 %.

The oxidation of both fuels has been studied in the experimental set-up described
previously. Figure 44 presents the mole fraction profiles for n-butanol and n-pentanol
obtained between 500 and 1100 K for the three equivalence ratios. Error bars are about 5 %
in respect with the incertitude presented in the previous chapter. This figure also presents a
comparison of the reactivity of the two fuels for each equivalence ratio with the results
previously obtained by Rodriguez et al. for n-hexanol (Rodriguez, 2016). Those results were
obtained under the same conditions.

83



Oxidation of linear oxygenated compounds

n-Butanol n-Pentanol
7.0E-03 7.0E-03
6.0E-03 6.0E-03 + +
= soe0s 41} iﬂ*}‘,? = 5.0E-03 “ :“z
E 4.0E-03 i}* ¢ E 4.0E-03 ** ii*z
LT 4V o 4.0E- i
© ©
u.E 3.0E-03 é u.E 3.0€-03
g r 8
O 2.0E-03 i O 2.0E-03 3
S . s \
1.0E-03 ‘. . 1.0E-03 o‘
egt ‘
0.0E+00 ALLT P} 0.0E+00 LITrv-|
500 700 900 1100 500 700 300 1100
a) Temperature [K] b) Temperature [K]
Phi=0.5 Phi=1 Phi=2
6.06-03 r—— 6.0€-03 ; o~ 6.0E-03 o~
* n-Butano * n-Butano! b * n-Butano
— 50603 ?%iﬁ#ég%?gf *n-Pentanol| . 5.06:03 Li!é*g!;isih sn-Pentanol| _ 5003 ”ﬂ;*zﬁg t  =n-Pentanol
‘g L0E03 §: n-Hexanol 'g 40E03 iy n-Hexanol ‘g 10E03 1 sié n-Hexanol
g 3.06-03 Y g 3.0-03 ' g 3.0E-03 :
2 20603 . 2 20603 . 2 2.06-03 b
= . = [} = .,
1.0E-03 e 1.0E-03 0:. 1.0E-03 0:'.
0.0E+00 ia1IP) 0.0E+00 2 TTTIN 0.0E+00 “obtyg,

500 700 900

Temperature [K]

1100 500 700 900

Temperature [K]

1100 500 700 900

Temperature [K]

A

Butanol does not react between 500 K and 800 K. Its reactivity area is from 800 K to
1050 K. The equivalence ratio does not have a notable influence on the conversion. Similar
trends are observed for pentanol. It starts to react at 775 K and is fully consumed at 1050 K.
Such as butanol, pentanol conversion is not really influenced by the equivalence ratio.

Contrary to butane and pentane, the two alcohol fuels do not exhibit any low-
temperature reactivity or negative-temperature coefficient (NTC) area (Bahrini et al., 2013;
Bugler et al., 2017). n-Hexanol does not exhibit also any NTC area The alcohol function may
have an impact on the reactivity of the alkyl chain at the lowest temperature by inhibiting the
reactivity. Figure 44 also shows that n-butanol, n-pentanol and n-hexanol conversions are
almost identical under the same conditions. It indicates that the length of the alkyl chain has
only a limited impact on the reactivity. Thus we may assume that the fuel reactivity is strongly
influenced by the oxygenated function.

During n-butanol oxidation, 23 products were detected and quantified: CO, CHa, COo,
acetylene, ethylene, ethane, propene, propane, formaldehyde, oxirane, acetaldehyde, 1-
butene, 1-3 butadiene, 2-butene, methyloxirane, acrolein, propanal, 1-pentene, 2-pentene,
butanal, tetrahydrofuran, 2-3 butanediol, 2-butenal. The overall carbon balance was around
100 % (£10 %). So we can consider that all the main products were detected and quantified
during these experiments. The detection of the two pentene linear isomers was unexpected
due to the C, skeleton of the fuel. These products may come from the recombination of
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smaller alkyl radicals. C4 unsaturated hydrocarbons were also detected and may come from
other recombination reactions or from the dehydration of the fuel.

Figure 45 presents two selectivity analyses performed for butanol oxidation at two
different temperatures: 825 K (around 50 % of conversion) and 900 K (around 90 % of
conversion). This helps to highlight the main products for each temperature. The selectivities
are normalized in terms of carbon atom number and are plotted with a threshold of 1 %. So
only the species containing more than 1 % of the carbon atom content are displayed.

Tetrahydrofuran co
Butanal Ethylene
co Propene
co2

Ethylene
CH4

Propene
1-Butene

1-Butene

Acetaldehyde

Acetaldehyd
cetaldenyde Butanal

Formaldehyde Formaldehyde

CH4 Tetrahydrofuran

Propanal Ethane

a) 1 10 100 b) 1 10 100

phi=0.5
phi=1, phi=2

At 825 K, the equivalence ratio has almost no effect on the product distribution, as
showed by the selectivity analysis in Figure 45a: the distribution of the main products
(tetrahydrofuran, butanal, CO, ethylene, propene) is very similar under all conditions. At
higher temperature, the effect of the equivalence ratio is stronger. For example, CO;
production is negligible under fuel-rich conditions but important under fuel-lean conditions at
900 K. The selectivity analyses also show that butanal is an important intermediate during
butanol oxidation, especially at low and medium temperatures. This product may be formed
by the dehydrogenation of butanol. Tetrahydrofuran is also important at low temperatures but
its part is more limited at higher temperatures. At low-temperatures, aldehydes are present in
an important amount (butanal, propanal, acetaldehyde and formaldehyde). At higher
temperatures, ethylene and propene mole fraction are increasing and these two products
become second and third main products. Over the whole butanol reactivity zone,
1-butene is produced and is one of the major products.

Figure 46 presents the mole fraction profiles of oxygen and the products presented in
Figure 45 for the three studied equivalence ratios.
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Figure 46. Mole fraction profiles of oxygen and main reaction products of n-butanol oxidation for the three
equivalence ratios (¢ phi=0.5, m phi=1, A phi=2).
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Concerning the product mole fraction profiles, the equivalence ratio seems to have an
increased impact on the product formation than for the fuel consumption, especially under
fuel-rich conditions. Looking at CO., ethylene, acetaldehyde, methane or ethane, their
formation is largely influenced by the content in oxygen in the mixture. It can also be
observed that tetrahydrofuran, 1-butene and butanal have similar temperature dependence.
This confirms their role as intermediates of reactions, as they are not final products of
butanol oxidation. They can be the products of three different reaction pathways:

- Abstraction of the alcoholic H atom, then formation of butanal through another

H-atom release or by dehydrogenation of the fuel directly.

- Dehydration of the fuel to produce 1-butene and water.

- Abstraction of the H-atom in alpha position of the alcohol function then formation of

an ether ring to obtain tetrahydrofuran.

These three pathways seem to confirm the importance of the alcohol function on the
reactivity of the molecule.

During pentanol experiments, 31 products were identified: CO, CO2, CHa, acetylene,
ethylene, ethane, propene, propane, acetaldehyde, oxirane, formaldehyde, methanol, 1-
butene, 1-3 butadiene, 2-butene, methyloxirane, acrolein, propanal, acetone,
1-pentene, 2-pentene, 1-4 pentadiene, 1-3 pentadiene, 2-methylfuran, pentane, methyl vinyl
ketone, butanal, tetrahydrofuran, 2-3 butanediol, 2-butenal and pentanal. Many products had
been already identified during n-butanol oxidation (in italic in the previous list), but other
products were also quantified. Those products contain 5 carbon atoms and may come from
the same types of reactions as the one presented for butanal oxidation. It could also be
noticed that, in comparison with butanal oxidation, no C,+1 molecule (Ces here) was detected.
The overall carbon balance for pentanol oxidation experiments was around 100 % with a
deviation of £10 %.

Figure 47 presents two product selectivity analyses performed for pentanol oxidation
at two different temperatures: 825 K (around 50 % of conversion) and 900 K (around 90 % of
conversion). The selectivities are normalized in terms of carbon atom number and are plotted
with a threshold of 1 %.

Ethylene co
co Ethylene
Pentanal co2
Propene CH4
1-Butene Propene
1-Pentene Acetaldehyde

Formaldehyde
Acetaldehyde

Pentanal

Formaldehyde

C0o2 1-Butene
CH4 1-Pentene
Propanal Ethane
1 1
a) 00 b) 00
phi=0.5
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Carbon monoxide and ethylene are the two main products formed during pentanol
oxidation. Similarly to butanol oxidation, aldehydes are really important in the
low-temperature range. Indeed pentanal, propanal, acetaldehyde and formaldehyde are
among the main products. At higher temperature, the unsaturated hydrocarbons are more
dominant, with an increased formation of propene. 1-Butene and 1-pentene are also
important products at the two selected temperatures, especially under fuel-rich conditions.
Contrary to butanol oxidation, the effect of the equivalence ratio on the product distribution is
more important in the case of pentanol oxidation. It could be also observed that
tetrahydrofuran has no role in the product distribution of pentanol oxidation compared to that
of butanol oxidation. In the case of pentanol oxidation, no cyclic ether was observed but
unsaturated hydrocarbons containing 5 carbon atoms were produced in a more important
amount.

Figure 48 presents the mole fraction profiles of oxygen and the products presented in
Figure 47 for the three studied equivalence ratios.

Similarly to the results obtained for butanol oxidation, the equivalence ratio has a
strong effect on the formation of some products, i.e. methane, ethane, ethylene,
acetaldehyde. The profiles of pentanal and 1-pentene are really similar to the one of butanal
and 1-butene observed during butanol experiments. The same pathways as those proposed
for butanol oxidation could be still valid for pentanol.

Rodriguez et al detected high amount of n-hexanal and in smaller quantities hexenes
in the products of n-hexanol oxidation. Thus, we could assume that the reactivity of a linear
alcohol is not only ruled by the alkyl chain length. The alcohol function has a strong impact
on the reactivity, leading to the formation of the associated aldehyde and alkene.
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Figure 48. Mole fraction profiles of oxygen and main reaction products of n-pentanol oxidation for the

three equivalence ratios (¢ phi=0.5, m phi=1, A phi=2).
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IV.1.2. Kinetic model

Mechanism
The OpenSMOKE++ package (Cuoci et al., 2015) has been used to perform all the
kinetic simulations and analyses presented in this manuscript.

The starting point of the development of the detailed kinetic mechanism of bio-gas
and bio-oil oxidation has been the state-of-the-art POLIMI framework; which is the result of
40 years of kinetic modeling activity, started with the pyrolysis of smaller hydrocarbons
(Dente et al., 1979), then extended to the pyrolysis and oxidation and heavier molecules
(Ranzi et al., 1997; Granata et al., 2003; Ranzi et al., 2005).

The development of such a framework has proceeded following three major targets:
(i) hierarchy, (ii) modularity and (iii) generality. Such a philosophy is well suited to model both
pyrolysis and oxidation paths of hydrocarbons, since combustion intrinsically proceeds as a
sequential fragmentation of the fuel molecule, generating progressively smaller molecules.
Then, they undergo the related oxidation paths, until the formation of final combustion
products and byproducts.

This allows a significant flexibility in the management and the update of the
mechanism itself, since when a mechanism is added or modified, the structure of the existing
kinetic framework is the starting point of this process, and it is expected that only the
modules at a lower hierarchy level will be affected by such modification.

Bio-oils SOx

Components

Alcohols
Aldehydes

Figure 49. Structure of the POLIMI (Ranzi et al., 2012) kinetic mechanism.
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Since the start of its development to model hydrocarbon pyrolysis in cracking
processes (Dente et al., 1979), the CRECK model has used extensively chemical lumping
methods. This lumping can be performed in two ways

e Vertical lumping: if a reaction of decomposition or isomerization is fast enough, we
can replace directly a species by its products. This simplifies the mechanism by
creating global reactions.

e Horizontal lumping: H-abstraction reactions can produce a lot of radicals, which are
isomers and whose decompositions are similar. The related rates can be similar and
the only variable is the product formed. Those radicals can be then gathered under
one single species and their decomposition summarized in one lumped reaction
(Zeppieri et al., 2000; Chaos et al., 2007).

An example of horizontal lumping for C7Hwsisomers is presented below.

k, ]
R+ ——> RH+P1
k,
R+ —> RH+ P2

ks

R+ \@/H RH + P3
Ky

R+ OAH RH + P4

With k* and P*, the overall equivalent-component kinetic parameter and stoichiometry:
4

* X : ak;
k =Zaiki P* = P Pi
1

— R+CHy, LN RH+P*

1

Where a is the weight fraction. The overall equivalent-component kinetic parameter is
considered as a linear combination of the kinetic parameters involved in the lumping. Then
this kinetic parameter can be developed under the form of an Arrhenius law to be
incorporated in the kinetic mechanism for the lumped reaction.

In the current work, vertical and horizontal lumping have been used.

During this work, the CRECK model was updated and implements a Co—Cs core
mechanism obtained by coupling the H,/O, and C./C, from Metcalfe et al. (2013), Cz from
Burke et al. (2015), and heavier fuels from Ranzi et al. (2012, 2014).

The first step of the mechanism development was to consider the bond dissociation
energies (BDES) of our molecules of interest and to compare them with a reference, here the
alkane one. Figure 50 presents the BDEs values calculated with G4 method for butane and
some oxygenated equivalent molecules. These results have been presented in the work of
Pelucchi et al (2016).
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H H H H

87.5
86.5

This work showed that the oxygenated function has only a “limited” effect on the alkyl
chain. Indeed the major deviations in terms of BDEs are observed for the carbon atom close
to the oxygen. Thus a model was proposed to represent any linear alkyl molecule with an
oxygenated function supported by one of its primary carbon. This model is represented in
Figure 51.

Alkane moiety Specific moiety

H H
Q
4

H H H

The molecule is then divided in two parts:
o An alkyl moiety with a reactivity comparable to the one of the equivalent alkane

o A specific moiety with a reactivity influenced by the presence of the oxygenated
function

The alkyl moiety reactivity is similar to the alkane one and then all the reaction
classes and kinetic constants developed for the alkane can be apply to this section of the
molecule. Concerning the specific moiety, the reaction classes are dependent on the type of
oxygenated function. The advantage of this approach is that the length of the alkyl chain is
not a limiting factor. To extend the mechanism of a C, alcohol to the Cy.1 alcohol, the only
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additions needed are the reactions for a secondary carbon atom according to the alkane’s
reactivity rules and rates, which are really well known nowadays (Ranzi et al., 2015).

Tables 32, 33 and 34 present the reaction for n-butanol accounted in the model
developed in this study. The kinetic parameters are given under the form:
—E
k=A*T" (—“)
* *exp R *T
With A the pre-exponential factor in (cm=smol?)"Y/s, n the order of the reaction, T the
temperature in K and Ea the activation energy in cal/mol.

BDEs of C-C, C-O, and C-H discussed above are used to estimate unimolecular
decomposition reactions, responsible for radical chain initiation. Because of the microscopic
reversibility principle, the rate constant of initiation reactions are derived from the rate
constant of reverse barrierless radical recombination reactions. The most favored initiation
reactions are those involving the lower BDEs.

H-abstraction reactions are relevant to unravel the selectivity to different products.
Rate constants of the generic reaction: Re+ R'H «— R’+ R H depend on the properties of the
abstracting radical and the type of hydrogen to be abstracted (Ranzi et al., 1993). In other
words, the BDEs of the different C-H bonds to some extent reflect the likelihood of one
H-atom to be abstracted. According to the approach of Ranzi et al. (1993) rate rules for the
different Re abstracting radicals in the CRECK model are expressed as:

_ _ 2 Ere f.R
kr(T) = nyCsiten (T kre f.R (T) = nyCsiten(T)Are fFRI“exp | — “RT

where the rate rules rely on reference frequency factors and activation energies of each
H-abstracting radical (k,.sx(T)), on a per site primary alkane H-atom basis. The rates are
then corrected to account for the number of H atoms and the correction term (Csjtey(T) =
exp(—Egs;teny/RT)) is obtained from the bond dissociation energy (or the heat of reaction),
through an Evans-Polanyi relationship (Evans and Polanyi, 1936).

The problem for the mechanism development is to assess the influence of the
oxygenated function on the carbons in a- and (-positions. As shown in Figure 50, alcohol
and aldehyde functions do not have the same impact on the BDEs and thus it could be
expected that the impact on the reactivity is also different. Then reaction classes and rate
rules should be defined and detailed for each kind of chemical function. In the case of the
alcohol kinetic model, the alkyl radicals formed by the H-atom abstractions were not lumped
in one common species. Thus, all H-abstraction reactions for each position have been
considered in the model.

During pyrolysis, the fuel radicals derived from H-abstraction reactions can either
decompose through beta-scission reactions to form an unsaturated compound and a smaller
radical, or isomerize to another radical. Beta-scission reactions can break a C-H bond or a C-
C bond. Rate constants for these reaction classes are based on the alkane rate rules from
Ranzi et al. (2001) taking into account the differences in bond dissociation energies and the
formation of resonance stabilized radicals (a-radicals) from H-abstractions.

In the case of oxidation, the fuel can react in a bimolecular initiation with oxygen to
form a radical and HO.. Also the radicals formed by the fuel can add to oxygen and give an
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alkyl peroxy radical. The lumped radical, named RBU1OOX for n-butanol mechanism, is
showed in Table 32. The rates of those reactions are based on the alkane rate rules (Ranzi
et al., 2001). The radical can react by isomerizations and then decompose through beta-
scissions or lead to another addition to oxygen, which is the way towards branching reactions
by ketohydroperoxides (presented in Table 33 for the case of n-butanol).

Reaction A n Ea No.

Reactions of n-Butanol

Unimolecular initiations

C4HeOH=C,Hs+C,H4OH 3.01E+25  -257  89900.00 1)
C4HsOH=CHs+CH,CH,CH,OH 513E4+26  -2.92  90470.00 )
C4HeOH=CH,OH+C3Hy 4.13E+17  -0.30  89720.00 A3)
C4HesOH=0H+C4Hs 2.82E+29  -3.68  101930.00 (4)
H-+CH3CH,CH,CH,0=C4HyOH 5.00E+13  0.00 0.00 (5)
H+CH3CH,CH2CHOH=C4HsOH 5.00E+13  0.00 0.00 (6)
H+CH3CH,CHCH,0H=C4HsOH 5.00E+13  0.00 0.00 ©)
H+CH3CHCH,CH,0H=C4HsOH 5.00E+13  0.00 0.00 (8)
H+CH,CH2CH,CH,0OH=C4HsOH 5.00E+13  0.00 0.00 9)

Molecular reactions

C4HyOH=H>0+C4Hs 1.00E+14 0.00 67600.00 (10)
C4HyOH=H2+C3H,CHO 5.10E+08 1.36 69680.00 (11)

Main bimolecular initiations and H-abstractions by H-atoms

0,+C4HyOH=>HO,+CH3CH>CH,CH-0 1.70E+06 2.00 48272.65 (12)
02+C4HyOH=>HO2+CH3CH2CH.CHOH 5.95E+06 2.00 44000.00 (13)
0,+C4HyOH=>HO,+CH;CH,CHCH,OH 2.55E+06 2.00 44000.00 (14)
02+C4HyOH=>HO2+CH3CHCH2CH0OH 3.74E+06 2.00 44000.00 (15)
0,+C4HyOH=>HO,+CH,CH,CH,CH-OH 5.10E+06 2.00 48272.65 (16)
H+ C4HyOH=>H,+CH3;CH,CH,CH.O 3.00E+06 2.00 6349.34 (17)
H+ C4HysOH=>H>+CH3CH>CH>CHOH 1.05E+07 2.00 4000.00 (18)
H+ C4HyOH=>H,+CH3CH,CHCH,OH 4 50E+06 2.00 4000.00 (19)
H+ C4HyOH=>H>+CH3CHCH2CH20OH 6.60E+06 2.00 4000.00 (20)
H+ C4HyOH=H>+CH.CH>CH.CH>0OH 5.60E+06 2.00 6525.60 (21)
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Reaction A n Ea No.
Reactions of the radicals produced from n-Butanol
Isomerizations
CH,CH,CH,CH,OH=CH3;CH,CH,CH,0 1.60E+10 0.00 16000.00 (1)
CH,CH,CH>CH,OH=CH3CH,CH,CHOH 2.00E+11 0.00 19600.00 (2)
CH3CHCH,CH,0OH=CH3CH,CH,CH-0O 1.00E+11 0.00 23000.00 (3)
CH3CH2CHCH20OH=CH3CH>CH>CH:0O 5.00E+11 0.00 26000.00 4)
Decompositions by beta-scissions
CH3CH>CH,CH,0=CH,0+C3H- 3.00E+13 0.00 15000.00 (5)
CH3CH2CH2CH.0=H+C3H;CHO 3.00E+13 0.00 26000.00 (6)
CH3CH,CH,CHOH=H+C3H;CHO 3.00E+13 0.00 38000.00 (7)
CH3CH>CH,CHOH=C;Hs+CH3CHO 3.00E+13 0.00 31000.00 (8)
CH3CH,CHCH,0OH=H+C3H;CHO 3.00E+13 0.00 38000.00 9)
CH3CH>,CHCH>OH=CH3+C3Hs0OH 3.00E+13 0.00 33000.00 (10)
CH3CH2CHCH20OH=0H+C4Hsg-1 3.00E+13 0.00 32500.00 (11)
CH3CHCH,CH,OH=H+C4H;OH 3.00E+13 0.00 38000.00 (12)
CH3CHCH,CH,OH=CH>OH+C3He¢ 6.00E+13 0.00 31000.00 (13)
CH2CH2CH>CH>OH=C,H4+C>H,OH 3.00E+13 0.00 30000.00 (14)
Addition to O, isomerization of RBU1OOX and decomposition of QBU10OOX
0O,+CH3CH,CHCH>OH=>RBU100X 1.00E+12 0.00 0.00 (15)
0,+CH3CHCH,CH,OH=>RBU100X 1.00E+12 0.00 0.00 (16)
0O,+CH>CH>CH>CH,OH=>RBU100OX 2.00E+12 0.00 0.00 a7)
RBU10OOX=>QBU100X 4.18E+09 0.39 19621.30 (18)
QBU10OOX=>RBU10O0OX 1.76E+05 1.59 11124.06 (29)
QBU100OX=>HO>+0.5C3H;CHO+0.5C4H,;OH 5.05E+07 1.82 23182.10 (20)
PO OO IO s A wwres @
QBU100X=>0.50,+0OH+C4HsO 2.78E+10 0.37 17120.70 (22)
QBU100OX=>H,0+HCO+C;HsCHO 4.00E+10 0.00 13000.00 (23)
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Reaction A n Ea No.

Reactions of the radicals produced from n-Butanol via O; addition

Addition to O, of QBU1OOX and decompositions of ZBU10OOX and KEHYBU1

0,+QBUL00X=>ZBU100X 250E+12  0.00 0.00 (1)
ZBU100X=>0,+QBU100X 3.00E+13 000  30000.00 @)
ZBU1OOX=>OH+KEHYBU1 418E+09 039  19621.30 3)
KEHYBU1=>0H+0.6CH,0H+0.6CH,0+

0.4CH3CHO+0.6CH,CO+0.4CH:0CO 250E+15  0.00  40000.00 )
KEHYBU1=>0H+0.5CO+0.5CH,0+

0.5PC,HsOH+0.5CHCO+0.5CH;COzH 5.00E+15  0.00 40000.00 )
KEHYBU1=>0H+0.4PC,H,OH+0.6CH,CHO+

oo o 150E+15  0.00  40000.00 ©6)

The development of a detailed kinetic mechanism of higher-chain alcohols started
from the consolidated studies on lighter compounds, i.e. propanol (Frassoldati et al., 2010),
butanol (Grana et al., 2010) and pentanol (Nativel et al., 2016) isomers. Thus, the rules
applied to n-butanol were extended to n-pentanol in terms of low temperature reaction
pathways (Pelucchi et al., 2017a). To do so, the assumption that the effect of the OH group
has a “chemical” effect only up to the B position was made (Figure 52), and could be then
extended to heavier alcohols, too.

n-butanol CG-CV-CB-CG-OH
n-pentanol CE-CG-Cv'CB'Ca'OH
| ] | )

1
Alkane like Alcohol specific
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presented earlier.

Mole Fraction [-]

Oxidation of linear oxygenated compounds

This section is dedicated to the analysis of the results obtained with the model
presented previously and its comparison with the experimental data. Then an overview of the
decomposition pathways for the two fuels is given.

Figure 53 presents the performance of the model compared to the experimental data
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The model is able to reproduce the reactivity onset for both fuels. It is also able to
reproduce the equivalence ratio effect on the fuel conversion. However, the model slightly
underestimates the fuel conversion under fuel-rich conditions. The model also predicts an
NTC area under fuel-lean conditions for n-pentanol, which was not clearly observed in
experiments. The assumption of an alkane moiety in the molecule may explain this result, as
pentane exhibits such behavior.

Figures 54 and 55 present a comparison between the computed data and the
experimental results for n-butanol and n-pentanol oxidation main products respectively.
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Figure 54. Mole fraction profiles of oxygen and main reaction products of n-butanol oxidation compared
to the model computed results for the three equivalence ratios (¢ phi=0.5, m phi=1, A phi=2).
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Figure 55. Mole fraction profiles of oxygen and main reaction products of n-pentanol oxidation compared
to the model computed results for the three equivalence ratios (¢ phi=0.5, m phi=1, A phi=2).
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It can be observed that the overall agreement is better in the case of pentanol than
butanol. However, some pentanol products (mainly formaldehyde, acetaldehyde, propanal
and pentanal) also exhibit a NTC area which was not observed. For both fuel, the associated
alkene mole fraction profiles (1-butene and 1-pentene) are under-estimated by the model.
This may indicate a problem on the kinetics of the dehydration reaction of the fuel. But as the
mole fraction profile of water was not measured, it is complicated to affirm that surely. It can
also be observed that formaldehyde formation is over-estimated by the model for both fuels.
Formaldehyde could be formed via the decomposition of the radical formed via the departure
of the alcoholic H-atom. This pathway may be over-estimated. In the case of butanol,
acetaldehyde mole fraction profiles are slightly under-estimated, while methane and propanal
ones are over-estimated.

Figure 56 shows a rate of decomposition analysis for n-butanol at 825 K. The
percentages represent the carbon-atom decomposition flow. This figure shows that butanol
mainly decomposes through radical pathways. The molecular pathway, dehydration, is
indeed negligible in the model prediction under our conditions.

RBU10OOX

8%

o, €228~ QBU100X

/ 1.2'7/ \1‘1/
0.7%
CH,0

/vo 0.8% C, cyclic ethers
. 0
Mo

45.2 %
12.7%
o 1.8% 6.1% v 17.3% [3.8%
X

1.1%

1.3%

The radical mainly formed is the a-radical at 46%, which indicates that the reactivity of
the molecule is influenced by the alcoholic function. The radical decomposes to butanal
almost exclusively. The other radicals add on oxygen to give the lumped species RBU10OOX,
which is more precisely described on Figure 57.

) OH o) OH OH

oS A
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This radical is the initiator of the pathway leading to the formation of THF. The
radicals produced from the fuel can also isomerize into the radical ROe, which give
formaldehyde and an n-propyl radical.

Figure 58 presents a sensitivity analysis for butanol at 825 K under stoichiometric
conditions. In red are highlighted the reactions increasing the reactivity and in blue the ones
slowing down the reactivity.

Increase the reactivity Decrease the reactivity

e )

HO2+N1C4H90H=>H202+CH3CHCH2CH20H

HO2+CH3=02+CH4

OH+C3H7CHO=>H20+CO+NC3H7

HO2+N1C4H90H=H202+CH3CH2CHCH20H

2H02=02+H202

OH+N1C4H90H=>H20+CH3CH2CH2CHOH

HO2+CH20=H202+HCO

HO2+C3H7CHO=>H202+CO+NC3H7

2H02=02+H202

HO2+N1C4H90H=H202+CH3CH2CH2CHOH

H202(+M)=20H(+M)

f f f t T f t f t
-05 04 -03 -02 01 O 01 02 03 04 05
Sensitivity coefficient

The reactions involving the fuel are the H-abstraction reactions with HO, and OH. The
most important are the two reactions of the two radicals on the a-position of the alcohol
function, which here promote the reactivity. Thus it is logical to see that the reactions
consuming the radical HO; are decreasing the reactivity. It also interesting to note the impact
of butanal and formaldehyde on the selectivity, as they are both involved in a branching
reaction through the transformation of HO; into H2O,.

During this work, the oxidation of n-butanol and n-pentanol has been investigated.
The most interesting reaction products observed were butanal, THF and 1-butene. Their
production showed that the alcohol function has a large impact on the reactivity of the
molecule. To confirm this hypothesis, a model has been developed on the base of the
CRECK mechanism. Analogies and fragmentation of the alcohol in two moieties allowed us
to establish a kinetic mechanism, which is able to reproduce both fuels reactivity. The model
confirmed that the a-position in the alkyl chain was important due to the presence of the
alcohol function.
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In this part, the experimental and theoretical results obtained during the oxidation of
n-pentanal and n-butanal (two surrogates for the aldehyde fraction present in bio-oil) are
presented. These data were obtained using the setup and analytical tools described in the
previous chapter. This work was published in a peer-reviewed journal (Pelucchi, M., Namysl,
S., Ranzi, E., Frassoldati, A., Herbinet, O., Battin-Leclerc, F., Faravelli, T., 2019. An
experimental and kinetic modelling study of n-C4C6 aldehydes oxidation in a jet-stirred
reactor. Proc. Combust. Inst. 37, 389—397. https://doi.org/10.1016/j.proci.2018.07.087).

The experimental results are presented in the following order: first the fuel conversion
is discussed and then in a second part the carbon balance and selectivity analysis are
presented with the mole fraction profiles of the products. The experiments have been carried
out in a jet-stirred reactor at 800 Torr and between 500 K and 1100 K. Three equivalence
ratios have been studied (0.5-1-2) for a fuel inlet mole fraction of 0.5 %.

Figure 59 presents the mole fraction profiles for n-butanal and n-pentanal conversions
between 500 and 1100 K for the three equivalence ratios. It also presents the results
obtained by Rodriguez et al. on n-hexanal oxidation under similar conditions (Rodriguez et
al., 2017).
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n-Butanal starts to react at 600 K and is fully consumed at 1075 K, whereas
n-pentanal starts to react at 575 K and is fully consumed at 1025 K. n-Pentanal exhibits for
each equivalence ratio a marked NTC (negative temperature coefficient) area between 650
and 725 K whereas n-butanal only presents this trend under fuel-lean conditions between
575 and 700 K. The amplitude of the NTC in the case of n-pentanal is related to the
equivalence ratio: the more concentrated oxygen, the larger the conversion at low-
temperature. The NTC of n-pentanal has the same order of magnitude than the one of
n-hexanal. Under the stoichiometric conditions, n-butanal seems to present also an NTC
area but it is less pronounced. Overall n-pentanal is much more reactive than n-butanal as
shown in Figure 59. This higher reactivity may be due to the longer alkyl chain in the case of
pentanal and hexanal. It could also be noticed that the Cs and C¢ fuel reactivity are very
similar.

Pentanal contained impurities in non-negligeable amounts and has only a purity of
98.8% after analysis (97% minimal purity according to Sigma-Aldrich). The impurities are
mainly 2-methylbutanal (0.14%mq in the inlet) and n-butanal (0.8%mo in the inlet), which
decomposition profiles are presented in Figure 60. Those impurities did not seem to have
any impact on the results given their low concentration and structure similarities compared to
the fuel of interest.
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During the oxidation of n-butanal, 20 products have been identified: CO, CO;, CHa,
acetylene, ethylene, ethane, propene, propane, formaldehyde, oxirane, acetaldehyde,
methanol, methyloxirane, propanal, 1-butene, 2-butene, 1.3-butadiene, 2-butenal, acrolein
and l-pentene. The carbon balance stays within the range of 100+10% for n-butanal and
n-pentanal oxidation under every condition, indicating that all main reaction products were
detected during the study.

Figure 61 presents two selectivity analyses performed for n-butanal oxidation at two
different temperatures: 625 and 825 K. The first temperature (625 K) corresponds to the
beginning of the NTC area for the fuel-lean condition and 825 K to a conversion of 25 % in
the high-temperature region for the stoichiometric condition. The selectivities are normalized
over the number of carbon into the molecules. So here we have directly the selectivity in
terms of carbon atom distribution. Also the plots only present the main products, as a
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threshold of 1 % has been set. That is why carbon dioxide is not present on the selectivity
plot at 875 K.

Propene Ethylene
Formaldehyde Propene
Propanal
CH4
Ethylene
Ethane
Acetaldehyde
Methanol Formaldehyde
Methyloxirane Acrolein
C0o2 Acetaldehyde
{ t 1 L I - 1 L L il ILJ‘ 1 1 L S -
a) 1 10 100 b) 1 10 100

phi=0.5

phi=1, phi=2

It must be noticed that the no-detection of formaldehyde at 625 K for fuel-rich
condition may have a non-negligible effect on the selectivity by increasing the value of the
other selectivities. This is due to the shape of the peak of formaldehyde, which increases the
detection limit for this compound on our GCs.

The main product formed is carbon monoxide under every condition. It is formed
directly from n-butanal and the departure of the aldehydic function from the alkyl chain. The
main products at 625 K are oxygenated products, contrary to 875 K main products, which are
two hydrocarbons. At both temperatures we observed propene and ethylene produced by the
decomposition of the alkyl chain of n-butanal. At the lowest temperatures, propene is the
most important hydrocarbon, but at higher temperatures (after the NTC region) the
decomposition into methane and ethylene dominates.

Figure 62 presents the mole fraction profiles of oxygen and the products displayed in
Figure 63 for the three studied equivalence ratios.

From Figure 62, it can be observed that the reaction products can be classified in two
categories: those starting to be produced at low temperatures (before the NTC area) and
those starting to be produced only at high temperatures (after the NTC area), as summarized
in Table 35. This trend confirms the low temperature reactivity and the NTC area observed
for fuel conversion. Indeed some products are produced in the first reactivity area (before the
NTC area), such as propene or methyloxirane as shown in Figure 62.
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Figure 62. Mole fraction profiles of oxygen and main reaction products of n-butanal oxidation for the three
equivalence ratios (¢ phi=0.5, m phi=1, A phi=2).
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Products present before the NTC area Products present only after the NTC area
CO CHa4
Ethylene CO;
Propene Acetylene
Propane Ethane
Formaldehyde 1-Butene
Oxirane 1-3 Butadiene
Acetaldehyde 2-Butene
Methanol Acrolein
Methyloxirane
Propanal
1-Pentene
2-Butenal

The products of Table 35 can also be classified depending if they are oxygenated or
not. We can observe that the oxygenated molecules are mainly produced in the first reactivity
area whereas the hydrocarbons are mainly formed in the third reactivity area (after the NTC
zone). The detection of 1-pentene was not expected as it contains more carbon atoms than
the fuel itself. Its formation is due to recombination reactions of smaller alkyl radicals.

In the case of n-pentanal oxidation, 29 species have been detected. The products
identified and quantified are: CO, CH4, CO,, acetylene, ethylene, ethane, propene, propane,
formaldehyde, oxirane, acetaldehyde, 1-butene, 1,3-butadiene, 2-butene E, 2-butene Z,
furan, 2-propenal, propanal, acetone, 2,3-dihydrofuran, 2,3-dimethyloxirane, ethyloxirane,
pentane, methyl vinyl ketone, n-butanal, 2-butanone, 2-butenal, 2-methyl-butanal and
pentanoic acid (italic: products also identified during n-butanal oxidation).

Figure 63 presents two selectivity analyses for n-pentanal oxidation. The first one is at
625 K, which corresponds to the end of the low temperature reactivity area, and the second
one is at 800 K, so around 50 % conversion under the stoichiometric condition. The plots are
also normalized in terms of carbon atom number and with a threshold of 2%.

co Ethylene
Acetaldehyde -
Formaldehyde
1-Butene Propene
CcO2 1-Butene
Pentane Pentane
Propene
Ethylene Formaldehyde
Acetone Acrolein
Butanal Butanal
Propanal Acetaldehvd
2-Butene cetaldenyde
Pentanoicacid | Pentanoicacid
1 1 L1 \\’ 1 1 I 1 1 1 I
a) 1 10 100 b) 100
phi=0.5

phi=1, phi=2
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Oxidation of linear oxygenated compounds

Pentanal product distribution for the two temperatures seems to present less
difference than n-butanal product distribution. Except methane, carbon dioxide and acetone
which are only produced at either low or high temperature, all the other products are
observed in both temperature zones. CO is the major product for both temperatures.
However at 800 K, hydrocarbons such as ethylene or propene are dominant, whereas
formaldehyde and acetaldehyde are the most significant at 625 K. So the same trend as for
n-butanal oxidation is observed.

During the experiments, pentanoic acid formation has been detected, as shown in
Figure 64. Rodriguez et al. also suspected the formation of hexanoic acid during the
oxidation of n-hexanal (Rodriguez et al., 2017). Butanoic acid was not experimentally
observed during n-butanal oxidation, but its lower reactivity may explain concentrations
below the detection limits of our analytical tools. Carboxylic acids seem to be typical
oxidation products of aldehyde oxidation. However their accurate quantification is still really
tricky and the profiles proposed here are only indicative.

Pentanoic acid
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Figure 65 presents the mole fraction profiles of oxygen and the main products for the
three equivalence ratios.

Similarly to n-butanal oxidation, the products of n-pentanal oxidation can be sorted
among different classes. Some product yields are more important at low temperature, such
as formaldehyde, acetaldehyde, propanal, acetone and n-butanal. On the other side,
ethylene, acrolein, carbon monoxide, methane and carbon dioxide yields are more important
in the high temperature region (after the NTC zone). The product distribution is very similar to
the one obtained for the oxidation of n-butanal, with the addition of some new compounds
specific to n-pentanal oxidation. Those compounds are mainly products with 4 or 5 carbon
atoms, such as n-pentane, n-butanal or pentanoic acid. Pentane formation could be
explained by the recombination of smaller alkyl radical and is not directly linked to the fuel
decomposition.
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Figure 65. Mole fraction profiles of oxygen and main reaction products of n-pentanal oxidation for the
three equivalence ratios (¢ phi=0.5, m phi=1, A phi=2).
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Oxidation of linear oxygenated compounds

For both fuels, the formation of the C,. aldehydes was observed. Propanal and
n-butanal are important products of the low-temperature oxidation of n-butanal and n-
pentanal respectively as shown in Figure 62 and 65. Their importance then seems to
decrease with the increase of the temperature. The main problem during n-pentanal
oxidation was that n-butanal was also an impurity of the inlet, so its quantification is not
reliable.

This section is dedicated to the presentation of the model developed for aldehyde
oxidation. In order to have a larger view, the work of Rodriguez et al. (Rodriguez et al., 2017)
about n-hexanal oxidation has also been taken in account for the mechanism development.

The model was developed on the base of the CRECK mechanism already presented
in Section 1V.1.2, which has been extended in order to reproduce the low-temperature
oxidation of linear aldehydes. The CRECK kinetic model, obtained by extending the lumped
version of Cs;—C,4 aldehydes oxidation (Pelucchi et al., 2015, 2017b) to n-pentanal and n-
hexanal, consists of 416 species and 11,500 reactions. The thermodynamic properties of Ca-
Cs aldehyde specific species were taken from different previous studies (Veloo et al., 2013a,
2013b; Rodriguez et al., 2017).

Table 36 presents the main reaction involved in the decomposition of n-butanal.
RALD4X refers to the lumped species corresponding to the three alkyl radicals produced by
the fuel and showed in Figure 66.

The mechanism for pentanal and hexanal is similar and is an extension of this
mechanism. Table 37 presents the reaction of the radicals produced from n-butanal.

The detailed mechanism was lumped in order to reduce the number of species
involved and the overall number of reactions according to procedures already discussed and
adopted for many fuels (Ranzi et al., 2001, 2014). . The aim was to remove from the
mechanism the intermediates that decompose quickly, by their products. So, the mechanism
contains less products and reactions, without degrading the reproduction of the reactivity. For
example, the assumption of the fast decarbonylation of carbonyl radicals (Pelucchi et al.,
2017b) already allowed a first reduction. Another possibility was to gather all the radical
isomer under one species in the mechanism.

The derived model was systematically extended to describe n-pentanal and n-hexanal
oxidation.
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Oxidation of linear oxygenated compounds

Reaction A n Ea No.
Reactions of n-Butanal
Unimolecular initiations
C3H7;CHO=>CH3+HCO+C:H4 1.09E+24  -2.25 90369.30 (1)
C3H;CHO=C;Hs+CH.CHO 5.04E+27  -3.49 84479.10 2
CsH,CHO=HCO+nC3H; 7.49E+27 -351 86757.50 (3)
C3H;CHO=>H+CO+nC3H-; 2.72E+17  -0.58 88995.00 4)
Molecular reactions
C3H;CHO=CO+C3Hs 1.00E+14 0.00 75000.00 (5)
C3H7;CHO=C;Hs+CH>CO 1.00E+14 0.00 75000.00 (6)
Main bimolecular initiations and H-abstractions
02+C3H7;CHO=>HO,+CO+nCzH, 1.19E+07 2.00 38109.91 @)
0O2+C3H;CHO=>HO,+RALD4X 9.37E+06 2.00 40722.49 (8)
OH+C3H;CHO=>H,0+CO+nCsH- 2.00E+13  0.00  630.00 (9)
OH+C3H;CHO=>H,0O+RALD4X 2.00E+13 0.00 1700.00 (20)
H+C3H;CHO=>H,+CO+nCsH> 1.60E+14  0.00 6360.00 (11)
H+C3H;CHO=>H,+RALD4X 1.32E+07 2.00 3950.57 (12)
HO2+C3H;CHO=>H,0,+CO+nC3H>; 5.00E+12 0.00 12460.00 (13)
HO>+C3H;CHO=>H,0>,+RALD4X 7.60E+12 0.00 15860.00 (14)
CHz+C3H,CHO=>CO+CH4+nC3H~ 1.00E+12 0.00 7234.20 (15)
CH3+C3H;CHO=>CH,+RALD4X 2.15E+05  2.00 4871.29 (16)
Alkyl radical decompositions
RALD4X=>CH3+C,H3:CHO 1.00E+14 0.00 30000.00 a7
RALD4X=>HCO+C3Hs 3.00E+13 0.00 30000.00 (18)
RALD4X=>C,;H4+CH,CHO 2.00E+13 0.00 30000.00 (29)
RALD4X=>CO+nC3H; 6.00E+10  0.00 17500.00 (20)
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Reaction A n Ea No.
Reactions of the radicals produced from n-Butanal
Addition of RALD4X to Oz and reactions of RALD40OOX
0,+RALD4X=>RALD400OX 4.00E+12 0.00 0.00 1)
RALD40O0OX=>0,+RALD4X 1.00E+13 0.00 31500.00 (2)
RALD40O0OX=>0OH+CO+C,;HsCHO 6.00E+11 0.00 23500.00 (3)
5’2?&?‘885?”*0'SNCS'QO°H+ 3.00E+10 000 19000.00 (4)
RALD4OOX=>QA4X 1.50E+12 0.00 25000.00 (5)
QA4X=>RALD400OX 3.00E+10 0.00 15000.00 (6)
QA4X=>0OH+ETALD4X 1.00E+12 0.00 18000.00 @)
QA4X=>HO,+C3sHsCHO 4.00E+13 0.00 23500.00 (8)
QA4X=>0H+C,H4+CHOCHO 2.40E+13  0.00 23000.00 9)
QA4X=>0OH+CH>,0+C>HsCHO 2.40E+13 0.00 23000.00 (20)
Addition of QA4X to Oz and reactions of ZA4X
O,+QA4X=>ZA4X 4.00E+12 0.00 0.00 (12)
ZAAX=>07+QA4X 1.00E+13 0.00 31500.00 (12)
ZA4X=>0OH+CO+C3-OQOOH 1.00E+11 0.00 18000.00 (13)
ZAAX=>0OH+KEA4X 1.00E+11 0.00 18000.00 (14)
KEA4X=>0OH+CH,CHO+CHOCHO 3.00E+14 0.00 41000.00 (15)
KEA4X=>0OH+HCO+CHOCH>CHO 3.00E+14 0.00 41000.00 (16)
KEA4X=>0OH+CO+CH,0+CH,CHO 6.00E+14 0.00 41000.00 a7)
KEA4X=>0H+CH3;CO+CHOCHO 3.00E+14 0.00 41000.00 (18)
KEA4X=>0OH+HCO+CH3zCOCHO 3.00E+14 0.00 41000.00 (29)
KEA4X=>0H+CH,O+HCO+CH,CO 1.00E+15 0.00 41000.00 (20)
KEA4X=>0OH+CO+HCO+CH3;CHO 1.00E+15 0.00 41000.00 (22)
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Figure 65 presents a comparison between the computed data and the experimental
results for the two aldehyde fuels
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The computed data are overall in a good agreement with the experimental results.
The model is able to reproduce the fuel reactivity and catches the NTC behavior in a
reasonable way. For n-pentanal, experiments show similar reactivities under stoichiometric
and lean conditions, whereas the model predicts a larger difference. The model reproduces
well the fact that n-butanal is less reactive than n-pentanal.
The model predicts an oscillatory behavior for the oxidation of n-butanal under stoichiometric
condition. However this trend was not observed experimentally. Thus the predictions of the
model for these conditions over 1000 K are not fully reliable.

