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Abstract

Biofuels and other chemicals derived from biomass are now recognized as integral
components of a sustainable energy mix, holding the promise to bolster our society's energy
security. Despite the considerable interest presented by biofuels, their combustion processes
may exacerbate the formation of Oxygenated Polycyclic Aromatic Hydrocarbons (OPAHs),
potentially influencing the characteristics of soot. This thesis focuses firstly on identifying and
quantifying oxygenated aromatics generated during the combustion of a lignin-based biofuel
under flame conditions. Laminar premixed flames of anisole (a surrogate for lignin-based
biofuels) and blends of hydrocarbon fuels using advanced Gas Chromatography (GC) were
investigated. Employing a sample enrichment technique and various chromatographic
analyses, including 1D GC-MS, 1D GC-SPT-FID, and 2D GC-MS, facilitated the identification
of approximately 100 different oxygenated aromatics. These findings shed light on the fuel
decomposition pathways leading to OPAH formation. Furthermore, the thesis presents a
detailed experimental database illustrating the evolution of mole fraction concerning flame
height for various oxygenated and non-oxygenated aromatics. A comparison to other biofuels
such as 2,5-DMF and ethanol was also performed and it revealed significant differences in the
formation of intermediate species and pollutants, including OPAHs, due to distinct molecular
structures. The study also investigates the characteristics of soot particles, revealing particles
smaller than 10 nm using LIT and SMPS. It was observed that at a constant equivalence ratio,
the presence of anisole increased the number of small soot particles formed in these flames.
These particles are referred to as primary soot particles due to their small size. Additionally, it
was noted that the soot inception processes began at an early flame height in the anisole flames
compared to the reference flame without anisole. Moreover, soot growth processes were
observed to be very limited in these flames. At a higher equivalence ratio of 1.90, anisole
produced more soot than DMF under similar conditions. Although the growth processes were
limited, they occurred at a faster pace in the anisole flame compared to the DMF flame. In
addition to measuring oxygenated aromatics and soot particles, temperature profiles were
determined in this work using an experimental protocol that was validated for laminar
premixed flames by comparison with other techniques such as LIF-NO. Our findings
demonstrated that employing the extrapolation method, which utilizes four thermocouples of
varying diameters, facilitated straightforward calibration of radiative losses.

Key words: biofuels, OPAHs, PAHs, aromatics, combustion, premixed flames, anisole,
kinetics, gas chromatography.



Résumé

Les biocarburants et autres composés dérivés de la biomasse sont désormais reconnus
comme des éléments essentiels pour un mix énergétique durable, susceptibles de renforcer la
sécurité et viabilité énergétique de notre société. Malgré I'intérét considérable que présentent
les biocarburants, leurs processus de combustion peuvent cependant contribuer a une
formation significative d’hydrocarbures aromatiques polycycliques oxygénés (OPAH),
influencant potentiellement les caractéristiques et propriétés des particules de suies
susceptibles d’étre formées. Cette these se concentre d'abord sur l'identification et la
quantification des aromatiques oxygénés générés lors de la combustion d'un biocarburant a
base de lignine dans des conditions de flamme. La structure de flammes laminaires
prémélangées atmosphériques d'anisole (un substitut des biocarburants a base de lignine) et
d'hydrocarbures ont été étudiées en utilisant un parc de plusieurs chromatographes en phase
gazeuse (GC) complémentaires permettant une analyse détaillée des milieux réactionnels.
L'utilisation de techniques d’enrichissement d’échantillons couplées aux analyses
chromatographiques, notamment GC-MS 1D, GC-SPT-FID 1D et GC-MS 2D, a permis
I'identification d’environ 100 composés aromatiques oxygénés différents. Ces résultats mettent
en évidence les voies privilégiées de décomposition du carburant conduisant a la formation des
OPAH. De plus, le travail réalisé a permis d’établir une base de données expérimentales
détaillées illustrant I’évolution de la fraction molaire d'un grand nombre de composés
aromatiques, oxygénés ou non, en fonction de la position dans les flammes. Une comparaison
avec d'autres biocarburants tels que le 2,5-DMF et I'éthanol a également été réalisée et a révélé,
en raison de structures moléculaires distinctes, des différences significatives dans la formation
des espéces chimiques intermédiaires et des polluants, y compris les OPAH. L'étude s’est
également focalisée sur la caractérisation des particules de suie formées lors de la combustion
de ces biocarburants. La mise en ceuvre des techniques LII et SMPS a ainsi permis de révéler
la présence de particules inférieures a 10 nm. Il a également été observé qu'a richesse
constante, la présence d'anisole augmentait le nombre de petites particules de suie formées
dans ces flammes. Ces particules sont appelées particules primaires de suie en raison de leur
petite taille. De plus, il a été noté que les processus d’apparition de suie commencgaient a une
hauteur de flamme précoce dans les flammes d’anisole par rapport a une flamme de référence
sans anisole. Les processus de croissance des suies se sont d’ailleurs révélés trés limités dans
ces flammes. Pour une richesse plus élevée de 1,90, l'anisole produit de plus importantes
quantités de suie que le DMF dans des conditions similaires. Bien que les processus de
croissance aient été limités du fait des conditions opératoires, ils se sont malgré tout produits
a un rythme plus rapide dans la flamme d’anisole que dans la flamme de DMF. En complément
de la mesure des aromatiques oxygénés et des particules de suie, les profils de température ont
été déterminés a l'aide d'un protocole original utilisant quatre thermocouples de différents
diamétres afin de pouvoir corriger les mesures des pertes radiatives. Le protocole a été validé
par comparaison avec d'autres techniques telles que la thermométrie LIF-NO.

Mot clés : Biocarburants, HAPOs, HAPs, aromatiques, combustion, flammes prémélangées,
anisole, cinétique, chromatographie en phase gazeuse.
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Introduction

Introduction

The essence of energy in our society is constantly growing to ensure the quality of life and
smoothly run other elements of the world’s economy [1,2]. Energy production is, and remains,
the main challenge of today’s societies. Since the industrial revolution in the 19th century, until
today, energy mainly comes from fossil fuel resources i.e., coal, oil, and natural gas (non-
renewable resources). Over the years, a surging boost in the global energy demand has led to a
continuous increase in the consumption of these resources. Furthermore, this consumption is
not stagnant and in fact is relentlessly increasing as we continue to burn more each year to
keep up with the increasing energy demand. This inflation in energy consumption and
dominance of fossil fuels has not only led to environmental deterioration and climate change,
remarkably due to the endless CO, emissions and global alteration of the composition of our
atmosphere, but is also a reminder of the fragility and unsustainability of our current energy
system [3]. Ample pollutants like carbon monoxide (CO), nitrous oxides (NOy), sulfur dioxide
(SO.), Polycyclic Aromatic Hydrocarbons (PAHs) and soot particles produced in real
combustion processes severely affect human health by damaging the cardiovascular system,
weakening the immune system and impairing lung functioning [4]. Despite such unfavorable
effects, global energy production from the combustion of fossil fuels continues to account for

over 80% of the total energy produced across the world [3].

The intercontinental recognition of these issues has led to a series of international
agreements aiming at limiting greenhouse emissions and decarbonizing the energy system. To
do so, research interests have switched to the development of hybrid, all-electric or fuel cell
technologies to electrify land-based transport within the next few decades and completely
phase out the Internal Combustion Engine Vehicles (ICEVs). Although the hybrid, all-Electric
Vehicles (EVs) fully fit into our current needs, the increased prices for the minerals (e.g.,
copper, lithium, nickel, manganese, cobalt, graphite, rare earth metals etc.) needed to
manufacture batteries pose additional challenges. In addition, electric grids still need to get
much cleaner before the electric vehicles are truly emissions free. Moreover, the amount of
minerals needed to manufacture a conventional car and an electric car are nearly ~34
kg/vehicle and ~207 kg/vehicle respectively, i.e., a typical electric car requires six times the
mineral inputs of a conventional car [5]. These minerals are mined by the mining industry that
uses energy from fossil fuels and contributes to approximately 8% of the global carbon

footprint [6,7].

Though electric vehicles represent a maturing technology suitable for passenger or light-
duty vehicles in the long-run, as the range and mass of the vehicles increase, electrification
becomes increasingly difficult. Despite often being grouped together shipping, aviation and

1



Introduction

haulage each presents unique challenges for decarbonization [8]. Regulations and aircraft
designs imply that the aviation sector is dependent on jet fuels for the foreseeable future, with
liquid fuels being deemed as the most suitable option due to the scales required. Heavy-duty
transportation has constraints on cargo space and payload which means fuels with high energy
density are necessary for economic operation [8]. Because of the time needed to reduce and
phase out the current infrastructure and replace it with zero-carbon energy system on a large-
scale for the heavy-duty transportation system, the transition, if at all technically,
economically, and socially feasible, is still challenging to achieve within the next 40 years [9].
This means that for the present and the next 40 years, fossil fuel resources are still likely to
provide for a large portion of the global energy demand, despite the significant progress made

in alternative energy systems such as fuel cells and battery-based electrification.

Though the transition to decarbonize the current energy system is happening, it is
certainly not fast enough for the renewables and nuclear to keep up with the growing energy
demand. Particularly for the transport sector, the introduction of biofuels is considered as a
promising and cost-effective approach at the current stage for realizing a decarbonized energy
system [10,11]. Biofuels are considered as a vital part of sustainable energy portfolio, where
they promise to contribute to our society’s energy security [12] especially in sectors where
electrification is not yet feasible. Transport fuels are now subjected to blending mandates with
alternative fuels to achieve ambitious emission targets in several countries. In this context,
biofuels present the short-term option and their demand is likely to remain in the long-run to
fulfil such mandates as they are identical to the petroleum-based fuels that they are designed
to replace making them compatible with today's engines and other infrastructure [11].
Substitute fossil fuels mandates are incentivizing investments in the production of biofuels at
large scales. Liquid biofuels can facilitate the transition towards a more sustainable
transportation sector by curbing carbon emissions while maintaining most of the current
vehicle fleet. Over recent years, various oxygenated fuels have received increasing interests as
alternative engine fuels, not only due to their potential in improving engine combustion and
emission performance [13,14] but also due to their renewable and environmentally-friendly

nature which may provide a pathway towards a carbon-neutral energy system [15].

Recent research and development undoubtedly present a sign of progress towards
providing a sustainable energy system for transportation. However, the road towards the
widespread implementation of oxygenated biofuels needs to address several issues such as the
availability of feedstocks, large-scale production techniques, as well as a fundamental
understanding of their combustion and emission characteristics which are closely related to

their end-use in practical combustion devices. The first-generation biofuels present some


https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/engineering/performance-and-emissions
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skepticism to scientists concerning the sourcing of feedstocks and the impact it may have on
the biodiversity because of the competition with food crops which sets limits in their large-
scale production. Ongoing debates have shifted focus onto biofuels that are derived from the
lignocellulosic feedstock, i.e., the biofuels of the ‘second generation’ [16,17]. Advanced biofuels,
also referred to as 2m generation biofuels, are carbon-based fuels that are produced by
innovative processes via lignocellulosic materials (abundant nonfood materials) for which
commercial utilization is still under development. Currently, their production is not cost
effective because several technical barriers need to be overcome before their potential can be

realized [17,18].

Most of the currently proposed biofuels contain one or more oxygen atoms in their
chemical structure (in the form of alcohol, ester, or ether functionality), and are commonly
referred to as "oxygenated biofuels". It is well-known that in most cases, oxygenated biofuels
generally present a smaller sooting tendency as compared to their structurally-analogous
hydrocarbons; the reason being in most cases their lower tendencies to form soot precursors
[19]. The presence of oxygen alone in the chemical structure of biofuels leads to the formation
of more CO. and CO, thereby removing the carbon atoms from the system which would
otherwise participate in soot formation [19,20]. The presence of the oxygen atoms in the
structure of biofuels is likely to modify the formation of aromatic species, especially oxygenated
aromatics, that may profoundly modify the properties of the formed soot particles [21]. Soot
particles generated from the combustion of biofuels differ from particles from the combustion
of conventional fossil fuels as they consist of higher amounts of oxygenates [21], altered
nanostructure [22] and are potentially more toxic. Recent studies have shown that the
combustion of oxygenated biofuels produces fewer large soot particles, and therefore a lower
mass concentration of the particulate matter than that resulting from the combustion of
conventional petroleum fuels [23,24]. Impressive soot reduction characteristics strongly
support the use of biofuels. However, the number concentration of sub-10 nm soot particles is
also strongly enhanced (see Figure 1) [23,25]. The underlying reasoning so far behind the
increased number concentration of small soot particles during the combustion of oxygenated
biofuels is not clear. A greater number of small soot particles present a disadvantage of not
being trapped by the particulate filters currently in use. The use of biofuel blended with
commercial fuel like diesel reduces the total mass concentration of particulate matter in
agreement with literature data [19,25] but also significantly increase the number concentration

of sub-10 nm particles [23].
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Figure 1 : Particle total number concentration (on the left) and soot volume fraction (on the right) of
sub-10 nm (white bars) and larger soot particles (black bars) retrieved from particle size distributions
reported for diesel fuel (Bo) and 20% v/v rapeseed methyl-ester and diesel fuel blend (B20) measured
at the exhaust of a diesel engine by Sirignano et al. [23].

In addition to soot particles, oxygenated aromatics constitute a large family of
undesirable pollutants from combustion processes. These species must play a very critical role
in the combustion of biofuels, however, fundamental studies to investigate their formation
especially in flame conditions are very scarce in the literature. Some studies have illustrated
the acute challenges associated with the experimental identification of oxygenated aromatics
and their isomers [26], whereas this information is somewhat crucial for decoding their
formation kinetics [26]. To achieve safe integration of biofuels into the energy landscape,
fundamental laboratory scale studies on Oxygenated Polycyclic Aromatic Hydrocarbons
(OPAHSs) emissions and the size of soot particles during the combustion of biofuel doped fuel
blends are essential. Figure 2 illustrates a pictorial representation of the underlying context
behind this study. In this context, the current study aims to contribute to a better
understanding of the discussed phenomena. This PhD research project was funded by ADEME
and la Region Hauts-de-France and has two main objectives. The first and the main part was
to study the flame structure of lignin-based biofuel doped blends i.e. anisole doped
hydrocarbon fuel blend, with a special focus on the oxygenated aromatics. Ethanol and
dimethyl furan doped blends were also studied for comparison. This thesis is essentially
focused on obtaining a detailed experimental database of species profiles in premixed flames

at atmospheric pressure to characterize the combustion of lignocellulosic biofuels. This

4



Introduction

involves precisely identifying and quantifying the maximum number of new oxygenated
aromatics and other pollutants using advanced 1-D and 2-D Gas Chromatography (GC) setups
equipped with a trap accessory. To complete the experimental study, flame temperature
profiles are also measured using thermocouple-based thermometry. The second part concerns
the characterization of the small soot particles that are formed in these same biofuel doped
blends using the Laser Induced Incandescence (LII) and the Scanning Mobility Particle Sizer
(SMPS) experimental techniques.

Biomass
Figure 2 : A pictorial representation of the context of this study together with two-fold objective

focusing on the OPAHs and the small soot particles that can be formed during the combustion of lignin-
based biofuels.

This thesis report consists of 6 Chapters followed by a general conclusion and potential
perspectives. Chapter 1 presents a brief background and a summary of the existing studies
that have previously focused on the experimental detection of OPAHs during the combustion
of biofuels in real combustion systems as well as in laboratory-scale reactors. Soot formation
studies from the combustion of lignocellulosic biofuels are also listed in the same chapter.
Chapter 2 and Chapter 3 detail the experimental setup of the flame burner together with
the analysis techniques used and special details concerning the new developments and the
methodology adopted to measure the temperature of the flames, respectively. Chapter 4
presents the qualitative as well as quantitative results concerning experimental observation of
oxygenated aromatics in biofuel-doped flames along with their dependence on the biofuel
amount and the equivalence ratio. Later, Chapter 5 presents a comparison study of species’
profiles produced from different biofuel-doped flames to study the dependence of the

formation of aromatics and other pollutants on the structure of the biofuel. Finally, Chapter
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6 presents some results on the characterization of the soot particles formed in these flames in

terms of the soot volume fraction and the particle size distributions.
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Chapter 1. Combustion of biofuels and its
influence on the formation of aromatics and

soot: State of the art

This chapter presents a prevalent context and a brief summary of the studies focusing on
the influence of the oxygenated additives on the formation of aromatics and soot in a
combustion environment. Section 1.1 presents a concise literature review on the formation of
OPAHs from oxygenated biofuels. This discussion is divided into two parts. The first part is
devoted to listing existing studies where researchers experimentally detected OPAHs during
the combustion of solid and liquid biomass-derived fuels in real-combustion systems (engines
and in-house stoves). These studies further motivated researchers to carry out fundamental
studies in laboratory-scale flames and reactors to analyze these species qualitatively and
quantitatively. These fundamental studies constitute the second part of this section. Later,
Section 1.2 presents a brief literature review on the soot formation behavior of biofuels, with
special attention devoted to lignocellulosic biofuels. Section 1.1 and Section 1.2 altogether
underline the inadequacy of our current understanding about the combustion of oxygenated
biofuels, especially the ones that are lignin-based in terms of their tendency to produce
oxygenated aromatics and soot. Thereupon, Section 1.3 presents the why and wherefore behind
the choice of our biofuel for the current study followed by a summary of its existing studies in
the literature. The chapter is subsequently concluded with a small discussion on the limitations

in our current understanding and provides a preliminary scope of this thesis (Section 1.4).

1.1. Literature review: OPAHs and associated PAHs
from biofuels

Following PAHs (Polycyclic Aromatic Hydrocarbons), scientific interest for OPAHs
(Oxygenated Polycyclic Aromatic Hydrocarbons) has increased in the past decade because of
their persistence in the environment and concern over potential toxicity [27]. They consist of
one or more oxygen atoms attached to an aromatic ring structure that may also contain other
chemical functional groups. Their formation can be derived from petrogenic and pyrogenic
sources, and via chemical or photo-oxidation of the PAHs [27]. In addition, they are expected
to be largely formed during the thermal conversion of lignin [28]. Ongoing research has also
described several processes of incomplete biodegradation leading to the production of OPAHs

[29—32]. Determinations of individual and mixed OPAH toxicities are active areas of research.
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There is increasing evidence that OPAHs are more toxic than their parent PAH analogs [27,33—
37]. It has also been reported that OPAHs are more persistent in the environment as opposed
to other organic compounds [27,31,32]. Over the past decade, researchers have recognized that
it is of great importance to understand their emission characteristics and formation
mechanisms especially during the combustion of biomass, which is a promising renewable
source of energy in the near-future. Table 1. 1 presents a list of the most representative studies
where OPAHs (and PAHs) associated with Particulate Matter (PM) produced during the
combustion of biomass in real combustion systems were experimentally detected and
quantified.

Table 1. 1 : A summary of the most representative experimental studies devoted to the detection of

particulate and gas phase OPAHs produced during the combustion of biomass/biofuels in real
combustion systems like engines and in-house stoves.

Reference  Experimentally detected OPAHs Biofuel Combustor Analy.s 1S
type technique
9-Fluorenone, Crop Cooki
Shen et al., 9,10-Anthraquinone, residues and 00KINg
. stove GC-MS
2011 [38] Benz[a]anthracene-7,12-dione, coal
Benzanthrone
9-Fluorenone,
9,10-Anthraquinone,
1-Indanone,
1,4-Naphthaquinone,
. 1,2-Acenaphthylenequinone, Cooking
Zéi%nggge]t al, 1,8-Naphthalic anhydride, Biomass stove GC-MS
2-Methylanthracene-9,10-dione,
Benzo[a]fluorenone,
7H-Benz[d,e] anthracene-7-one,
Naphthacene-5,12-dione,
6H-Benzo[c,d]pyrene-6-one
9,10-Anthraquinone, Repeseat
Nystrom et Cyclopenta[def]phenanthren-4-one, melivl esier Dagins GC-MS
al., 2016 [40] 7H-Benz[del]anthracen-7-one, biodiesel
Benz[a]anthracene-7,12-dione lodiese
9-Fluorenone, 9,10-Anthraquinone, Waste
Guan et al., Benz[a]anthracene-7,12-dione, cooking oil .
2017 [21] Benzanthrone, 1-Naphthaldehyde, biodiesel and Engine GC-MS
1,4-Naphthoquinone ethanol
Anthraquinone,
Ahmed et al., Cyclopenta[def]phenanthren-4-one, Ethanol S GC-MS
2018 [41] Benzanthrone,
Benz[a]anthracene-7,12-dione
9,10-Anthraquinone,
Li et al 9-Fluorenone, Benzanthrqne, Wast.e ‘ .
5018 [4’2] Benz[a]anthracene-7,12-dione, cooking oil Engine GC-MS
1,4-Naphthoquinone, biodiesel
1-Naphthaldehyde
Biodiesel
Lara et al., 9-Fluorenone, (78% .
2023 [43] 9,10-Anthraquinone soybean+28 Dighee G
% palm)
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In 2011, Shen et al. [38] studied the combustion of indoor solid fuels (crop residues and
coal) under simulated kitchen conditions and reported the presence of several OPAHs with 9-
fluorenone being the most abundant species. They also observed that in comparison to parent
PAHs, OPAHs presented a higher tendency to be adsorbed on particulate matter (PM),
especially fine PM. High affinities of OPAHs to fine particles were also reported earlier in other
studies [44,45]. Later, in 2015, Vicente et al. [39] carried out combustion experiments in a
manually operated batch stove (burning wood logs) and an automatic pellet stove. They also
analyzed the PM samples from the exhaust flue gas via Gas Chromatography-Mass
Spectrometry (GC-MS) to quantify fifteen OPAHs. In 2016, Nystrom et al. [40] studied the
physical and chemical properties of exhaust particle emissions during an engine operation
using standard diesel and biodiesel. They observed that the particulate mass concentration
almost halved compared to when diesel was used and associated this decrease with a decrease
in the average particle size. When shifting from diesel to biodiesel, the decrease in the particle
mass and size was attributed to the presence of less PAHs but a relatively higher fraction of
OPAHs by the authors.

In 2017, Guan et al. [21] characterized the soot particles (and associated particle-phase
organic compounds) emitted from a diesel engine fueled with oxygenated fuel blends (Diesel-
Biodiesel/DB and Diesel-Biodiesel-Ethanol/DBE). They used waste cooking oil biodiesel and
reported that employing oxygenated fuel blends increased the total measured OPAHs
emissions. They also observed that both the blends reduced the particle mass emission rate as
well as the total number concentration of the soot particles. In addition, they reported that the
geometric mobility diameter of the particles also decreased with an increase in the blended
ratios of the oxygenated fuels, i.e., their size distribution curves moved towards smaller-sized

bins.

The following year, Ahmed et al. [46], determined emission factors for OPAHs and PAHs
from two different fuel flexible light duty vehicles using the GC-MS analysis. Three different
gasoline/ethanol blends, commercially available in Sweden, i.e., gasoline E5, (with 5% v/v
ethanol), E85 (with 85% v/v ethanol), and the winter time quality E70 (with 70% v/v ethanol),
were tested. They reported higher average total OPAH emissions when driving vehicles with
E85 compared to when operating with E5. The most abundant OPAH in almost all their
samples was 9,10-anthraquinone. Later, Li et al. [42], compared PAH and OPAH emissions
from a direct injection diesel engine fueled with conventional diesel, waste cooking oil biodiesel
(B100), and their two blends (B20 and B50). Their results showed an increasing trend of OPAH
emissions with added biodiesel. Almost all oxygenated derivatives were over their parent PAHs

for the fuels with high biodiesel content (B50 and B100). They also observed that high
9
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molecular weight PAHs exhibited higher oxygenated derivative fractions than those of low
molecular weight PAHs. An increase trend of the total OPAH emissions was observed with
increasing engine load. In addition, they observed that adding biodiesel to diesel also led to

increase in the total OPAH emissions as shown in Figure 1. 1.
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Figure 1. 1 : The percent change of total PAH, OPAH, and NPAH for the tested fuels at different loads
reported by Li et al. [42].

In 2023, Lara et al. [43] performed a qualitative and quantitative analysis of PAHs and
OPAHs present in different soot samples generated using a diesel engine bench powered by
diesel and biodiesel fuels under different combustion conditions. The predominant
compounds in all soot samples studied were fluorene, phenanthrene, fluoranthene, pyrene, 9-
fluorenone and 9,10-anthraquinone. They also reported that the percentage of OPAHs with
respect to the total PAHs was highest in the soot generated from a biofuel. The list of studies
mentioned in Table 1. 1 present real combustion systems where OPAHs are emitted as
pollutants. Most of the OPAHs reported in these studies seem to have the ketone functionality.
Though these studies provide hints concerning the different OPAHs that one might expect to
be formed during the combustion processes (or post-combustion phenomena) and their
emission factors (in pg/km), other possibilities and OPAHs formation mechanisms are not
clear. Besides, these studies also indicate that an increase in the amount of the biofuels used
leads to an increase in the emission of OPAHs. Motivated by the diverse studies on OPAHs
emissions from real combustors, researchers decided to investigate them in fundamental
laboratory scale reactors. Table 1. 2 lists the main experimental studies carried out in
fundamental laboratory-scale systems where OPAHs were also quantified during the

combustion of biofuels.
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Table 1. 2 : Summary of the main experimental laboratory-scale studies on the combustion of biofuels
where OPAHs were detected and quantitatively analyzed. Studies for anisole have been highlighted in

bold.

Experimentally . Combustor Analysis
Reference detected OPAHs Biofuel type technique
Benzofuran,
Therrien et al., Dibenzofuran, Ethanol .
2010 [47] 9,10-Anthracenedione FEmbEcan AR
2-Naphthaldehyde
Nowakowska et Benzofuran, . Jet-stirred
al., 2014 [48] Dibenzofuran Anisole reactor GC-FID/MS
Pelucchi et al., Benzofuran, Anisole Flow reactor GCxGC-
2018 [49] Dibenzofuran FID/TOF-MS
Benzofuran,
Dibenzofuran,
2,3-Dihydrobenzofuran, s
go";%l;%“{sﬁa] et 1-Indenol, Guaiacol g:;cigired GC-FID/MS
v 5 Naphthol,
2-Methyl benzofuran,
2,2-Biphenyldiol
Bierkandt et Benzofuran Anisole Premixed VUV-MBMS-
al., 2019 [51] flame PEPICO
Yerrayya et al Benzofuran, Micro-
201 %’yz] v 2-Methyl benzofuran, Guaiacol rolvzer GC-MS
915 Dihydrobenzofuran Pyroly
‘2{3?;1 [e5t 3?1" g?;l:gf;ﬁ?;n Anisole Flow reactor SVUV-PIMS
Namysl et al., Benzofuran, Jet-stirred
2020 [54] Dibenzofuran Benzaldehyde reactor GC-MS
. Benzofuran,
%(m]l etal., 2021 Dibenzofuran, ilzt)};ilegshenol Flow reactor GC-MS
55 Dihydrobenzofuran
Laminar TOF-
(2::)12121 F t62]11" g?{;:g:ﬁ?;n Anisole counterflow MBMS/GC-
5 flame MS

In 2010, Therrien et al. [47] investigated flat laminar premixed ethanol/ethylbenzene
flames (with 0%, 25%, 50%, 75% and 90% ethanol) at atmospheric pressure. They stabilized
all the flames at their visual soot onset thresholds, and kept similar temperature profiles for all
flames. The temperature was controlled by adjusting the total cold gas velocity through the
burner for each flame. By increasing the total cold gas velocity, the flame was pushed away
from the burner surface and consequently, the heat loss to the burner reduced. This way,
temperature profiles of all the flames were kept nearly-constant to prevent the temperature
effects from governing the flame chemistry. They identified and quantified lighter species and
several aromatics (OPAHs and PAHs) using the GC-MS system. Amongst OPAHs, they
identified and quantified benzofuran, 2-naphthalenecarboxaldehyde, dibenzofuran, and 9,10-

anthracenedione in the range of few ppm.
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Later in 2014, Nowakowska et al. [48] studied anisole pyrolysis and stoichiometric
oxidation in a Jet Stirred Reactor (JSR, 673—1173 K, residence time 2s, 800 Torr) coupled with
Gas Chromatography—Flame Ionization Detector and Mass Spectrometry (GC-FID/MS). The
main pyrolysis products were phenol, methane, carbon monoxide, benzene, and hydrogen.
They detected and quantified benzofuran, dibenzofuran (OPAHs), naphthalene and
acenaphthylene (PAHs) in the range of hundreds to thousands of ppm. They also proposed a
detailed kinetic model (303 species, 1922 reactions) based on a combustion model for light

aromatic compounds which they extended to anisole.

In 2018, Pelucchi et al. [49] presented experimental data obtained in a flow reactor
coupled to two-dimensional GCs, and provided a kinetic mechanism for anisole pyrolysis. They
used the Time-Of-Flight (TOF) MS to identify stable aromatics like benzofuran and other
bicyclic aromatics with hydroxyl side chains. In the same year, Nowakowska et al. [50]
investigated guaiacol (3-methoxyphenol) pyrolysis and oxidation in a JSR (623-923 K,
residence time 2s, 800 torr) using the GC-FID/MS system. In their study, they also measured
some OPAHs namely, 2,3-dihydrobenzofuran, 1-indenol, naphthol, 2-methyl benzofuran, and

2,2-biphenyldiol.

The following year in 2019, Bierkandt et al. [51], studied two laminar, premixed, fuel-
rich anisole flames (30 torr) investigated by Molecular Beam Mass Spectrometry (MBMS) at
two synchrotron sources where tunable vacuum-ultraviolet radiation enabled isomer-resolved
photoionization. One flame with a stoichiometry of 1.2 was measured at the Advanced Light
Source (ALS) in Berkeley, USA, while the other flame (¢ = 1.6) was investigated at the Swiss
Light Source (SLS) in Villigen, Switzerland. In both experiments, Synchrotron Vacuum-
UltraViolet (SVUV) radiation provided soft ionization and a Molecular Beam Mass
Spectrometry-Photoelectron Photoion Coincidence Spectroscopy (MBMS-PEPICO) setup was
used for the identification and quantification of the combustion intermediates. In this study,
they identified and estimated the absolute concentrations of OPAHs like benzofuran and acetyl
naphthalenes as well as PAHs like naphthalene. They observed species with masses higher than
guaiacol, but could not identify them because of the lack of known ionization energies. In the
same year, Yerrayya et al. [52] focused on both experimental and theoretical analysis of fast
pyrolysis of guaiacol in an analytical pyrolyzer coupled with the GC-MS in the temperature
range of 723—923 K. They determined the relative concentrations for 3 OPAHs, namely,
benzofuran, 2-methyl benzofuran, and dihydrobenzofuran at different temperatures in their
study. Yuan et al. [53] studied anisole pyrolysis in a flow reactor using SVUV Photolonization
Mass Spectrometry (PIMS) where they detected and quantified benzofuran and dibenzofuran.

12
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Later, in 2020, Namsyl et al. [54] reported an experimental and modeling study of
benzaldehyde oxidation in a JSR coupled with GCs. They identified 48 compounds including
benzofuran and dibenzofuran. In 2021, Kim et al. [55] also measured three different
benzofurans in flow reactor measurements of 2- and 3-ethyl phenol isomers. Later, in 2022,
TOF-MBMS and GC were used by Chen et al. [56] to investigate a laminar counterflow
diffusion-flame of anisole under oxy-fuel conditions and reported about forty stable species,

including benzofuran and dibenzofuran.

In 2023, Wang et al. [57] comprehensively investigated the thermochemistry of OPAH
species and other relevant radicals via quantum-chemical calculations. Temperature-
dependent enthalpy of formation, entropy, and heat capacity were determined for several
OPAHs. These thermodynamic properties are crucial for the development for kinetic
mechanism. This study is not listed in Table 1. 2 as it only lists laboratory-scale experimental

studies.
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1.2. Literature review: soot from biofuels

Soot formation is a rather complicated process in itself as it involves various chemical
and physical processes many of which are still not well understood. Aromatic species are
considered as important soot precursors i.e., molecular gas-phase species that serve as the
molecular building blocks of soot particles and play an important role in soot particle inception
and mass/size growth [58]. Though knowledge gaps still exist, it is now generally accepted that
soot formation proceeds from fuel molecules to particles via three broad lumped steps; (1)
formation of gas-phase soot precursors, (2) formation of nanoparticles in the condensed phase,
(3) surface growth and particle-particle coagulation [59-69]. Figure 1. 2 presents a schematic

of the soot formation in flames reported in a detailed review by Martin et al. [66].
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Figure 1. 2 : Schematic of carbonaceous particulate formation in flames [66].

The first step involves the decomposition of the parent fuel to form gas-phase smaller

hydrocarbon molecules, radicals, and soot precursors such as PAHs. The second step is the
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transition process from the gas-phase precursors to condensed-phase carbonaceous
nanoparticles. This complex gas-to-condensed-phase transition is termed as “particle
inception” or “soot inception” and is the least well understood steps of soot formation [58,66].
Different inception pathways proposed in the literature have their own limitations and a
universal explanation for different conditions does not exist yet [66]. After inception, the
newly-formed incipient soot particles (size of 2-3 nm) eventually grow up in mass/size through
interactions between gas-phase species and soot particles. Together with surface growth,
particle-particle coagulation also takes place to form fractal-like soot aggregates. Faultless
description of these processes is not yet attained which is why they are all very challenging to
model. The overall soot formation process remains an everlasting unsolved problem in the
combustion field as the complex processes involved render it difficult to isolate the different
events. To address this issue, several fundamental studies in well-controlled laboratory-scale
flames and reactors have been reported in literature to uncouple the convoluted factors
involved. Many detailed reviews have been written to summarize these studies such as, by
Richter and Howard in 2000 [69], Frenklach in 2002 [59], McEnally et al. in 2006 [61],
D’Anna in 2009 [62], Hansen et al. in 2009 [70], Li and Fei Qi in 2010 [71], Wang in 2011 [63],
Desgroux et al. in 2013 [64], Kittelson and Kraft in 2014 [68], Michelsen in 2017 [65], Wang
and Chung in 2019 [72], Frenklach and Mebel in 2020 [60], Martin et al. in 2022 [66], as well

as a recent glossary about soot nomenclature by Michelsen et al. in 2020 [58].

Furthermore, since recent research interests have shifted to the combustion of biofuels,
fundamental studies to evaluate the sooting behavior of biofuels are also reported, where a
general soot reduction trend is observed on the addition of oxygenated biofuels [19,73—80].
The dependence of oxygenated fuels’ soot-reducing potential on the type of functional groups,
the carbon skeletons of the base fuels and the flame configurations has been a subject of
interest for numerous experimental and numerical studies investigating neat as well as
blended 1¢t generation biofuels (ethanol, methanol, dimethyl ether (DME), dimethoxymethane
(DMM), biodiesel etc.) [19]. Studies report that even with the same oxygen content,
structurally-different oxygenated biofuels can have different soot reduction effectiveness
[19,81—84]. Increase in the concentrations of O, OH and HCO radicals from the introduction
of oxygenates may influence the soot formation process. Most often, the justification relies on
their different tendencies to form soot precursors. High concentrations of O and OH radicals
may promote the oxidation of carbon atoms, which would reduce the amount of carbon that

produces soot precursors thereby inhibiting the soot nucleation process [19,20].

While there are numerous studies on the sooting behavior of the 15t generation biofuels

during combustion processes [19], those for lignocellulosic biofuels (from the 2rd generation)
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are rather limited in this aspect. Research on soot formation from these biofuels is considerably
recent. These biofuels have cyclic structures and aromatic rings in their molecular structure,
and thus possess a relatively higher ability to form soot. This section is devoted to reviewing
the recent existing studies in the literature concerning soot formation behavior of these
biofuels. Table 1. 3 presents a recapitulation of three types of main experimental laboratory-
scale studies carried out in this decade, where the authors focused on neat furanic (dimethyl
furan, DMF and methyl furan, MF) and lignin-based biofuels as well as their blends. The table
lists three different types of studies:

e Studies on the soot formation and the sooting tendencies of these biofuels.

e Studies focusing on the morphology and the nanostructure of soot particles from
the combustion of these biofuels.

e Studies on particle size distributions (PSDs) from the combustion of these

biofuels.

It must be noted that studies focusing on the measurement of soot precursors formed
during the combustion of these biofuels have not been listed in the table but have been cited in

the text when relevant.
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Table 1. 3 : Summary of the main experimental laboratory-scale studies concerning the effects of
furanic (in normal font) and lignin-based (in bold) oxygenated fuels on soot particle formation,
morphology and nanostructure, and soot particle size distributions.

Alexandrino et

Reference Biofuels Base fuels  Apparatus Analysis method*
Studies focusing on soot formation and sooting tendencies
ng;l%se;]al., DMF - Flow reactor sxnlfl\ggg:l/[s’
Sgign[%‘g etal,  LME MF,Furan  Ethylene gg&ferﬂ"w LII and LIF
Alexandrino et DMF ) Flow reactor QC, FTI.R;
al., 2015 [87] simulation
nggl[estfﬁl" MF - Flow reactor GC-MS
ggiléufgs;(;]e tal, DMF, MF, Furan Ethylene Premixed flame LII and LIF
Aeandioct - owreacor 0 ex oo
Liu et al., 2018 n-Butanol, DMF Diesel Co-flow flame L.H and.LIF;
[91] simulation

GC and ex-situ soot

al., 2018 [92] LAl ) Flow reactor collection; simulation
Xiong et al., . Counterflow
2019 [03] Anisole n-Heptane flame LOSA
Etz et al., 1-Phenylethanol, Flow reactor GC-MS;
2021 [94] 2-Phenylethanol simulation
Wang et al., Anisole,
2021 [95] Benzyl alcohol n-Heptane Co-flow flame LII and LOSA
Kim et al., 2-Ethylphenol, T .
2021 [55] 3-Ethylphenol Flow reactor GC—MS; simulation
Cruz et al., . Gasoline
2023 [96] Anisole surrogate Co-flow flame LII and LOSA
Studies focusing on the morphology and the nanostructure of soot particles
Gogoi et al., . Wick-fed burner FTIR, XRD, Raman,
DMF Diesel
2015 [97] flame TGA
Russo et al., . FTIR, Raman and UV-
2016 [98] DMF Ethylene Premixed flame vis
Pena et al., 2018 . Laminar diffusion TEM, XRD, FTIR, EA,
DMF Gasoline
[99] flame Raman spectra
Alexandrino et DMF, MF ) Flow Reactor TEM, XRD, Raman
al., 2019 [100] spectra
Jiang et al., DMF n-Heptane Co-flow flame TEM, XRD, Raman
2020 [101] spectra
Jiang et al., HRTEM, XRD, Raman
2020 [102] DMF Iso-octane Co-flow flame —
Chu et al., 2020 Ethanol, DMF Iso-octane, Co-flow flame SEM, TGA
[103] n-Heptane
Zhang et al., 3 Laminar
2022 [104] Anisole IoHeptan e rsion Hame
Studies focusing on the soot particle size distributions
Conturso et al., .
2017 [105] DMF Ethylene Premixed flame DMA
Xiong et al., Veratrole,
2018 [106] Anisole n-Heptane Co-flow flame LII
Zhang et al., 5 Laminar
2022 [104] AT n-Heptane  4i¢r:sion flame L
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* LII: Laser Induced Incandescence; LIF: Laser Induced Fluorescence; GC-MS: Gas Chromatography
Mass Spectrometry; FTIR: Fourier Transform Infrared Spectroscopy; TEM: Transmission Electron
Spectroscopy; HR-TEM: High Resolution Transmission Electron Microscopy; SEM: Scanning
Electron Microscopy; TGA: Thermogravimetric Analysis; DMA: Differential Mobility Analyzer; XRD:
X-ray Diffraction; EA: Elemental Analysis; UV-vis: Ultraviolet visible spectroscopy; LOSA: Line of
Sight Attenuation; SVUV-PIMS: Synchrotron Vacuum Ultraviolet Photoionization Mass Spectrometry

It can be seen that only a few laboratory-scale studies have focused on the blending
effects of furans (cellulose/hemicellulose derived biofuels) on soot formation in flames. Studies
show that the effects of DMF on soot formation, either promoting or inhibiting, are sensitive
to flame configurations. While DMF addition to ethylene reduced soot formation in premixed
flames [89,105], it exhibited a promoting effect on PAH/soot formation in counterflow
flames [86]. A possible explanation could be related to the different flame conditions, which
changed the DMF consumption pathways thus affecting the efficacity of soot precursors
formation. Different combustion conditions can change the effectiveness of important
channels and might invert the particle production tendency of furanic fuels. Kinetic analyses
revealed that under pyrolytic or fuel-rich conditions, the ring-opening to
produce cyclopentadiene and phenol were favored, thereby resulting in enhanced PAH and
soot formation [87]. Whereas under oxidative conditions (as in premixed flames), the addition
of OH to produce acetylene, the acetyl radical and acetaldehyde become the primary
consumption pathway for DMF, thereby hindering the formation of soot precursors and
leading to reduced sooting propensity [89,105]. While the detailed consumption pathways may
vary with the chemical kinetic mechanism, a consensus has been reached that the most
important consumption channel for DMF is H-abstraction to yield the resonance-stabilized 5-
methyl-2-furanylmethyl radical, which then forms phenol (C¢H;OH) and cyclopentadiene
(cCsHs) that are known to be important PAH precursors. Besides, DMF flame could produce
higher amounts of cyclopentadienyl radicals (cC;H;) than MF, thereby leading to enhanced
formation of naphthalene (C,oHs). Liu et al. [91] and Conturso et al. [89] studied the effect of
DMF blends on soot formation in flames where they reported a notable reduction in soot
concentration with DMF addition. Conturso et al.[105] later also performed PSD
measurements in flames and showed that DMF could significantly reduce the amount and thus

the total mass of particles.

As demonstrated in Table 1. 3, there are only very few recent studies on soot formation
from the combustion of lignin-based biofuels. Recently, Xiong et al. [93,106] studied the
blending effects of anisole on soot formation in both laminar co-flow and counterflow flames
of n-heptane. The results showed that anisole was more sooting than n-heptane, but less
sooting than toluene. Later, Wang et al. [95] also reported similar observations and showed

that the promotion effect of benzyl alcohol is stronger than that of anisole. They showed that
18
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with blending ratio of 20%, the soot volume fraction (f,) in anisole/n-heptane and benzyl
alcohol/n-heptane flames was approximately three times and five times more than that for n-
heptane flames respectively. Recently, Cruz et al. [96] studied laminar co-flow diffusion flame
of anisole and gasoline surrogate blend and suggested that the presence of anisole noticeably
increased f, by a factor of 1.6-1.8 depending on the flame height. They attributed this
observation to the increased formation of aromatics in the presence of anisole. Yuan et al.
[53] showed that anisole tended to produce cyclopentadienyl radicals (cCsHs), which are
responsible for the production of aromatic products such as benzene, toluene, styrene and
naphthalene. Given the special oxygenated aromatic structure of anisole, more fundamental
soot studies are necessary to understand its soot formation behavior. Apart from anisole,
recent studies by Etz et al. [94] and Kim et al. [55] focused on the pairs of 1-phenylethanol/2-
phenylethanol and 2-ethylphenol/3-ethylphenol (isomers). The objective was to comprehend
how the difference in the alcohol functional group could alter the reaction pathways and their
sooting tendencies. The authors reported that the sooting tendency of 2-phenylethanol was
higher than 1-phenylethanol, as the oxygen attached in the former is eliminated during the
early decomposition process, leading to the formation of the benzyl radical. In comparison, the
consumption of 1-phenylethanol produced more oxygenated products. On the other hand, 2-
ethylphenol presented a lower sooting tendency than 3-ethylphenol, since the ortho position
in 2-ethylphenol supports increased resonance stabilization of the radical intermediates and

therefore produces more oxygenated products than 3-ethylphenol.

Though the summary of the fundamental studies listed in Table 1. 3 provides a
preliminary understanding of the soot formation behavior of furanic- and lignin-based
biofuels, it also highlights the exigency for more laboratory-scale investigations. It seems that
these biofuels present contradicting results with respect to the configuration in which they are
investigated as the fuel consumption pathways might differ. This is why one should be
forethoughtful in projecting their results and trends obtained from one laboratory-scale
configuration to another directly. It is thus necessary to study their blending effects on soot
formation over a range of laboratory-scale configurations for a complete and profound
understanding of their soot formation and growth behavior. It can be seen that in the case of
lignin-based biofuels, only six studies in the past four years have focused on the soot formation.
That said, though the sooting tendencies are being evaluated in these studies, there are no
studies so far concerning the size of the soot particles. The size of the soot particles and the
overall particle count are important parameters to investigate because of their negative health
impacts. However, so far, no studies have been carried out on sub-10 nm or ultrafine particles

that are produced from these kinds of biofuels. Measuring particles down to 10 nm (sub-23
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nm) is also problematic and definitely requires improved methodologies and advanced

measurement equipment.

1.3. Choice of the biofuel

To study oxygenated aromatics and the soot formation behavior of advanced biofuels at
a fundamental level, we chose to study anisole (274 generation biofuel and lignin-based biofuel)
doped premixed flames at atmospheric pressure. Anisole is an essential component in biomass
pyrolysis [107] and is commonly used as an effortless model compound to imitate the behavior
of pyrolysis of lignocellulosic biomass [108,109]. Lignin is one of the main components of
biomass, taking about 10—30% of its weight [110,111]. Its structure contains a large portion of
aromatic rings with oxygen functionalities such as the hydroxyl and methoxy groups. Biofuels
produced from lignin via different processes are referred to as “lignin-based biofuels” [112].
The simplest model compound that can be employed to investigate lignin-based biofuels is
indeed anisole. The ether linkage in anisole is one of the most common functional groups found
in these fuels. It can eventually lay the foundation for studies of larger aryl ethers. Until recent
years, anisole has also been recognized as a worthy advanced biofuel candidate owing to its
suitable properties. It improves the stability and storability of gasoline [113]. Gschwend et al.
[114] reported that anisole is not more toxic than gasoline. It has bolstered its claim as a bio-
based anti-knock fuel primarily due to its high Research Octane Number (RON = 120) [115]
and octane sensitivity [116], and is now considered as a promising spark ignition fuel
component. Besides, on account of its weak O-CHj; bond (see Figure 1. 3), it is an exemplary
and ideal precursor to produce phenoxy and cyclopentadienyl radicals [117,118]. These radicals
are important intermediates and act as vital precursors of oxygenated and non-oxygenated
polycyclic aromatic hydrocarbons [118]. Thus, anisole as a biofuel seemed suitable to

investigate the formation of aromatics and then soot.

102.3 kcal/mol ~ 63-2 kcal/mol

\ o df
HfH
96.9 kcal/mol

Figure 1. 3 : Structure of anisole and the bond dissociation energies [48].

Bibliography on anisole combustion

Anisole combustion has been a subject of interest for numerous fundamental

investigations since recent years. Table 1. 4 presents a recapitulation of the main experimental
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laboratory-scale studies devoted to characterize its combustion behavior. The ignition delay
time and laminar flame velocity measurements are generally used to characterize the

combustion of a given fuel.

Table 1. 4 : A recapitulation of the different types of experimental laboratory-scale studies performed

“»

to characterize the combustion behavior and kinetics of anisole decomposition. Here, the subscript

« »

and “.” are used for initial gas parameters and parameters after compression respectively, and ¢
represents the equivalence ratio.

Reference Apparatus Experimental Conditions
Measurement of ignition delay times
Herzler et al., 2017 [119] Shock tube T.=770-1600 K; P.= 10, 20, 40 bar; ¢ = 0.5
Biittgen et al., 2020 [120] Shock tube T. = 900-1315 K; P.= 10, 20, 40 bar; ¢ = 0.5, 1
.. Rapid compression B 5 o

Biittgen et al., 2020 [120] machine T.=750—900 K; P.= 10, 20, 40 bar; $ = 0.5, 1, 2

~ Rapid compression B B B .
Mergulhio et al. 2020 [121] machine T. = 684K, P. = 20 bar, ¢ = 1 (anisole blend)

Measurement of laminar flame velocity
Wu et al., 2017 [122] Bunsen burner Ti =423 K, Pi =1bar, ¢ =0.6-1.3
Wagnon et al., 2018 [123] Premixed flame Ti =358 K; P; =1 bar; ¢ = 0.6-1.2
Zare et al., 2019 [124] gg;llsgant volume Ti = 460-575 K; Pi = 1 bar; ¢ = 0.8-1.4
Zare et al., 2019 [124] gg;llsgant volume Ti = 460-575K; Pi = 0.5-3 bar; ¢ =1
Studies devoted to investigate kinetics (pyrolysis, oxidation, etc.)
Lin and Lin., 1986 [117] Shock tube T =1000-1580 K; P = 0.4—0.9 bar; ¢ =
Zabeti et al., 2017 [125] Shock tube T =1425,1530 K; P =1.62, 1.48 bar; ¢ ==
Arends et al., 1993 [126] Tubular reactor T=793—-1020 K; P =1bar; ¢ =
Pecullan et al., 1997 [127] Tubular reactor f;1999_1003 K; P =1bar; ¢ =, 1.05, 0.62,
Platonov et al., 2001 [128] Tubular reactor T=1023-1173K; ¢ =
F‘lr;(;?rlchsen etal,, 2001 Tubular reactor T=873-1373K; P=1Dbar; ¢ ==
Scheer et al., 2010 [130] Tubular reactor T =1473-1573K; P=1bar; ¢ ==
Pelucchi et al., 2018 [49] Tubular reactor T=525-675K; P=1bar; ¢ ==
Yuan et al., 2019 [53] Tubular reactor T =850-1160 K; P = 0,04, 1 bar; ¢ =
Mackie et al., 1989 [131] Jet stirred reactor T =850-1000 K; P = 0.015—-0.12 atm; ¢ = =
E%v]vakowska etal., 2014 Jet stirred reactor T=673-1173 K; P =1bar; ¢ =x,1
Chen et al., 2021 [26] Jet stirred reactor T =700-1050 K, P = 0.921 bar, ¢ = 0.4
Bierkandt et al., 2019 [51] Premixed flame P =0.04bar; $ =1.2,1.6
Zhang et al., 2021 [132] Premixed flame P =1 bar; ¢ = 2.3 (anisole blend)
Counterflow

Chen et al., 2022 [56] P =1bar

diffusion flame

Biittgen et al. [120] reported the first experimental determination of ignition delay times
for anisole in a Rapid Compression Machine (RCM), covering a wide range of temperatures,
pressures and equivalence ratios. They also performed shock tube experiments to extend the
range of investigated temperatures and demonstrated an Arrhenius behavior under all their

studied conditions with significantly higher slopes in the RCM than in the shock tube.
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Mergulhao et al. [121] also measured ignition delay times in the RCM (T = 684 K, P = 20 bar,
¢ = 1) for anisole/iso-octane blend (40/60) and showed a significant inhibiting effect of the
added anisole on the alkane reactivity. Laminar flame velocities measurements for anisole were
performed using either a constant volume bomb, flat flame or bunsen burners. The first flame
velocity measurements for anisole were published in 2017 by Wu et al. [122] where they used
OH chemiluminescence and reported flame speeds of 68.8, 65.6, and 58.1 cm/s for neat
anisole, 4-methylanisole and toluene respectively (T = 423 K, ¢ =1.06). Later, Wagnon et al.
[123] used a premixed laminar flame with the heat flux method and Zare et al. [124] used the
constant volume bomb method to measure the flame velocity of neat anisole. Studies quoted
in Table 1. 4 were performed at atmospheric pressure; the study from Zare et al. [124] being an
exception where the pressure and the temperature ranged from 0.5 to 3 bar and 358 to 575 K

respectively.

In addition to ignition delay time and flame speed measurements, some studies were
reported to study the kinetic behavior of anisole at atmospheric pressure. In 1983, Schlosberg
et al. [133] performed anisole pyrolysis in small batch autoclaves and reported phenol,
methane and CO as the major products using MS analysis. Later, using GC, Klein and co-
workers [134,135] reported the formation of carbon monoxide, o-cresol, phenol, and benzene
as major end products from anisole pyrolysis. Two other studies of anisole pyrolysis were
performed using shock tube. Lin and Lin [117] studied CO formation via laser resonance-
absorption and deduced rate constants for the related reactions from their measurements

(Reaction 1. 1 and Reaction 1. 2).

CsH;OCH; (+M) = C¢H;0 + CH;3 (+M) Reaction 1. 1

This reaction of anisole decomposition to produce the phenoxy and the methyl radical is
significantly favored by the very low bond dissociation energy of the C-O bond connected to

the methyl group (63.2 kcal/mol [48]).

CsH-O = C;H; + CO Reaction 1. 2

Zabeti et al. [125] studied anisole pyrolysis using mass spectrometry to follow the time

evolution of the mole fractions of anisole+cresol, CO+C.H,, and benzene.

Anisole pyrolysis was most frequently investigated using flow reactors, with six studies
in tubular reactors and about three in JSRs. In 1993, Arends et al. [126], studied the gas-phase
decomposition of anisole in 10-fold excess of hydrogen in an atmospheric pressure tubular

reactor, quantifying methane and phenol as the major products and proposing a rate constant
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for Reaction 1. 3. This pathway is particularly favored due to the low bond dissociation energy
of the broken C-H bond (89 kcal/mol) to produce a neutral CO.

CsH;CO = CsH; + CO Reaction 1. 3

In 2010, Scheer et al. [130] studied the thermal decomposition of anisole and deuterated
anisole to investigate formation of aromatics using a tubular reactor using a combination of
photoionization and TOF-MS at 1473-1573K. They concluded that cyclopentadienyl radical
decomposes to propargyl radical and acetylene. They proposed that the major pathway for the
formation of benzene goes via methylcyclopentadiene (methyl recombination with
cyclopentadienyl). Platonov et al. [128] studied homogenous pyrolysis of anisole using GC and
found that increasing the temperature decreased the formation of phenolic compounds and
increased the formation of PAHs. Friderichsen et al. [129] used both a flow reactor and a
hyperthermal nozzle, with TOF-MS and Fourier Transform InfraRed (FTIR) spectroscopy. By
identifying free radicals and other reaction intermediates, they demonstrated the importance
of phenoxy and cyclopentadienyl radicals in the formation of naphthalene. More recently,
Pelucchi et al. [49] reported some stable products during anisole pyrolysis like benzofuran and

other bicyclic aromatics with hydroxyl side chains.

Later, Yuan et al. [53] achieved the most comprehensive speciation together with the
previously reported stable products, important radicals, i.e., the phenoxy, cyclopentadienyl
and methyl radicals using the SVUV-PIMS (at the National Synchrotron Radiation Laboratory
in Hefei, China). Amongst tubular reactor studies, the study by Pecullan et al. [127] in 1997 was
the first to investigate both pyrolysis and oxidation of anisole. Their experiments demonstrated
anisole thermal decomposition near 1000 K mainly proceed through Reaction 1. 2. Using GC,
same major products, i.e., phenol, cresols, methylcyclopentadiene, and CO, were quantified.
They determined that the reaction intermediates were virtually independent of equivalence

ratio.

Concerning studies in a JSR, in 1989, Mackie et al. [131] used a perfectly stirred reactor
and worked at pressure significantly below 1 atm. They used the GC and concluded that CO,
phenol, and cresols are the most important products from anisole pyrolysis. More recently, the
pyrolysis and oxidation of anisole were studied in JSRs again using GC for product
quantification by Nowakowska et al. [48] where they pinned down on the formation of carbon
monoxide, cyclopentadiene, benzene, phenol, and cresol as the major end products during

pyrolysis and oxidation.
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Apart from these studies, two recent studies focused on the quantification of products in
anisole flames. Bierkandt et al. [51] quantified more than 60 species in a premixed laminar
flame using the PIMS (at the Advanced Light Source in Berkeley, USA, and at the Swiss Light
Source in Villigen, Switzerland) with photoelectron spectroscopy. They found that, besides CO
and H,, CH; radical, CH,, C.H., C.H,, C.Hs, CH.O, cC;H; radical, cyclopentadiene, benzene,
phenol, and benzaldehyde were some of the key intermediates produced in greater amounts

(103-104 ppm), and the phenoxy radical was present in the range of hundreds of ppm.

In 2021, Chen et al. [26] studied anisole oxidation in a JSR. They sampled the reaction
products in-situ by MB-TOF-MS using synchrotron radiation as a photon ionization source
and identified nearly 40 sum formula for OPAHs experimentally. Then, they used a
computational thermodynamic approach to deduce the possible isomers corresponding to the
raw formulas by determining their Gibbs free energies. In 2021, Zhang et al. [132], studied the
chemical effects of anisole and toluene on PAH formation in n-heptane laminar premixed
flames using LIF. They showed that toluene was much more effective at promoting PAH
formation than anisole where the latter contributes to PAH formation

via styrene and indene reaction networks.

Later, in 2022, MB-TOF-MS and GC were used by Chen et al. [56] to investigate a
laminar counterflow diffusion-flame of anisole under oxy-fuel conditions and reported about
forty stable species, including naphthalene and dibenzofuran. In parallel with ignition delay
times measurements in the RCM for an anisole/iso-octane blend, Mergulhao et al. [121] also
followed the time evolution of reactants and several products, including, benzene, toluene and
benzaldehyde. They showed that, under those low-temperature conditions, anisole mainly
reacted via H-atom abstraction on its methyl group to form the anisyl radical (CsH;OCH.),
which then adds to oxygen and forms cyclohexadienone or phenol, and for the major part to a

non-cyclic C; species.

C6H50CH3 + OH = C6H5OCH2 + HQO Reaction 1. 4

The summary of studies listed in Table 1. 4 shows that there are so far only three studies
dedicated to the investigation of species formation from anisole in flame conditions. These
studies analyzed only a few OPAHs like benzofuran and dibenzofuran (see Table 1. 2). It is
noteworthy that more studies in flame configurations are necessary to characterize the

combustion chemistry of anisole with special attention to OPAHs.

The combustion behavior of prototypical fuel mixtures (base fuel+biofuel), including

intermediate species formation and potential chemical interactions amongst the fuel
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components in fuel blends are necessary to understand as the current regulations impose
biofuels blending mandates. In this thesis, we addressed the premixed flame combustion of
iso-octane (as the base fuel) and its blends with oxygenated biofuel. Generally speaking, iso-
octane (RON = 100) is the simplest surrogate for gasoline [136]. It is also a significant
component in primary reference fuels to assess the octane number and knocking tendency
under Spark Ignition (SI) or Homogeneous Charge Compression Ignition (HCCI) conditions
[137,138] and is commonly used as a representative branched alkane in jet fuel surrogates

[139,140].

Together with anisole-doped iso-octane blends, two more biofuel blends, i.e., ethanol
and DMF doped with iso-octane were also investigated as a part of this thesis. DMF is a 2nd
generation biofuel cellulose/hemicellulose-based biofuel that has received increasing
attention [141-146] because of the breakthrough advances in its industrial production
[141,146—149] and a recognition of its suitable fuel properties such as high energy density,
low heat of vaporization, and strong anti-knock performances for engine applications, as
summarized in a recent review [150]. Ethanol, a widely adopted biofuel, is already
commercially utilized, and several studies have been reported to consolidate its combustion
characteristics, kinetics and its impact on soot formation [11,19,78,151—157]. The idea was to
compare a foreseeable potential biofuel like anisole with other popular existing and

forthcoming biofuels that are comparatively more well-researched.

PN AOHI)/@

iso-octane  ethanol anisole

Figure 1. 4 : Structures of the different biofuels and iso-octane (gasoline surrogate) whose blends are
studied in this work.

1.4. Limitations in current understanding and the
scope of this thesis

The combustion of oxygenated biofuels has been found to influence aromatics especially
OPAHSs and soot emissions. As discussed in this chapter, though the importance of studying
OPAHs has been recognized by the researchers, studies focusing on their identification and
quantification using fundamental laboratory-scale studies are still very scarce in the literature.
Although some OPAHs have been experimentally detected in the literature, it is worth
mentioning that the species analyzed are rather limited to mainly benzofuran and
dibenzofuran. There are several numerical studies that highlight the importance of studying

OPAHs and seek for more experimental evidences [26,158]. It is worth mentioning that though
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researchers are putting in the requisite efforts, OPAHs are indeed very challenging species to
study. PAHs are usually present in few ppm and it is expected that OPAHs would be present in
even lower concentrations as compared to PAHs which is why experimentally, it is very
challenging even to detect and investigate them. Sometimes, since analytical standards for
many of these species are not available, their identification in unknown samples is also
ambiguous as there is no reference for comparison in the database. Certainly, more strategic,
and advanced investigations are necessary to overcome these challenges and detect OPAHs in
combustion systems as it is an inevitable step towards adopting biofuels as alternative

renewables.

This thesis aims at pushing these boundaries by providing experimental evidences
about the various OPAHs that are formed during the combustion of a component model of
lignin-based biofuels, i.e., anisole. Together with identification of the oxygenated
aromatics, their absolute concentrations’ determination is also performed to comprehend
the amount of each of these species produced. This kind of knowledge is significant to
understand the main pathways involved in the fuel decomposition. In addition to
identifying and quantifying oxygenated aromatics, non-oxygenated aromatics and the
associated PAHs have also been studied. To gain deeper insights concerning different
conditions, the dependence of aromatics’ formation on the biofuel amount and the
equivalence ratio have been investigated. To understand the effect of chemical structure
differences, comparative studies on aromatics formation from anisole, DMF (a furanic

biofuel) and ethanol (a commercial-scale biofuel) are also performed.

Finally, the soot particles formed in these flames are also characterized by investigating
the soot volume fraction and the particle size distributions. As discussed previously,
laboratory-studies  [11,80,105,157,159] and investigations on real combustion systems
[25,160—162] suggest an increase in the number concentration and generally a nonlinear effect
on the particulate emission during the combustion of biofuels. Soot nanoparticles (a few
nanometers) do not contribute to the total mass concentration of the emitted particulate
matter due to their very low sizes, however, these particles play a particularly important role
in health as they can penetrate deeper than larger particles into the respiratory system. Also,
the difficulty in measuring these small particles, especially the sub-10 nm class, makes them
often being overlooked. In this study, attempts are made to study the soot volume fraction and
size distributions of the very small soot particles (<10 nm) that are formed during the

combustion of biofuel blended iso-octane flames.
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Chapter 2. Experimental setup and
measurement techniques

In the previous chapter, the limitations in the literature that will be addressed in this
thesis are documented. In this chapter, the analytical tools and methodology implemented to
address those limitations are discussed. The experimental approach and design adopted for
this study can be broadly categorized into two parts as the purpose of this thesis is twofold. A

global overview of the experimental setup used in this work has been presented in Figure 2. 1.

GC-TCD-FID Perkin GC-SPT-TCD-FID Scion 2D GC-MS Thermo Nano-SMPS
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Figure 2. 1 : A schematic representation of the global experimental setup used in this work. Here, GC:
Gas Chromatograph, TCD: Thermal Conductivity Detector, FID: Flame Ionization Detector, MS: Mass
Spectrometry, SPT: Sample Pre-concentration Trap, SMPS: Scanning Mobility Particle Sizer. LII:
Laser Induced Incandescence. Short forms often used in the text to refer to GC-TCD-FID Perkin and to
GC-SPT-TCD-FID Scion are “GC Perkin” and “GC Scion” respectively.

The first and foremost part of the study was to investigate the gaseous phase of the 1-D
flat laminar premixed flames stabilized on the McKenna burner at atmospheric pressure with
aromatic species, particular oxygenated ones being the center of attention using advanced GCs.
In order to stabilize premixed flames using liquid fuels, vaporization setups were built to
vaporize the liquid fuels. For analysis, both 1-D and 2-D GC setups combined with the
preconcentration step were employed to detect a broad range of bulk as well as trace level
species in flames. By using the front-line trap technology in GC Scion (GC-SPT-TCD-FID Scion

in Figure 2. 1) to concentrate our samples prior to injection, we could analyze OPAHs and PAHs
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present in very low concentrations which would otherwise not be detected with direct injection
onto the usual chromatographic system. Both online and offline GC setups are explored in

order to accomplish our goals.

At the beginning of this thesis, we began by installing online GC setups to analyze all
types of species simultaneously. To do so, a new sampling system was purpose-built and
assembled to perform online sampling from the flame and a significant time span was
dedicated altogether to the overall development and optimization of the GC systems and the
sampling procedures. In addition to online analysis, offline GC-MS (1-D and 2-D) systems were
also used to carry out the identification of species. These GC-MS setups were not equipped
with the trap accessory. With the intention of achieving exhaustive identification of aromatics,
a homemade trap system was built to pre-concentrate the samples from the flame followed by
collection in a vial together with a low boiling solvent (acetone in our case). These samples
were afterwards injected into the GC-MS systems using an injection syringe. The same
chromatographic column and similar GC methods were used to compare the chromatograms
obtained from the 1-D GC Scion (with the trap accessory via online sampling) and the 1-D GC-
MS (homemade trap via offline sampling) systems to ensure the same order of elution for the
species. Together with independent identification from the 1-D GC-MS, this way we could also
identify the compounds corresponding to the unknown peaks observed in the 1-D GC Scion
system. Once identified, the species were calibrated whenever pure commercial products were

available to deduce their absolute concentrations.

The second part of the study was to gain insights into the particle phase or the soot
formed in such flames (carried out in collaboration with Dr. Pascale Desgroux and Dr.
Alessandro Faccinetto). To do so, Laser Induced Incandescence (LII) technique and a new
generation Scanning Mobility Particle Sizer (nano-SMPS) were used to characterize the soot
particles formed in the flames, and to obtain soot volume fractions and particle size
distributions. LII is an in-situ technique that involves heating the soot particles using a high-
power pulsed laser to temperatures that are high enough such that the soot emits measurable
quasi-blackbody radiation which is then recorded to deduce the soot volume fraction. LII is
particularly sensitive and highly selective for soot particles as they have the ability to absorb
strongly and can be heated to temperatures of ~4000 K before their sublimation [163]. The LII
measurements were complemented with online particle size distributions (PSDs)
measurements from the nano-SMPS. These measurements require extractive sampling and
delivery to the measurement device. Dilution techniques are also employed in an attempt to

avoid the interaction of particles in the sampling lines. In the subsequent sections, each of the
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setups have been described individually with a narrative of the different techniques employed

in this work.

2.1. Premixed flames stabilized at atmospheric
pressure

This section is devoted to the description of the liquid fuel system that was used to
vaporize the liquid fuels as well as the burner configuration used to stabilize our flames.

Additionally, the operating flame conditions have also been listed in this section.

2.1.1. Liquid fuel vaporization setup

The reference fuel (iso-octane) and the chosen biofuels (anisole, DMF, ethanol) are
liquids at atmospheric temperature and pressure. Thus, two distinct liquid fuel vaporization
setups were used. The first system (to vaporize isooctane) was built previously during the thesis
work of C. Betrancourt [164] and upgraded by Tran et al. [142,165] whereas the second system
(to vaporize the biofuel) was built as a part of this thesis. Figure 2. 2 presents a schematic

representation of the two setups. Each of these setups is composed of 3 units:

e A mini “CORI-FLOW” Mass Flow Controller, also abbreviated as MFC, (Bronkhorst) to
control and measure the flowrate of the liquid fuel.

e A Mass Flow Controller (Bronkhorst) to control and measure the flowrate of N,, CH, and
O..

e A Controlled Evaporation Mixer (CEM, Bronkhorst) chamber equipped with a heater
which allows vaporization of the liquid fuel and promotes sufficient mixing between the

fuel vapors and the carrier gas in the mixing chamber.

The gas MFC used in the setup were calibrated with the DryCal standard for volumetric
flow calibrations. The mini “CORI-FLOW” meter works on the principle of the Coriolis effect,
i.e., a moving object is deviated from its linear trajectory when it is observed from a rotating
frame of reference. It consists of a single tube to which an oscillatory motion is applied. When
a liquid flows through this tube, forces begin to act on it, causing the entire loop to twist by an
amount that is directly and linearly proportional to the mass flow rate of the liquid. The main
advantage of this MFC is that the flowrate measurement is independent of the nature of the
liquids and thus does not need re-calibration if the liquid fuel is changed. The mini “CORI-
FLOW?” is connected upstream to the tank in which the liquid fuel is stocked. This tank is
pressurized at 4 bars with helium. Helium is chosen in comparison to nitrogen as its Henry’s

constant is higher than that of nitrogen. This constant is inversely proportional to the amount
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of the gas entering the solution (representing its solubility) which implies that it has lower
solubility and thus eliminates the phenomenon of the formation of bubbles to ensure constant
flow rate. High pressure is maintained in the tank to ensure the flow of the liquid through the
mini “CORI-FLOW” until the control valve in the CEM unit. The necessary flow rate is
controlled to the setpoint value via this control valve which is an integral part of the system.
Thereafter, the pressurized liquid fuel enters the mixing chamber through an orifice whose size
is of the order of 200 um. The liquid fuel is then nebulized in the mixing chamber and is
subsequently led to the evaporator/heat exchanger in order to achieve complete vaporization.
This justifies the abbreviation of CEM, i.e., Control-Evaporation-Mixing, which are the three
fundamental functions of this liquid delivery module. The complete system also incorporates
areadout and a control unit including power supply to operate the CEM-system. The flow rates

and the temperature of the heat exchanger can be controlled via this control unit.
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Figure 2. 2 : Schematic representation of the two CEM systems used to vaporize the liquid fuels.

The choice of an optimum temperature to achieve efficient vaporization in the CEM is a
crucial step for flame stabilization. The temperature chosen is determined as a function of the
flow rate of the liquid fuel and the carrier gas. By calculating the partial pressure exerted by
the liquid fuel in the fuel/carrier gas mixture, the appropriate temperature to vaporize the fuel
can be deduced by referring to its phase diagram. This value of temperature can also be verified

using the software FLUIDAT [166] proposed by Bronkhorst for the same purpose. This
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software can calculate the dew point temperature of a biphasic mixture, considering the
pressure inside the mixing chamber, flow rates, the physiochemical properties, and the
characteristics of the CEM system. The CEM technology allowed us to rapidly generate a stable
and homogenous flow of the liquid fuel vapors at a suitable temperature in a short span of time.
After some calculations and a series of flame stability tests, the temperatures chosen to

vaporize iso-octane, anisole, ethanol and DMF were 45°C, 77°C, 77°C and 40°C respectively.

Ultimately, the liquid fuel vapors with nitrogen are mixed with oxygen and methane and
are fed to the burner. The fuel line is heated at high temperature (130-140°C) from the CEM

output until the burner to prevent any condensation that might occur.

2.1.2. The McKenna flat flame burner

In this thesis, target fuels have been investigated in laminar premixed flames at
atmospheric pressure. A premixed flame is produced when the fuel and the oxidant are mixed
in a homogenized way prior to the passage of the reaction zone. Laminar premixed flames allow
us: to work on a 1-D medium, which facilitates the monitoring of changes in the species’
concentration; to overcome the interactions between the chemical processes involved and the
mechanical aspect of fluids due to the laminar regime; and therefore, to directly comprehend
the kinetics of combustion. They are a realistic medium of choice for the development and fine-
tuning of complex combustion kinetic mechanisms. Usually they operate at steady state, and
the conditions can be easily varied. Also, spatially-resolved probe-sampling in the large-area
flat premixed flame is relatively easy and less susceptible to errors due to the probe
intrusion. In such flames, reaction pathways can also be identified by measuring the
concentrations of the species as a function of the flame height. These flames are widely used as
a benchmark flame configuration for not only investigating the combustion chemistry but also
soot formation processes. They are relatively simple configurations as compared to non-
premixed flames because of their stoichiometry which is well-controlled and varies very

slightly within a given flame [61].

All the premixed flames in this study have been stabilized using a commercial McKenna
burner (manufactured by Holthius and Associates, presented in Figure 2. 3) at atmospheric
pressure. McKenna burners have been widely used for many years to produce flat premixed
flames (reference in the scientific community of combustion) and are employed in many
laboratories around the world. It consists of a central bronze porous plug (60 mm in diameter).
This bronze porous has the role of creating a uniform profile of the gas velocity over the entire
burner surface thereby producing a flat flame. The central porous zone is surrounded by

another co-annular porous used for the nitrogen shroud, which makes it possible to avoid the
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air entrainment responsible for the formation of a peripheral or an external diffusion flame. A
new burner was bought and assembled in the laboratory for this project. The temperature of
the burner was constantly maintained at 60°C using a cryostat for all flames. To stabilize fuel-
rich flames, a stainless-steel disc, also known as the stagnation plate (6 cm in diameter and 3
cm thick) was surmounted at 21 mm with respect to the burner surface in order to stabilize the
flame away from the burner surface, and was pierced at its center to provide access for the
quartz nozzle. An additional metallic grid was placed directly on the stagnation plate, to avoid

peripherical flame ignition.

sintered bronze sintered bronze
shroud ring porous plug

inlet for the 2
N, guard _f:‘

circuit of

. cooling water
inlet for the g

premixed gases

Figure 2. 3 : (a) A schematic diagram of the McKenna burner used to stabilize the laminar premixed
flames , extracted from [167] ; (b) a real view of the burner, stagnation plate and the nozzle assembly.

2.1.3. Operating flame conditions

In this thesis, seven flames at atmospheric pressure were studied to analyze the effect of
the presence of three biofuels in premixed flames. Special focus was dedicated to the study of
anisole: four out of the seven flames contained anisole. There was one DMF flame, and one
ethanol flame whereas one isooctane/methane flame without any biofuel served as a reference
flame. For all the seven flames, the total flow and dilution were always kept constant. Our
choice of operating conditions is influenced by the practical considerations like flame stability
and a good spatial resolution. Also, we were mindful of having similar or related conditions in
order to carry out some comparisons between the different flames. The different operating
flame conditions have been summarized in Table 2. 1. The percentage of the biofuel mentioned
in the table correspond to its mole fraction in the overall fuel. The range of equivalence ratios
chosen here (1.70, 1.82, and 1,90) represent slightly sooting conditions so that not only

aromatics but also small soot particles could be characterized. The C/O ratio represents the
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amount of carbon present in the fuel with respect to the amount of oxygen present as the

oxidizer as well as in the fuel (oxygen atom in the structure of the fuel).

Table 2. 1 : Summary of the operating flame conditions investigated in this thesis where
L,/min=normal liters per minute.

| $=1.90; DMF=10%

Flame Biofuel (%) Gaseous flow rates (Ln,/min) Equivalence C/O
Biofuel CgH;s  CH, 0. N, Total ratio
F1 - - 0.18 0.925 2.25 6.50 09.85 1.82 0.52
Fa2 Anisole (10) 0.102 0.15 0.766 2.338 6.50 9.85 1.82 0.55
F3 Anisole (15) 0.147 0.13 0.606 2.377 6.50 09.85 1.82 0.57
F4 Anisole (10) 0.097 0.14 0.729 2.387 6.50 9.85 1.70 0.52
F5 Anisole (10) 0.105 0.15 0.788 2.308 6.50 0.85 1.90 0.58
F6 Ethanol (10) 0.112 0.164 0.843 2.236 6.50 9.85 1.82 0.52
F7 DMF (10) 0.106 0.156 0.801 2.201 6.50 9.85 1.90 0.57
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Figure 2. 4 : A summary of the different flames investigated in this work along with the depiction of
the different series for comparison where ¢ represents the equivalence ratio.

2.2, Measurement of gaseous species using gas

chromatography

This section describes the sampling system and the different 1-D and 2-D gas

chromatograph (GC) systems, with and without the trap accessory that were employed to
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analyze the species formed in the flames. All kinds of species were analyzed using the systems

described in the subsequent sections with special attention devoted to OPAHs and PAHs.

2.2.1. The sampling system

Though, probe sampling approaches are intrusive and may disturb the flame thermally
and aerodynamically, they are necessary for GC and SMPS measurements. Nonetheless, to
minimize this perturbation, the choice of the microprobe material and its orifice size are
important. We chose a quartz microprobe for this study because of its low thermal conductivity
(to reduce thermal losses), its low coefficient of expansion (allows the probe to keep the same
geometry at any point in the flame) and its chemical inertness (respects the representativeness
of the gaseous sample). In addition to the material and the size of the orifice, the needle-like

shape of the probe also plays a role in limiting disturbances.

In order to assess the effect of the orifice size on the flame structure and choose an
appropriate probe, mole fraction profile measurements were performed using three quartz
microprobes with different orifice sizes (350, 250, 190 um) using a test methane flame. The
summary of the flame conditions for the test flame is presented in Table 2. 2. This flame is
stabilized very far from the burner surface (5-7 mm above the burner), which increased the
spatial resolution thus facilitating our test. Our sampling system mainly consisted of a
microprobe, a heated sampling line, a vacuum pump, and a pressure gauge. Samples from the
flame gases were sampled by a quartz nozzle connected to the heated sampling line via a short
PFA-Teflon tube (~30 cm). Species mole fraction profiles were measured at the centerline of
the flame as a function of the height above the burner (HAB). Gas samples were injected into
the first GC (PerkinElmer Clarus 580, refer to Figure 2. 1). The details of this GC are available
in the next section. The burner could be precisely vertically displaced (manually) with respect
to the microprobe to effectuate the sampling process at different HAB. The relative error in the

position of the probe is ~0.1-0.2 mm.

Figure 2. 5 presents two exemplary mole fraction profiles i.e., methane (reactant) and
ethane (intermediate species) measured for the methane test flame using three nozzles with
different orifice sizes. We compared also the experimentally obtained mole fractions with the
initial theoretical mole fraction of reactants. The figure shows that we recovered the theoretical
initial mole fraction value of the reactant using the nozzle with the smallest orifice size i.e., 190
um. Also, it was observed that the lowest orifice size led to minimum intermediate species’
amount close to the burner and that the perturbation close to the burner surface increased as
the size of the orifice increased. It is worth mentioning that besides perturbing the flame close

to the burner surface, the size of the nozzle orifice also affects the shape of the stable
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intermediate species. As shown in the figure, the nozzle with an orifice size of 350 um leads to
broader mole fraction profiles whereas the nozzle with the least orifice size of 190 um led to
narrow profiles. Note that the test flame was a sooting flame to ensure if there were any
clogging problems. It was observed that none of the probes posed clogged orifice issues during
the flame measurements. Thus, since the nozzle with the least orifice size (i.e., 190 um) posed
minimum flame perturbations amongst the three nozzles, it became our undisputed choice for
eventual flame measurements. All the flame measurements in this work were carried out using
this quartz nozzle (190 pum orifice, 0.9 mm tip, 24° opening angle along 14 mm length, then 7

mm outer diameter along 50 mm length).

Table 2. 2 : Summary of the methane flame conditions used to test the three nozzles with different
orifice sizes; L,: normal liters per minute.

Equivalence Total gas flow rate Mole fraction CH, Mole fraction O.  Mole fraction
ratio (L,/min) N,
1.82 \ 12.003 0.183 0.202 0.614
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Figure 2. 5 : Evolution of the mole fraction for methane and ethane determined in the test methane
flame ¢$=1.82, obtained using three nozzles with different orifice sizes.

It must be noted that the temperature of the entire sampling system, from the
microprobe to the sampling loop was controlled with heating devices (using heating cables and
thermocouples). An optimal temperature value for the sampling line is necessary to determine
to be sure that the species of interest existed in gas phase and do not condense to their liquid
phase during their transport. To determine the temperature at which the sampling line must
be heated for flame measurements in this study, we investigated the temperature dependent
vapor pressures for some expected two to three-ring aromatics (aromatics up to a molar mass
~200 g/mol). Figure 2. 6 presents the temperature dependent vapor pressure curves for some

selected aromatics from the literature [168—174]. The data from the figure indicates that a
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temperature of 130-140°C was sufficient to avoid any major condensation problems in the line
for such species. Thus, for all flame measurements performed during this thesis, the sampling

line was always heated to nearly 140°C to avoid condensation problems.
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Figure 2. 6 : A collective temperature-dependent vapor pressure evolution diagram for some selected
aromatics (molar mass < 200 g/mol) expected as combustion products from anisole to estimate and
fix the temperature of the sampling line intending to avoid condensation during online sampling.