Figure 68 presents a comparison between the computed data and the experimental
results for n-butanal oxidation main products.

The product profiles also show the oscillatory behavior for n-butanal under
stoichiometric condition at temperatures above 1000 K. Figure 69 shows the simulation
results using a transient solver for oxygen and carbon monoxide mole fraction determination
at 1010 K over an integration period of 30 s.
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Figure 68. Mole fraction profiles of oxygen and main reaction products of n-butanal oxidation compared
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The mole fraction simulations are oscillating between two extreme values. The values
plotted on the chart in Figure 69 are the value estimated after a simulation time of 60 s. This
value has been chosen arbitrarily and is only here to stop the calculation. Thus depending on
this arbitrary integration time, the mole fraction calculated is actually comprised between two
extreme values and does not reflect the data recorded during the experiment. Note that
oscillation behaviors have already been observed during the oxidation of methane in a jet-
stirred reactor (Lubrano Lavadera et al., 2018) and that they could also occur with larger
fuels (Marrodan et al., 2019). In this case, given the injection mode, the mole fraction
deduced from the chromatography analysis would be a kind of average, depending on the
shape of oscillations. Species mole fraction oscillations have already been detected during
the oxidation of methane thank to the use of mass spectrometry with direct sampling using a
capillary tube (Stagni et al., 2019).

The model is able the experimental profiles of many compounds (i.e.O,, CO, COx,
ethylene and propene) during butanal oxidation as shown in Figure 68. It can also be seen
that some products also display an oscillatory behavior. Acrolein or ethane are very sensitive
to oscillations, whereas methanol or propene are not sensitive. Formaldehyde is over-
estimated with a factor of 2 for temperatures above 800 K. Methyloxirane or propanal profiles
are also over-estimated by a factor 2. In the case of methanol, the low-temperature reactivity
is better described by the model than the high temperature reactivity. At higher temperatures,
the model under-predicts by a factor 2 methanol mole fraction profiles. Methoxy radicals are
the main source of formation of methanol through H-abstraction reactions.

Figure 70 presents the results of the simulation for n-pentanal oxidation and the
experimental profiles on the same chart. Only the species presented in the selectivity
analysis are displayed here.

The overall performance of the model is very good for the other compounds. The C;,
C, and Cs products formation are well described under all conditions and minor deviations
are observed for the other products.
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Figure 70. Mole fraction profiles of oxygen and main reaction products of n-pentanal oxidation compared
to the model computed results for the three equivalence ratios (¢ phi=0.5, m phi=1, A phi=2).
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However, the profile of acetone is not well reproduced by the simulations. Mole
fractions are under-estimated at the lowest temperatures and a second reactivity range is
predicted, which was not observed experimentally. In addition the formation of n-butanal is
underestimated over all the range of temperatures, but this may be due to the fact that
butanal was an impurity in the fuel inlet. Thus its experimental profile is overestimated.

The simulation does not predict any formation of pentane (only a maximum of 0.1
ppm is predicted). Two reasons can lead to this error:
A missing reaction pathway to produce pentane from the fuel,
An error in the identification of this product mass spectrum with a spectrum wrongly
attributed to pentane.
Due to the Cs carbon skeleton of pentanal, the formation of pentane directly from the fuel can
be considered as really limited. Many reactions are in fact predominant such as the
decomposition of the carbon chain after an H atom abstraction. Thus the identification of this
compound could be wrong. However the analysis performed did not allowed us to confirm or
not the presence of pentane in the mixture. For this, it would have been very interesting to
use the GCxGC to investigate if there is some co-elution of products under our analytical
conditions.

Pentanoic acid was not present in the mechanism. The addition of pentanoic acid in
the mechanism was not performed at the same time as the experimental profile was not
reliable enough. Decision was made to perform a dedicated experimental study for the
oxidation of carboxylic acids (see next Section).

Figure 71 presents the performance of the model for hexanal conversion and the Cy.1
aldehyde formation, pentanal. It also shows the profiles of methane and acetaldehyde.
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The experimental values are those published by Rodriguez et al. The model
succeeds in prediction hexanal conversion with a good description of the NTC area but it
overestimates the production of pentanal by a factor 2, which is reasonable according to the
guantity observed experimentally. The profiles of methane and acetaldehyde are well
reproduced by the model.

Figure 72 presents a rate of production analysis for n-butanal oxidation. The
nomenclature used here is then based on the one used in the developed mechanism (see
Tables 36 and 37). It also contains a rate of production analysis for n-hexanal oxidation, as
the study performed by Rodriguez et al. was also considered in the modeling (Rodriguez et
al., 2017). n-Pentanal oxidation flux analysis is not displayed as it decomposes through an
identical mechanism.
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This analysis shows that the shorter the alkyl chain in the fuel, the more important the
H-abstractions on the carbonyl moiety. Indeed n-butanal reacts mainly through
H-abstractions leading to the formation of R,('C=0) radical, whereas the alkyl chain reactivity
is more important for hexanal. This shows the importance of the alkyl chain weight in the
aldehyde reactivity. Figure 72 also explains the formation pathway of the C,., aldehyde from
the fuels. Those aldehydes are produced through the addition of the radical RALD\X
(aldehyde with a radical on the alkyl chain) to oxygen. The formed radical (RALD,OOX) can
then decompose itself in different products or isomerize to form QAnX. But the reactions
pathway issued from this radical is of minor importance in the case of n-butanal (<6 %).

Figure 73, 74 and 75 present three sensitivity analyses performed at 600 K and under
stoichiometric conditions for butanal, pentanal and hexanal oxidation. In red are highlighted
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the reactions increasing the reactivity and in blue the ones slowing down the reactivity. The
temperature (600 K) has been chosen in order to give a good overview of the low-
temperature reactivity.

Increase the reactivity Decrease the reactivity

e )
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Figure 73. Sensitivity analysis of butanal oxidation to rate constants at 600 K
under stoichiometric conditions.
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Figure 74. Sensitivity analysis of pentanal oxidation to rate constants at 600 K
under stoichiometric conditions.
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Increase the reactivity Decrease the reactivity
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The sensitivity analyses show that the alkyl radical derivatives (NC3H702, NC3-
QOOH for example) reactions are controlling the low-temperature reactivity. It can also be
observed that the H-abstractions reactions by OH and HO; radical increase the reactivity. In
the case of butanal, the low-temperature reactivity leads to a predominance of the HO;
radical H-abstractions. The importance of the aldehyde specific reactions increases with the
increase of the alkyl chain length as the H-abstraction reaction of the aldehydic H atom
become less important in the low-temperature reactivity. The rest of the reactions are mainly
the same as the C,. associated alkanes, propane and butane for butanal and pentanal
respectively.

This work showed that aldehyde oxidation is ruled by specific pathways influenced by
the length of the alkyl chain. Many compounds were observed for n-butanal and n-pentanal
oxidation and some specific products were identified. C,.1 aldehydes are typical products of
C, aldehyde oxidation and pentanoic acid was detected during n-pentanal experiments. The
formation of smaller aldehydes has been explained by the reactivity of the alkyl moiety with
oxygen, whereas the carbonyl moiety is responsible of the main reactivity through
H-abstractions. However, this work did not succeed in explaining the formation of carboxylic
acid observed experimentally.
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The next section is dedicated to the experiments and modeling carried out on
butanoic and pentanoic acid oxidation. To our knowledge, the data presented here are the
first to be published for both carboxylic acid oxidations. This work was published in Chemical
Engineering Journal (Namysl, S., Pelucchi, M., Herbinet, O., Frassoldati, A., Faravelli, T.,
Battin-Leclerc, F., 2019. A first evaluation of butanoic and pentanoic acid oxidation kinetics.
Chem. Eng. J. 373, 973-984. https://doi.org/10.1016/j.cej.2019.05.090).

The literature scarcity is likely due to difficulties encountered during experiments.
Some cares were necessary to deal with the corrosive properties of these molecules and to
minimize adsorption phenomena and to obtain data as reliable as possible.

The fuel conversion and the products distribution are presented and then carbon
balances and selectivity analyses are discussed. The experiments have been carried out in a
jet-stirred reactor at 800 Torr and between 800 K and 1100 K. Three equivalence ratios have
been studied (0.5-1-2) for a fuel inlet mole fraction of 0.5 %.

The experiments on carboxylic acids have been complicated by the corrosive
properties of these compounds. Indeed some parts of the set-up were deteriorated by the
acids and specially the seals and some cold points. The acids also tend to have a strong
adsorption at the walls in the different parts of the set-up, preventing to keep them in the gas
phase. To fight against this phenomenon, an air flush was used between two experiments
and some parts of the chromatographs were replaced by new coated ones. This process is
described in Part Ill. Despite this, the experimental error on fuel quantification is still larger
than usual (10 % instead of 5 %). Moreover the experiments were only carried out from
800 K to 1100 K. Below 800 K, experiments were performed but the results were not reliable
enough due to a large incertitude on the measurements. The pentanoic acid is likely the
largest carboxylic acids which can be studied in the experimental set-up under its present
configuration.

Figure 76 presents the mole fraction profiles for butanoic and pentanoic acids
between 800 and 1100 K for the three equivalence ratios. It also presents a comparison of
the fuel reactivity for each equivalence ratio.

Due to the longer alkyl chain of pentanoic acid, its reactivity is higher than the one of
butanoic acid for the same equivalence ratio. The reactivity is shifted by 50 K between both
fuels. At 1000 K, the two acids are fully decomposed except for butanoic acid under fuel-rich
conditions.
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At the lowest temperatures, we can see that the measures vary a lot around the
theoretical inlet set-point. The reproducibility of each measure was also really complex to
obtain. This is due to the points discussed before. To determine the start and the end of the
reactivity, we can also use the product profiles in complement to the results showed in Figure
76. However, we can see that, for temperatures above 850 K, the fuel profiles are nicer and
for these temperatures, the reproducibility of the measurements was better. Note that the
variability observed for the fuel mole fraction is likely due to problems of adsorption occurring
between the reactor outlet and the gas chromatographs (and not in the reactor feed) as no
variability is observed for reaction products. Thus the reaction in the jet-stirred reactor
occurred under satisfactory conditions, problems for the fuel occurring only downstream.

An additional set of experiments was performed to better understand the specific
chemistry of organic acids in the gas phase. The pyrolysis of pentanoic acid was carried out
in the same JSR as the oxidation experiments. The inlet mole fraction has been decreased
from 0.5 % to 0.2 % to reduce the potential soot formation, which may cause some severe
plugging problem in addition of the problems already encountered with acids. The fuel
conversion is presented in Figure 77.
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The start of reactivity for pyrolysis is at 875 K (looking at the product profiles and
taking into account uncertainties on the fuel measurements) and the fuel is almost fully
consumed at 1100 K. This range of temperature is shifted to higher temperature by around
50 K compared to the fuel-rich oxidation of pentanoic acid, which is consistent with the
expectations. The JSR maximal temperature of operation is 1200 K but it has been chosen to
limit the maximal temperature of the experiments to 1100 K as the formation of soot may
cause problems above this temperature.

These experiments have been performed in order to complete the potential database for the
next model development. Indeed pyrolysis experiments may help the identification of some
unimolecular reactivity or molecular pathways that are relevant for those compounds.

The carbon balance obtained for temperatures between 800 and 900 K is flawed by
the huge incertitude on fuel measurements. Thus the carbon balance is not around 10 % of
deviation as usual. It is about +30 % for pentanoic acid experiments for temperatures
between 800 and 950 K and below +10 % above 950 K. In the case of butanoic acid, the
carbon balance remains around £15 % over the whole range of temperatures. For pyrolysis
experiments, the carbon balance is in average around 9 %.

18 products have been identified during butanoic acid oxidation. The detected
products are: carbon monoxide, carbon dioxide, methane, acetylene, ethylene, ethane,
propene, propane, formaldehyde, methanol, oxirane, acetaldehyde, ethanol, acrolein,
propanal, acetone, 1-butene and 1.3-butadiene. The products carbon atom number varies
from 1 (carbon monoxide, methane...) to 4 atoms (1-butene, 1.3-butadiene). For the
molecule containing 4 carbon atoms, as the fuel has a C4 skeleton, they surely are produced
via recombination reaction of smaller alkyl radicals.

122



Oxidation of linear oxygenated compounds

During pentanoic acid oxidation, 34 products have been identified. All the products
detected during butanoic acid oxidation have also been detected during pentanoic acid
oxidation. The products detected in addition are: 1-butyne, 2-butene (both isomers), methyl-
oxirane, furan, 2.3-dimethylcyclopropane, ethyloxirane, 2-pentene (both isomers),
2-propen-2-ol, 2.3-dihydrofuran, methyl vinyl ketone, butanal, 2-butanone, 1.2-dihydrofuran,
benzene and pentanal. Some products like the Cs unsaturated observed are typically
produced from the Cs alkyl chain decomposition and thus were not detected during butanoic
acid oxidation.

Figure 78 shows the carbon sensitivity analyses performed for butanoic and
pentanoic acid oxidation. The analyses have been carried out for all the equivalence ratios.
The temperatures are selected so that the carbon balance is in the range £10 % and for the
same conversion for each fuel (85 % here).

co cO
co2 CcOo2
Ethylene Ethylene
CHa Propene
1-Butene
Propene
Formaldehyde
Propanal CH4
Ethane Acetaldehyde
Formaldehyde Butanal
Acetaldehyde 1,3-Butadiene L L
T T | I
a) 1 10 100 b) 1 10 100

phi=0.5, phi=1, phi=2

Figure 79 presents the mole fraction profiles for oxygen and the main products
obtained during butanoic acid oxidation experiments (products displayed in Figure 78).

Carbon monoxide, carbon dioxide and ethylene are the major products for both fuels.
Large amounts of methane and propene are also observed for both fuels. Methane formation
is mainly due to H-abstraction reactions by CHs radicals, but those radicals are also
responsible of the formation of ethane by recombination reactions between themselves. So
the high amount of CHs; radical in the mixture may explain the large amounts of methane and
ethane observed. Ethylene and acetylene are produced from ethane through successive
dehydrogenation reactions.

Figure 80 presents the mole fraction profiles for oxygen and the main products
obtained during pentanoic acid oxidation experiments, which were displayed in Figure 78.
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Figure 79. Mole fraction profiles of oxygen and main reaction products of butanoic acid oxidation for the
three equivalence ratios (¢ phi=0.5, m phi=1, A phi=2).
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Figure 80. Mole fraction profiles of oxygen and main reaction products of pentanoic acid oxidation for the
three equivalence ratios (¢ phi=0.5, m phi=1, A phi=2).

125



Oxidation of linear oxygenated compounds

Concerning the oxygenated compounds, many aldehydes are observed during the
decomposition of the two fuels. Formaldehyde, acetaldehyde, propanal and n-butanal are
indeed present in the mixture. n-Butanal and propanal seem to be specific products of
pentanoic and butanoic acids, respectively.

Below 850 K for butanoic acid oxidation, the mole fraction ratio between carbon
monoxide and dioxide indicates that the formation of carbon dioxide is dominant, as shown in
Figure 81.

800 825 850 875 900 925 950 975
Temperature [K]

Above 1000 K, carbon monoxide is oxidized into carbon dioxide, but between 800
and 900 K, carbon dioxide is produced in larger quantity without any obvious consumption of
carbon monoxide into carbon dioxide. Its formation may be explained by a reaction of the fuel
producing carbon dioxide and especially from the carboxylic acid function.

Concerning pyrolysis experiments on pentanoic acid, 32 products have been
detected: carbon monoxide and dioxide, methane, acetylene, ethylene, ethane, propene,
propane, formaldehyde, oxirane, acetaldehyde, ethanol, 1-butene, 2-butene (both isomers),
1.3-butadiene, acrolein, dimethylcyclopropane, ethyloxirane, 2-propen-1-ol, 2-pentene (both
isomers), 2.3- dihydrofuran, cyclopentene, methyl vinyl ketone, butanal, 2-butanone,
benzene, cyclohexadiene, cyclopentanone and pentanal. Figure 82 shows a selectivity
analysis performed at 950 K and thus for a conversion of 50 %. Figure 83 presents the mole
fraction of the products presented in the selectivity analysis (see Figure 82).
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Figure 82. Reaction product selectivity analysis for pentanoic acid pyrolysis at 950 K (50% conversion)
(Threshold: 1%).
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Figure 83. Mole fraction profiles of oxygen and main reaction products of pentanoic acid.
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The selectivity analysis shows that ethylene and carbon monoxide are the main
products of our experiments. Carbon dioxide may be produce by some reactions involving
the acid function or by oxidation of carbon monoxide. The relative large amount of
oxygenated compounds (pentanal, carbon dioxide, acrolein and formaldehyde) may indicate
that the conditions were not fully controlled. Indeed a leak of air may be responsible of an
unintentional inlet of oxygen. This hypothesis is also supported by the detection of oxygen
(around 1000 ppm) thanks to the gas chromatographs. Thus it has been chosen to develop
the kinetic model only on the oxidation results and not on the pyrolysis results, as they are
not reliable enough.

In the next section, the kinetic model developed is presented. The predictions given
by the model are then compared to the experimental results.

In the coming part, the mechanism developed in the frame of this study is presented.
The model has been developed during a short-term mission of one month in Milano funded
by the SMARTCATS COST action. The same approach than the one presented in IV.1.2 has
been used. The mechanism developed by Cavallotti et al (Cavallotti et al., 2018) for acetic
acid has been extended in order to reproduce the reactivity of pentanoic and butanoic acids.

Thermodynamic properties for butanoic acid, pentanoic acid and their radicals were
estimated using software THERGAS (Muller et al., 1995) that implements Benson’s group
additivity rules (Benson et al., 1969).

Rate constants for the different reaction classes can be treated according to the
recent work of Cavallotti et al. (Cavallotti et al., 2018) for acetic acid when referring to the
acid specific moiety. Concerning the remaining part of the molecule, established rate rules
for alkanes (Ranzi et al., 2014, 2015) are adopted in this work.

Acetic acid mostly decomposes through molecular decomposition pathways (Ea~71-
74 kcal/mol) due to the much larger activation energies of unimolecular initiation reactions
(Ea~93-110 kcal/mol) (Cavallotti et al., 2018). However, conventional radical initiation
pathways are more important for acids with a longer carbon chain, as the effect of the
carboxylic substitution vanishes. In particular, while a limited contribution is expected from
the strong C-O and O-H bonds, the weak C,-Cg can overcome or compete with
decarboxylation and dehydration reactions. Despite the hierarchical development of kinetic
subsets for higher C4 and Cs acids requires the inclusion of molecular and unimolecular
initiation reactions, it has to be noted that under the experimental conditions presented in this
work these reactions do not play a dominant role. Better insights on their importance can be
obtained from an experimental investigation of butanoic and pentanoic acids in pyrolytic
conditions.

Table 38 presents the reaction implemented in the CRECK mechanism for the
reaction of butanoic acid during pyrolysis and combustion.
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Reaction A n Ea No.
Reactions of Butanoic acid
Unimolecular initiations
C3H;COOH =H20+C2HsCHCO 9.44E+12 0.25 73083.23 D
C3H;,COOH =>0OH+CO+n-C3H7 1.00E+16 0.00 105500.00 (2)
C3sH,COOH =HOCO+n-C3H> 7.06E+36 -5.89 103725.77 3)
C3H;COOH =C,;Hs+CH,COOH 1.00E+17 0.00 80500.00 (4)
C3H;COOH =CH3+CH>CH,COOH 1.00E+17 0.00 88000.00 (5)
C3H,COOH =>H+CO,+NC3H- 1.00E+16 0.00 106400.00 (6)
C3H;COOH =H+RBUTANOICA 1.00E+16 0.00 94300.00 7
H+RBUTANOICC= C3H;COOH 5.00E+13 0.00 0.00 (8)
H+RBUTANOICB= C3H;COOH 5.00E+13 0.00 0.00 9)
Main bimolecular initiations and H-abstractions
02+ C3H7;COOH =>HO,+CO,+n-C3Hy 1.02E+06 2.00 48272.65 @)
0.+ C3H;COOH =HO,+RBUTANOICA 4.47E+05 2.26 48338.87 (8)
02+ C3H,COOH =HO,+RBUTANOICB 3.40E+06 2.00 44000.00 (9)
02+ C3H,COOH =HO>,+RBUTANOICC 5.10E+06 2.00 48272.65 (20)
OH+ C3H;COOH =>H,0+CO,+n-C3H7 5.37E+00 3.44 -761.33 (12)
OH+ C3H,COOH =H,O+RBUTANOICA 1.26E+01 3.51 -2496.29 (12)
OH+ C3H,COOH =H,O+RBUTANOICB 3.00E+09 1.00 50.00 (13)
OH+ C3H;COOH =H,O+RBUTANOICC 4.50E+09 1.00 1540.75 (14)
H+ C3sH;COOH =>H>+CO>+n-CsH~ 2.14E+09 1.30 16754.75 (15)
H+ CsH,COOH =H,+RBUTANOICA 1.33E+03 3.04 3494.45 (16)
H+ CsH,COOH =H,+RBUTANOICB 6.00E+06 2.00 4000.00 a7
H+ C3sH,COOH =H,+RBUTANOICC 1.12E+07 2.00 6525.60 (18)
CHs+ C3H7,COOH >CO;+CH4+n-C3H> 2.94E+04 2.33 13465.19 (29)
CH3+C3H,COOH =CH4+RBUTANOICA 5.80E+01 3.16 5875.07 (20)
CHs+ C3H,COOH =CH4+RBUTANOICB 6.00E+04 2.00 5000.00 (22)
CHs+ C3H,COOH =CH4+RBUTANOICC 9.00E+04 2.00 7443.70 (22)
HO2+ C3H7,COOH =>H,0,+C0O2+n-C3H7 8.90E+03 2.33 23111.92 (23)
HO,+ C3H,COOH =H»0,+RBUTANOICA 1.52E-01 3.83 15250.00 (24)
HO»>+ C3H,COOH =H,0,+RBUTANOICB 1.60E+06 2.00 16000.00 (25)
HO»+ C3H,COOH =H,0,+RBUTANOICC 1.04E+06 2.00 15025.60 (26)
O+ C3H;COOH =>0H+CO2+n-C3Hy 1.41E+06 2.00 4691.70 (27)
O+ C3H;COOH =OH+RBUTANOICA 2.36E+06 2.00 2500.00 (28)
O+ C3H;COOH =OH+RBUTANOICB 4.70E+06 2.00 2500.00 (29)
O+ C3H;,COOH =OH+RBUTANOICC 7.05E+06 2.00 4691.70 (30)
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Oxidation of linear oxygenated compounds

Table 38 presents the unimolecular initiations and the main bimolecular or H-
abstractions reactions. The only lumping in these reactions is the assumption of the fast
decarboxylation of the radical formed via the departure of the acid H atom. The other radicals
formed by H-abstractions are:

@) @) @)
/\AOH /\)-LOH /\)-LOH
RBUTANOICA RBUTANOICB RBUTANOICC

These radicals can then isomerize or decompose through reactions similar to those of
alkyl radicals. The models for pentanoic and hexanoic acids are extended from this model
considering addition of the sub-mechanism linked to the addition of a secondary carbon atom
in the alkyl chain.

According to the approach of Ranzi et al. (1993) presented in IV.1.2 for H-
abstractions with different radicals, the rate constants from Cavallotti et al. (2018) shown in
Figure 21 can be corrected to obtain an estimate of the rate parameters for H-abstractions
from secondary B sites in higher molecular weights acids (propanoic, butanoic and
pentanoic). The rate is modified reducing the activation energy by 2300 cal/mol (Eg;¢ey=-2300
cal/mol from primary to secondary) and accounting for the different numbers of H-atoms
available on the site. The rate constants for H-abstractions from the hydroxyl function (O-H)
of butanoic and pentanoic acids are adopted directly from the work on acetic acid (Cavallotti
et al., 2018).

Figure 84 shows the relative selectivities to the different sites for H-abstraction
reactions by OH on butanoic acid, as computed from the values adopted in this work on a
per H-atom basis. As expected from the strong bond energy, the selectivity of H-abstraction
from the hydroxyl group of the carboxylic function only accounts for a few percents at very
high temperatures for the case R=0OH (>10% at 1100 K). 30-35% selectivities are observed
for H-abstractions from the secondary position in 3. H-abstractions from the secondary
alkane-like position (y) shows the higher yields at low temperatures (500 K) (45%)
decreasing to 28% at 1100 K. Concerning the primary position 8, 20-30% yields is observed
over all the temperature range.
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The previous study from Cavallotti and co-workers (Cavallotti et al., 2018) highlighted
the importance of secondary chemistry of the resonance stabilized B radical (*CH2(C=0)-OH)
in acetic acid for the predictions of the laminar flame speeds measured by Christensen and
Konnov (Christensen and Konnov, 2016). Preliminary evaluations by Cavallotti et al.
(Cavallotti et al., 2018) have been considered in this study to describe the decomposition
reactions of these radicals and their interactions with H atoms.

Concerning B-decomposition reactions of 3-radicals, rate constants are obtained by
increasing the reference activation energy for beta-scission reactions (~30 kcal/mol (Ranzi et
al., 2001)) by 2 kcal/mol in the case of butanoic acid producing methyl radical and acrylic
acid (CzH3(C=0)-OH), as shown in Table 39 and 40, and by 1 kcal/mol in the case of
pentanoic acid where ethyl radical is produced instead. The decompaosition reactions of the
remaining fuel radicals (Table 40) to form unsaturated species and an alkyl radical, or to form
unsaturated acids (butenoic and pentenoic acids) and H, are based on analogy with alkane
rate rules (Ranzi et al., 2014).

Reaction A n Ea No.

Reactions of butanoic acid radicals

RBUTANOICA
RBUTANOICA=OH+C;HsCHCO 1.74E+29  -4.37  63089.60 1)
H+C3H5COOH-1=RBUTANOICA 1.50E+13  0.00  3500.00 )
RBUTANOICA=CHjz+C;HsCOOH 3.00E+13  0.00  32000.00 ©)
RBUTANOICA=CO,+nCzHy 5.62E+20 -2.36  49013.60 (4)
H+RBUTANOICA=H,0+C,HsCHCO 1.62E+18  -1.44  11056.50 (5)
H+RBUTANOICA=CO,+C3Hg 5.25E+18  -1.69  10183.10 (6)
H+RBUTANOICA=HOCO+nCsH; 2.24E+22  -2.26  16097.74 @)
Oz+RBUTANOICA=HO,+C3HsCOOH-1 1.00E+12  0.00  5000.00 (8)
0,+RBUTANOICA=>RO,BUTANOIC 1.00E+12  0.00 0.00 9)

RBUTANOICB
RBUTANOICB=CO,+nC3Hy 1.60E+10  0.00  25500.00 @)
RBUTANOICB=HOCO+C3Hs 3.00E+13  0.00  30000.00 (8)
H+C3HsCOOH-1=RBUTANOICB 1.50E+13  0.00  3500.00 9)
O2+RBUTANOICB=HO,+C3HsCOOH-1 1.00E+12  0.00  5000.00 (10)
0,+RBUTANOICB=>R0,BUTANOIC 1.00E+12  0.00 0.00 (12)

RBUTANOICC
RBUTANOICC=CO2+nCsHy 1.00E+11  0.00  30600.00 (12)
RBUTANOICC=>C,H,+CH,COOH 3.00E+13  0.00  28500.00 (13)
C;Ha+CH,COOH=>RBUTANOICC 1.00E+11  0.00  15000.00 (14)
H+C3HsCOOH-1=RBUTANOICC 1.50E+13  0.00  3500.00 (15)
O2+RBUTANOICC=HO,+C3HsCOOH-1 1.00E+12  0.00  5000.00 (16)
0,+RBUTANOICC=>RO,BUTANOIC 1.00E+12  0.00 0.00 (17)
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Reaction A n Ea No.

Reactions of butanoic acid radicals

RO2BUTANOIC

RO2BUTANOIC=>0H+CO,+C,HsCHO 2.00E+11 0.00 23500.00 (1)
RO2BUTANOIC=>0,+0.6RBUTANOICA+

0.25RBUTANOICB+0.15RBUTANOICC 3.00E+13 ~ 0.00  29000.00 2)
QBUTANOIC
RO2BUTANOIC=>QBUTANOIC 3.00E+11  0.00  22400.00 A3)
QBUTANOIC=>RO;BUTANOIC 5.00E+10  0.00  12000.00 ()
QBUTANOIC=>0H+CO»+C5HsO 1.60E+11  0.00  18000.00 (5)
QBUTANOIC=>0H+CH,0+C,H:COOH 1.00E+12  0.00  22000.00 (6)
QBUTANOIC=>HO+CsHsCOOH-1 3.00E+13  0.00  18000.00 @)
02+QBUTANOIC=>ZBUTANOIC 3.00E+12  0.00 0.00 (8)
ZBUTANOIC=>0,+QBUTANOIC 3.00E+13  0.00  29000.00 9)
ZBUTANOIC & KBUTANOIC
ZBUTANOIC=>OH+KBUTANOIC 1.00E+11  0.00  24500.00 (10)
KBUTANOIC=>0OH+HOCO+CH,0+CH,CO 1.65E+15  0.00  41500.00 (11)
KBUTANOIC=>0OH+HOCO+CHOCH,CHO 1.65E+15  0.00  41500.00 (12)
KBUTANOIC=>0OH+CO+CH;0+CH,COOH 1.65E+15  0.00  41500.00 (13)
KBUTANOIC=>0OH+CO+HOCO+CH3;CHO 1.65E+15  0.00  41500.00 (14)

Specific subsets to describe the pyrolysis and oxidation of butenoic and pentenoic
acids have also been included. According to a similar approach, the carboxylic function is
treated in analogy with saturated acids, while the unsaturated carbon skeleton is treated
according to alkene kinetics already implemented in the CRECK model (i.e. propene and
butenes). To constrain the number of species in the kinetic model, only one butenoic acid
and one pentenoic acid are accounted for to represent all the isomers.

Lumped low temperature pathways have been also included in the kinetic subsets
here developed. The contribution to the low temperature branching pathways of the
carboxylic function can be neglected due to the strong BDE of the O-H bond and due to the
lack of H-atoms on the central carbon (R-(C=0)-OH). Neither low temperature reactivity nor
NTC (negative temperature coefficient) can be seen under the experimental conditions
investigated in this study. For these reasons, aiming at a first simplified description of acid
low/intermediate temperature kinetics, the low temperature pathways and their rate constants
are considered to be analogous to those in propane for butanoic acid and to those of n-
butane for pentanoic acid.

Overall, the CRECK model adopted in this work contains 503 species and 17025
reactions. The thermochemical properties for species not specifically belonging to the acid
subset were adopted, when available, from the ATcT database of Ruscic (Ruscic, 2014) or
from Burcat’s database (Burcat et al., 2005).
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Figure 85 shows a comparison between the experimental data and the computed
results for both fuels under all conditions.
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The model is able to reproduce the reactivity of the fuel under all the conditions.
However the model has a better description of the equivalence ratio influence for butanoic
acid than for pentanoic acid. It also underestimates the onset temperature for pentanoic acid
with a larger deviation for fuel-rich conditions.

Figures 88 and 89 present the results of the simulation for butanoic and pentanoic
acids oxidation and the experimental profiles on the same chart. Only the species presented
in the selectivity analysis are displayed here. The model has the same unstable behavior for
stoichiometric conditions at the highest temperatures than the aldehyde model. This
phenomenon was explained in the previous part.

For both fuels, the model is able to well reproduce the effect of the equivalence ratio.
The model can also overall reproduce well the mole fraction profiles of the products.
However, intermediate species are largely underestimated at the highest temperatures
(T>1000 K) for the rich case although CO and CO,, covering the most of the carbon balance,
are correctly reproduced. The largest deviations are observed for acetaldehyde (CHsCHO),
where predicted yields are around 4 times lower than the experimental measurements.
Acetaldehyde is mostly produced by interactions of O/OH/O, with propene and propenyl
radicals (e.g. *CH=CH-CHs), whose kinetics are outside the scope of this study. It can also
be observed that the formation of propanal is shifted toward lower-temperature by 50 K. The
effect of the equivalence ratio is also not reproduced: the results are in the opposite way.
Propanal is largely produced by a Waddington-type mechanism (Ray and Waddington, 1973;
Welz et al., 2013) summarized in Figure 86 (Reaction 1 in Table 40). The same rate constant
as that adopted for the Waddington mechanism in alcohols (Pelucchi et al., 2017a) is here
assumed.
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In Figure 89, we can see that the reactivity seems to be correctly predicted when
referring to O,, CO and CO, profiles for pentanoic acid. More deviation are observed in the
case of methane and ethane yields with the model predicting an earlier formation (i.e. ~40 K
earlier). Methyl radical controls both methane and ethane formation via H-abstractions from
the fuel (CHs;t+Fuel=CHs+Fuel-radical), and methyl radicals recombination
(CH3+CH3+M=C3Hs+M). Provided that the same rate constants for H-abstraction by CH; are
implemented for butanoic and pentanoic acids, this disagreement was unexpected. The
Waddington-type mechanism allows a correct quantitative prediction of n-butanal yields;
despite the predicted peaks occur around 20-30 K before those experimentally observed.

In Figure 87, we can see that the model is also able to predict the early formation of
carbon dioxide compared to carbon monoxide formation. In the worst case, at 825 K for
pentanoic acid, the model is deviating with a factor 2 from the experimental value. The
average deviation is about 25%.
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Figure 88. Mole fraction profiles of oxygen and main reaction products of butanoic acid oxidation
compared to the model computed results for the three equivalence ratios
(Symbols: ¢ phi=0.5, m phi=1, A phi=2).
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Figure 89. Mole fraction profiles of oxygen and main reaction products of pentanoic acid oxidation
compared to the model computed results for the three equivalence ratios
(Symbols: ¢ phi=0.5, m phi=1, A phi=2).

136



Oxidation of linear oxygenated compounds

Figure 90 shows a flux analysis performed at 900 K for butanoic acid oxidation. At
T=900 K, =1.0, corresponding to 45 % fuel conversion, butanoic acid is almost entirely
consumed by H-abstraction reactions. The main abstracting radical is OH, but also methyl
radical, which contributes to a lower extent to the fuel consumption. 33% of the fuel produces
the primary d radical that is largely decomposed through 8 scission to form ethylene and the
resonance stabilized *CH,(C=0)-OH radical. A limited flux (2 %) corresponds to the radical
addition to O, forming a lumped peroxy radical (RO,). 25 % of the fuel forms the secondary
y radical, that decomposes (20.3%) to propene and HOCO, or adds to oxygen to a lower
extent forming RO,. A larger amount of peroxy radicals is produced by the radical carrying
the unpaired electron in B, as its B decomposition forming propenoic acids (C2HsCOOH) is
energetically slightly less favored due to methyl elimination. Of the overall flux leading to
RO., only a minor extent isomerizes to QOOH that is mostly decomposed to butenoic acid,
not propagating the low-temperature branching pathway by means of a second addition to
0. The Waddington-type mechanism proposed above only accounts for 0.8% of the overall
flux, corresponding to 20% of the fate of RO radicals.
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The model shows that the alkyl chain is responsible of the acid reactivity. The work of
Cavallotti et al. (2018) showed that molecular reactions are important for acetic acid:

CH3COOH — CH4+ CO2
CH3COOH — CH2CO + H20

Concerning carboxylic acid with a longer alkyl chain, the activation energies of the
alkyl chain are less important as the effect of the oxygenated function vanished along the
alkyl chain. Thus the radical decomposition pathways are dominant for butanoic and
pentanoic acid (more than 80%). The reactivity is also focused on the alkyl chain, as only,
2% of the reactivity is located on the acid function. The radicals formed then can decompose
themselves or add on oxygen which will produced carbon dioxide and the C,.1 aldehyde.
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The rate flow analysis for pentanoic acid is very similar to that presented on Figure 90
for butanoic acid and leads to the same conclusion.

Figure 91 shows results from the sensitivity analysis of fuel consumption to rate
constants for butanoic and pentanoic acids, at two different temperatures T=850 K and
T=1050K. For both acids, at the lowest temperature, the reactivity is controlled by H>O;
decomposition to form two OH radicals. H>O; is produced by HO- radicals termination and by
H-abstraction on the fuel by HO, also highlighted as sensitive reactions. The main source of
HO, is for both fuels the decomposition of QOOH radicals to form unsaturated acids.
H-abstractions by methyl on the B-site are also found to be important for butanoic acid.
Methyl radical is mostly produced by the decomposition of *CH»-(C=0)-OH forming CO-
(Cavallotti et al., 2018) and by the decomposition of B-radical forming propenoic acid.
Interestingly, the Waddington-type mechanism producing propanal (C.HsCHO) in butanoic
acid is also found to promote reactivity in pentanoic acid. The formation of butanoic radicals
in pentanoic acid oxidation is related to the interactions of HO. with butenoic acid
(HO2+C3HsCOOH=02+Rg nutanoic). Concerning pentanoic acid oxidation at 850 K, it is
interesting to note that the decomposition of Rspenancic producing propene and
*CH»-(C=0)-OH radical decreases the reactivity since it forms one stable radical and
propylene, that is mostly oxidized forming resonance stabilized allyl radical. At higher
temperatures (T=1050 K) butanoic acidoxidation is dominated by reactions belonging to the
core kinetic model (Co-C>) while H-abstractions by OH dominate pentanoic acid reactivity.

Butanoic Acid, T=850 K, p=1 atm Butanoic Acid, T=1050K, p=1 atm
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This work is the first kinetic study of the oxidation of two large carboxylic acids,
butanoic and pentanoic acids to our knowledge. Carboxylic acids were really complex to
experimentally handle in the set-up due to their corrosive properties and their high boiling
points. Despite all the experimental difficulties, we were able to identify the main products of
the oxidation of those compounds and these results were used to develop a kinetic
mechanism. This mechanism showed that the carboxylic acid mainly reacts via H atom
abstractions on the alkyl chain. The carboxylic acid function is not reactive (around 2% of the
global reactivity). The mechanism was also able to predict the early production of carbon
dioxide and the formation of the Cy.; aldehydes.

This section is dedicated to the comparison of the molecule reactivity according to the
type of oxygenated function they have.

The oxidation of the molecules can be defined here as the number of C-O bonds in
the molecules, as presented in Figure 92 (a C=0 bond accounting for two C-O one).

0 1 2 3
H H HH H H o H o
| L/ . 4 |/

H=C—C—H H—C—C-0  H-C—C  H-C—C
H H H H H H H O—H

In the case of alkanes, the carbon atoms can be defined by their position in the alkyl
chain and so the number of C-H bonds they have. Depending on this value, we talk about
primary, secondary and tertiary carbon atoms. The rate rules for the alkanes can be defined
depending on these parameters. The idea is to verify if it could be possible to define
equivalent rate rules depending of the number of C-O bonds on the carbon atom.

The first step is to check if there is any trend in the bond dissociation energies (BDE)
of the molecules. Indeed, as discussed by Pelucchi et al (2016), the BDEs value can give a
first guess about the reactivity of the molecules. The weakest bond could be the place of the
first initiation reactions. Figure 93 presents the BDEs for n-butane, the reference here, and
the difference in BDEs compared to it for n-butanol, n-butanal and butanoic acid (only the
differences higher than 1 kcal/mol are shown for clarity).
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The analysis of the BDEs reveals that there are no obvious trends concerning the
evolution of the BDEs along the number of C-O bonds. Some similar behavior can be
observed between the alcohol and the aldehyde, but the carboxylic acid is off any trends.

However from Figure 93, we can try to figure out which molecules are the most
reactive. Due to the strong inductive effect of the aldehyde function on the alkyl chain, it
seems that this class of molecules is the most reactive. Figure 94 presents two charts

comparing the experimental and predicted reactivities for the Cs and Cs fuels presented
before.
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The experiments and the models are in a good agreement concerning the relative
reactivity of the different fuels. It appears that aldehydes are the most reactive, with a
pronounced NTC area, and that the acids are the least reactive. This observation is
consistent with the conclusion that we draw from the BDE comparison. Aldehydes are also
the only compounds to present a clear NTC area compared to the other molecules. However,
the behavior at high temperature is similar between the three types of fuels.

Figure 95 presents the relative selectivities of the hydrogen atom position for the
H-abstraction by OH radical on n-butane, n-butanol, n-butanal and butanoic acid over the
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temperature range 500-1100 K, which is typically that used for our experiments. The kinetic
data were extracted from the CRECK mechanism and are accounting for the number of
carbon atoms at the associated position on the alkyl chain.
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The results show that the oxygenated function has an obvious effect on the favored
position for the H-abstractions by OH. We can easily estimate that this conclusion is also true
for any kind of radicals (as for alkanes, the distribution may be even more sensitive for H-
atom abstractions involving radicals less reactive than OH). However, the influence of each
function is different. In the case of the alcohol, the alpha position is favored, which is similar
in the case of aldehydes. But the impact on the beta-position compared to the gamma-
position is reversed. For acids, the gamma position is favored at low-temperature but acids
do not react at this temperature. Around 700 K, no favored position can be determined. But
the acid function is totally unreactive and forces the reactivity on the alkyl chain, contrary to
the other cases where it focuses the reactivity in alpha position. This may explain why the
acids are less reactive than the alcohols or aldehydes. Also this observation forced to
consider each alkyl radical in the kinetic model, instead of considering a lumped one as in
the alcohol or the aldehyde mechanism.

The oxygenated function has clearly an impact on the reactivity of the alkyl chain. It
modifies the BDEs, favors positions for the H-abstractions and thus modifies the reactivity of
the alkyl chain. However, there is no correlation between the number of C-O bonds in the
molecule and its reactivity. Each type of chemical functions has a specific impact on the
molecule reactivity and if any rate rules could be defined, it is sure that those rules would be
specific to the kind of oxygenated function.
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V. OXIDATION OF CYCLIC
OXYGENATED COMPOUNDS
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This chapter is dedicated to the presentation of two experimental studies performed
on two cyclic oxygenated compounds. These kinds of compounds are really important in the
composition of a bio-oil. Thus it is essential to study their reactivity directly and to fully assess
with care their decomposition mechanism under oxidative conditions. First the study on furan
oxidation will be presented. Those results will be compared with a model from the literature
and the CRECK model already presented in the previous part. Then the study about
benzaldehyde oxidation will be presented. The experimental data and the model developed
at this occasion will be confronted in order to validate the proposed mechanism.

The raw experimental data are given in Appendix I, with a nomenclature of the
analyzed species in Appendix |

The work on benzaldehyde oxidation has led to the submission of a paper in
Combustion & Flame (Accepted September 2019)

During the second years of this PhD, Fanny Castéran was hired as an intern for two
months to work with me on the oxidation of this fuel. This part is dedicated to the
presentation of the experimental results that were obtained and to their modeling using two
models.

This first section presents the experimental results obtained. The fuel conversion is
first presented and, in a second part, the carbon balance and selectivity analysis are
displayed with the mole fraction profiles of the main products. The experiments have been
carried out in a jet-stirred reactor at 800 Torr and between 700 K and 1100 K. Three
equivalence ratios have been studied (0.5-1-2) for a fuel inlet mole fraction of 0.5 %.

Figure 96 presents the conversion of furan under the three equivalence ratios tested.
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Furan starts to react around 800 K and is almost fully consumed at 900 K. So its full
conversion is achieved over a very short range of temperatures. Furan oxidation does not
exhibit huge differences depending on the equivalence ratio, but it can be still observed that
the fuel-lean conditions are the most reactive. In the contrary it seems that the fuel-rich
conditions are the least reactive, which is also strengthen by the fact that the conversion
never achieves 100 % under these conditions. It can be observed that at higher
temperatures (above 950 K), under stoichiometric conditions, the measurements indicated a
slowdown in the conversion of furan, as shown by Figure 97. This behavior could be typically
due to some oscillations in the reactor. This phenomenon has already been described in
Chapter 4 2.2. Under the other conditions, those oscillations were not clearly detected. The
mole fraction profiles of the products will help us to determine if there are oscillations or not.

Furan
6.0E-04
|
__ 5.0E-04
S 4.0E-04 ! t
g I
[®)
@ 3.0E-04
S
|.q|: A
5 2.0E04 |
E * |
1.0E-04 R
*
*
0.0E+00 * * u
950 1000 1050 1100
Temperature [K]
¢ [ A

During furan oxidation 18 products were detected and identified. They can be classed
among 6 different classes:

e Ci: CO, CO> and CHa4

o C,: acetylene, ethylene and ethane

o Cgs: allene, propyne, propene and propane

o Cy4: 2-butyne

o Aldehydes: formaldehyde, acetaldehyde, acrolein and propanal
e Others: oxirane, acetone and benzene

With the GC-column used during this study, the detection of acetylene and ethylene
separately was not possible. Thus, their mole fraction quantification was coupled. The overall
carbon balance remained around 100 % with a deviation of +10 %, but a more important
deviation of 33 % was observed at 925 K under fuel-rich conditions. The quantification of
carbon monoxide is indeed much lower than what we could expect.
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Figure 98 shows selectivity analyses for furan oxidation at 825 K for the three
equivalence ratios. Selectivities have been normalized according to the number of carbon
atoms in the molecules and a threshold of 1 % has been used.

Main furan oxidation products at 825 K are carbon monoxide and acrolein. Carbon
monoxide accounts for more than 50 % of the carbon content. Depending on the equivalence
ratio, it can be seen that the importance of acrolein varies. It is also the case for acetylene
and ethylene, which are more important under fuel-rich conditions. Important quantities of
formaldehyde and acetaldehyde are also reported.

Phi=0.5 Phi=1 Phi=2
carbon monoxide | EGTGTNGNGEEEE

Acrolein —_
Acetaldehyde 7—
Carbon dioxide _
Formaldehyde 7_

Methane A-

Acetylene+Ethylene ﬁl
1 o ]_iO 100 Z‘l 1IO 100 i | ‘1i0 | 160
fuel-lean conditions stoichiometric conditions fuel-rich conditions.

Figure 99 presents the mole fraction profiles of oxygen and of the products presented
in Figure 98.

It can be observed that formaldehyde, acetaldehyde and acrolein have similar mole
fraction profiles. At 800 K they start to be produced in a relative large amount, afterward
those compounds react and their mole fractions decrease. In the other side, carbon
monoxide, methane and C; hydrocarbons are produced in a lower amount around 850 K and
their maximum of formation occurs at higher temperatures. It can also be seen that the
equivalence ratio has a huge impact for those compounds and especially under fuel-rich
conditions. They are indeed produced in a higher amount at those temperatures compared to
the other equivalence ratios.
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The experimental results previously described are compared to the predictions of two
models from the literature. The first one is the kinetic model developed by Tran et al. to
predict the reactivity of furan, 2-methyl-furan and 2,5-dimethyl-furan from low to high
temperatures (Tran et al., 2017). The second model is the CRECK mechanism previously
presented in the part dedicated to the alcohol study (part IV.1). This model has only be
validated for high temperatures (T>1000 K) in the case of furan oxidation, but this is the
model that we used for all the other validations during this PhD thesis. Thus a comparison is
interesting.

The model developed by Tran et al. for the oxidation of furan, methylfuran and
dimethylfuran accounting for the low-temperature chemistry is an extension of a previous
model developed for flame conditions (Tran et al., 2015a). According to the experimental
results they obtained in a tubular flow reactor at atmospheric pressure, they determined the
key-species and the relevant decomposition pathways at low-temperatures to implement
them in the mechanism. The kinetic constant for the reactions were calculated thanks to
theoretical computation methods. The final mechanism contains 3145 elementary reactions
for 524 species. This model includes a reaction subset for HO>-combination and O»-addition
to 2-furylmethyl and 5-methyl-2-furanylmethyl, two important stabilized radicals formed
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Oxidation of cyclic oxygenated compounds

during methylfuran and dimethylfuran oxidation. This was the first model to present this
reaction subset for the oxidation of those compounds. New high-level theoretical calculations
were also performed for the H-abstractions from methylfuran and dimethylfuran by Oo.
Indeed those reactions were considered as really sensitive for the fuel oxidation at low- and
medium temperatures. Those reaction classes were also updated for furan oxidation.
However the author also recognized that some other studies should be carried out to fully
assess the three compounds reactivity. The model would benefit of experimental studies
about 5-methylfurural or 2-ethylfuran for example. They also recommended performing some
high-level theoretical calculations concerning the addition of OH radical to the ring and its
pressure dependence for the three fuels. Different reactions classes were also investigated
to improve the performance of the model in predicting furan conversion (i.e. Diels-Alder
reactions). But none were successful in improving the model results.

The experimental data will also be confronted to the CRECK model. The version
developed during the benzaldehyde oxidation study will be used, as it already contained the
furan sub-mechanism. This sub-mechanism has only been validated against data at high
temperature in the case of furan. Thus some deviations with our data can occur. The
description of the model has been performed previously (part 1V.1.2)

Figure 100 presents the results obtained with the two models presented previously
against the experimental data.

Furan
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It could be noticed that the two models are not able to detect the onset of reactivity.
They give similar results (around 850 K) but with a shift of +50 K compared to the
experiments measurements. The same deviation was observed with the experimental results
obtained by Tran et al. (2015a).

The model of Tran et al reproduces very well the fuel conversion over the
temperature range 850-1100 K under fuel-lean and stoichiometric conditions. The model is
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able to correctly predict the fuel consumption under fuel-rich conditions between 850 K and
950 K, but for higher temperatures deviations appear. The model is also able to detect the
experimentally observed oscillatory behavior under stoichiometric conditions between 1000 K
and 1100 K. The equivalence ratio dependence is also well caught by the models.

The CRECK model is less accurate at the lowest temperature. However the results are better
for the highest temperatures. This was expected as the model was mainly developed to
model high temperatures data. It is even performing well for temperatures higher than
1050 K under fuel-rich conditions. It also succeeds to detect the oscillatory behavior under
stoichiometric conditions between 1000 K and 1100 K (Figure 100).

Figure 101 presents the performance of the model for oxygen and the main products
presented in Figure 98.

The overall performance of the Tran et al. model is relatively correct. Similar to the
fuel conversion predictions, the results for some products are off under fuel-rich conditions at
the highest temperatures (i.e. methane or acetylene+ethylene). The model also over predicts
by a factor of 2 the formation of formaldehyde and acetylene+ethylene.

Concerning products mole fraction prediction, the CRECK kinetic mechanism
performances are worse than those of the model of Tran et al. mainly due to its inability to
correctly predict the fuel conversion. However it well predicts the CO, formation and catches
the shape of the mole fraction profiles of methane and of the sum acetylene+ethylene under
fuel-rich conditions. The CRECK model may have some missing decomposition pathways for
furan oxidation as it is unable to predict the formation of acrolein. To better reproduce furan
oxidation, the reactions presented in the previous section and added in the mechanism of
Tran et al. should be added in the CRECK mechanism

New experimental data have been produced for furan oxidation at atmospheric
pressure in a jet-stirred reactor. During this study, 18 products were detected and quantified.
Those results showed that acrolein and acetaldehyde are two of the main products formed
during furan oxidation under the three studied equivalence ratios. Those experimental data
were then used to compare the performance of two models. The first model tested was the
one of Tran et al., which contains a submechanism dedicated for the low-temperature
oxidation of furan (Tran et al.,, 2015a). The second model is the CRECK model, which is
used systematically in this work. This model was not developed to reproduce the low-
temperature reactivity of furan but mainly the high-temperature one. The comparison of the
two models showed that both models have some difficulties to reproduce furan conversion at
low-temperatures. But both models are able to predict the transient behavior at the highest
temperatures. The discrepancies are worse for the CRECK model, but it is able to catch
some products formation profiles while the model of Tran et al. is not. It could be useful to
add the reactions implemented in the model of Tran et al. for the low-temperature reactivity
of furan into the CRECK mechanism. With this addition, the CRECK model should be able to
better reproduce furan low-temperature reactivity.
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Figure 101. Mole fraction profiles of oxygen and main reaction products of furan oxidation compared to
the model computed results for the three equivalence ratios (¢ phi=0.5, m phi=1, A phi=2) (model of Tran
et al. (2015a): dashed lines and CRECK model: continuous lines).
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Benzaldehyde is an aromatic aldehyde commonly considered in bio-oils surrogate
formulation, and an important intermediate in the oxidation of other aromatic reference fuels
such as toluene. However, its oxidation has never been previously investigated
experimentally, and no product formation profiles were reported in the few studies performed
under pyrolysis conditions available in the literature. In this section, the experimental results
obtained for its oxidation in a jet-stirred reactor at atmospheric pressure will be presented.
Those data will then be used for the validation of a model developed to predict benzaldehyde
oxidation.

This first section presents the experimental results obtained. The fuel conversion is
first shown and then in a second part the carbon balance and selectivity analysis are
displayed with the mole fraction profiles of the main products. The experiments have been
carried out in a jet-stirred reactor at 800 Torr and between 700 K and 1100 K. Three
equivalence ratios have been studied (0.5-1-2) for a fuel inlet mole fraction of 0.005.

Figure 102 presents the experimental and simulated mole fraction profiles of
benzaldehyde. Reported experimental error is £5%. Benzaldehyde starts to react at 750 K
and is completely consumed at 1025 K, except under fuel rich conditions. It can be observed
that the equivalence ratio has only a minor impact on the conversion of the fuel.
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48 products have been identified during this study; they can be divided in three main
categories (species in italic are only present under the form of traces):

e Acyclic compounds: carbon monoxide, carbon dioxide, methane, acetylene, ethylene,
ethane, propene, propyne, allene, acetaldehyde, acrolein, acetone, butenyne,
1,3-butadiene.

e Cyclic oxygenated compounds: cyclopentenone, anisole, benzoquinone, phenol,
benzofuran, benzodioxol, hydroxybenzaldehyde, cresol, acetophenone, benzodioxol-
2-one, methylbenzofuran, ethylphenol, cinnamaldehyde, diphenylether, dibenzofuran,
indanone.

e Cyclic hydrocarbons: 1,3-cyclopentadiene, benzene, toluene, ethylbenzene, xylene,
phenylacetylene, styrene, cumene, methylstyrene, indene, methylindene,
dihydronaphthalene, naphthalene, biphenyl, acenaphthylene.

For each experiment, the carbon mass balance was calculated and was estimated to
be around 90 % of the global inlet of carbon atoms. Due to the characteristics of our
analytical set-up, the quantification of hydrogen and water was not possible. It can also be
noticed that neither formaldehyde nor catechol were detected during the experiments. Co-
elution problem for catechol and detection limits for formaldehyde could explain their
absence amongst the detected products. Those products could have been expected due to
the presence of methane and phenol in the gas phase with oxygen.

Figure 103 presents the product selectivity at 850 K for the three studied equivalence
ratios. All the selectivities have been calculated by taking in account the number of carbon
atoms in the molecules. A threshold of 1 % has also been used, so only the main products
are displayed. p-Cresol and o-cresol mole fractions were added and their participation is
summarized under the name of cresol.
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Figure 104. Mole fraction profiles of oxygen and main reaction products of benzaldehyde oxidation for the
three equivalence ratios (Symbols: ¢ phi=0.5, m phi=1, A phi=2).
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Carbon monoxide and phenol are the two main products at 850 K. Carbon monoxide
is mainly formed by the decomposition of the radical obtained after the abstraction of the
aldehydic H-atom of benzaldehyde. This reaction also forms phenyl radical, which could
explain phenol formation. Acrolein, benzene and acetaldehyde are also produced in large
amounts. It can be observed that under fuel-rich conditions cresol and dibenzofuran are also
formed in large quantities. Figure 104 presents the experimental mole fraction profiles of the
species presented in Figure 103 and the one of oxygen and C-Cs hydrocarbons.

Acetaldehyde and acrolein mole fraction profiles are not very sensitive to the
equivalence ratio, whereas the importance of dibenzofuran and cresols under fuel-rich
conditions can be directly seen. The cyclic aromatic compounds are more produced under
fuel-rich conditions as it can be seen for benzene or phenol for example. Fuel-lean and
stoichiometric conditions are very close in terms of product distribution and the mole fraction
profiles of the products are very close under those two conditions

The CRECK mechanism was used to model our experimental data. It was previously
described in part IV.1.2.

Table 41 shows the primary pyrolysis and oxidation reactions of benzaldehyde,
highlighting modifications and new reaction pathways implemented in this study (reactions
whose parameters were estimated or taken from literature). It is composed of 18 reactions
classed into different reaction types.

Benzaldehyde can react through unimolecular initiations (reactions 1-2 in Table 41).
The hypothesis has been made that only the aldehydic function is reactive and that the
aromatic ring cannot react by its own. Due to the lack of specific kinetic information, kinetic
parameters of initiation reactions have been determined based on bond dissociation energies
(BDEs) as reported in Pelucchi et al. (2019). The enthalpies of formation of the radical
involved in the BDEs estimation are presented in Figure 105.

@ ¢ heo
A=100 kcal/mol 9 keal/mol

81 kcal/mol
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Reaction A n Ea References No.
Reactions of Benzaldehyde
Unimolecular initiations
CeHsCHO=HCO+CgsHs 5.0E+15 0.0 98900.0 (Pelucchietal., 2019) Q)
CsHsCHO=CgHsCO+H 3.0E+15 0.0 89300.0 (Pelucchietal., 2019) (2)
Bimolecular initiations and H-abstractions
02+CsHsCHO=HO,+CsHsCO 1.4E+07 2.0 41405.9 (ng'rtlicg:i;éﬁ"é %Iovlg; 3)
OH+CsHsCHO=H,0+CsHsCO 1.2E+410 1.0 -855.1 (ng'rllicg:i;éa'é %R/lg; )
HO2+CsHsCHO=H;0,+CsHsCO 32E+06 2.0 140629 . . Eﬁtgné‘;eod vz O
CHa+CsHsCHO=CH,+CsHsCO 24E405 20 35163 (Pemccmeta %ovlg; ®)
H+CsHsCHO =H+CoHsCO L2E+07 20 25736 . . Eﬁtg‘c""ﬁ%’ way O
CsHsCHO+C7H7=C7Hg+CsHsCO 1.1E+05 2.0 14062.9 (ng'rllicg:i;éa'é %Ovlgg ®)
C2Hs+CsHsCHO =CoHg+CsHsCO 1.6E+05 2.0 5128.0 %glﬁcg:i;éa'é %R/lg; ©)
CoHs+CsHsCHO =CoHg+CsHsCO 29E+08 10 g7 (pelccmeta, %Ovl% (10)
CsHs+CsHsCHO =CsHe+CsHsCO 2.7E+05 2.0 12129.8 $g'r‘|i°§:i§éa'6 %Iovlgg (11)
CoHsCHO+CsHsO=CsHsOH+CsHsCO  1.4E+05 2.0 10683.4 Szg'r‘;cg:igéa'é %Iovlg; (12)
Ipso-additions
CeHsCHO+0O=C¢HsO+HCO 4.0E+12 0.0 5000.0 (Saggese etal, 2013) (13)
CsHsCHO+CHs=C7Ha+HCO 15E+12 0.0 4000.0 (Pelucchietal, 2019) (14)
CeHsCHO+C2H3=CgHsC.H3+HCO 1.2E+12 0.0 15200.0 (Pelucchietal., 2019) (15)
CsHsCHO+OH=CsHsOH+HCO 9.6E+13 0.0 19228.0 (Pelucchietal.,, 2019) (16)
CsHsCHO+H=CeHe+HCO 47E+12 0.0 8600.0 (Pelucchietal,2019) (17)
Alpha-scission decomposition

CsHsCO=CeHs+CO 5.8E+14 00 230000 (oclyandBenson, g

1971)

156



Oxidation of cyclic oxygenated compounds

Reactions 3 to 12 correspond to bimolecular initiations and H-abstraction reactions.
Only the bimolecular reaction with oxygen has been taken into account. The Kkinetic
parameters of the H-abstractions from the aldehydic position have been determined based
on our previous studies on linear aldehydes (1V.2).

Ipso-addition reactions on the fuel are modeled by the reactions 13 to 17 and
correspond to the additions of the main radicals onto the ring at the aldehydic position. The
kinetic parameters of ipso-addition reactions have been determined based on the rate rules
reported in the work of Pelucchi et al. (2019). Reactions with the aromatic hydrogen atoms
were considered as negligible compared to those involving the aldehydic one.

Reaction 18 is the reaction of alpha-scission of the radical C¢HsCO formed after the
abstraction of the aldehydic hydrogen atom. The rate constant of reaction 18 has been
adopted from Solly and Benson (1971), as already proposed in the toluene model by
Bounaceur et al. (2005). It should be noted that the value from Solly and Benson is the only
high pressure limit determination available in the literature and most probably carries large
uncertainties (i.e. one order of magnitude) mostly due to the very limited temperature range
considered in the analysis (614-647 K). However, from a broader kinetic model perspective,
the CsHsCO radical is very rapidly decomposed to phenyl radical and CO, without significant
further interactions with the mixture. The addition of O, to C¢HsCO has also been
investigated, based on acetaldehyde similar reactions. However, it was shown that these
reactions were negligible and a decision was made to remove them from the mechanism.

The kinetic values of reactions 5 and 7 were already present in the mechanism, but
their estimation needed a reevaluation due to deviations between the model computed
results and the experimental data. Thus, their kinetic constants were decreased (within the
estimated uncertainty) in order to better reproduce the fuel reactivity. The pre-exponential
factors of reactions 5 and 7 have so been multiplied by factors of 0.5 and 0.3, respectively,
with respect to the reference values for H-abstractions from the aldehydic moiety of linear
aldehydes presented in the part dedicated to linear aldehydes (IV.2). The adopted rate
constant modifications are well within the uncertainty range of those parameters (a factor of
3). This uncertainty is established based on other parameters adopted in literature models
(Zhang et al., 2017). In fact, Mendes et al. (Mendes et al., 2014) declared an uncertainty of
2.5-3 based on the uncertainties of the single point energies. We considered here a factor of
3 as an upper limit as uncertainties related to the treatment of anharmonicities and to the
frequencies may also be present.
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Figure 106 presents a comparison between the experimental fuel conversion and the
results of the model for the three equivalence ratios.
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The model is able to correctly predict the start of the reactivity at 750 K with a very
small variation in the conversion. Then there is an acceleration of the conversion until 121000
K. The model over-predicts the fuel conversion between 825 K and 900 K but its
performances above this temperature are better. Under fuel-rich conditions, the model
results indicate that the full conversion is never reached and stays at a constant value, which
was not observed experimentally. The model also predicts a higher difference in reactivity
between fuel-lean and stoichiometric conditions, whereas the experiments do not show any
significant shift between the two conditions.

Figure 107 presents the mole fraction profiles predicted by the model of the reaction
products presented in Figure 103.

The agreement between the experimental results and the model predictions is good
for some products such as carbon monoxide, acrolein or phenol. At the highest temperatures
(T>1000 K) under fuel rich conditions, model predictions are less accurate. The model
predicts mole fractions of benzene and toluene lower than what is experimentally observed,
which could lead to an overprediction of ethane and methane. The model also does not
predict as much acetaldehyde as experimentally measured under the three equivalence
ratios. The model has also huge difficulties to match the experimental results for
dibenzofuran and cresol under fuel-rich conditions. But due to the high number of aromatic
compounds formed under those conditions, it is possible that the detection with the GCs was
distorted by some other co-eluted products. Thus the related experimental profiles could be
over-estimated. Oscillations (transient regime) were detected by the model under
stoichiometric conditions above 1050 K. However, this trend was not significantly observed
experimentally.

158



Oxidation of cyclic oxygenated compounds

0, co co,
9.0E-02 2.5€-02 4.0E-02
8.0E-02 ¢-#-2-tuq N e 3se02 .
= 70e02 e T 2080 SR AT T e Py
— S . /e |’,’ — 3.0E- le
£ 6.0E-02 > < 7 d c / K
.g ) . g 1.56-02 S ’/’ [N '.I g 2.5E-02 ',', AN
o 5.0E-02 Y '+ S e A H ] Jam gy
e S Y ! 2.0E-02 !
C 4 0E02 wu-mm, et © VA i o 2.0 H :
T 4 . & 10602 s [T % 15E-02 P
2 30602 s 2 w0 W 27 i
S 2.0E-02 A-s-g-s-a b 4 ;‘.“\ = 5.0E-03 ":’T I“ "'n = 1.0e-02 / /
S.e ~ JUE- & H [ I
1.0E-02 L R ’.'! e 5.0£-03 03
-~ y . ek 4=
0.0E+00 k 0.0E+00 -w-m-¥ == 00600 b-u-n-n-n-addeEm T
700 800 900 1000 1100 700 800 900 1000 1100 700 800 900 1000 1100
Temperature [K] Temperature [K] Temperature [K]
CH, Acetylene Ethylene
1.4E-03 3.0€-04 7.0E-04
;
1.2€-03 / 25604 \ 6.0E-04 )
= 3 = /| — ,"
= 10E-03 s = 20504 N ¥ = 5.0E-04 y
R / 9 O 4 2 rd
‘= 8.0E-04 AN =] 4, ‘s 4.0E-04 s
o 5 Q # 13 A S
T 60608 o g e T 30600 Faat
u 6.0 /s w esTmsamel u 3.0E .
S 40c08 s 5 LoE0 ARty N L S 20000 s
s (o s PRI s 3 S
I o * ‘ YA TR 'Y
2.0E-04 1. S 5.08-:05 -8 R A 1.0£-04 3050 e
d;l’ AT ,’\_‘ '0‘ \m ¥ \ ,‘_ N \“‘\,\
. 4 + Mo »' \, \
0.0E+00 =t s o B 0.0E+00 -5y Sealy 0.0E+00 ant e aay
700 800 900 1000 1100 700 800 900 1000 1100 700 800 900 1000 1100
Temperature [K] Temperature [K] Temperature [K]
Acetaldehyde Propene Acrolein
1.4E-04 1.8€-05 1.8E-04
12604 1.6€-05 B 1.6E-04 sty
= ' . I 14805 NEEER T 14E-04 oo
g 1.0E-04 1% S 12605 2 . £ 1.26-04 AN
=2 2 [ 2 W
5 8.0E-05 . 4 1.0E-05 . N © 1.0E-04 L WY
© © hA | © 13 W
X 6.0E-05 L a = 8.0E-06 = i L 8.0E-05 & N
Q * L 1] N e ] I NN \‘
5 1005 . B 2 6.0£-06 8RB 2 6.0E-05 N WA
= .t s = 4.06-06 N ." N S 4.0E-05 J \‘5‘\.
20805 R s Taaa 20606 AN N 20805 1 o R
. B A . v 4 ~a
0.0E+00 =4 === R 0.0E+00 =-u-u-u-u* e 0.0E+00 &4 Lewy
700 800 900 1000 1100 700 800 900 1000 1100 700 800 900 1000 1100
Temperature [K] Temperature [K] Temperature [K]
Benzene Phenol Toluene
4.5E-04 1.2€-03 1.2E-05
4.0£-04 as Loe03 N Los.0s R
~— 3.56-04 - - F7AINANN - Lt
—_ AT — iy RN -
€ 3,0£-04 ¥ . £ 8.0E-04 A [N £ 8.0E-06 *
K=l /. 2 wooy Ny 2 N
S 2.56-04 A £ i AN 5
@ v © 6.0E-04 72 B VU NN © 6.0E-06 N
&£ 2.0E-04 .,," = S P
o g 7 @ -~ H ML AT @ g ko ===
g 1.5E-04 . g 4.0€-04 £ . \ 5N § 4.0E-06
| o ] b Y P
1.08-04 2 AN 2.0604 ] LI 2.06-06 Hag o
5.0E-05 - L N o (IR iyl
.| "r \ .\\‘, N a -‘ﬂ l‘. en’ -“‘ .“' \\ - v
0.0E+00 .-t e 0.0E+00 #-==! ~ioefm 0.0E+00 ] -
700 800 900 1000 1100 700 800 900 1000 1100 700 800 900 1000 1100
Temperature [K] Temperature [K] Temperature [K]
Cresol Dibenzofuran
7.0E-04 6.0€-05
A
__ 6004 o __5.0605 .
; [ a
— 5.0E-04 =
5 soroe A § 40805 .
T U B i+ Y
8 a & 3.06-05 . .\
w 3.0E-04 w
2 * * 2L 2.0€-05 * A
S 2.0E-04 s~ 2
= A A =3 s
1.0E-04 N 1.08-05
A
- ]
0.0E+00 m-a-s-A-p-m-uw== - 0.06+00 =-Ag .
700 800 900 1000 1100 700 800 900 1000 1100

Temperature [K]

Temperature [K]

Figure 107. Mole fraction profiles of oxygen, Cz and Cs hydrocarbons and main products of benzaldehyde
oxidation compared to the model results for the three equivalence ratios
(Symbols: ¢ phi=0.5, m phi=1, A phi=2).
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Figure 108 shows a rate flux analysis of benzaldehyde oxidation at 850 K for
stoichiometric conditions for a conversion of 50 %. This conversion rate has been chosen in
order to investigate the primary product decomposition pathways. For clarity, some species
like CO and CO- are not shown. Under these conditions, benzaldehyde mainly reacts by the
abstractions of the aldehydic hydrogen atom as suggested by Vasiliou et al. (2013) for
pyrolysis (89% at 850 K). This H-abstractions on the fuel leads to the formation of the
CeHsCO radical, which quickly decomposes by alpha-scission in phenyl radical and carbon
monoxide. The phenyl radical then leads to the phenoxy radical (CeHsO in Fig. 6). This
radical is the precursor of almost all the products experimentally observed (e.g. acrolein,

acetaldehyde, cresol...).

@\o 3%
+0H/-H,053%
+H/H,22%

3% oy 8%

+HO,/H,0,8%
+C,Hs0/-C;H.OH 5%
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Benzaldehyde also reacts by ipso-addition reactions of hydrogen atom and C:Hs
radical producing benzene and styrene. Styrene can then react through different H additions
on different sites. An addition on the substituted unsaturation can lead to the formation of the
radical CeHsCHCHs; or to the formation of a radical C¢Hs and ethylene. The radical
CsHsCHCH3 can also decompose into CeHs radical and ethylene or can form the fuel back
with the intervention of the radical HO,. Styrene can also react by ipso-addition reactions to
form benzene.

Benzene is formed by ipso-addition of H atom on benzaldehyde, styrene and phenol.
Benzene is almost exclusively transformed into C¢HsO via two pathways:

» O+CgHg=H+CecHs0O (97 %)
* R+CsHe=RH+CgsHs; CsHs+02=CsHs0+0O (1.4 %)

Thus the formation and consumption of benzene is totally ruled by ipso-addition
reactions on the other aromatic compounds present in the gas phase. As discussed in
Saggese et al. (2013), the resonance stabilized phenoxy radical largely contributes to phenol
formation by means of H-abstraction (CsHsO+RH=CsHsOH+R) on CsHsCHO and catechol
and recombination with H atoms. Indeed 49 % of the consumption flux of the radical C¢Hs
leads to to the formation of phenol. Phenol is then consumed in a significant fraction by H-
abstraction reactions by O, OH, and HO; to give CsHsO radicals (18 %). Therefore, a cycle
phenol/phenoxy is exhibited by the mechanism and could be important in the overall
reactivity of the system.

This observation is also supported by the sensitivity analysis on benzaldehyde
performed at 770 K for stoichiometric conditions and presented in Figure 109.

Increase the reactivity Decrease the reactivity

e )

C6H502=0+C6H50

H+O2(+M)=HO2(+M)

O+C6H50H=H+RCATEC

H+C6H5CHO=H2+C6H5CO

2H02=02+H202

O+C2H3CHO=>0H+CO+C2H3

H202(+M}=20H(+M)

0+C6H50=>2C0+C4H5

HO2+C6H50=>02+C6H50H

HO2+C6H5CHO=H202+C6H5CO

COH5CHO+C6H50=CoH50H+C6H5CO

t t T t t
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

Sensitivity coefficient
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The most important reactions, promoting the reactivity, are the H-abstractions on the
fuel by HO,; and CgHsO to form the radical CsHsCO. This radical subsequently decomposes
into C¢Hs and CgHsO, contributing to the phenol/phenoxy cycle.

Phenoxy radical (CsHsO) and the phenol/phenoxy cycle are controlling the reactivity
at low temperatures. HO: radical has also an important impact as it is involved in the
phenol/phenoxy cycle via the reaction: HO2+CgHsO=0,+CsHsOH. This analysis confirms that
the C¢HsO radical is the key intermediate in the reactivity of benzaldehyde at low-
temperature. Thus its consumption, through the reactions HO>+CsHs0=>0,+CgHsOH and
O+CsHs0=>2C0O+C4Hs, inhibits the reactivity. Furthermore, these reactions are consuming
radicals by forming stable species (CO, O....) or by reducing the number of radical sites in
the system via termination reactions. Figure 110 presents a scheme of this analysis.

(CcH:OH +) C,H:CO > CcHc:(+ CO)
+C,H;CHO y
CsHsO
/ m}
C,Hs+2 CO O, + C,H-.OH

HO; also reacts with the fuel to give H.O,, which gives two OH radicals and therefore
accelerates the reactivity through a multiplication of the number of radicals. The chemistry of
other intermediates like acrolein (C2H3;CHO) and catechol phenoxy-like radical (RCATEC)
have also a promoting effect on the reactivity, but less dominant. Concerning the other
equivalence ratios, the same analysis has been performed and the results are very similar.
This observation seems to confirm the fact that the equivalence ratio has a minor impact on
the overall reactivity.

Acetaldehyde and acrolein are produced by the decomposition of C¢HsO to CsHs and
CO through the reaction: O+C¢HsO=>2CO+CsHs. Subsequently the CsHs radical reacts with
oxygen to form HCO and acrolein: O,+C4Hs=>HCO+C,;H3CHO. Acrolein leads mainly to the
formation of C;Hj; radical (12.5 %) via H-abstraction by OH, O, and H to give CzHs; and CO
according to the lumped step R+C;H3;CHO=>RH+CO+C;Hs. This lumped step corresponds
to the abstraction of the aldehydic H-atom followed by a decarbonylation of the radical (R-
C*=0) as discussed in the case of linear aldehydes (IV.2). C;Hs; then decomposes into
formaldehyde in a large amount (30%) via the addition of oxygen. Acetaldehyde is formed by
the addition-elimination reaction of OH radical from acrolein:
OH+C,;H3;CHO=>HCO+CH3CHO accounting for 3 % of the consumption flux of acrolein.
However the model is not able to predict the correct amount of formed acetaldehyde. This
could also explain the overprediction of styrene mole fraction, due to an overproduction of
C2Hs radicals produced from acrolein. Furthermore, the model considers the formation of
formaldehyde through the reaction: CyHs+O,=H+CO+CH,O. The non-detection of
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formaldehyde during the experiment may indicate that the transformation of acrolein into
C2Hs and acetaldehyde needs a better assessment.

Concerning the simulated profiles of catechol, its formation is due to the ipso-addition
reaction of an oxygen atom to phenol. This leads to the formation of the resonance stabilized
phenoxy-like catechol radical which can then react with other species in the system
abstracting an H atom and forming catechol as shown in Figure 111a.

7.0E-05
=
+O/-H 75% K=
© 3.56-05
(1
]
+0, 34% +0/-OH 55.2% S
+0,/-0H 9% +OH/-H,0 14% S
0.0E+00 - + )
Products 700 800 900 10001100
a) b)

Temperature [K]

The importance of such pathways in oxygenated aromatics has been recently pointed
out by Pelucchi et al. (2019). The model predicts a mole fraction of catechol between 60 ppm
under fuel-rich conditions and 25 ppm under fuel-lean conditions. A chart in Figure 111b
presents the simulations results for catechol.

Despite this consideration the relative small amount of catechol predicted could lead
to a more limited detection capability. Further analysis with gas chromatography and ad hoc
analytical methods could help to detect catechol in the outlet mixture.

Benzaldehyde oxidation has been studied in a jet-stirred reactor at atmospheric
pressure and thanks to gas chromatography 48 products have been identified. The results
showed that carbon monoxide and phenol are the two main products. Acrolein, benzene and
acetaldehyde are secondary products, whereas cresol and dibenzofuran are produced in
important quantity only under fuel-rich conditions.

Based on our experimental results, a sub-mechanism dedicated to benzaldehyde
oxidation has been developed and inserted in the CRECK mechanism. This sub-mechanism
contains 18 reactions and has been developed on the hypothesis that the aromatic cycle is
more stable than the aldehydic function. Thus the rapid release of carbon monoxide and the
formation of the associated phenyl radical have been considered as preponderant. The
results of the model have been confronted to the experimental results and the model is able
to reproduce the fuel reactivity and the formation of the most important products. However,
some discrepancies have been observed for some products. The major one is about the
prediction of acetaldehyde, cresol and dibenzofuran.
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Biofuels are promising fuels with a huge potential to replace the conventional fossil
fuels. They have the advantage to have a small carbon impact and they are already used in
several applications. For example, ethanol is already mixed with car gasoline to reduce the
ecological impact of the private transportation. Among the biofuels, bio-oils are still
under-exploited. Indeed their compositions can vary a lot and their physico-chemical
properties (viscosity and acidity mainly) are constraining. This limits the use of bio-oils at a
large scale.

To better assess bio-oil oxidation or pyrolysis, a bibliographical review about the
publications dealing with the composition of bio-oils was performed. From this review, it
came out that bio-oils could be described as a mixture composed of 6 types of chemical
compounds:

e Alcohols

e Aldehydes and ketones

e Carboxylic acids

e Furans and derivatives

e Oxygenated aromatic compounds
e Nitrogenated compounds

The oxidation and pyrolysis of alcohols have been extensively studied during the last
years, mainly due to the recent interest in biofuels. However, the long chain alcohol oxidation
or pyrolysis has been less studied than the shorter ones. The same conclusion could be
drawn from the review about aldehydes and ketones. Indeed the aldehydes with more than
four carbon atoms have rarely been the topic of publications in this field. Concerning
carboxylic acid, it could be interesting to note that mainly pyrolysis studies have been
published, but only for the smallest ones: formic and acetic acids. It was mentioned explicitly
that there is a need of reliable experimental data to validate the proposed kinetic mechanism
and to improve the understanding of carboxylic acid chemistry during oxidation and pyrolysis.
Furan family has to the contrary been the topic of many combustion related publications.
However, there have been fewer studies about unsaturated furan than for saturated furan
such amounts of related work has been noticed. Phenol has been extensively studied but
other compounds, such as cresol or benzaldehyde, have been less studied. A lack of
publications has also been observed for the nitrogen—containing compounds, as the
reactions of only a few nitrogenated molecules were studied such as pyrrole or pyridine.

In the frame of this thesis and to complete some detected lack in the literature, it has
been decided to produce a new dataset for some molecules owning to the chemical families
previously presented. Chemical surrogates and an experimental set-up have been selected.
A heated jet-stirred reactor operated under atmospheric pressure has been chosen to
perform the experiments, due to its homogeneity in concentration and temperature. This kind
of “ideal” reactor is indeed convenient for obtaining reliable data for the development and
validation of kinetic models. During this work, eight fuels have been selected and studied.
They are presented in Table 42, with their associated experimental conditions.
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Chemical . "
Fuel name Structure Experimental conditions
formula

n-Butanol N"0OH  CaHO  T=500-1100K, P=1 atm, ¢=0.5-1-2

n-Pentanol " " “OH CsHi20  T=500-1100K, P=1 atm, $=0.5-1-2

n-Butanal MO C4HsO T=500-1100K, P=1 atm, ¢=0.5-1-2

n-Pentanal \/\AO CsH100  T=500-1100K, P=1 atm, ¢=0.5-1-2

C4HsO2 T=800-1100K, P=1 atm, ¢=0.5-1-2

Butanoic acid /\)J\

O
O

O

Furan M

C4H40O T=700-1100K, P=1 atm, ¢=0.5-1-2

OH
Pentanoic \/\)_L CsH1002  T=800-1100K, P=1 atm, ¢=w-0.5-1-2
acid
OH
~0

Benzaldehyde ©/\ C7HeO T=700-1100K, P=1 atm, ¢=0.5-1-2

In parallel of the experimental work, semi-detailed kinetic models have been
developed for each compound in collaboration with the team Prof. Faravelli of Politecnico di
Milano. Each sub-mechanism has been developed in order to reproduce the experimental
results obtained in Nancy and the performance of the model has been compared to them.
The sub-mechanisms developed for the carboxylic acids and benzaldehyde were the first
ones to be developed specifically to reproduce the reactivity of these compounds. Thanks to
the model results, we tried to define rate rules and reactions classes for each family and
across the chemical family. The reactivities exhibited by the different fuels have also been
compared and it came out that no general rules can be drawn. The best assumption
consisted in considering each molecule as composed of a specific oxygenated moiety and an
alkilic one. Each moiety reactivity was ruled by its own rules.

| started by investigating the oxidation of linear oxygenated molecules. A study on,
two alcohols, n-butanol and n-pentanol, was the first performed in the frame of this work. It
showed that n-butanol started to react around 800 K and was fully consumed at 1050 K.
Similar temperatures were observed for n-pentanol reactivity temperature range: 775-1050
K. This study also showed that both fuels did not exhibit any low-temperature reactivity or
NTC area, contrary to n-butane or n-pentane. Among the 23 and 31 products detected
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during, respectively, n-butanol and n-pentanol oxidation, the linear C, aldehyde and alkene
were detected for both fuels. Those results were used to develop a kinetic mechanism based
on the CRECK model developed in Milano. The model was able to reproduce the fuel
reactivity, but detected a small NTC area for n-pentanol under fuel-lean conditions. It also
succeeded in predicting the mole fraction profiles of the main products. This model showed
that the a-position had a huge role in the reactivity of the alkyl chain. Indeed, the alcohol
function increased the reactivity at this position and this led to the formation of the specific
products, such as the associated aldehydes.

To surrogate aldehydes, n-Butanal and n-pentanal were also studied. n-Butanal
started to react at 600 K and was consumed around 1075 K. It did not exhibit any low-
temperature reactivity except under fuel-lean conditions between 575 and 700 K. In the
contrary, n-pentanal showed an important NTC area under all studied conditions between
650 and 725 K, which depth was dependant of the equivalence ratio. Indeed the larger the
oxygen content, the stronger the NTC behavior. n-Pentanal started to react at 575 K and was
fully consumed at 1025 K. This difference in the reactivity of the two molecules could be
explained by the difference in the alkyl chain length. 20 products was detected and quantified
during n-butanal oxidation experiments and 29 products during pentanal ones. For both
fuels, an important amount of carbon monoxide was observed among the oxidation products.
The Cn-1 aldehyde was also detected among the products for both fuels. During n-pentanal
experiments, pentanoic acid was detected in the products but its quantification was limited by
its very low amount in the mixture. A kinetic model was developed to reproduce the fuel
reactivity and to better assess the decomposition pathways of the linear aldehydes. This
model was able to reproduce the fuel reactivities and especially the NTC area experimentally
observed. It showed that the important formation of carbon monoxide could be explained by
a fast decarboxylation of the fuels, due to an important reactivity at the a-position. The other
specific products formation was due to the alkyl chain reactivity. The model also proved that
the alkyl chain length had an important impact on the molecule reactivity. Indeed, the longer
the alkyl chain, the smaller the influence of the aldehydic function.

To finish with linear oxygenated compounds, carboxylic acids were considered. A
study was performed to investigate the oxidation of butanoic and pentanoic acids. To our
best knowledge, this study was the first the first concerning the gas-phase reactions of
these compounds. These measurements were largely affected by many experimental
difficulties. Acid corrosive properties decomposed some of the gums of the system, creating
some plugging problems in the experimental set-up. Furthermore, adsorption problems could
occur due to the high oxygen content in those molecules. Therefore, the fuel quantification
was complex. In order to reduce this problem, a surface-coated insert and a sampling loop
were installed in the gas chromatographs. Butanoic acid reactivity temperature range was
around 850-1000 K for oxidation, except under fuel-rich conditions where the full conversion
was never achieved. Concerning pentanoic acid, the reactivity range was around 850-975 K
under oxidation conditions. To complete the study, pyrolysis experiments were carried out for
pentanoic acid, but some small unexpected and non-quantified inlets of oxygen did not allow
exploiting the data. The products analysis with both fuels showed that an important formation
of carbon dioxide was observed compared to that of carbon monoxide. Thus, it was first
assumed that the acid function is reacting to give carbon dioxide. The kinetic model
developed showed, in contrary to this hypothesis, that the acid function was not the main
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reactive position. The reactivity was located on the alkyl chain with a strong inhibiting effect
of the acid function of the nearby carbon atom.