2.2.2. GC-TCD-FID Perkin for small species

The first GC-TCD-FID Perkin device (Perkin Elmer Clarus 580; short form “GC Perkin”)
consists of two channels in a parallel architecture with two detectors, a Thermal Conductivity
Detector (TCD) and a Flame Ionization Detector (FID). A 10-port sampling and switching
rotary valve equipped with two injection loops enables to simultaneously inject the gaseous
samples into the two channels. Figure 2. 7 shows the configuration of the device during an

analysis process.

The first channel is dedicated to the analysis of permanent gases like O., H. and N,. It
comprises of the Hayesep Q column (1/16” 2m x 1 mm, Restek), the Molecular Sieve (1/16” 2m

x 1 mm, Restek) column using argon as the carrier gas and a TCD.

The second channel is exclusively devoted to analyze several lighter hydrocarbons
(saturated and unsaturated), small oxygenated species (like aldehydes, ketones, and ethers) as
well as some of the monoaromatics (like benzene, toluene, cresols etc.). It comprises of a
capillary Rt-Q Bond column (30 m x 0.25 mm x 0.008 mm, 100% divinylbenzene, Restek)

using helium as the carrier gas and a FID equipped with a Methanizer.
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Figure 2. 7 : Schematic representation of analysis via two channels in 1D GC-FID Perkin.

The FID is a sensitive detector with a large dynamic range and a quantification limit of
about 1 ppm (in conventional GC configuration without enhanced sampling system). Aliphatic
hydrocarbons generally possess proportional response factors with respect to the number of
carbon atoms in their molecule. However, a regular FID would in fact show reduced response
for oxygenated hydrocarbons like HCHO and no response to species like CO and CO.. These
issues were resolved in GC Perkin as it is equipped with a methanizer. A methanizer is
composed of a bed of nickel powder catalyst which reduces these species to corresponding
hydrocarbons in the presence of hydrogen at about 380°C, which in turn are measured by the
FID. Thus, the special FID detector and methanizer assembly presents a high detection

sensitivity to detect oxygenated hydrocarbons.

Other than the sensitivity issues, the quality of resolution of the peaks is also affected by
the split ratio. The split ratio describes the amount of gas that will split through the different
parts of the injection. This ratio can range anywhere between 5:1 to 500:1, and can be fixed
prior to analysis as per an individual application and requirement. The higher the ratio, the
lower is the amount of the sample that enters the column as compared to what passes out
through the split vent. For example, a split ratio of 25:1 means that one part of the sample goes
onto the column while 25 parts exit out the split vent. We chose to analyze the lighter
hydrocarbons and oxygenates (<C;) that were more abundant in flames via the split mode
(25:1) while other intermediates (>Cs) in smaller quantities were investigated via the splitless
mode to obtain satisfactory results in terms of resolution and sensitivity. This setup was

optimized during the thesis work of L. Giarracca [175] and later upgraded by Tran et al.
[142,165].
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In order to quantify major species (like CH,, CO, CO,, O,, H,, N,) and lighter
hydrocarbons (like C.-C; saturated and unsaturated species), the usual calibration procedure
was implemented to determine their sensitivity factors (also known as the response factor or
the calibration factor) by using commercial gas bottles consisting of standard mixtures of
known concentrations. Figure 2. 8 shows an example of the calibration curve obtained using
this procedure for acetylene as an example. This method relies on Equation 2. 1 which shows
how the mole fraction x; of a particular species can be expressed as a function of its peak area

A; and the total injection pressure, Py.

Xi = bi _ 4 Equation 2. 1
: PT ai'PT

x;: mole fraction of species

p;: partial pressure of the species

P;: total pressure of the gaseous sample injected
A;: area of the peak corresponding to the species

a;: sensitivity factor or response factor or calibration factor
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Figure 2. 8 : An example of a calibration curve for acetylene obtained via GC-FID Perkin using the
commercial standard mixture bottles where A; is the integrated area of the peak in uV.min and p;
represents the partial pressure in torr.

In addition to using the method of standard mixtures for calibration, certain species
which cannot be calibrated directly have been calibrated using the carbon number method. In

this method, we can determine the contribution per carbon atom by analyzing the response
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coefficients of other compounds calibrated using the commercial bottles and then apply this
contribution per carbon atom to predict the calibration coefficient for other species based on

the number of carbon atoms present in it.

2.2.3. GC-SPT-TCD-FID Scion for aromatic species

A second GC, i.e., the GC-SPT-TCD-FID Scion 456 equipped with the SPT (Sample Pre-
concentration Trap) system (short name “GC Scion”), was used besides GC Perkin. With an
initiation from Prof. El Bakali and the Scion Instruments company, GC Scion was custom-built
and personalized to meet our requirements explicitly. The primary motivation behind using
this instrument was to analyze heavier aromatics which could not be investigated by GC Perkin.
GC Scion was used to investigate the flame structure for the first time in this thesis and a
significant amount of time was attributed to optimization of the best operating GC conditions.
It has a specific design as shown in Figure 2. 9. Unlike other conventional GC’s, it consists of
three channels in parallel architecture with three detectors for the separation of complex
mixtures as present in flames. The three different channels serve different purposes each of
which are described here. In this thesis, the channel 3 (for aromatics) was extensively explored,
while other two channels (1 and 2) were used only to quantify C, species and to recheck some

species already measured by GC Perkin.
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Figure 2. 9 : Schematic presentation of the 3 channels in parallel architecture in GC-SPT-FID Scion.
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The front channel (Channel 1, Figure 2. 9) or the permanent gases analyzer channel was
principally used for the simultaneous determination of oxygen, nitrogen, CO, and CO.. The
sample was injected by means of a gas sampling valve onto a series of Hayesep columns. The
fraction containing oxygen, nitrogen, CO, and methane was flushed onto a Molecular Sieve
column and parked. CO. and C. isomers were eluted to the TCD, bypassing the Molecular Sieve
column. After the elution of these species, the Molecular Sieve column was set to flow again
giving the separation of oxygen, nitrogen CO and methane. These species were already

measured by GC Perkin and were rechecked using this channel.

The middle channel (Channel 2, Figure 2. 9) or the light hydrocarbon analyzer channel
was used in this work to measure the C4 isomers that could not be separated well using GC
Perkin. This channel is also capable of analyzing a range of low boiling hydrocarbons (C,-Cs)
and was thus also used to recheck some of these species already measured by GC Perkin.
However, a full exploration for this channel 2 was not performed because GC Perkin was used
for this range of species. GC Scion consists of a SCION-1 (12.5 m x 0.32 mm x 1.2 um) pre-
column and the Alumina/Na,SO, analytical column. The sample was injected onto the pre-
column. The components having a boiling point of below Cs are transferred onto
Alumina/Na,SO, (50 m x 0.53 mm x 10 um) column. The highly selective Alumina/Na.SO,
column separates all individual isomers from the light hydrocarbon fraction. The fraction with
higher boiling point i.e., Cs species and higher was back flushed from the pre-column to the
FID. The light hydrocarbon analyzer channel was set for the determination of the hydrocarbon
isomers down to 0.001%. The first peak to appear is the grouped peak with C6 and higher
species via the backflush. After that, the lighter hydrocarbons were eluted following the normal
separation on the Alumina/Na,SO, column. The backflush can be set to match the required

application. Alternatively, if deemed necessary the instrument can be set to do a C5+ backflush.

GC-FID Perkin had already been thoroughly studied and optimized during previous
thesis’ carried out at our laboratory [175] and was thus the foundation and our primary
reference to compare the new results with GC-SPT-FID Scion as it was being used for the very
first time in this thesis. Figure 2. 10 presents an example of selected mole fraction profiles of
CO and ethane (C.Hs) determined using the two GCs for the same flame. As seen in the figure,
the profiles obtained are in excellent agreement between the two GCs. Note that direct

calibration using commerecial calibration bottles was performed for these species in both GCs.
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Figure 2. 10 : An example of a comparison of the mole fraction profiles for CO and C.Hg in flame F2
(10% anisole, 1.82) obtained using GC Perkin and GC Scion.

The rear channel (Channel 3, Figure 2. 9) is a special channel as it is integrated with the
SPT and allows measurements of aromatic species. SPT is a sample enrichment device. As the
aromatics, PAHs and OPAHs are present in concentrations that are too low to be correctly
determined by a regular GC detector, this system can be used to enrich the sample. The trap is
connected to a pump to suck the sample through the trap and to an MFC to control and

measure the sample flow rate. The entire process can be categorized in four steps and is

illustrated in Figure 2. 11.

Backflush mode Fill mode Trap mode Inject mode
1 coolant T-SODC l coolant |.50°C -50°C to 200°C

tion 1

FID FID FID FID

Figure 2. 11 : Illustration of the different steps involved during the trap and desorb processes in the
SPT channel [also referred to as Channel 3 in Figure 2. 9].
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This concentrating system operates on the idea of cryofocusing—thermodesorption
which is a common and a very powerful technique to perform low level determinations. The
first step is the “backflush” mode where the SPT is flushed with helium. During this step, the
carrier gas flushes the SPT with any unwanted components through the split vent. Then, the
second step is where valve ‘V5’ rotates and connects the sample coming from the sampling line
to the SPT. This is the “fill” mode where the analytes pass through the SPT. The SPT is
composed of an inert adsorptive glass beads surface on which the analytes present in the
gaseous flame sample are preconcentrated at a specific adsorption temperature (-50°C) using
a coolant (liquid N,). The trap is subjected to -50°C for a duration of about six minutes during
which the analytes are adsorbed in the trap. The duration of six minutes (fill mode) was fixed
for the flame measurements conducted eventually. After this step, valve ‘V4’ rotates in order
to isolate the trap. This is the “trap” mode where the SPT gets detached from the remaining
system and is subjected to a very high heating rate (about 8°C/s). In a span of about 30 seconds,
the temperature of the SPT rises from -50°C to 200°C. Through subsequent rapid heating of
the adsorptive material in the trap to a desorption temperature of 200°C, the steady state is
instantaneously shifted towards desorption (thermodesorption), consequently remobilizing
the trapped analytes. Consequently, valves ‘V4’ and ‘V5’ rotate again to connect the SPT to the
column. This is the “inject mode” where the formerly trapped analytes are flushed in the
opposite direction to sampling flow, onto the chromatographic column (SCION-17MS; 30 m x
0.32 mm x 0.25 pum, 50% phenyl methylpolysiloxane) with helium as the carrier gas for
separation and detected with the FID detector. This procedure is a reproducible procedure and

was kept constant for all calibrations and flame measurements.

With the support of the exceptional trap technology in the rear channel, PAHs and
OPAHs present in very low concentrations (detection limit~1 ppb) could be identified and
quantified in this thesis. However, analysis of aromatics is indeed a complicated process
especially when we may have oxygenated and non-oxygenated aromatics with their respective
isomers as analytes. Thus, in this study, we used the SCION-17MS column with 50% phenyl
methylpolysiloxane as the stationary phase as it a suitable candidate when it comes to
analyzing aromatics and covers the broadest selectivity range possible for the same. An
example of the chromatogram with identified compounds obtained using the rear SPT channel
has been presented in Figure 2. 12. Several peaks were identified but some of the peaks could

not be identified because of reasons discussed in Chapter 4 in Section 4.1.2.
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Figure 2. 12 : An example of the chromatogram obtained using the rear SPT channel in GC-SPT-FID
Scion in Flame F2 (10% anisole, ¢$p=1.82) at an HAB of 1 mm.

2.2.3.1 Calibration of PAHs/OPAHs

Since most of the PAHs and OPAHs are solids at room temperature, another calibration
method was implemented whose principle relies on knowledge of the injected mole fraction of
the respective species. In this method, the species of interest (PAH or OPAH) is put in a cell

that is electronically regulated in temperature (accuracy better than 0.1°C).

A flow of carrier gas (nitrogen) is then introduced into the cell so as to transport the vapor
phase of the species to the analysis system. This flow must ideally be slow enough to assure
complete saturation of the gas phase so that the vapor pressure of the transported species
indeed corresponds to its saturation vapor pressure at that particular temperature of the cell.
In order to define the ideal range of flow rate of nitrogen that could be sent into the standard
cell, Wartel et al. [176] performed a study where they measured the Laser Induced
Fluorescence (LIF) intensity of the vapor phase of pyrene issued from the cell carried by the
nitrogen flow for different flow rates. They observed that the measured fluorescence signal
decreases when the nitrogen flow becomes greater than a certain value which was determined
around 10 mL/min. They attributed this decrease in the signal intensity to the residence time
of the nitrogen inside the cell which now becomes too short to enable its saturation by the
pyrene vapors. They also reported another set of measurements in a range of flow rates
between 1 and 10 mL/min and showed that, within this flow range, the fluorescence signal
remains constant irrespective of the nitrogen flow rate, indicating that the vapor pressure of
pyrene carried by the nitrogen now does indeed correspond to its saturated vapor pressure at

that temperature. Thus, we chose not to use more than 10 mL/min of nitrogen in the cell.
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Figure 2. 13 presents the experimental setup used. Nitrogen is used as a carrier gas as
well as for the dilution. The principle of the method relies on the Clausius Clapeyron equation.
The set of equations related to this concept have been described here. Under any conditions,
the initial mole fraction, x; , of any species is defined as the ratio of its partial pressure in the

cell p; , to the total pressure inside the line using Equation 2. 2.

Mass Flow
Controller (MFC)

Cell
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=== Carrier gas + Sample
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Figure 2. 13 : Schematic representation of the experimental setup used to calibrate OPAHs/PAHs.
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= Equation 2. 2
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The partial pressure exerted by the substance in the cell at a particular temperature can
be determined via the Antoine equation (Equation 2. 3), where A, B and C are the Antoine
constants. The Antoine equation is derived from the Clausius-Clapeyron relation and expresses

the dependence of the vapor pressure on the temperature for pure substances.

B .
InP =A— Equation 2. 3
" T+C
The concentration of the species can then be modified through the dilution line
(Dgitution)- Flow rates of the carrier gas can be varied to generate different concentrations while
adjusting the flow rate of the dilution line. The mole fraction of the species that is being injected

in the GC can be determined by the Equation 2. 4.

D i .
X; = X; o < carrier 9as Equation 2. 4
’ Dcarrier gas + Ddilution
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Substituting the expression for X; , from Equation 2. 2 in Equation 2. 4, we can simplify the

expression to obtain Equation 2. 5.

x; = Pi,o ( Dearrier gas > Equation 2. 5
D

Ptotal carrier gas + Ddilution

By using Equation 2. 5, we can determine the mole fraction of the substance that is
injected in the GC by knowing the total injection pressure, dilution, and the partial pressure.
The value of the partial pressure exerted by the species in the cell can be derived from the
Antoine equation and its corresponding vapor pressure curve. As seen in Equation 2. 3, this
pressure value will apparently depend on the temperature of the cell. For most of the OPAHs
and PAHs, it is necessary to heat the cell to generate sufficient vapor pressure to perform our
measurements. On the other hand, for PAHs such as naphthalene, which has a much higher
vapor pressure, we set up an ice bath around the cell containing naphthalene to maintain its
temperature at 0°C in order to limit its vapor pressure to produce mole fractions of similar
orders of magnitude as those expected in our flames. By varying the dilution, we can perform
different successive injections with known mole fractions to obtain a linear fit that corresponds

to the calibration curve.

An example of the vapor pressure curve for dibenzofuran deduced from the data reported
in the literature [177-179] is presented in Figure 2. 14 (a). To inject different mole fractions of
dibenzofuran, we heated the cell to 46°C to obtain comparable peak areas as were observed in
chromatograms with flame injections. Consequently, using Equation 2. 5 and varying
dilutions, we could vary the mole fractions injected and obtained the calibration coefficient or
the response factor for dibenzofuran using the rear SPT channel in GC-SPT-FID Scion as
presented in Figure 2. 14 (b). Similar procedure was repeated to perform calibration for other
OPAHSs and PAHs.
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Figure 2. 14 : An exemplary OPAH; dibenzofuran (a) Vapor pressure curve and (b) Calibration curve.
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2.2.4. Uncertainties related to GC quantitative results

Amongst several factors, the quality of the data strongly depends on the accuracy of the
measurements. Therefore, uncertainties associated with the experimental results are
important to determine in order to obtain a reliable dataset with quantification. This is why
online GC measurements to deduce the mole fraction profiles were repeated at least twice to
verify the repeatability and the reproducibility of the results. It was always ascertained that the

mole fraction profiles were characterized with a very good reproducibility (<5%).

Apart from fairly good repeatability, there are other aspects to consider as well. If we
review all the elements constituting the experimental device, it is undoubtable that the
potential sources of uncertainty are numerous. For instance, the accuracy of the composition
of the gas mixture sent to the burner is directly related to the accuracy of the mass flow
controllers used in the system (+0.5% per MFC, thus 0.5 x 6 = +3%). Besides this, the
calibration of the chemical species also constitutes important error sources, for instance, the
accuracy of the composition of the commercially available standard mixtures (+0.5% for CO,
CO,; +2-4% for C,-Ce), stability of the detectors between the period of calibration and the
period of measurements, the accuracy of the pressure sensors used to measure the injection
pressure (+£0.25%), estimation of the response factor using the Effective Carbon Number
(ECN) method when standard bottles were not available (+10%) and so on. The ECN method
is not straightforward for oxygenated species especially the ones including more than one
oxygen atom. The accuracy of the ECN method itself could go up to +10% [150]. The signal-
to-noise ratio in the chromatograms is also an important parameter that needs to be evaluated
in uncertainty estimations as the noise of the baseline influences the integrated peak area. This
error increases as the signal to noise ratio reduces. For instance, uncertainty could be nearly
+2% for species with concentrations in thousands of ppm, nearly +4-8% for species with
concentrations in hundreds of ppm, and about +12-17% for species with a few tens of ppm.
Other source of errors related to the analysis temporal resolution of GC signal may also be

implicated.

Moreover, calibration of PAHs and OPAHs using the distinct setup already described
requires precise knowledge of the vapor pressure at a given temperature. The vapor pressure
values were either taken directly from the literature or were calculated using the Antoine
constants given in the literature. Thus, errors associated with the determination of these
parameters in the literature is a surplus source of error in our calibration. For example, Hansen
and Eckert [177] and Li et al. [179] reported that the errors associated with their experimental

determination of the vapor pressure data for dibenzofuran was nearly +5% and +4%
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respectively. Stability of the temperature of the cell containing the PAH/OPAH also matters.
The accuracy of the K-type thermocouple used to record the real-time temperature of the cell
is nearly +1%. The uncertainty in the flow rate from two mass flow controllers of calibration

system (£0.5% x 2 = £1%) also needs to be considered.

Overall, it was estimated that there is <15% uncertainty associated with the major species
like the fuel and major end products, <25% for abundant intermediates (until Cs), and <55%
for minor species (<10 ppm) quantified using GC Perkin. For the PAHs and OPAHs (by GC
Scion) calibrated directly, additional errors from the calibration setup are a surplus. For PAHs
and OPAHs whose response factors were predicted, the uncertainty associated with the
estimation increases the overall uncertainty as well. Although each quantified species is
associated with an individual absolute uncertainty value, it is safe to assume that this
uncertainty is similar for all the flames measured during this thesis and therefore, a relative
comparison of trends between the flames can be performed with significantly higher precision.
As mentioned previously, following our two-fold repetition for all flame measurements, the

repeatability was determined to be <5%.

2.2.5. GC-MS for the identification of species

Online 1-D GC-MS system was also used to identify certain abundant intermediates.
Offline Gas Chromatography Mass Spectrometry, GC-MS (1-D and 2-D) systems were used to
carry out the identification of species in low concentrations. Since the GC-MS setups do not
have the trap accessory, a homemade trap system was built to preconcentrate the samples. To
make a homemade trap, the sampling line from the flame was connected to the inlet of a cold
borosilicate glass trap which was immersed inside a Dewar flask filled with liquid nitrogen
whereas the outlet was connected to a vacuum pump. Apart from withstanding very low
temperatures, high quality borosilicate glass has high resistance to chemicals and temperature
changes which makes it a suitable candidate for our application. The gaseous sample from the
flame passes through the sampling line and consequently flows down the wall of the trap and

condenses at the bottom of the trap as liquid nitrogen surrounds the trap.

The pressure inside the trap was constantly regulated. After about 40-45 minutes, the
cold borosilicate glass trap was disconnected from the sampling line and the pump and was
then removed from the Dewar flask. A schematic representation of the cold trap placed in the
Dewar flask has been presented in Figure 2. 15 (a) and a real view of the sample collected at
the bottom of the trap after the Dewar flask with liquid nitrogen is removed is shown in Figure
2. 15 (b). After sample collection, acetone was added to dissolve the condensate in the trap to

form a solution which was then collected in a vial. Next off, this solution was injected using a
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thin injection syringe (1 uL) and analyzed using the GC-MS systems. It must be noted that this
procedure was carried out at different HABs as different types of aromatics could be present in
different amounts at a given HAB. Thus, to perform a thorough and extensive identification of
the species in flames, at least two or more HABs were selected to prepare samples via the

manual trap system.

— Cold trap cap

Vacuum pump // b Sample from flame
— e e
e B .

& 7R

———Cold trap

——Liquid nitrogen

' > Dewar flask

Figure 2. 15 : (a) A schematic representation of the cold trap placed in the Dewar flask; (b) A real view
of the sample collected on the bottom of the cold trap after sampling from flame F3 (15% anisole,
¢=1.82) at an HAB of 1 mm.

2.2.5.1 1-D GC-MS Agilent

A third GC, 1-D GC equipped with a mass spectrometer as a detector (MS) with an
electron ionization source at 70 eV (GC: Agilent Technologies 7890A and MS: Agilent
Technologies 5975C), was used. The use of 70 eV facilitates the comparison of the generated
spectra with library spectra from the 2011 version of the NIST-USA mass spectral database.
Analyses were performed online (for small aromatics) as well as offline using a homemade
liquid nitrogen trap system (for heavier aromatics). Two different columns, the Rt-Q Bond and
the SCION-17MS were alternatively used, one at a given time to identify lighter oxygenates
and aromatic species, respectively. The chromatographic column is connected to the mass

spectrometer via a transfer device.

The ion source of the mass spectrometer contains a tungsten or a rhenium filament which
emits a stream of thermionic electrons when subjected to a very high temperature under
vacuum. Thereafter, these electrons are accelerated in a potential field to achieve a
standardized energy of 70 eV. After segregation along the column, molecules undergo

ionization under the influence of these highly energetic electrons which generate large
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fluctuations in their local electric fields thus producing radical cations from neutral analytes
(electron impact ionization). High vacuum is ensured in the ion source to minimize reactions
between the ions formed and other ions or radicals. The high vacuum is chiefly necessary in
the whole instrument to ensure the ion transfer from the source to the quadrupole analyzer to
the detector, as it increases the mean free path of the ions up. At higher pressure, the ions
would interact with air molecules at the exit of the ion source, scatter and never reach the
analyzer or the detector. The radical cations once formed typically undergo post ionization
dissociation or rearrangement reactions to achieve a more stable state. These fragments and
the molecular ions are then separated according to their mass to charge ratio (m/z) to generate
a mass spectrum. Electron impact mass spectra are highly structured and constitute a
“fingerprint” of the analyte for comparison with spectra of already studied compounds. In our
case, the mass spectra of the analyzed species are compared to those of the NIST spectral
library for identification (Figure 2. 16). Variable split injections were performed to achieve the

desired separation and identification.
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Figure 2. 16 : A zoomed example of the (a) 1-D GC-MS chromatogram for the liquid injection performed
using the sample prepared from flame F3 (15% anisole, ¢$=1.82) at an HAB of 1 mm and (b) a mass
spectrum for the peak in question at a retention time of 32.945 minutes from the NIST database.
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2.2.5.2 2-D GC-MS Thermo Fischer Scientific

Because of the complexity of the chemical composition of the samples containing
OPAHs/PAHs from the flames, we thoroughly rechecked the identification using another
analytical apparatus. After having analyzed the samples obtained via our homemade trap using
1-D GC setups at our facility, we set out to perform analysis with the 2-D GC-MS in Ghent by
transferring our sample vials in an ice box to transport them. A fourth GC: 2-D GC-MS (Thermo
Scientific D Trace GC Ultra, with Quadrupole Mass Analyzer and electron ionization at 70 eV)
is used in this work at Laboratory for Chemical Technology in collaboration with the team of
Prof. K. M. Van GEEM at University of Ghent [180]. We really acknowledge this invaluable

collaboration and express gratitude to the research participants involved.

Comprehensive two-dimensional GC (2D-GC or GC x GC) provides an additional
dimension to conventional chromatographic separation thus greatly improving the resolution
that can be attained, particularly for samples comprising of overwhelmingly unresolved
complex mixtures. In this method, each analyte in the sample is subjected to two different
separations attained using two GC columns, typically a nonpolar column connected to a more
polar column in series via a modulator. The latter is a two-jet cryogenic modulator that
spatially compresses and reinjects a portion of the first GC column eluent into the second GC
column. In this way, all compounds are subjected to two different separations. Modulation
time (6 seconds in this study) being a few seconds is not enough to transfer a full peak but more

reasonably slices of it as presented in Figure 2. 17.

The 2-D GC-MS in Ghent employed: a non-polar column (DB-5MS; 30 m x 0.25 mm x
0.25 um, 5% phenyl-methylpolysiloxane, Agilent) and a polar column (DB-17MS; 2 m x 0.25
mm x 0.25 um, 50% phenyl-methylpolysiloxane, Agilent) in the same oven using helium as the
carrier gas. Figure 2. 18 presents an example of the obtained 2D chromatogram. Using this
setup, we confirmed several aromatics that were already seen in our 1-D GC-MS system, and

also observed some new species.
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Figure 2. 18 : A 3D view of an example of the chromatogram obtained via the 2-D GC at LCT
(Laboratory for Chemical Technology), University of Ghent for flame F5 (10% anisole, ¢p=1.90) at an
HAB of 1 mim.

2.3. Measurement of soot particles

This section is devoted to the description of the tools and methodology adopted to
perform soot particle measurements. Two techniques namely, the Laser Induced
Incandescence (LII) and the Scanning Mobility Particle Sizer (SMPS) were used to measure
the soot volume fraction and the particle size distribution respectively. The first part of this
section is dedicated to fundamentals of LII and the setup used whereas the second part deals

with the essentials of SMPS and the overall system used.
2.3.1. Soot volume fraction determination using Laser Induced
Incandescence (LII)

The Laser induced incandescence (LII) technique is a powerful laser diagnostic for the
study of soot formation. Due to its potential, it has been used to measure soot volume fraction

in many applications in fundamental and applied combustion experiments, such as laminar
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and turbulent flames, exhausts of automobiles and aero engines [64,65,181—186]. In addition,
LIT models and techniques have been elaborated to retrieve physicochemical soot properties
as the absorption soot properties [187—-189] and particles size distribution notably with the
time-resolved LII signals. This section is composed of two subsections. The first subsection is
devoted to the fundamentals behind LII whereas the second subsection details the
experimental setup and approach used to retrieve the axial profiles of soot distribution in this

thesis.

2.3.1.1 Fundamentals of LII

The laser-induced incandescence (LII) technique is an optical method used to measure
the soot volume fraction in flames with high precision and excellent sensitivity (ppt levels). Its

principle is based on the prior heating of soot particles by laser radiation.
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Figure 2. 19 : Illustration of the main processes occurring during the interaction between the laser
pulse and soot.

\\\\

Under the effect of a laser pulse, the internal energy of the soot particles increases as they
accumulate heat via the absorption process. These heated soot particles acquire temperatures
close to the sublimation temperature of graphite carbon (~3940 K at atmospheric pressure)
and will consequently cool down by three competitive routes: conduction towards the external
environment, sublimation, and thermal radiation. Figure 2. 19 presents the various processes
involved following the absorption of the laser energy by the primary soot particles.
Incandescence corresponds to the thermal radiation emitted during the cooling phase of the
primary soot particles that constitute soot aggregates. The determination of the quantity of
soot particles results from the analysis of this thermal emission. The LII signal, which
characterizes this phenomenon of thermal radiation, is expressed based on Planck's law (law
of thermal emission of the black body) in which various parameters such as the number of

heated particles emitting photons, their respective geometries and optical properties are taken
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into consideration. The monochromatic emittance of a blackbody at a temperature Tintegrated

over the emission spectral range A4,,, is given by Equation 2. 6.

M (A, T) f " Znhcz[ ( he ) 1]_1 da Equation 2. 6
B = ex —_— = .
em ll Agm p Aemka em

M (AAgp, T): Emittance W/m?2

AAgp,: Emission spectral range (Mg, = 1, — 44)
T: Temperature of the black body (K)

h: Planck’s constant (6.62x10-34Js)

k;: Boltzmann constant (1.38x1023 J/K)

c: Speed of light (3x108 m/s)

A black body is an ideal absorber and emitter of energy. However, soot particles behave
like gray bodies, i.e., they do not re-emit all the energy absorbed. Thus, an emissivity term, (1)
needs to be introduced to account for this deviation from the Planck’s Law (for a black body
which re-emits all the absorbed flux) for a gray body-type emitter (body re-emitting only part
of the absorbed flux). The power emitted by a single spherical particle of diameter r,(t) over
its emission range AA,,, can be expressed at any instant t during the cooling process via

Equation 2. 7 [190]:

I (t A m) flz CZ P i 1 B 4m Z(t) (/‘{)d/‘{ m
H ) A1 )Lgm )Lemlcbip(t) P ¢

Equation 2. 7

If we apply the Kirchhoff hypothesis to our case, which states that the particles are in
thermodynamic equilibrium with the electromagnetic radiation, the absorption efficiency

Q.ps(1), can be considered equivalent to its emissivity £(1) [191].

E(m) _ E(m)

_~ 87‘[Tp(t) =e(Q) Equation 2. 8
Aabs Aem

Qaprs(D) = 87Trp(t)

The term E(m) in this expression, referring to the absorption function of the soot
particles, is a quantity dependent on the refractive index of the soot and is representative of

their morphology and maturity. This term is also a function of the absorption wavelength.
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Typically, E(m) may vary from 0.21 to 0.40 at 1064 nm depending on the soot maturity
[189,192—198]. Thus, the LII signal, S;;; (Alem,Tp(t)) which corresponds to the flux of
incandescence photons emitted isotropically from all the primary soot particles, N, (cm3)

considered as spherical can be expressed by Equation 2. 9. N,, here represents the number of

primary soot particles and not the number of aggregates.

A 3p -2 -1
2 m>hc hc 3
SLi (Alemr Tp(t)) = Ll 64E(m)ﬁ exp W -1 Npr (t)d/lem

Equation 2. 9

Equation 2. 10 expresses the term soot volume fraction f,, as a product of the number of

primary soot particles and the volume occupied by those particles.

4mry
fo = Np 3

Equation 2. 10

By incorporating Equation 2. 10 in Equation 2. 9, we obtain the final Equation 2. 11 which
shows that the LII signal is reliant on numerous parameters such as the soot volume fraction
f», the soot refractive index E(m), the detection wavelength 1., and the temperature of the
soot particles T,. This temperature depends on the absorbed laser energy. At higher laser
energies, the soot particles may reach their sublimation temperatures and loose mass thereby
leading to a reduction in their diameters which contributes to a loss of signal intensity. The
modeling of the time dependent thermal response of the primary particles to the laser energy
(incandescence signals) thus requires precise knowledge of these parameters as well as their
variations in the flames. Through modeling, it is possible to evaluate the diameter of the

particles being analyzed [187,199].

-1

f‘U d/lem

A _(* n?hc? hc
SLII (A em:Tp(t)) = Ll 48E(m)m exp Aemkaz;nax(t) -1

Equation 2. 11
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Equation 2. 12

In this thesis, the intensity of LII signals (temporal peak) enable us to deduce the relative
quantity of soot produced and therefore allows the determination of the volume fraction

profiles (in relative intensity) as a function of the HAB.

2.3.1.2 LII experimental setup

LII experiments were performed in collaboration and the entire experimental system
shown in Figure 2. 20 was developed, built, assembled, and made operational by Dr. Pascale
Desgroux. The LII experiments were performed by using a 1064 nm laser excitation
wavelength generated by a Nd:YAG laser (Quantel Brilliant) at 10 Hz with a FWHM pulse
duration of 5 ns. This wavelength is used to avoid any spectral interferences with PAHs
absorption transitions [64,200]. The laser beam has a gaussian distribution. To heat all the
primary soot particles uniformly in the measured volume, measurements were carried out with
the same top-hat laser beam energy distribution profile (and therefore same laser energy) at
all HABs. The fairly top-hat laser energy distribution allowed to heat the primary soot particles
with nearly the same energy along the burner axis. To do this, the initial laser beam was
transformed into a laser sheet using two different cylindrical lenses: a diverging lens of focal
length f, = -40 mm and a converging lens of focal length f. = 200 mm. Then, a section of this
sheet was selected using a rectangular slit and was imaged at the center of the burner using
another lens with focal length f; = 300 mm. This way we ensured heating all the primary soot
particles uniformly. In this configuration, the laser energy can be varied using an optical

attenuator and monitored with a power meter.

The LII signal or transmitted laser radiation from the soot in the flame is collected
simultaneously using narrow bandpass filters centered at 532 nm and was recorded by an
oscilloscope. It should be noted that to determine the axial profiles of the volume fraction, the
background signal from the flame was subtracted from the measured LII signal. The image
characterizing the flame's own emission due to its luminosity is recorded simply by cutting the

laser beam.
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Figure 2. 20 : Schematic representation of the experimental setup used for LII.

2.3.1.3 Methodology and calibration

Description of Fluence curves and E(imm) determination

LII fluence curves represent the dependence of the LII signal on the fluence i.e., the laser
energy per unit area of cross section. They present the variation of the absorption efficiency of
the particles (or their ability to be heated) with respect to the laser energy. An example of
fluence curve for flame F5 is presented in Figure 2. 21. This fluence curve was obtained by
recording the value at the temporal peak of the incandescence signal (HAB=16 mm). It can be
seen that the LII signal starts to appear at lower fluences (0.10 J/cm2) which marks its onset
(threshold) and then increases as the energy of the laser is increased followed by a bend around
0.54 J/cm2which marks the highest LII signal obtained with respect to laser energy. At high
laser fluences, particle temperatures reach a maximum close to their sublimation temperature.
Understanding the fluence curves is central to demonstrate the critical choice of the
appropriate fluence to carry out quantitative LII measurements. It is necessary to determine
the optimal laser energy, to obtain the most intense signal while avoiding sublimation of the
particles and minimizing the impact of the fluctuations of the laser. As seen in the figure, an
energy density of 0.54 J/cm?2 seemed as the most suitable for the acquisition of the axial soot

distribution profiles.
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Figure 2. 21 : Evolution of the normalized LII signal with respect to the laser fluence for flame F5 and
the reference ethylene flame.

To obtain the absolute value of the soot volume fraction via the LII signals, it is
primordial to determine the soot absorption function E (m). It is worth mentioning that curves
shifting to lower fluences signify that the absorption efficiency of the soot particles is high
whereas curves shifting to higher fluences indicate that the soot particles absorb the laser
energy less efficiently [201]. This implies that the characteristics of the LII fluence curves can
indicate the variation of the physiochemical properties of the soot particles and can allow us to
retrieve information on the soot absorption function E(m). Figure 2. 21 presents the fluence
curves for flame F5 and a reference ethylene flame for which the E (m) is already known [202].
It can be seen that the gradient of the two fluence curves exactly coincide with each other which
reflects that soot particles in these flames absorb the laser energy in a similar way and thus
possess similar optical properties [202]. Assuming that the maximum temperature attained by
these particles would be similar, it is reasonable to infer that their soot absorption functions
E(m) would be equal. This way, we could determine the E(m) for flame F5. It is noteworthy
that the fluence curve for some flames may not possess the same gradient as the reference
flame as their soot particles might not absorb in an identical way. In these cases, the variable
on the abscissa can be transformed to take the difference into account and estimate the value

of E(m). The details concerning this methodology is discussed in Chapter 6.

Methodology to determine the soot volume fraction profiles

The soot volume fraction profiles for the flames were determined using a reference C.H,
flame for which the E(m) and the soot volume fraction (f; (c,n,)) were already determined via
the CRDS (Cavity Ring Down Spectroscopy) technique by Dr. Pascale Desgroux. The profiles
were calibrated using this reference flame (at HAB=16mm). Equation 2. 11 can be expressed

for the reference flame (C,H,) and the flame in question (x) to give two equations. Dividing
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these two equations and further simplification would lead to Equation 2. 13 under a hypothesis
that the maximum temperature acquired by the soot particles on being heated is similar in the

two flames.

Seir(Mem ngnax)x E(m)c,u,
SLH(AKem,Tme CH E(m)x

2114

Equation 2. 13

fv(x) = X fV (C2Hy)

To deduce the absolute soot volume fraction using Equation 2. 13, one also needs to
estimate the parameter E (m),. The soot absorption function or E (m), was estimated using the

methodology explained in the previous subsection and in Chapter 6. In this equation, £, (¢, #,) is

already known and the ratio Spy(AAep, T,;“ax)x/sm(mem, T;"“x)CH was deduced by
2414

performing alternate measurements in the two flames. This way all the unknowns in Equation
2. 13 could be determined in order to calculate the soot volume fraction. The overall uncertainty

associated with the soot volume fraction measurements is estimated to be around +20%.

2.3.2. Particle size distribution measurements by scanning
mobility particle sizing

In the context of flame studies, several investigators have widely demonstrated the utility
of Scanning Mobility Particle Sizer (SMPS) devices in recent years by measuring the size of
soot particles, particularly in premixed flames [203—210]. The SMPS technology allows to
measure the particle concentration as a function of a quantity, called the electrical mobility,
that represents the ability of a particle suspended in a gas to traverse an electric field and it is
fundamentally related to the particle size (monomer or aggregate). The notion of the electrical
mobility diameter (D, ) can be considered equivalent to the size of soot particles when subjected
to certain assumptions on their density and morphology (discussed later in Chapter 6). Here,
the soot particles are charged and size-selected according to their electrical mobility in the
carrier gas and subsequently counted. This technique yields the electric mobility diameter,
which is the diameter of a sphere that would balance the electric force with the drag force on a

charged particle in an electric field

2.3.2.1 SMPS setup

Commercial SMPS are generally limited to d;, > 10 nm. The SMPS used for this thesis is
additionally equipped with a nano-enhancer module, which permits the measurement of very
small particles down to d» = 1.5 nm. The actual SMPS device (TSI, Inc.) is composed of

different elements each of which has a specific role to play. It consists of a 3088 neutralizer, a
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1 nm 3086 differential mobility analyzer (DMA), a 3082 electrostatic classifier, a 3757 nano-
enhancer and a 3750-condensation particle counter (CPC). The experimental setup used for
the measurement of the PSDs is presented in Figure 2. 22. It consists of two parts, the sampling

system and the actual SMPS device.

CPC 3750
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Figure 2. 22 : Experimental setup of the sampling system and the SMPS device used for PSDs.

Electrostatic
Classifier
3082

— Sample
H -+ N, flow

Sampling probe

In order to sample soot from the flame, a special probe sampling system featuring high
dilution ratio to quench post sampling chemical reactions and avoid coagulation and

aggregation of the particles, was used.

The sampling probe, made of two co-annular tubes is coupled downstream to an
automatic pressure regulation system for stabilizing the pressure in the sampling line. The
outer quartz tube has an orifice size of about 180-200 um. The probe was fixed and introduced
axially in the perforated stabilization plate. A dilution flow (nitrogen 5 L,/min) enters the
probe via the side port and flows between the two quartz tubes up to the probe tip. On applying
a controlled pressure difference between the flame pressure i.e., atmospheric pressure and the
pressure in the line, the sample from the flame enters the probe via its orifice. The sample
entering the probe is immediately diluted at the probe tip by the cold nitrogen dilution flow,
and both are pumped across the inner tube. The larger the differential pressure, the more
efficient the extraction of soot from the flame (soot and gas concentration in the sampling line
increase). Such sampling procedure was adopted to prevent particle coagulation and to quench
chemical reactions, thus preventing particle mass growth within the sampling line. However,

low dilution typically results in unwanted phenomena like post-sampling particle coagulation
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that bias the readings by shifting d, to higher values. The chosen differential pressure to
perform the sampling is a compromise between sufficient signal to noise ratio and avoiding
coagulation of the particles as well as saturation of the neutralizer (<107 #/cms3), nano-

enhancer and CPC (<3x105 #/cm3).