In a second step, | was interested by cyclic oxygenated compounds. The oxidation
of furan was first carried out in the jet-stirred reactor. Furan started to react at 800 K and
was fully consumed at 1050 K under fuel-lean conditions. For fuel-rich and stoichiometric
conditions, unsteady behavior (oscillations) was observed for temperatures above 1000 K,
but it can be assumed that the full-conversion of the fuel was then almost achieved. During
this study 18 product were identified amongst them acetaldehyde and acrolein were two of
the main products. The experimental data had then been compared with the predictions of
two models. The first model was developed by Tran et al. (2015a) and contained a sub-
mechanism for the description of the low-temperature reactivity of furan. The other tested
model was the CRECK semi-detailed kinetic model, used in the study of the other fuels
considered in this PhD work. The overall prediction of the fuel conversion and the products
formation by the model of Tran et al. (2015a) was good, while the CRECK model was not
able to well reproduce the low-temperature reactivity. But, we can assume that the CRECK
model could better handle the low-temperature decomposition of furan with the addition of
the sub-mechanism developed by Tran et al. in this semi-detailed mechanism.

Finally an oxygenated aromatic compounds, benzaldehyde, was considered. This
was not a fuel, whose oxidation was frequently investigated, while its decomposition could
give some clues about the reactivity of larger oxygenated aromatic compounds that can be
found in large amounts in bio-oils. Benzaldehyde started to react at 750 K and its complete
depletion was achieved at 1025 K. During its oxidation, 48 products were detected. The
major ones are carbon monoxide, phenol and acrolein. Cresol and dibenzofuran were also
important products under fuel-rich conditions. A sub-mechanism dedicated to benzaldehyde
was developed to reproduce the experimental data obtained and added to the CRECK
model. The assumption of a fast decarboxylation of the fuel was made. The model was able
to reproduce the fuel reactivity and the main product formation. However, some
discrepancies on the profiles of acetaldehyde or styrene were observed. The model analysis
also highlighted the fact that a phenol/phenoxy cycle ruled the reactivity of benzaldehyde.

kkkkkkkkkkkkkhkkkkkkkkkhkhkkkkkkkkkkkkkhkhkkkkkkk

As far as perspectives are concerned, the oxidation and pyrolysis of surrogates for
the molecules included in bio-oils have to be pursued. As already mentioned, the literature is
very scarce for molecules containing nitrogen-atoms, such as pyrrole (CsHsN) for example.
There are more data about phenolic compounds, but usually uncertainties in the measured
product mole fractions can be large due to experimental difficulties. It would be interesting to
deepen the studies about phenolic compounds with a special care taken to the sampling
from the reactor and the product quantification. Amongst oxygenated molecules, there are
also simple sugars for which the literature is scarce. The main difficulty with sugars is that
they are solid at ambient temperature and it is not easy to have them in the gas phase,
especially in a controlled way. Therefore, a system for the sublimation of the solid has to be
installed on the experimental set-up instead of the evaporator used during my work.

It could also be interesting to investigate the extension of the representation of the
molecules in moieties to more complex molecules, such as multi-substituted compounds
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(such as diols or dials) or to specific function in the core of the alkyl chain (such as ketones
or secondary alcohols) (see Figure 112).

This work
H H
N
H H H
/\
H cla s H H H
Q Q
AN Y
H H H H H H H H

Non-terminal substitution Multi-substituted compounds

If this representation of the molecules can be extended to other types of molecules, it could
be then used in the automatic generation of kinetic model. A database of kinetic rates and
reaction classes could be created, allowing the construction of kinetic model for a large
diversity of molecules.

Longer-term perspectives would be to create a synthetic mixture of the studied
compounds to surrogate reference bio-oils. Those reference bio-oils should be studied
thanks to the GCxGC to define their composition. After that, a surrogate mixture should be
defined for the study of bio-oil oxidation. The product distribution and reactivity are good
similarity points to verify. In addition, the performance of the model to predict the reactivity of
the surrogate and the actual bio-oil should be tested in order to see if any pathway or product
interaction is missing. Furthermore, the use of GCxGC could improve the experimental
results obtained. More products could be separated and the distinction of the isomers could
give important information concerning the reaction pathways. Unfortunately, this type of
apparatus was only available at the very end of my work. The separation of benzene and one
of its linear isomers showed the feasibility of the method and is very promising.

In the frame of the IMPROOF project, this work had the task to propose a surrogate
formulation for bio-oils and an extension of the experimental database linked to those
compounds. Based on the kinetic model developed during this PhD, computational fluid
dynamics modeling with detailed chemistry are in progress and to be applied to design the
future burners in the steam cracking furnaces. An evaluation of the energy efficiency of bio-
oils and of the pollutants emission will be carried out. However, some physical properties can
limit the use of bio-oils as fuels for steam cracking furnaces. Indeed the viscosity and the
acidity are two important parameters, which can limit their utilization at an industrial scale.
The corrosion problem and the investments costs to transport the bio-oils could also be
obstacles too huge to overcome for the use of bio-oils as fuels.
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This work can also be considered as a building block toward a better understanding
of the decomposition of other intermediates formed during biomass reactions, such as tars
that are the mixtures of poly-oxygenated hydrocarbons in the liquid vapors produced during
biomass devolatilisation. Since biomass devolatilisation is a first step towards the gas-phase
reactions induced by biomass degradation, the results on the reactions of the compounds
studied in this work can indeed be relevant in the frame of a project based on the study of
biomass pyrolysis or combustion. In addition, the results obtained during acid or
benzaldehyde oxidation can give some first experimental clues of help for future
investigations of the oxidation or the pyrolysis heavier fuels included in tars, for which the
experimental difficulties encountered during this PhD could be worsened.
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(0]
Allene C3H, —— Propane CsHs N Methylvinylketone | CsHsO \)k
(0]
Acrolein C3H,O NO Butenyne CsH,4 \\ 2,3-Dihydrofuran C4HsO ( /
(@] (@]
Propene CsHe /\ Furan CsH40 \ / 1.2-Dihydrofuran C;HeO { /?
0]
Methyloxirane CsHeO / \ 1-Butyne CsHe - 1-Butene CsHs /\/
Propanal C:HeO P 2-Butyne CaHs S 2-Butene CaHs "V
(@]
Acetone CsHsO )k 1-3 Butadiene CsHe N n-Butanal C;HsO MO
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Nomenclature

Name Formula Structure Name Formula Structure Name Formula Structure
2 i 2.3-
Tetrahydrofuran C4HsO 2-3 Butanediol C4H100; ) CsHyo
Dimethylcyclopropane
OH
Ethyloxirane C4HsO /_<(L Cyclopentadiene CsHs @ n-Pentanal CsH100 WO
@] =0
Butanone C4HsO \)K 1-4 Pentadiene CsHs M 2-Methyl-butanal ST \[/\/
(@] (0]
Butanoic acid C4Hs0, /\)L 1-3 Pentadiene CsHs M Pentanoic acid CsH100; \/\)J\
OH OH
0] /O
Dimethyloxirane CsHs0, A Cyclopentenone CsHsO Pentane CsH1. P a
n-Butanol CHO | >0y | 1-Pentene CsH1o N n-Pentanol CH0 |~~~ _-OH
2-Methylfuran CsH100 Oﬁ/ 2-Pentene CsH1o /\/\ Benzoquinone CcH40: OZ@ZO
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Nomenclature

Name Formula Structure Name Formula Structure Name Formula Structure
(0]
™~
Benzene CesHe Anisole C;HsO Ethylphenol CsH1.0
OH
OH OH
Phenol CsHeO ©/ Cresol C;Hs0 @ Indene CoHs
(@] 0]
Benzodioxol-2-one | C;H403 ©: >:O Phenylacetylene CsHe @i Methylbenzofuran CoHsO /
(@]
0
0 Xx"X0
Benzaldehyde C;HsO Benzofuran CsHeO | / Cinnamaldehyde CHsO
(0] AN
Benzodioxol C;HeO> > Styrene CsHs Indanone CoHgO —O0
(0]
e}
Hydroxybenzaldehyde | C;H¢O> Ethylbenzene CsHio Methylstyrene CoH1o
OH
Toluene C;Hs ©/ Xylene CgH1o ©i Cumene CoH1z ©—<
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Nomenclature

Name Formula Structure
Naphtalene CioHs .
Methylindene CioH10
Dihydronaphthalene | CioH1o “
Acenaphthylene Ci2Hs

0]
Dibenzofuran C12HsO Q /
Biphenyl C12H10

o]
Diphenylether C12H100 ©/ \©
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II. EXPERIMENTAL RAW DATA
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Example of a calculation sheet for the determination of the initial conditions

Oxidation of n -butanol

C4H,00 74 g/mol
Vr (cm3) 92 Coeff stoech O, 6.5
T(K) T(°C) P (Pa) tau (s) phi Q(m3/s) F(mol/s) xfuel x02 xHe F(fuel) F(02) F(He) m(fuel) (g/hr) Q(02) (mL/min) Q(He) (L/min)
1 500 227 106657.9 2 1 4.60E-05 1.18E-03 0.005 0.0325 0.9625 5.90E-06 3.84E-05 1.14E-03 1.57 52.27 1.55
2 525 252 106657.9 2 1 4.60E-05 1.12E-03 0.005 0.0325 0.9625 5.62E-06 3.65E-05 1.08E-03 1.50 49.78 1.47
3 550 277 106657.9 2 1 4.60E-05 1.07E-03 0.005 0.0325 0.9625 5.36E-06 3.49E-05 1.03E-03 1.43 47.51 1.41
4 575 302 106657.9 2 1 4.60E-05 1.03E-03 0.005 0.0325 0.9625 5.13E-06 3.34E-05 9.88E-04 1.37 45.45 1.35
5 600 327 106657.9 2 1 4.60E-05 9.83E-04 0.005 0.0325 0.9625 4.92E-06 3.20E-05 9.47E-04 1.31 43.55 1.29
6 625 352 106657.9 2 1 4.60E-05 9.44E-04 0.005 0.0325 0.9625 4.72E-06 3.07E-05 9.09E-04 1.26 41.81 1.24
7 650 377 106657.9 2 1 4.60E-05 9.08E-04 0.005 0.0325 0.9625 4.54E-06 2.95E-05 8.74E-04 1.21 40.20 1.19
8 675 402 106657.9 2 1 4.60E-05 8.74E-04 0.005 0.0325 0.9625 4.37E-06 2.84E-05 8.41E-04 1.16 38.72 1.15
9 700 427 106657.9 2 1 4.60E-05 8.43E-04 0.005 0.0325 0.9625 4.21E-06 2.74E-05 8.11E-04 1.12 37.33 1.11
10 725 452 106657.9 2 1 4.60E-05 8.14E-04 0.005 0.0325 0.9625 4.07E-06 2.65E-05 7.83E-04 1.08 36.05 1.07
11 750 477 106657.9 2 1 4.60E-05 7.87E-04 0.005 0.0325 0.9625 3.93E-06 2.56E-05 7.57E-04 1.05 34.84 1.03
12 775 502 106657.9 2 1 4.60E-05 7.61E-04 0.005 0.0325 0.9625 3.81E-06 2.47E-05 7.33E-04 1.01 33.72 1.00
13 800 527 106657.9 2 1 4.60E-05 7.38E-04 0.005 0.0325 0.9625 3.69E-06 2.40E-05 7.10E-04 0.98 32.67 0.97
14 825 552 106657.9 2 1 4.60E-05 7.15E-04 0.005 0.0325 0.9625 3.58E-06 2.32E-05 6.88E-04 0.95 31.68 0.94
15 850 577 106657.9 2 1 4.60E-05 6.94E-04 0.005 0.0325 0.9625 3.47E-06 2.26E-05 6.68E-04 0.92 30.74 0.91
16 875 602 106657.9 2 1 4.60E-05 6.74E-04 0.005 0.0325 0.9625 3.37E-06 2.19E-05 6.49E-04 0.90 29.87 0.88
17 900 627 106657.9 2 1 4.60E-05 6.56E-04 0.005 0.0325 0.9625 3.28E-06 2.13E-05 6.31E-04 0.87 29.04 0.86
18 925 652 106657.9 2 1 4.60E-05 6.38E-04 0.005 0.0325 0.9625 3.19E-06 2.07E-05 6.14E-04 0.85 28.25 0.84
19 950 677 106657.9 2 1 4.60E-05 6.21E-04 0.005 0.0325 0.9625 3.11E-06 2.02E-05 5.98E-04 0.83 27.51 0.81
20 975 702 106657.9 2 1 4.60E-05 6.05E-04 0.005 0.0325 0.9625 3.03E-06 1.97E-05 5.83E-04 0.81 26.80 0.79
21 1000 727 106657.9 2 1 4.60E-05 5.90E-04 0.005 0.0325 0.9625 2.95E-06 1.92E-05 5.68E-04 0.79 26.13 0.77
22 1025 752 106657.9 2 1 4.60E-05 5.76E-04 0.005 0.0325 0.9625 2.88E-06 1.87E-05 5.54E-04 0.77 25.50 0.76
23 1050 777 106657.9 2 1 4.60E-05 5.62E-04 0.005 0.0325 0.9625 2.81E-06 1.83E-05 5.41E-04 0.75 24.89 0.74
24 1075 802 106657.9 2 1 4.60E-05 5.49E-04 0.005 0.0325 0.9625 2.74E-06 1.78E-05 5.28E-04 0.73 24.31 0.72
25 1100 827 106657.9 2 1 4.60E-05 5.36E-04 0.005 0.0325 0.9625 2.68E-06 1.74E-05 5.16E-04 0.71 23.76 0.70
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Experimental raw data: n-butanol oxidation

Equivalence ratio 0,5;1;2 Units Mole fraction
X 1-butanol 0.005 Bath gas Helium
Temperature (K) 500 - 1100 Residence time (s) 2
P (Torr) 800
T 0, Cco CH,
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 6.65E-02 3.48E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.68E-07 0.00E+00 1.85E-06
525 6.71E-02 3.49E-02 1.74E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.08E-07
550 6.38E-02 3.38E-02 1.74E-02 0.00E+00 0.00E+00 0.00E+00 2.03E-07 0.00E+00 0.00E+00
575 6.58E-02 3.21E-02 1.73E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 6.35E-02 3.29E-02 1.79E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 6.60E-02 3.21E-02 1.73E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 6.48E-02 3.30E-02 1.74E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 6.52E-02 3.27E-02 1.74E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 6.36E-02 3.39E-02 1.76E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 6.59E-02 3.26E-02 1.76E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 6.37E-02 3.33E-02 1.77E-02 0.00E+00 0.00E+00 0.00E+00 2.26E-07 5.28E-07 5.00E-07
775 6.84E-02 3.26E-02 3.35E-02 0.00E+00 0.00E+00 0.00E+00 1.36E-06 2.49E-06 2.02E-06
800 6.38E-02 3.30E-02 1.77E-02 2.37E-04 1.02E-04 5.36E-05 4.05E-05 2.65E-05 3.21E-05
825 6.17E-02 3.13E-02 1.73E-02 1.70E-03 1.01E-03 9.88E-04 2.26E-04 2.15E-04 2.55E-04
850 5.84E-02 2.88E-02 1.43E-02 5.57E-03 4.27E-03 2.84E-03 5.18E-04 5.76E-04 5.35E-04
875 5.76E-02 2.73E-02 1.22E-02 7.93E-03 6.76E-03 5.15E-03 6.39E-04 7.37E-04 7.69E-04
900 5.51E-02 2.40E-02 1.10E-02 1.07E-02 8.70E-03 6.92E-03 6.28E-04 7.71E-04 9.09E-04
925 5.23E-02 2.20E-02 9.87E-03 1.13E-02 9.49E-03 7.88E-03 5.47E-04 7.84E-04 1.06E-03
950 4.70E-02 2.05E-02 9.33E-03 1.15E-02 1.07E-02 8.55E-03 3.78E-04 7.82E-04 1.16E-03
975 4.30E-02 1.83E-02 9.17E-03 9.12E-03 1.12E-02 9.46E-03 1.69E-04 7.37E-04 1.32E-03
1000 4.19E-02 1.48E-02 8.33E-03 6.30E-03 1.03E-02 1.01E-02 8.28E-05 4.81E-04 1.48E-03
1025 3.87E-02 1.06E-02 7.67E-03 3.67E-03 6.61E-03 1.09E-02 5.50E-05 2.89E-04 1.61E-03
1050 3.79E-02 6.81E-03 6.01E-03 2.06E-03 2.22E-03 1.25E-02 4.30E-05 9.20E-05 1.66E-03
1075 3.79E-02 5.57E-03 3.92E-03 1.34E-03 9.22E-04 1.35E-02 3.17E-05 4.13E-05 1.26E-03
1100 3.92E-02 5.72E-03 2.37E-03 5.69E-04 5.16E-04 1.39E-02 4.78E-06 5.19E-06 8.75E-04
TK) co, Acetylene Ethylene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.28E-06 0.00E+00 4.39E-07
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.80E-06
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.15E-07 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.14E-07
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.18E-07 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.44E-08
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.73E-07 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.00E-07
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.36E-07
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.79E-07 1.05E-06 8.21E-07
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.65E-06 5.52E-06 4.87E-06
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.01E-04 5.94E-05 6.72E-05
825 0.00E+00 0.00E+00 0.00E+00 3.76E-07 2.82E-07 0.00E+00 5.49E-04 5.02E-04 5.87E-04
850 3.44E-04 0.00E+00 0.00E+00 4.76E-06 3.16E-06 2.39E-06 1.30E-03 1.40E-03 1.26E-03
875 7.25E-04 0.00E+00 2.56E-04 5.00E-06 7.34E-06 7.69E-06 1.59E-03 1.75E-03 1.77E-03
900 1.57E-03 9.30E-04 0.00E+00 1.03E-05 1.43E-05 1.45E-05 1.52E-03 1.80E-03 1.97E-03
925 2.61E-03 1.30E-03 6.84E-04 1.24E-05 1.49E-05 2.07E-05 1.24E-03 1.69E-03 2.12E-03
950 4.91E-03 2.14E-03 8.99E-04 1.05E-05 1.97E-05 2.81E-05 7.32E-04 1.49E-03 2.09E-03
975 9.25E-03 3.18E-03 1.05E-03 5.18E-06 1.90E-05 3.03E-05 2.79E-04 1.20E-03 2.13E-03
1000 1.35E-02 6.45E-03 1.42E-03 3.13E-06 1.43E-05 3.64E-05 1.54E-04 6.91E-04 2.07E-03
1025 1.59E-02 1.14E-02 1.62E-03 2.87E-06 1.24E-05 3.60E-05 1.23E-04 4.58E-04 1.88E-03
1050 1.82E-02 1.64E-02 2.13E-03 3.34E-06 8.33E-06 3.82E-05 8.80E-05 2.02E-04 1.47E-03
1075 1.97E-02 1.85E-02 2.95E-03 2.52E-06 7.45E-06 3.58E-05 4.05E-05 1.03E-04 9.74E-04
1100 1.97E-02 1.73E-02 3.85E-03 2.03E-07 9.39E-07 4.94E-05 2.21E-06 3.67E-06 5.49E-04
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Experimental raw data: n-butanol oxidation

T Ethane Propene Propane
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.50E-06 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.38E-06 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 2.76E-06 2.41E-06 2.57E-06 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 8.79E-06 7.50E-06 5.27E-06 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 3.16E-06 9.58E-05 6.29E-05 5.15E-05 0.00E+00 0.00E+00 0.00E+00
825 1.02E-05 1.38E-05 1.81E-05 3.71E-04 3.23E-04 3.18E-04 1.01E-06 2.45E-06 2.52E-06
850 3.06E-05 4.18E-05 5.18E-05 5.23E-04 4.82E-04 5.02E-04 3.30E-06 3.44E-06 4.91E-06
875 4.07E-05 6.20E-05 8.17E-05 4.61E-04 4.84E-04 4.70E-04 3.18E-06 3.89E-06 9.29E-06
900 3.72E-05 6.86E-05 9.56E-05 2.88E-04 3.74E-04 3.95E-04 1.93E-06 5.23E-06 1.05E-05
925 2.81E-05 5.94E-05 1.21E-04 1.78E-04 2.48E-04 3.60E-04 3.04E-06 4.94E-06 1.36E-05
950 2.25E-05 5.83E-05 1.21E-04 9.66E-05 1.64E-04 2.91E-04 0.00E+00 4.12E-06 1.35E-05
975 1.10E-05 5.61E-05 1.26E-04 4.82E-05 1.14E-04 2.26E-04 0.00E+00 3.44E-06 1.24E-05
1000 6.09E-06 3.96E-05 1.30E-04 3.39E-05 5.82E-05 1.74E-04 0.00E+00 4.03E-06 1.12E-05
1025 6.25E-06 3.28E-05 1.12E-04 2.53E-05 4.88E-05 1.07E-04 0.00E+00 2.05E-06 9.98E-06
1050 6.55E-06 1.90E-05 1.09E-04 1.21E-05 3.35E-05 7.04E-05 0.00E+00 0.00E+00 1.16E-05
1075 2.59E-06 9.55E-06 7.98E-05 1.93E-06 1.45E-05 4.02E-05 0.00E+00 0.00E+00 6.11E-06
1100 0.00E+00 0.00E+00 5.34E-05 0.00E+00 0.00E+00 1.38E-05 0.00E+00 0.00E+00 2.50E-06
TK) Formaldehyde Oxirane Acetaldehyde
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.30E-06 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.53E-06 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.17E-05 8.81E-06 5.79E-06
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.17E-04 6.00E-05 4.71E-05
825 3.52E-04 2.96E-04 2.78E-04 3.38E-06 2.39E-06 1.69E-06 2.50E-04 1.96E-04 1.65E-04
850 5.13E-04 3.83E-04 4.56E-04 1.54E-05 0.00E+00 9.27E-06 2.70E-04 2.39E-04 2.55E-04
875 4.36E-04 3.21E-04 4.63E-04 1.73E-05 1.78E-05 1.21E-05 2.22E-04 2.13E-04 2.66E-04
900 2.40E-04 4.13E-04 3.62E-04 1.25E-05 1.53E-05 1.21E-05 1.41E-04 2.12E-04 2.53E-04
925 2.52E-04 2.62E-04 4.07E-04 8.78E-06 8.33E-06 1.05E-05 9.89E-05 1.55E-04 2.51E-04
950 0.00E+00 1.58E-04 2.73E-04 3.69E-06 5.15E-06 6.23E-06 6.36E-05 1.14E-04 2.17E-04
975 0.00E+00 0.00E+00 2.57E-04 1.96E-06 2.42E-06 3.50E-06 3.89E-05 9.07E-05 1.78E-04
1000 0.00E+00 0.00E+00 1.92E-04 0.00E+00 2.70E-06 1.55E-06 2.95E-05 4.80E-05 1.37E-04
1025 0.00E+00 0.00E+00 1.43E-04 0.00E+00 0.00E+00 1.40E-06 2.17E-05 3.83E-05 9.11E-05
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.15E-05 2.05E-05 5.46E-05
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.25E-05 2.72E-05
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.87E-06
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Experimental raw data: n-butanol oxidation

TK) 1-Butene 1,3-Butadiene 2-Butene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 1.54E-06 1.35E-06 1.62E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 3.43E-06 3.24E-06 3.63E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.68E-06
775 8.67E-06 9.13E-06 5.91E-06 0.00E+00 0.00E+00 0.00E+00 2.87E-06 2.78E-06 3.76E-06
800 7.06E-05 4.97E-05 4.74E-05 3.02E-06 1.55E-06 1.76E-06 3.00E-06 3.32E-06 4.32E-06
825 1.82E-04 1.85E-04 1.88E-04 1.47E-05 1.11E-05 8.30E-06 7.58E-06 6.62E-06 5.72E-06
850 1.78E-04 1.80E-04 2.15E-04 2.05E-05 1.67E-05 1.45E-05 5.34E-06 7.15E-06 6.57E-06
875 1.41E-04 1.57E-04 1.59E-04 1.90E-05 1.75E-05 1.49E-05 5.38E-06 6.27E-06 6.67E-06
900 7.95E-05 1.08E-04 1.16E-04 1.26E-05 1.41E-05 1.31E-05 3.89E-06 5.22E-06 6.27E-06
925 4.77E-05 6.39E-05 9.56E-05 8.26E-06 1.00E-05 1.36E-05 2.38E-06 3.54E-06 6.52E-06
950 2.75E-05 3.89E-05 7.00E-05 4.93E-06 8.09E-06 1.24E-05 2.40E-06 2.57E-06 4.49E-06
975 1.82E-05 2.70E-05 4.95E-05 4.29E-06 5.57E-06 1.11E-05 7.32E-07 1.94E-06 5.00E-06
1000 1.41E-05 1.62E-05 3.70E-05 3.28E-06 5.12E-06 1.05E-05 0.00E+00 3.75E-06 3.99E-06
1025 9.29E-06 1.33E-05 2.16E-05 4.14E-06 4.51E-06 7.76E-06 0.00E+00 1.85E-06 2.40E-06
1050 3.18E-06 7.07E-06 1.20E-05 2.81E-06 3.95E-06 6.48E-06 0.00E+00 0.00E+00 3.27E-06
1075 0.00E+00 2.41E-06 6.01E-06 0.00E+00 3.56E-06 4.60E-06 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 2.13E-06 0.00E+00 0.00E+00 3.14E-06 0.00E+00 0.00E+00 0.00E+00
TK) Methyloxirane Acrolein Propanal
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.94E-06 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.44E-06 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.24E-06 2.90E-06 1.54E-06
800 2.12E-06 0.00E+00 0.00E+00 2.24E-06 0.00E+00 0.00E+00 2.12E-05 9.08E-06 5.35E-06
825 9.98E-06 3.16E-06 2.49E-06 1.86E-05 1.39E-05 1.39E-05 4.45E-05 2.46E-05 1.72E-05
850 8.96E-06 6.80E-06 4.25E-06 3.41E-05 2.94E-05 2.78E-05 3.34E-05 1.95E-05 1.81E-05
875 5.86E-06 4.33E-06 4.39E-06 3.21E-05 3.41E-05 2.57E-05 2.21E-05 1.59E-05 1.27E-05
900 3.12E-06 2.84E-06 2.93E-06 2.17E-05 2.65E-05 2.16E-05 1.07E-05 1.24E-05 1.03E-05
925 3.12E-06 1.87E-06 3.04E-06 1.10E-05 1.58E-05 1.82E-05 5.04E-06 7.01E-06 9.72E-06
950 0.00E+00 0.00E+00 0.00E+00 7.89E-06 9.05E-06 1.16E-05 4.61E-06 4.21E-06 7.59E-06
975 0.00E+00 0.00E+00 0.00E+00 3.25E-06 4.16E-06 8.41E-06 1.67E-06 3.20E-06 5.21E-06
1000 0.00E+00 0.00E+00 0.00E+00 3.04E-06 2.82E-06 5.18E-06 0.00E+00 1.19E-06 4.43E-06
1025 0.00E+00 0.00E+00 0.00E+00 2.76E-06 1.71E-06 2.67E-06 1.76E-06 1.75E-06 4.11E-06
1050 0.00E+00 0.00E+00 0.00E+00 1.72E-06 0.00E+00 1.42E-06 0.00E+00 0.00E+00 1.97E-06
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.69E-06
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-butanol oxidation

TK) 1-Pentene 2-Pentene Not-ldentified
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 3.19E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 1.38E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.39E-06 1.28E-06 2.13E-06
825 4.05E-06 1.99E-06 1.08E-06 1.06E-06 1.06E-06 8.02E-07 8.45E-06 5.89E-06 5.92E-06
850 2.25E-06 2.42E-06 1.84E-06 1.11E-06 1.47E-06 1.90E-06 1.07E-05 9.62E-06 8.97E-06
875 1.68E-06 1.83E-06 1.47E-06 1.76E-06 2.25E-06 2.16E-06 6.91E-06 7.07E-06 6.14E-06
900 6.43E-07 0.00E+00 1.36E-06 7.89E-07 1.46E-06 2.10E-06 4.32E-06 5.08E-06 5.58E-06
925 0.00E+00 7.66E-07 1.30E-06 0.00E+00 0.00E+00 1.68E-06 2.38E-06 3.42E-06 3.77E-06
950 0.00E+00 0.00E+00 9.29E-07 0.00E+00 0.00E+00 1.48E-06 1.34E-06 0.00E+00 3.04E-06
975 0.00E+00 0.00E+00 6.50E-07 0.00E+00 0.00E+00 1.33E-06 2.24E-05 3.02E-06 2.04E-06
1000 0.00E+00 0.00E+00 7.05E-07 0.00E+00 7.74E-07 1.44E-06 1.67E-06 0.00E+00 1.85E-06
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.05E-06 1.02E-06 0.00E+00 1.33E-06
1050 0.00E+00 0.00E+00 0.00E+00 3.80E-06 0.00E+00 1.19E-06 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
TK) Butanal Tetrahydrofurane 2-3-Butanediol
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 2.07E-06 0.00E+00 2.20E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 3.89E-06 2.36E-06 3.19E-06 1.33E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 3.53E-06 0.00E+00 2.41E-06 1.31E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 4.25E-06 3.77E-06 2.38E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 3.86E-06 0.00E+00 3.11E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 5.05E-06 2.96E-06 2.41E-06 0.00E+00 2.05E-06 2.53E-06 0.00E+00 0.00E+00 0.00E+00
650 4.75E-06 0.00E+00 2.92E-06 9.93E-07 0.00E+00 1.93E-06 0.00E+00 0.00E+00 0.00E+00
675 4.55E-06 3.42E-06 2.90E-06 2.83E-06 1.85E-06 2.63E-06 0.00E+00 0.00E+00 0.00E+00
700 3.46E-06 3.21E-06 5.33E-06 1.79E-06 0.00E+00 5.15E-06 0.00E+00 0.00E+00 0.00E+00
725 9.10E-06 6.34E-06 7.51E-06 5.42E-06 5.02E-06 5.66E-06 0.00E+00 0.00E+00 0.00E+00
750 1.21E-05 1.03E-05 1.37E-05 1.07E-05 8.95E-06 1.14E-05 0.00E+00 0.00E+00 0.00E+00
775 3.82E-05 3.11E-05 2.97E-05 3.44E-05 3.24E-05 2.52E-05 0.00E+00 0.00E+00 0.00E+00
800 2.14E-04 1.29€-04 1.26E-04 2.05E-04 1.29E-04 1.20E-04 0.00E+00 0.00E+00 0.00E+00
825 3.57E-04 3.35E-04 3.12E-04 3.50E-04 3.40E-04 3.10E-04 8.94E-07 0.00E+00 0.00E+00
850 2.33E-04 2.69E-04 2.71E-04 2.46E-04 2.29E-04 2.67E-04 1.39E-06 0.00E+00 8.98E-07
875 1.47E-04 1.50E-04 1.62E-04 1.76E-04 1.60E-04 1.43E-04 1.41E-06 1.63E-06 2.59E-06
900 8.91E-05 1.04E-04 9.72E-05 8.48E-05 1.03E-04 8.32E-05 1.49E-06 0.00E+00 1.70E-06
925 5.36E-05 5.97E-05 7.01E-05 5.02E-05 5.59E-05 6.42E-05 9.33E-07 1.28E-06 1.78E-06
950 3.04E-05 3.57E-05 4.26E-05 2.86E-05 2.83E-05 4.21E-05 0.00E+00 0.00E+00 1.26E-06
975 2.03E-05 2.13E-05 3.13E-05 1.68E-05 2.00E-05 2.81E-05 0.00E+00 0.00E+00 1.36E-06
1000 1.21E-05 1.18E-05 2.00E-05 9.68E-06 1.05E-05 2.00E-05 0.00E+00 0.00E+00 1.06E-06
1025 8.01E-06 7.05E-06 1.80E-05 5.89E-06 7.72E-06 1.41E-05 0.00E+00 0.00E+00 0.00E+00
1050 2.23E-06 3.79E-06 8.25E-06 1.54E-06 4.09E-06 6.73E-06 0.00E+00 0.00E+00 0.00E+00
1075 8.65E-07 8.66E-07 3.89E-06 0.00E+00 0.00E+00 2.59E-06 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 8.65E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-butanol oxidation

TK) 2-Butenal 1-Butanol
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 5.17E-03 4.98E-03 5.66E-03
525 0.00E+00 0.00E+00 0.00E+00 5.19E-03 4.52E-03 5.39E-03
550 0.00E+00 0.00E+00 0.00E+00 4.54E-03 5.09E-03 5.33E-03
575 0.00E+00 0.00E+00 0.00E+00 4.82E-03 5.10E-03 4.74E-03
600 0.00E+00 0.00E+00 0.00E+00 5.03E-03 5.03E-03 5.13E-03
625 0.00E+00 0.00E+00 0.00E+00 5.17E-03 5.13E-03 5.36E-03
650 0.00E+00 0.00E+00 0.00E+00 4.91E-03 5.00E-03 5.00E-03
675 0.00E+00 0.00E+00 0.00E+00 5.22E-03 4.89E-03 5.27E-03
700 0.00E+00 0.00E+00 4.93E-06 4.48E-03 4.50E-03 5.19E-03
725 5.44E-06 0.00E+00 0.00E+00 5.01E-03 4.63E-03 5.08E-03
750 0.00E+00 0.00E+00 0.00E+00 5.09E-03 5.21E-03 5.20E-03
775 0.00E+00 0.00E+00 0.00E+00 5.03E-03 4.98E-03 4.63E-03
800 0.00E+00 0.00E+00 0.00E+00 4.35E-03 4.75E-03 5.01E-03
825 6.44E-06 6.08E-06 2.80E-06 2.75E-03 3.24E-03 3.59E-03
850 8.39E-06 6.35E-06 5.66E-06 1.27E-03 1.37E-03 2.03E-03
875 6.30E-06 5.42E-06 5.12E-06 8.44E-04 9.69E-04 1.16E-03
900 2.76E-06 3.65E-06 4.07E-06 4.09E-04 6.72E-04 7.64E-04
925 2.39E-06 2.25E-06 3.23E-06 2.72E-04 3.74E-04 6.41E-04
950 0.00E+00 0.00E+00 2.22E-06 1.72E-04 2.39E-04 5.04E-04
975 2.03E-05 0.00E+00 0.00E+00 9.77E-05 1.81E-04 3.93E-04
1000 0.00E+00 0.00E+00 1.63E-06 0.00E+00 1.16E-04 2.70E-04
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.37E-05 1.38E-04
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.35E-05 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-pentanol oxidation

Equivalence ratio 0,5;1;2 Units Mole fraction
X 1_pentanol 0.005 Bath gas Helium
Temperature (K) 500 - 1100 Residence time (s) 2
P (Torr) 800
- 0, co CH,
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 7.70E-02 3.89E-02 2.12E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 7.90E-02 3.88E-02 1.97E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.18E-06
550 7.60E-02 4.04E-02 1.99E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 7.64E-02 3.92E-02 1.93E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.34E-06
600 7.57E-02 3.95E-02 2.02E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 7.63E-02 3.82E-02 1.93E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.21E-07
650 7.69E-02 3.78E-02 2.06E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 7.59E-02 3.89E-02 1.95E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.17E-06 0.00E+00
700 7.53E-02 3.83E-02 1.98E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.29E-06
725 7.72E-02 3.96E-02 1.99E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 7.43E-02 4.05E-02 1.98E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 7.72E-02 4.12E-02 1.97E-02 0.00E+00 0.00E+00 0.00E+00 1.63E-06 1.88E-06 2.27E-06
800 7.65E-02 3.86E-02 1.90E-02 6.13E-04 0.00E+00 0.00E+00 3.24E-05 8.94E-06 2.85E-05
825 7.20E-02 3.58E-02 1.70E-02 3.72E-03 3.40E-03 1.95E-03 1.99E-04 2.56E-04 2.47E-04
850 6.73E-02 3.27E-02 1.93E-02 8.23E-03 5.77E-03 5.14E-03 4.10E-04 4.73E-04 5.80E-04
875 6.33E-02 2.82E-02 1.25E-02 1.14E-02 9.37E-03 6.53E-03 5.11E-04 6.69E-04 8.03E-04
900 6.18E-02 2.52E-02 1.19E-02 1.31E-02 1.14E-02 9.23E-03 5.03E-04 7.60E-04 1.09E-03
925 5.73E-02 2.34E-02 1.16E-02 1.52E-02 1.35E-02 9.78E-03 4.91E-04 8.57E-04 1.25E-03
950 5.05E-02 2.31E-02 9.58E-03 1.37E-02 1.43E-02 1.05E-02 3.18E-04 8.92E-04 1.39E-03
975 4.79E-02 1.87E-02 8.90E-03 1.12E-02 1.45E-02 1.08E-02 1.75E-04 8.61E-04 1.55E-03
1000 4.41E-02 1.55E-02 8.43E-03 7.38E-03 1.24E-02 1.24E-02 9.08E-05 7.22E-04 1.74E-03
1025 4.35E-02 9.34E-03 7.71E-03 4.59E-03 6.05E-03 1.39E-02 6.34E-05 3.45E-04 2.01E-03
1050 4.31E-02 6.35E-03 6.42E-03 2.45E-03 3.09E-03 1.51E-02 4.76E-05 2.25E-04 1.94E-03
1075 4.15E-02 3.56E-03 3.89E-03 1.35E-03 1.19E-03 1.70E-02 2.87E-05 5.38E-05 1.74E-03
1100 4.00E-02 2.50E-03 2.79E-03 0.00E+00 1.03E-03 1.77E-02 0.00E+00 4.15E-05 1.40E-03
TK) co, Acetylene Ethylene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.01E-06 0.00E+00 0.00E+00 1.01E-05
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.21E-07 0.00E+00 0.00E+00 6.87E-06
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.34E-07 0.00E+00 2.22E-06 4.04E-06
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.80E-05 8.02E-07
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.25E-05
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.21E-07 1.64E-06 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.98E-06 0.00E+00 6.94E-06
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.63E-05 2.48E-05 2.96E-05
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.17E-04 1.14E-04 2.92E-04
825 1.95E-04 2.57E-04 0.00E+00 1.51E-06 0.00E+00 2.48E-06 1.69E-03 2.07E-03 1.72E-03
850 6.90E-04 0.00E+00 2.42E-04 6.57E-06 0.00E+00 5.80E-06 2.66E-03 2.88E-03 2.77E-03
875 1.46E-03 8.82E-04 0.00E+00 1.09E-05 8.63E-06 1.19E-05 2.69E-03 2.79E-03 3.11E-03
900 2.78E-03 1.38E-03 0.00E+00 1.48E-05 1.71E-05 2.06E-05 2.23E-03 2.86E-03 3.26E-03
925 4.57E-03 2.31E-03 9.33E-04 1.49E-05 2.01E-05 1.15E-04 1.71E-03 2.54E-03 3.18E-03
950 7.76E-03 3.19E-03 1.15E-03 1.85E-05 2.44E-05 3.05E-05 8.55E-04 2.15E-03 3.07E-03
975 1.33E-02 4.29E-03 1.31E-03 1.27E-05 2.10E-05 3.93E-05 4.03E-04 1.60E-03 3.05E-03
1000 1.66E-02 8.98E-03 1.66E-03 8.29E-06 1.83E-05 4.74E-05 2.36E-04 1.27E-03 2.83E-03
1025 2.14E-02 1.63E-02 1.90E-03 7.64E-06 1.73E-05 4.97E-05 1.87E-04 7.85E-04 2.73E-03
1050 2.37E-02 2.11E-02 2.52E-03 5.97E-06 1.57E-05 5.14E-05 1.05E-04 5.83E-04 2.10E-03
1075 2.49E-02 2.34E-02 3.13E-03 4.81E-06 8.10E-06 7.52E-05 3.22E-05 1.50E-04 1.40E-03
1100 2.62E-02 2.49E-02 3.59E-03 0.00E+00 0.00E+00 7.46E-05 6.45E-07 8.37E-05 9.44E-04
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Experimental raw data: n-pentanol oxidation

T Ethane Propene Propane
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 2.87E-06 2.15E-06 1.81E-06 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 1.12E-05 1.04E-05 6.68E-06 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 2.03E-06 1.44E-04 2.51E-05 4.52E-05 0.00E+00 0.00E+00 0.00E+00
825 7.95E-06 1.72E-05 2.57E-05 4.06E-04 3.30E-04 3.03E-04 0.00E+00 1.31E-06 4.51E-06
850 2.00E-05 3.97E-05 6.64E-05 3.46E-04 4.22E-04 4.02E-04 0.00E+00 3.59E-06 8.68E-06
875 3.00E-05 5.38E-05 1.01E-04 3.04E-04 3.37E-04 3.82E-04 0.00E+00 7.32E-06 1.32E-05
900 2.52E-05 6.07E-05 1.33E-04 1.93E-04 2.51E-04 3.56E-04 0.00E+00 6.56E-06 1.76E-05
925 2.80E-05 5.98E-05 1.29E-04 1.28E-04 1.88E-04 2.85E-04 0.00E+00 8.49E-06 1.72E-05
950 1.28E-05 7.00E-05 1.37E-04 5.91E-05 1.50E-04 2.34E-04 0.00E+00 6.48E-06 1.73E-05
975 1.14E-05 6.19E-05 1.57E-04 3.71E-05 9.09E-05 2.22E-04 0.00E+00 0.00E+00 1.88E-05
1000 8.20E-06 5.69E-05 1.50E-04 2.85E-05 5.96E-05 1.50E-04 0.00E+00 4.56E-06 1.55E-05
1025 6.45E-06 4.71E-05 1.41E-04 1.90E-05 5.07E-05 1.04E-04 0.00E+00 2.64E-06 1.52E-05
1050 2.69E-06 4.14E-05 1.26E-04 4.20E-06 4.13E-05 6.57E-05 0.00E+00 0.00E+00 1.23E-05
1075 0.00E+00 1.32E-05 9.95E-05 0.00E+00 9.86E-06 3.34E-05 0.00E+00 0.00E+00 8.49E-06
1100 0.00E+00 3.35E-06 6.09E-05 0.00E+00 0.00E+00 1.36E-05 0.00E+00 0.00E+00 4.07E-06
TK) Acetaldehyde Oxirane Formaldehyde
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 4.63E-06 3.22E-06 3.03E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 1.80E-05 1.04E-05 8.09E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 1.27E-04 2.37E-05 4.32E-05 2.51E-06 0.00E+00 0.00E+00 1.26E-04 1.14E-04 0.00E+00
825 2.50E-04 2.05E-04 2.19E-04 2.23E-05 1.81E-05 1.47E-05 5.03E-04 4.26E-04 3.23E-04
850 2.04E-04 2.58E-04 3.17E-04 3.49E-05 3.35E-05 3.60E-05 3.98E-04 1.23E-03 5.82E-04
875 1.86E-04 2.34E-04 3.10E-04 3.35E-05 3.35E-05 2.90E-05 4.12E-04 4.64E-04 5.34E-04
900 1.41E-04 1.88E-04 3.10E-04 2.09E-05 2.23E-05 2.32E-05 2.80E-04 2.93E-04 4.20E-04
925 1.04E-04 1.63E-04 2.48E-04 1.40E-05 1.23E-05 1.23E-05 0.00E+00 0.00E+00 4.14E-04
950 5.44E-05 1.27E-04 2.03E-04 3.21E-06 7.95E-06 7.66E-06 1.31E-04 2.02E-04 2.69E-04
975 3.27E-05 1.00E-04 1.74E-04 0.00E+00 0.00E+00 4.88E-06 0.00E+00 1.63E-04 3.21E-04
1000 2.56E-05 6.07E-05 1.22E-04 0.00E+00 1.98E-06 2.39E-06 0.00E+00 0.00E+00 1.69E-04
1025 1.51E-05 4.42E-05 7.88E-05 0.00E+00 0.00E+00 2.13E-06 0.00E+00 0.00E+00 0.00E+00
1050 6.35E-06 3.59E-05 5.02E-05 0.00E+00 0.00E+00 1.62E-06 0.00E+00 0.00E+00 7.06E-05
1075 0.00E+00 6.52E-06 1.94E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 6.51E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-pentanol oxidation

T Methanol 1-Butene 1,3-Butadiene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 2.09E-06 1.35E-06 1.47E-06 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 9.46E-06 8.54E-06 7.71E-06 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 1.02E-04 2.44E-05 4.74E-05 8.74E-06 1.12E-06 3.06E-06
825 2.73E-05 3.35E-05 0.00E+00 2.14E-04 2.05E-04 2.07E-04 3.42E-05 2.82E-05 2.49E-05
850 3.35E-05 4.52E-05 0.00E+00 1.40E-04 2.07E-04 1.96E-04 3.19E-05 3.89E-05 3.55E-05
875 1.98E-05 2.34E-05 0.00E+00 1.05E-04 1.23E-04 1.42E-04 2.90E-05 2.95E-05 3.18E-05
900 1.76E-05 1.56E-05 0.00E+00 5.92E-05 7.09E-05 1.03E-04 1.87E-05 2.03E-05 2.88E-05
925 0.00E+00 0.00E+00 0.00E+00 3.98E-05 5.02E-05 7.38E-05 1.47E-05 1.59E-05 2.32E-05
950 0.00E+00 9.21E-06 0.00E+00 1.96E-05 3.43E-05 5.07E-05 6.12E-06 1.23E-05 2.01E-05
975 0.00E+00 0.00E+00 0.00E+00 1.67E-05 2.46E-05 4.35E-05 5.74E-06 1.20E-05 1.85E-05
1000 0.00E+00 0.00E+00 0.00E+00 1.05E-05 1.28E-05 2.71E-05 3.25E-06 5.44E-06 1.36E-05
1025 0.00E+00 0.00E+00 0.00E+00 5.08E-06 1.02E-05 1.57E-05 4.69E-06 7.85E-06 1.14E-05
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.36E-06 9.59E-06 1.56E-06 7.67E-06 8.38E-06
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.37E-06 3.78E-06 0.00E+00 2.60E-06 5.25E-06
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.56E-06 0.00E+00 0.00E+00 2.23E-06
T 2-Butene Methyloxirane Acrolein
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 3.33E-06 0.00E+00 0.00E+00 2.20E-06 0.00E+00 0.00E+00 1.36E-05 1.67E-06 2.50E-06
825 8.51E-06 4.50E-06 5.52E-06 7.44E-06 5.72E-06 4.33E-06 4.74E-05 4.23E-05 3.15E-05
850 4.52E-06 4.21E-06 5.75E-06 6.68E-06 6.48E-06 5.79E-06 4.67E-05 4.91E-05 4.54E-05
875 4.25E-06 4.80E-06 5.15E-06 4.50E-06 4.63E-06 3.50E-06 3.98E-05 4.28E-05 3.58E-05
900 2.56E-06 2.84E-06 5.72E-06 2.40E-06 3.12E-06 2.64E-06 2.44E-05 2.15E-05 2.96E-05
925 2.84E-06 0.00E+00 4.83E-06 0.00E+00 0.00E+00 0.00E+00 1.48E-05 2.09E-05 1.85E-05
950 0.00E+00 3.07E-06 4.57E-06 0.00E+00 0.00E+00 0.00E+00 5.02E-06 9.91E-06 1.25E-05
975 0.00E+00 0.00E+00 4.22E-06 0.00E+00 0.00E+00 0.00E+00 4.21E-06 0.00E+00 9.65E-06
1000 0.00E+00 0.00E+00 3.94E-06 0.00E+00 0.00E+00 0.00E+00 2.94E-06 3.03E-06 4.24E-06
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.10E-06 1.64E-06 3.07E-06
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.78E-06
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-pentanol oxidation

T(K) Propanal Acetone 1-Pentene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 3.51E-06 1.39E-06 2.10E-06 0.00E+00 0.00E+00 0.00E+00 2.67E-06 2.52E-06 2.58E-06
775 1.26E-05 7.06E-06 2.83E-06 1.82E-06 0.00E+00 0.00E+00 1.36E-05 1.19E-05 9.58E-06
800 6.56E-05 1.12E-05 1.31E-05 6.10E-06 0.00E+00 0.00E+00 8.29E-05 2.73E-05 4.56E-05
825 7.53E-05 4.33E-05 2.94E-05 1.58E-05 8.74E-06 4.76E-06 1.28E-04 1.31E-04 1.43E-04
850 3.28E-05 3.08E-05 2.15E-05 1.00E-05 1.01E-05 8.13E-06 7.34E-05 1.18E-04 1.19E-04
875 2.05E-05 1.67E-05 1.29E-05 8.76E-06 6.68E-06 9.13E-06 5.39E-05 6.69E-05 8.36E-05
900 9.67E-06 1.03E-05 1.19E-05 6.53E-06 6.04E-06 8.57E-06 3.19E-05 3.83E-05 6.24E-05
925 2.51E-06 7.42E-06 8.62E-06 6.00E-06 7.80E-06 7.83E-06 2.19E-05 2.82E-05 4.45E-05
950 2.15E-06 4.45E-06 6.86E-06 2.06E-06 3.71E-06 5.95E-06 1.36E-05 2.17E-05 2.94E-05
975 3.09E-06 0.00E+00 6.60E-06 0.00E+00 0.00E+00 4.99E-06 1.03E-05 1.21E-05 2.50E-05
1000 0.00E+00 1.44E-06 4.41E-06 0.00E+00 1.05E-06 4.47E-06 6.39E-06 9.55E-06 1.61E-05
1025 0.00E+00 1.27E-06 1.32E-06 0.00E+00 0.00E+00 0.00E+00 2.96E-06 5.48E-06 9.70E-06
1050 0.00E+00 0.00E+00 1.45E-06 0.00E+00 0.00E+00 2.21E-06 0.00E+00 0.00E+00 3.97E-06
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.69E-06
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
TK) 2-Pentene 1,4-Pentadiene 1,3-Pentadiene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 2.16E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 3.59E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 5.25E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 3.91E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 5.83E-07 5.58E-06 3.60E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 3.10E-06 7.81E-06 3.97E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 3.15E-06 1.90E-06 4.93E-06 1.82E-06 0.00E+00 1.09E-06 1.06E-06 0.00E+00 0.00E+00
825 3.57E-06 7.81E-06 5.16E-06 4.86E-06 3.16E-06 2.42E-06 1.23E-06 1.54E-06 1.39E-06
850 4.25E-06 7.14E-06 7.36E-06 2.11E-06 2.86E-06 2.64E-06 1.12E-06 1.17E-06 1.26E-06
875 3.23E-06 8.67E-06 5.19E-06 1.77E-06 2.12E-06 2.22E-06 9.55E-07 1.64E-06 1.06E-06
900 2.61E-06 2.20E-06 6.95E-06 8.97E-07 1.97E-06 1.35E-06 0.00E+00 0.00E+00 7.16E-07
925 3.62E-06 0.00E+00 7.57E-06 1.86E-06 0.00E+00 1.29E-06 0.00E+00 0.00E+00 7.93E-07
950 0.00E+00 4.84E-06 8.10E-06 0.00E+00 0.00E+00 2.64E-06 0.00E+00 0.00E+00 0.00E+00
975 3.69E-06 0.00E+00 6.07E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1000 2.19E-06 0.00E+00 6.19E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1025 0.00E+00 2.24E-06 4.14E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1050 2.03E-06 0.00E+00 3.51E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 3.17E-06 4.58E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 2.46E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-pentanol oxidation

TK) Not-identified 2-Methylfuran Pentane
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 1.41E-06 0.00E+00 1.08E-06 0.00E+00 0.00E+00 0.00E+00 1.27E-06 2.35E-06 0.00E+00
800 1.44E-05 4.13E-06 5.45E-06 1.81E-06 0.00E+00 0.00E+00 1.57E-05 1.62E-06 0.00E+00
825 2.68E-05 2.36E-05 2.54E-05 2.40E-06 1.67E-06 1.10E-06 2.12E-05 1.47E-05 0.00E+00
850 2.06E-05 3.20E-05 2.50E-05 1.41E-06 2.30E-06 9.85E-07 1.01E-05 8.21E-06 0.00E+00
875 1.54E-05 1.69E-05 1.80E-05 0.00E+00 0.00E+00 0.00E+00 4.60E-06 3.55E-06 0.00E+00
900 8.10E-06 9.31E-06 1.27E-05 0.00E+00 0.00E+00 0.00E+00 1.94E-06 1.55E-06 0.00E+00
925 4.39E-06 8.60E-06 9.67E-06 0.00E+00 0.00E+00 0.00E+00 1.38E-06 0.00E+00 0.00E+00
950 2.98E-06 3.93E-06 6.45E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
975 3.11E-06 0.00E+00 5.43E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1000 1.49E-06 0.00E+00 3.21E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1025 0.00E+00 1.58E-06 9.78E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 1.38E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
TK) Methyl vinyl ketone Butanal Tetrahydrofuran
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 1.89E-06 0.00E+00 0.00E+00 0.00E+00 5.59E-06 6.31E-06 2.43E-06
800 0.00E+00 0.00E+00 3.41E-06 1.07E-05 0.00E+00 0.00E+00 1.91E-05 2.09E-06 1.68E-06
825 2.65E-06 1.39E-06 8.75E-06 1.19E-05 7.45E-06 9.40E-07 2.58E-05 1.38E-05 3.19E-06
850 1.80E-06 1.61E-06 1.93E-06 4.18E-06 4.79E-06 0.00E+00 1.07E-05 7.83E-06 2.66E-06
875 1.80E-06 1.29E-06 7.05E-07 0.00E+00 0.00E+00 0.00E+00 9.04E-06 5.49E-06 3.85E-06
900 0.00E+00 1.62E-06 9.78E-07 0.00E+00 0.00E+00 9.49E-07 3.86E-06 4.52E-06 2.31E-06
925 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.11E-06 0.00E+00 1.12E-06
950 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.20E-06
975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1000 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-pentanol oxidation

2-3-Butanediol 2-Butenal Pentanal
T(K)
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.68E-07 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.44E-06 9.67E-07
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.97E-06 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.69E-06 4.23E-06
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.80E-07 9.88E-07
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.94E-06 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.19E-07 9.40E-07
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.94E-06 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.02E-05 0.00E+00 7.55E-06
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.16E-05 4.18E-05 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.63E-05 5.51E-05 4.94E-07
800 1.57E-06 0.00E+00 0.00E+00 2.00E-06 0.00E+00 0.00E+00 3.49E-04 1.87E-04 1.82E-04
825 1.81E-06 1.73E-06 1.58E-06 9.07E-06 7.16E-06 4.14E-06 3.52E-04 3.49E-04 3.23E-04
850 2.64E-06 2.09E-06 1.26E-06 8.81E-06 1.06E-05 7.34E-06 2.08E-04 2.60E-04 1.99E-04
875 2.07E-06 1.71E-06 2.22E-06 7.49E-06 5.79E-06 6.43E-06 1.25E-04 1.10E-04 1.22E-04
900 0.00E+00 0.00E+00 1.27E-06 3.89E-06 3.52E-06 4.59E-06 5.97E-05 7.42E-05 6.74E-05
925 0.00E+00 0.00E+00 1.09E-06 1.87E-06 6.11E-06 3.73E-06 4.06E-05 4.15E-05 4.97E-05
950 0.00E+00 0.00E+00 1.02E-06 0.00E+00 0.00E+00 2.47E-06 2.03E-05 3.28E-05 2.70E-05
975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.18E-06 1.51E-05 1.52E-05 2.04E-05
1000 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.43E-06 1.15E-05 1.34E-05
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.23E-05 0.00E+00 4.93E-06 8.17E-06
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.72E-06
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1-Pentanol
T(K)
Phi=0.5 Phi=1 Phi=2

500 5.14E-03 5.06E-03 5.19E-03

525 5.40E-03 5.06E-03 4.94E-03

550 5.03E-03 5.24E-03 5.10E-03

575 5.13E-03 5.05E-03 4.83E-03

600 4.83E-03 5.46E-03 4.71E-03

625 4.90E-03 5.20E-03 4.82E-03

650 4.71E-03 5.15E-03 4.72E-03

675 4.96E-03 5.12E-03 4.70E-03

700 4.91E-03 5.51E-03 5.11E-03

725 5.08E-03 5.14E-03 4.83E-03

750 4.97E-03 5.71E-03 4.79E-03

775 4.94E-03 5.09E-03 4.81E-03

800 3.68E-03 4.81E-03 4.30E-03

825 1.87E-03 2.23E-03 2.41E-03

850 9.10E-04 1.23E-03 1.30E-03

875 5.25E-04 6.85E-04 8.98E-04

900 3.15E-04 4.77E-04 6.23E-04

925 2.48E-04 3.93E-04 5.40E-04

950 1.08E-04 2.24E-04 3.47E-04

975 8.98E-05 1.52E-04 2.58E-04

1000 0.00E+00 1.40E-04 1.73E-04

1025 0.00E+00 0.00E+00 9.47E-05

1050 0.00E+00 0.00E+00 0.00E+00

1075 0.00E+00 0.00E+00 0.00E+00

1100 0.00E+00 0.00E+00 0.00E+00

216




Experimental raw data: n-butanal oxidation

Equivalence ratio 05;1;2 Units Mole fraction
X 1.butanal 0.005 Bath gas Helium
Temperature (K) 500- 1100 Residence time (s) 2
P (Torr) 800
1K) 0, co CH,
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 5.83E-02 2.93E-02 1.53E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 5.65E-02 2.93E-02 1.74E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 5.80E-02 2.86E-02 1.47E-02 0.00E+00 0.00E+00 0.00E+00 3.27E-06 0.00E+00 0.00E+00
575 5.44E-02 3.05E-02 1.44E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 5.55E-02 2.78E-02 1.53E-02 7.17E-04 3.49E-04 1.60E-04 2.31E-07 0.00E+00 0.00E+00
625 5.24E-02 2.77E-02 1.45E-02 1.92E-03 8.84E-04 3.15E-04 1.43E-06 1.14E-06 5.94E-07
650 5.37E-02 2.78E-02 1.41E-02 1.43E-03 3.27E-04 1.56E-04 2.50E-06 0.00E+00 6.38E-07
675 5.86E-02 2.81E-02 1.95E-02 6.31E-04 2.94E-04 1.81E-04 9.52E-07 1.13E-06 2.91E-06
700 5.59E-02 2.95E-02 1.48E-02 3.91E-04 3.42E-04 2.83E-04 1.88E-06 5.63E-06 1.41E-05
725 5.78E-02 2.88E-02 1.52E-02 6.39E-04 5.20E-04 5.61E-04 1.15E-05 2.70E-05 6.10E-05
750 6.02E-02 2.79E-02 1.43E-02 1.09E-03 7.87E-04 7.99E-04 4.98E-05 8.66E-05 1.53E-04
775 5.36E-02 2.78E-02 1.45E-02 1.74E-03 1.59E-03 1.18E-03 1.54E-04 2.68E-04 3.38E-04
800 5.39E-02 2.74E-02 1.42E-02 3.14E-03 2.55E-03 1.46E-03 3.72E-04 5.50E-04 5.45E-04
825 5.17E-02 2.71E-02 1.41E-02 4.48E-03 3.59E-03 2.19E-03 6.16E-04 8.28E-04 8.31E-04
850 5.22E-02 2.62E-02 1.37E-02 6.71E-03 4.88E-03 3.03E-03 8.34E-04 1.02E-03 1.09E-03
875 5.11E-02 2.50E-02 1.29E-02 8.03E-03 6.91E-03 4.80E-03 9.56E-04 1.25E-03 1.37E-03
900 4.66E-02 2.25E-02 1.14E-02 1.08E-02 8.93E-03 6.03E-03 9.33E-04 1.26E-03 1.46E-03
925 4.40E-02 2.14E-02 1.11E-02 1.15E-02 1.02E-02 7.07E-03 8.66E-04 1.23E-03 1.55E-03
950 3.96E-02 1.91E-02 9.53E-03 1.27E-02 1.13E-02 8.46E-03 5.92E-04 1.19E-03 1.63E-03
975 3.48E-02 1.70E-02 9.51E-03 1.01E-02 1.22E-02 9.64E-03 2.82E-04 1.13E-03 1.76E-03
1000 3.22E-02 1.47E-02 7.99E-03 6.61E-03 1.35E-02 1.02E-02 1.37E-04 1.00E-03 1.90E-03
1025 3.11E-02 1.04E-02 7.86E-03 3.81E-03 8.71E-03 1.16E-02 8.64E-05 5.96E-04 1.92E-03
1050 2.94E-02 6.23E-03 5.79E-03 2.19E-03 5.37E-03 1.32E-02 6.53E-05 3.73E-04 1.82E-03
1075 2.85E-02 3.10E-03 3.72E-03 1.43E-03 1.52E-03 1.39E-02 4.47E-05 9.52E-05 1.18E-03
1100 2.95E-02 1.29E-03 2.26E-03 6.22E-04 9.75E-04 1.50E-02 7.48E-06 5.04E-05 1.04E-03
TK) Cco, Acetylene Ethylene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.32E-05 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.75E-06 1.47E-06 1.00E-06
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.45E-05 3.23E-05 1.51E-05
625 1.36E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.74E-04 1.05E-04 4.27E-05
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.50E-04 3.86E-05 1.79E-05
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.13E-05 2.68E-05 2.29E-05
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.28E-05 3.74E-05 5.55E-05
725 0.00E+00 0.00E+00 0.00E+00 2.20E-05 0.00E+00 0.00E+00 8.16E-05 9.88E-05 1.57E-04
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.07E-04 2.17E-04 2.96E-04
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.99E-04 6.05E-04 5.79E-04
800 1.67E-04 0.00E+00 8.37E-05 2.59E-07 0.00E+00 0.00E+00 1.71E-03 1.11E-03 8.23E-04
825 2.99E-04 0.00E+00 0.00E+00 1.15E-06 1.04E-06 0.00E+00 1.58E-03 1.63E-03 1.26E-03
850 4.13E-04 0.00E+00 1.55E-04 3.54E-06 2.04E-06 2.14E-06 2.09E-03 2.05E-03 1.67E-03
875 0.00E+00 0.00E+00 0.00E+00 6.01E-06 6.31E-06 4.83E-06 2.30E-03 2.53E-03 2.33E-03
900 1.15E-03 6.21E-04 3.11E-04 1.01E-05 1.11E-05 1.17E-05 2.09E-03 2.60E-03 2.54E-03
925 1.78E-03 9.75E-04 3.17E-04 1.26E-05 1.60E-05 2.09E-05 1.77E-03 2.37E-03 2.68E-03
950 4.42E-03 1.40E-03 6.37E-04 9.84E-06 1.77E-05 2.62E-05 9.29E-04 2.02E-03 2.61E-03
975 9.17E-03 2.41E-03 8.10E-04 4.54E-06 1.99E-05 7.02E-05 3.38E-04 1.60E-03 2.63E-03
1000 1.31E-02 3.83E-03 1.28E-03 2.32E-06 1.58E-05 3.73E-05 1.80E-04 1.13E-03 2.48E-03
1025 1.72E-02 9.47E-03 1.30E-03 2.30E-06 1.45E-05 4.21E-05 1.32E-04 7.83E-04 2.49E-03
1050 1.86E-02 1.44E-02 1.91E-03 2.41E-06 1.51E-05 3.85E-05 1.04E-04 4.83E-04 1.60E-03
1075 2.04E-02 1.90E-02 2.90E-03 2.28E-06 8.74E-06 3.14E-05 5.38E-05 1.62E-04 8.24E-04
1100 1.98E-02 2.03E-02 3.32E-03 0.00E+00 1.01E-05 5.43E-05 4.03E-05 7.89E-05 6.67E-04
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Experimental raw data: n-butanal oxidation

T(K) Ethane Propene Propane
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 1.62E-06 2.52E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 1.18E-05 7.31E-06 5.96E-06 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 1.67E-04 8.97E-05 4.24E-05 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 3.18E-04 2.58E-04 1.33E-04 0.00E+00 2.28E-06 2.58E-06
650 0.00E+00 0.00E+00 0.00E+00 4.15E-04 1.63E-04 9.57E-05 0.00E+00 1.68E-06 4.17E-06
675 0.00E+00 0.00E+00 0.00E+00 2.67E-04 1.27E-04 1.09E-04 0.00E+00 0.00E+00 3.17E-06
700 0.00E+00 0.00E+00 0.00E+00 2.28E-04 1.64E-04 1.49E-04 0.00E+00 2.31E-06 3.56E-06
725 0.00E+00 0.00E+00 2.28E-06 3.09E-04 2.77E-04 2.43E-04 3.14E-06 3.59E-06 3.89E-06
750 0.00E+00 4.18E-06 1.04E-05 4.95E-04 3.58E-04 2.78E-04 3.78E-06 3.19E-06 4.22E-06
775 6.59E-06 1.68E-05 2.64E-05 6.55E-04 4.42E-04 2.88E-04 4.04E-06 7.19E-06 5.71E-06
800 2.61E-05 5.70E-05 5.40E-05 7.49E-04 5.44E-04 2.93E-04 5.40E-06 6.99E-06 6.02E-06
825 6.15E-05 1.10E-04 1.18E-04 7.60E-04 5.79E-04 3.58E-04 0.00E+00 6.52E-06 7.67E-06
850 1.03E-04 1.57E-04 1.65E-04 5.96E-04 4.92E-04 3.42E-04 4.67E-06 5.92E-06 5.66E-06
875 1.25E-04 2.03E-04 2.49E-04 4.51E-04 4.23E-04 3.82E-04 6.34E-06 9.52E-06 1.03E-05
900 9.66E-05 1.71E-04 2.68E-04 2.35E-04 2.85E-04 3.32E-04 5.36E-06 7.47E-06 1.31E-05
925 8.57E-05 1.63E-04 2.52E-04 1.45E-04 1.99E-04 2.52E-04 2.95E-06 7.63E-06 1.34E-05
950 4.15E-05 1.38E-04 2.55E-04 5.54E-05 1.33E-04 2.01E-04 2.48E-06 7.00E-06 1.67E-05
975 2.89E-05 1.20E-04 2.06E-04 2.66E-05 8.02E-05 1.34E-04 0.00E+00 5.74E-06 1.34E-05
1000 2.18E-05 8.90E-05 2.42E-04 2.20E-05 4.03E-05 1.23E-04 0.00E+00 4.75E-06 1.28E-05
1025 1.82E-05 8.39E-05 1.98E-04 1.59E-05 3.51E-05 7.42E-05 0.00E+00 3.79E-06 1.07E-05
1050 9.84E-06 7.72E-05 1.44E-04 7.61E-06 3.47E-05 0.00E+00 0.00E+00 2.57E-06 0.00E+00
1075 4.44E-06 3.14E-05 1.09E-04 2.56E-06 1.20E-05 2.12E-05 0.00E+00 0.00E+00 5.92E-06
1100 0.00E+00 1.90E-05 6.86E-05 0.00E+00 5.68E-06 8.78E-06 0.00E+00 0.00E+00 4.32E-06
TK) Formaldehyde Oxirane Acetaldehyde
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.35E-06 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.20E-05 8.31E-06 3.74E-06
600 3.27E-04 0.00E+00 0.00E+00 5.32E-06 0.00E+00 0.00E+00 1.25E-04 6.10E-05 1.23E-05
625 5.03E-04 4.79E-04 0.00E+00 6.21E-06 2.28E-06 0.00E+00 8.34E-05 4.83E-05 1.36E-05
650 3.38E-04 0.00E+00 0.00E+00 2.99E-06 0.00E+00 0.00E+00 9.66E-05 2.98E-05 6.16E-06
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.79E-05 4.62E-06 3.71E-06
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.71E-06 5.79E-06 4.53E-06
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.12E-05 7.01E-06 6.89E-06
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.12E-05 1.02E-05 1.24E-05
775 2.74E-04 0.00E+00 0.00E+00 2.05E-06 2.31E-06 0.00E+00 7.04E-05 1.80E-05 1.41E-05
800 2.56E-04 0.00E+00 0.00E+00 3.91E-06 3.78E-06 2.37E-06 1.01E-04 3.65E-05 2.06E-05
825 3.17E-04 2.70E-04 2.21E-04 9.84E-06 5.72E-06 3.27E-06 7.36E-05 5.63E-05 3.59E-05
850 4.36E-04 3.00E-04 2.14E-04 1.75E-05 8.73E-06 3.33E-06 9.16E-05 6.35E-05 5.11E-05
875 3.52E-04 2.69E-04 2.43E-04 1.70E-05 1.06E-05 6.53E-06 8.31E-05 7.94E-05 6.93E-05
900 2.50E-04 3.21E-04 2.47E-04 1.43E-05 1.12E-05 6.83E-06 6.62E-05 7.34E-05 9.54E-05
925 2.47E-04 2.11E-04 2.80E-04 9.27E-06 8.54E-06 5.61E-06 5.11E-05 6.59E-05 7.43E-05
950 0.00E+00 2.98E-04 2.22E-04 4.41E-06 4.67E-06 4.43E-06 2.91E-05 5.20E-05 7.81E-05
975 0.00E+00 1.27E-04 0.00E+00 0.00E+00 3.13E-06 2.96E-06 1.32E-05 4.02E-05 5.85E-05
1000 0.00E+00 0.00E+00 1.27E-04 0.00E+00 1.48E-06 1.65E-06 1.36E-05 2.29E-05 5.83E-05
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.23E-06 7.09E-06 2.45E-05 4.58E-05
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.88E-06 2.01E-05 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.99E-06 8.15E-06 1.01E-05
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.52E-06 5.46E-06
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Experimental raw data: n-butanal oxidation

TK) Methanol 1-Butene 1,3-Butadiene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 1.32E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 2.48E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 1.27E-04 9.56E-05 4.11E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 1.96E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 1.88E-05 1.25E-05 1.56E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 1.61E-05 1.63E-05 3.74E-05 0.00E+00 1.60E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 3.11E-05 4.32E-05 5.49E-05 0.00E+00 8.09E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 7.37E-05 6.51E-05 9.69E-05 1.57E-06 3.71E-06 2.61E-06 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 9.35E-05 8.61E-05 4.20E-06 4.12E-06 3.64E-06 2.23E-06 0.00E+00 0.00E+00
800 0.00E+00 1.29E-04 8.04E-05 1.15E-05 1.18E-05 5.46E-06 1.89E-06 1.87E-06 1.04E-06
825 1.11E-04 1.10E-04 6.85E-05 1.59E-05 1.66E-05 1.08E-05 2.72E-06 1.23E-06 2.70E-06
850 6.91E-05 7.49E-05 5.28E-05 1.80E-05 2.09E-05 1.41E-05 3.04E-06 2.03E-06 1.45E-06
875 5.84E-05 5.23E-05 4.80E-05 1.46E-05 1.98E-05 1.95E-05 3.23E-06 2.77E-06 3.63E-06
900 2.94E-05 2.96E-05 0.00E+00 7.81E-06 1.37E-05 1.74E-05 2.27E-06 2.98E-06 3.39E-06
925 1.70E-05 2.13E-05 2.73E-05 5.42E-06 8.40E-06 1.50E-05 1.73E-06 2.72E-06 3.54E-06
950 0.00E+00 1.56E-05 0.00E+00 2.13E-06 7.43E-06 1.13E-05 0.00E+00 2.63E-06 4.31E-06
975 0.00E+00 1.00E-05 0.00E+00 1.24E-06 3.16E-06 6.83E-06 0.00E+00 1.38E-06 3.13E-06
1000 0.00E+00 8.04E-06 1.55E-05 1.59E-06 2.88E-06 7.09E-06 0.00E+00 1.35E-06 4.41E-06
1025 5.96E-06 0.00E+00 0.00E+00 1.69E-06 2.90E-06 4.27E-06 0.00E+00 1.93E-06 3.45E-06
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.19E-06 0.00E+00 0.00E+00 1.97E-06 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.26E-06 1.86E-06 0.00E+00 8.37E-07 2.22E-06
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
T 2-Butene Methyloxirane Acrolein
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 1.65E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 1.75E-05 6.89E-06 3.41E-06 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 3.75E-05 2.12E-05 9.06E-06 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 4.23E-05 1.08E-05 5.94E-06 2.87E-06 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 1.55E-05 5.56E-06 3.95E-06 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 1.18E-05 7.13E-06 5.50E-06 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 1.31E-05 8.57E-06 6.41E-06 2.91E-06 2.36E-06 3.17E-06
750 0.00E+00 0.00E+00 0.00E+00 1.91E-05 1.25E-05 8.93E-06 6.37E-06 7.59E-06 1.24E-05
775 2.67E-06 3.55E-06 2.19E-06 2.52E-05 1.42E-05 6.28E-06 1.78E-05 1.82E-05 2.17E-05
800 5.60E-06 4.42E-06 3.46E-06 2.62E-05 1.36E-05 6.19E-06 3.08E-05 4.49E-05 4.52E-05
825 6.01E-06 4.77E-06 5.63E-06 2.22E-05 9.03E-06 5.65E-06 5.71E-05 6.71E-05 7.09E-05
850 4.63E-06 5.15E-06 5.54E-06 1.65E-05 6.60E-06 3.75E-06 6.07E-05 7.27E-05 8.31E-05
875 4.58E-06 4.06E-06 5.00E-06 7.60E-06 5.18E-06 3.16E-06 6.09E-05 7.18E-05 8.59E-05
900 0.00E+00 1.14E-06 4.59E-06 3.94E-06 3.30E-06 3.04E-06 3.39E-05 4.58E-05 8.05E-05
925 0.00E+00 0.00E+00 3.62E-06 2.23E-06 0.00E+00 1.29E-06 2.66E-05 3.89E-05 5.44E-05
950 0.00E+00 0.00E+00 3.71E-06 0.00E+00 0.00E+00 0.00E+00 1.06E-05 2.34E-05 4.18E-05
975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.08E-06 1.50E-05 2.44E-05
1000 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.97E-06 6.67E-06 2.25E-05
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.23E-06 6.90E-06 1.24E-05
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.93E-06 7.38E-06 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.84E-06 1.55E-06
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-butanal oxidation

TK) Propanal 1-Pentene 2-Butenal

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 7.78E-06 3.45E-06 4.14E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 5.58E-06 8.79E-06 4.64E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 5.91E-06 3.91E-06 3.79E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 1.05E-05 8.27E-06 6.35E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 7.92E-05 4.10E-05 1.92E-05 3.24E-06 1.36E-06 1.59E-06 0.00E+00 0.00E+00 0.00E+00
625 1.01E-04 7.01E-05 3.15E-05 3.48E-06 3.07E-06 1.74E-06 7.10E-06 1.54E-06 0.00E+00
650 8.93E-05 3.11E-05 1.78E-05 4.90E-06 2.28E-06 2.33E-06 3.15E-06 0.00E+00 1.68E-06
675 4.66E-05 2.16E-05 1.72E-05 4.92E-06 2.15E-06 1.67E-06 2.62E-06 2.87E-06 0.00E+00
700 3.87E-05 2.51E-05 2.21E-05 7.17E-06 3.65E-06 2.66E-06 1.60E-06 1.54E-06 1.66E-06
725 4.65E-05 4.21E-05 3.98E-05 6.86E-06 5.17E-06 4.31E-06 3.22E-06 2.54E-06 3.14E-06
750 7.05E-05 5.43E-05 4.87E-05 1.11E-05 6.83E-06 5.68E-06 0.00E+00 1.05E-05 9.72E-06
775 9.73E-05 6.90E-05 4.83E-05 1.30E-05 7.88E-06 5.25E-06 1.89E-05 1.10E-05 1.67E-05
800 9.37E-05 6.57E-05 4.66E-05 1.30E-05 8.57E-06 5.66E-06 1.75E-05 2.59E-05 2.04E-05
825 8.20E-05 6.70E-05 4.51E-05 1.06E-05 7.05E-06 4.03E-06 2.69E-05 2.42E-05 3.05E-05
850 5.25E-05 4.30E-05 3.17E-05 6.53E-06 3.69E-06 3.06E-06 1.98E-05 2.03E-05 2.94E-05
875 3.32E-05 2.82E-05 2.57E-05 3.47E-06 1.55E-06 8.05E-07 1.54E-05 1.55E-05 2.38E-05
900 1.42E-05 1.55E-05 1.91E-05 1.20E-06 0.00E+00 0.00E+00 6.87E-06 9.27E-06 2.17E-05
925 1.04E-05 1.35E-05 1.42E-05 0.00E+00 0.00E+00 1.39E-06 6.37E-06 8.28E-06 1.08E-05
950 5.80E-06 6.89E-06 1.05E-05 0.00E+00 0.00E+00 0.00E+00 2.60E-06 3.94E-06 9.73E-06
975 3.28E-06 4.05E-06 6.34E-06 0.00E+00 0.00E+00 0.00E+00 2.11E-06 2.83E-06 4.79E-06
1000 2.08E-06 3.32E-06 5.77E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.58E-06 2.83E-06
1025 0.00E+00 2.85E-06 4.77E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.53E-06 2.91E-06
1050 0.00E+00 2.44E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.22E-06 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
T Butanal

Phi=0.5 Phi=1 Phi=2
500 5.33E-03 4.90E-03 5.07E-03
525 5.12E-03 5.13E-03 5.43E-03
550 5.24E-03 4.91E-03 5.24E-03
575 5.24E-03 5.07E-03 5.54E-03
600 4.56E-03 4.53E-03 5.17E-03
625 3.57E-03 4.63E-03 5.22E-03
650 3.88E-03 4.67E-03 5.20E-03
675 4.53E-03 4.82E-03 4.79E-03
700 4.84E-03 4.85E-03 4.87E-03
725 4.64E-03 4.75E-03 4.57E-03
750 4.11E-03 4.26E-03 4.59E-03
775 3.61E-03 3.73E-03 4.15E-03
800 2.61E-03 3.03E-03 3.77E-03
825 1.79E-03 2.53E-03 3.02E-03
850 1.19E-03 1.67E-03 2.55E-03
875 8.10E-04 1.24E-03 1.64E-03
900 4.36E-04 6.93E-04 1.11E-03
925 3.24E-04 4.56E-04 7.55E-04
950 2.03E-04 3.45E-04 5.39E-04
975 1.12E-04 2.35E-04 4.00E-04
1000 9.49E-05 1.28E-04 2.43E-04
1025 3.20E-05 1.36E-04 1.71E-04
1050 2.28E-05 1.02E-04 1.15E-04
1075 8.30E-06 4.07E-05 1.56E-05
1100 1.71E-05 5.10E-06 2.72E-05
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Experimental raw data: n-pentanal oxidation

Equivalence ratio 0,5;1;2 Units Mole fraction
X n-pentanal 0.005 Bath gas Helium
Temperature (K) 500 - 1100 Residence time (s) 2
P (Torr) 800
TK) 0, co CH,
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 7.09E-02 3.80E-02 1.86E-02 7.82E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 7.12E-02 3.79E-02 1.84E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 7.17E-02 3.60E-02 1.90E-02 3.36E-04 0.00E+00 6.53E-05 2.95E-07 0.00E+00 0.00E+00
575 6.67E-02 3.21E-02 1.59E-02 2.36E-03 2.21E-03 1.36E-03 5.13E-07 5.23E-07 0.00E+00
600 6.32E-02 2.89E-02 1.55E-02 5.62E-03 4.87E-03 3.71E-03 2.68E-06 3.95E-06 0.00E+00
625 6.04E-02 2.72E-02 1.18E-02 7.31E-03 6.89E-03 5.10E-03 7.92E-06 1.28E-05 2.04E-05
650 6.21E-02 2.87E-02 1.60E-02 8.04E-03 6.55E-03 4.29E-03 1.40E-05 2.25E-05 0.00E+00
675 6.46E-02 3.15E-02 1.69E-02 6.41E-03 4.86E-03 2.76E-03 2.04E-05 2.71E-05 2.14E-05
700 6.59E-02 3.22E-02 1.76E-02 5.05E-03 3.09E-03 9.61E-04 2.91E-05 2.69E-05 0.00E+00
725 6.73E-02 3.44E-02 1.77E-02 3.17E-03 1.71E-03 5.35E-04 2.94E-05 2.19E-05 7.50E-06
750 6.94E-02 3.43E-02 1.84E-02 2.39E-03 1.37E-03 5.66E-04 3.08E-05 2.49E-05 0.00E+00
775 6.76E-02 3.58E-02 1.88E-02 3.11E-03 2.08E-03 1.56E-03 5.96E-05 4.43E-05 3.67E-05
800 6.83E-02 3.35E-02 1.64E-02 5.07E-03 3.71E-03 3.37E-03 1.25E-04 1.10E-04 1.08E-04
825 6.47E-02 3.02E-02 1.85E-02 7.80E-03 6.13E-03 4.84E-03 2.14E-04 1.97E-04 1.74E-04
850 6.16E-02 2.97E-02 1.23E-02 9.85E-03 9.05E-03 7.93E-03 2.54E-04 3.06E-04 3.44E-04
875 5.69E-02 2.56E-02 1.05E-02 1.31E-02 1.19E-02 1.00E-02 3.01E-04 3.79E-04 4.58E-04
900 5.39E-02 2.24E-02 8.50E-03 1.42E-02 1.37E-02 1.19E-02 2.97E-04 4.28E-04 6.08E-04
925 5.08E-02 2.05E-02 7.87E-03 1.47E-02 1.42E-02 1.25E-02 2.43E-04 4.33E-04 7.21E-04
950 4.66E-02 1.82E-02 9.92E-03 1.36E-02 1.50E-02 1.28E-02 1.73E-04 4.91E-04 6.47E-04
975 4.21E-02 1.59E-02 7.37E-03 9.73E-03 1.64E-02 1.46E-02 8.64E-05 5.16E-04 1.03E-03
1000 4.03E-02 1.04E-02 6.12E-03 5.94E-03 1.05E-02 1.54E-02 5.17E-05 2.73E-04 1.20E-03
1025 3.92E-02 6.52E-03 5.52E-03 3.75E-03 5.32E-03 1.66E-02 3.44E-05 1.76E-04 1.33E-03
1050 0.00E+00 3.08E-03 4.21E-03 0.00E+00 2.12E-03 1.75E-02 0.00E+00 6.61E-05 1.35E-03
1075 0.00E+00 2.29E-03 3.00E-03 0.00E+00 1.04E-03 1.95E-02 0.00E+00 2.27E-05 1.39E-03
1100 0.00E+00 1.66E-03 2.44E-03 0.00E+00 4.37E-04 2.13E-02 0.00E+00 7.31E-07 1.28E-03
T Co, Acetylene Ethylene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.30E-05
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.19E-05 0.00E+00 0.00E+00
575 0.00E+00 2.63E-04 1.35E-04 0.00E+00 0.00E+00 0.00E+00 1.96E-05 1.98E-05 1.30E-05
600 0.00E+00 4.80E-04 2.16E-04 0.00E+00 0.00E+00 0.00E+00 7.28E-05 7.13E-05 0.00E+00
625 8.54E-04 5.20E-04 8.43E-04 0.00E+00 0.00E+00 0.00E+00 1.36E-04 1.50E-04 2.02E-04
650 0.00E+00 1.07E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.09E-04 2.27E-04 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.42E-04 3.10E-04 3.37E-04
700 0.00E+00 1.45E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.51E-04 4.02E-04 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.53E-04 4.98E-04 2.74E-04
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.29E-04 6.92E-04 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.32E-03 1.41E-03 1.42E-03
800 0.00E+00 0.00E+00 0.00E+00 1.01E-06 0.00E+00 9.97E-07 2.41E-03 2.75E-03 3.01E-03
825 4.76E-04 0.00E+00 3.35E-04 4.00E-06 3.27E-06 3.06E-06 3.35E-03 3.84E-03 3.61E-03
850 0.00E+00 5.05E-04 0.00E+00 7.21E-06 8.02E-06 8.59E-06 3.45E-03 4.07E-03 4.32E-03
875 5.62E-03 1.14E-03 8.47E-04 1.21E-05 1.34E-05 1.44E-05 3.27E-03 3.78E-03 3.95E-03
900 3.05E-03 2.30E-03 1.24E-03 1.33E-05 1.85E-05 1.90E-05 2.45E-03 3.07E-03 3.88E-03
925 7.57E-03 2.87E-03 1.47E-03 1.20E-05 1.87E-05 2.47E-05 1.57E-03 2.51E-03 3.53E-03
950 9.32E-03 4.02E-03 1.89E-03 6.77E-06 2.02E-05 2.53E-05 6.87E-04 2.00E-03 2.97E-03
975 1.51E-02 5.61E-03 1.76E-03 2.92E-06 1.67E-05 3.35E-05 3.13E-04 1.51E-03 3.30E-03
1000 1.69E-02 1.23E-02 2.15E-03 2.44E-06 9.40E-06 4.04E-05 1.62E-04 6.46E-04 3.18E-03
1025 2.34E-02 1.90E-02 2.38E-03 0.00E+00 1.28E-05 4.10E-05 8.62E-05 5.97E-04 2.38E-03
1050 0.00E+00 2.24E-02 2.82E-03 0.00E+00 8.56E-06 4.30E-05 0.00E+00 2.17E-04 1.73E-03
1075 0.00E+00 2.41E-02 3.01E-03 0.00E+00 4.31E-06 5.85E-05 0.00E+00 4.30E-05 1.36E-03
1100 0.00E+00 2.28E-02 3.39E-03 0.00E+00 0.00E+00 9.95E-05 0.00E+00 5.02E-06 9.20E-04
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Experimental raw data: n-pentanal oxidation