The size distribution and concentration accuracy are dependent on the knowledge of the
charge distribution of the incoming aerosol. The stream of soot particles sampled from the
flame is first sent to the neutralizer that uses bipolar diffusion charging to obtain a known
steady-state charge distribution of the aerosol. The radiation ionizes the molecules of the air
and the formed ions are attracted to the soot particles and thus attribute them with positive or
negative unit or multiple charges as a function of their respective diameters. This way the
charges get redistributed in order to obtain a predictable charge distribution. This step is
critical to collecting reliable particle size data when using an electrical mobility-based sizing
instrument. The aerosol flow rate in the SMPS system was set at 2.5 L/min so that the residence
time of the latter in the neutralizer was sufficient to effectively impose a known charge

distribution.

The flow of aerosol at the outlet of the neutralizer is directed onto the column of the 1nm-
DMA 3086. The DMA column consists of a cylinder, the walls of which are grounded, and a
charged central rod which is subjected to a variable voltage delivered by the electrostatic
classifier 3082. This makes it possible to create an electrostatic field in the space between the
walls and the rod which is used to select the particles according to their electric mobility when
they pass through the column. Physically, this field deflects the particles from their trajectory
depending on the voltage applied to the central electrode. Particles that possess an electrical
mobility smaller than the targeted one are discharged on the central electrode while particles
that possess an electrical mobility greater than that targeted are evacuated with the sheath flux.
Only the particles with well-defined electrical mobility exit through the output slit to be
counted by the CPC. Thus, by crossing the DMA column, the soot particles which have a narrow
range of electric mobility (monodisperse) are filtered from the mixture of particles having

different mobilities (polydisperse).

From the electrostatic classifier 3082, a particle-free sheath flow with a flow rate of about
25 L/min is sent to the DMA column. The 1:10 sample/sheath flows ratio ensures laminar flow
conditions in the column. The latter undergoes several stages of filtration in order to be
reprocessed. This flow circulates in a loop in the column of the DMA. The flow of aerosol
entering the CPC particle counter is 2.5 L/min. This flow is split again to supply the sample
stream. The sheath flow filtered beforehand is mixed with gaseous butanol in the saturation

chamber maintained at 39°C. This stream is then mixed with the sample stream and cooled at
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the condenser to a temperature of 14°C. This rapid temperature drop creates conditions
necessary for butanol vapors to condense on droplets coming from the nano-enhancer 3757 to
increase droplet size up to a few micrometers that are counted individually via optical counting
based on light scattering. This counting is ensured by means of a laser diode and a
photodetector which counts the pulses of scattered light. The ultrafine CPC is sensitive to

particles as small as 2.5 nm.

Soot particles smaller than 3 nm are difficult to detect by the regular CPCs that use 1-
butanol as working fluid [211]. This is why the nano-enhancer module is used to increase the
detection threshold down to around 1.5 nm. For our system, the 3757 nano-enhancer uses
diethylene glycol (DEG) as a working fluid to activate the smallest particles. DEG has a higher
surface tension and a lower vapor pressure than 1-butanol which promote particle size growth
while avoiding parasitic homogeneous nucleation processes [212,213] that may bias the results
of particle counting. In the nano-enhancer, the aerosol flow (2.5 L/min) is distributed to feed
the sample flow. The sheath flow previously filtered is mixed with DEG in the saturation
chamber maintained at 70°C. This stream is then mixed with the sample stream and cooled to
a temperature of 10°C. Thus, the DEG vapors become supersaturated and condense on the

particles to form micro-droplets before entering the CPC 3750 where these are counted.

Overall, the nano-SMPS allows the measurement of soot particles with sizes between 1.5
to 50 nm. This device also has excellent specificities for measuring soot smaller than 3 nm. It
is therefore perfectly suited for the study of our flames and in particular for the measurement
of very small soot particles. The evolution of the number and size of the soot particles is

followed real-time at several HABs to deduce the particle size distributions (PSDs).

2.3.2.2 Data treatment methods

In order to attain deeper insights in connection with the PSDs derived experimentally
from the SMPS device, mathematical functions were used to fit the PSD data in order to
identify monomodal or bimodal distributions. To do so and determine the adjustment
parameters associated with these fits, the procedure proposed by Commodo et al. [206] was
followed. It is well known that the lognormal distribution function usually provides a good fit
for the PSD and has widely been used for the soot particles [203,214]. The measured PSDs
were therefore fit with 1-2 log-normal functions, depending on the HAB, using the OriginLab
software and the onset of the bimodality of the PSD was estimated from the subsequent
analysis of these fits. It was sometimes observed at higher HABs that the double log-normal is
the best fitting function and a single log-normal function is no more representative of what was

experimentally obtained. At lower HAB, one lognormal function was sufficient to fit the PSD
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while two lognormal functions were required to fit the PSDs at higher HABs indicating the
presence of two modes. The resulting parameters from the fit procedure such as the mean
diameter, area and log standard deviation corresponding to Mode-1 and Mode-2 log-normal

distributions were plotted respectively as a function of the HAB to study the evolution of the

danN

, ——, where N is the number density
dlogDy

two modes. Figure 2. 23 shows the normalized PSDs

measured by the SMPS and D, is the particle diameter, as a function of N at several HABs for

dN
dlogDy

flame F5. The number particle concentration here is presented on the y-axis as in the

dN
dlogDy

log-scale and the mobility diameter (nm) is presented on the x-axis in the log scale. The

concentration is the normalized concentration. dN is the number of particles in a given range
(total concentration) and dlogD,, represents the difference in the log of the channel width.
dlogD, is calculated by subtracting the log of the lower bin boundary from the log of the upper
boundary for each channel i.e. normalizing with respect to the bin width. The concentration is
then divided by the bin width, giving a normalized concentration value that is independent of
the bin width. Presentation of the particle number concentration in this way enables us to

compare our PSDs with other PSDs from other instruments with different resolutions.
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Figure 2. 23 : Particle size distribution (PSD) obtained for flame F5 (10% anisole, $p=1.9) at different

HABs; Multiple acquisitions were recorded at each HAB. The solid lines here represent the cumulative
fits performed using log-normal fitting.

2.4. Conclusion

In this chapter, the different techniques and the approaches that were adopted to study
the role of some specific biofuels (anisole, DMF and ethanol) are presented. The idea was to

characterize the flame structure with primary focus on the oxygenated aromatics together with
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a study of soot particles. In order to achieve this goal, seven flames were stabilized to be
investigated using an experimental approach. The flame structure study was performed by
using different, but complementary GC setups described in this chapter. The mole fraction
profiles of the stable chemical species in the flames were obtained by gas chromatography
analysis. LII was used to measure the soot volume fraction profiles and the SMPS was used for
the determination of the PSDs. In addition to the measurement of gaseous and particulate
species, the temperature profiles were measured and the method implemented is presented in
Chapter 3. Main qualitative and quantitative GC results are presented in Chapter 4 and

Chapter 5. Results on the characterization of the soot particles are presented in Chapter 6.
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Chapter 3. Measurement of temperature

Accurate temperature measurements are critical when dealing with the subject of
kinetics in flames [215]. The measured temperature profiles are necessitated to perform
numerical simulations in order to develop and validate chemical kinetic models. These
measurements are typically performed using optical techniques or thermocouple-based
thermometry. The former presents the benefit of being non-intrusive, consequently ensuring
local measurements without perturbing the flame whereas the latter despite being intrusive,
particularizes much less expensive equipment and comes across as a much simpler technique
to implement. In spite of what preceded, the high sensitivity of the non-intrusive laser
diagnostics to interferences like beam steering can lead to high uncertainties [216,217]. Thus,
even though employing thermocouples necessarily disturbs the flat flame as the wire junction
needs to be physically placed at the point of temperature measurement, they are still
extensively used in combustion to perform temperature measurements in many laboratories
because of their simplicity in terms of installation, low cost, and robustness [218]. In this work,
thermocouple-based thermometry is used to perform temperature measurements and LIF-NO

thermometry is used to compare with our experimental approach.

3.1. Thermocouple based measurements

A fine-wire thermocouple consists of two wires of dissimilar metals or alloys welded at
one end to form a junction. When this fused junction is heated, a measurable temperature-
dependent voltage is induced at the open end which can be correlated to the temperature of
the junction. Since their first applications, it is known that thermocouples are reliable in
relating the induced voltage to their own temperature (i.e. that of the junction). However, it is
important to take into consideration that the temperature being measured here is the
temperature of the welded junction and this value does not necessarily correspond to the real
temperature of the surrounding gases in which the junction is immersed. In the common
situation of a thermocouple surrounded by a hot gaseous environment, the wires and the
junction are at a temperature lower than that of the gas because of different kind of losses. The
obtained data might be significantly under-estimated in an amount that depends on the flame
and the thermocouple (in particular, its size). Consequently, quantitative interpretation of
thermocouple-based measurements in high-temperature environments is hampered by the
need to account for the important heat transfer mechanisms associated with the wire and the
junction to compensate for these energy losses. The following text lists the different types of

energy losses that might occur.
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Firstly, there are potential losses by conduction. The temperature of the bead junction
can be affected by the conduction of heat to the adjacent wires which may induce an
underestimation of the temperature. This phenomenon can be avoided by positioning the
thermocouple in the same horizontal plane as the heat flow or can also be discarded by design,
usually by setting a certain length of the wires [219]. In addition to conduction losses, catalytic
reactions are likely to occur at the junction. While platinum and its alloys are generally selected
for the thermocouple wires as they do not alter under oxidative atmospheres (such as in
flames), such materials can still act as catalysts for exothermic chemical reactions at the bead
surface, for instance the OH radical recombination which is especially prone to occur in a
premixed flames [220]. Such an effect can lead to over-estimation of the measured
temperature by prompting extra energy transfers and can be prevented by protecting the

thermocouple with specific non-catalytic material coatings [220] .

Whilst conduction and catalytic losses can be limited, radiation losses remain the most
important sources of error during temperature measurement of hot gases. The inherent
radiative losses in high temperature media cannot be avoided by design and potentially lead to
underestimation of the flame temperature by several hundred degrees [221]. In 1981, Attya et
al. [222] reported that at a temperature of 1400°C, radiation losses as high as 250°C could
occur during temperature measurements in a kerosene spray flame using a 0.30 mm diameter
thermocouple. Conduction losses are negligible for fine-wire thermocouples and thus radiation
loss corrections present the most difficult challenge to deduce accurate measurement of gas
temperatures. This correction is a complex problem that is difficult to quantify and is
complicated by uncertainties in variables such as the local convective heat transfer coefficient,
the bead size, its shape, and its emissivity. Therefore, different experimental solutions have
been developed to minimize the radiative exchange between thermocouples and their
surroundings, for instance, the use of shielded thermocouples whose use is mostly
recommended for global temperature measurements as a fine resolution in space and time
cannot be achieved [223]. The most widespread approach to address the problem of radiation
correction is using bare bead thermocouples together with a correct estimation of the radiation
bias to determine the true local temperature. Several methods have been reported in the
literature to estimate these losses [224,225]. In 2017, Lemaire et al. [226] performed a
comparative study of the different methods, namely the Electrical Compensation (EC), the
Reduced Radiative Error (RRE), the Multi-EleMent method (MET) and the Extrapolation
method to determine the radiation losses that occur in thermocouple-based temperature
measurements. They made a comprehensive study on the implementation of these methods

together with a breakdown of their sensitivities and accuracies and highlighted the underlying
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sources of uncertainties. The EC method allows to estimate the true gas temperature by
correcting measurements from the contribution of radiative losses estimated via vacuum
experiments. The RRE method is based on a steady state heat transfer model allowing the
estimation of radiation errors by using two thermocouples having different diameters. The
extrapolation method is relatively straightforward to implement as it only requires knowing
the diameter of the two (or more) thermocouples selected to perform the temperature

measurements [226].

This study seeks to implement a simple experimental methodology, without the level of
sacrifice to spatial and temporal resolution that is inherent in this kind of temperature
measurements combined with the extrapolation method as a correction method to retrieve the
actual flame temperature. The extrapolation correction method is one of the oldest
documented methods in modern combustion science [227], however, structured studies
intending to validate its use are scarce in the literature [228—230]. It is based on the principle
that the radiation losses are proportional to the size of the thermocouple, i.e., the thinner the
thermocouple the lower the radiative losses. To put it in another way, this method relies on the
statement that a zero-dimension thermocouple is supposed to experience no radiation losses
at its surface thus providing the real value of temperature. Recently, Elias et al. [231] reported
a methodology to correct for fine wire thermocouple losses in a methane laminar diffusion
flame where they showed that there exists a linear correlation between the radiation losses and
the size of the thermocouple by implementing four thermocouples of different sizes (0.20,
0.35, 0.42 and 0.50 mm). Thereafter, they compared their corrected temperature profiles with
those obtained by OH and NO Laser Induced Fluorescence (LIF) thermometry to validate their
measurements. Their results seemed to suggest that the actual flame temperature could be
retrieved by making use of the linear extrapolation to zero diameter. In this study, we employed
a similar approach as Elias et al. [231]. However, presuming beforehand whether the
anticipated linear extrapolation findings are universal and would be applicable to premixed
flames irrespective of the different flame conditions and that no other factors apart from the
diameter of the thermocouple could influence such radiative losses was questionable. Thus, to
arrive at a judgement by reasoning, we conducted a separate unbiased study where we used
four thermocouples of different sizes to estimate the radiative losses via the extrapolation

method in different flames and widened the domain of validation for this method.

3.1.1. Experimental setup

For this work, 4 beaded type S thermocouples (TC S.A., Pt-Pt/10%Rh) were used. These
thermocouples are characterized with different wire diameters of 0.20, 0.35, 0.42 and 0.50

mm (supplier data) and bead diameters of 0.62, 1.01, 1.15 and 1.27 mm respectively, which
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were determined experimentally using a micrometer (sensitivity of 5 um). To limit conduction
losses in accordance with the recommendations stipulated in the literature [220,230], the four
thermocouples possessed a wire length-to-diameter ratio higher than 300 and were sheathed
with Alsint ceramic insulation which is the best high temperature ceramic material
(temperature limit 1700°C). Usually, surface treatment is carried out on the junction of the
thermocouples using a hot mixture of yttrium and beryllium oxides in HCI solution. However,
it should be noted that no surface treatment was applied to any of the four thermocouples in
order to keep the diameter of the junction bead at a minimum size and to minimize flame
disturbance as well as the detection delay [229]. To measure the temperature, a motorized
remote-controlled system enabling an automatic, easy, and reproducible insertion of the
thermocouple in the flame was used. This system was operated using a LabVIEW code
explicitly written for these experiments. The thermocouples were radially inserted into
the centerline of the flame at various HABs as shown in Figure 3. 1 using this motorized

positioning system and the temperature values were recorded in real-time.
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Figure 3. 1 : View of the thermocouple radially inserted using the motor assembly (on the left) in the
flame (on the right) to record the temperature as a function of its residence time.

The parameters controlling the displacement of the thermocouple from its initial
position outside the flame to reach the point of measurement in the flame (in the same plane)
were experimentally controlled to enable repetitious insertion and minimize the perturbations
using LabVIEW code. The length of the thermocouple was nearly 10 cm and its residence time
in the flame (acquisition time) to record the temperature was set to 90 seconds. After 9o
seconds in the flame, the thermocouple would revert back to its initial position outside the

flame automatically.
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3.1.2. Characterization of the temporal evolution of the
measured temperature

The temperature measurement was carried out by following the temporal evolution of
the temperature value as a function of the insertion time in the flame. An example of the
evolution of the temperature measured by the thermocouple as a function of the acquisition
time at any given HAB is presented in Figure 3. 2 (a). As can be seen in this figure, a rapid
increase in the measured temperature was observed as the thermocouple was inserted in the
flame. This rise time was estimated to be less than 5 seconds and it was followed by a stable
value of the measured temperature when thermal equilibrium is reached (t—). The highest
temperature value recorded during the measurement, which usually corresponded to the
constant temperature value (flat plateau), was noted as the measured value (Tw). The total
residence time of the thermocouple in the flame was fixed to nearly 9o seconds to ensure that
the thermocouple stayed in the flame long enough to acquire a stable temperature value during

the temporal evolution of the temperature indicating a stable temperature value of the medium

at a given HAB.
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Figure 3. 2 : Examples of the evolution of the measured temperature during an acquisition with respect
to the residence time of the thermocouple in the flame T(t); where plot (a) and plot (b) present
acquisitions at lower and higher HABs respectively.

However, it is worth mentioning that soot deposition on the thermocouples during these
measurements was sometimes non-negligible especially at higher heights as we were
investigating fuel-rich flame conditions. Soot deposition on the thermocouple is a familiar
issue when employing thermocouples to measure the temperature of the flames. The absence
of soot deposits at lower HABs was confirmed by the rapid attainment of a stable temperature
threshold value as illustrated in Figure 3. 2 (a). On the contrary, at higher HABs, when the

thermocouple was radially inserted in a flame, in a span of few seconds soot particles were
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deposited on the thermocouple. This was also reflected in the rapid and the continuous
decrease of T(t) (real-time temperature measured as a function of time by the thermocouple)

as soot deposits accumulated on the surface of the thermocouple (see Figure 3. 2 (b)).

In addition to the radiation losses, soot deposition on the thermocouple leads to further
underestimation of the actual flame temperature in sooting flames. In 1997, Mc Enally et al.
[227] showed that the errors in temperature measurements due to soot deposition via rapid
thermocouple insertion method depend linearly on the soot volume fraction. They estimated
the error caused by the soot deposition on the temperature and rectified it by extrapolating the
temporal temperature evolution back to the insertion time. The method they proposed has
been validated for relatively mild soot depositions corresponding to soot volume fraction lower
than 50 ppm, which is far above the soot volume fraction measured in these flames. The
maximum soot volume fraction present in our flames is < 200 ppt. As illustrated in Figure 3.
2 (b), we used the same procedure as Mc Enally et al. [227] to compensate for the soot
deposition effect and determine the measured temperature value. This way, temperature
measurements were carried out for five flames using four different thermocouples (at various
HABs) to obtain four temperature profiles per each flame at all HABs. Soot deposition
corrections were performed when necessary especially at higher HABs (zones of the flame

where the amount of soot is highest).

3.1.3. Correction of radiative losses using the extrapolation
method

The correction of the radiative losses by means of the extrapolation method is based on
the principle that the radiative losses depend on the emitting surface of the thermocouples. So,
the thinner the thermocouple, the lower the radiative losses. Actual flame temperatures can be
determined by extrapolation of the measurements to d = 0, T, = T (d — 0) where T is measured
at the same HAB with different thermocouples. At any given HAB, four temperature values
were measured using the four thermocouples. These temperature values, recorded at the same
HAB were then plotted as a function of the diameter of the thermocouple wire as shown in
Figure 3. 3. To study the radiation losses explicitly, higher HABs have been specially chosen as
the most desirable as the temperature in the burnt gas is not likely to be affected by the

aerodynamic disturbances.

As the independent variable, the thermocouple wire diameter is used instead of the bead
diameter to express the nature the thermocouple junction. It should be noted that sometimes
the diameter of the thermocouple beads have been chosen for this purpose in the literature

[232,233]. We also tested this possibility but it turned out to be much less consistent than with

69


https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/engineering/mole-fraction

Chapter 3. Measurement of temperature

wire diameters. To explain this divergence, we found very few arguments in the literature.
Corrections by the bead diameter are valid for beads that are approximately spherical and
much larger than the diameter of the thermocouple wire [232]. In our case, the surface area of
the bead would be considered smaller as compared to the surface area of the wires. Thus, it is
expected that the thermocouple wires would be heated quickly and that the presence of the
bead would only induce a minor disturbance in the temperature measurement at the junction
[232]. Although difficult to verify, this explanation is valid in our case, as the corrections made
and the temperatures determined by considering the diameter of the wires do show an
excellent agreement with the temperatures obtained by LIF thermometry discussed
subsequently. Figure 3. 3 demonstrates an example for the case of flame F3 (15% anisole,
$=1.82) of how the measured temperature at a given HAB is susceptible to decrease as the
thickness of the thermocouple wires increases due to radiation losses. By extrapolating this
trend to d — 0 as shown in Figure 3. 3, it is possible to determine a radiative losses-corrected
temperature value. This way, real temperature values at these specific HABs can be retrieved

from intercepts of the fits.
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Figure 3. 3 : Temperature recorded via each of the 4 thermocouples v/s their respective sizes at higher
HAB with a linear fit extrapolation to obtain the temperature at zero wire diameter Tcorrected = Tmeasured
d— o) for flame F3 (15% anisole, $p=1.82).

It is worth mentioning that certain studies in the literature reported the use of
polynomial functions [229,234] whereas others opted for linear fits [218,230] for
extrapolation. We tried extrapolating both ways, however, given the poor experimental

agreement of the quadratic extrapolation with the LIF-NO temperature, we opted for a linear
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fitting. Agreement based on a comparison with LIF-NO (detailed later in the text) later justifies

the use of this protocol for determining the temperatures in our flames.

From the values of the raw temperatures T(t—®) shown in Figure 3. 3 as a function of
the diameter of the thermocouples, it is possible to deduce a calibration curve for each of the
four thermocouples making it possible to deduce the flame temperatures (T,), corrected for
radiative losses. These corrected temperatures obtained via extrapolation for each
thermocouple from Figure 3. 3 can be plotted against the raw temperature values
corresponding to the selected HAB to deduce correlations as reported in Figure 3. 4. This figure
thus indicates a linear correlation between the measured temperatures (the independent
variable) and the corrected temperatures (dependent variable) for radiative losses over the
entire temperature range of our flame F3. Linear regressions can be used to fit these points to
establish a relationship between the measured and the corrected temperature values for
different wire diameters; i.e., Tcorrected = @ X (Tmeasured) + b, where a and b are the deduced
by linear fittings (see Figure 3. 4). This linear relationship can then be extended to rectify the
entire measured temperature profile by compensating for the radiation losses. To evaluate the
potential influence of experimental conditions, similar approach was applied to other flames
as to deduce such expressions for the four thermocouples in five flames. Table 3. 1 summarizes

the correction equations derived for the four thermocouples in each flame.
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Figure 3. 4 : Corrected temperature as a function of the measured temperature for flame F3 (15%
anisole, p=1.82) deduced using Figure 3. 3.
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Table 3. 1 : A summary of the correction relationships derived for the different thermocouples in the
five flames where a and b are the slopes and the intercepts of the linear curves

Temperature correction relationship: T, rected = @ X (Teasured) + b
Thermocouple Flames a b
thickness (mm)

F1 (0% anisole, 1.82) 1.07+0.06 39.79+85.53
F2 (10% anisole, 1.82) 1.07+0.02 22.93+28.33
0.20 F3 (15% anisole, 1.82) 1.11+0.02 -45.84+24.13
F4 (10% anisole, 1.70) 1.07+0.01 21.91+16.01
F5 (10% anisole, 1.90) 1.08+0.02 7.62+42.18
F1 (0% anisole, 1.82) 1.23+£0.14 -50.48+191.86
F2 (10% anisole, 1.82) 1.28+0.03 -141.29+48.39
0.35 F3 (15% anisole, 1.82) 1.23+£0.02 -68.117+23.76
F4 (10% anisole, 1.70) 1.11+£0.04 91.13+59.70
F5 (10% anisole, 1.90) 1.25+0.13 -115.47+176.27
F1 (0% anisole, 1.82) 1.23+£0.14 29.40+£194.53
F2 (10% anisole, 1.82) 1.18+0.04 83.72+51.27
0.42 F3 (15% anisole, 1.82) 1.32+0.05 -91.418+68.87
F4 (10% anisole, 1.70) 1.23+£0.03 7.95+32.78
F5 (10% anisole, 1.90) 1.20+0.13 40.45+167.87
F1 (0% anisole, 1.82) 1.24+0.12 54.72+153.33
F2 (10% anisole, 1.82) 1.28+0.05 -30.06+65.66
0.50 F3 (15% anisole, 1.82) 1.360.05 -126.95+58.16
F4 (10% anisole, 1.70) 1.18+0.04 94.81+44.51
F5 (10% anisole, 1.90) 1.27+0.12 -27.49+147.59

Figure 3. 5 illustrates the correlation between the raw and the corrected temperatures for
the thinnest (0.2 mm) as well as the thickest (0.50 mm) thermocouple used in five flames. It
shows that the radiation losses are independent of the different flame conditions and depend
only on the thermocouple wire thickness. To rephrase it, the relationship derived to correct for
the radiation losses (for any given thermocouple) from any one of the flames can be applied to
other flames as well to correct their measured temperature profiles (using the same given
thermocouple). It was then clear that the linear relationships between the corrected and the
measured temperature determined in different flames are in fact equivalent regardless of the
different flames studied. Henceforth, for future temperature measurements, it will be sufficient
to measure the temperature profile of a flame using only one thermocouple that can be

corrected using the linear correction relationship already derived.
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Figure 3. 5 : Correlation between the measured and the corrected temperatures derived from different
flames (the error bars are only shown for one datapoint to avoid overloading the figure with numerous

data points with error bars).

To determine the final temperature profiles and validate the extrapolation method, we

used the measured temperature profiles for the flames together with the correction

relationship derived for the thinnest thermocouple (0.2 mm) as presented in Table 3. 1. An

example of the final temperature profile obtained for flame F3 is presented in Figure 3. 6. It is

clear from Figure 3. 6 that radiation losses can lead to undervaluation of the actual flame

temperatures by nearly 200-300 K.
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Figure 3. 6 : A comparison of the measured temperature profile using the thinnest thermocouple and
the corrected temperature profiles obtained using the correction relationships from different flames
for flame F3 (15% anisole, $p=1.82). “Corrected via F1” here signifies that the temperature correction
was performed using the correction relationship derived in flame F1 and so on.
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The relationships from different flames are equivalent. The choice of the thinnest (0.20
mm) thermocouple was made in order to limit the disturbance of the flame linked to its
insertion, and to maximize the spatial resolution of the measurements. This thermocouple was
also preferentially favored to restrict the influence of the radiative losses. Using this
thermocouple, uncertainties on the temperature measurements are estimated to be around

+50 K.

3.1.4. Effect of the nozzle on the temperature profile

Temperature measurements were also performed in the presence of the nozzle used to
sample the flame for GC measurements. During these measurements, the thermocouple
junction was placed parallel to the burner surface right below the tip of the sampling quartz
nozzle (as shown in Figure 3. 7 (a)) to account for the effect of the nozzle proximity on the
temperature of the sampled gases and to get a better approximation of the axial temperature
profile in its presence. The fixed distance between the nozzle and the thermocouple was
ensured to be the same at all HABs in all flames (about 0.4 mm), and was regularly verified.
This distance corresponds to the estimated position of the volume that was sampled by the
probe. The measured temperature profiles in the presence of the nozzle were corrected by
implementing the method discussed in section 3.1.3. Figure 3. 7 (b) presents a comparison of
the temperature profile corrected for radiation losses for flame F1 (0% biofuel, $=1.82) with
and without the nozzle. As presented in the figure, the profile shifts towards the burnt gas zone
in the presence of the probe. Meanwhile, the temperature in the burnt gases is similar with and
without the probe. It is in fact even slightly warmer in the presence of the probe. Since the
acquisitions were performed starting from the burner’s surface to higher HABs, it is possible
that the probe did not have the time to completely “cool” to the flame temperature before the
next scan, after the highest temperatures were attained. This would be consistent with the
temperatures at low HAB being lower with the probe than without it. However, the figure in
general indicates that the presence of the probe produces a shift in the position of the gradient

of the temperature profile.
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Figure 3. 7 : (a) View of the thermocouple placed at a distance of 0.4 mm below the probe (b) A
comparison of the temperature profile obtained in the presence and the absence of the nozzle for flame
F1 (0% biofuel, $p=1.82)

3.1.5. Comparison of the method used with other techniques

In order to examine the thermocouple-based method together with the extrapolation
correction method used in this work, we compared the corrected temperature profiles with the
data obtained from a non-intrusive thermometry technique i.e., LIF-NO thermometry. This

experiment was performed for flame F1 as an example by Dr. Pascale Desgroux.

Laser Induced Fluorescence (LIF) is a non-intrusive optical method that involves
excitation a molecule (as well as atoms) from the ground state to an excited electronic state
using laser radiation absorption, along a given rovibronic transition, followed by subsequent
analysis of the spontaneous radiation emission (fluorescence) emitted from the excited state.
By collecting the fluorescence using a photomultiplier tube (PMT) or a camera, it is possible to
relate the fluorescence signal to the ground state rotational population of the species, probed
by the laser at the selected wavelength (i.e., along the given rovibronic transition). The
principle of LIF-thermometry relies on probing multiple ground state rotational populations
which are related to the Boltzmann population distribution [235]. In practice the temperature
determination relies on the analysis of a laser excitation scan performed over a significant
number of rovibronic transitions. The method, performed on NO species, is detailed in
literature studies [230-232] and only few details are reported here. A small amount of N,
(0.15%) was replaced by NO in the premixed mixture [236]. This small quantity does not
perturb the chemical structure or the temperature of the flame and was considered sufficient

to provide a good signal-to-noise ratio [236,237]. It must be noted that a spectrum acquisition
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requires 45 minutes. The laser (Quantel, TDL+ pumped with a seeded YAG Q-smart 850) was
tuned over 225.65—225.73 nm to excite NO in the A-X (0,0) band. The laser energy was
maintained at 40 pJ, which is within the linear LIF regime. The LIF signal was then collected
in the A-X(0,2) band of NO using a spectrometer centered at 245 nm. Temperatures were
determined by fitting synthetic LIF excitation spectra to the experimental spectra following a
procedure previously detailed [238]. Uncertainties associated are estimated to be around

+100 K for the temperature measurements using this technique.

Figure 3. 8 presents a comparison of the corrected temperature profile obtained using
the thermocouple method (without the nozzle) and LIF-NO for flame F1 (0% biofuel, $=1.82).
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Figure 3. 8 : Comparison of the temperature profiles obtained from the thermocouple and the LIF-NO
measurements for flame F1 (0% biofuel, $=1.82).

The corrected temperature profile and the LIF thermometry data are in excellent
agreement, between the two techniques where the gradient is low, certainly not perfect in the
steep gradient region. Statistically, this means that the readings by the two techniques differ
around the peak temperature. The gradient observed using LIF-NO is steeper than the gradient
obtained using the thermocouple method. This difference can be attributed to the nature of the
two techniques. The LIF technique is non-intrusive, with a vertical spatial resolution set to 0.2
mm. On the contrary, the thermocouple method is an intrusive method and thus despite using
the thinnest thermocouple (0.20 mm wire thickness), it is beyond the bounds of possibility to
completely restrain from flame perturbations. In an attempt to minimize such perturbations,
we always performed corrections on the temperature profiles measured using the thinnest

thermocouple to obtain the final temperature profiles for all flames.

To extend the validation of our extrapolation method for radiation loss corrections, we

performed temperature measurements for three laminar premixed butane flames with
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different equivalence ratios (¢=1.60, 1.75 and 1.95) for which temperature measurements have
already been reported in the literature using LIF-NO [205]. Out of these flames, two flames are
much more sooting than our flames with soot volume fractions ranging up to 10 ppb as the
dilution imposed in these flames is much lesser (55.4%) than our flames (65.9%). Thus, before
proceeding to correct for the radiation losses, soot deposition corrections were also performed
as discussed previously. Overall, two correction steps were applied to finally obtain the actual
temperature profiles of the butane flames which were then compared to their LIF-NO and

calculated temperature profiles from the literature [205]. The comparison is presented in

Figure 3. 9.
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Figure 3. 9 : Comparison of the temperature profiles determined in three butane flames with three
different equivalence ratios (1.60, 1.75 and 1.95) using the thermocouple method from this work and
LIF-NO thermometry (and the calculated profile) from the literature [205]. An example of the
temperature profile without soot correction is shown for the C,H,,, 1.90 flame.

The authors also compared their experimentally determined temperature profiles to the
simulated profiles using the Polimi and ULille models [205]. The comparison between our

thermometry-based measurements and the LIF-NO measurements from the literature is not
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as easy in the gradient zone as there are very few numbers of points from the LIF-NO technique
to define the gradient of the profile. Nevertheless, there is satisfactory agreement between the
temperature profiles derived from the two techniques all along the flame HAB, which helps us

widen the domain of validation for the extrapolation correction method used in this work.

3.2. Conclusion

Temperature measurement is essential when analyzing flame structure and chemical
kinetics. In this study, we have used a thermocouple-based temperature measurement
technique for which the extrapolation method is implemented for radiative losses corrections.
We observed that the impact of radiative losses is clearly the dominant disturbance element in
temperature measurements. These losses can lead to an underestimation of the temperature
by a few hundred K, and it was noted that the difference between measured temperature and
actual temperature increases progressively with thermocouple wire thickness, in accordance
with the theory of radiative losses. In this work, the measured temperature is shown to be
linearly correlated to the diameter of the thermocouple wires. By applying the extrapolation
procedure for selected HABs characterized by different temperatures, linear relationships can
be established for selected thermocouples that relate the measured temperature to the actual
flame temperature corrected from the radiation losses. This method has one important
practical consequence, as in principle measurements using one thermocouple are now
sufficient for a reliable flame temperature measurement. Overall results demonstrate that the
extrapolation method is a fast and efficient method to determine the flame temperature
profiles with high accuracy, even in the presence of soot particles. This work demonstrates the
capability of this thermocouple method to easily access accurate temperature measurements
in harsh environments characterized by high temperature gradients. This method appears very
simple to implement in comparison to other complex methods to estimate the radiation losses.
A good agreement from the ccomparison with non-intrusive measurements like LIF-NO, both
in the flame of study from this thesis, and in flames from the literature validates the use of the
extrapolation method. This makes it a very powerful tool for accessing the temperature. This
being so, these measurements and their respective comparisons demonstrate the efficiency of
the quick measurement protocol using thermocouple for easily accessing temperatures even in

sooting flames.
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Chapter 4. Detection of oxygenated aromatics
in anisole doped flames and a study of the
influence of anisole on soot precursors

As mentioned in Chapter 1, some recent studies have considered the formation of
oxygenated aromatics in combustion [26,56]. However, knowledge of the kinetics of these
aromatics is still very limited as one of the issues that needs to be resolved is the lack of
experimental evidence concerning their identification. As discussed earlier, identification of
OPAHs in turn is a very challenging step. This chapter begins with a discussion focusing on
experimentally detected oxygenated aromatics, including OPAHs, in anisole doped flames in
this work. The first part of this chapter presents an overview on the number and the structure
of these species, together with an analysis of the kinetic signature of their formation from
anisole (Section 4.1). This section is followed by quantitative results on the evolution of their
mole fractions and those of related non-oxygenated aromatics, including PAHs, with respect
to the flame height in the form of a detailed comparison study (Sections 4.2 and 4.3). For
quantification, though special focus is dedicated to the study of the oxygenated and associated
non-oxygenated aromatics (important soot precursors), the discussion is also extended to
smaller aliphatic soot precursors as these species also indicate the overall reactivity of the
system and play an important role in the formation of the first aromatic ring or in the

enlargement of aromatics.

Overall, this study consists of five different flames. Out of these five flames, two different
series of measurements were studied independently. To demonstrate the effect of the change
in the equivalence ratio, three flames comprising the first set of series are studied (Section 4.2),
namely F4 (10% anisole, $=1.70), F2 (10% anisole, $=1.82), and F5 (10% anisole, $=1.90),
where the equivalence ratio is increasing, meanwhile the percentage of anisole in the total fuel
mixture for the three flames is constant (10%). The second set of series also consists of three
flames, namely F1 (0% anisole, $=1.82), F2 (10% anisole, $=1.82), and F3 (15% anisole,
¢=1.82) where the equivalence ratio is fixed to a value of 1.82 while the amount of anisole is

increasing (Section 4.3), which allows us to investigate the influence of added anisole amounts.

A total of nearly 140 species were experimentally identified in anisole flames. These
species include reactants, final products, small intermediates, more than 80 oxygenated
aromatics and more than 20 non-oxygenated aromatics. Overall, about 80 stable species have

been quantified. Mole fraction profiles for some relevant species have been discussed in the
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subsequent sections, whereas peak mole fractions for all species are listed in Table A. 3 in the

Appendices.

4.1. Detection of oxygenated aromatics in anisole
doped flames

Species identification was performed in all flames using GC-MS systems and sampling
procedures described in Chapter 2. However, flame F5 (conditions summarized in Table 4. 1)
was chosen as the main flame in this step to present in this section. This flame has the best
spatial resolution (far away from the burner’s surface) and therefore it was relatively easier to
sample from its reaction zone. This flame was stabilized at an equivalence ratio of 1.90 at
atmospheric pressure and consisted of 10% of anisole in the total fuel mixture. Though both,
oxygenated and non-oxygenated species were identified, this section is devoted to the
discussion on oxygenated ones. Identified non-oxygenated aromatics are listed in the Table A.

2 in the Appendices.

Table 4. 1: Summary of the flame conditions studied (flame F5); L,/min: normal liter per minute.

Flame Biofuel (%) Gaseous flow rates (Ln,/min) Equivalence C/O
Biofuel CgHi;gs  CH, 0. N. Total ratio
F5 Anisole (10) 0.105 0.15 0.788 2.308 6.50 0.85 1.90 0.58

4.1.1. Examples of the obtained chromatograms and mass
spectra

One of the most powerful tools in the identification of unknown peaks is the comparison
of the associated mass spectrum with those in a database of mass spectra acquired under the
same conditions. Representative chromatograms and some examples of mass spectra obtained
are shown in Figure 4. 1. The middle panel of this figure presents two chromatograms obtained
via the GC-SPT-TCD-FID i.e., the GC Scion (on the left) and the 2D GC-MS (on the right). The
columns used for these GC setups were specific to aromatic species. Though the chromatogram
from GC Scion was very complex and consisted of about 120 peaks, it indicated that several
aromatic species are certainly present in the anisole flame. Several peaks amongst these were
identified by comparing the chromatogram with that obtained using the 1D GC-MS (by using
the same column, temperature program, and column flow rate) and it was observed that almost
60% of these aromatics were oxygenated, which highlighted their significant co-formation
along with classic aromatic species. Following the complexity of the GC Scion chromatogram,

we chose to perform additional analyses using the 2D GC-MS as mentioned before. By using
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the 2D GC-MS, we could confirm the identification from 1D GC-MS as well as identify

additional species besides the ones already identified from 1D GC-MS on account of its

different

separation mechanism. For example,

dibenzofuran (C..HsO) and 2,2'-

methylenediphenol (Ci3H;-0.) identified by 1D GC-MS were confirmed by 2D GC-MS.

The top and bottom panels of Figure 4. 1 show the mass spectra of these two species and

four other selected oxygenated aromatics. The presence of the molecular ion peaks (base peak)

and fragment peaks in these spectra are very consistent with the molecular mass and the

fragmentation mechanism of the identified molecules.
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Figure 4. 1: Examples of chromatograms (middle panel) obtained by 1D GC-SPT-FID and 2D GC-MS
in the doped anisole flame at HAB=1.5 mm. The nomenclature of some important species is given. Some
mass spectra (MS, top and bottom panels) for the selected oxygenated aromatics obtained by GC-MS
systems are presented.

An example of the anticipated fragmentation pattern for 4-methylphenyl acetate is
shown in Figure 4. 2. The peak at m/z 150 corresponds to the mass of 4-methylphenyl acetate.
This molecule can readily undergo the benzyl ester rearrangement by eliminating a ketene
molecule in order to form this fragment ion at m/z 108 (see path 1). This phenolic molecular
ion fragment may further preferably dissociate via the benzylic H-bond cleavage to produce
another intense peak at m/z 107. This resonance stabilized benzyl ion may reversibly isomerize

to the corresponding tropylium ion isomers m/z 107 (see path 2).
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Figure 4. 2: Example of fragmentation rules used to explain the mass spectra of 4-methylphenyl.
acetate.