T Ethane Propene Propane
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 2.08E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 2.82E-05 2.44E-05 2.09E-05 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 1.97E-06 5.37E-05 6.30E-05 8.45E-05 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 2.44E-06 3.52E-06 9.23E-05 1.38E-04 1.80E-04 0.00E+00 3.08E-06 2.07E-06
650 0.00E+00 2.39E-06 2.88E-06 1.56E-04 1.88E-04 2.43E-04 0.00E+00 2.97E-06 0.00E+00
675 3.63E-06 2.13E-06 4.37E-06 2.25E-04 2.82E-04 2.52E-04 0.00E+00 2.05E-06 0.00E+00
700 2.04E-06 3.60E-06 3.87E-06 3.09E-04 2.74E-04 1.42E-04 0.00E+00 0.00E+00 0.00E+00
725 1.97E-06 2.64E-06 1.59E-06 3.17E-04 2.13E-04 6.11E-05 0.00E+00 0.00E+00 0.00E+00
750 3.41E-06 5.33E-06 4.40E-06 2.90E-04 2.22E-04 7.81E-05 0.00E+00 0.00E+00 0.00E+00
775 5.15E-06 7.01E-06 1.86E-05 3.90E-04 2.66E-04 1.83E-04 0.00E+00 0.00E+00 0.00E+00
800 1.13E-05 1.88E-05 5.45E-05 4.92E-04 3.51E-04 3.25E-04 0.00E+00 3.48E-06 4.35E-06
825 1.85E-05 3.73E-05 7.33E-05 4.13E-04 3.98E-04 3.30E-04 0.00E+00 4.09E-06 4.66E-06
850 2.05E-05 4.75E-05 1.02E-04 3.19E-04 3.26E-04 2.98E-04 3.88E-06 5.67E-06 1.12E-05
875 2.22E-05 4.73E-05 1.24E-04 2.11E-04 1.89E-04 2.44E-04 0.00E+00 4.20E-06 1.79E-05
900 1.94E-05 4.43E-05 1.08E-04 1.22E-04 1.24E-04 1.69E-04 3.33E-06 6.15E-06 1.95E-05
925 1.86E-05 5.61E-05 1.30E-04 7.14E-05 1.02E-04 1.57E-04 0.00E+00 8.76E-06 2.50E-05
950 1.01E-05 5.19E-05 1.33E-04 3.63E-05 7.63E-05 1.40E-04 0.00E+00 6.06E-06 2.47E-05
975 0.00E+00 3.73E-05 1.27E-04 0.00E+00 4.10E-05 9.67E-05 0.00E+00 4.89E-06 0.00E+00
1000 6.81E-06 3.69E-05 1.30E-04 9.08E-06 2.86E-05 7.16E-05 0.00E+00 5.02E-06 1.92E-05
1025 2.86E-06 2.03E-05 1.23E-04 0.00E+00 1.21E-05 4.71E-05 0.00E+00 0.00E+00 1.98E-05
1050 1.53E-06 1.15E-05 9.14E-05 0.00E+00 4.31E-06 2.32E-05 0.00E+00 0.00E+00 1.29E-05
1075 0.00E+00 2.50E-06 7.17E-05 0.00E+00 0.00E+00 1.11E-05 0.00E+00 0.00E+00 6.43E-06
1100 0.00E+00 0.00E+00 5.46E-05 0.00E+00 0.00E+00 5.58E-06 0.00E+00 0.00E+00 5.02E-06
TK) Formaldehyde Oxirane Acetaldehyde
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 3.73E-06 0.00E+00 0.00E+00 2.18E-05 7.67E-06 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.48E-05 6.13E-06 3.38E-06
550 0.00E+00 0.00E+00 0.00E+00 1.18E-05 3.79E-06 2.28E-06 6.09E-05 2.20E-05 1.15E-05
575 2.72E-04 0.00E+00 0.00E+00 3.01E-05 1.60E-05 2.06E-05 3.79E-04 3.09E-04 2.56E-04
600 7.94E-04 8.76E-04 7.34E-04 3.79E-05 2.75E-05 2.40E-05 5.58E-04 5.84E-04 4.76E-04
625 1.20E-03 1.17E-03 1.01E-03 3.19E-05 2.49E-05 2.05E-05 7.13E-04 7.04E-04 5.53E-04
650 1.09E-03 9.31E-04 7.16E-04 2.41E-05 1.44E-05 8.48E-06 7.03E-04 5.46E-04 3.86E-04
675 1.02E-03 7.51E-04 3.28E-04 1.35E-05 1.01E-05 2.98E-06 5.53E-04 4.46E-04 2.33E-04
700 6.45E-04 4.35E-04 1.48E-04 1.13E-05 4.01E-06 1.70E-06 4.15E-04 2.15E-04 7.21E-05
725 3.32E-04 2.31E-04 0.00E+00 5.51E-06 1.98E-06 0.00E+00 2.31E-04 8.62E-05 1.87E-05
750 1.62E-04 2.45E-04 0.00E+00 3.78E-06 2.47E-06 0.00E+00 1.22E-04 9.18E-06 8.38E-06
775 3.18E-04 0.00E+00 0.00E+00 9.58E-06 8.03E-06 9.87E-06 1.14E-04 4.90E-05 3.88E-05
800 3.11E-04 2.71E-04 2.51E-04 2.72E-05 1.54E-05 2.75E-05 1.37E-04 5.86E-05 8.74E-05
825 3.33E-04 3.75E-04 3.28E-04 4.85E-05 4.55E-05 4.33E-05 1.43E-04 1.23E-04 1.19€-04
850 3.09E-04 2.97E-04 4.20E-04 5.49E-05 4.68E-05 4.97E-05 1.35E-04 1.11E-04 1.42E-04
875 2.93E-04 0.00E+00 3.53E-04 5.23E-05 3.90E-05 5.19E-05 1.13E-04 1.13E-04 1.46E-04
900 2.19E-04 2.46E-04 0.00E+00 2.94E-05 2.28E-05 3.20E-05 8.16E-05 6.13E-05 1.16E-04
925 0.00E+00 0.00E+00 3.16E-04 1.80E-05 2.12E-05 2.15E-05 5.98E-05 7.69E-05 1.04E-04
950 0.00E+00 0.00E+00 0.00E+00 4.32E-06 9.92E-06 1.25E-05 2.38E-05 4.86E-05 9.35E-05
975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.85E-06 6.83E-06 0.00E+00 3.34E-05 6.70E-05
1000 0.00E+00 0.00E+00 0.00E+00 1.48E-06 2.61E-06 3.37E-06 7.80E-06 1.97E-05 4.75E-05
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.98E-06 0.00E+00 1.35E-05 2.89E-05
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.07E-06 0.00E+00 1.36E-05
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.59E-06
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-pentanal oxidation

TK) 1-Butene 1,3-Butadiene 2-Butene E
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 5.83E-06 2.16E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 5.92E-06 2.50E-06 2.08E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 2.70E-05 8.36E-06 5.85E-06 0.00E+00 0.00E+00 0.00E+00 4.25E-06 1.49E-06 1.75E-06
575 1.10E-04 8.04E-05 6.37E-05 8.06E-07 0.00E+00 0.00E+00 1.05E-05 1.02E-05 1.12E-05
600 1.15E-04 1.21E-04 1.24E-04 1.20E-06 9.38E-07 0.00E+00 1.30E-05 1.95E-05 1.90E-05
625 1.42E-04 1.73E-04 1.98E-04 1.64E-06 1.34E-06 1.78E-06 2.25E-05 2.95E-05 2.76E-05
650 1.95E-04 2.06E-04 2.55E-04 2.47E-06 2.42E-06 2.43E-06 3.56E-05 3.44E-05 3.10E-05
675 2.56E-04 3.02E-04 2.73E-04 4.67E-06 3.98E-06 3.24E-06 4.32E-05 2.19E-06 2.90E-05
700 3.33E-04 3.00E-04 1.71E-04 9.51E-06 8.65E-06 3.22E-06 4.86E-05 3.61E-05 1.39E-05
725 3.39E-04 2.31E-04 7.40E-05 1.44E-05 5.23E-06 1.72E-06 4.00E-05 2.12E-05 7.17E-06
750 2.94E-04 2.03E-04 8.35E-05 1.21E-05 7.13E-06 1.83E-06 2.60E-05 1.50E-05 3.79E-06
775 3.26E-04 2.26E-04 1.68E-04 2.07E-05 8.04E-06 4.96E-06 1.98E-05 2.68E-06 4.98E-06
800 3.16E-04 2.36E-04 2.25E-04 2.92E-05 1.40E-05 1.15E-05 1.48E-05 1.43E-06 3.87E-06
825 1.98E-04 2.12E-04 1.87E-04 2.40E-05 1.76E-05 1.33E-05 7.17E-06 1.89E-06 4.09E-06
850 1.27E-04 1.28E-04 1.28E-04 1.85E-05 1.55E-05 1.26E-05 4.14E-06 1.20E-06 2.88E-06
875 7.48E-05 6.46E-05 7.71E-05 1.15E-05 8.99E-06 1.04E-05 2.00E-06 1.19E-06 2.04E-06
900 4.03E-05 3.78E-05 4.70E-05 7.15E-06 6.30E-06 7.16E-06 1.90E-06 1.55E-06 3.86E-06
925 2.29E-05 2.80E-05 3.64E-05 3.12E-06 3.85E-06 7.68E-06 0.00E+00 0.00E+00 1.23E-06
950 1.25E-05 1.62E-05 2.76E-05 2.30E-06 4.48E-06 6.39E-06 0.00E+00 0.00E+00 1.08E-06
975 0.00E+00 8.93E-06 1.64E-05 0.00E+00 2.03E-06 5.12E-06 0.00E+00 0.00E+00 1.38E-06
1000 1.04E-06 4.91E-06 9.42E-06 1.21E-06 2.42E-06 4.01E-06 0.00E+00 0.00E+00 3.24E-06
1025 0.00E+00 0.00E+00 4.51E-06 0.00E+00 0.00E+00 5.53E-06 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 2.32E-06 0.00E+00 1.04E-06 1.84E-06 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.24E-06 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2-Butene Z Furan Acrolein
T(K)
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 1.48E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 2.80E-06 1.27E-06 1.57E-06 4.39E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 5.64E-06 6.14E-06 5.61E-06 2.85E-05 1.57E-05 1.43E-05 6.26E-06 4.77E-06 4.48E-06
600 7.92E-06 1.09E-05 1.14E-05 4.57E-05 3.15E-05 2.49E-05 1.40E-05 1.30E-05 1.10E-05
625 1.31E-05 1.70E-05 1.77E-05 3.53E-05 2.31E-05 1.85E-05 2.33E-05 2.63E-05 2.18E-05
650 1.96E-05 1.94E-05 1.86E-05 2.00E-05 1.46E-05 9.09E-06 3.52E-05 2.84E-05 2.62E-05
675 2.58E-05 2.58E-05 1.70E-05 1.17E-05 8.72E-06 5.30E-06 4.19E-05 3.55E-05 3.09E-05
700 2.98E-05 2.09E-05 8.21E-06 9.29E-06 5.67E-06 1.92E-06 4.93E-05 3.30E-05 2.33E-05
725 2.45E-05 1.27E-05 5.42E-06 7.09E-06 2.47E-06 0.00E+00 4.86E-05 2.74E-05 1.18E-05
750 1.56E-05 7.75E-06 2.41E-06 4.11E-06 1.65E-06 0.00E+00 4.68E-05 3.11E-05 1.95E-05
775 1.32E-05 5.65E-06 2.92E-06 4.05E-06 2.10E-06 2.41E-06 7.13E-05 5.22E-05 5.04E-05
800 1.08E-05 5.57E-06 2.57E-06 6.80E-06 3.39E-06 3.69E-06 9.27E-05 5.19E-05 9.62E-05
825 5.44E-06 4.66E-06 3.15E-06 6.81E-06 4.55E-06 3.95E-06 8.31E-05 8.96E-05 9.35E-05
850 3.45E-06 2.96E-06 1.69E-06 4.11E-06 2.96E-06 2.61E-06 6.37E-05 5.60E-05 7.33E-05
875 2.56E-06 1.21E-06 1.93E-06 2.20E-06 0.00E+00 2.94E-06 4.49E-05 4.55E-05 5.40E-05
900 1.81E-06 1.73E-06 0.00E+00 2.21E-06 1.91E-06 1.69E-06 2.70E-05 2.04E-05 3.72E-05
925 0.00E+00 0.00E+00 1.99E-06 0.00E+00 0.00E+00 0.00E+00 1.39E-05 1.93E-05 2.56E-05
950 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.30E-06 1.38E-05 1.93E-05
975 0.00E+00 0.00E+00 1.64E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.14E-06 1.18E-05
1000 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.95E-06 4.96E-06
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-pentanal oxidation

TK) Propanal Acetone 2,3-Dihydrofuran
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 3.57E-06 0.00E+00 0.00E+00 8.25E-06 5.84E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 3.47E-06 0.00E+00 0.00E+00 1.26E-05 4.89E-06 5.63E-06 0.00E+00 0.00E+00 0.00E+00
550 6.56E-06 2.05E-06 2.41E-06 3.38E-05 2.50E-05 1.32E-05 0.00E+00 0.00E+00 0.00E+00
575 4.64E-05 2.93E-05 2.76E-05 1.86E-04 1.50E-04 1.24E-04 1.88E-06 4.57E-06 4.32E-06
600 6.43E-05 5.90E-05 5.73E-05 8.70E-05 2.08E-04 1.08E-04 6.04E-06 5.05E-06 4.16E-06
625 6.77E-05 6.27E-05 6.42E-05 7.37E-05 8.43E-05 5.25E-05 7.78E-06 5.81E-06 5.37E-06
650 6.20E-05 5.17E-05 4.61E-05 5.72E-05 6.73E-05 3.00E-05 8.63E-06 7.43E-06 5.57E-06
675 5.82E-05 4.67E-05 3.06E-05 5.57E-05 4.64E-05 2.81E-05 1.14E-05 7.85E-06 4.39E-06
700 5.23E-05 2.69E-05 7.80E-06 5.19E-05 3.79E-05 1.46E-05 8.55E-06 5.08E-06 1.78E-06
725 3.31E-05 1.04E-05 4.92E-06 4.16E-05 2.08E-05 5.74E-06 6.70E-06 2.48E-06 0.00E+00
750 1.75E-05 7.99E-06 2.89E-06 2.65E-05 1.66E-05 5.17E-06 2.48E-06 1.50E-06 0.00E+00
775 2.05E-05 6.41E-06 5.08E-06 2.15E-05 1.22E-05 3.83E-06 4.71E-06 0.00E+00 0.00E+00
800 1.92E-05 6.99E-06 7.55E-06 1.84E-05 1.13E-05 5.32E-06 1.51E-06 2.45E-06 0.00E+00
825 1.36E-05 1.00E-05 9.48E-06 1.04E-05 6.31E-06 4.97E-06 4.18E-06 4.94E-06 2.49E-06
850 7.44E-06 5.20E-06 7.20E-06 7.18E-06 8.56E-06 4.25E-06 3.56E-06 0.00E+00 2.87E-06
875 6.38E-06 5.97E-06 9.51E-06 6.13E-06 5.54E-06 5.68E-06 1.89E-06 0.00E+00 2.11E-06
900 6.64E-06 2.72E-06 8.71E-06 5.45E-06 5.51E-06 4.52E-06 1.97E-06 0.00E+00 0.00E+00
925 1.47E-06 3.16E-06 6.44E-06 3.58E-06 3.78E-06 4.74E-06 0.00E+00 0.00E+00 0.00E+00
950 0.00E+00 2.58E-06 5.70E-06 0.00E+00 5.32E-06 3.33E-06 0.00E+00 0.00E+00 0.00E+00
975 0.00E+00 2.36E-06 3.45E-06 0.00E+00 2.65E-06 2.87E-06 0.00E+00 0.00E+00 0.00E+00
1000 0.00E+00 1.65E-06 2.63E-06 0.00E+00 2.07E-06 2.12E-06 0.00E+00 0.00E+00 0.00E+00
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
TK) 2,3-Dimethyloxirane Ethyloxirane Pentane
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 1.15E-06 0.00E+00 0.00E+00 3.20E-06 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 1.04E-05 9.93E-06 7.78E-06 1.14E-05 1.95E-05 2.65E-05
600 1.14E-06 1.59E-06 1.74E-06 1.48E-05 1.70E-05 1.39E-05 2.60E-05 5.03E-05 7.40E-05
625 0.00E+00 1.48E-06 0.00E+00 1.89E-05 0.00E+00 1.69E-05 5.13E-05 9.67E-05 1.45E-04
650 2.11E-06 2.86E-06 0.00E+00 1.67E-05 1.48E-05 1.13E-05 8.87E-05 1.26E-04 1.85E-04
675 3.70E-06 2.71E-06 3.81E-06 1.67E-05 1.39E-05 9.83E-06 1.32E-04 1.94E-04 1.98E-04
700 3.18E-06 2.21E-06 0.00E+00 1.66E-05 1.01E-05 3.88E-06 1.91E-04 1.93E-04 1.22E-04
725 0.00E+00 0.00E+00 0.00E+00 1.13E-05 6.03E-06 1.74E-06 2.02E-04 1.33E-04 5.11E-05
750 0.00E+00 0.00E+00 0.00E+00 6.26E-06 2.59E-06 0.00E+00 1.68E-04 1.07E-04 4.84E-05
775 0.00E+00 0.00E+00 0.00E+00 6.71E-06 3.15E-06 2.12E-06 1.67E-04 9.71E-05 7.73E-05
800 0.00E+00 0.00E+00 0.00E+00 5.18E-06 1.56E-06 1.79E-06 1.27E-04 6.38E-05 5.60E-05
825 0.00E+00 0.00E+00 0.00E+00 3.66E-06 2.18E-06 9.85E-07 5.74E-05 4.31E-05 2.89E-05
850 0.00E+00 0.00E+00 0.00E+00 1.94E-06 0.00E+00 0.00E+00 2.76E-05 1.28E-05 8.74E-06
875 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.08E-05 0.00E+00 3.97E-06
900 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.71E-06 1.77E-06 2.37E-06
925 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.64E-06 0.00E+00 1.06E-06
950 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.51E-06 0.00E+00 0.00E+00
975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1000 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-pentanal oxidation

TK) Methyl vinyl ketone Butanal 2-Butanone
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 3.65E-05 5.12E-05 3.17E-05 3.91E-06 1.74E-06 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 3.73E-05 2.36E-05 3.08E-05 2.52E-06 0.00E+00 0.00E+00
550 1.18E-06 0.00E+00 0.00E+00 5.70E-05 5.28E-05 3.42E-05 6.67E-06 2.14E-06 2.56E-06
575 7.98E-06 0.00E+00 3.81E-06 1.70E-04 9.90E-06 1.71E-04 2.81E-05 2.46E-05 1.99E-05
600 9.62E-06 0.00E+00 4.40E-06 1.46E-04 1.56E-04 2.13E-04 2.18E-05 1.85E-05 1.39E-05
625 7.87E-06 5.29E-06 6.63E-06 1.57E-04 4.96E-05 2.40E-04 1.16E-05 1.30E-05 1.04E-05
650 6.97E-06 4.61E-06 4.02E-06 1.46E-04 1.71E-04 1.74E-04 7.63E-06 5.57E-06 4.81E-06
675 6.52E-06 9.53E-06 3.37E-06 1.98E-04 9.25E-05 1.73E-04 6.33E-06 4.48E-06 3.67E-06
700 7.94E-06 6.48E-06 0.00E+00 1.65E-04 2.06E-04 1.09E-04 5.45E-06 5.86E-06 1.32E-06
725 7.05E-06 9.64E-07 0.00E+00 2.23E-04 6.57E-05 5.95E-05 3.62E-06 2.23E-06 0.00E+00
750 1.50E-06 7.49E-07 0.00E+00 1.14E-04 6.04E-05 6.34E-05 2.13E-06 0.00E+00 1.76E-06
775 2.91E-06 0.00E+00 0.00E+00 9.70E-05 4.96E-05 5.84E-05 2.31E-06 3.98E-06 1.47E-06
800 2.64E-06 1.52E-06 1.34E-06 6.72E-05 3.77E-05 5.86E-05 2.30E-06 1.84E-06 2.08E-06
825 2.26E-06 1.51E-06 1.36E-06 3.54E-05 1.93E-05 2.69E-05 2.96E-06 2.34E-06 3.39E-06
850 1.61E-06 1.50E-06 8.78E-07 1.83E-05 7.27E-06 1.76E-05 2.55E-06 1.49E-06 1.16E-06
875 1.08E-06 6.27E-06 0.00E+00 1.07E-05 2.23E-06 8.95E-06 2.51E-06 1.45E-06 1.52E-06
900 0.00E+00 0.00E+00 0.00E+00 7.14E-06 3.56E-06 4.94E-06 2.47E-06 0.00E+00 0.00E+00
925 0.00E+00 1.67E-06 0.00E+00 4.09E-06 5.83E-06 4.37E-06 0.00E+00 0.00E+00 0.00E+00
950 0.00E+00 0.00E+00 0.00E+00 3.70E-06 2.56E-06 3.85E-06 0.00E+00 0.00E+00 1.29E-06
975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.42E-06 1.43E-06 0.00E+00 0.00E+00 0.00E+00
1000 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.54E-06 0.00E+00 0.00E+00 0.00E+00
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2-Butenal 2-Methyl-butanal Pentanal
T (K)
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 7.22E-06 6.91E-06 9.52E-06 5.03E-03 4.92E-03 5.02E-03
525 9.55E-06 0.00E+00 0.00E+00 6.86E-06 6.61E-06 7.30E-06 4.92E-03 5.19E-03 5.17E-03
550 1.73E-06 0.00E+00 0.00E+00 7.69E-06 6.24E-06 6.80E-06 4.93E-03 5.08E-03 5.34E-03
575 8.82E-06 4.30E-06 5.83E-06 5.17E-06 4.56E-06 4.91E-06 3.19E-03 3.23E-03 3.95E-03
600 7.34E-06 7.73E-06 5.16E-06 3.50E-06 3.00E-06 4.26E-06 1.87E-03 2.13E-03 2.61E-03
625 9.36E-06 8.52E-06 9.27E-06 3.23E-06 2.90E-06 4.18E-06 1.57E-03 1.84E-03 2.37E-03
650 9.51E-06 6.31E-06 7.47E-06 3.28E-06 1.72E-06 4.05E-06 1.63E-03 1.72E-03 2.65E-03
675 1.01E-05 9.69E-06 6.71E-06 1.71E-06 2.92E-06 4.41E-06 1.82E-03 2.36E-03 3.19E-03
700 1.36E-05 8.84E-06 1.68E-06 3.45E-06 4.13E-06 7.18E-06 2.31E-03 2.98E-03 4.39E-03
725 1.08E-05 3.87E-06 0.00E+00 4.40E-06 6.14E-06 6.63E-06 2.97E-03 3.38E-03 4.16E-03
750 7.21E-06 1.54E-06 5.13E-06 3.82E-06 3.12E-06 8.51E-06 3.05E-03 3.52E-03 4.15E-03
775 9.24E-06 7.33E-06 3.15E-06 4.71E-06 5.78E-06 6.06E-06 2.76E-03 3.68E-03 3.73E-03
800 1.18E-05 2.77E-06 6.66E-06 2.97E-06 1.77E-06 3.42E-06 1.76E-03 2.23E-03 2.47E-03
825 1.12E-05 6.45E-06 7.98E-06 0.00E+00 1.78E-06 2.66E-06 9.01E-04 1.29E-03 1.48E-03
850 6.55E-06 3.85E-06 4.55E-06 0.00E+00 0.00E+00 1.41E-06 5.66E-04 6.23E-04 8.97E-04
875 5.51E-06 4.87E-06 5.45E-06 0.00E+00 0.00E+00 1.38E-06 3.72E-04 3.89E-04 5.50E-04
900 3.45E-06 0.00E+00 5.00E-06 0.00E+00 0.00E+00 0.00E+00 2.22E-04 1.94E-04 3.36E-04
925 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.25E-04 1.92E-04 2.91E-04
950 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.20E-05 1.16E-04 2.18E-04
975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.88E-05 8.55E-05
1000 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.68E-06 3.66E-05
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.09E-06
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.68E-06
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: n-pentanal oxidation

Pentanoic acid
T(K)
Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 2.63E-05
550 3.49E-05 0.00E+00 3.84E-05
575 8.05E-05 3.62E-05 8.35E-05
600 2.63E-05 5.63E-05 6.27E-05
625 4.69E-05 1.82E-05 6.02E-05
650 3.39E-05 3.78E-05 6.35E-05
675 4.95E-05 3.68E-05 5.47E-05
700 2.03E-05 1.36E-05 7.93E-05
725 0.00E+00 7.21E-06 7.30E-05
750 0.00E+00 0.00E+00 4.99E-05
775 0.00E+00 0.00E+00 6.95E-05
800 0.00E+00 0.00E+00 4.49E-05
825 0.00E+00 0.00E+00 5.56E-05
850 0.00E+00 0.00E+00 2.06E-05
875 0.00E+00 0.00E+00 2.71E-05
900 0.00E+00 0.00E+00 0.00E+00
925 0.00E+00 0.00E+00 2.46E-05
950 0.00E+00 0.00E+00 0.00E+00
975 0.00E+00 0.00E+00 0.00E+00
1000 0.00E+00 0.00E+00 0.00E+00
1025 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: butanoic acid oxidation

Equivalence ratio 0,5;1;2 Units Mole fraction
X butanoic acid 0.005 Bath gas Helium
Temperature (K) 500 - 1100 Residence time 2s
P (Torr) 800
K 0, co CH,
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 2.58E-02 0.00E+00 0.00E+00 1.67E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 2.67E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 2.74E-02 0.00E+00 0.00E+00 2.44E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 2.65E-02 0.00E+00 0.00E+00 2.13E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 5.03E-02 2.63E-02 1.45E-02 5.04E-05 3.45E-05 1.31E-05 0.00E+00 6.70E-06 4.79E-06
800 4.92E-02 2.64E-02 1.51E-02 5.14E-05 2.61E-05 1.79E-05 4.92E-06 1.59E-05 1.91E-05
825 5.05E-02 2.60E-02 1.47E-02 5.71E-05 4.79E-05 2.25E-05 3.43E-05 4.84E-05 3.33E-05
850 4.88E-02 2.56E-02 1.43E-02 1.72E-04 1.61E-04 6.16E-05 1.02E-04 1.30E-04 7.92E-05
875 5.16E-02 2.99E-02 1.43E-02 8.28E-04 9.44E-04 2.22E-04 2.86E-04 3.55E-04 2.24E-04
900 4.51E-02 2.25E-02 1.37E-02 3.36E-03 1.92E-03 6.68E-04 6.14E-04 5.26E-04 3.86E-04
925 4.17E-02 2.30E-02 1.29E-02 5.53E-03 3.34E-03 1.56E-03 7.33E-04 8.06E-04 6.71E-04
950 3.91E-02 2.03E-02 1.26E-02 7.41E-03 5.20E-03 2.31E-03 6.78E-04 1.08E-03 8.47E-04
975 3.72E-02 1.82E-02 1.17E-02 1.01E-02 5.41E-03 3.73E-03 6.55E-04 8.32E-04 1.25E-03
1000 3.07E-02 1.54E-02 1.00E-02 7.35E-03 8.51E-03 5.79E-03 2.93E-04 1.04E-03 1.70E-03
1025 2.89E-02 1.14E-02 1.02E-02 3.93E-03 4.24E-03 7.26E-03 1.61E-04 5.36E-04 1.94E-03
1050 2.54E-02 1.01E-02 8.57E-03 2.17E-03 3.22E-03 9.28E-03 8.42E-05 5.60E-04 1.98E-03
1075 2.56E-02 6.52E-03 4.96E-03 1.21E-03 1.77E-03 1.14E-02 6.43E-05 2.80E-04 1.96E-03
1100 2.56E-02 4.62E-03 4.16E-03 8.60E-04 1.11E-03 1.13E-02 4.14E-05 1.18E-04 1.52E-03
TK) co, Acetylene Ethylene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 4.94E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 1.09E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 8.28E-05 0.00E+00 0.00E+00 1.81E-06 0.00E+00 0.00E+00 2.23E-06 0.00E+00
775 9.38E-05 7.83E-05 6.61E-05 0.00E+00 1.17E-05 0.00E+00 5.49E-06 4.46E-06 6.06E-06
800 1.01E-04 1.28E-04 8.11E-05 0.00E+00 1.35E-05 0.00E+00 1.09E-05 1.88E-05 1.97E-05
825 2.28E-04 2.25E-04 1.09E-04 0.00E+00 5.66E-05 0.00E+00 6.41E-05 5.31E-05 3.91E-05
850 5.07E-04 6.75E-04 2.38E-04 1.65E-06 2.34E-06 3.12E-07 1.88E-04 2.46E-04 1.01E-04
875 1.49E-03 2.02E-03 5.79E-04 1.68E-05 2.64E-05 1.76E-06 6.64E-04 7.49E-04 3.22E-04
900 3.57E-03 2.85E-03 1.04E-03 3.95E-05 3.07E-05 2.55E-05 1.41E-03 1.12E-03 6.22E-04
925 5.62E-03 2.91E-03 1.76E-03 1.35E-05 4.06E-05 3.19E-05 1.60E-03 1.62E-03 1.11E-03
950 6.38E-03 4.58E-03 2.16E-03 8.96E-06 4.62E-05 5.19E-05 1.24E-03 2.16E-03 1.45E-03
975 9.08E-03 3.97E-03 2.86E-03 8.61E-06 4.60E-05 7.67E-05 8.87E-04 1.39E-03 2.02E-03
1000 1.39E-02 6.03E-03 3.39E-03 3.44E-06 3.93E-05 1.29E-04 3.06E-04 1.36E-03 2.48E-03
1025 1.85E-02 1.08E-02 3.49E-03 3.10E-06 2.55E-05 1.38E-04 1.88E-04 7.91E-04 2.54E-03
1050 2.04E-02 1.43E-02 4.20E-03 3.95E-06 4.42E-05 1.15E-04 1.10E-04 9.58E-04 2.08E-03
1075 2.13E-02 1.80E-02 5.07E-03 4.02E-06 1.45E-05 4.36E-05 1.02E-04 5.42E-04 1.62E-03
1100 2.12E-02 2.03E-02 5.27E-03 3.15E-06 2.46E-05 7.94E-05 4.70E-05 1.95E-04 1.18E-03
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Experimental raw data: butanoic acid oxidation

T Ethane Propene Propane
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.06E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 6.56E-06 5.25E-06 7.26E-06 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 1.46E-05 1.78E-05 1.61E-05 0.00E+00 0.00E+00 0.00E+00
825 2.46E-06 2.24E-06 4.12E-06 6.11E-05 5.10E-05 3.33E-05 0.00E+00 0.00E+00 0.00E+00
850 7.50E-06 1.25E-05 6.04E-06 1.45E-04 1.90E-04 8.13E-05 0.00E+00 3.59E-06 2.49E-06
875 2.84E-05 4.31E-05 2.02E-05 3.60E-04 4.05E-04 2.10E-04 5.14E-06 9.94E-06 3.00E-06
900 5.66E-05 6.00E-05 4.76E-05 4.55E-04 4.26E-04 3.07E-04 3.77E-06 1.38E-05 1.85E-05
925 6.34E-05 8.22E-05 8.40E-05 3.67E-04 4.44E-04 4.26E-04 7.05E-06 1.10E-05 3.29E-05
950 4.78E-05 1.10E-04 1.07E-04 1.71E-04 4.34E-04 4.47E-04 3.72E-06 2.33E-05 4.64E-05
975 3.66E-05 7.12E-05 1.57E-04 9.86E-05 1.75E-04 4.42E-04 2.52E-06 1.07E-05 4.63E-05
1000 1.73E-05 8.52E-05 2.10E-04 4.91E-05 1.28E-04 3.71E-04 0.00E+00 9.54E-06 2.75E-05
1025 1.52E-05 6.74E-05 2.08E-04 4.27E-05 1.00E-04 2.68E-04 0.00E+00 8.62E-06 2.15E-05
1050 1.06E-05 9.28E-05 1.70E-04 2.67E-05 1.14E-04 1.30E-04 0.00E+00 1.04E-05 1.10E-05
1075 1.14E-05 6.73E-05 1.47E-04 2.00E-05 8.18E-05 6.73E-05 0.00E+00 9.19E-06 1.00E-05
1100 4.32E-06 2.79E-05 1.08E-04 4.63E-06 2.68E-05 4.64E-05 0.00E+00 3.20E-06 5.50E-06
TK) Oxirane Methanol Acetaldehyde
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.37E-06 2.35E-06 3.78E-06
825 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.19E-06 6.41E-06 4.64E-06
850 0.00E+00 4.86E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.92E-05 1.92E-05 8.72E-06
875 9.13E-06 3.20E-06 0.00E+00 1.18E-05 8.05E-06 0.00E+00 5.63E-05 6.55E-05 2.62E-05
900 1.78E-05 2.02E-05 8.37E-06 1.74E-05 1.30E-05 0.00E+00 1.07E-04 8.09E-05 4.78E-05
925 1.09E-05 7.03E-06 1.04E-05 2.30E-05 8.29E-06 9.65E-06 9.71E-05 1.03E-04 7.91E-05
950 4.90E-06 8.31E-06 1.30E-05 1.55E-05 1.08E-05 0.00E+00 5.32E-05 8.79E-05 8.72E-05
975 2.68E-06 4.11E-06 1.38E-05 1.36E-05 8.94E-06 1.32E-05 3.71E-05 4.21E-05 9.45E-05
1000 0.00E+00 4.62E-06 1.68E-05 0.00E+00 0.00E+00 0.00E+00 1.54E-05 3.55E-05 8.74E-05
1025 0.00E+00 4.99E-06 1.35E-05 5.56E-06 0.00E+00 4.70E-06 1.28E-05 2.27E-05 5.83E-05
1050 0.00E+00 6.89E-06 1.01E-05 0.00E+00 0.00E+00 0.00E+00 9.69E-06 2.29E-05 3.15E-05
1075 0.00E+00 7.24E-06 4.53E-06 0.00E+00 0.00E+00 0.00E+00 8.43E-06 1.36E-05 1.33E-05
1100 0.00E+00 3.11E-06 4.39E-06 0.00E+00 0.00E+00 0.00E+00 2.23E-06 5.78E-06 9.59E-06
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Experimental raw data: butanoic acid oxidation

TK) 1-Butene 1,3-Butadiene Ethanol
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
850 0.00E+00 2.31E-06 1.26E-06 2.54E-06 0.00E+00 0.00E+00 0.00E+00 3.23E-06 0.00E+00
875 6.97E-06 1.08E-05 4.47E-06 1.47E-06 0.00E+00 8.57E-07 3.59E-06 4.12E-06 0.00E+00
900 1.29E-05 1.40E-05 1.10E-05 3.59E-06 3.59E-06 1.71E-06 3.24E-06 4.94E-06 3.78E-06
925 1.22E-05 1.59E-05 2.03E-05 3.16E-06 3.86E-06 4.30E-06 0.00E+00 3.68E-06 4.82E-06
950 5.71E-06 1.63E-05 2.47E-05 1.93E-06 4.78E-06 7.21E-06 0.00E+00 3.99E-06 5.31E-06
975 3.58E-06 6.43E-06 2.86E-05 1.45E-06 2.24E-06 1.21E-05 0.00E+00 0.00E+00 5.51E-06
1000 2.47E-06 5.12E-06 2.48E-05 1.23E-06 2.12E-06 1.30E-05 0.00E+00 0.00E+00 4.44E-06
1025 3.13E-06 5.66E-06 1.51E-05 0.00E+00 2.67E-06 9.97E-06 0.00E+00 0.00E+00 0.00E+00
1050 2.05E-06 6.35E-06 0.00E+00 1.46E-06 3.41E-06 8.04E-06 0.00E+00 0.00E+00 0.00E+00
1075 3.13E-06 6.28E-06 3.03E-06 2.27E-06 3.54E-06 2.00E-06 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 2.42E-06 3.68E-06 0.00E+00 1.43E-06 2.47E-06 0.00E+00 0.00E+00 0.00E+00
Not identified Acrolein Propanal
T(K)
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E-06 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.41E-06 3.44E-06 4.06E-06
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.01E-05 8.04E-06 7.60E-06
825 6.80E-06 0.00E+00 0.00E+00 1.90E-06 0.00E+00 0.00E+00 2.87E-05 1.56E-05 1.02E-05
850 9.58E-06 8.27E-06 0.00E+00 3.60E-06 6.39E-06 1.91E-06 3.97E-05 3.19E-05 2.09E-05
875 1.69E-05 1.19E-05 4.19E-06 1.12E-05 1.47E-05 4.79E-06 5.86E-05 5.14E-05 2.99E-05
900 1.37E-05 1.05E-05 5.90E-06 2.40E-05 1.97E-05 1.02E-05 5.93E-05 3.39E-05 7.12E-05
925 9.99E-06 8.29E-06 0.00E+00 2.18E-05 1.98E-05 2.20E-05 5.43E-05 6.50E-05 1.10E-04
950 8.18E-06 6.09E-06 0.00E+00 1.41E-05 1.50E-05 2.46E-05 3.21E-05 2.35E-05 1.03E-04
975 0.00E+00 0.00E+00 0.00E+00 8.11E-06 6.67E-06 2.52E-05 1.67E-05 1.30E-05 7.93E-05
1000 0.00E+00 0.00E+00 0.00E+00 4.81E-06 5.36E-06 2.50E-05 9.89E-06 1.13E-05 5.77E-05
1025 0.00E+00 0.00E+00 0.00E+00 5.26E-06 4.18E-06 1.84E-05 1.11E-05 8.12E-06 3.34E-05
1050 0.00E+00 0.00E+00 0.00E+00 3.88E-06 4.41E-06 9.62E-06 9.08E-06 7.97E-06 1.73E-05
1075 0.00E+00 0.00E+00 0.00E+00 4.06E-06 4.15E-06 2.08E-06 5.32E-06 8.26E-06 7.41E-06
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.61E-06 4.37E-06 0.00E+00 5.29E-06 4.10E-06
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Experimental raw data: butanoic acid oxidation

TK) Acetone Butanoic Acid
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.89E-03 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.29E-03 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 2.53E-06 0.00E+00 0.00E+00 5.39E-03 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 3.87E-03 5.13E-03 8.54E-03
800 1.76E-06 1.63E-06 0.00E+00 5.34E-03 4.73E-03 6.72E-03
825 2.71E-06 2.76E-06 0.00E+00 5.63E-03 5.60E-03 5.42E-03
850 3.23E-06 2.23E-06 2.10E-06 3.53E-03 4.94E-03 4.92E-03
875 4.42E-06 5.01E-06 2.25E-06 3.04E-03 3.87E-03 4.66E-03
900 9.46E-06 6.00E-06 3.01E-06 2.68E-03 2.91E-03 2.98E-03
925 7.09E-06 7.34E-06 4.25E-06 7.91E-04 2.01E-03 2.45E-03
950 4.93E-06 6.56E-06 3.73E-06 4.40E-04 6.98E-04 1.92E-03
975 3.55E-06 3.29E-06 5.87E-06 2.11E-04 2.97E-04 1.55E-03
1000 1.43E-06 3.37E-06 4.42E-06 0.00E+00 1.05E-04 1.00E-03
1025 2.98E-06 0.00E+00 3.43E-06 3.55E-05 1.61E-04 8.15E-04
1050 0.00E+00 2.64E-06 3.22E-06 5.84E-06 1.15E-04 3.01E-04
1075 0.00E+00 0.00E+00 0.00E+00 4.90E-06 0.00E+00 1.83E-04
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.52E-04
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Experimental raw data: pentanoic acid oxidation

Equivalence ratio 05;1;2 Units Mole fraction
X pentanoic acid 0.005 Bath gas Helium
Temperature (K) 725 -1100 Residence time (s) 2
P (Torr) 800

T 0, co CH,

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 3.34E-02 0.00E+00 0.00E+00 1.18E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 6.54E-02 3.37E-02 1.80E-02 4.85E-05 2.96E-05 1.67E-05 5.62E-07 6.59E-07 5.31E-07
800 6.29E-02 3.37E-02 1.84E-02 6.63E-05 3.33E-05 2.82E-05 1.66E-06 2.30E-06 1.76E-06
825 6.48E-02 3.31E-02 1.75E-02 1.09E-04 1.10E-04 6.18E-05 8.65E-06 1.46E-05 8.69E-06
850 6.58E-02 3.11E-02 1.71E-02 5.09E-04 6.52E-04 3.44E-04 5.91E-05 7.62E-05 6.45E-05
875 6.29E-02 2.88E-02 1.57E-02 3.30E-03 2.37E-03 1.65E-03 2.39E-04 2.19E-04 2.30E-04
900 5.77E-02 2.62E-02 1.37E-02 6.19E-03 4.69E-03 3.53E-03 3.61E-04 3.90E-04 4.04E-04
925 5.19E-02 2.35E-02 1.29E-02 8.85E-03 7.85E-03 5.01E-03 4.55E-04 5.17E-04 5.82E-04
950 5.02E-02 2.11E-02 1.18E-02 1.21E-02 9.51E-03 5.82E-03 3.62E-04 6.42E-04 8.10E-04
975 4.48E-02 1.89E-02 1.12E-02 1.30E-02 1.07E-02 7.55E-03 1.57E-04 7.41E-04 9.66E-04
1000 3.77E-02 1.56E-02 8.81E-03 6.29E-03 1.22E-02 9.71E-03 9.63E-05 5.58E-04 1.40E-03
1025 3.84E-02 1.03E-02 7.85E-03 3.46E-03 7.80E-03 1.06E-02 3.25E-05 2.68E-04 1.30E-03
1050 4.02E-02 6.20E-03 6.70E-03 2.08E-03 2.16E-03 1.28E-02 2.28E-05 1.54E-04 1.27E-03
1075 3.82E-02 2.28E-03 4.84E-03 1.01E-03 7.00E-04 1.44E-02 1.39E-05 6.43E-05 1.45E-03
1100 3.88E-02 1.34E-03 2.87E-03 7.43E-04 7.92E-04 1.59E-02 7.41E-06 3.72E-05 1.37E-03
TK) co, Acetylene Ethylene

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 4.30E-05 0.00E+00 0.00E+00 2.01E-06 0.00E+00 0.00E+00 1.36E-06 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 1.26E-04 9.90E-05 3.84E-05 0.00E+00 0.00E+00 0.00E+00 1.09E-05 1.08E-05 9.73E-06
800 2.08E-04 1.21E-04 7.45E-05 0.00E+00 0.00E+00 0.00E+00 3.24E-05 4.90E-05 3.32E-05
825 3.02E-04 4.90E-04 1.71E-04 2.51E-07 9.84E-07 1.48E-07 1.36E-04 2.06E-04 1.25E-04
850 9.53E-04 1.64E-03 7.56E-04 4.30E-06 7.04E-06 5.74E-06 7.11E-04 7.17E-04 6.63E-04
875 3.46E-03 3.06E-03 1.96E-03 3.22E-05 2.48E-05 2.82E-05 1.81E-03 1.49E-03 1.58E-03
900 6.17E-03 4.19E-03 2.99E-03 5.85E-05 4.18E-05 3.96E-05 2.07E-03 2.02E-03 2.08E-03
925 6.61E-03 5.50E-03 3.34E-03 2.09E-05 4.27E-05 4.40E-05 2.06E-03 2.16E-03 2.40E-03
950 8.29E-03 6.02E-03 3.19E-03 8.70E-06 3.94E-05 4.34E-05 1.24E-03 2.02E-03 2.70E-03
975 1.25E-02 6.49E-03 3.76E-03 5.64E-06 3.54E-05 3.90E-05 6.02E-04 2.00E-03 2.70E-03
1000 1.89E-02 8.68E-03 4.64E-03 3.05E-06 1.56E-05 5.44E-05 2.75E-04 1.03E-03 3.23E-03
1025 2.04E-02 1.55E-02 4.37E-03 2.64E-06 1.78E-05 3.51E-05 1.18E-04 6.85E-04 2.46E-03
1050 2.47E-02 2.10E-02 4.90E-03 3.10E-06 1.93E-05 3.52E-05 7.59E-05 5.15E-04 1.98E-03
1075 2.60E-02 2.38E-02 5.44E-03 1.57E-06 9.80E-06 4.71E-05 3.41E-05 2.12E-04 1.49E-03
1100 2.35E-02 2.49E-02 5.90E-03 3.95E-07 6.79E-06 7.85E-05 6.31E-06 7.08E-05 1.10E-03
T(K) Ethane Propene Propane