4.1.2. Identified oxygenated aromatics

Based on the approach described above, about 84 oxygenated mono- and polyaromatics
were identified. They are reported in Table 4. 2 and Figure 4. 3. While Table 4. 2 presents the
different species by mass (with their corresponding chemical formula, common and IUPAC
names and structures), Figure 4. 3 presents a pictorial representation of the identified species
in accordance with the number of rings (and similar core structure placed close together) to

provide another overview on the detected oxygenated aromatics.
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Table 4. 2 : Identified oxygenated aromatics in the studied anisole flame together with their names
and molar masses (M). @ Names in italic refer to the IUPAC nomenclature. M: Nominal mass. b:
literature studies on anisole as fuel; Here: “v”: the identified molecule structure is reported in the cited
references; “*”: signal corresponding to this mass was detected, but the molecule structure was not
experimentally identified (possible isomers were proposed based on theoretical calculations); “**”:

“ 9,

hydroxybenzaldehyde is mentioned but not specified which isomer; “-”: not reported in the literature.

Detected in the present flame Detected in literature

experimentsP
N° M Formula  Name? Structure Flames ?etzlllcil(;rs
v
v [26,48,49,53,
1 94 CeHeO Phenol @OH [51,56]  127,131,230,2
40]
=0 v
2 106  C,H¢O Benzaldehyde @ [51.56] [26,48,49,53,
5b5%1  131,239,240]
O\ v v
3 108 C,HgO Anisole ©/ [51,56] [26,48,49,53,
’ 131,239]
Cresol OH v Y
0-Cresol;
4 108 GHO 2-Methylphenol [56] :[,)216?:;‘? 49,12
m-Cresol; OH
5 108 CHsO 3-Methylphenol : ) )
Cresol 4 ’
p-Cresol;
6 108 GHO 4-Methylphenol OOH [56] :[3216;1‘]8 49,12
Hydroquinone;
7 110 CsHsO- Benzene-1,4-diol HO@OH - -
@) v
Benzofuran; v
9 u8  GHeO 1-Benzofuran ©/\/) [51,56]* 5‘8’53’123’2
2,3- o)
Dihydrobenzofuran; %
11 120 CgHgO 2,3-Dihydro-1- ©i) - [26]
benzofuran
Salicylaldehyde; OH
2- [26];
13 122 C,He0, Hydroxybenzaldehyde @A\o . [48]**
m-Formylphenol; HO X0 [26]*;
14 122 CHg0. 3- - [ 8]*;
Hydroxybenzaldehyde 4
4- 0
15 122 C7HeO. Hydroxybenzaldehyde HO ) )
@)
1,3-Benzodioxole; ) %
16 122 GHeO: 2H-1,3-benzodioxole ©:O> [26]
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OH
2,6-Xylenol,; _ %
7. 122 CsH.00 2,6-Dimethylphenol \©/ [26]
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i OH v v[53];
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Ethyl phenyl ether; O~
) _ *
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N
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@)
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OH
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Figure 4. 3 : Identified OPAHs with one-, two-, and three-rings, respectively. For each category,
somewhat similar core structures are placed close together. Species highlighted in bold font/bonds are
those that are already considered in the current kinetic models in the literature (discussed in the
following section, Section 4.1.3).

It is clear that an aromatic ether biofuel like anisole is giving rise to a whole new set of
species during its decomposition in flames namely OPAHs. The identified oxygenated
aromatics have molar masses ranging from 94 (phenol, CsHsO) to 224 (9-fluorenyl acetate,
CisH1,0,) and contain in their structure one or two O-atoms. Though some aromatics
containing three or four O-atoms were also proposed by the NIST database, we prefer not to
solely rely on the numerical values for the match factors and in fact find pure analytes in order
to confirm their identification in the future. Therefore, such species have not been presented
in this thesis manuscript. Amongst the species listed previously, we distinguished between
several different isomers such as C;HsO (mass 108, 4 isomers), C,oHsO (mass 144, 4 isomers),
Ci3H,00 (mass 182, 4 isomers). Also, non-isomeric species with same molar masses could also
be well distinguished and identified, such as 10 species at mass 122, 5 species at mass 184, 5
species at mass 186 and so on. Some species, for instance, 4-methyldibenzo[b,d]furan
(C3H,00) and 2,5,8-trimethylnaphthalen-1-ol (C,3H,4,0) were observed only using 2D GC-MS.
Separating and identifying such complex compositions is already considered to be very
challenging for different techniques [26,51,53]. Compared to the literature, more than half of

the species detected in our study are reported for the first time for anisole combustion (see
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Table 4. 2; last two columns to the right). Concretely, amongst the 85 oxygenated aromatics
listed in Table 4. 2, 77 species (~91%) are reported for the first time as compared to the
literature studies under the flame conditions, and 59-74 species (69-87%, depending on
whether Ref [26] is taken into account or not) are reported for the first time as compared to
the literature studies in other reactors. As presented in Table 4. 2, a significant percentage
(~50%) of oxygenated one-ring aromatics were also reported by the literature studies, while
this percentage is around ~30% and ~10% for two-ring and three-ring oxygenated aromatics,

respectively.

It is worth mentioning that despite the potential of our GC systems, we still encountered
some difficulties especially concerning the quantification of these species. Several identified
species could not be quantified due to multiple reasons. For instance, amongst the three
guaiacols (mass 124), peaks for o- and p-guaiacol were right before the intense peak of m-
guaiacol which made it really difficult to distinguish between o- and p-guaiacols. As a
consequence, the peaks for o- and p-guaiacols could not be integrated precisely at all HABs,
thus making it impossible to trace their mole fraction evolution profiles. Similarly, because of
their close retention times, it was very challenging to separate 2-methoxyphenol from 4-
methoxyphenol (C,HsO.), [1,1'-biphenyl]-4,4'-diol from 3-phenoxyphenol (C..H:00,),
naphthalen-1-ol from naphthalen-2-ol (C,,HsO), 2-benzylphenol from 4-benzylphenol
(Ci3sH1,0), and bis (2-hydroxyphenyl) methane (2,2'-methylenediphenol) from 2-[(4-
hydroxyphenyl) methyl] phenol (C,;3H:20.). Though these species could be identified,
sometimes two distinct peaks were not apparent at all HABs i.e., at certain heights the peaks
were not well resolved to enable precise integration. However, 2-benzylphenol and 4-
benzylphenol (C,3H:,0), bis (2-hydroxyphenyl) methane (2,2'-methylenediphenol) and 2-[(4-
hydroxyphenyl) methyl] phenol (C;3H:.O.) were well separated in the 2D GC-MS
chromatogram. To quantify these species, supplemental techniques based on other detection
principles would be necessary, for instance, the synchrotron-based photoelectron photo ion
coincidence (SVUV-PEPICO) spectroscopy. In addition to these issues, there were about 13
intense peaks which could not be identified using our MS systems, however could be integrated
at all HABs to see their evolution with respect to the flame height. The
dissociation/fragmentation patterns corresponding to these signals were not distinct. Hence,
as per the NIST-MS 11 database several matches/possibilities with very low probabilities for
the match were proposed. In some other cases, isomers could not be distinguished as the
dissociation/fragmentation patterns were similar and sometimes the proposed matches were
not even close to the structures anticipated. Since the analytical standards for some species of

interest do not exist, their identification is ambiguous as there is no reference for comparison
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in the NIST database. In some instances, the signal to noise ratio was also insufficient for

accurate identification.

Table 4. 2 and Figure 4. 3 show that the detected oxygenated aromatics possess different
functionalities such as: alcohol, ether, carbonyl (aldehyde and ketone), ester, and acid. The
number of aromatics belonging to a particular functional group were counted and are
summarized in Figure 4. 4. Alcohols and ethers are predominant (36 and 32 species,
respectively) functionalities amongst these species. The abundance of ethers could perhaps be
related to the structure of anisole i.e., an aromatic ether. Interestingly, 15 out of 32 ethers are
cyclic ethers (O atom in the cycle) whereas anisole itself is not a cyclic ether which indicates
the existence of different mechanisms for the formation of ethers from anisole. The abundance
of alcohols (36 species) underlines that the conversion of the aromatic ether as a fuel to

alcoholic products is an important process under the studied conditions.

40

Number of species

o
)
N

Figure 4. 4 : Number of oxygenated aromatics with different functional groups. Carbonyls include
aldehydes and ketones. Species containing two identical functional groups is counted once, e.g.
dibenzo-p-dioxin (C;-HgO-) with two ether groups. Some species were counted twice if they contained
two different functional groups, e.g. 2-dibenzofuranol consists of an ether and an alcohol functional
group and so is counted twice. Thus, the total number presented is greater than that for Table 4. 2.

4.1.3. Experimental indications of the formation kinetics of
oxygenated aromatics

Different models were developed for the pyrolysis and combustion of anisole in the
literature, such as Roy and Askari model in 2022 [241], Chen et al. model in 2022 [56],

Mergulhao et al. model in 2021 [121], Biittgen et al. model in 2020 [120], CRECK model in

2020 [242] , Yuan et al. model in 2019 [53], Wagnon et al. model in 2018 [123], Nowakowska
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et al. model in 2014 [48]. Some of these models include oxygenated aromatics [48,53,56,242].
In Figure 4. 3, the species highlighted by bold font/bonds were the ones that are considered in
the models in the literature (one might say “a drop in the sea”). About ten one-ring and nine
two-ring oxygenated aromatics have been considered in the literature models [48,53,56,242].
However, only one out of thirteen three-ring species is considered in these models. The
detection of oxygenated aromatics in the present study thus opens a very important perspective
for the combustion community for the further development of kinetic models for this lignin-
based biofuel. In the following text, some possible formation routes leading to the formation
of oxygenated aromatics based on the current knowledge in the literature and on the present
experimental indications is presented. A pictorial representation of these pathways for certain

relevant oxygenated aromatics from anisole are presented in Figure 4. 5.
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Figure 4. 5 : Some possible formation routes leading to the formation of some relevant oxygenated
aromatics. Stable species with their names were experimentally identified in the present work.
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As mentioned earlier, the aromatics with the alcohol functional group were the most
abundant amongst the identified species. This indicates that addition of the OH radicals on the
benzene ring (of anisole or of the subsequent products) followed by the subsequent C—H or C—
C B-scissions could be one of the possible mechanisms contributing to the formation of these
species. Figure 4. 5 presents some examples of this mechanism for the formation of m-guaiacol
and phenol from anisole [51]. A second possible mechanism leading to the formation alcoholic
aromatics is the tautomerization of aromatic ketones to aromatic alcohols, where the ketones
could be produced from the combination of the phenoxy (CsH50) radical with other aromatic
radicals. Figure 4. 5 also presents examples of this mechanism for the formation 2,2’-diphenol
and o-benzylphenol. The O—CH; bond in the methoxy group of anisole has a very low bond
dissociation energy (63.2 kcal/mol), owing to which its unimolecular scission to yield phenoxy
(CsH50) and methyl (CH;) radicals is strongly favored, especially under fuel-rich conditions
[51]. Phenoxy is a resonance stabilized radical, that may react to form different oxygenated
aromatics. For instance, they could recombine with H atoms to contribute to the formation of
phenol, react with the CH; radical to form o-cresol [48] and with C,H. to form benzofuran
[53,158] that may enlarge via H-abstraction and C.H. addition reactions to produce
dibenzofuran (a three-ring OPAH) [158]. The phenoxy radicals themselves may also undergo
self-recombination reactions followed by subsequent intramolecular rearrangements which
may adequately elucidate the formation pathway to produce dibenzofuran [53,243]. 2,2’-
Diphenol, an intermediate species in this pathway, was experimentally identified in the present
work. A similar principle can be applied for the formation 4-methyl dibenzofuran, but from the
recombination of phenoxy and 2-methyl phenoxy radicals. The self-recombination of the
phenoxy radical and its combination with the benzyl radical can lead to the formation of
dibenzo-p-dioxin [243] and xanthene, respectively. Anisole itself may undergo H-atom
abstraction on the methoxy group by a H-atom, methyl radicals in order to yield the anisyl
(CeH;0OCH,) radical. This anisyl radical can isomerize to the benzoxyl (CcH;CH-O) radical via
the ipso rearrangement and then undergo the B-scission reaction to yield benzaldehyde [48].
The experimental detection of xanthone suggests a possible participation of benzaldehyde in
the formation OPAHs through the recombination of its radical with other aromatic radicals
such as the phenoxy radicals. Furthermore, the detection of 1,1'-[methylenebis(oxy)]dibenzene
and benzyl phenyl ether indicates the recombination of anisyl radical with the phenoxy and
phenyl radicals, respectively. Future studies focusing on the comprehensive development of a

kinetic model for anisole will have to include and test these suggested formation pathways.

It must be noted that the reaction pathways for OPAHs cited in the previous paragraphs

are limited to anisole as their precursor. However, other formation routes, for instance,
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pathways involving PAHs cannot be excluded. Formation of OPAHs from classical PAHs could
also be relevant. For example, the formation of dibenzofuran from biphenyl could also be
possible [158]. However, this contribution could be considered to be less significant as
compared to the direct formation pathways via anisole as none of the OPAHs were observed in
detectable amounts in flame F1 (no anisole). Thus, straight-thinking implies that the formation

of OPAHs detected in the anisole doped flame is mainly directed by the presence of anisole.

Nevertheless, there could be some oxygenated aromatics that could be formed because
of interaction between the chemistry of anisole and iso-octane. The experimentally-detected
species indicated this possibility that is exemplarily summarized in a schematic representation

in Figure 4. 6.
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Figure 4. 6 : Some possible formation routes leading to the formation of some other relevant
oxygenated aromatics considering the smaller species formed via iso-octane. Stable species with their
names were experimentally identified in the present work. Species enclosed in rectangles are involved
in discussions of iso-octane/methane contribution. Here R: H, OH, etc.

For instance, iso-octane can undergo H-abstraction to produce iso-octyl radicals.
Depending on the site of H-abstraction, these radicals could further decompose and lead to the
formation of propenyl and isobutenyl radicals. These radicals could intervene with the

consumption steps of phenoxy radicals. For example, the isobutenyl radical could attack either
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on the oxygen atom or the ortho position or the para position of the phenoxy radical followed
by isomerization to produce [(2-methylprop-2-en-1-yl)oxy] benzene, 2-(2-methylprop-2-en-1-
yl) phenol, and 4-(2-methylprop-2-en-1-yl) phenol. All these oxygenated aromatics were
detected in the present study which could evidence this mechanism. Similarly, the propenyl
radical could attack the phenoxy radical to produce [(prop-2-en-1-yl)oxy] benzene, 2-(prop-2-
en-1-yl) phenol, and 4-(prop-2-en-1-yl) phenol, respectively. The former and the latter were
experimentally observed in this study. Furthermore, the detection of 1-methyl-4-[(prop-2-yn-
1-yl)oxy] benzene confirms the participation of C, and C. species. The ipso-addition of CH; (a
radical produced by the three fuels) on anisole leads to the formation of 1-methoxy-4-
methylbenzene (also experimentally detected) that can react to yield 1-methyl-4-[(prop-2-yn-
1-yl)oxy] benzene via H-abstraction and C.H. recombination. C.H. here could be produced
from either of the three fuels in the mixture via different pathways. It must be noted that the
reactions proposed do not constitute a complete mechanism but are mere possibilities based
on the qualitative analysis of the species that were experimentally identified in this work. More

species and more pathways could certainly exist.

In addition to providing experimental indications on the formation kinetics of OPAHs,
accurate identification of species can also lead to quantification of species. The results
presented in Section 4.1 highlight the importance of recognizing and addressing the formation
mechanism of OPAHs. Detailed quantitative flame structure measurements also provide good
tests for chemical kinetic mechanisms and are possible only after their accurate identification.
However, it must be noted that it was certainly not feasible to quantify all the identified species
in the current study. These species were present in a very complex mixture (with PAHs and
other non-oxygenated aromatics as well) with diverse range of concentrations i.e., from
thousands of ppm to a few ppb. It was certainly not doable to span such a broad range of
concentrations for all species in a single GC injection. This is why the identification process
was a result of the analysis of several chromatograms at different HABs performed using
different split ratios. By increasing the split ratio in the GC method, we could resolve and
identify the species that were present in abundant amounts i.e., several ppm. However, as the
split ratio was increased, peaks corresponding to aromatics present in ppt amounts
consequently disappeared. Though splitless injections helped to recover the information lost
in the split injections, species present in abundant amounts and possessing close retention
times transformed into an unresolved mixture. On the contrary, some peaks though identified
due to high split injections, were not well-resolved in low split injections. Splitless injections
were chosen as a compromise between having enough signal for most of the peaks that could

be integrated and at the same time resolving the complex mixtures as much as possible to
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acquire the maximum amount of data for quantitative measurements (GC Scion). In the
subsequent sections, studies on the influence of the operating conditions on the mole fraction
evolution of these species have been presented. Section 4.2 presents a study on the influence
of the equivalence ratio on the evolution of the mole fraction of species in flames containing
10% anisole in the total fuel mixture and Section 4.3 presents a study on the influence of the

amount of anisole in flames possessing a fixed equivalence ratio.

4.2. Study of the influence of EQUIVALENCE RATIO
with a constant amount of anisole

The previous section emphasizes on the qualitative analysis and features several
oxygenated aromatics that were observed in anisole flames. In this section, mole fraction
profiles of different chemical species (reactants, products, lighter hydrocarbons, aromatics,
oxygenated aromatics) are presented as a function of HAB, using the GC setups and the
methodology discussed in Chapter 2. Here, a comparison study amongst three flames
characterized with three different equivalence ratios i.e., 1.70, 1.82 and 1.90 is presented to
investigate how a change in the equivalence ratio would influence the formation of stable gas-
phase chemical species in iso-octane/CH,/anisole flames where the amount of anisole in the
total fuel is always constant (10%). The summary of flame conditions chosen for this series has
been summarized in Table 4. 3 and real photographs of the flames with the same camera
settings have been shown in Figure 4. 7.

Table 4. 3 : Summary of the flame conditions studied to study the effect of an increase in the

equivalence ratio when the amount of anisole in the total fuel is constant. Here L, =normal liters per
minute.

Flame Biofuel (%) Gaseous flow rates (Ln,/min) Equivalence C/O
Biofuel CgHis  CH, 0. N. Total ratio

F4 Anisole (10) 0.097 0.14 0.729 2.387 6.50 9.85 1.70 0.52

F2 Anisole (10) 0.102 0.15 0.766 2.338 6.50 9.85 1.82 0.55

F5 Anisole (10) 0.105 0.15 0.788 2.308 6.50 9.85 1.90 0.58

Flame F4 is a slightly leaner flame with an equivalence ratio of 1.70. Flames F2 and F5
are slightly richer flames with an equivalence ratio of 1.82 and 1.90 respectively. As can be seen

in the figure, the yellowish color of the flame increases with increasing equivalence ratio.
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Figure 4. 7 : Photographs of premixed iso-octane/CH4/anisole/ O2/N2 flames: F4 (10% anisole,
¢=1.70), F2 (10% anisole, $p=1.82), and F3 (10% anisole, $=1.90) presenting their visual aspect (with
the same camera settings).

4.2.1. Major species and temperature profiles

Figure 4. 8 presents the comparison of the consumption of the three fuels (anisole, iso-
octane, and methane) and the oxidant (oxygen). The figure also presents the mole fraction
profiles of the major end products observed for the three flames like carbon monoxide (CO)
and carbon dioxide (CO.). Peak mole fraction values for nitrogen and hydrogen are listed in
Table A. 3 in the Appendices. Water has not been measured in this study. As shown in the
figure, flame F4 with an equivalence ratio of 1.70 is much closer to the burner whereas flame
F5 with an equivalence ratio of 1.90 is far away from the burner. The observation concerning
the shift in the position of the flames is consistent with what is expected as the laminar burning
velocity for a given fuel is higher at near stoichiometric conditions and gradually decreases

near fuel-rich conditions [244].

The presence of iso-octane and anisole in the flame is no longer detectable from about 3
mm above the burner. Meanwhile, some methane always persists even at higher HABs. Since
these flames are rich, there is no noticeable residual mole fraction of oxygen remaining in the

burnt zone for all three flames, signifying that oxygen is completely consumed.
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Figure 4. 8 : Comparison of the experimentally determined mole fraction profiles for the reactants and
major end products formed in flames F4 (10% anisole, ¢p=1.70), F2 (10% anisole, $p=1.82), and F5 (10%
anisole, $p=1.90). Experimental results have been connected by a thin line to guide the eye.

In general, if we observe each of these flames individually, it is evident that we have more

CO than CO:. in these flames. This is characteristic of rich flames. These equivalence ratios are

far from the stoichiometric conditions leading to incomplete oxidation process which can

explain why there is more CO than CO.. For instance, in F5, the mole fraction of CO is around

0.164 whereas the mole fraction of CO. is around 0.045 in the plateau region. These significant

peak mole fraction values for CO and CO. persist in the burnt gas zone. However, the ratio of

the amount of CO/CO. is much elevated in F5 (about 3.6) in comparison to F4 (about 2.8).
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This is somewhat anticipated as it is normal to have more CO. in F4 than in F5 as the former

is a leaner flame with respect to F5 and thus possesses more oxygen to convert CO to CO..

Figure 4. 9 shows the temperature profiles obtained for the three flames in the presence
and absence of the probe. Plots (a), (b) and (c) present the temperature profiles with and

without the nozzle for flames F4, F2, and F5 respectively.
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Figure 4. 9 : Experimentally determined temperature profiles obtained using the thermocouple
method in the presence and the absence of the nozzle for the three flames F4 (10% anisole, ¢p=1.70), F2
(10% anisole, p=1.82), and F5 (10% anisole, $p=1.90)

These plots indicate that the presence of the nozzle causes a shift in the temperature
profile towards the burnt gas zone. It is clear that the position of the gradient has experienced
a shift in all the flames in the presence of the nozzle. Meanwhile, the nozzle's presence in the
flame does not significantly perturb the temperature in the burnt gas. Plot (d) presents a
comparison of the three temperature profiles without the nozzle. As indicated again by the
temperature profiles, flame F4 is much closer to the burner surface whereas flame F5 is much
further away. If each of the temperature profiles are observed individually, it can be noticed

that the lowest temperatures measured vary between ~1000-1200 K close to the surface of the

o8



Chapter 4. Detection of oxygenated aromatics and a study of anisole influence on soot precursors

burner whereas the maximum temperatures measured are around 1700-1800 K in the burnt
gas zone (HAB > 2 mm) and decrease to about 1500-1600 K for the three flames near the

stabilization plate.

4.2.2. Intermediate species (C-C;)

Around twenty-seven C,-C; intermediate species are detected and quantified in these

flames with their mole fractions as a function of HAB. They are listed below:

e C1species — HCHO (formaldehyde), CH;OH (methanol)

e C2species — C.He (ethane), C.H, (ethylene), C.H. (acetylene), CH;CHO (acetaldehyde)

e (3 species — C;Hs (propane), C;Hs (propene), aCsH, (allene), pCsH, (propyne),
C.H;CHO (propanal), C,H;CHO (acrolein), CH;COCH; (acetone),

e (4 species — C4H,, (isobutane), iC,Hs (isobutene), C,H, (vinyl acetylene), 1C,Hs (1-
butene), c-2C,Hs (cis-2-butene), t-2C,Hs (trans-2-butene), 1,3C,He (1,3-butadiene),
C,H, (1-butyne), C;HsO (methyl vinyl ketone), C,H,O (furan)

e Cj5 species — C;Hio (2-pentene), C;HsO (2-methyl furan), cCsHs (cyclopentadiene),
CsHe (2-methyl -1-buten-3-yne), CsHs (1,3-pentadiene)

Out of the different intermediate species listed above, selected important small soot
precursors are presented and discussed in the following text. Peak mole fraction values for
other species are listed in Table A. 3 in the Appendices. As quoted in the literature [61,245,246],
reactions of hydrocarbon species from C. to C; could contribute significantly to the formation
of the first aromatic ring. Some typical reactions widely accepted in the literature showing how
small hydrocarbons lead to the formation of the first aromatic ring are presented in Figure 4.
10. Small unsaturated hydrocarbons, such as C.H., also participate in the growth of PAHs
particularly via the HACA (H-abstraction-C.H.-addition) [247]. Therefore, these species

deserve to be examined here.
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Figure 4. 10: Schematic diagrams of important reactions that form single-ring aromatic
hydrocarbons from aliphatic hydrocarbons; extracted and adapted from [248].

Figure 4. 11 presents the evolution of the mole fraction of some C.-C; aliphatic
hydrocarbons: acetylene (C.H.), ethylene (C.H,), propene (C;Hs) and allene (aC;H,) as a
function of the HAB for the three flames. The mole fraction of acetylene (C.H.) largely
predominates under these conditions making it the most abundant not only among C. species
but also among all intermediates. As mentioned earlier, acetylene (C.H.) is a very important
soot precursor in a variety of hydrocarbon flames, as it leads to the formation of benzene and
other aromatic compounds. As shown in Figure 4. 11, the maximum mole fraction value of
acetylene increases as the equivalence ratio increases. Its value is about 9310 ppm (2.5 mm) in
F4 which increases to a value of 12800 ppm (3.3 mm) in F2 and to 13900 ppm (3.5 mm) in F5.
Nevertheless, there is a slight shift in the profile towards the burnt gas zone with the increase
in the equivalence ratio which is true for other species as well. Unlike ethylene which is
completely consumed after 6 mm regardless of the different flame conditions, acetylene

maintains a high mole fraction even in the burnt gas zone in the three flames.
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Figure 4. 11 : Comparison of the experimentally determined mole fraction profiles for some selected
C2-C5 formed in flames F4 (10% anisole, ¢p=1.70), F2 (10% anisole, $=1.82), and F5 (10% anisole,
¢=1.90). Experimental results have been connected by a thin line to guide the eye.

The maximum mole fraction of acetylene is attained after ethylene, which is fully
consistent with the subsequent C2 reaction sequence widely accepted in the literature [61].
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Ethylene is slightly more abundant in F2/F5 (~3400 ppm) in comparison to F4 (~3180 ppm).
It can be observed that the amounts of C; species are lower when compared to the mole
fractions of the C. species. The mole fraction of propene is higher than that of allene. The latter
species persists (a few ppm) in the flame and never completely disappear even in the burnt gas
zone. While the peak mole fraction of allene increases slightly with increasing equivalence
ratio, that of propene is somewhat not affected. Figure 4. 11 also presents some of the important
C, species, i.e., isobutene (iC4Hs), 1,3-butadiene (1,3C,Hs), and vinyl acetylene (C,H,), and a
Cs species, i.e. cyclopentadiene. Isobutene is one of the four detected C,Hs isomers. The
branched structure of iso-octane (fuel) favors the formation of isobutene making it the most
abundant butene isomer in the studied flames. A similar observation was also reported by
Bakali et al. in their investigation on premixed flames of iso-octane [249]. The maximum mole
fraction of isobutene in flame F4 is about 2460 ppm whereas its slightly less (by a factor of 1.2)
in F2 and F5 (~2000 ppm). Vinyl acetylene increases by 11% from flame F2/F4 to F5.

Cyclopentadiene on the other hand decreased by 10% from flame F4 to flame F2/F5.

4.2.3. Non-oxygenated aromatics and PAHs

Several aromatic species (up to three rings) were detected and quantified in anisole
flames which constitute a major part of this thesis. Using the GC-MS systems (1D and 2D), we
also detected four-ring PAHs, e.g. pyrene and fluoranthene, but the GC Scion setup used for
quantification could not detect them because of the upper limit of column oven temperature.
As detailed in Chapter 2, though the seven columns in the GC Scion possess different maximum
allowed temperatures, they are all placed in the same oven. The maximum oven temperature
is then limited to 180°C, not sufficiently high for allowing elution of the heavy PAHs (above
four rings) from the column used for measuring aromatics (SCION-17 MS). This is the reason
why PAHs like pyrene and fluoranthene though identified using the GC-MS systems where no

temperature limitations are present, could not be quantified in this study using GC Scion.

Benzene and toluene are amongst the first non-oxygenated aromatics that were
produced in these flames and are conventionally believed to have the potential to participate
and contribute to the formation of larger aromatics [61]. Figure 4. 12 presents a schematic
representation of how species like benzene and toluene can contribute to the formation of a

two-ring aromatic species, i.e. naphthalene.
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Figure 4. 12: Schematic diagrams of important reactions that form two-ring aromatic hydrocarbons
from aliphatic hydrocarbons; extracted from [248].

Figure 4. 13 and Figure 4. 14 present the mole fraction profiles for non-oxygenated
aromatics in the three flames respectively. Benzene and toluene are important intermediate
species in these flames where the former is more abundantly produced than the latter. Figure
4. 13 presents a comparison of their mole fraction profiles. It is noticeable that the production
of these aromatics increases very progressively as the equivalence ratio increases from 1.70 to
1.90. The maximum mole fraction of benzene generated is around 827 ppm (HAB=2 mm) in
F4, 825 ppm (HAB=2.3 mm) in F2 and about 907 ppm (HAB=2.8 mm) in F5. There is no
difference in the amount of benzene generated in F4 and F2 despite an increase in the
equivalence ratio which solely leads to a shift of the profile towards the burnt gas zone. In each
of these flames, the amount of benzene produced is always 12 times more the amount of toluene
produced. The relationship between the production of benzene and toluene in flames, where
benzene production is consistently 12 times greater than that of toluene, can be attributed to
the chemical reactions occurring within the flame environment. Benzene can be produced
through a series of radical reactions involving the combination and rearrangement of smaller
hydrocarbon radicals. Toluene, on the other hand, can be formed from the combination of
phenyl and methyl radicals. If we compare amongst the three flames (F4, F2 and F5), the trend
followed by toluene is similar to that of benzene. The maximum mole fraction value of toluene
is nearly 68 ppm in F4 (HAB=2 mm) and F2 (HAB=2.5 mm). Like benzene, the amount of
toluene produced is unaffected by an increase of the equivalence ratio in this range. However,

this amount slightly increases by nearly 12% to a value of 76 ppm in F5 (HAB=2.8 mm).
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Figure 4. 13 : Comparison of the experimentally determined mole fraction profiles for benzene and
toluene formed in flames F4 (10% anisole, ¢p=1.70), F2 (10% anisole, $=1.82), and F5 (10% anisole,
¢=1.90). Experimental results have been connected by a thin line to guide the eye.

Several PAHs were observed and quantified in anisole flames. PAHs are important
species as they are the potential precursors of soot [58]. Comparison of the experimental
results for some PAHs such as naphthalene, fluorene, acenaphthylene, acenaphthene,
phenanthrene, and anthracene in the flames F1, F2 and F3 are summarized in Figure 4. 14. It
is worth mentioning that these species are very challenging to identify and quantify using the
conventional GCs as they are present in very low concentrations in flames. PAHs presented in
Figure 4. 14 were calibrated individually to retrieve their absolute concentrations using the
methodology based on their vapor pressures (described in Chapter 2). Naphthalene is in
general the most abundant two-ring non-oxygenated aromatics produced in anisole flames.
Besides naphthalene, indene, another two-ring PAH, was also detected in high amounts (refer

to Table A. 3 in the Appendices.

As seen in this figure, the mole fraction profiles of the PAHs are sensitive to the
equivalence ratio. They seem to attain their maximum mole fractions much later than the
aliphatics presented in Section 4.2.2. In general, the least quantities of PAHs can be observed
in flame F4 with an equivalence ratio of 1.70. This is logical as it is most fuel deficient flame
out of the three flames due to which PAH formation might be suppressed. For example, the
maximum mole fraction of naphthalene in F4 is nearly 4 ppm and increases by 50% to a value
of about 6 ppm in F2 and F5. Likewise, amount of fluorene in F4 is around 120 ppb that doubles
to nearly 270 ppb and 280 ppb in flames F2 and F5 respectively. Acenaphthene shows a similar
trend with a concentration of 53 ppb in F4 and then increases by 50% to nearly 8o ppb in F2
and F5. Meanwhile, there is about 250 ppb of acenaphthylene in F4 whose formation is
promoted as the equivalence ratio progressively increases, i.e., nearly 560 ppb (a factor of 2.4)
and 780 ppb (a factor of 3.1) in F2 and F5 respectively. Anthracene also follows a similar trend.

The concentrations of phenanthrene and anthracene are similar in flames F4 and F5. However,
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the amount of phenanthrene (85 ppb) produced in flame F2 is nearly 2.5 times more than the

amount of anthracene (33 ppb) produced, for which we have not yet found a reason.
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Figure 4. 14: Comparison of the experimentally determined mole fraction profiles for some selected
PAHs formed in flames F4 (10% anisole, ¢=1.70), F2 (10% anisole, ¢$=1.82), and F5 (10% anisole,
¢=1.90). Experimental results have been connected by a thin line to guide the eye.

Figure 4. 15 presents a graphical presentation for the peak mole fraction of different non-
oxygenated aromatics (from one- to three-rings) with adjacent benzene rings. It may be noted
that as the number of benzene rings in the species increase, the concentration of the species
reduces by two orders of magnitude. Though styrene, indene, and acenaphthylene somewhat
do not belong to the group (i.e., increasing adjacent benzene rings), however, they are included

in the figure for a global overview on such species. The amount of benzene produced in these
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flames ranges in the order of hundreds of ppm (x104) whereas species like naphthalene (two
adjacent benzene rings) are produced in the order of tens of ppm (x10°). Meanwhile,
phenanthrene and anthracene (three adjacent benzene rings) were found to be present in
quantities less than a ppm or ppb levels (x10-8). Owing to the custom-built GC setup with the
SPT system, it was possible to quantify species which were present in very low concentrations
(in ppb levels). As shown in the figure, the evolution in the peak mole fraction of the species
with respect to the number of adjacent benzene rings present in their structures seems to be

similar for the three equivalence ratios.
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Figure 4. 15 : Peak mole fractions for selected one- to three-ring non-oxygenated aromatics quantified
in flames F4 (10% anisole, ¢$=1.70), F2 (10% anisole, $=1.82), and F5 (10% anisole, $=1.90).

4.2.4. Oxygenated aromatics and OPAHs

Like PAHs, several OPAHs (one, two and three rings) were identified and quantified in
anisole flames. They are presented in Figure 4. 16, Figure 4. 17, and Figure 4. 18 respectively.
Figure 4. 16 presents some of the important oxygenated monoaromatics that were identified
and quantified in these flames. As mentioned earlier, anisole can readily undergo the O-CH,
bond dissociation because of its very low bond dissociation energy to form the phenoxy radical.
The implication of the phenoxy radical in the combustion chemistry of anisole gives rise to a
whole new set of stable intermediates. The recombination reactions of phenoxy with other
radicals can compete with its unimolecular decomposition reaction to produce

cyclopentadiene. Amongst the recombination reactions, those with the CH; and H radicals are
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the most important ones. This can lead to the formation of cresols and phenol as the products.
Some possible formation pathways of oxygenated aromatics are previously presented in

Section 4.1.3.

As presented in Figure 4. 16, phenol, benzaldehyde, and o/p-cresols are some of the
major oxygenated aromatics that were detected in anisole flames. Amongst these species,
phenol and o-cresol are the most abundant oxygenates. Though the hydroxyl functional group
is the most commonly encountered functionality in OPAHs in anisole flames, the oxygen atom
can also be present in the form of carbonyls, esters, ethers and carboxylic acid functional
groups. Again, even amongst the one ring oxygenates, a diverse range of concentrations is
possible. Phenol, benzaldehyde and cresols are present in the order of hundreds of ppm while
species like phenyl acetate are only a few ppm. The amount of these species is slightly sensitive
to the equivalence ratio. It can be seen that their formation is somewhat promoted in the leaner
flame. The amount of phenol in F2 and Fj5 is similar i.e., 436 and 442 ppm respectively.
Meanwhile, it increases by nearly 10% in flame F4 (477 ppm). Out of the two cresols, o-cresol
is always the most abundant isomer and its formation is promoted in F4. The amount of o- and
p-cresol is reduced by nearly 21% and 18% respectively with an increase in the equivalence

ratio from 1.70 to 1.90.
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Figure 4. 16 : Comparison of the experimentally determined mole fraction profiles for some selected
monoaromatic oxygenates formed in flames F4 (10% anisole, ¢p=1.70), F2 (10% anisole, $=1.82), and
F5 (10% anisole, p=1.90). Experimental results have been connected by a thin line to guide the eye.

The quantified two- and three-ring OPAHs are presented in Figure 4. 17 and Figure 4. 18
respectively. Several benzofurans, simple and substituted indanones, xanthenes, xanthones,
and dioxin like species produced in anisole flames are quantified. Some of these species
(dibenzofuran, xanthene and xanthone) have been calibrated directly for quantification while
the response factors for the remaining species were estimated on the basis of the species that
were calibrated directly. The amounts of these OPAHs can range from a few ppm to a few ppb.
Even though the percentage of anisole in the total fuel mixture is constant in these flames,
differences in the equivalence ratio seem to be influencing the peak mole fraction of OPAHs.
The first general trend is that this influence is much more pronounced for these species than
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for oxygenated monoaromatics. The second general trend is that the formation of some OPAHs
is somewhat promoted in the leaner flames (F4 and F2 vs F5), contrary to the trend observed

for PAHs (compare Section 4.2.3).

Benzofuran is the most abundant two ring OPAH produced in anisole flames (Figure 4.
17). The maximum mole fraction value of benzofuran in flames F4 and F2 is nearly 4.4 ppm
and about 5.2 ppm in F5. Unlike phenol and cresols, the amount of benzofuran produced
increases by nearly 21% when equivalence ratio is increased from 1.70 to 1.90. Other OPAHs
like 2,3-dihydrobenzofuran, 2-ethyl benzofuran, 1-methylinden-2-one, 1-indanone, xanthene,
dibenzofuran, and fluorenol presented in the figures also seem to be sensitive to a change in
the equivalence ratio and show a suppression in their formation as the equivalence ratio
increases. Interestingly, the maximum mole fraction for xanthone is the highest in F2. This
species contains two O-atoms and the behavior followed (unlike other OPAHs discussed
previously) suggests that more than one pathway may lead to its formation. A fundamental
reasoning or the mechanism involved behind this trend needs to be inspected and will be
considered for future perspectives by performing simulations using existing models in the

literature.

As can be seen in the figures, some two-ring OPAHs (like 1-indanone and 2,3-
dihydrobenzofuran) and three-ring OPAHs (like dibenzofuran, xanthene and fluorenol) start
to form really close to the burner. As discussed previously, even the lowest temperatures range
between 1000-1200 K for these flames. This implies that the reactions start happening near
the burner surface which leads to the formation of these species even at very low HABs. As
discussed in section 4.1.3, self-combination of the phenoxy radicals or the combination of
phenoxy radical with other aromatic radicals can readily form two- and three-ring OPAHs. The
premixed mixture (fuels, oxygen, nitrogen) injections were performed without flame to verify
if there were any impurities in the fuel itself. It was seen that none of these OPAHs were present
in injections from the premixed mixture in the absence of a flame. This made us certain that
the OPAHs which start to form really early are formed in the flame and are not impurities

present beforehand in the fuel mixture.
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Figure 4. 17 : Comparison of the experimentally determined mole fraction profiles for some selected
two-ring OPAHs formed in flames F4 (10% anisole, ¢p=1.70), F2 (10% anisole, $=1.82), and F5 (10%
anisole, $p=1.90). Experimental results have been connected by a thin line to guide the eye.
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Figure 4. 18: Comparison of the experimentally determined mole fraction profiles for some selected
three-ring OPAHs formed in flames F4 (10% anisole, ¢p=1.70), F2 (10% anisole, $=1.82), and F5 (10%
anisole, $p=1.90). Experimental results have been connected by a thin line to guide the eye.