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.98E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 8.64E-06 6.53E-06 5.31E-06 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 2.28E-05 1.78E-05 1.34E-05 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 7.56E-05 8.97E-05 4.83E-05 0.00E+00 0.00E+00 0.00E+00
850 6.43E-06 7.43E-06 7.31E-06 3.08E-04 3.10E-04 2.32E-04 0.00E+00 0.00E+00 0.00E+00
875 1.59E-05 1.97E-05 3.07E-05 4.60E-04 5.14E-04 5.15E-04 0.00E+00 2.55E-06 3.37E-06
900 2.66E-05 3.55E-05 6.09E-05 4.31E-04 4.70E-04 5.76E-04 0.00E+00 4.19E-06 0.00E+00
925 3.17E-05 5.75E-05 7.63E-05 3.02E-04 3.85E-04 4.90E-04 1.99E-06 5.84E-06 0.00E+00
950 3.37E-05 5.65E-05 8.60E-05 1.74E-04 2.29E-04 2.92E-04 2.55E-06 4.55E-06 0.00E+00
975 2.27E-05 5.13E-05 1.12E-04 8.22E-05 1.23E-04 2.70E-04 0.00E+00 3.25E-06 0.00E+00
1000 3.04E-06 5.04E-05 1.47E-04 2.86E-05 7.16E-05 2.70E-04 0.00E+00 4.88E-06 0.00E+00
1025 4.35E-06 4.91E-05 1.24E-04 1.91E-05 5.25E-05 1.24E-04 0.00E+00 3.18E-06 0.00E+00
1050 4.17E-06 1.76E-05 1.03E-04 1.15E-05 2.58E-05 5.42E-05 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 4.21E-06 8.37E-05 0.00E+00 3.10E-06 3.38E-05 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 4.90E-06 7.39E-05 0.00E+00 3.37E-06 2.31E-05 0.00E+00 0.00E+00 4.44E-06
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Experimental raw data: pentanoic acid oxidation

T Formaldehyde Oxirane Methanol

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 1.06E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
850 0.00E+00 2.92E-04 0.00E+00 0.00E+00 1.96E-06 4.45E-06 0.00E+00 0.00E+00 0.00E+00
875 3.89E-04 3.53E-04 3.39E-04 3.54E-06 3.30E-06 3.20E-06 1.31E-05 1.06E-05 1.01E-05
900 2.78E-04 4.09E-04 4.13E-04 4.30E-06 3.87E-06 1.13E-05 1.83E-05 1.44E-05 1.46E-05
925 1.92E-04 1.95E-04 3.39E-04 2.79E-06 4.13E-06 1.43E-05 1.91E-05 1.18E-05 1.29E-05
950 3.75E-04 2.67E-04 4.92E-04 0.00E+00 2.75E-06 1.06E-05 1.54E-05 1.42E-05 0.00E+00
975 1.94E-04 1.38E-04 3.11E-04 0.00E+00 2.90E-06 1.38E-05 1.05E-05 0.00E+00 1.99E-05
1000 0.00E+00 0.00E+00 2.59E-04 0.00E+00 0.00E+00 2.05E-05 0.00E+00 0.00E+00 0.00E+00
1025 0.00E+00 0.00E+00 2.17E-04 0.00E+00 0.00E+00 1.65E-05 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.42E-05 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.66E-05 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
TK) Acetaldehyde 1-Butene 1,3-Butadiéne

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 5.43E-06 0.00E+00 0.00E+00 2.46E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 5.62E-06 4.29E-06 3.21E-06 7.27E-06 4.65E-06 4.39E-06 0.00E+00 0.00E+00 0.00E+00
800 6.59E-06 3.30E-06 9.21E-06 1.52E-05 1.21E-05 1.14E-05 0.00E+00 0.00E+00 0.00E+00
825 1.00E-05 1.41E-05 6.92E-06 4.32E-05 6.51E-05 3.15E-05 3.51E-06 6.43E-06 2.57E-06
850 4.82E-05 5.61E-05 3.40E-05 1.24E-04 1.63E-04 1.18E-04 1.62E-05 2.46E-05 1.41E-05
875 1.33E-04 1.24E-04 1.08E-04 1.45E-04 1.72E-04 1.74E-04 3.39E-05 3.82E-05 2.91E-05
900 1.45E-04 1.51E-04 1.43E-04 1.15E-04 1.17E-04 1.60E-04 3.27E-05 3.66E-05 3.87E-05
925 1.01E-04 1.44E-04 1.36E-04 7.33E-05 8.08E-05 1.16E-04 2.46E-05 2.99E-05 4.02E-05
950 8.23E-05 1.01E-04 9.24E-05 3.89E-05 4.97E-05 5.38E-05 1.63E-05 2.56E-05 3.12E-05
975 3.81E-05 5.57E-05 8.47E-05 2.10E-05 2.77E-05 5.02E-05 8.42E-06 1.78E-05 3.61E-05
1000 1.20E-05 3.22E-05 7.03E-05 1.07E-05 1.57E-05 4.33E-05 6.25E-06 1.10E-05 3.98E-05
1025 9.23E-06 2.09E-05 3.71E-05 5.40E-06 1.11E-05 1.72E-05 4.85E-06 1.17E-05 2.22E-05
1050 7.14E-06 9.38E-06 1.81E-05 2.90E-06 5.43E-06 8.61E-06 3.86E-06 9.72E-06 1.22E-05
1075 0.00E+00 2.51E-06 8.49E-06 0.00E+00 0.00E+00 4.11E-06 0.00E+00 0.00E+00 8.33E-06
1100 0.00E+00 2.79E-06 8.90E-06 0.00E+00 0.00E+00 3.27E-06 0.00E+00 1.29E-06 6.22E-06

1-Butyne 2-Butene E 2-Buténe Z

T(K)

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 2.40E-06 6.44E-06 3.59E-06 1.58E-06 1.97E-06 0.00E+00
850 1.36E-06 8.34E-06 0.00E+00 3.38E-06 6.11E-06 2.74E-06 2.69E-06 2.80E-06 1.75E-06
875 4.90E-06 9.59E-06 0.00E+00 4.77E-06 6.07E-06 6.95E-06 2.80E-06 3.57E-06 3.33E-06
900 3.39E-06 5.30E-06 0.00E+00 3.87E-06 4.71E-06 3.94E-06 2.79E-06 3.24E-06 4.11E-06
925 0.00E+00 3.01E-06 0.00E+00 4.53E-06 4.60E-06 1.21E-05 2.06E-06 2.89E-06 3.62E-06
950 0.00E+00 0.00E+00 0.00E+00 3.31E-06 5.92E-06 8.69E-06 1.61E-06 2.18E-06 3.40E-06
975 0.00E+00 0.00E+00 0.00E+00 1.85E-06 4.23E-06 9.28E-06 0.00E+00 9.66E-07 3.92E-06
1000 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.89E-06 8.96E-06 0.00E+00 0.00E+00 2.32E-06
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.54E-06 0.00E+00 0.00E+00 2.79E-06
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.31E-06 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.10E-06 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: pentanoic acid oxidation

T Ethanol Methyl-oxirane Acrolein

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 7.74E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 4.70E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.32E-06 0.00E+00 0.00E+00
825 0.00E+00 1.20E-05 5.21E-06 0.00E+00 0.00E+00 0.00E+00 3.25E-06 5.33E-06 2.86E-06
850 0.00E+00 5.21E-06 3.90E-06 4.37E-06 3.26E-06 2.52E-06 1.29E-05 2.07E-05 1.11E-05
875 4.80E-06 5.34E-06 4.38E-06 8.63E-06 6.75E-06 5.66E-06 4.10E-05 4.29E-05 3.17E-05
900 4.69E-06 0.00E+00 5.84E-06 6.27E-06 5.42E-06 6.33E-06 4.11E-05 4.82E-05 4.09E-05
925 0.00E+00 0.00E+00 6.69E-06 3.93E-06 4.01E-06 2.89E-06 2.43E-05 3.66E-05 3.47E-05
950 0.00E+00 0.00E+00 0.00E+00 1.23E-06 0.00E+00 0.00E+00 2.11E-05 2.34E-05 2.59E-05
975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.64E-06 1.40E-05 2.10E-05
1000 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.66E-06 7.68E-06 1.72E-05
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.66E-06 5.51E-06 8.62E-06
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.56E-06 3.22E-06 4.10E-06
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Furan Propanal Acétone

T(K)

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.71E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 3.46E-06 1.73E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 5.20E-06 2.04E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 5.36E-06 6.27E-06 2.74E-06 0.00E+00 0.00E+00 0.00E+00
850 1.27E-06 1.89E-06 0.00E+00 1.17E-05 1.23E-05 4.88E-06 2.24E-06 3.77E-06 2.21E-06
875 2.65E-06 2.33E-06 1.23E-06 2.00E-05 1.68E-05 1.11E-05 6.13E-06 6.31E-06 3.50E-06
900 1.59E-06 3.37E-06 1.05E-06 1.85E-05 1.30E-05 1.35E-05 7.78E-06 8.10E-06 8.59E-06
925 3.65E-06 1.46E-06 1.20E-06 9.17E-06 1.18E-05 1.19E-05 5.98E-06 8.32E-06 6.82E-06
950 1.28E-06 0.00E+00 0.00E+00 8.14E-06 6.76E-06 1.01E-05 6.03E-06 4.55E-06 6.58E-06
975 1.54E-06 0.00E+00 0.00E+00 4.35E-06 4.73E-06 7.01E-06 3.25E-06 4.14E-06 5.31E-06
1000 0.00E+00 0.00E+00 0.00E+00 2.05E-06 4.52E-06 5.54E-06 0.00E+00 4.12E-06 3.64E-06
1025 0.00E+00 0.00E+00 0.00E+00 2.86E-06 3.42E-06 4.76E-06 0.00E+00 0.00E+00 2.94E-06
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.92E-06 5.01E-06 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
TK) 2,3-Dimethylcyclopropane Ethyloxirane 2-Pentene E

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
850 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.31E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
875 0.00E+00 2.86E-06 2.96E-06 0.00E+00 1.17E-06 2.22E-06 0.00E+00 0.00E+00 0.00E+00
900 0.00E+00 2.78E-06 4.35E-06 0.00E+00 2.07E-06 3.23E-06 0.00E+00 0.00E+00 0.00E+00
925 0.00E+00 2.19E-06 3.72E-06 9.83E-05 2.12E-06 3.09E-06 0.00E+00 0.00E+00 0.00E+00
950 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.55E-06 4.62E-06 0.00E+00 0.00E+00
975 0.00E+00 0.00E+00 3.47E-06 0.00E+00 0.00E+00 2.91E-06 0.00E+00 1.28E-06 3.12E-06
1000 0.00E+00 0.00E+00 2.34E-06 0.00E+00 0.00E+00 2.92E-06 0.00E+00 0.00E+00 0.00E+00
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.04E-06 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: pentanoic acid oxidation

T 2-Propen-1-ol 2-Pentene Z 2,3-Dihydrofurane

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
850 0.00E+00 1.85E-06 0.00E+00 1.96E-06 1.61E-06 1.20E-06 0.00E+00 0.00E+00 0.00E+00
875 2.17E-06 1.74E-06 2.30E-06 3.88E-06 2.60E-06 3.21E-06 1.34E-06 1.18E-06 0.00E+00
900 1.87E-06 3.04E-06 3.64E-06 3.03E-06 2.91E-06 4.43E-06 0.00E+00 0.00E+00 1.31E-06
925 1.73E-06 2.14E-06 4.44E-06 2.62E-06 2.75E-06 3.79E-06 0.00E+00 7.04E-07 1.12E-06
950 1.64E-06 3.27E-06 3.85E-06 1.73E-06 2.08E-06 2.31E-06 0.00E+00 0.00E+00 0.00E+00
975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.84E-06 3.50E-06 0.00E+00 0.00E+00 0.00E+00
1000 0.00E+00 0.00E+00 2.25E-06 0.00E+00 0.00E+00 1.82E-06 0.00E+00 0.00E+00 1.02E-06
1025 0.00E+00 0.00E+00 2.62E-06 0.00E+00 0.00E+00 1.09E-06 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
TK) Cyclopentene Methyl vinyl ketone Butanal

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.34E-06 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.02E-05 6.75E-06 6.67E-06
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.97E-05 1.22E-05 1.12E-05
825 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.55E-05 4.09E-05 3.21E-05
850 0.00E+00 0.00E+00 0.00E+00 2.00E-06 2.35E-06 8.81E-07 6.89E-05 7.15E-05 6.63E-05
875 0.00E+00 1.12E-06 0.00E+00 3.86E-06 3.54E-06 2.50E-06 4.64E-05 5.77E-05 6.79E-05
900 0.00E+00 0.00E+00 7.94E-07 3.21E-06 3.99E-06 3.28E-06 3.78E-05 3.65E-05 6.37E-05
925 0.00E+00 0.00E+00 7.15E-07 2.49E-06 3.05E-06 3.31E-06 2.24E-05 2.62E-05 5.07E-05
950 0.00E+00 0.00E+00 0.00E+00 2.20E-06 1.55E-06 1.75E-06 2.14E-05 2.08E-05 2.77E-05
975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.30E-06 1.34E-05 1.47E-05 2.70E-05
1000 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.52E-06 7.90E-06 1.18E-05 2.08E-05
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.56E-06 7.73E-06 1.24E-05
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.97E-06 3.60E-06 6.31E-06
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.72E-06
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.00E-06
TK) 2-Butanone 1,2-Dihydrofurane Benzene

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 1.91E-06 4.28E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
850 0.00E+00 2.64E-06 0.00E+00 5.20E-06 1.07E-05 4.01E-06 0.00E+00 0.00E+00 0.00E+00
875 4.62E-06 4.39E-06 2.21E-06 1.05E-05 1.22E-05 7.20E-06 0.00E+00 0.00E+00 0.00E+00
900 5.23E-06 3.31E-06 3.33E-06 9.95E-06 1.04E-05 8.11E-06 0.00E+00 0.00E+00 0.00E+00
925 3.06E-06 1.24E-06 2.83E-06 4.91E-06 7.64E-06 7.97E-06 6.12E-06 1.37E-06 9.96E-07
950 1.57E-06 1.63E-06 2.28E-06 4.93E-06 7.06E-06 3.95E-06 0.00E+00 0.00E+00 1.12E-06
975 0.00E+00 0.00E+00 1.57E-06 3.85E-06 3.43E-06 4.32E-06 0.00E+00 0.00E+00 2.53E-06
1000 0.00E+00 0.00E+00 1.16E-06 1.99E-06 3.77E-06 3.54E-06 0.00E+00 0.00E+00 1.76E-06
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.32E-06 1.53E-06 0.00E+00 0.00E+00 1.19E-06
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: pentanoic acid oxidation

TK) Cyclohexadiene Cyclopentenone Pentanal

Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 4.47E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
850 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.80E-06 0.00E+00 0.00E+00
875 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.61E-06 4.60E-06 4.77E-06
900 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.46E-06 4.25E-06 5.83E-06
925 1.72E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.25E-06 3.31E-06 4.03E-06
950 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.59E-06 5.20E-06
975 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.60E-06
1000 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.97E-06
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.27E-06
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Pentanoic Acid

T (K)

Phi=0.5 Phi=1 Phi=2
725 0.00E+00 9.29E-03 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00
775 8.47E-03 4.11E-03 3.52E-02
800 1.37E-02 4.24E-03 3.83E-02
825 3.83E-03 3.08E-03 3.42E-02
850 2.35E-03 2.34E-03 2.89E-03
875 7.49E-04 1.43E-03 1.62E-03
900 4.35E-04 7.72E-04 7.01E-04
925 3.23E-04 4.01E-04 6.01E-04
950 1.65E-04 1.65E-04 4.16E-04
975 7.19E-05 0.00E+00 2.87E-04
1000 0.00E+00 0.00E+00 1.52E-04
1025 0.00E+00 0.00E+00 7.67E-05
1050 0.00E+00 0.00E+00 0.00E+00
1075 3.78E-05 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: pentanoic acid pyrolysis

Equivalence ratio inf Residence time 2s
X acid 0.002 Units Mole fraction
Temperature (K) 650 - 1100 Bath gas Helium
P (Torr) 800

T (K) 0, co CH, CO, Acetylene Ethylene

Phi=inf Phi=inf Phi=inf Phi=inf Phi=inf Phi=inf
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
850 0.00E+00 9.82E-06 3.92E-06 1.89E-05 0.00E+00 1.75E-05
875 1.22E-03 2.62E-05 1.21E-05 4.11E-05 4.54E-07 5.73E-05
900 5.25E-04 7.88E-05 3.57E-05 7.41E-05 4.43E-06 1.98E-04
925 2.36E-03 3.84E-04 7.90E-05 1.50E-04 2.28E-05 5.46E-04
950 6.62E-04 7.26E-04 1.27E-04 2.53E-04 5.74E-05 8.19E-04
975 2.69E-03 9.03E-04 1.87E-04 3.41E-04 1.40E-04 1.22E-03
1000 1.01E-03 1.39E-03 3.35E-04 4.54E-04 3.31E-04 1.85E-03
1025 1.05E-03 1.52E-03 3.45E-04 5.54E-04 3.94E-04 1.85E-03
1050 9.54E-04 1.43E-03 4.56E-04 6.29E-04 5.24E-04 2.01E-03
1075 6.38E-04 1.50E-03 4.97E-04 6.14E-04 6.90E-04 2.10E-03
1100 6.29E-04 1.62E-03 4.45E-04 6.03E-04 7.63E-04 2.13E-03
T (K) Ethane Propene Propane Formaldehyde Oxirane Acetaldehyde

Phi=inf Phi=inf Phi=inf Phi=inf Phi=inf Phi=inf
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
850 0.00E+00 7.84E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
875 3.41E-06 2.07E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
900 4.45E-06 4.95E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
925 1.29E-05 9.49E-05 3.30E-06 0.00E+00 0.00E+00 6.25E-06
950 2.67E-05 1.39E-04 5.24E-06 5.40E-05 3.71E-06 3.85E-06
975 4.71E-05 1.64E-04 6.52E-06 0.00E+00 5.99E-06 8.58E-06
1000 7.63E-05 1.67E-04 8.39E-06 0.00E+00 6.98E-06 5.94E-06
1025 9.08E-05 1.39E-04 8.79E-06 1.15E-04 9.80E-06 8.15E-06
1050 8.86E-05 1.23E-04 5.86E-06 1.25E-04 1.05E-05 5.87E-06
1075 8.28E-05 8.47E-05 4.46E-06 0.00E+00 1.22E-05 5.55E-06
1100 7.68E-05 8.66E-05 4.35E-06 0.00E+00 1.78E-05 3.25E-06
T (K) 1-Butene 1,3-Butadiene 2-Butene E 2-Butene Z Ethanol Acrolein

Phi=inf Phi=inf Phi=inf Phi=inf Phi=inf Phi=inf
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
850 3.05E-06 1.42E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
875 6.87E-06 4.49E-06 0.00E+00 0.00E+00 0.00E+00 1.96E-06
900 1.43E-05 1.36E-05 1.04E-06 0.00E+00 0.00E+00 6.66E-06
925 2.99E-05 5.20E-05 3.12E-06 2.28E-06 0.00E+00 1.80E-05
950 4.12E-05 8.18E-05 6.55E-06 3.43E-06 0.00E+00 2.48E-05
975 4.85E-05 1.16E-04 5.95E-06 3.16E-06 4.38E-06 1.99E-05
1000 5.08E-05 1.24E-04 6.62E-06 3.11E-06 3.15E-06 1.52E-05
1025 4.47E-05 1.05E-04 5.10E-06 3.30E-06 6.28E-06 1.09E-05
1050 3.44E-05 7.78E-05 5.18E-06 3.26E-06 4.39E-06 6.18E-06
1075 2.57E-05 5.32E-05 3.33E-06 2.30E-06 3.93E-06 3.42E-06
1100 2.66E-05 6.08E-05 3.24E-06 2.35E-06 2.67E-06 3.45E-06
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Experimental raw data: pentanoic acid pyrolysis

T (K) 2,3-DMCP* Ethyloxirane 2-Pentene E 2-Propen-1-ol 2-Pentene Z 2,3-Dihydrofuran
Phi=inf Phi=inf Phi=inf Phi=inf Phi=inf Phi=inf
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
850 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
875 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
900 0.00E+00 0.00E+00 0.00E+00 2.29E-06 1.83E-06 0.00E+00
925 3.09E-06 2.70E-06 0.00E+00 5.15E-06 2.60E-06 1.16E-06
950 4.83E-06 5.58E-06 0.00E+00 6.71E-06 4.09E-06 1.71E-06
975 4.20E-06 9.56E-06 0.00E+00 9.81E-06 3.89E-06 1.76E-06
1000 2.91E-06 1.15E-05 8.82E-07 4.79E-06 2.68E-06 0.00E+00
1025 2.23E-06 1.22E-05 7.17E-07 2.95E-06 1.62E-06 1.45E-06
1050 0.00E+00 1.31E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 9.37E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 1.46E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
T (K) Cyclopentene Methyl vinyl ketone Butanal 2-Butanone Benzene Cyclohexadiene
Phi=inf Phi=inf Phi=inf Phi=inf Phi=inf Phi=inf
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 6.17E-07 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 6.79E-07 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 3.09E-07 0.00E+00 0.00E+00 0.00E+00
850 0.00E+00 0.00E+00 1.01E-06 0.00E+00 0.00E+00 0.00E+00
875 0.00E+00 0.00E+00 1.75E-06 0.00E+00 0.00E+00 0.00E+00
900 0.00E+00 2.90E-06 2.83E-06 0.00E+00 0.00E+00 0.00E+00
925 0.00E+00 3.63E-06 6.76E-06 0.00E+00 1.10E-06 0.00E+00
950 0.00E+00 4.22E-06 7.56E-06 0.00E+00 7.15E-06 0.00E+00
975 1.34E-06 3.07E-06 6.30E-06 0.00E+00 1.76E-05 2.21E-06
1000 1.45E-06 3.62E-06 5.46E-06 0.00E+00 2.65E-05 2.18E-06
1025 1.59E-06 3.04E-06 3.03E-06 2.06E-06 3.98E-05 2.02E-06
1050 0.00E+00 0.00E+00 2.14E-06 0.00E+00 3.88E-05 0.00E+00
1075 0.00E+00 0.00E+00 7.30E-07 0.00E+00 4.38E-05 0.00E+00
1100 0.00E+00 0.00E+00 1.62E-06 0.00E+00 3.52E-05 0.00E+00
T (K) Cyclopentanone Cyclopentenone Pentanal Pentanoic Acid
Phi=inf Phi=inf Phi=inf Phi=inf
650 0.00E+00 0.00E+00 0.00E+00 2.07E-03
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 2.05E-03
750 0.00E+00 0.00E+00 0.00E+00 1.99E-03
775 0.00E+00 0.00E+00 0.00E+00 2.28E-03
800 0.00E+00 0.00E+00 0.00E+00 1.89E-03
825 0.00E+00 0.00E+00 0.00E+00 1.82E-03
850 0.00E+00 0.00E+00 0.00E+00 2.14E-03
875 0.00E+00 0.00E+00 0.00E+00 1.55E-03
900 0.00E+00 0.00E+00 0.00E+00 1.41E-03
925 0.00E+00 0.00E+00 1.85E-05 1.35E-03
950 4.30E-06 0.00E+00 3.50E-05 9.67E-04
975 5.30E-06 6.21E-06 5.08E-05 7.00E-04
1000 0.00E+00 0.00E+00 4.42E-05 5.51E-04
1025 4.17E-06 7.21E-06 3.41E-05 4.37E-04
1050 5.14E-06 9.96E-06 2.54E-05 3.15E-04
1075 0.00E+00 7.93E-06 2.03E-05 2.22E-04
1100 0.00E+00 8.30E-06 1.63E-05 7.83E-05

*DMCP : dimethylcyclopropane
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Experimental raw data: furan oxidation

Equivalence ratio 0,5;1;2 Units Mole fraction
X furan 0.005 Bath gas Helium
Temperature (K) 500 - 1100 Residence time (s) 2
P (Torr) 800
- 0, co CH,
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 2.40E+03 1.25E+03 6.31E+02 4.91E-06 3.28E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 1.26E+03 0.00E+00 0.00E+00 7.79E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 2.41E+03 1.22E+03 6.34E+02 0.00E+00 6.95E-06 1.79E-05 0.00E+00 0.00E+00 4.00E-06
575 0.00E+00 1.27E+03 0.00E+00 0.00E+00 6.95E-06 1.79E-05 0.00E+00 0.00E+00 4.00E-06
600 2.41E+03 1.27E+03 6.39E+02 9.63E-06 2.97E-06 4.28E-06 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 1.26E+03 0.00E+00 0.00E+00 2.47E-06 4.28E-06 0.00E+00 0.00E+00 0.00E+00
650 2.37E+03 1.24E+03 6.36E+02 9.57E-06 7.79E-06 7.64E-06 0.00E+00 0.00E+00 0.00E+00
675 2.38E+03 1.26E+03 6.41E+02 2.81E-05 5.72E-06 3.74E-06 0.00E+00 0.00E+00 0.00E+00
700 2.36E+03 1.27E+03 6.36E+02 1.62E-05 3.84E-05 4.68E-06 0.00E+00 0.00E+00 0.00E+00
725 2.37E+03 1.24E+03 6.29E+02 2.21E-05 4.29E-06 5.33E-06 0.00E+00 0.00E+00 0.00E+00
750 2.35E+03 1.22E+03 6.35E+02 2.47E-05 6.13E-06 6.90E-06 0.00E+00 0.00E+00 0.00E+00
775 2.34E+03 1.19E+03 6.37E+02 3.05E-05 2.68E-05 8.13E-06 0.00E+00 0.00E+00 0.00E+00
800 2.36E+03 1.25E+03 6.32E+02 4.88E-05 2.91E-05 2.30E-05 0.00E+00 0.00E+00 2.47E-06
825 2.10E+03 1.25E+03 4.71E+02 6.33E-03 5.25E-03 4.67E-03 2.23E-04 2.35E-04 2.74E-04
850 1.93E+03 1.24E+03 3.60E+02 1.07E-02 1.09E-02 8.91E-03 4.01E-04 5.71E-04 6.53E-04
875 1.86E+03 7.91E+02 3.14E+02 1.22E-02 1.24E-02 1.05E-02 4.57E-04 6.97E-04 8.69E-04
900 1.77E+03 7.48E+02 2.86E+02 1.42E-02 1.27E-02 1.20E-02 4.85E-04 6.07E-04 1.10E-03
925 1.70E+03 6.70E+02 2.93E+02 1.24E-02 1.17E-02 7.08E-03 2.71E-04 4.02E-04 1.22E-03
950 1.83E+03 5.96E+02 2.76E+02 1.08E-02 1.27E-02 1.30E-02 1.27E-04 3.91E-04 1.38E-03
975 1.66E+03 3.83E+02 3.02E+02 7.01E-03 7.34E-03 1.22E-02 5.24E-05 4.25E-04 1.28E-03
1000 1.54E+03 2.89E+02 3.05E+02 4.18E-03 2.65E-03 1.25E-02 4.37E-05 1.96E-04 1.38E-03
1025 1.36E+03 2.87E+02 3.08E+02 2.22E-03 1.46E-03 1.27E-02 3.90E-05 1.26E-04 1.33E-03
1050 1.35E+03 1.91E+02 3.10E+02 1.30E-03 2.04E-03 1.30E-02 2.39E-05 2.23E-04 1.27E-03
1075 1.35E+03 2.22E+02 2.76E+02 8.63E-04 1.78E-03 1.23E-02 4.32E-06 1.31E-04 1.10E-03
1100 1.35E+03 1.85E+02 2.75E+02 2.43E-04 3.31E-04 1.20E-02 0.00E+00 0.00E+00 7.89E-04
TK) co, Acetylene+Ethylene Ethane
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 4.67E-06 6.76E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 2.81E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 3.43E-06 2.60E-06 4.57E-06 0.00E+00 0.00E+00 1.71E-06 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 2.60E-06 4.57E-06 0.00E+00 0.00E+00 1.71E-06 0.00E+00 0.00E+00 0.00E+00
600 2.04E-06 0.00E+00 2.47E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 5.53E-06 2.47E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 3.27E-06 2.03E-06 2.76E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 4.32E-06 4.19E-06 3.39E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 6.26E-06 2.39E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 4.92E-06 4.07E-06 5.07E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 8.86E-06 5.80E-06 4.46E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 1.19E-05 5.31E-06 5.86E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 1.96E-05 4.40E-05 7.71E-06 1.46E-06 1.40E-06 2.01E-06 0.00E+00 0.00E+00 0.00E+00
825 7.67E-04 4.98E-04 3.51E-04 5.79E-05 6.97E-05 8.85E-05 2.67E-06 3.54E-06 6.86E-06
850 1.47E-03 1.12E-03 6.59E-04 1.10E-04 1.51E-04 1.91E-04 5.51E-06 1.21E-05 1.99E-05
875 1.95E-03 1.46E-03 8.16E-04 1.36E-04 1.92E-04 2.76E-04 7.70E-06 1.72E-05 4.28E-05
900 3.06E-03 2.39E-03 9.81E-04 1.42E-04 1.69E-04 4.01E-04 9.07E-06 1.80E-05 8.19E-05
925 4.60E-03 3.67E-03 1.13E-03 8.65E-05 1.27E-04 5.57E-04 5.59E-06 1.43E-05 1.14E-04
950 8.18E-03 4.43E-03 1.17E-03 5.16E-05 1.40E-04 6.64E-04 3.05E-06 1.95E-05 1.44E-04
975 1.18E-02 1.08E-02 1.15E-03 2.81E-05 2.11E-04 6.88E-04 1.06E-06 2.81E-05 1.39E-04
1000 1.45E-02 1.53E-02 1.19E-03 2.72E-05 1.46E-04 8.48E-04 1.05E-06 1.83E-05 1.66E-04
1025 1.71E-02 1.60E-02 1.30E-03 2.71E-05 1.20E-04 9.03E-04 1.37E-06 1.45E-05 1.70E-04
1050 1.80E-02 1.58E-02 1.41E-03 1.79E-05 2.08E-04 9.45E-04 1.16E-06 2.95E-05 1.68E-04
1075 1.81E-02 1.59E-02 1.48E-03 3.71E-06 1.53E-04 9.36E-04 0.00E+00 2.13E-05 1.72E-04
1100 1.91E-02 1.81E-02 1.80E-03 0.00E+00 0.00E+00 6.51E-04 0.00E+00 0.00E+00 1.12E-04
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Experimental raw data: furan oxidation

TK) Propene Propane Propyne
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.73E-05
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.73E-05
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 6.40E-06 1.05E-05 1.21E-05 0.00E+00 0.00E+00 0.00E+00 1.70E-06 1.95E-06 1.19E-06
850 7.80E-06 1.41E-05 2.04E-05 0.00E+00 0.00E+00 1.95E-06 2.10E-06 1.62E-06 1.95E-06
875 5.03E-06 1.05E-05 2.00E-05 0.00E+00 1.82E-06 2.94E-06 1.46E-06 1.58E-06 1.81E-06
900 3.53E-06 5.38E-06 2.10E-05 0.00E+00 1.73E-06 4.70E-06 1.01E-06 1.08E-06 1.67E-06
925 1.76E-06 2.74E-06 1.67E-05 0.00E+00 1.28E-06 4.63E-06 9.66E-07 9.76E-07 2.14E-06
950 1.91E-06 2.79E-06 2.11E-05 0.00E+00 1.15E-06 5.37E-06 1.96E-06 1.43E-06 2.28E-06
975 9.54E-07 3.30E-06 1.59E-05 0.00E+00 1.58E-06 4.18E-06 1.86E-06 1.10E-06 2.24E-06
1000 0.00E+00 4.06E-06 1.77E-05 0.00E+00 0.00E+00 2.75E-06 0.00E+00 2.28E-06 4.14E-06
1025 0.00E+00 3.81E-06 1.60E-05 0.00E+00 0.00E+00 2.82E-06 0.00E+00 2.81E-06 4.58E-06
1050 0.00E+00 6.10E-06 1.59E-05 0.00E+00 0.00E+00 2.21E-06 0.00E+00 5.25E-06 6.90E-06
1075 0.00E+00 3.61E-06 1.85E-05 0.00E+00 0.00E+00 1.94E-06 2.81E-06 8.03E-06 1.42E-05
1100 0.00E+00 1.10E-07 1.14E-05 0.00E+00 7.67E-08 1.29E-06 0.00E+00 2.20E-06 1.39E-05
Allene Formaldehyde Oxirane
T(K)
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 2.52E-06 4.21E-06 3.68E-06 2.75E-04 3.21E-04 2.44E-04 1.64E-06 1.64E-06 1.75E-06
850 3.95E-06 3.77E-06 5.78E-06 2.99E-04 3.00E-04 3.20E-04 3.55E-06 4.44E-06 3.66E-06
875 3.10E-06 4.53E-06 6.25E-06 2.17E-04 2.35E-04 2.79E-04 2.57E-06 4.07E-06 3.43E-06
900 2.47E-06 2.73E-06 7.43E-06 1.41E-04 1.52E-04 2.25E-04 2.28E-06 3.83E-06 3.02E-06
925 1.39E-06 2.26E-06 1.02E-05 0.00E+00 1.16E-04 1.83E-04 1.33E-06 1.56E-06 2.80E-06
950 2.31E-06 2.20E-06 1.22E-05 0.00E+00 5.09E-05 1.72E-04 1.33E-06 1.60E-06 2.03E-06
975 1.67E-06 3.96E-06 1.24E-05 6.66E-05 0.00E+00 1.99E-04 0.00E+00 0.00E+00 1.60E-06
1000 1.13E-06 1.19E-05 1.83E-05 0.00E+00 0.00E+00 1.45E-04 0.00E+00 0.00E+00 2.67E-07
1025 2.72E-06 1.70E-05 2.31E-05 0.00E+00 0.00E+00 1.45E-04 0.00E+00 0.00E+00 4.68E-07
1050 2.50E-06 3.14E-05 3.16E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.10E-07
1075 0.00E+00 4.07E-05 5.75E-05 0.00E+00 0.00E+00 1.01E-04 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 3.83E-07 5.67E-05 0.00E+00 5.41E-07 0.00E+00 0.00E+00 2.51E-07 8.23E-07
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Experimental raw data: furan oxidation

T Acetaldehyde 2-Butyne Furan
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.18E-03 5.22E-03 4.73E-03
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.02E-03 4.77E-03 4.73E-03
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.86E-03 4.97E-03 4.96E-03
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.85E-03 4.97E-03 4.96E-03
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.84E-03 5.17E-03 5.11E-03
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.88E-03 5.01E-03 5.11E-03
650 0.00E+00 2.18E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.93E-03 4.64E-03 5.02E-03
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.83E-03 5.03E-03 4.93E-03
700 0.00E+00 1.49E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.95E-03 4.77E-03 4.80E-03
725 0.00E+00 1.05E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.15E-03 5.22E-03 4.92E-03
750 1.12E-06 1.58E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.06E-03 5.22E-03 5.03E-03
775 2.09E-06 2.15E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.13E-03 5.02E-03 4.83E-03
800 3.38E-06 2.93E-06 1.45E-06 0.00E+00 0.00E+00 0.00E+00 4.17E-03 4.79E-03 5.27E-03
825 2.46E-04 2.72E-04 2.74E-04 1.42E-06 1.84E-06 3.00E-06 1.94E-03 2.27E-03 2.75E-03
850 2.12E-04 2.66E-04 3.06E-04 1.45E-06 2.20E-06 4.38E-06 9.34E-04 1.20E-03 1.69E-03
875 1.50E-04 2.04E-04 2.41E-04 1.17E-06 1.78E-06 3.37E-06 5.41E-04 7.65E-04 1.05E-03
900 1.09E-04 1.11E-04 2.01E-04 1.36E-06 1.13E-06 4.51E-06 3.45E-04 3.41E-04 6.93E-04
925 5.24E-05 6.84E-05 1.23E-04 0.00E+00 1.10E-06 5.99E-06 1.80E-04 1.97E-04 4.78E-04
950 3.38E-05 4.90E-05 1.38E-04 0.00E+00 1.22E-06 7.35E-06 1.26E-04 1.75E-04 5.55E-04
975 1.56E-05 4.20E-05 9.44E-05 0.00E+00 2.31E-06 8.38E-06 8.05E-05 1.25E-04 4.20E-04
1000 1.39E-05 2.69E-05 7.87E-05 0.00E+00 7.60E-06 1.28E-05 6.30E-05 4.36E-04 4.04E-04
1025 1.18E-05 1.46E-05 5.94E-05 0.00E+00 7.64E-06 1.49E-05 4.31E-05 3.54E-04 3.63E-04
1050 5.12E-06 2.09E-05 3.97E-05 1.51E-06 1.62E-05 1.75E-05 1.09E-05 3.58E-04 3.38E-04
1075 0.00E+00 1.21E-05 3.39E-05 0.00E+00 1.29E-05 2.82E-05 1.44E-06 3.42E-04 3.81E-04
1100 0.00E+00 2.91E-06 1.62E-05 0.00E+00 0.00E+00 1.84E-05 1.86E-06 7.94E-08 2.47E-04
TK) Acrolein Propanal Acetone
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.85E-07
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.85E-07
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.05E-07 2.31E-06 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.64E-07 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.25E-06
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.58E-07
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.55E-06 0.00E+00
825 4.11E-04 4.94E-04 2.58E-04 4.10E-06 3.05E-06 4.11E-06 0.00E+00 8.78E-07 8.91E-07
850 2.88E-04 1.70E-04 0.00E+00 2.31E-06 3.42E-06 4.62E-06 1.13E-06 1.20E-06 1.68E-06
875 1.62E-04 1.12E-04 0.00E+00 1.30E-06 2.01E-06 4.06E-06 1.25E-06 1.18E-06 1.73E-06
900 1.15E-04 6.23E-05 1.62E-04 1.03E-06 9.98E-07 3.77E-06 1.16E-06 7.98E-07 2.17E-06
925 4.86E-05 3.68E-05 3.40E-05 6.77E-07 6.03E-07 2.27E-06 9.11E-07 7.40E-07 2.22E-06
950 4.48E-05 1.63E-05 4.08E-05 9.53E-06 1.42E-06 2.47E-06 1.91E-06 9.23E-07 2.25E-06
975 1.40E-05 1.27E-05 2.47E-05 0.00E+00 6.65E-07 1.58E-06 0.00E+00 0.00E+00 1.46E-06
1000 1.49E-05 1.88E-05 2.01E-05 0.00E+00 0.00E+00 1.08E-06 0.00E+00 0.00E+00 1.19E-06
1025 9.19E-06 1.05E-05 1.60E-05 0.00E+00 0.00E+00 1.23E-06 0.00E+00 0.00E+00 1.41E-06
1050 5.61E-06 1.77E-05 9.61E-06 0.00E+00 0.00E+00 1.15E-06 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 1.07E-05 1.00E-05 0.00E+00 0.00E+00 6.36E-07 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 4.11E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.15€E-07 0.00E+00
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Experimental raw data: furan oxidation

Benzene
T(K)
Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00
800 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 7.53E-06 0.00E+00
850 3.84E-06 0.00E+00 0.00E+00
875 2.07E-06 2.31E-06 0.00E+00
900 0.00E+00 0.00E+00 0.00E+00
925 0.00E+00 0.00E+00 0.00E+00
950 0.00E+00 0.00E+00 7.95E-07
975 0.00E+00 0.00E+00 7.72E-07
1000 0.00E+00 0.00E+00 0.00E+00
1025 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 0.00E+00

241



Experimental raw data: benzaldehyde oxidation

Equivalence ratio 05;1;2 Units Mole fraction
X benzaldehyde 0.005 Bath gas Helium
Temperature (K) 500-1100 Residence time (s) 2
P (Torr) 800
T 0, co CH,
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 8.16E-02 4.16E-02 0.00E+00 3.05E-05 8.43E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 4.09E-02 0.00E+00 3.43E-05 9.27E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 7.99E-02 4.08E-02 0.00E+00 4.55E-05 2.26E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 8.14E-02 4.28E-02 0.00E+00 3.81E-05 2.24E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 8.44E-02 4.08E-02 0.00E+00 3.23E-05 1.26E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 8.18E-02 4.16E-02 0.00E+00 2.54E-05 1.25E-05 0.00E+00 0.00E+00 2.73E-06 0.00E+00
650 8.11E-02 4.03E-02 0.00E+00 3.63E-05 1.91E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 8.13E-02 4.14E-02 2.46E-02 2.89E-05 1.35E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 7.92E-02 3.98E-02 2.03E-02 5.57E-05 4.33E-05 2.69E-05 0.00E+00 0.00E+00 0.00E+00
725 8.11E-02 4.14E-02 1.97E-02 9.79E-05 8.37E-05 1.10E-04 0.00E+00 0.00E+00 0.00E+00
750 8.22E-02 4.09E-02 1.97E-02 2.43E-04 3.20E-04 3.29E-04 2.51E-07 2.95E-07 7.11E-07
775 8.08E-02 4.06E-02 2.00E-02 6.92E-04 9.37E-04 1.09E-03 9.04E-07 1.93E-06 2.37E-06
800 7.95E-02 3.88E-02 2.03E-02 1.79E-03 2.14E-03 1.96E-03 4.20E-06 6.70E-06 7.69E-06
825 7.81E-02 3.80E-02 2.15E-02 3.57E-03 3.66E-03 3.02E-03 1.77E-05 1.60E-05 1.95E-05
850 7.24E-02 3.54E-02 2.10E-02 6.89E-03 6.80E-03 5.91E-03 4.16E-05 5.14E-05 5.67E-05
875 7.12E-02 3.30E-02 1.48E-02 9.51E-03 9.67E-03 7.51E-03 8.30E-05 9.83E-05 9.44E-05
900 6.59E-02 2.77E-02 1.25E-02 1.32E-02 1.36E-02 9.83E-03 1.41E-04 1.61E-04 1.40E-04
925 6.23E-02 2.68E-02 1.03E-02 1.81E-02 1.69E-02 1.23E-02 1.74E-04 2.18E-04 2.30E-04
950 5.67E-02 2.17E-02 1.07E-02 1.82E-02 1.76E-02 1.36E-02 1.44E-04 2.50E-04 3.21E-04
975 5.23E-02 2.12E-02 7.31E-03 1.38E-02 2.06E-02 1.54E-02 3.71E-05 2.66E-04 5.20E-04
1000 4.59E-02 1.30E-02 8.35E-03 8.01E-03 8.45E-03 1.67E-02 1.86E-05 1.09E-04 4.94E-04
1025 4.38E-02 1.08E-02 6.90E-03 3.80E-03 8.67E-03 1.54E-02 9.23E-06 9.47E-05 5.52E-04
1050 4.39E-02 5.19E-03 6.68E-03 2.16E-03 3.66E-03 1.78E-02 6.70E-06 3.07E-05 6.20E-04
1075 4.47E-02 4.38E-03 6.38E-03 1.31E-03 1.35E-03 1.91E-02 3.45E-06 7.73E-06 7.77E-04
1100 4.09E-02 4.56E-03 5.92E-03 1.54E-04 8.72E-04 1.99E-02 0.00E+00 3.14E-06 8.58E-04
T CO, Acetylene Ethylene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 2.70E-05 7.90E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 4.25E-05 4.02E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 4.15E-05 9.58E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 2.18E-05 7.91E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 2.44E-05 4.49E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 1.52E-05 6.43E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.40E-06 0.00E+00
650 3.30E-05 1.10E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 2.72E-05 1.17E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 5.49E-05 7.62E-05 1.64E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 1.16E-04 4.14E-05 2.46E-05 0.00E+00 7.29E-07 0.00E+00 0.00E+00 0.00E+00 1.82E-06
750 1.58E-04 1.59E-04 7.52E-05 1.31E-06 1.77E-06 2.90E-06 3.22E-07 5.85E-07 1.41E-06
775 2.48E-04 2.17E-04 1.85E-04 5.18E-06 7.77E-06 0.00E+00 1.81E-06 3.74E-06 1.41E-05
800 5.50E-04 5.79E-04 3.43E-04 1.05E-05 1.37E-05 2.56E-06 8.58E-06 1.29E-05 1.38E-05
825 9.74E-04 7.64E-04 4.20E-04 2.70E-05 1.95E-05 0.00E+00 3.06E-05 2.85E-05 2.60E-05
850 2.75E-03 1.79E-03 7.99E-04 3.31E-05 4.89E-05 3.45E-05 5.91E-05 7.78E-05 5.87E-05
875 2.48E-03 1.98E-03 1.02E-03 5.27E-05 7.01E-05 4.38E-05 1.06E-04 1.30E-04 9.58E-05
900 4.48E-03 4.01E-03 1.44E-03 6.33E-05 8.63E-05 4.73E-05 1.58E-04 1.93E-04 1.31E-04
925 5.79E-03 4.48E-03 1.65E-03 6.73E-05 1.04E-04 1.04E-04 1.80E-04 2.42E-04 2.03E-04
950 8.20E-03 6.95E-03 2.42E-03 1.69E-05 8.03E-05 1.25E-04 1.27E-04 2.59E-04 2.57E-04
975 1.81E-02 7.60E-03 2.25E-03 7.46E-06 7.10E-05 1.99E-04 2.37E-05 2.49E-04 3.76E-04
1000 2.41E-02 2.20E-02 3.15E-03 5.29E-06 2.73E-05 1.81E-04 1.60E-05 1.24E-04 3.35E-04
1025 2.88E-02 2.22E-02 3.30E-03 4.62E-06 5.22E-05 1.72E-04 1.12E-05 1.07E-04 3.28E-04
1050 3.10E-02 2.98E-02 3.77E-03 3.41E-06 8.74E-06 1.84E-04 7.84E-06 3.66E-05 3.15E-04
1075 3.15E-02 3.16E-02 3.35E-03 1.29E-06 7.95E-06 2.15E-04 2.35E-06 1.17E-05 3.37E-04
1100 2.90E-02 3.12E-02 3.58E-03 0.00E+00 2.13E-06 2.44E-04 0.00E+00 2.91E-06 3.07E-04
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Experimental raw data: benzaldehyde oxidation