If compared to non-oxygenated aromatics, it is interesting to note that, in general,
oxygenated aromatics attain their peak mole fractions before those of PAHs as presented in
Figure 4. 19. The bar graph representation on the right represents the sum of the peak mole
fractions of species (non-oxygenated and oxygenated) with the same number of rings. The plot
on the left indicates that the profiles of oxygenated aromatics are comparatively closer to the
burner with respect to the non-oxygenated aromatics which suggests that these species are
produced before the non-oxygenated ones. It is interesting to note that the number of rings for
non-oxygenated species increase with HAB, indicating that one-ring species are formed prior
to two- and three-thing species. However, this is not the case for oxygenated aromatics. Three-
ring OPAHs appear to form as soon as one-ring oxygenates are formed. A comparison of the
sum of the peak mole fractions of one-, two-, and three-ring aromatics on the right suggests
that non-oxygenated aromatics are produced in higher amounts than oxygenated aromatics as
far as one- and two-ring aromatics are concerned. However, it can be seen that three-ring

OPAHs are almost as abundant as the three-ring PAHs in terms of their amounts.
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Figure 4. 19 : Comparison of the oxygenated and non-oxygenated aromatics in flame F5 (10% anisole,
¢=1.90). The results from the flame F5 are selected for this comparison as it has the best spatial
resolution. Left panel represents HABs corresponding to the sum of the peak mole fractions for one-,
two-, and three-ring aromatics, respectively; Right panel represents the sum of the peak mole fractions
for one-, two-, and three-ring aromatics, respectively.

4.3. Study of the influence of the ANISOLE AMOUNT at
constant equivalence ratio

In this section, a study on how the presence of anisole and its amount would influence
the flame structure at a given fixed equivalence ratio of 1.82 is presented. The summary of
flame conditions chosen for this purpose has been summarized in Table 4. 4 and real

photographs of the flames with the same camera settings are shown in Figure 4. 20.
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Table 4. 4 : Summary of the flame conditions studied to study the effect of anisole. Here L, =normal
liters per minute.

Flame Biofuel (%) Gaseous flow rates (L,/min) Equivalence C/O
Biofuel = CgHis CH, 0. N, Total ratio

F1 - - 0.18 0.925 2.25 6.50 9.85 1.82 0.52

F2 Anisole (10) 0.102 0.15 0.766 2.338 6.50 09.85 1.82 0.55

F3 Anisole (15) 0.147 0.13 0.606 2.377 6.50 9.85 1.82 0.57

Flame F1 had no biofuel i.e., no anisole and thus acts as a reference flame that only
consists of iso-octane/CH,/0./N.. Flames F2 and F3 consisted of anisole/iso-
octane/CH,/0./N, where the former had 10% whereas the latter had 15% anisole in the total
fuel mixture respectively. This section is particularly devoted to the investigation of the
different chemical species (reactants, products, lighter hydrocarbons, aromatics, oxygenated

aromatics) and how their mole fraction profiles evolved with respect to the HAB.

Figure 4. 20: Photographs of premixed iso-octane/ CH,/anisole/ O./N. flames: F1 (0% anisole,
¢=1.82), F2 (10% anisole, ¢$=1.82), and F3 (15% anisole, ¢p=1.82) presenting their visual aspect (with
the same camera settings).

4.3.1. Major species and temperature profiles

Figure 4. 21 presents the comparison of the consumption of the reactants (anisole, iso-
octane, methane, and oxygen) and the major end products (CO. and CO). Anisole and iso-
octane are no longer detectable after about 3 mm above the burner whereas there is always
some methane (about 5800 ppm) that persists even at higher HABs. The difference between
the experimental onset and the expected theoretical concentrations for the fuels in the fresh
unburnt zone can be attributed to their different reactivities close to the surface of the burner.
There is no noticeable residual mole fraction of oxygen remaining in the burnt zone. It is
evident that there is more CO than CO. in these flames. For instance, in F3, the mole fraction
of CO is around 0.17 whereas the mole fraction of CO, is around o. o5 in the plateau region.
These significant maximum mole fraction values for CO and CO. persist in the burnt gas zone.
The equivalence ratio of 1.82 is far from the stoichiometric conditions leading to incomplete
combustion. Moreover, if we observe amongst different flames, the amount of CO and CO.

produced is in the order: F3>F2>F1. Though the equivalence ratio is constant for the three
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flames, their C/O ratios increase with increasing the added anisole amount which explains the
increase for CO and CO.. Interestingly, despite the difference in their C/H ratios (0.340, 0.407,
and 0.438 for F1, F2, and F3, respectively), the added anisole amount does not significantly

influence the amount of hydrogen produced (refer to Table A. 3 in the Appendices).
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Figure 4. 21 : Comparison of the experimentally determined mole fraction profiles for the reactants
and the major end products formed in flames F1 (0% anisole, $=1.82), F2 (10% anisole, ¢=1.82), and
F3 (15% anisole, p=1.82). Experimental results have been connected by a thin line to guide the eye.

Figure 4. 22 shows the temperature profiles obtained for the three flames in the presence
and absence of the probe. It can be noticed that the presence of the nozzle causes a shift of the
gradient in the temperature profile towards the burnt gas zone. However, nozzle's presence in
the flame does not significantly perturb the temperature in the plateau region. The lowest

temperatures measured very between ~1000-1200 K close to the burner and the maximum
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temperatures measured are around 1700-1800 K in the burnt gas zone (HAB = 3-4 mm). and

are quite similar for the three flames.
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Figure 4. 22 : Experimentally determined temperature profiles obtained using the thermocouple
method in the presence and the absence of the nozzle for the 3 flames

4.3.2. Intermediate species (C-C5)

Twenty-seven intermediate species (C,-Cs) are detected and quantified in these flames.

They are listed below:

e C1species — HCHO (formaldehyde), CH;OH (methanol)

e C2species — C,Hes (ethane), C.H, (ethylene), C.H, (acetylene), CH;CHO (acetaldehyde)

e C3 species — C;Hg (propane), CsHe (propene), aCsH, (allene), pC;H, (propyne),
C.H;CHO (propanal), C,H;CHO (acrolein), CH;COCHj, (acetone),

e C4 species — C,H,, (isobutane), iC,Hs (isobutene), C,H, (vinyl acetylene), 1C,Hs (1-
butene), c-2C,Hs (cis-2-butene), t-2C,Hs (trans-2-butene), 1,3C,He (1,3-butadiene),
C,H, (1-butyne), C;HsO (methyl vinyl ketone), C,H,O (furan)

e Cj5 species — C;Hyo (2-pentene), C;HsO (2-methyl furan), cCsHs (cyclopentadiene),
CsHe (2-methyl -1-buten-3-yne), CsHs (1,3-pentadiene)
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Mole fraction profiles for some relevant stable intermediate species have been presented
in the text whereas peak mole fraction for others are listed in Table A. 3 in the Appendices.
Figure 4. 23 presents the evolution of the mole fraction acetylene (C.H.), ethylene (C.H,),
allene (aC;H,), propene (C;Hs), vinyl acetylene (C,H,), 1,3-butadiene (1,3C,Hs), isobutene
(iC4Hs), and cyclopentadiene (cCsHs) as a function of the HAB for the three flames. These are
some of the most abundant species produced in these flames overall. They are also believed to
participate in the formation of the first aromatic ring as well as their growth to form PAHs as
discussed previously in Section 4.2.2. For instance, the mole fraction of acetylene (C.H.)
largely predominates under these conditions. As discussed previously, it is an important soot
precursor in a variety of hydrocarbon flames, as it leads to the formation of benzene and other
aromatic compounds, thus contributing to the first step involved in the formation of soot. It
can however be noticed that the presence and the amount of anisole does not really influence
the amount of acetylene produced if we compare the three profiles for three flames.
Nevertheless, there is a slight shift in its mole fraction profile with the addition of anisole which
is true for other species as well. Other species in the figure are completely consumed regardless
of the different flame conditions, unlike acetylene which maintains a high mole fraction even
in the burnt gas zone in the three flames. The maximum mole fraction of acetylene is attained
after that of ethylene which is slightly more abundant in F1 (~4000 ppm) in comparison to F2
(~3390 ppm) and F3 (~3260 ppm). It can be observed that the amounts of detected C; species
are in general lower when compared to the mole fractions of the C, species. Propene is the most
abundant C; species with a mole fraction of about 2000 ppm in F1, 1870 ppm in F2, and 1730
ppm in F3. Like acetylene, the maximum mole fraction of allene does not depend significantly

to the added anisole amount.
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Figure 4. 23 : Comparison of the experimentally determined mole fraction profiles for C2-C3 species
formed in flames F1 (0% anisole, $=1.82), F2 (10% anisole, $=1.82), and F3 (15% anisole, $=1.82).
Experimental results have been connected by a thin line to guide the eye.

The different C, isomers are present in a diverse range of concentrations. The branched

structure of iso-octane favors the formation of isobutene making it the main butene isomer in
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these flames [249]. In the presence of anisole, the maximum mole fraction value for isobutene
is reduced. It is about 2330 ppm in F1 (no anisole) and is reduced to a value of about 2000
ppm and 1730 ppm in flames F2 (10% anisole) and F3 (15% anisole) respectively. There is a
reduction of 25% of isobutene. This reduction could be attributed to the decrease in iso-octane
when adding anisole. On the other hand, the formation of species like vinyl acetylene and 1,3-
butadiene is enhanced in the presence of anisole. Similarly, the peak mole fraction value of 1,3-
butadiene increases from a value of 96 ppm in F1 to about 135 ppm in F3. The maximum mole
fraction value of vinyl acetylene also increases in the presence of anisole even though the effect
is not as pronounced as for the other species. Cyclopentadiene formation is more significantly
enhanced in the presence of anisole. The peak mole fraction of cyclopentadiene is about 139
ppm in F1, 377 ppm in F2 and about 560 ppm in F3. The amount of cyclopentadiene increases
by four times with 15% anisole. Under flame conditions, anisole can readily via the O-CH; bond
dissociation and decompose to phenoxy radicals which may eventually loose CO to produce the
cyclopentadienyl radical. This would lead to the formation of cyclopentadiene via the H-
addition reaction [250]. This reaction pathway is likely to account for the higher observed mole

fractions for cyclopentadiene.

4.3.3. Non-oxygenated aromatics and PAHs

Figure 4. 24 presents some relevant reaction pathways for the formation of some selected
non-oxygenated aromatics and PAHs from anisole based on some studies from the literature
[51,53,240,241,250]. For example, benzene can originate from the ipso-addition of an H-atom
at the methoxy moiety of anisole [48,240]. Secondly, H-abstraction at the CH; group of anisole
can produce the anisyl radical. The latter may isomerize to form the benzoxyl radical that
decomposes to benzene and HCO [48,53,240]. Besides these pathways, benzene can be formed
from other primary products from anisole (for instance, methylcyclopentadiene). For instance,

the ipso-addition of H-atom to phenol and benzaldehyde can also produce benzene [51].

As ipso-addition of H to anisole can produce benzene as discussed above, anisole may
react via the ipso-addition of CH; at its methoxy group to form toluene. The barrier for this
reaction is about 14.8 kcal/mol which is higher than that of benzene formation (8.17 kcal/mol)
which may explain why there is more benzene than toluene in the anisole flames [240]. During
the combustion of anisole in flame conditions, toluene can also be produced via the H-addition
reaction of the benzyl radical and also from the recombination reaction of the phenyl radical
and the methyl radical [53]. In addition to this, the ipso-substitution reactions of cresol and
phenol might also occur to form toluene [53]. Benzene and cyclopentadiene could act as

important precursors for the formation of PAHs. Benzene can undergo H-abstraction followed
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by phenyl radical addition to form biphenyl. Eventually, biphenyl can lead to the formation of
phenanthrene via the HACA mechanism. Naphthalene can be formed by the self-combination
of resonance stabilized two cyclopentadienyl radicals [250]. Naphthalene is then a source of
resonance stabilized indenyl radicals, which can be involved in the subsequent formation of
acenaphthylene by combination with the resonance stabilized propargyl radicals, of indene by
combination with the H-atoms, and of phenanthrene by combinations with the

cyclopentadienyl radicals [250].

OH
@ +H/-OH © H/+CeHs ‘/‘-H/+C2H2/H a
+H/-CH30,/“H o

Benzene

/ Benzene Biphenyl Phenanthrene

O -CHs ©/ ©/\ _+H/-OH lH/ C2H2/+H
+CHs3 2

Anisole Toluene ¥ C

-CO °

+CHa/-CH30 ©+CSH5/-2H +O/—CO/-H
Naphthalene Indene  Acenaphthylene

Toluene

Figure 4. 24 : Some possible pathways for the formation of some selected non-oxygenated aromatics
and PAHs via anisole which were experimentally identified and quantified in the present work.

Figure 4. 25 and Figure 4. 26 present a comparison of some selected mole fraction
profiles of non-oxygenated aromatics (benzene and toluene) and PAHs with up to three

aromatic rings respectively.
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Figure 4. 25 : Comparison of the experimentally determined mole fraction profiles for benzene and
toluene formed in flames F1 (0% anisole, $p=1.82), F2 (10% anisole, $=1.82), and F3 (15% anisole,
¢=1.82). Experimental results have been connected by a thin line to guide the eye.

Figure 4. 25 presents a comparison of the mole fraction profiles of benzene and toluene

in the three flames F1, F2, and F3. The maximum mole fraction of benzene is around 95 ppm
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(HAB=3.3 mm) in F1 and increases by a factor of 8.6 to a value of 825 ppm (HAB=2.5 mm) in
F2 and by a factor of 13.4 (HAB=2 mm) to a value of about 1270 ppm in F3. The amount of
benzene increases by nearly 13 times with the presence of 15% anisole. Evolution of the mole
fraction profiles presented in the figure indicate an early formation of this first aromatic ring
occurs in the order F3>F2>F1. As discussed in the previous section, the presence of anisole
does not influence the smaller aliphatic species significantly. This indicates that the formation
of benzene from anisole may not solely involve the usual mechanism based on C. and C; species

(e.g., C3H3+C5Hs), but it is also formed via more direct pathways from anisole.

It is clearly noticeable from Figure 4. 25 that the production of these aromatics is
considerably enhanced in the presence of anisole. Like benzene, there is a remarked increase
in the peak mole fraction of toluene as we go from F1 to F3. Also, if we compare the amount of
these two species in one flame at a given time, the amount of benzene is around 8.4 times the
amount of toluene in F1 and is around 12 times more than the amount of toluene in F2 and F3.
The maximum mole fraction of toluene is about 11 ppm (HAB=3.3 mm) in F1, 68 ppm in F2
(HAB=2.5 mm), and around 106 ppm (HAB=2 mm) in F3. It increases by a factor of 10 in the
presence of 15% anisole. Figure 4. 26 presents the comparison of the mole fraction profiles for
some selected PAHs such as naphthalene, fluorene, acenaphthylene, acenaphthene, and
phenanthrene for flames F1, F2 and F3. Peak mole fractions of other PAHs like substituted

naphthalenes, biphenyl etc. are listed in Table A. 3 in the Appendices.
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Figure 4. 26 : Comparison of the experimentally determined mole fraction profiles for selected PAHs
formed in flames F1 (0% anisole, $p=1.82), F2 (10% anisole, $=1.82), and F3 (15% anisole, ¢$=1.82).
Experimental results have been connected by a thin line to guide the eye.

As seen in this figure, the peak mole fraction for all PAHs monotonically increases with
the addition of anisole. This comparison reinforces the role played by anisole in the production
of PAHs as well. Indene (refer to Table A. 3 in the Appendices) and naphthalene are the most
abundant PAHs formed in these flames. There is about 0.7 ppm of naphthalene in F1 which
increases to a value of 6 ppm in F2 and eventually 10 ppm in F3. This signifies that the presence
of 15% anisole increases the amount of naphthalene by 14 times. Since the formation of
cyclopentadienyl radicals is enhanced during the combustion of anisole, naphthalene
production can be promoted from the self-combination reactions of cyclopentadienyl radical

via the C,0cHy intermediates besides the conventional pathways [251]. Naphthalene could also
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be produced via reactions from benzene and toluene whose formation enhanced in the
presence of anisole (see Figure 4. 25). Other PAHs are present in smaller amounts as compared
to naphthalene (even lesser than 1 ppm). If we see the general trend, acenaphthylene is the
most abundant three-ring PAH followed by fluorene. The maximum mole fraction of
acenaphthylene in F1 is about 0.13 ppm which increases to a value of 0.58 ppm in F2 and
eventually to 1 ppm in F3. Likewise, the maximum mole fraction of fluorene in F1 is about 0.06
ppm which increases to a value of 0.27 ppm in F2 and eventually to 0.48 ppm in F3.
Acenaphthylene and fluorene increase by a factor of 7.7 and 8 in the presence of 15% anisole.
Similarly, maximum mole fraction of acenaphthene in F1 is about 0.02 ppm which increases
to a value of 0.08 ppm in F2 and eventually to 0.1 ppm in F3. Phenanthrene and anthracene
also show a similar trend, however, there is slightly more phenanthrene than anthracene in the

anisole flames. Phenanthrene increases by 11% in the presence of 15% anisole.

Figure 4. 27 presents the peak mole fractions of different non-oxygenated aromatics with
one-, two-, and three-rings. As shown in the figure, the overall trend followed amongst the
different species is similar to what was observed earlier in Section 4.2.3. The quantity of the
species is decreasing as the number of adjacent benzene rings is increasing. However, it is
interesting to note that though the presence of anisole is increasing the peak mole fraction of

these species to a somewhat similar extent.
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Figure 4. 27 : Peak mole fractions for selected one- to three-ring non-oxygenated aromatics quantified
in flames F1 (0% anisole, $p=1.82), F2 (10% anisole, $=1.82), and F3 (15% anisole, $=1.82).

4.3.4. Oxygenated aromatics and OPAHs

Besides monoaromatics, dozens of larger oxygenated aromatics up to three rings were

identified in this work as discussed in Section 4.1. Together with the identification step, several
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oxygenated aromatics were quantified in absolute concentrations. Note that no oxygenated
aromatics were detectable in the flame F1 (0% anisole), confirming that the detected

oxygenated aromatics are mainly produced via reactions from anisole.

Figure 4. 28 presents mole fraction profiles for phenol, benzaldehyde, o/p-cresols,
phenyl acetate and m-guaiacol. The amount of these oxygenates increases as the percentage of
anisole in the flame is increased. In general, phenol is the most abundant aromatic oxygenate
present in anisole flames. The maximum mole fraction value of phenol is about 436 ppm in F2
which increases to a value of about 750 ppm in F3. The amount of phenol has increased by a
factor of about 1.7 times with a 5% increase in anisole from F2 to F3. As discussed in Section
4.1.3, phenol can be produced from ipso-addition of OH at the methoxy moiety of anisole or
via the recombination of H-atom with the phenoxy radical that is formed from dissociation of
the weak O-CH; bond, which explains why the formation of phenol strongly depends on the
added anisole. The maximum mole fraction value of benzaldehyde is about 50 ppm in F2 which
increases to a value of about 85 ppm in F3. Like phenol, the amount of benzaldehyde has also
increased by a factor of about 1.7 times with a 5% increase in anisole from F2 to F3. Apart from
the O-CH; bond dissociation pathway, anisole can also decompose via an H-atom abstraction
to form the unstable anisyl radical which may quickly isomerize to the benzoxyl radical through
a bicyclic intermediate (Section 4.1.3). The 3-C-H scission reaction of the benzoxyl radical may
act as an important source of benzaldehyde. The H-abstraction from anisole is less favorable
than the O-CHj; dissociation or OH ipso-addition [51], which explains why phenol is more
abundant than benzaldehyde in the system. Besides phenol and benzaldehyde, o/p-cresols
were quantified in important mole fractions. Trace amounts of m-cresol were also identified
but could not be quantified. Amongst the two quantified cresol isomers, o-cresol is more than
two times more abundant than p-cresol. In flame F2, the maximum amount of o-cresol and p-
cresol is around 93 ppm and 34 ppm respectively which increases to a value of 158 ppm and
66 ppm respectively in flame F3. They can be formed produced by methyl addition to the
phenoxy radical at the ortho or para position (via a methylcyclohexadienone intermediate).
Then, H-migration between the adjacent carbon atoms of the aromatic ring could help in

triggering the final H-shift from the carbon to the oxygen atom to produce cresols [48].

Phenyl acetate and m-guaiacol are produced in lower amounts (see Figure 4. 28). These
species are also absent in F1 and their maximum amount increases when the amount of anisole
in the flame is increased from 10% to 15%. The maximum amount of phenyl acetate increases
from about 4 to 6 ppm at 1.5 and 1.25 mm in F2 and F3 respectively. However, as seen in the
figure, the maximum amount of m-guaiacol is close to the surface of the burner and it gradually

declines as we move away from the burner. Though its quantity is much less significant (less
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than 1 ppm) in comparison to other monoaromatic oxygenates, it starts to form really early.
The OH radicals present may directly attack anisole on its meta position to produce m-guaiacol
(Section 4.1.3). It is clear from the resonance structures of anisole that the methoxy group
increases the electron density over the o- and p-positions of the ring, which is why attack from
radicals like OH would be easier at m-positions as compared to o- and p-positions of the ring.
Together with monoaromatic oxygenates, Figure 4. 29 presents OPAHs consisting of two rings
formed in these flames. Mole fraction profiles for two-ring OPAHs species namely benzofuran,
2,3-dihydrobenzofuran, 2-ethyl benzofuran, 2-ethenyl benzofuran, 1-indanone and 2-
methylinden-1-one have been presented in Figure 4. 29. As mentioned earlier, none of these
species were detected in flame F1. Amongst two-ring species, benzofuran is the most abundant
diaromatic OPAH.
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Figure 4. 28 : Comparison of the experimentally determined mole fraction profiles for monoaromatic
oxygenates formed in flames F1 (0% anisole, ¢$p=1.82), F2 (10% anisole, $p=1.82), and F3 (15% anisole,
¢=1.82). Experimental results have been connected by a thin line to guide the eye. None of these species
were present in flame F1 which is why the black points are dismissed.

As shown in Figure 4. 29, the maximum amount of benzofuran produced in the flame
increases from 4.5 ppm in flame F2 to 11 ppm in flame F3. The phenoxy radical produced from
anisole can react with acetylene and loose an H radical to form benzofuran. Other two-ring
OPAHs are present in lesser amounts with respect to benzofuran but the comparison between
different flames reinforces the fact that the formation of these species is considerably enhanced

when the amount of anisole in the flame is increased.

Mole fraction profiles for 2,3-dihydrobenzofuran presented in Figure 4. 29 indicate that it

starts to form prior to the formation of benzofuran. Given the proximity of its profile to the
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burner, it appears that it originates from reactions involving fuel decomposition. For example,
the combination of anisyl and methyl radicals, subsequent hydrogen abstraction, and
intramolecular cyclization within the resulting radical could yield 2,3-dihydrobenzofuran. One
potential pathway for its formation could involve the abstraction of a hydrogen atom from the
methyl group of o-cresol, resulting in the formation of the corresponding radical. This radical
may then react with another methyl radical to generate 2-ethyl phenol. Subsequently, 2-ethyl
phenol could undergo a hydrogen abstraction reaction to produce 2-ethenyl phenol, which
might isomerize to yield 2,3-dihydrobenzofuran. Given the proximity of the mole fraction
profile of 2,3-dihydrobenzofuran to the burner, it appears that the former pathway could be
more likely than the latter for its formation. Apart from benzofuran and 2,3-
dihydrobenzofuran, there are other diaromatic OPAHs like 2-ethyl benzofuran, 2-ethenyl
benzofuran, 1-indanone and 2-methylinden-1-one that are present only in anisole flames and

their amounts increase with the quantity of anisole in the flames.

Three-rings OPAHs namely dibenzofuran, gH-xanthene, xanthone, and fluorenol are
presented in Figure 4. 30. As mentioned before, these species are quantified for the first time
in anisole flames. The general trend is like other PAHs and OPAHs, i.e., the formation of three-
ring OPAHs is also evidently enhanced in the presence of anisole. If we observe a general trend,
the maximum amount of most of the monoaromatics ranges from hundreds of ppm in anisole
flames whereas most of the two-ring aromatic and three rings aromatic OPAHs are present in
amounts less than one ppm. Dibenzofuran is the most abundant three ring OPAH. Its
maximum mole fraction value was observed close to the surface of the burner and decreases
until it completely disappears in the burnt zone. gH-xanthene and fluorenol also depict similar
mole fraction profiles and have their maximum concentrations close to the surface of the
burner. Though they consist of three rings, they are formed even prior to the monoaromatic
oxygenates. On the other hand, xanthone has a maximum mole fraction value far from the
burner. In 2014, Nowakowska et al. [48] reported that trace amounts of xanthone were
detected during anisole pyrolysis, however owing to its low concentration, its quantification
was not feasible in their work. In this work, xanthone (less than 1 ppm) and other OPAHs (in
ppb levels) were quantified. For example, there is about 0.6 ppm of xanthone in F2 and about
0.9 ppm in F3. H-abstraction from the CHO group in benzaldehyde could produce the
corresponding radical which may combine with the phenoxy radical followed by an

intramolecular rearrangement to produce xanthone.
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Figure 4. 29 : Comparison of the experimentally determined mole fraction profiles for two ring OPAHs
formed in flames F1 (0% anisole, $p=1.82), F2 (10% anisole, $=1.82), and F3 (15% anisole, ¢$=1.82).
Experimental results have been connected by a thin line to guide the eye. None of these species were
present in flame F1 which is why the black points are dismissed.
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Figure 4. 30 : Comparison of the experimentally determined mole fraction profiles for three ring
OPAHs formed in flames F1 (0% anisole, $=1.82), F2 (10% anisole, $=1.82), and F3 (15% anisole,
¢=1.82). Experimental results have been connected by a thin line to guide the eye. None of these species
were present in flame F1 which is why the black points are dismissed.

The phenoxy radicals produced via anisole could undergo self-combination reactions to
form dibenzo-p-dioxin or may combine with another benzyl radical followed by an
intramolecular rearrangement to form xanthene (see Section 4.1.3). It must be noted that a
comparison between the oxygenated and the non-oxygenated species as performed earlier in
Figure 4. 19 is not possible for this series of flames as certain OPAHs are formed really close to
the burner surface. This is why the peak mole fraction values for such species cannot be

retrieved.

4.4. Conclusion

This chapter presented the qualitative and quantitative results concerning the stable
intermediate species formed in anisole flames with a special focus on aromatics. Section 4.1
comprised of a list of the oxygenated aromatics that were identified in this work with a brief
reminder of the approach followed to do so. Analysis on the kinetic formation for some relevant
oxygenated aromatics was also featured using the qualitative analysis of the experimental
evidences and literature studies. Later, the subsequent sections presented the quantitative

results. Section 4.2 presented the effect of change in equivalence ratio on the evolution of mole
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fraction profiles while the quantity of anisole was kept constant whereas Section 4.3 presented
the influence of addition of anisole on the evolution of mole fraction profiles at constant

equivalence ratio.

Nearly seventy-five species are quantified in this work. Results indicate that the presence
of anisole shows less influence on smaller aliphatic species but significantly promotes the
formation of OPAHs as well as PAHs. The formation of the phenoxy radical from anisole
facilitates the formation of aromatics, several out of which are reported for the first time in this
thesis. These species are hazardous to human health and their poisoning can be fatal. Diverse
range of concentrations and species with a variety of functional groups were detected and
quantified from a very complex mixture containing aromatics. Not just aromatics, smaller
hydrocarbon species like 1-butyne, cyclopentadiene formation is also promoted which are
potential precursors of higher aromatics. Comparison results indicate that the formation of
OPAHs occurs prior to the formation of PAHs. Though one- and two-ring non-oxygenated
species are more abundant than one- and two-ring oxygenated aromatics, the inverse is true
for three-ring aromatics. It is interesting to note that oxygenated species in general constitute
an important set of species produced from anisole. Increase in the number of rings of PAHs
seems to happen successively with respect to the flame height, whereas the same is not true for

OPAHSs. Most of the OPAHs (even with three-rings) are formed very close to the burner surface.
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Chapter 5. Influence of biofuel structure:
comparison of anisole with ethanol and DMF

Results presented so far are limited to anisole flames. In this chapter, a comparison of
anisole with other selected biofuels is presented. Experimentally observed differences in
aromatics and other gaseous pollutants were reviewed and discussed. Note that the influence
of these biofuels on particulate-phase pollutants will be discussed later (Chapter 6). In general,
the tendency of a particular fuel to form pollutants in flames depends on its characteristics (for
instance its structure) as well as the operating conditions. As mentioned in Chapter 1, ethanol
has become the commercial fuel in most of the countries because of its suitable properties
[252]. In addition to ethanol, DMF is another potential 274 generation biofuel that has been a
target of recent investigations [144]. Considering their potential to facilitate the transition
towards a more sustainable transportation sector, substantial interest is devoted to study these
biofuels (see Chapter 1). In this chapter, we have performed another study to compare anisole

(emerging biofuel) with these biofuels.

Two separate cases have been chosen to showcase this comparison and are presented as
two sections in this chapter. Section 5.1 comprises of a comparison study of anisole with
ethanol and is featured as Case 1. Section 5.2 presents a second comparison study of anisole
with DMF and is featured as Case 2. Experimental findings from results presented in these
sections in conjunction with pertinent studies from the literature allowed us to explain the
differences between flames with different biofuels. Sections 5.1 and 5.2 further consist of
several subsections where different types of stable species have been categorized as: major
reactants and products, lighter hydrocarbon intermediates, small oxygenated species, and

aromatics.

5.1. Case 1: anisole and ethanol

This section presents the comparison results for Case 1, comprising flame F1 (0% biofuel,
$=1.82), F2 (10% anisole, $=1.82) and F6 (10% ethanol, ¢$=1.82). Flame F1 has iso-
octane/CH, and no biofuel and thus is a reference flame for this comparison study. Flame F2
is doped with 10% anisole whereas flame F6 is doped with 10% ethanol. The three flames are
stabilized at an equivalence ratio of 1.82. A summary of flame conditions chosen for this
comparison is presented in Table 5. 1 and their real photographs of the flames with the same

camera settings is shown in Figure 5. 1.
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Table 5. 1 : Summary of the flame conditions to study the effect of the structure of the biofuel for Case
1: anisole v/s ethanol; the percentage of biofuel in the total fuel mixture and the equivalence ratio are
constant; Here L, =normal liters per minute.

Flame Biofuel Gaseous flow rates (L,/min) Equivalence C/O
(%) Biofuel CsHis CH, O, N. Total ratio

F1 - - 0.18 0.925 2.25 6.50 9.85 1.82 0.52

F2 Anisole (10) 0.102 0.15 0.766 2.338 6.50 9.85 1.82 0.56

Fé6 Ethanol (10) o0.112 0.164 0.843 2.236 6.50 9.85 1.82 0.52

Figure 5. 1: Photographs of premixed flames: F1 (no biofuel, $p=1.82), F2 (10% anisole, ¢=1.82), and
F6 (10% ethanol, ¢p=1.82) presenting their visual aspect (with the same camera settings).

5.1.1. Major species

Figure 5. 2 presents the comparison of the consumption of the reactants: biofuel (anisole
and ethanol), iso-octane, methane, oxygen and of the formation of two of major end products:
carbon dioxide and carbon monoxide. Broadly, flames with oxygenated biofuels (F2 and F6)
are closer to the burner than flame F1 where there is no biofuel. As seen in Figure 5. 2, the
consumption profiles for iso-octane, methane, and oxygen are very similar for the anisole and
the ethanol flame. On the contrary, for the biofuel itself, anisole appears to be consumed a little
more quickly than ethanol. Also, there is an enhanced formation of CO and CO. in anisole flame
as compared to the ethanol flame and this increase is more pronounced for CO than CO.. These
observations could be explained if we review the initial decomposition pathways for the two
biofuels. As discussed earlier, anisole can readily decompose to generate the phenoxy radical
because of the very low bond dissociation energy of the O-CH; bond (63.2 kcal/mol). This bond
dissociation energy is much lower than the weakest bond in ethanol (C-C bond) for which the
bond dissociation energy is nearly 87.2 kcal/mol [152]. Owing to the low energy barrier for the
initial decomposition pathway in comparison to ethanol, anisole can quickly generate the
phenoxy radical which may subsequently loose a CO molecule to produce the cyclopentadienyl
radical [48]. This could explain why anisole is consumed much rapidly as compared to ethanol
as well as why there is more CO close to the burner surface in anisole flame than the ethanol

flame. These initial reaction pathways could dictate the behavior of the products close to the
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surface of the burner whereas the slightly higher C/O ratio (see Table 5. 1) could explain the

20% increase in the mole fraction of CO in the burnt gas region for the anisole flame.
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Figure 5. 2: Comparison of the consumption of the reactants and the major end products in the three
flames: F1 (no biofuel, $=1.82), F2 (10% anisole, $=1.82), and F6 (10% ethanol, $p=1.82). Experimental
results have been connected by a thin line to guide the eye.

5.1.2. Comparison of intermediate species: C,-C,

As already discussed in the Chapter 4 (Section 4.2.2), lighter hydrocarbons can act as
reactants in most of the proposed aromatics formation pathways. This section is devoted to

study some selected intermediates formed in these flames.

132



Chapter 5. Influence of biofuel structure: comparison of anisole with ethanol, and DMF

The first panel in Figure 5. 3 presents on overview of the of the peak mole fraction of
some C,-C, aliphatic intermediate species: acetylene (C.H.), ethylene (C.H,), propene (C;Hs),
allene (aC;H,), 1,3-butadiene (1,3C,Hs), vinylacetylene (C,H,), formaldehyde (HCHO),
acetaldehyde (CH;CHO), acrolein (C3H4O), and acetone (CH;COCHj;) in the form of a bar
graph. The second panel in Figure 5. 3 presents the evolution of the mole fraction of some
selected species amongst those presented in the first panel. Peak mole fractions of other stable
intermediates formed in these flames are presented in Table A. 3 in the Appendices. The figure
shows that C,-C; species were detected with only slight differences between the three flames.
Anisole produces nearly 16% more acetylene than produced in the ethanol flame. Ethylene
formation on the other hand is lower by about 4% in anisole flame (~3260 ppm) as compared
to the ethanol flame (~3390 ppm). The peak mole fraction of allene reduces by nearly 17% with
the presence of ethanol with respect to the anisole flame. Two important C, species i.e., 1,3-
butadiene (C,He), and vinyl acetylene (C,H,) are also presented. Anisole addition promotes the
formation of 1,3-butadiene by 28% and vinyl acetylene by 20%, while ethanol addition does
not influence these species with respect to the reference flame. As observed from the figure and
the discussion in the previous text, the formation of most of these soot precursors is suppressed

in the presence of ethanol.

According to the studies performed in flame conditions, it is well known that propene
(C;Hs) can be formed via ethylene (C.H,), directly or through the formation of the C.H; radical
[61]. Acetylene (C.H.) is also formed via the formation of the C,H; radical. Propyne (pC;H,)
comes mainly from C,H,, directly or via the formation of the propargyl radical (C;H;). Allene
(aC3H,) is the main product of propene decomposition via the formation of a resonantly-
stabilized allyl radical (C;H;) [61]. Consequently, since the amount of acetylene produced is
somewhat reduced in the presence of ethanol, quantities of other species that are formed via
acetylene are also suppressed. It is interesting to note that though anisole is an aromatic fuel,
it is promoting the formation of small aliphatic species as well. Similar effect is observed for
other species like cyclopentadiene for which the peak mole fraction in the different flames is

listed in Table A. 3 in the Appendices.
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In addition to aliphatic hydrocarbons, some small oxygenated species were detected in
these flames. Some of these species are highly toxic. Other than formaldehyde, the difference
between the peak mole fractions of oxygenated species amongst ethanol and anisole flames is
evident. As seen in the figure, ethanol causes a small increase the formation of formaldehyde
by 14% as compared to the anisole and the reference flame. The peak mole fraction of
acetaldehyde increases by a factor of more than 6 in the presence of ethanol as compared to
the anisole flame. In 2006, Ergut et al. [234] performed a study on 1-D premixed fuel-rich
atmospheric ethanol flames and investigated reaction pathway analysis for some dominant
pathways. According to their study, hydrogen abstraction with H and OH from the ethanol
molecule could lead to the formation of CH,CH.OH, CH;CHOH and CH;CH,O and these
reactions are the most dominant consumption for ethanol. The a-hydroxyethyl radical
(CH;CHOH), in turn, can react mainly by oxidation followed by the B-scission of the O—H bond
to form acetaldehyde [152,253]. This pathway could explain why the amount of acetaldehyde
is considerably increased in the presence of ethanol as a biofuel. Acrolein and acetone are other
important oxygenated compounds that are formed in these flames even though their quantities
are less significant in comparison to formaldehyde and acetaldehyde. Higher amounts (almost
by a factor of 2) of acrolein produced in anisole flame, whereas its amount is somewhat similar
in the ethanol and the reference flame. Anisole on the other hand reduces the formation of

acetone by 30% as compared to the ethanol and the reference flame.

5.1.3. Comparison of single ring aromatics and PAHs

The first panel in Figure 5. 4 presents on overview of the of the peak mole fraction of
some non-oxygenated aromatic species: benzene (C¢He), toluene (C,Hs), indene (CyHs),
naphthalene (C,oHsg), acenaphthylene (C,.Hs), acenaphthene (C,.H,,), and fluorene (Ci3Ho).
The second panel in Figure 5. 4 presents the evolution of the mole fraction with respect to the
flame height for some selected PAHs amongst the those already presented the first panel. The
plots presented in the second panel of Figure 5. 4, consist of a primary as well as a secondary
vertical axis. Because of a significant difference in mole fraction between the flames, the
primary axis represents the scale for flames F1 and F6 while the secondary axis solely
represents the mole fraction for flame F2. From the figure, it is clearly noticeable that the
production of these aromatics is considerably enhanced in anisole flame as compared to the
ethanol flame. The addition of ethanol reduces slightly the mole fractions of aromatics as
compared to the reference flame. The peak mole fraction of benzene increases by more than 10

times in the anisole flame as compared to the ethanol flame.
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Similar behavior is observed for toluene. The peak mole fraction of toluene is about 17
times more in the anisole flame (~68 ppm) than in the ethanol flame (~4 ppm). If we observe
the second panel, it is worth noticing that the formation of these species in the ethanol flame
and flame F1 is more gradual (3-3.3 mm) contrary to the progression in their amounts in
anisole flame which is very steep and the maximum mole fraction is attained quicker at nearly
2.5 mm. Besides formation, the decomposition of these species is much rapid in the case of

anisole contrary to a very gradual decay in the ethanol flame.

It is well established in the literature that there is no single reaction pathway that
produces benzene in all flames [61]. Most frequently-cited formation reactions for benzene via
smaller aliphatic species were outlined in Chapter 4 (Section 4.2.2). The brief survey
mentioned in this section demonstrated that benzene could be formed by a wide variety of
precursors. As a matter of fact, it was seen that every possible size combination (C; and Cs, C,
and C,, C; and C,, and Cs) could contribute to the formation of benzene. Veritably, the fuel
structure can possess a strong influence on the benzene formation mechanisms in any given
flame, especially in the case of larger fuels which might decompose to a broad range of
products. Thus, the dominant pathways may vary with fuel structure, composition, and the
operating conditions. Assuming that the contribution of iso-octane in the formation of
aromatics would be quite similar, it is relevant to study the contribution from each of the
individual biofuels. During ethanol decomposition, the dominant pathways leading to benzene
formation would involve lighter hydrocarbons. Together with a fraction of iso-octane
replacement with ethanol and then the slightly restrained formation of these species in the
presence of ethanol leads to subsequent reduced benzene formation. Several studies in the
literature [47,151,154—156,253,254] have also confirmed this trend and reported that the
concentration of benzene and other soot precursors decreases with an increase in the
proportion of ethanol blended with different hydrocarbon fuels. On the other hand, the
formation of benzene in the anisole flame does not solely involve the usual mechanism based
on the lighter aliphatic species but, other possible pathways exist, especially the ipso-addition
of an H-atom at the methoxy moiety of anisole, as previously discussed which can significantly
contribute to the formation of benzene (see Chapter 4). This explains why anisole produces
benzene to such a noteworthy extent as compared to ethanol. An analogous explanation can be

applied for the influence of the added biofuels to toluene formation.