T(K) Ethane Propene Propyne
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 1.02E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.50E-06
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.18E-06 1.97E-06 2.64E-06
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.98E-06 3.68E-06 4.39E-06
825 0.00E+00 0.00E+00 0.00E+00 1.82E-06 1.13E-06 3.54E-06 6.79E-06 5.88E-06 5.36E-06
850 6.56E-07 9.09E-07 9.82E-07 3.09E-06 5.31E-06 5.80E-06 9.42E-06 8.13E-06 5.59E-06
875 1.61E-06 2.37E-06 2.09E-06 4.52E-06 8.15E-06 7.46E-06 6.33E-06 8.11E-06 7.35E-06
900 3.45E-06 5.27E-06 4.20E-06 9.40E-06 1.10E-05 1.21E-05 8.86E-06 6.96E-06 8.85E-06
925 4.96E-06 8.53E-06 9.22E-06 6.08E-06 1.10E-05 1.37E-05 6.55E-06 7.32E-06 7.36E-06
950 4.03E-06 1.07E-05 1.59E-05 6.29E-06 9.05E-06 1.42E-05 0.00E+00 4.64E-06 6.99E-06
975 6.74E-07 1.18E-05 2.28E-05 0.00E+00 9.91E-06 1.63E-05 0.00E+00 3.92E-06 6.36E-06
1000 8.81E-07 7.96E-06 2.45E-05 0.00E+00 6.34E-06 1.39E-05 0.00E+00 4.43E-06 6.62E-06
1025 3.09E-07 8.32E-06 2.59E-05 0.00E+00 4.73E-06 1.31E-05 0.00E+00 2.11E-06 4.91E-06
1050 3.73E-07 3.54E-06 2.70E-05 0.00E+00 2.59E-06 1.14E-05 0.00E+00 2.22E-06 4.46E-06
1075 0.00E+00 9.30E-07 2.77E-05 0.00E+00 0.00E+00 9.64E-06 0.00E+00 0.00E+00 4.30E-06
1100 0.00E+00 0.00E+00 2.67E-05 0.00E+00 0.00E+00 8.00E-06 0.00E+00 0.00E+00 4.09E-06
T Allene Acetaldehyde Butenyne
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.94E-06 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 2.66E-06 6.59E-06 6.69E-06 6.57E-06 0.00E+00 0.00E+00 0.00E+00
775 3.29E-06 3.88E-06 3.24E-06 1.15E-05 2.47E-05 2.01E-05 0.00E+00 0.00E+00 1.12E-06
800 3.78E-06 6.97E-06 7.80E-06 2.76E-05 3.91E-05 3.61E-05 9.88E-07 1.94E-06 1.75E-06
825 1.14E-05 1.15E-05 9.25E-06 6.03E-05 6.43E-05 5.62E-05 2.16E-06 2.47E-06 2.44E-06
850 1.76E-05 1.99E-05 1.65E-05 9.79E-05 9.90E-05 9.09E-05 3.92E-06 5.05E-06 4.70E-06
875 1.65E-05 2.07E-05 1.96E-05 1.14E-04 1.17E-04 9.80E-05 4.38E-06 5.89E-06 7.69E-06
900 1.55E-05 1.73E-05 2.04E-05 1.03E-04 9.78E-05 9.21E-05 4.27E-06 5.83E-06 8.86E-06
925 1.52E-05 1.74E-05 1.92E-05 8.62E-05 9.18E-05 8.06E-05 3.64E-06 6.61E-06 1.15E-05
950 2.36E-06 9.30E-06 1.54E-05 0.00E+00 5.17E-05 6.03E-05 2.99E-06 4.65E-06 1.35E-05
975 0.00E+00 1.01E-05 1.57E-05 1.15E-05 4.15E-05 4.90E-05 0.00E+00 4.59E-06 1.51E-05
1000 0.00E+00 4.12E-06 1.40E-05 0.00E+00 1.85E-05 3.33E-05 0.00E+00 3.57E-06 1.76E-05
1025 0.00E+00 2.99E-06 1.10E-05 0.00E+00 9.94E-06 1.93E-05 0.00E+00 3.69E-06 1.61E-05
1050 0.00E+00 2.54E-06 9.55E-06 0.00E+00 4.38E-06 1.14E-05 0.00E+00 2.44E-06 1.76E-05
1075 0.00E+00 0.00E+00 9.18E-06 0.00E+00 0.00E+00 1.03E-05 0.00E+00 2.08E-06 1.80E-05
1100 0.00E+00 0.00E+00 8.10E-06 0.00E+00 0.00E+00 5.73E-06 0.00E+00 0.00E+00 2.12E-05
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Experimental raw data: benzaldehyde oxidation

TK) Butadiene 1.3 Butadiene 1.2 Acrolein
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.44E-06 2.39E-06 5.87E-06
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.17E-06 1.40E-05 1.57E-05
775 0.00E+00 0.00E+00 1.03E-06 0.00E+00 0.00E+00 0.00E+00 2.46E-05 3.85E-05 5.57E-05
800 0.00E+00 7.52E-07 1.38E-06 0.00E+00 0.00E+00 0.00E+00 6.59E-05 7.83E-05 9.15E-05
825 1.01E-06 1.17E-06 1.29E-06 0.00E+00 0.00E+00 0.00E+00 1.10E-04 1.08E-04 1.18E-04
850 1.84E-06 2.11E-06 3.90E-06 0.00E+00 6.43E-07 6.75E-07 1.43E-04 1.45E-04 1.63E-04
875 1.83E-06 2.83E-06 5.54E-06 0.00E+00 8.82E-07 1.14E-06 1.23E-04 1.40E-04 1.67E-04
900 2.68E-06 3.96E-06 5.83E-06 1.09E-06 9.18E-07 2.87E-06 9.41E-05 9.52E-05 1.59E-04
925 2.68E-06 4.19E-06 8.16E-06 1.20E-06 1.23E-06 1.67E-06 7.15E-05 7.94E-05 1.20E-04
950 2.45E-06 3.73E-06 9.57E-06 0.00E+00 1.21E-06 2.29E-06 3.52E-05 4.51E-05 8.08E-05
975 0.00E+00 4.04E-06 1.11E-05 0.00E+00 0.00E+00 2.95E-06 1.08E-05 3.18E-05 6.12E-05
1000 0.00E+00 3.56E-06 1.44E-05 0.00E+00 0.00E+00 2.68E-06 6.80E-06 1.40E-05 3.96E-05
1025 0.00E+00 2.97E-06 1.30E-05 0.00E+00 0.00E+00 2.07E-06 0.00E+00 8.08E-06 1.98E-05
1050 0.00E+00 2.21E-06 1.41E-05 0.00E+00 0.00E+00 0.00E+00 2.49E-06 3.81E-06 1.43E-05
1075 0.00E+00 1.73E-06 1.48E-05 0.00E+00 0.00E+00 2.29E-06 0.00E+00 0.00E+00 6.67E-06
1100 0.00E+00 0.00E+00 1.35E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
T Acetone Cyclopentadiene Benzene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 9.73E-06 3.66E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 4.40E-06 1.17E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 5.41E-06 1.82E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 4.79E-06 4.73E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 4.31E-06 3.44E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 8.57E-06 1.33E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 1.21E-05 1.50E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 5.46E-06 2.03E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 7.48E-06 3.75E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.96E-07 0.00E+00 5.23E-07
725 7.35E-06 9.73E-06 9.71E-06 0.00E+00 0.00E+00 0.00E+00 4.07E-07 5.76E-07 1.28E-06
750 1.48E-05 2.59E-05 1.20E-05 0.00E+00 0.00E+00 0.00E+00 1.25E-06 1.77E-06 3.83E-06
775 1.12E-05 1.82E-05 2.29E-05 0.00E+00 0.00E+00 0.00E+00 3.86E-06 6.04E-06 1.15E-05
800 2.07E-05 6.62E-05 2.11E-05 0.00E+00 0.00E+00 0.00E+00 1.12E-05 1.46E-05 2.90E-05
825 2.60E-05 2.49E-05 2.36E-05 0.00E+00 1.16E-06 0.00E+00 2.42E-05 2.62E-05 4.62E-05
850 3.47E-05 5.19E-05 1.95E-05 1.72E-06 2.15E-06 2.59E-06 4.21E-05 4.63E-05 6.99E-05
875 1.87E-05 2.82E-05 2.07E-05 1.62E-06 2.93E-06 4.16E-06 5.80E-05 7.33E-05 9.51E-05
900 1.93E-05 2.67E-05 1.12E-05 2.13E-06 3.18E-06 3.58E-06 7.43E-05 8.94E-05 1.36E-04
925 1.07E-05 1.07E-05 1.85E-05 2.05E-06 3.03E-06 6.50E-06 7.94E-05 1.04E-04 1.83E-04
950 6.88E-06 1.19E-05 6.45E-06 0.00E+00 2.50E-06 6.36E-06 6.10E-05 9.73E-05 2.35E-04
975 1.06E-06 3.56E-06 7.07E-06 0.00E+00 4.57E-06 1.00E-05 1.15E-05 9.60E-05 2.51E-04
1000 0.00E+00 2.46E-06 3.30E-06 0.00E+00 3.31E-06 1.45E-05 7.87E-06 6.07E-05 3.12E-04
1025 3.93E-06 1.78E-06 2.69E-06 0.00E+00 2.94E-06 1.60E-05 5.97E-06 3.26E-05 3.31E-04
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.10E-06 2.16E-05 4.64E-06 1.48E-05 3.96E-04
1075 0.00E+00 0.00E+00 1.23E-06 0.00E+00 1.54E-06 2.45E-05 1.46E-06 4.92E-06 4.06E-04
1100 0.00E+00 0.00E+00 6.48E-06 0.00E+00 0.00E+00 3.09E-05 0.00E+00 1.44E-06 3.60E-04
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Experimental raw data: benzaldehyde oxidation

TK) Toluene Cyclopentenone Ethylbenzene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.36E-06
800 0.00E+00 0.00E+00 3.78E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
825 6.19E-07 4.86E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
850 9.49E-07 8.65E-07 1.57E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
875 1.79E-06 1.74E-06 2.14E-06 0.00E+00 0.00E+00 0.00E+00 5.64E-06 0.00E+00 0.00E+00
900 1.66E-06 1.69E-06 4.42E-06 0.00E+00 0.00E+00 0.00E+00 3.56E-06 0.00E+00 0.00E+00
925 1.05E-06 1.57E-06 4.71E-06 0.00E+00 0.00E+00 1.11E-05 0.00E+00 0.00E+00 0.00E+00
950 4.93E-07 1.78E-06 6.01E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
975 0.00E+00 1.26E-06 7.09E-06 0.00E+00 0.00E+00 9.83E-06 0.00E+00 0.00E+00 3.32E-06
1000 0.00E+00 1.33E-06 8.98E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.39E-06
1025 0.00E+00 6.22E-07 8.57E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1050 0.00E+00 5.48E-07 9.67E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1075 0.00E+00 0.00E+00 1.03E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 9.28E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
T Xylene Phenylacetylene Styrene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.68E-07 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.38E-06 0.00E+00 0.00E+00 4.41E-07
800 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.72E-07 6.36E-07 1.05E-06
825 0.00E+00 1.68E-06 0.00E+00 0.00E+00 1.00E-06 0.00E+00 1.27E-06 8.48E-07 3.91E-06
850 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.13E-06 1.69E-06 0.00E+00
875 0.00E+00 0.00E+00 0.00E+00 2.30E-06 0.00E+00 0.00E+00 1.78E-06 1.64E-06 3.25E-06
900 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.65E-06 1.50E-06 5.26E-06
925 0.00E+00 0.00E+00 5.53E-07 0.00E+00 0.00E+00 0.00E+00 8.87E-07 1.45E-06 6.10E-06
950 0.00E+00 0.00E+00 1.30E-06 0.00E+00 0.00E+00 1.17E-06 2.65E-07 5.19E-07 6.73E-06
975 0.00E+00 0.00E+00 9.29E-07 0.00E+00 0.00E+00 8.85E-07 0.00E+00 5.30E-07 7.66E-06
1000 0.00E+00 0.00E+00 2.03E-06 0.00E+00 0.00E+00 8.85E-07 0.00E+00 3.99E-07 9.54E-06
1025 0.00E+00 0.00E+00 1.44E-06 0.00E+00 0.00E+00 9.20E-07 0.00E+00 5.79E-07 8.60E-06
1050 0.00E+00 0.00E+00 1.83E-06 0.00E+00 0.00E+00 1.70E-06 0.00E+00 5.83E-07 1.10E-05
1075 0.00E+00 0.00E+00 2.11E-06 0.00E+00 0.00E+00 3.29E-06 0.00E+00 0.00E+00 1.36E-05
1100 0.00E+00 0.00E+00 1.17E-06 0.00E+00 0.00E+00 3.80E-06 0.00E+00 0.00E+00 1.03E-05
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Experimental raw data: benzaldehyde oxidation

T Anisole Benzoquinone Cumene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 1.10E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 7.69E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 1.57E-05 0.00E+00 0.00E+00 0.00E+00 2.07E-05 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 5.14E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 1.20E-05 0.00E+00 0.00E+00 0.00E+00 2.12E-05 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 9.92E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 5.37E-06 0.00E+00 0.00E+00 0.00E+00 2.33E-05 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 1.26E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 3.30E-05 1.16E-05 0.00E+00 6.28E-06 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 6.21E-06 7.75E-06 0.00E+00 1.14E-05 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.19E-06 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 0.00E+00 1.34E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 9.08E-06
800 3.00E-06 2.93E-06 1.01E-05 8.46E-06 0.00E+00 3.76E-06 2.61E-07 4.50E-07 5.65E-07
825 8.11E-06 2.63E-07 2.40E-05 0.00E+00 0.00E+00 1.11E-05 1.02E-06 6.65E-07 2.12E-06
850 8.06E-06 4.30E-06 2.58E-05 6.26E-07 0.00E+00 1.05E-05 2.37E-06 1.73E-06 4.21E-06
875 8.39E-06 1.01E-05 2.73E-05 7.68E-06 0.00E+00 7.68E-06 3.69E-06 2.65E-06 4.42E-06
900 8.62E-06 0.00E+00 4.07E-05 1.80E-05 0.00E+00 1.58E-05 3.53E-06 2.53E-06 5.97E-06
925 6.85E-06 0.00E+00 3.03E-05 1.56E-05 0.00E+00 9.77E-06 2.09E-06 2.78E-06 4.90E-06
950 6.16E-06 0.00E+00 5.50E-05 2.37E-05 0.00E+00 3.12E-05 1.70E-06 1.27E-06 5.35E-06
975 0.00E+00 2.70E-06 2.27E-05 5.70E-06 0.00E+00 1.20E-05 7.73E-07 8.24E-07 2.10E-06
1000 3.59E-06 0.00E+00 2.06E-05 3.73E-05 0.00E+00 2.50E-05 1.02E-06 4.06E-07 1.39E-06
1025 4.74E-06 0.00E+00 1.46E-05 1.80E-05 0.00E+00 1.93E-05 0.00E+00 0.00E+00 6.36E-07
1050 1.61E-06 1.18E-06 1.36E-05 2.39E-05 0.00E+00 1.96E-05 0.00E+00 0.00E+00 5.25E-07
1075 1.03E-06 0.00E+00 9.75E-06 3.97E-05 0.00E+00 4.44E-05 0.00E+00 0.00E+00 1.37E-07
1100 0.00E+00 0.00E+00 6.62E-07 2.39E-05 0.00E+00 2.15E-05 0.00E+00 0.00E+00 0.00E+00
T Benzaldehyde Methylstyrene Phenol
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 4.78E-03 5.22E-03 5.00E-03 0.00E+00 0.00E+00 0.00E+00 4.54E-06 0.00E+00 0.00E+00
525 4.87E-03 4.95E-03 5.00E-03 0.00E+00 0.00E+00 0.00E+00 3.38E-06 8.60E-07 0.00E+00
550 5.42E-03 4.91E-03 5.00E-03 0.00E+00 0.00E+00 0.00E+00 2.89E-06 0.00E+00 0.00E+00
575 4.81E-03 4.57E-03 5.00E-03 0.00E+00 0.00E+00 0.00E+00 1.67E-06 8.45E-07 0.00E+00
600 5.40E-03 5.44E-03 5.00E-03 0.00E+00 0.00E+00 0.00E+00 1.83E-06 0.00E+00 0.00E+00
625 4.93E-03 4.97E-03 5.00E-03 0.00E+00 0.00E+00 0.00E+00 4.03E-06 1.64E-06 0.00E+00
650 4.54E-03 5.26E-03 5.00E-03 0.00E+00 0.00E+00 0.00E+00 2.04E-06 0.00E+00 0.00E+00
675 5.27E-03 5.10E-03 5.00E-03 0.00E+00 0.00E+00 0.00E+00 3.41E-06 1.25E-06 0.00E+00
700 5.51E-03 5.10E-03 5.32E-03 0.00E+00 0.00E+00 0.00E+00 5.28E-06 2.52E-06 1.82E-05
725 5.03E-03 4.41E-03 5.16E-03 0.00E+00 0.00E+00 0.00E+00 1.15E-05 1.14E-05 9.14E-05
750 4.60E-03 5.59E-03 4.80E-03 0.00E+00 0.00E+00 0.00E+00 3.42E-05 3.56E-05 5.40E-05
775 5.07E-03 4.75E-03 4.76E-03 0.00E+00 0.00E+00 0.00E+00 9.70E-05 8.16E-05 1.36E-04
800 5.04E-03 4.30E-03 4.10E-03 0.00E+00 0.00E+00 0.00E+00 2.31E-04 2.37E-04 2.55E-04
825 3.48E-03 3.39E-03 3.26E-03 0.00E+00 0.00E+00 0.00E+00 5.24E-04 3.45E-04 3.93E-04
850 2.58E-03 2.75E-03 2.67E-03 0.00E+00 0.00E+00 0.00E+00 4.86E-04 4.04E-04 5.24E-04
875 1.93E-03 1.99E-03 2.36E-03 0.00E+00 0.00E+00 0.00E+00 7.22E-04 6.16E-04 7.13E-04
900 1.15E-03 1.19E-03 1.93E-03 0.00E+00 0.00E+00 0.00E+00 4.99E-04 4.29E-04 9.30E-04
925 6.53E-04 8.51E-04 1.28E-03 0.00E+00 0.00E+00 0.00E+00 4.42E-04 4.56E-04 9.21E-04
950 3.74E-04 4.84E-04 7.97E-04 0.00E+00 0.00E+00 0.00E+00 2.00E-04 2.15E-04 6.01E-04
975 9.31E-05 2.94E-04 6.26E-04 0.00E+00 0.00E+00 0.00E+00 3.66E-05 1.69E-04 7.37E-04
1000 5.75E-05 1.70E-04 4.00E-04 0.00E+00 0.00E+00 3.03E-06 4.44E-05 5.80E-05 4.00E-04
1025 2.60E-05 7.89E-05 2.35E-04 0.00E+00 0.00E+00 1.93E-06 1.34E-05 6.47E-05 3.15E-04
1050 1.02E-05 4.04E-05 1.71E-04 0.00E+00 0.00E+00 1.24E-06 1.54E-05 2.40E-05 1.99E-04
1075 6.42E-06 7.63E-06 1.03E-04 0.00E+00 0.00E+00 0.00E+00 7.17E-06 1.22E-05 1.85E-04
1100 0.00E+00 5.02E-06 6.86E-05 0.00E+00 0.00E+00 8.32E-07 5.83E-06 4.01E-06 8.74E-05
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Experimental raw data: benzaldehyde oxidation

TK) Benzofuran 1,3-Benzodioxol 2-Hydroxybenzaldehyde
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.82E-06 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.51E-06 5.69E-06 0.00E+00 0.00E+00 4.90E-07
775 0.00E+00 0.00E+00 0.00E+00 1.18E-06 8.03E-07 1.23E-05 0.00E+00 0.00E+00 2.29E-06
800 0.00E+00 0.00E+00 0.00E+00 2.01E-06 2.03E-06 1.84E-05 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 1.28E-07 0.00E+00 3.80E-06 2.57E-06 2.81E-05 0.00E+00 0.00E+00 0.00E+00
850 6.36E-07 2.33E-06 0.00E+00 2.58E-06 5.13E-06 2.67E-05 0.00E+00 0.00E+00 0.00E+00
875 3.84E-06 7.22E-07 5.84E-07 3.84E-06 5.11E-06 2.73E-05 0.00E+00 0.00E+00 0.00E+00
900 3.31E-06 4.17E-06 0.00E+00 3.11E-06 5.08E-06 2.45E-05 0.00E+00 0.00E+00 0.00E+00
925 2.97E-06 1.94E-06 6.28E-07 3.11E-06 3.03E-06 3.24E-05 0.00E+00 0.00E+00 0.00E+00
950 1.06E-06 1.16E-06 1.78E-06 1.01E-06 1.92E-06 3.97E-05 0.00E+00 0.00E+00 0.00E+00
975 0.00E+00 4.48E-07 0.00E+00 0.00E+00 8.10E-07 2.06E-05 0.00E+00 0.00E+00 0.00E+00
1000 0.00E+00 0.00E+00 7.24E-07 6.08E-07 7.81E-07 1.37E-05 0.00E+00 0.00E+00 3.20E-06
1025 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.09E-07 5.95E-06 0.00E+00 0.00E+00 2.62E-06
1050 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.57E-07 6.52E-07 0.00E+00 0.00E+00 1.39E-06
1075 0.00E+00 0.00E+00 7.12E-07 1.15E-06 8.82E-07 4.84E-07 0.00E+00 0.00E+00 0.00E+00
1100 0.00E+00 0.00E+00 4.88E-07 0.00E+00 0.00E+00 5.20E-07 0.00E+00 4.39E-07 0.00E+00
Indene o-Cresol Acetophenone
T(K)
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.11E-06 0.00E+00 0.00E+00 2.00E-06
750 0.00E+00 0.00E+00 1.27E-07 0.00E+00 0.00E+00 2.74E-06 0.00E+00 0.00E+00 4.34E-06
775 0.00E+00 2.08E-07 4.48E-07 5.08E-07 2.83E-07 1.07E-05 3.67E-07 2.90E-07 5.58E-06
800 5.00E-07 5.33E-07 8.31E-07 9.03E-07 1.51E-06 3.23E-05 0.00E+00 4.44E-07 6.25E-06
825 8.07E-07 6.45E-07 2.28E-06 3.55E-06 3.16E-06 7.46E-05 0.00E+00 3.51E-07 5.25E-06
850 8.08E-07 7.11E-07 2.31E-06 5.06E-06 6.22E-06 1.19E-04 0.00E+00 0.00E+00 4.42E-06
875 5.58E-07 6.53E-07 2.67E-06 1.05E-05 1.26E-05 1.85E-04 0.00E+00 0.00E+00 1.93E-06
900 6.82E-07 3.64E-07 2.70E-06 1.03E-05 1.12E-05 1.56E-04 0.00E+00 0.00E+00 0.00E+00
925 1.49E-07 3.04E-07 3.89E-06 1.02E-05 1.41E-05 3.01E-04 0.00E+00 0.00E+00 0.00E+00
950 0.00E+00 3.39E-07 5.91E-06 3.78E-06 5.86E-06 3.58E-04 0.00E+00 0.00E+00 2.76E-06
975 0.00E+00 2.07E-07 5.14E-06 5.64E-07 4.72E-06 2.81E-04 0.00E+00 0.00E+00 3.98E-07
1000 0.00E+00 2.85E-07 8.94E-06 7.44E-07 1.73E-06 2.45E-04 0.00E+00 0.00E+00 1.80E-06
1025 0.00E+00 3.01E-07 1.06E-05 0.00E+00 2.12E-06 1.53E-04 0.00E+00 0.00E+00 1.18E-06
1050 0.00E+00 2.79E-07 1.73E-05 0.00E+00 7.37E-07 8.89E-05 0.00E+00 0.00E+00 9.26E-07
1075 0.00E+00 0.00E+00 2.71E-05 0.00E+00 4.89E-07 5.69E-05 0.00E+00 0.00E+00 1.18E-06
1100 0.00E+00 0.00E+00 2.42E-05 0.00E+00 0.00E+00 2.67E-05 0.00E+00 0.00E+00 0.00E+00
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Experimental raw data: benzaldehyde oxidation

TK) p-Cresol 1,3-Benzodioxol-2-one Methylbenzofuran
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.02E-07
725 0.00E+00 0.00E+00 1.29E-06 0.00E+00 0.00E+00 5.51E-06 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 3.37E-06 0.00E+00 0.00E+00 7.76E-06 0.00E+00 0.00E+00 0.00E+00
775 7.06E-07 3.22E-07 1.20E-05 0.00E+00 0.00E+00 1.41E-05 7.92E-07 2.89E-07 0.00E+00
800 4.88E-07 1.68E-06 3.09E-05 0.00E+00 6.61E-07 1.80E-05 7.03E-07 0.00E+00 2.30E-05
825 4.50E-06 4.09E-06 7.68E-05 2.46E-06 2.70E-07 2.52E-05 4.29E-07 2.90E-07 0.00E+00
850 4.91E-06 5.98E-06 1.41E-04 1.52E-06 9.61E-07 2.67E-05 0.00E+00 3.73E-07 0.00E+00
875 1.38E-05 1.17E-05 2.13E-04 3.45E-06 1.77E-06 2.88E-05 0.00E+00 0.00E+00 0.00E+00
900 1.06E-05 9.59E-06 1.91E-04 4.54E-06 0.00E+00 1.55E-05 0.00E+00 1.06E-06 1.21E-06
925 1.07E-05 1.17E-05 3.14E-04 2.95E-06 1.68E-06 2.01E-05 0.00E+00 0.00E+00 4.38E-06
950 3.38E-06 5.65E-06 3.05E-04 1.18E-06 0.00E+00 2.84E-05 0.00E+00 5.19E-07 0.00E+00
975 9.89E-07 3.73E-06 2.77E-04 0.00E+00 5.37E-07 8.01E-06 0.00E+00 0.00E+00 2.14E-06
1000 9.22E-07 1.12E-06 2.14E-04 0.00E+00 0.00E+00 4.10E-06 0.00E+00 0.00E+00 3.36E-06
1025 0.00E+00 1.85E-06 1.21E-04 0.00E+00 0.00E+00 1.82E-06 0.00E+00 0.00E+00 2.21E-06
1050 8.89E-07 6.67E-07 7.50E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.42E-06
1075 0.00E+00 3.24E-07 3.68E-05 0.00E+00 0.00E+00 1.44E-06 0.00E+00 0.00E+00 2.02E-06
1100 0.00E+00 0.00E+00 7.15E-07 0.00E+00 0.00E+00 7.68E-07 0.00E+00 0.00E+00 1.36E-06
T Ethylphenol Methylindene 1,2-Dihydronaphthalene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 5.68E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 3.77E-07 2.44E-07 7.67E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 7.54E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 0.00E+00 2.12E-07 7.47E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 0.00E+00 0.00E+00 7.04E-07 0.00E+00 0.00E+00 9.86E-07 0.00E+00 0.00E+00 8.92E-07
800 0.00E+00 0.00E+00 0.00E+00 3.12E-07 0.00E+00 2.54E-06 0.00E+00 0.00E+00 0.00E+00
825 0.00E+00 0.00E+00 1.03E-06 5.05E-07 8.43E-07 2.79E-06 0.00E+00 1.45E-07 2.13E-06
850 0.00E+00 2.15E-07 1.10E-06 0.00E+00 2.42E-07 4.84E-06 0.00E+00 2.83E-07 2.04E-06
875 0.00E+00 0.00E+00 2.18E-06 0.00E+00 0.00E+00 3.39E-06 0.00E+00 0.00E+00 1.53E-06
900 0.00E+00 0.00E+00 1.04E-06 0.00E+00 6.53E-07 3.88E-06 0.00E+00 1.56E-07 8.94E-07
925 0.00E+00 0.00E+00 8.91E-06 0.00E+00 0.00E+00 8.03E-06 0.00E+00 0.00E+00 1.36E-06
950 0.00E+00 0.00E+00 9.37E-06 0.00E+00 0.00E+00 1.01E-05 0.00E+00 0.00E+00 2.05E-06
975 0.00E+00 0.00E+00 6.75E-06 0.00E+00 0.00E+00 9.09E-06 0.00E+00 0.00E+00 1.60E-06
1000 0.00E+00 0.00E+00 6.83E-06 0.00E+00 0.00E+00 9.52E-06 0.00E+00 0.00E+00 7.71E-07
1025 0.00E+00 0.00E+00 4.97E-06 0.00E+00 0.00E+00 7.45E-06 0.00E+00 0.00E+00 7.02E-07
1050 0.00E+00 0.00E+00 5.19E-06 0.00E+00 0.00E+00 7.53E-06 0.00E+00 0.00E+00 2.84E-06
1075 0.00E+00 0.00E+00 6.00E-06 0.00E+00 0.00E+00 5.16E-06 0.00E+00 0.00E+00 4.87E-06
1100 0.00E+00 0.00E+00 4.12E-06 0.00E+00 0.00E+00 3.66E-06 0.00E+00 0.00E+00 4.24E-06
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Experimental raw data: benzaldehyde oxidation

TK) 1,3-Dihydronaphthalene Naphtalene Cinnamaldehyde
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2
500 4.18E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 5.37E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 3.87E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 4.96E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 4.39E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 8.67E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 3.21E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 8.73E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
750 4.83E-07 3.87E-07 1.75E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 1.67E-06 8.08E-07 6.06E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
800 2.35E-06 1.31E-06 9.07E-05 0.00E+00 0.00E+00 3.15E-06 0.00E+00 0.00E+00 0.00E+00
825 1.77E-06 9.06E-07 7.45E-05 0.00E+00 3.13E-07 7.44E-06 0.00E+00 0.00E+00 1.08E-06
850 1.14E-06 4.88E-07 0.00E+00 2.23E-07 4.76E-07 8.72E-06 0.00E+00 0.00E+00 0.00E+00
875 1.08E-06 4.66E-07 1.14E-05 4.48E-07 8.33E-07 1.28E-05 0.00E+00 0.00E+00 1.45E-06
900 0.00E+00 0.00E+00 6.41E-05 0.00E+00 1.16E-06 1.28E-05 0.00E+00 0.00E+00 2.80E-06
925 0.00E+00 0.00E+00 1.06E-05 0.00E+00 6.71E-07 2.45E-05 0.00E+00 0.00E+00 1.92E-06
950 0.00E+00 0.00E+00 6.40E-06 0.00E+00 6.90E-07 4.96E-05 0.00E+00 0.00E+00 3.29E-06
975 0.00E+00 0.00E+00 8.14E-06 0.00E+00 5.70E-07 4.05E-05 0.00E+00 0.00E+00 3.38E-06
1000 0.00E+00 0.00E+00 6.74E-06 0.00E+00 4.53E-07 9.66E-05 0.00E+00 0.00E+00 4.26E-06
1025 0.00E+00 0.00E+00 4.90E-06 0.00E+00 6.02E-07 1.27E-04 0.00E+00 0.00E+00 2.98E-06
1050 0.00E+00 0.00E+00 5.33E-06 0.00E+00 3.19E-07 1.62E-04 0.00E+00 0.00E+00 3.30E-06
1075 0.00E+00 2.63E-07 4.66E-06 0.00E+00 0.00E+00 2.48E-04 0.00E+00 0.00E+00 1.98E-06
1100 0.00E+00 1.10E-07 4.55E-06 0.00E+00 0.00E+00 1.98E-04 0.00E+00 0.00E+00 0.00E+00
T Biphenyl Diphenyl ether Acenaphthylene
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
550 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
725 0.00E+00 0.00E+00 3.74E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.34E-07
750 0.00E+00 1.56E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 3.34E-07 2.96E-07 2.48E-06 4.19E-07 4.52E-07 8.12E-07 0.00E+00 0.00E+00 0.00E+00
800 3.14E-07 5.75E-07 4.73E-06 5.13E-07 9.59E-07 9.15E-06 0.00E+00 0.00E+00 3.68E-06
825 3.90E-07 1.94E-07 6.71E-06 6.60E-07 1.76E-06 1.10E-06 0.00E+00 0.00E+00 0.00E+00
850 3.67E-07 3.37E-07 9.92E-06 6.66E-07 5.56E-07 1.02E-05 0.00E+00 0.00E+00 0.00E+00
875 0.00E+00 2.82E-07 1.18E-05 6.46E-07 2.67E-07 2.55E-06 0.00E+00 0.00E+00 0.00E+00
900 0.00E+00 2.81E-07 1.41E-05 4.53E-07 1.18E-07 3.68E-06 0.00E+00 0.00E+00 0.00E+00
925 7.28E-07 5.32E-07 1.66E-05 0.00E+00 0.00E+00 5.14E-06 0.00E+00 0.00E+00 0.00E+00
950 5.32E-07 0.00E+00 1.59E-05 0.00E+00 0.00E+00 5.77E-06 0.00E+00 0.00E+00 1.99E-07
975 6.67E-07 0.00E+00 2.16E-05 0.00E+00 9.59E-08 7.67E-06 0.00E+00 0.00E+00 4.80E-07
1000 3.97E-07 0.00E+00 2.27E-05 0.00E+00 0.00E+00 7.50E-06 0.00E+00 0.00E+00 9.35E-07
1025 0.00E+00 5.06E-07 1.86E-05 0.00E+00 0.00E+00 5.81E-06 0.00E+00 0.00E+00 1.57E-06
1050 0.00E+00 0.00E+00 2.22E-05 0.00E+00 0.00E+00 6.14E-06 0.00E+00 0.00E+00 3.82E-06
1075 0.00E+00 0.00E+00 2.01E-05 0.00E+00 0.00E+00 3.62E-06 0.00E+00 0.00E+00 4.30E-06
1100 0.00E+00 0.00E+00 1.52E-05 0.00E+00 0.00E+00 3.19E-06 0.00E+00 0.00E+00 6.24E-06
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Experimental raw data: benzaldehyde oxidation

Dibenzofuran Indanone
T(K)
Phi=0.5 Phi=1 Phi=2 Phi=0.5 Phi=1 Phi=2

500 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
525 0.00E+00 0.00E+00 0.00E+00 4.08E-06 0.00E+00 0.00E+00
550 3.36E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
575 7.71E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
600 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
625 0.00E+00 5.78E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00
650 1.42E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
675 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
700 3.74E-07 3.21E-07 3.17E-06 0.00E+00 0.00E+00 0.00E+00
725 6.33E-07 8.67E-07 2.48E-06 5.01E-07 0.00E+00 0.00E+00
750 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
775 8.87E-07 0.00E+00 7.46E-06 1.70E-06 4.72E-06 0.00E+00
800 2.13E-06 1.25E-06 1.25E-05 0.00E+00 2.14E-06 0.00E+00
825 2.56E-06 3.66E-06 1.44E-05 2.63E-06 3.01E-06 0.00E+00
850 4.57E-06 0.00E+00 2.34E-05 4.49E-06 0.00E+00 0.00E+00
875 8.18E-06 3.03E-06 1.74E-05 1.76E-05 2.62E-06 8.82E-07
900 3.53E-06 2.21E-06 4.88E-05 9.02E-06 0.00E+00 0.00E+00
925 4.83E-06 3.24E-06 3.50E-05 3.97E-05 2.70E-05 1.54E-06
950 2.38E-06 1.69E-06 2.83E-05 3.06E-05 8.69E-06 3.18E-06
975 1.77E-06 9.72E-07 4.54E-05 3.73E-05 1.57E-05 4.43E-06
1000 8.26E-07 4.68E-07 3.22E-05 1.90E-05 1.17E-05 5.16E-06
1025 1.88E-06 7.96E-07 2.68E-05 1.95E-05 2.52E-05 4.96E-06
1050 0.00E+00 2.53E-07 3.29E-05 2.87E-06 3.23E-06 6.66E-06
1075 0.00E+00 3.61E-06 2.05E-05 5.22E-06 1.96E-05 5.66E-06
1100 4.62E-07 6.04E-07 2.08E-05 2.39E-06 6.16E-06 7.08E-06
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Experimental study of the formation of pollutants during the combustion of
bio-oil surrogate molecules

Keywords: combustion, bio-oils, kinetics

In 2016, fossil fuels represented about 80% of the world total primary energy supply. However, this
resource is limited and has a huge impact on the environment pollution because of the production of
greenhouse gases. In order to drastically reduce greenhouse gases emissions, a focus on biofuels, and
especially bio-oils, is made in the industrial world and for transportation. The IMPROOF project is funded
by the European Union under the SPIRE framework. Its objective is to improve the energy efficiency in
the case of steam cracking furnaces by 20% and in parallel to decrease by 25% per ton of ethylene the
emission of pollutants like NOx or greenhouse gases. This PhD is focused on the part concerning the
use of alternative fuels and especially bio-oils for the heating of the steam cracking furnaces.

To better assess bio-oil oxidation or pyrolysis, a bibliographical review about the publications dealing
with the composition of bio-oils have been performed. From this review, it comes out that bio-oils could
be described as a mixture composed of six main types of chemical compounds: alcohols, aldehydes,
carboxylic acids, furans and derivatives, oxygenated aromatic compounds and nitrogen organic
compounds.

In order to complete some detected lack in the literature, the aim of this thesis was to produce a new
experimental dataset for molecules owning to the five first chemical families previously presented. A jet-
stirred reactor was chosen to perform the experiments, due to its homogeneity in concentration and
composition. This kind of “ideal” reactor is indeed convenient for the development of reliable data for the
development and validation of kinetic models. During this work, eight fuels were selected and studied: n-
butanol, n-pentanol, n-butanal, n-pentanal, butanoic acid, pentanoic acid, furan and benzaldehyde. For
each fuel, the experimental results were used to develop and validate a kinetic model. Those models
were afterward used to study the decomposition pathways of the studied species.

Etude expérimentale de la formation de polluants lors de la combustion de
molécules modeles de bio-huiles

Mots-clés : combustion, bio-huile, cinétique

En 2016, les combustibles fossiles représentaient environ 80% de l'approvisionnement mondial total
en énergie primaire. Cependant, cette ressource est limitée et a un impact énorme sur la pollution de
I'environnement en raison de la production de gaz a effet de serre. C’est pourquoi le monde industriel et
des transports s’intéressent aux biocarburants, en particulier aux bio-huiles, afin de réduire
considérablement les émissions de gaz a effet de serre. Le projet IMPROOF est un projet financé par
I'Union européenne dans le cadre du programme SPIRE. Son objectif est d'améliorer de 20% I'efficacité
énergétique des fours de vapocraquage et, parallelement, de réduire de 25% par tonne d'éthylene les
émissions de polluants tels que les NOx ou les gaz a effet de serre. Cette thése porte sur l'utilisation de
combustibles de substitution, notamment de bio-huiles, pour le chauffage des fours de vapocraquage.

Afin de mieux évaluer I'oxydation ou la pyrolyse de la bio-huile, une revue bibliographique des
publications traitant de la composition des bio-huiles a été réalisée. Il ressort de cette revue que les bio-
huiles peuvent étre décrites comme un mélange composé de six principaux types de composés
chimiques : les alcools, les aldéhydes, les acides carboxyliques, les furannes et leurs dérivés, les
composés aromatiques oxygénés et les composés azotés organiques.

Afin de compléter certaines lacunes relevées dans la littérature, le but de cette thése était de produire
un nouvel ensemble de données expérimentales pour certaines molécules appartenant aux cing
premieres familles chimiques précédemment présentées. Un réacteur agité par jets a été choisi pour
réaliser les expériences en raison de son homogénéité de concentration et de composition. Ce type de
réacteur «idéal» convient en effet pour le développement de données fiables pour le développement et
la validation de modéles cinétiques. Au cours de ce travail, huit combustibles ont été sélectionnés et
étudiés : le n-butanol, le n-pentanol, le n-butanal, le n-pentanal, I'acide butanoique, I'acide pentanoique,
le furane ainsi que le benzaldéhyde. Pour chacun de ces carburants, les résultats expérimentaux ont été
utilisés pour développer et valider un modeéle cinétique. Ces modeéles ont ensuite été utilisés pour étudier
les voies de décomposition des espéces étudiées.
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