For PAHs as well, it is evident that the peak mole fraction values increase in anisole flame
as compared to the ethanol flame. It is well recognized in the literature that larger aromatics
are formed by the growth of additional benzenoid rings to the first ring formed (benzene), and

not by decomposition of the fuel structure to non-aromatic/aliphatic fragments followed by
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synthesis of completely new rings [255]. As detailed in Chapter 4, anisole heavily promotes the
formation of PAHs as the relatively slow step of creating the initial ring i.e., benzene is hastened
by other possible pathways which are more favorable due to low barriers. This is not the case

for ethanol flame as explained previously.

Richter and co-workers [69,256] performed a detailed study of naphthalene formation
in premixed benzene flames and concluded that the cyclopentadienyl self-reaction is the main
naphthalene formation pathway for benzene flames with an equivalence ratio of 1.80. As
discussed previously, during the decomposition of anisole, the phenoxy radical produced can
lose a CO molecule to generate cyclopentadienyl radicals. These radicals are resonantly
stabilized and may undergo a self-combination reaction to form naphthalene. There is about 6
ppm in flame F2 with the presence of anisole. Anisole increases naphthalene by nearly 12 times

with respect to the ethanol flame.

The peak mole fraction of acenaphthylene increases by more than 6 times in the anisole
flame with respect to the ethanol flame. Other three-ring PAHs like acenaphthene and fluorene
seem to present a similar behavior. After the formation of naphthalene, the fuel-independent
HACA mechanism can promote further growth to form PAHs with more than two rings
according to Frenklach et al. [247]. Figure 5. 5 presents an example of how species with three

rings can be formed with naphthalene as a precursor.

: (A (N
SOEN OO —’ P9
-H, -H,

Figure 5. 5 : Reaction pathway followed to produce acenaphthene and acenaphthene via the naphthyl
radical from naphthalene [257].

Since naphthalene is an important precursor of higher PAHs, it’s concentration in the
flame would dictate the quantity of higher PAHs as well. Consequently, formation of other
three ring PAHs is also enhanced in the presence of anisole contrary to a slight decline in their
formation in the presence of ethanol. Later, addition of acetylene to an aromatic radical can
lead to the formation of higher aromatics like naphthalene or PAHs with three-rings. In the
ethanol flame, species like C.H, (acetylene), C;H; (propargyl radical), CsH; (allyl radical), and
CsHs (benzene) are of particular importance for the formation of PAHs. The smaller aliphatic
species would gradually first lead to the formation of the first ring. This way the number of
steps necessary to generate the first ring and eventually PAHs would increase contrary to the

flame of anisole. This could also explain the shape of the PAHs mole fraction profiles. It can be
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seen in Figure 5. 4 that the PAHs are formed beforehand in the anisole flame in comparison to

the ethanol flame. Similarly, their decomposition is pretty slower in the ethanol flame.

Section 5.1 provides an overall comparative study between anisole and ethanol by
focusing especially on soot precursors, for example acetylene, 1,3-butadiene, benzene etc. and
toxic oxygenated compounds such as formaldehyde, acetaldehyde, and acrolein. Ethanol
reduces the formation of soot precursors whereas anisole exerts an opposite trend by
promoting their formation by significant factors. Note that we did not observe any oxygenated
aromatics in ethanol doped flame, while numerous OPAHs were reported in anisole doped
flames as presented in Chapter 4 previously. Needless to say, the discussion in this section is
only limited to small soot precursors, toxic oxygenated species and non-oxygenated aromatic

species only.

5.2. Case 2: anisole and dimethylfuran

In this section, we present a comparison study of the mole fraction profiles for two
flames, i.e., flame Fy (DMF/iso-octane/CH,/0,/N.,) and flame F5 (anisole/iso-
octane/CH,/0./N.). Both flames exhibit the same equivalence ratio of 1.90. The summary of
flame conditions chosen for this purpose has been summarized in Table 5. 2 and the real
photographs for these flames with the same camera settings are shown in Figure 5. 6. As can
be seen from the figure, these flames were really bright and luminous.

Table 5. 2 : Summary of the flame conditions to study the effect of the structure of the biofuel for Case

2: anisole and DMF; the percentage of biofuel in the total fuel mixture and the equivalence ratio is
constant. Here L, represents normal liters per minute.

Flame Biofuel (%) Gaseous flow rates (L,/min) Equivalence C/O
Biofuel CgHis  CH, 0. N. Total ratio

F5 Anisole (10) 0.105 0.15 0.788 2.308 6.50 09.85 1.90 0.58

Fy DMF (10) 0.106 0.156 0.801 2.201 6.50 0.85 1.90 0.57

Figure 5. 6 : Photographs of premixed flames: F5 (10% anisole, $=1.90), and F7 (10% DMF, ¢$=1.90)
presenting their visual aspect (with the same camera settings).
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5.2.1. Major species

Figure 5. 7 presents the comparison of the consumption of the reactants: biofuel (DMF

and anisole), iso-octane, methane oxidant (oxygen) as well as the major end products such as
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Figure 5. 7: Comparison of the evolution of the mole fraction of the reactants and principal products
in flames F5 (10% anisole, ¢=1.90), and F7 (10% DMF, ¢=1.90). Experimental results have been
connected by a thin line to guide the eye.

From the figure, it is perceivable that the consumption profiles for methane and oxygen

and the formation profiles for the end products are almost indistinguishable. However, for the

biofuel itself, anisole is consumed much rapidly than DMF. The lowest bond dissociation
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energy in case of anisole is 63.2 kcal/mol which is much lower than the lowest bond
dissociation energy (C-H bond of the methyl group) in case of DMF i.e., 85.5 kcal/mol. This

could explain the swift consumption of anisole with respect to DMF.

5.2.2. Comparison of species: C»-C;

Figure 5. 8 presents the peak mole fraction of some of the important C.-C; intermediate
species together with the mole fraction profiles of some selected species. Peak mole fractions
other intermediate species formed in these flames are presented in listed in Table A. 3 in the
Appendices. In the figure, the peak mole fraction is presented for acetylene (C.H.), ethylene
(C.H,), propene (C;Hs), allene (aCsH,), 1,3-butadiene (1,3C,Hs), and vinyl acetylene (C,H,),
formaldehyde (HCHO), acetaldehyde (CH;CHO), propanal (C;HeO), acetone (C;H¢O), furan
(C4H,0) and 2-methyl furan (MF, CsHsO).

In general, it is intriguing to note that like major species, the mole fraction of C.-C; non-
oxygenated species is virtually identical between the two flames, while C, and oxygenated
species were measured in (slightly or significantly) higher mole fraction in the DMF doped
flame (Figure 5. 8). This indicates that reaction pathways forming these species could be one
of the primary reactions for DMF decomposition. Exemplary discussions on the formation of

these species are presented in the following text.

As demonstrated in Figure 5. 9, H-addition on DMF followed by ring opening and
subsequent rearrangements of the initial adduct stabilized by resonance lead to the formation
of 1,3-butadiene (1,3C,Hs) and the acetyl radical (CH;CO). H-addition reaction was found to
be an important reaction class in high temperature combustion of DMF [258,259] This
reaction pathway could explain why 1,3-butadiene was detected in high amounts in the DMF
doped flame. 1,3-butadiene in turn can react via H-abstractions followed by C-H f scission to
form vinyl acetylene. The latter can be also partially produced directly from the isomerization
of DMF to hexa-3,4-dien-2-one followed by the C—C bond scission to give the CH;CO and
buta-1,2-dien-1-yl (C,H;, stabilized by resonance) radicals that would decompose to give

hydrogen atom and vinyl acetylene by -scission of the C—H bond [153].

141



Chapter 5. Influence of biofuel structure: comparison of anisole with ethanol, and DMF

Peak mole fraction

Mole fraction (ppm)

non-oxygenated oxygenated

1072 5 :
] — B 5 (10% anisole, 1.90)
1 S B F7 (10% DMF, 1.90)
107 =
5 H,C=C=CH, o
- -
10 =
] o]
\ 7
10° -
10° -
e 2 o ] (2 2 @ ® > & o o
& & \\0° Qe° b-_&o & NS S Pl \o@
oS MV S o o DS N A P I\
(e X N S led \6 \b & 2 &
P . ¥V & & R &
v S & &8 @
NS 4\0 0 %> 'Vé\
16000 acetylene 400 allene 200 1,3-butadiene
12000 320 240
240 180
8000 (1o o 101
160 120
4000 e
— 80 H,C=C=CH, 60 NG
0 r T r . . oo b 0
0 2 4 6 8 10 % 2 4 6 & 10 0 2 4 6 8 10
160 2-methyl furan =0 acetone 10 furan
120 24 8
18 6
80
4
0 12 0 9)
0 | DRI - - 0 . > - - - 0 .
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
HAB (mm)

Figure 5. 8 : The first panel comprises a bar graph presentation of the peak mole fractions for selected
small oxygenated and non-oxygenated aliphatic species; the second panel presents a comparison of
the evolution of some selected mole fraction profiles for the two flames: F5 (10% anisole, ¢=1.90), and
F7 (10% DMF, ¢=1.90); In the second panel, experimental results have been connected by a thin line
to guide the eye.
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Figure 5. 9 : Addition of H atom on DMF leading to the formation of 1,3C4H6, MF, and furan, based
on studies reported by Togbé et al. [258] and Sirjean et al. [259].

Apparently, the formation of small oxygenated species is slightly more enhanced in the
presence of DMF than in the presence of anisole. Formaldehyde formation is marginally
promoted in the DMF flame in comparison to the anisole flame. The peak mole fraction of
formaldehyde in flame Fj5 is nearly 796 ppm and increases to a value of 850 ppm (by 6%) in
flame F7. Likewise, the amount of acetaldehyde produced in flame F7 (115 ppm) is about 1.5
times more than it is produced in flame F5 (775 ppm). In the same fashion, formation of acetone
and propanal is also promoted in flame F7 than in flame F5. The addition of the hydroxyl
radical to a DMF molecule can generate acetaldehyde (CH;CHO), acetylene (C.H.) and the
CH,CO radical. There is roundly 10 ppm of propanal and 16 ppm of acetone in F5 which
increase to a value of 16 ppm and 26 ppm respectively in F7. Their amounts increase by 62%

and 60% respectively in the presence of DMF.

In parallel with small oxygenated compounds, cyclic ethers such as furan and 2-methyl
furan were also produced. Amongst these two, 2-methyl furan is a much more abundant
species than furan for flame F7. However, the opposite is the case for flame F5. The peak mole
fraction of 2-methyl furan in flame F5 is about 1.2 ppm which increases to a value of 120 ppm
in flame F7. On the other hand, the amount of furan in flame F5 is nearly 2 ppm which increases
to a value of 9 ppm in flame F7. As shown in Figure 5. 9, the ipso-addition of the hydrogen
atom on DMF leads to the formation of the methyl radical and 2-methyl furan [153]. The latter

leads to the formation of furan following the same reaction mechanism.

5.2.3. Comparison of aromatics

This section is devoted to the formation of aromatic species in the two flames. Figure 5.
10 and Figure 5. 11 present some selected non-oxygenated and oxygenated aromatics
respectively. Figure 5. 10 presents a comparison of peak mole fraction for benzene (CsHs),
toluene (C,Hg) and several PAHs namely: naphthalene (C,oHs), acenaphthylene (C,.Hs),
fluorene (C,sHio), acenaphthene (C,-H,,), phenanthrene (C;H.o) and anthracene (Ci;Hio).

Figure 5. 11 presents a comparison of the peak mole fraction for phenol (CsHsO), benzaldehyde

143



Chapter 5. Influence of biofuel structure: comparison of anisole with ethanol, and DMF

(C,HeO) together with some selected OPAHs namely: dibenzofuran (C,.HsO), 1-methylinden-
2-one (C,oH,00), ethenyl benzofuran (C,,HsO), ethyl benzofuran (C,0H,,0), and 1-indanone
(CyHsO) together with some selected mole fraction profiles. The first part of the following text
is devoted to the discussion of one-ring non-oxygenated aromatics and PAHs while the second

part is dedicated to the discussion on one-ring oxygenated aromatics and OPAHs.

As presented in Figure 5. 10, it can be observed that as the number of rings increase, the
peak mole fraction of the species decreases. This trend is similar for both flames. One ring
species like benzene and toluene are much more abundant than three-ring PAHs. The trend
followed reflects that even if the number of rings is the same, their arrangement and
carbon/hydrogen number in a given structure influences their amounts. For instance,
acenaphthylene is more abundant than fluorene and the latter is more abundant than
acenaphthene. If we compare between the two flames, it is clearly noticeable that the
production of these species is considerably enhanced in the presence of anisole. Though both
biofuels possess the ability to generate soot precursors in their own ways, experimental results
indicate that anisole favors their formation to a greater extent than DMF because it has a higher
tendency to form PAHs precursors (such as cyclopentadiene and benzene). Peak mole fraction
for cyclopentadiene in the different flames are mentioned in the listed in Table A. 3 in the

Appendices.
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Figure 5. 10 : The first panel comprises a bar graph presentation of the peak mole fractions for non-
oxygenated aromatics and PAHs; the second panel presents a comparison of the evolution of the mole
fraction profiles for some selected species in the two flames: F5 (10% anisole, ¢p=1.90), and F7 (10%
DMF, ¢=1.90). Experimental results have been connected by a thin line to guide the eye.
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Naphthalene is present in the range of few ppm whereas quantities of other PAHs with
three rings are reduced by an order of magnitude. Naphthalene can be obtained via the
combination of two resonance-stabilized cyclopentadienyl radicals [256]. In flame Fy, this
pathway is certainly the most probable route to form naphthalene. However, in flame F5,
besides cyclopentadiene there is plenty amount of benzene which is also an efficient precursor
to generate naphthalene [260]. Thus, the amount of naphthalene in flame F5 would be
certainly more than in flame F7. The amount of naphthalene produced in flame F7 is about 2
ppm which increases to a value of 6.5 ppm in flame F5. The quantity is increased by more than
three-fold if the biofuel used is anisole. After naphthalene, acenaphthylene is the most
abundant PAH. Its amount in flame F7 is about 0.27 ppm which increases to a value of 0.80
ppm in flame F5 (by a factor of 3). Fluorene amounts to about 0.10 ppm in flame F7 and
increases to about 0.30 ppm in flame F5. It is mystifying that the quantities of PAHs produced

in flame F5 are more or less 3 times greater than their amounts for flame F7.

Concerning the OPAHs, one of the important precursors contributing to the formation
of OPAHs is the phenoxy radical. As seen in Chapter 4, anisole can directly produce phenol via
ipso addition of the OH radical and can also readily decompose to the phenoxy radical via
scission of the O-CH; bond and then combine with an H radical to form phenol. Note that the
phenoxy radical and phenol are important OPAH precursors as discussed in Chapter 4. DMF
also possesses the ability to produce phenol in flame conditions but this process does not occur
in a single step like anisole. As presented in Figure 5. 12, this ability results from the ring
enlargement of a radical yielded from the ring opening of the resonance-stabilized 5-methyl-
2-furanylmethyl (DMF-yl) radical. In the DMF molecule, the energy of the C—H bond in the
methyl group (85.5 kcal/mol) is the lowest as compared with that of the C—H bond in the cycle
(120.2 keal/mol) and with that of the C—CH; bond (114.6 kcal/mol). Thus, DMF gets consumed
significantly by H-abstractions by OH, H, O and CHj, etc. on one of the adjacent methyl groups
to form the resonance-stabilized 5-methyl-2-furanylmethyl (DMF-yl) radical. Due to the
availability of the second lateral methyl group, this radical can favorably react via ring
enlargement through several steps to generate cyclohexa-2,4-diene-1-one which would
subsequently form phenoxy radical or phenol [153]. Such a route is globally called "ring
opening/enlargement" reaction but numerous intramolecular rearrangements take place to
lead to the final product. This could justify the amount of phenol produced in the anisole flame
(~445 ppm) is much more than in the flame of DMF (~18 ppm). Phenol could also act as an
important precursor of benzene in both anisole and DMF flames. However, in flame F5, there
are multiple other low barrier pathways that exist to generate benzene via anisole as already

discussed in Chapter 4.
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Figure 5. 11 : The first panel comprises a bar graph presentation of the peak mole fractions for

oxygenated aromatics and OPAHs; the second panel presents a comparison of the evolution of the
mole fraction profiles for some selected species in the two flames: F5 (10% anisole, $=1.90), and F7
(10% DMF, ¢=1.90). Experimental results have been connected by a thin line to guide the eye.
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Figure 5. 12 : Reaction pathway analysis for the formation of phenoxy, phenol, and dibenzofuran via
DMF and anisole from phenoxy radical as a precursor (combined information from [48,258,259]).

On the contrary, phenol acts as a main precursor for benzene in flame F7. The maximum
mole fraction of benzene in flame F7 is about 237 ppm which increases to a value of 898 ppm
in flame F5. There exists a factor of ~3.8 amongst the two flames for the amount of benzene.
Similarly, the maximum mole fraction of toluene in flame F7 is about 22 ppm which increases
to a value of 76 ppm in flame F5. Other than the discussed species, cyclopentadiene is an
important precursor to form naphthalene and both the biofuels produce this species in the
range of hundreds of ppm (listed in Table A. 3 in the Appendices). The resonance-stabilized 5-
methyl-2-furanylmethyl (DMF-yl) radical can decompose to generate cyclopentadiene in flame
F7 besides also forming phenol. In flame F5, decomposition of the phenoxy radical would act
as the main reaction pathway to form cyclopentadiene. Mainly, subsequent reactions of phenol
in the two flames contribute to the formation of other soot precursors such as benzene and
cyclopentadiene, which eventually participate in naphthalene (C,0Hs) formation via
cyclopentadienyl (CsHj;) self-recombination. Since phenol is more abundant flame F5, these

precursors are more susceptible to be produced in flame F5 than in flame F7.

In conclusion, the consumption pathways of DMF can lead to the formation of small
linear compounds (C, species, acetaldehyde etc.), via the elimination of small molecules like
(CO, C,H,, etc.) while metatheses followed by ring-opening and subsequent enlargement of the
cycle can lead to the formation of more wide range of compounds (like phenol, benzene and
cyclopentadiene). Several rearrangements and further steps are actually needed before DMF
can break down to form other species. In the case of anisole, decomposition to form the
phenoxy radical is the most probable step which can undergo further decomposition to form
other aromatics or can undergo self-combination to form a whole range of oxygenated products
as shown previously in Chapter 4. It is worth mentioning that though the phenoxy radical is

susceptible to be produced via both biofuels, it is more however more easily formed from
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anisole than from DMF as already discussed in the previous section. A reaction pathway for
the same has been presented in Figure 5. 12. This could explain why most of the OPAHs
presented in Figure 5. 11 are present in higher amounts in flame F5 than in flame F7. For
instance, there is about 0.3 ppb of dibenzofuran in flame F7 that increases to a value of about
0.57 ppm (almost double) in flame F5. Similarly, there is about 0.06 ppm of 2-ethyl benzofuran
in flame F7 which increases to a value of about 0.165 ppm (by a factor of 2.7) in flame F5.
Indanones have been detected in DMF flames for the first time in this study. The amount of 1-
indanone and 1-methylinden-2-one increase by a factor of 1.5 and 3 respectively in the presence
of anisole. It is also noteworthy that the number of OPAHs generated in flame F5 are much
more elevated than the number of OPAHs generated in the DMF flame as were discussed
previously. Though DMF is a cyclic oxygenated biofuel, its tendency to form OPAHs is less as
compared to anisole as the initial fuel decomposition pathways lead to the formation of other

smaller species as discussed previously.

A comparative evolution of the mole fraction of some selected abundant Oxygenated
Aromatic (OA) and Non-Oxygenated Aromatic (NOA) soot precursors is presented in Figure 5.
13. It can be seen that benzene is responsible for a substantial contribution to the total sum of
aromatics for both flames followed by other two and three ring species. It is interesting to note
that the OA are formed and decomposed before the maximum mole fraction of benzene and
other PAHs is attained. In other words, the formation and decomposition of OA occurs at lower
temperatures and is quite rapid in contrast to NOAs which occurs at comparatively higher
HABs. The plots give an impression that the OA in both the flames are short-lived and perish
at a fast pace. NOAs on the other hand, are being formed and consumed at a much slower pace.
If we compare the consumption of the NOAs amongst the two flames, they are consumed faster

in flame F5 than in flame F7.
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Figure 5. 13: Evolution of the mole fraction with HAB for selected OAs and NOAs for flames F5 and F7
(inlog scale); the black and white symbols here represent OAs and the colored symbols represent NOAs
(the numbers mentioned in the brackets are the factors by which the mole fraction has been divided to
put all profiles in the scale).

5.3. Conclusion

This chapter presents a comparative study of different biofuels. In this context, two cases
were studied: Case 1 involved studying a reference flame, an ethanol (10%) flame and an
anisole (10%) flame whereas Case 2 comprised of an investigation on an anisole (10%) flame
and a DMF (10%) flame. These case studies allowed us to evaluate the tendency of a given

biofuel to form soot precursors and other pollutants. In case 1, it was observed that ethanol
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suppresses the formation of aromatic species in the flame meanwhile anisole promotes the
formation of aromatics. However, ethanol significantly promotes the formation of toxic
aldehydes (i.e., formaldehyde, acetaldehyde etc.). In case 2, findings from experimental results
indicated that DMF and anisole both produce soot precursors (benzene (CsHs), toluene (C,Hs)
and phenol (CsH0)), yet, anisole exerts a stronger effect on the formation of these species than
DMF. These species can be generated from the most important routes of consumption of
anisole while DMF needs to undergo multiple step reactions in order to produce these
precursors. It must be noted that potential promising biofuels with an oxygen atom can behave
differently and their structure plays an important role to decide their fate in a combustion
environment. Comprehending the formation mechanism of Oxygenated Polycyclic Aromatic
Hydrocarbons (OPAHs) is significantly more intricate compared to Polycyclic Aromatic
Hydrocarbons (PAHs), primarily due to the scarcity of data available in the literature
concerning OPAHSs in comparison to PAHs. In contrast to OPAHs, the formation of PAHs is
much better understood, largely owing to the substantial number of studies already
documented in the literature. Moreover, with the presence of one or more oxygen atoms as
distinct functional groups in their structures, it suggests that the formation chemistry of
OPAHSs could be even more complex. This complexity necessitates additional fundamental
studies to comprehensively understand the mechanisms involved. One of the important
precursors contributing to the formation of OPAHs is the phenoxy radical. The formation
pathway of the phenoxy radical is not universal and varies with the structure of the biofuel.

The following chapter focuses on the soot particles that are formed in their flames.
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Chapter 6. Characterization of soot

particles

So far, the influence of added biofuels on the formation of gas-phase aromatics (PAHs
and OPAHs) was discussed in this study. Results from Chapter 4 and Chapter 5 demonstrate
that the amount of the biofuel, the structure of the biofuel and local flame conditions influence
the formation of gas phase species, particularly aromatics. In this chapter, we report the
influence of the added biofuels on small soot particles that were characterized by LII and a
commercial nano-SMPS. As discussed in Chapter 1, small soot particles are challenging but
very important to study due to their health impacts. This chapter illustrates some early results

on small sized soot particles produced in biofuel flames.

As already elaborated in Chapter 2, the LII signal is nearly proportional to the soot
volume fraction (f,). Since decades, the LII technique has been used to measure fv with high
spatial resolution in fundamental as well as applied combustion experiments [64,65].
Complementary to LII, the SMPS allows to record the changes in the soot particle
concentrations and size distribution. Since recently, several investigators have widely
demonstrated the potential of SMPS in the context of flame investigations [203—207,209,261—
263]. The experimental results presented in this chapter enable us to gain some insights on the
quantity and the size of the soot particles formed in these flames. This chapter consists of two
sections. Section 6.1 is devoted to the details concerning the soot dependence on the amount
of anisole in the flame and Section 6.2 articulates the soot dependence on the structure of the

oxygenated biofuel.

6.1. Soot dependence on the amount of anisole

This section presents a study to assess the effect of the presence of anisole and its amount
on the soot particles produced in an iso-octane/CH,/0,/N. laminar premixed reference flame.
This comparison permits us to highlight the main repercussions associated with the addition
of anisole on the size and quantity of soot particles. The flames conditions chosen for this

investigation have been summarized in Table 6. 1.
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Table 6. 1 : Summary of the flame conditions established to investigate the soot dependence on the
amount of anisole; L,: normal liters per minute (anisole percentage here is a molar percentage with
respect to the total fuel)

Flame Biofuel (%) Flow rates (Ln/min) Equivalence C/O
Biofuel CgH;s  CH, 0, N. Total ratio

F1 - - 0.18 0.925 2.25 6.50 9.85 1.82 0.52

F2 Anisole (10) 0.102 0.15 0.766 2.338 6.50 9.85 1.82 0.55

F3 Anisole (15) 0.147 0.13 0.6906 2.377 6.50 0.85 1.82 0.57

Flame F1 has no anisole and thus acts as a reference flame that consists only of iso-
octane/CH,/0./N,. Flames F2 and F3 consist of anisole/iso-octane/CH,/0O./N., where the
former has 10% whereas the latter has 15% anisole. It must be noted that the other parameters
like equivalence ratio, total flow, and dilution flow are kept constant. The interpretation of the
experimental results concerning this series of flames is divided in two parts. The opening of
the discussion is devoted to the analysis of the soot volume fraction derived via LII thereupon
followed by the assessment of the Particle Size Distributions (PSDs) provided by the SMPS.

As detailed in Chapter 2, the soot absorption function, ‘E(m)’ is an important parameter
to measure f,. In this work, E(m) is determined by comparing the fluence curves of the flame
in question to a reference flame for which the E (m) is already known (E(m) = 0.35) at an HAB
of 16 mm [202]. Fluence curves (LII signal vs. laser fluence) represent the dependence of the
incandescence signal on the laser energy density thereby providing information about the
absorption efficiency of the particles or their ability to be heated which depends on E(m). The
measured fluence curves recorded using LII detection for flame F3 and the reference ethylene
flame are reported in Figure 6. 1. After an energy threshold near 0.1 J/cm?2, the LII signal
sharply increases due to the increase in the temperature acquired by the soot particles being
heated. Then, the curve begins to gently bend around 0.54 J/cm?2. At higher fluence, the
decrease in the LII signal in the ethylene flame can be explained by the sublimation of soot
particles [182,264]. On the other hand, this decrease is not observed for flame F3 which is an
indication that the sublimation temperature is not reached. As shown in Figure 6. 1, the
gradient at low fluence which symbolizes the particles’ ability to be heated, was slightly
different for flame F3 as compared to the reference flame, which signifies a difference in the
particle properties [181] supposing that the maximum temperature attained by the soot
particles amongst the two flames. This difference can be compensated by taking a fluence shift
(1.4) into account to replicate a similar gradient as that of the reference flame for which E (m) is

known (0.35). This method led us to estimate E(m) = 0.25 for flame F3.
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Figure 6. 1: Comparison of the fluence curves for flame F3 (15% anisole, ¢p=1.82) with and without the
shift and the reference ethylene flame (C/0=0.68) at an HAB = 16 mm. The curves are normalized with
respect to the highest values in each case.

Similar value of E(m) was reported by Betrancourt et al. [181] for very small early soot
particles in n-butane flames. Fluence curves for flames F1 and F2 could not be established
because of the low signal to noise ratio. However, we assumed that the particles present in
these flames must be very small (as was later confirmed by SMPS measurements) and thus
would possess more or less the same value of E(m). In order to calibrate the intensity profiles
measured by LII, we used another calibrated ethylene flame as a reference for which f, and the
absorption function E (m) were known (at HAB = 16 mm). Table 6. 2 presents the f, (at an HAB
of 16 mm) for the three flames (F1, F2 and F3) respectively. Sum of the aromatic species in the
two flames is also presented. It must be noted that the sum of aromatics quoted in the table
corresponds to the maximum concentrations attained by the quantified aromatic species (non-

oxygenated as well as oxygenated aromatics) in these flames.

Table 6. 2 : A recapitulation of the flame conditions with the soot volume fraction (in ppt) measured
by LII for each flame at an HAB = 16mm respectively

Flame  Biofuel (%) Equivalence Aromatics sum Soot volume
ratio (ppm) Sraction, f, (ppt)
F1 - 1.82 ~226 1.5
F2 anisole (10) 1.82 ~1820 2.4
F3 anisole (15) 1.82 ~2855 3.0

It is worth bearing in mind that this sum only constitutes the different aromatics
quantified in this study. Several identified species could unfortunately not be quantified (as

detailed in Chapter 4) and consequently were not included in the sum. However, major
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abundant aromatics are counted in to evaluate this sum and can henceforth provide an
approximate idea. Aftermaths from Table 6. 2 shows that the sum of maximum concentration
for all aromatics in flame F3 (15% anisole) and flame F2 (10% anisole) is nearly 13 and 8 times

more than in flame F1 (no anisole) respectively.

Quantitative measurements for f, profiles as a function of the HAB were not possible as
we were at the limit of the detection threshold [205,265]. Researchers performing quantitative
Jf» measurements in atmospheric premixed flames have quantified 0.01 ppb or 10 ppt [181] at
the lowest which is considered as the detection limit. Since the f, in our flames is a few ppt (at
HAB=16 mm), it was not possible to trace a full profile of the f, evolution along the flame.
However, as it was within the realms of possibility, f, at an HAB of 16 mm was determined for
the three flames and is reported in Table 6. 2. Though the uncertainty close to the detection
limit is high (£40%), data seems to indicate that the presence of anisole is increasing soot
volume fraction at an HAB of 16 mm which is later confirmed via SMPS measurements.
Recently, Cruz et al. [96] studied laminar co-flow diffusion flame of anisole and gasoline
surrogate blend and suggested that the presence of anisole noticeably increased f, by a factor
of 1.6 (4.1 to 6.8 ppm)-1.8 (4.5 ppm to 9.6 ppm) depending on the HAB. They attributed this
observation to the increased formation of aromatics (soot precursors) in the presence of
anisole. However, it is worth mentioning that they observed ppm levels of soot in their

conditions which is much more than what we observed in our conditions.

Together with the amount of soot produced, particle size distribution (PSDs) also serve
to characterize the soot particles. A fine SMPS study was carried out to investigate the evolution
of the size and the concentration of the soot particles to complement the LII data discussed
previously for these flames. Commercial SMPS are generally limited to study particles with dn,
> 10 nm. However, as discussed in Chapter 2, the SMPS used for this thesis is additionally
equipped with a nano-enhancer module which allows the detection of very small particles
down to dn = 1.5 nm. This way we could probe the early soot particles whose diameters lie in
this range [66].

For this series of measurements (F1, F2 and F3), the differential pressure (pressure
difference between the flame and the sampling line, see Chapter 2) was always kept constant
to evaluate the soot dependence on the HAB in a given flame and on the amount of anisole
amongst three flames. The aim was to perform sampling in a way so as to preserve the salient
features of the PSDs. In particular, post-sampling coagulation results in the shift to higher dn,
of the PSDs. To avoid the post-sampling coagulation processes, preliminary acquisitions were
performed by decreasing the differential pressure (thereby increasing the dilution ratio) until

the particle number density was sufficiently low to eliminate coagulation issues due to low
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dilution. To obtain unbiased data, experiments were performed during the same day and
continuous attention was paid to monitor the atmospheric pressure and the differential

pressure at all times during the measurements.

Multiple acquisitions were taken for a given HAB to also verify the reproducibility of each
measurement. Figure 6. 2 illustrates the PSDs at different HABs for flames F1, F2 and F3 in
two ways. The upper panel of the figure depicts the size distribution of particles as 2-D plots,

while the lower panel presents the average of the different distributions recorded for a given

HAB in a 3-D view. The y-axes present the normalized particle number density dl:gd

different HABs whereas the x-axis denotes the mobility diameter d,;, of the particles. It is

noteworthy that we chose the normalized number density instead of ddTN to represent the
m

dN
dlogdp,
concentration of particles since the former is independent of the instrument resolution and
therefore is tremendously useful when comparing data amongst different instruments with

different resolutions.

In addition, it must be noted that the total particle concentration presented in Figure 6.
2 given by the SMPS does not directly represent the particle concentration in the flames. The
concentration number provided by the SMPS is biased by the sampling procedure and needs
to be corrected by the dilution ratio, the flame-sampling line temperature difference, and the

nanoparticles’ transport efficiency.
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Figure 6. 2: Upper panel presents the 2-D soot PSDs (both axes in log scale) recorded for flames F1, F2 and F3 where symbols denote the measured distributions
whereas the lines represent log-normal fits of the data; Lower panel depicts a 3D view of the same PSDs at different HABs (y-axis is presented in a linear
scale representing the total particle number concentration in millions and the x-axis is presented in log scale) to show the variation in the soot particle number

for each flame.
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In particular, while the dilution and temperature corrections are assumed not to change
the PSDs and therefore can be treated as proportionality factors, diffusion losses can alter the
shape of the PSDs during the transport of the diluted sample: small particles are more
susceptible to be lost in the line in comparison to bigger particles as they possess faster
diffusion velocity. To limit these losses, the sampling system was set up in a very compact
manner, and the sampling flow was maximized in order to minimize the transport time in the
sampling line. The quantitative estimation of these losses is very challenging and well beyond
the scope of this thesis. There are nonetheless some studies in the literature [266,267] devoted
to estimate these losses experimentally, however, these estimations are validated for very
specific experimental conditions and are subject to large uncertainties which is why they can
be problematic to generalize. That being the case, and to avoid introducing further uncertainty
in the interpretation of the measurements, we decided to investigate the raw size distributions
obtained by SMPS (uncorrected). The corrections involved to recover the particle
concentration is certainly an important perspective of this work and will be an objective of a

future investigation.

The PSDs presented in Figure 6. 2 have been acquired using a differential pressure of 18
mbar (the same for three flames) and was kept constant at all HABs. The 3-D representation
of the data clearly highlights a difference in the number of particles produced at each HAB in
each flame. It can be observed that the number of particles in flame F3 are much more elevated
than in flame F1. Addition of more anisole to the flame increases the number of these small
soot particles (flames F2 and F3). Another noteworthy point is the size of the soot particles
which ranges between 2-4 nm for these flames. These particles are very small in size, which
explains the f, in the ppt range. A predominance of particles is in this diameter range (few
nanometers) refers to primary soot particles. The major uncertainty in the evaluation of
particle size is related to possible deviations from a spherical shape. However, as the particles
in these flames are very small, it is reasonable to approximate them as primarily spherical in
shape and isolated from one another. At a first glance, the raw PSDs in these three flames
appear as if they can be pronounced by a monomodal function centered around 2.6 nm on the

entire height of the flame.

More insights can be revealed via a detailed mathematical examination of the variation
of the distributions with flame height. In spite of what preceded, we will see further in the
subsequent detailed analysis of these PSDs that there is in fact a minor second mode,
symbolizing that some soot particle growth processes are nevertheless taking place in these
flames. Many studies have shown that aerosol PSDs are well fitted by log-normal functions.

Accordingly, shapes of PSDs in flames are frequently characterized by means of log-normal
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type functions in the literature [204,206]. The size spectra shown in Figure 6. 2 can be closely

fitted using a lognormal distribution function:

A .
(x) = exp| ——2¢ Equation 6. 1
4 xXwV2m P

Here,

x : Electric mobility diameter of the soot particles (nm);
x. : Median mobility diameter of soot particles (nm);

A : Integrated area under the distribution;

w : Geometric standard deviation of the distribution.

Equation 6. 1 is used to establish a theoretical log-normal distribution function to
represent the measured PSDs. To do so, measured PSDs were fit with just one or a sum of two
log-normal functions, if necessary (depending on the HAB), using the OriginPro 2016 software
(x2 tolerance < 109 to reach convergence). Figure 6. 3 presents the average of measured PSDs
(represented by the black empty circles) for the three flames and the associated log-normal

distributions calculated from Equation 6. 1 (represented by the fits shown as solid lines).
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Figure 6. 3 : Evolution of the PSD as a function of HAB for flames F1, F2 and F3. Black circles represent
the measured PSD whereas lines present the log-normal fits; log-normal fit for Mode-1 and Mode-2
are presented by the red and the green lines respectively whereas the blue line represents the
cumulative fit.

160



Chapter 6. Characterization of soot particles

Though each acquisition recorded was fit and analyzed individually, an average
distribution per HAB is presented in Figure 6. 3 and discussed in the following text for a lucid
interpretation of the data. The red and the green solid lines represent Mode-1 and Mode-2
respectively. The blue line represents the cumulative fit. As presented in Figure 6. 3, good
agreement is observed between the measured and calculated curves, thereby confirming the
utility of the usually accepted log-normal character for soot PSDs. In the literature, monomodal
distributions are observed for incipient or primary soot particles and bimodal distributions are
noticed for PSDs in rich flames [58,205,265]. As presented in Figure 6. 3, for flame F1, one log-
normal function was sufficient to fit PSDs at 6 mm and 8 mm HAB, while two log-normal
functions were required to fit the PSDs at higher HABs. At around 6 mm HAB, soon after the
flame front, particle inception can result in the formation of nanoparticles leading to a
unimodal PSD centered at about 2.5 nm (Mode-1). Starting from the HAB of 10 mm, one log-
normal was not enough to replicate the measured PSD. From 10 mm onwards, a small shoulder
begins to appear at slightly larger dm (~ 3 nm), for which the particle number rises with the
HAB. To reach convergence of the fitting, a second log-normal referred to as Mode-2 was added
to the sum. Initially, Mode-2 appears as a broadening of the curve or a tail towards larger dn,
which enlarges as we go to higher HABs. It always coexists with Mode-1 and does not exist as
a separate distinct mode. Mode-2 appears at earlier HABs in flames F2 and F3 as compared to
flame F1, implying that soot growth processes start earlier in the presence of anisole. This
bimodal distribution function persists from HAB of 10 to 16 mm in flame F1 and from HAB of
8 to 16 mm for flames F2 and F3. The particle size in Mode-2 ranges around 3 nm (also small)
depending on the flame and HAB. The appearance of Mode-2 becomes clearer at higher HABs
though Mode-1 is still active. Mathematically, we have an illustration that the two processes
(inception and particle growth) take place simultaneously for all the three flames. Starting
from lower HABs, this behavior persists even in the post-flame region suggesting a sort of
equilibrium. The widths of the distributions or the geometric standard deviation (see Equation

6. 1) for Mode-1 and Mode-2 lie in the range of 0.05-0.12.

Although particles in Mode-2 gradually increase in concentration with flame height, the
number of particles in Mode-1 does not decrease and in fact continues to increase with an
increasing flame height. This indicates that small incipient particles do exist in the post-flame
region as well. Some modeling studies in the literature [261,268] have shown that the apparent,
constant particle size observed for soot particles in the post flame front region could depend
on steady-state kinetics of particle inception versus consumption by coagulation to form larger
particles. The fact that small particles from Mode-1 are always observed in the PSDs in Figure

6. 3, indicate that inception is somewhat a continuous process throughout the region even later
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in these flames. Furthermore, it seems that perchance, the early soot particles from Mode-1 are
consumed by growth processes at a rate lower than the rate at which they are produced in such
a way that their concentration in fact keeps increasing. This feature could be caused by an
intrinsic competition between the rate at which the two processes i.e., continuous, and

simultaneous inception and growth processes are taking place.

However, it is worth taking note that these interpretations are deduced via preliminary
interpretation of the mathematical fits. This set of data does not allow deriving a more
complete scientific understanding regarding the phenomenon involved at the current moment.
Additional investigations are necessary to unravel the experimental evidence and validate
these hypotheses. A complementary modeling study could possibly help derive a more

complete understanding.

The resulting parameters deduced from the fit procedure i.e., the mean diameter (x.),
the integrated area (A) and the geometric standard deviation or the width of the modes (w) for
both Mode-1 and Mode-2 log-normal distributions are plotted in Figure 6. 4 as function of
HAB. Based on the data shown in Figure 6. 4, the median mobility diameter of the soot particles
corresponding to Mode-1 remains almost constant all over the investigated conditions, at about
2.5-2.6 nm i.e., the particle diameter does not increase as a function of HAB. On the other

hand, the median diameter for Mode-2 particles lies around 3 nm for the three flames.

It can be observed that x, is almost constant in flame F1 with respect to the flame height
and a rather modest or a faint slope with respect to the flame height for anisole flames. This
could possibly imply very little soot growth in general for these flames. Under the hypothesis
of spherical and isolated particles, and keeping in mind that the three flames were investigated
using the same experimental conditions, the evolution of 4 is considered to be representative
of the relative variation of the particle concentration in the flame. The linear relationship
between the total number concentration provided by the SMPS output and the area under the
distribution was verified before assuming that the integrated area is representative of the

particle number concentration.

Figure 6. 4 indicates that Mode-1 continues to increase against HAB. Particles associated
with this mode are more abundant in flames F2 and F3. Also, it seems that the particles in
Mode-2 increase in number at a faster pace for flame F2 and flame F3 in comparison to flame
F1. This shows that the soot growth processes not only begin earlier in anisole flames but are
also progressing at a sped-up pace in the presence of anisole. There is a difference between the
number of particles associated with the two modes in flame F1 where Mode-1 contains a greater

number of particles than Mode-2. On the other hand, it is observed that the presence of 10%
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anisole somewhat promotes particle growth to increase the number of particles in Mode-2 and
the presence of 15% anisole favors this increase to such an extent that the number of particles
in Mode-2 surpasses the number of particles in Mode-1. Particle number density grows about
more than twofold times between flame F1 and flame F3 (at HAB of 16 mm). It is interesting
to note that these observations are actually coherent with the LII data. Mode-2 starts with

smaller widths in flame F1 contrary to anisole flames.
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Figure 6. 4 : Evolution of x, (first row), w (second row) and A (third row) of the two lognormal fits
characterized as Mode 1 and Mode 2 with respect to the flame HAB for the three flames.

Figure 6. 5 compares A (total area under the distribution) for the three flames. The figure
clearly indicates as mentioned before that the number of small-sized particles increases in the

presence of anisole even though the particle growth processes seem limited in these flames. As

seen from LII, the amount of soot increases in the presence of anisole. It is interesting to note
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that the enhanced amount of soot produced in the presence of anisole is coming from small-
sized soot particles. Increase in soot amount due to small-sized soot particles implies large

number concentrations of soot particles.
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Figure 6. 5 : Comparison of the total area under the distribution (in millions) for the three flames with
respect to the HAB.

6.2. Soot dependence on the type of biofuel: anisole
and DMF

In the previous section, three different flames were investigated to study the soot
dependence on the amount of anisole present in the flames. Experimental results indicated
that the presence of anisole not only enhances the f, but also promotes the number of small
soot particles produced. This section presents another study to assess the soot dependence on
the structure of the biofuel. In this context, two flames with different biofuel additives, i.e.,
anisole (10%) and DMF (10%) are studied. This comparison permits us to inspect the influence
of two structurally different oxygenated biofuel additives on the f, and the PSDs of soot

particles. The flame conditions chosen for this investigation have been summarized in Table 6.
3.

Table 6. 3 : Summary of the flame conditions to study the soot dependence on the structure of the
biofuel i.e., anisole and DMF; L,: normal liters per minute (biofuel percentage here is a molar
percentage with respect to the total fuel)

Gaseous flow rates (L,/min) Equivalence C/O

Flame Biofuel (%) Biofuel CsHis CH, 0, N, Total ratio
F5 anisole (10) 0.105 0.150 0.788 2.308 6.500 9.850 1.90 0.58
Fy ‘ DMTF (10) 0.106 0.156 0.801 2.201 6.500 9.850 1.90 0.57
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It must be noted that other parameters such as the dilution, total flow and the
equivalence ratio are constant. A detailed comparison of the important soot precursors and
other gaseous species produced in the two flames has been detailed in Chapter 5. As stated
previously, the soot particles formed in these flames are also characterized via LII and SMPS.
Following the interpretation of the LII data, a detailed analysis of the SMPS data is performed.
The analytical protocol followed for the determination of the f, profiles was detailed in Chapter
2. As discussed earlier, the LII technique is not a straightforward quantitative technique and
only allows access to relative values of incandescence signals characteristic of the evolution of

the f, in flames.

E(m) is again determined by comparing the fluence curves of the flame in question to a
reference flame for which the E(m) was known (E(m) = 0.35) at an HAB of 16 mm as
mentioned earlier in section 6.1. The measured fluence curves for flame F5 and F7 together
with the reference ethylene flame are reported in Figure 6. 6. As shown in the figure, the
gradient at low fluence which represents the particles’ ability to be heated, was exactly the same
for flame F5 and the reference flame. This implies that the particles in the two flames possess
similar absorption properties i.e., similar optical properties. Thus, we used the same value of
E (m) for flame F5 as the reference flame i.e., 0.35. On the other hand, the gradient for flame
F7 is not the same as the reference flame and necessitates a shift. The difference is
compensated by incorporating a fluence shift to replicate a similar gradient as that of the

reference flame. This method led us to estimate E(m) = 0.29 for flame F7.
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Figure 6. 6: Comparison of the fluence curves for flame F5 and flame F7 together with that of the
reference ethylene flame (C/0=0.68). The curves are normalized with respect to the highest values in
each case.

Calibration of the LII signals was carried out in the same way as for flames F1, F2 and

F3. The uncertainty associated with these measurements is around +20%. It was not feasible
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to acquire a complete f, profile for flames F1, F2 and F3 because of the inadequate signal-to-
noise ratio. However, flames F5 and F7 possess a higher equivalence ratio of 1.90, which
enabled us to trace the evolution of the f, with respect to the HAB. Table 6. 4 presents the
maximum f, and a recapitulation of the maximum amount of the aromatic species and that
were reported for flame F5 and flame F7 respectively. The sum of aromatic species mentioned
in the table encompasses the peak mole fractions of the most abundant aromatics (oxygenated
as well as non-oxygenated aromatic species) present in the two flames that were quantified in
this study (details in Chapter 5). Likewise, the f, reported for the two flames is the maximum
value retrieved at an HAB of 18 mm. Figure 6. 7 presents the evolution of the acenaphthylene
(the most abundant three ring-aromatic in these flames) in parallel with the evolution of the f,
for flames F5 and F7 respectively. The acenaphthylene profile has been shifted towards the
burner to consider the nozzle effect by using the difference in the temperature profiles between
with and without the nozzle.

Table 6. 4 : Recapitulation of the flame conditions, sum of the maximum mole fraction of the aromatics

(oxygenated and non-oxygenated aromatic species) and the maximum f, (at HAB = 18 mm) obtained
for the two flames respectively

Flame Biofuel (%) Equivalence Aromatics  f;, (ppt)
ratio sum (ppm)
F5 Anisole (10) 1.90 ~1870 182
Fy DMTF (10) 1.90 ~542 45

The primary y-axis denotes the mole fraction of acenaphthylene (in ppm) whereas the
secondary y-axis serves to present the f, (in ppt). Although already discussed in Chapter 5, it is
worth mentioning here that there was no difference in the amounts of smaller aliphatic species
(like acetylene, propene and propyne) amongst the two flames which are also considered to
play an important role in the soot formation process. Thus, the difference in the amount of soot
produced is expected to be due to the difference in the quantity of aromatic species in the two
flames. This observation also supports that aromatic compounds are more crucial species in

the soot nucleation process than the aliphatic species.

This is why only the evolution of the sum of the aromatic species is presented in Table 6.
4 as their amount differs amongst the two flames which could justify the difference in the
amount of soot produced. As demonstrated in the figure, the onset of soot formation
commences close to the depletion process of acenaphthylene. This figure notably shows that
the formation of aromatics and soot is more in flame F5 than in flame F7. Data presented in

Table 6. 4 and Figure 6. 7 indicates that the maximum amount of soot produced in flame F5 is
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nearly four times more than in flame F7. This observation is in accordance with the amount of

aromatic species formed in these flames.
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Figure 6. 7 : Evolution of the aromatics (oxygenated and non-oxygenated aromatics; primary y-axis)
and the f, (secondary y-axis) with respect to the flame height for flame F5 and flame F7.

As shown in Table 6. 4, the quantity of aromatics in flame F5 ranges in thousands of ppm
whereas their amount in flame F7 lies in the range of hundreds of ppm which accounts to a
difference by an order of magnitude. In absolute terms, the maximum mole fraction of
aromatics in flame Fj5 is nearly ~3.4 times more than their maximum mole fraction in flame
F7. A strong increase of the f, with flame height appears following the decomposition of the
aromatic species which increases exponentially initially but then gradually becomes constant.
Also, the initial increase of the f, in flame F5 is much steeper than in flame F7. This signifies
that the rate at which the amount of soot is increasing with respect to the flame height, is higher
in F5 than in F7. Figure 6. 8 presents normalized peak mole fractions for some selected non-

oxygenated and oxygenated species and soot volume fraction in the two flames. It presents a
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global overview of the evolution of the slope at which aromatics and soot increase in F5 with
respect to F7. It is noteworthy that the slope for benzene and PAHs is somewhat similar unlike
the case for phenol and dibenzofuran. The increase for phenol is more abrupt in comparison
to non-oxygenated species and the slope at which soot is increasing is closer to that of the non-

oxygenated species.
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Figure 6. 8: Normalized peak mole fraction values attained by benzene, phenol, PAHs, and OPAHs
(selected species) and the soot volume fraction in flames F5 and F7 respectively.

In addition to the axial f, profiles, we also investigated the dependence of f, on the
equivalence ratio (biofuel amount constant). As first proposed by Musick et al. [269] in 1996
and then used by Melton et al. [270,271] in 1998 and 2000, the effect of equivalence ratio on

f» can be analyzed using the empirical formula:

Fmax — 4. i Equation 6. 2

Here, f,"** represents the maximum soot volume fraction, ¢ is the equivalence ratio and
A; and n; are the correlation parameters. The sensitivity of the f,"** to equivalence ratio is
represented by the parameter n;. Melton et al. [271] reported a value of n; = 13 for their soot
measurements in atmospheric methane sooting flames where particles underwent growth
processes. Figure 6. 9 represents the evolution of the f,*%* with respect to ¢ for two series of
flames with 10% anisole and 10% DMF. f,*** was measured in all flames at an HAB of 16 mm.
It is worth mentioning that other parameters like total flow and dilution were always constant.
LIT signals were converted to absolute f,"%* in the same way as discussed previously.

Experimentally determined measurements were then fit using linear regressions using
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Equation 6. 2 However, this empirical law did not apply over the complete range of

investigation. Thus, we split the evolution of the f, into two zones. In general,

e a first zone between $=1.86 and ¢$=1.92 for anisole flames and between $=1.88 and
$=1.96 for DMF flames was observed; where we notice a very significant increase in
the f, with ¢ (sensitivity factor of 88). This is where the inception process
predominates.

¢ and a second zone between ¢$=1.92 and ¢=2 for anisole flames and between $=1.96 and
$=2.04 for DMF flames where the soot growth process predominates, with a lower

sensitivity towards ¢.

Each of these zones were fit individually. Whatever the area considered, the value
obtained is however greater than that determined by Melton et al. at atmospheric pressure.
Figure 6. 9 shows that the f,/"*** for flame F5 is always greater than flame F7 and this difference

is more pronounced when the equivalence ratio ranges between 1.86 to 1.92.
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Figure 6. 9 : Evolution of f, (in log scale) with respect to the equivalence ratio for two series of flames
containing 10% anisole and 10% DMF respectively; Symbols represent experimentally measured
values (at HAB = 16mm) whereas the dashed lines represent the fits performed to retrieve the unknown
parameters.

This difference decreases as we approach very high equivalence ratios beyond 1.96. In
general, as shown in the figure, there is a remarkable increase in the f, in the initial phase for
each series of flames until ¢p=1.92. The sensitivity factor describing the dependence is greater
for anisole (113) than for DMF (92) in the first zone. After an equivalence ratio of 1.92, the
increase in the f, for the anisole flame series is less pre-eminent and the trend becomes less

significant than at lower equivalence ratios. On the other hand, the increase in the f, for the
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DMTF flame series increases notably even at higher equivalence ratios. This analysis shows that
the conditions for F5 and F7 studies in this work for aromatics and soot lie in a range where

the soot inception process are predominating the soot growth processes.

In parallel to the LII measurements, PSDs were also determined for the two flames via
the SMPS. It must be noted that the f, in flame F5 is 4 times higher than in flame F7 (at HAB
= 18 mm). In order to compare the PSDs of two different flames, it is essential that they are
determined using the same dilution ratio i.e., by using the same differential pressure as we are
not correcting for the dilution ratio at this stage of analysis. Since the f, in one flame is much
higher than the other, it is not feasible to generalize and apply the same differential pressure
to determine the PSDs for both flames. It was found that the differential pressure to run
smooth PSDs measurements was nearly 14 and 12 mbar for flames F5 and flame F7y
respectively. The raw PSDs obtained for the two flames are presented in Figure 6. 10. It must
be noted that these size distributions cannot be compared to one another as they have not been
determined in similar conditions, but need to be investigated to gain further insights rather
independently. In other words, the two flames cannot be compared directly. A minimum of
three acquisitions were taken at several HABs to verify the reproducibility of the
measurements. More information concerning the soot growth along the flame can be revealed
via a comprehensive analysis of the variation of the soot size distributions with flame height in

the same way as presented for the other flames in the previous section.
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Figure 6. 10: Soot PSDs (log scale) recorded for flames F5 and F7 where colored symbols denote the
raw measured distributions whereas the lines represent cumulative log-normal fits for each
acquisition.

To do so, Equation 6. 1 was again used to frame a theoretical log-normal distribution
function to replicate the measured PSDs as discussed previously. Thus, measured PSDs were

closely fit with one or a combination of two or three log-normal functions if necessary
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(depending on the HAB). In this manner, the onset of bimodality in the size distribution was

estimated from the residual analysis of these fits.

Figure 6. 11 presents the measured PSDs (the black empty circles) and the associated log-
normal functions from Equation 6. 1 (solid lines) for flames F5 and flame F7. Red, green, and
pink solid lines represent Mode-1, Mode-2 and Mode-3 respectively. Though each recorded
acquisition was fit and analyzed individually (as presented in Figure 6. 10), an average
distribution per HAB is presented in the figure and discussed in the following text for a lucid
interpretation of the data. It must be noted that the PSDs for the two flames are determined
with different dilutions which is why the soot particle number as well as the areas under the
distributions cannot be compared as these parameters are sensitive to the dilution ratio.

However, there are still some conclusions that can be drawn from Figure 6. 11.

As shown in the figure, the size of the particles in the flames is very small with dn < 10
nm. Mode-1 could present formation of incipient particles and Mode-2 probably consists of
small soot agglomerates which evolve to larger diameters for both flames. The distributions
exhibit a characteristic evolution from the inception mode to a bimodal distribution at higher
HABs. However, if we see the evolution of the modes in flame F5, one log-normal function was
not sufficient even at an HAB of 7 mm and thus at least two log-normal functions were always
required to fit the PSDs at all flame heights. At higher HABs, i.e., at about 10 mm, three log-
normal functions were used to make a fit that could best describe the raw PSDs. It is not usual

to use more than two modes to describe the best cumulative fit.
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Figure 6. 11 : Evolution of the PSD as a function of HAB for flames F5 and F7. Black circles represent
the measured PSD whereas lines present the log-normal fits; log-normal fit for Mode-1, Mode-2 and
Mode-3 are presented by the red, green, and pink lines respectively whereas the blue line represents
the combined cumulative fit.
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To be able to perform the comparison with LII, the differential pressure was kept
constant at all HABs in F5. It might very well be that Mode-3 emerged due to post-coagulation
of Mode-2 as the dilution ratio was constantly fixed. In order to verify if Mode-3 was indeed
real or an artifact, we increased the dilution ratio (i.e., lowered the differential pressure) at
constant HAB. It was seen that Mode-3 became indistinct with progressive increase in dilution
indicating that it was perhaps due to post-sampling coagulation. Nevertheless, since
measurements were performed using constant dilution, PSDs were not ideal in this specific
case because of the reasons just discussed. As a consequence, three modes were primordial to

fit the experimentally measured PSDs.

In flame F5, there is a greater number of particles in Mode-2 since the onset of soot
formation. This could indicate that the early soot particles are quickly undergoing the growth
processes to form particles with slightly larger diameters thereby being consumed in the
process. Though incipient particles collide and coagulate to form larger sized particles, they do
not seem to completely disappear even at the highest probe position employed. Mode-2 is
always accompanied with Mode-1 even though its intensity is always greater than the latter and

is constantly increasing with HAB.

On the other hand, for flame F7, Mode-1 dominates at lower HABs. The unimodal
distribution can be attributed to a burst in the particle inception related to the rise and the fall
of the PAHs. Later, incipient soot particles could grow and initiate the development of Mode-
2. After the onset of bimodality at HAB of 8 mm, Mode-2 increases gradually, becomes
equivalent to Mode-1, and finally surpasses it. However, it seems that there is persistent
inception and constant bimodality occurring at the same time. As also observed for flame F5,
Mode-1 never disappears in flame F7 as well. The onset of bimodality however starts earlier in
flame F5 in contrast to flame F7. This indicates that the soot growth processes if involved,
started earlier in flame F5 as compared in flame Fy7. At HAB of 16 mm, the ratio of the number

of particles in Mode-2/Mode-1 is greater in flame F5 than in flame F7.

Figure 6. 12 presents an evolution of the median diameters associated with the different
modes with respect to the flame height for flame F5 and flame F7 respectively. It must be noted
that the particles present in these flames are also very small with most particles having
diameters less than ~5-6 nm. The median diameters corresponding to Mode-1 in this case are
slightly higher than what was found for other flames (F1, F2 and F3). The median diameter for
Mode-1 in F5 is ~ 3 nm whereas the median diameter for Mode-1 in F7 is not constant at a
given value. It starts with ~2.6 nm at early HABs and increases slightly until ~3.15 nm at 16
mm. For soot particles belonging to Mode-2, there is a continuous increase in their median

diameters with respect to the flame height in both flames. This increase is more important in
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flame F5 and is rather gradual in flame F7 signifying that growth to larger particle diameters
is probably more rapid in F5. The median diameter of particles associated to Mode-3 is also

increasing with a similar tendency. Mode-3 is however not present in flame F7.
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Figure 6. 12: Evolution of the median diameter of Mode-1, Mode-2, and Mode-3 with respect to the
flame height for flames F5 and F7.

It must be noted that widths and areas of the modes cannot be compared between F5 and
F7 as they were performed using different dilutions. However, they can be studied
independently. Figure 6. 13 presents the evolution of the widths and the areas associated with
the different modes with respect to HAB for flame F5. In theory, it is expected that a
larger number of particles in Mode-1 would imply a higher collision frequency, that should
credibly lead to larger particles. The continuous upswing of the width of Mode-2 in F5 indicates
a likelihood of formation of soot aggregates. As a result of the competition of small particles
generated by inception and those consumed via growth in F5, Mode-1 has smaller values of the
geometric standard deviation indicating that the inception becomes less dominant than growth

process at higher HABs in F5.
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Figure 6. 13: Evolution of the widths and the integrated areas associated with the modes for flame F5.
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Figure 6. 14 presents the evolution of the widths and the areas associated with the
different modes with respect to HAB for flame F7. The areas under the two modes are in
accordance with the increase of their widths. At HAB=6 mm, inception processes dominate
and from HAB=8mm onwards, growth processes also come into picture. The number of
particles associated with both modes continue to increase as HAB increases. It is interesting to
note that the particles in Mode-2 are always more than particles in Mode-1 at a given HAB. As
the HAB increases, the difference in the particle number in the two modes also increases

indicating that growth processes somewhat start to dominate.
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Figure 6. 14: Evolution of the widths and the integrated areas associated with the modes for flame F7.

6.3. Conclusion and perspectives

This chapter presents the experimental results and their subsequent analysis concerning
the soot particle measurements using LII and SMPS. Soot volume fraction f, profiles for flames
F1, F2 and F3 could not be traced as we were at the threshold of the detection limit, however,
at least one value of f, (at HAB of 16 mm) was determined. For flames F5 and Fy, we obtained
full £, profiles with respect to the flame height. Nevertheless, in terms of the f, determined for
the flames of investigation (i.e., ppt levels of soot), these flames could be considered as very
slightly sooting. The f, profiles were complemented with PSD measurements to get more
insights about the size and the number density of the particles formed in these flames. In
general, very small soot particles were observed in our flames of investigation with the median
of the mobility diameter dn consistently smaller than 5 nm. Understanding the formation of
very small soot particles is not straightforward, however this study provides encouraging

results and opens several new perspectives.

Experimental results indicated that anisole enhances soot formation by increasing the
concentration of the early soot particles. It also produces more soot than DMF in similar

conditions. Bimodal PSDs were observed in the flames possibly indicating particle inception
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followed by growth processes to form larger particles. f, dependence on the equivalence ratio
suggests that in the chosen conditions, though both soot inception and growth take place
simultaneously, the former is dominant for flames F5 and F7. In general, it was observed that
growth processes were limited and the size of the particles ranged over a few nanometers. This
study provides a rich database for soot modeling. The interpretation discussed in the text relies
solely on the analysis of the experimental results obtained using the two techniques. Additional
investigations and soot modeling are necessary to derive a complete understanding of the

mechanism involved in these flames.

Concerning the PSDs, the discussion in this chapter is limited to the raw SMPS output.
Correction of the raw data and determination of the absolute number concentration of particles
from the flames is an important perspective of this work. To evaluate the difference in the real
number concentration and the SMPS output, we determined the f, from the PSDs obtained
using SMPS, and compared it with the f, obtained using LII. Figure 6. 15 presents a correlation
plot of the f, determined using the two techniques. As seen in the figure, the correlation
between the two techniques is not linear. LII relies on the ability of the particles to get heated
whereas the SMPS relies on the ability of a particle to traverse an electric field which is
fundamentally related to the particle size. The difference in the nature of the two techniques
certainly implies the need of a systematic study to establish facts and reach new conclusions
for their correlation. The final concentration number provided by the SMPS is biased by the
sampling procedure as the PSDs are sensitive to the dilution ratio and need to undergo some
corrections for the same. Another important phenomenon is the possibility of losing particles
in the sampling line. Even after substantial dilution, because of the small size and high
concentrations of soot particles, it is possible that aerosol processes may distort the
measurements during transport of the diluted sample: diffusion and coagulation being the
dominant processes of concern. The small particles are more susceptible to be lost in the line
in comparison to the bigger particles as smaller soot particles have faster diffusion speeds. This
implies that the loss of small particles during measurements is consequential and must be
corrected. Diffusion losses of soot particles occurs when the particles collide with and stick to
the surface of the sampling line due to the Van der Waals forces, electrostatic forces or via
surface tensions. The quantitative estimation of the soot particles losses via diffusion during
their transport in the line is challenging and very well beyond the scope of this thesis. Real
quantification of the absolute number is a challenging step and this correction would be the

following step to derive a more comprehensive understanding of the data.
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Figure 6. 15 : Correlation of the f, determined by LII and SMPS.
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General conclusion and perspectives

Though the transition to decarbonize the current energy system is happening, it is
certainly not fast enough for the renewables and nuclear to keep up with the growing energy
demand. Particularly for the transport sector, the introduction of biofuels is considered as one
of the most promising options to attain decarbonization. Transport fuels are now subjected to
blending mandates with alternative fuels to achieve ambitious emission targets and reduce our
dependency on fossil fuels. In this context, lignin-based biofuels are infrastructure-compatible
liquid transportation fuels which can fulfil such mandates as they are identical to the
petroleum-based fuels that they are designed to replace. Due to the presence of a large portion
of aromatic rings with oxygen functionalities in lignin, OPAHs are expected to constitute a
large family of undesirable pollutants from the combustion of biomass and lignin-based
biofuels. Studies focusing on the formation of OPAHs, its link with PAHs and soot from the
combustion of lignin-based biofuels are very scarce in the literature. However, to achieve safe
integration of these biofuels into our energy system, studies on OPAHs emissions and the size
of soot particles generated during their combustion processes are amongst essential aspects.

This information is somewhat crucial for decoding their impact on the environment.

In this context, the main objective of this thesis work was (1) to detect and quantify the
different oxygenated aromatics as well as the associated PAHs, and (2) to evaluate the size of
the soot particles from biofuels oxidation in flame conditions. In this study, anisole was
employed as the simplest model compound to represent lignin-based biofuels. A comparison
with other biofuels, DMF (a potential new 2nd generation cellulose-based biofuel) and ethanol
(already in commercial use), has been also performed. In this report, we have presented
experimental results on different intermediate species especially non-oxygenated and
oxygenated aromatics in anisole/iso-octane/CH,/0./N. atmospheric laminar flat premixed
flames. Overall, seven flames were stabilized. Out of the seven flames, the first flame was a
reference flame and did not contain any biofuel. The remaining flames were stabilized with the
biofuel, out of which four flames contained anisole and two flames were stabilized using DMF
and ethanol. All these flames were stabilized in slightly sooting conditions to study the
aromatics and the primary soot particles. Different series of flames were categorized to study
the influence of the biofuel amount, the equivalence ratio and the biofuel structure on the
formation of aromatics. In general, the identification of species was carried out using 1-D and
2-D GC-MS setups and species were quantified using 1-D GC-TCD-FID and 1-D GC-SPT-TCD-
FID setups. The analytical system used in this work enables us to identify nearly 100

oxygenated aromatic species produced in anisole flames. Numerous species amongst these
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have been identified for the first time in this work. A comprehensive approach based on
different split injections was used to resolve the complex mixture including non-oxygenated
aromatics to perform an exhaustive identification of species. These species highlighted the
significant implication of the phenoxy radical, a primary radical produced in the early stages
during the combustion chemistry of lignin-based fuels like anisole. So far, only a few out of the
identified oxygenated aromatics are included in the current kinetic mechanisms which implies
that the available mechanisms are still incomplete. In order to build trustworthy kinetic
models, it is necessary to take these species into account as their absence in the current models
can play a significant role in the overall behavior of the models. None of the oxygenated
aromatics were observed in the reference flame without anisole which confirmed the
contribution of anisole. Nearly 80 intermediate species were overall quantified in this work.
Calibration of absolute concentrations was performed using commercial standard mixtures for
smaller species and using the vapor pressure method for heavier aromatics. For the remaining
species, the response factors were estimated. It was interesting to note that anisole had lesser
impact on the formation of smaller intermediate species but greatly affected the formation of
non-oxygenated as well as oxygenated aromatics, especially OPAHs and PAHs. Anisole is
susceptible to produce the phenoxy radical by losing the methyl group and this phenoxy radical
can undergo self-combination or combination reactions with other aromatic radicals to
produce different types of oxygenated aromatics. It was observed that not only the amount of
anisole in the fuel, the equivalence ratio of the flame also plays a role in the formation of
oxygenated aromatics. This study provides an experimental database to develop and validate
chemical kinetic mechanisms. The comparison between the OPAHs and PAHs in a given flame
indicates that the OPAHs (up to three rings) are formed and decomposed before the peak mole

fractions of PAHs are attained.

In addition to the effect exerted by the anisole amount and the equivalence ratio, two
other flames containing ethanol and DMF were also compared with anisole flames. As
expected, no oxygenated aromatics were observed for the ethanol flame and other aromatics
species’ formation was reduced in comparison to anisole. However, small oxygenated species
like acetaldehyde and acetone significantly increased in the presence of ethanol with respect to
the anisole flame. On comparison with the DMF flame, it was found that the formation of small
oxygenated species like formaldehyde, acetaldehyde, propanal, and acetone increased in the
DMF in comparison to the anisole flame. On the contrary, though DMF produces some
oxygenated aromatics, the potential of anisole in producing oxygenated aromatics is much

more significant in comparison to DMF.
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Together with the study of the gas phase aromatics, primary soot particles were also
characterized using LII and SMPS. The soot particles measured in the studied flames are
smaller than 10 nm. It was observed that at constant equivalence ratio, anisole increases the
number of small soot particles formed in these flames. These particles are referred to as
primary soot particles on account of their small size. It was observed that the soot inception
processes start at early HABs in the anisole flames as compared to the reference flame. Also
soot growth processes overall were very limited in these flames. At higher equivalence ratio of
1.90, anisole produced more soot than DMF in similar conditions. It was observed that though
the growth processes were limited, they occurred at a faster pace in anisole flame in
comparison to the DMF flame. Together with the measurement of oxygenated aromatics and
soot particles, determination of the temperature profile in this work was carried out using an
experimental protocol which was validated in this thesis for laminar premixed flames by
comparison with other techniques like LIF-NO. We have shown that the implementation of the
extrapolation method, requiring the use of 4 thermocouples of different diameters, allowed

very simple calibration of the radiative losses.

Though this work did shed some light on the oxygenated aromatics and the size of soot
particles in these flames, there is still a lot to be explored. Though several oxygenated aromatics
were identified and quantified in this work, some signals could not be identified. Additionally,
several OPAHs with three or more oxygen atoms though identified in this work are not
reported in the thesis report as more specific studies are needed to analyze and confirm their
identification. A thorough and complete kinetic model being currently developed at our
laboratory will be improvised to include the identified oxygenated aromatics and would be
tested with the experimental database. Only stable gas phase species have been studied in this
work and certainly more sophisticated spectroscopic techniques (like the Electron
Paramagnetic Resonance, EPR) are necessary to study other aromatic radicals formed in these
flames to gain some deeper insights. Some work on the use of EPR is already underway to
perform PAHs analysis in laminar diffusion flames [272]. Though aromatic species and soot
formation studies are carried out independently in this work, it is still too early to answer the
scientific question concerning whether the OPAHs play a role in the formation of soot particles
which is why complimentary studies would be certainly necessary to understand the
mechanism involved. It would be interesting to perform a pyrolysis study on anisole in other
reactors to confirm if the oxygen in OPAHs is coming from the oxidant or the fuel itself. The
study on small sized soot particles in this work provides a rich experimental database for soot

modelling to understand better the mechanism involved. The particle size distributions
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presented in this work were not corrected for the dilution ratio and the diffusion losses (biases

linked to the analysis methods used) and constitute an important perspective of this work.

Finally, it is important not to lose sight of the fact that this work aims to improve the
quality of the environment in which future generations will live. All the knowledge
accumulated in this work finds an ideal application for example in the characterization of the
environmental impact of new fuels, and in particular for those based on mixtures of
hydrocarbons with lignin-based biofuels which are an important center of attention in the
domain of combustion kinetics. In a socio-economic context, which is still struggling to make
a transition towards lesser environmental impact from human activities, still relies largely on
combustion to guarantee a large part of basic services, which is why the capacity to predict and
effectively characterize the formation of toxic pollutants is fundamental to developing more

efficient and less polluting transport systems.
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Table A. 1 : Summary of the analysis conditions optimized for the 1-D GC-SPT-TCD-FID referred to as

“GC Scion” in the text.

Injectors
Channel 1 (Split/Splitless)
Split event table Time (min) Split state Split ratio
Initial ON 10
Heater (setpoint) ON (220°C)
Channel 2 (Mini Gas Splitter)
Split event table Time (min) Split state Split ratio
Initial ON 60
Channel 3 (SPT)
Heater ON
Temperature program Step (°C) Time (min)
-50 5.80
200 14.80
Total time 20.60
Column oven zone
Temperature program Rate (°/C) Step (°C) Time (min)
Initial 50 15.00
8 190 12.50
Total time 45.00
Columns
Hayesep Q
Channel 1 Molsieve 13X
Scion-1
Channel 2 Scion-AL,0;/Na,S0,
Channel 3 Scion-17MS
Detectors
Channel 1 (TCD)
Electronics ON
Heater (setpoint) ON (175°C)
Filament temperature limit 390°C
Filament temperature 300°C
Channel 2 and Channel 3 (FIDs)
Electronics ON
Heater 300°C
Make up (Nitrogen) flow 20 mL/min
Hydrogen flow 30 mL/min
Air flow 300 mL/min
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Figure A. 1 : Temperature program used for the SPT in Channel 3 in GC Scion.
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456-GC - Control Method

Column oven zone

[V Heater (ON)

[ Rate [Cémin] | Temperatue (C) | Time (min] | Total (min] |
inital 50 15,00 5,00
80 190 1250 45,00
[ | Tl time] 25,00
% 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 18 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
(min)

Figure A. 2 : Temperature program used for all columns in different channels in GC Scion.
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Figure A. 3 : Temperature program used for 1-D GC-MS; it was kept similar to GC Scion in order to
carry out a comparison of the chromatograms to identify the peaks.
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Figure A. 4 : Temperature program used for the 2D-GC Thermo Fischer Scientific at the Laboratory
for Chemical Technology at the University of Ghent.
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Data end time ’3_5 L}
100

0
T T T T T T T
Cyop——————————————
0.0 10.0 200 300 Coolant -
Oven Ramp Rate Temp Hold “| | Cutintemp (°C) |60

Iniitial 0.0 40 5.30

1 0.0 240 70— | Timeout min}  [353

2 0o 1] 0.00 o

W[4 v n] OvenRamp

—Heated zone setpoints (°C) ~Oven
Injector A IZ&D Auziliany 150 Max temp (C) 275
Injector B |35,|] Equil time {min})  |0.5

4

Figure A. 5 : Temperature program used for the 1-D GC-TCD-FID referred to as “GC Perkin” in the
text.
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Table A. 2 : List of the non-oxygenated aromatics and PAHs that were identified in this work in anisole

flames.

Ne° Molar mass Formula Name Structure
(g/mol)
1. 78.11 CeHe Benzene ©
2. 92.14 C,Hs Toluene ©/
X
3. 104.15 CsHs Ethenyl benzene ©/\
4. 116.16 CoHs Indene
5. 126.15 CioHe 1,4-Diethynylbenzene = \'\ /} —
6. 128.17 CioHs Naphthalene
7. 142.20 CuHio 1-Methyl naphthalene
8. 142.20 CuHio 2-Methyl naphthalene
9. 152.20 C..Hs Biphenylene 0.0
10. 152.20 C.Hg Acenaphthylene OO
11. 154.21 Ci.Hio Acenaphthene OO
12. 154.21 Ci.Hyo Biphenyl
X
13. 154.21 CioHio 2-Ethenyl naphthalene OO
14. 156.22 CioHio 2-Ethyl naphthalene
15. 166.22 CisHio Fluorene 0.0
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16. 166.21 CisHio 1H-Phenalene O“

17. 168.23 CisHio 1,1’-Methylenedibenzene
18. 178.23 Ci,Hio Anthracene
19. 178.23 Ci,Hio Phenanthrene OGQ
20. 202.25 CisHio Fluoranthene 8‘@
21. 206.28 C16H14 Pyrene “
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Table A. 3 : A recapitulation of the different species (in the order of increasing molar mass) that were quantified using different GC setups with their respective
peak mole fractions in the different flames investigated in this work. Superscript “p” and “s” refer to the GCs using which they were quantified where “p”
implies GC Perkin and “s” implies GC Scion; the hyphen “-” implies that the species was not detected in the flame. For the reactants, the peak mole fraction

presented is the value close to the burner surface whereas for the major end products, the peak mole fraction is the value in the plateau region.

Molar mass

Ne° Name Formula (g/mol) Structure Calibration F1 F2 F3 Fq F5 F6 F7
1. Hydrogen H, 2.01 H—H Direct? 124E-01 | 122E-01 | 1.17E-01 | 1.06E-01 | 1.26E-01 | 1.18E-01 | 1.22E-01
2. Methane CHs 16.04 H-C-H Directps 6.51E-02 | 5.19E-02 | 456E-02 | 4.23E-02 | 533E-02 | 549E-02 | 5.43E-02
H

3. Acetylene CoH, 26.04 HC=CH Directps 1.26E-02 | 128E-02 | 1.20E-02 | 931E-03 | 1.39E-02 | 1.07E-02 | 1.32E-02
4. Nitrogen N2 28.01 N=N Directvs 6.11E-01 | 6.05E-01 | 595E-01 | 5.93E-01 | 595E-01 | 5.93E-01 | 5.91E-01

5. Carbon co 28.01 Cc=0 Directps 146E-01 | 1.70E-01 | 1.76E-01 | 1.56E-01 1.72E-01 141E-01 | 1.67E-01

monoxide

6. Ethylene CaHs 28.05 H,C=CH, Directvs 3.98E-03 | 3.39E-03 | 3.26E-03 | 3.18E-03 | 3.32E-03 | 3.98E-03 | 3.48E-03
7. Formaldehyde HCHO 30.03 O¢CH2 Estimated® 8.09E-04 | 853E-04 | 854E-04 | 7.96E-04 | 7.96E-04 | 9.21E-04 | 8.55E-04
8. Ethane C2He 30.07 H3C—CHg Directs 1.46E-03 | 143E-03 | 134E-03 | 142E-03 | 1.32E-03 | 1.27E-03 | 1.20E-03
9. Oxygen 02 31.99 0=0 Directps 1.41E-01 | 140E-01 | 1.34E-01 | 1.22E-01 | 1.37E-01 | 1.31E-01 | 1.39E-01
10. Methanol CH3OH 32.04 /OH Estimatedp 4.08E-05 | 3.83E-05 | 3.77E-05 | 4.05E-05 | 3.16E-05 | 4.61E-05 | 4.52E-05
11. Allene aCsHa 40.06 H,C=—C=—CH, Estimatedps 3.01E-04 | 3.27E-04 | 3.35E-04 | 299E-04 | 3.54E-04 | 272E-04 | 4.17E-04
12. Propyne pCsHa 40.06 \ Directps 515E-04 | 4.88E-04 | 4.79E-04 | 4.16E-04 | 497E-04 | 3.78E-04 | 7.01E-04
13. Propene CsHs 42.08 PN Directvs 2.01E-03 | 187E-03 | 173E-03 | 1.88E-03 | 1.73E-03 | 1.71E-03 | 1.68E-03
14. Carbon dioxide €Oz 44.01 0O=Cc=0 Directps 448E-02 | 4.83E-02 | 5.17E-02 | 5.63E-02 | 4.62E-02 | 474E-02 | 4.69E-02
15. Acetaldehyde CH3CHO 44.05 o/\ Estimated® 700E-05 | 7.74E-05 | 9.08E-05 | 8.06E-05 | 7.53E-05 | 4.57E-04 | 2.33E-05
16. Propane CsHs 44.09 / Directvs 3.20E-05 | 248E-05 | 218E-05 | 2.55E-05 | 2.39E-05 | 2.87E-05 | 4.96E-05
17. Ethanol C2Hs0H 46.06 /\OH Directr 1.90E-04 | 2.31E-04 | 293E-04 | 161E-04 | 3.42E-04 | 5.65E-03 | 2.82E-04
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18. Vinylacetylene o 52.07 // Directs 3.09E-05 | 3.60E-05 | 3.85E-05 | 3.58E-05 | 4.04E-05 | 3.11E-05 & 4.63E-05

19. 1,3-Butadiene CaHs 54.09 N Directs 101E-04 | 1.28E-04 | 134E-04 | 142E-04 | 145E-04 | 1.02E-04 | 240E-04

20. 2-Propenal C2HsCHO 56.02 OM Estimatedp 1.24E-05 | 5.58E-05 | 7.43E-05 | 576E-05 | 501E-05 | 291E-05 & 4.96E-05

21. 1-Butene CiHs 56.10 = Directs 1.40E-04 | 1.21E-04 | 1.16E-04 | 153E-04 | 146E-04 | 126E-04 | 138E-04

22 Trans-2-butene CsHs 56.10 /\/ Directs 9.99E-06 | 870E-06 | 843E-06 | 1.07E-05 | 9.69E-06 | 1.02E-05 | 1.14E-05

. N .

23. Cis-2-butene CiHs 56.10 Directs 6.19E-06 | 7.28E-06 | 6.96E-06 | 843E-06 | 5.19E-06 | 855E-06 | 9.12E-06

24. Isobutene CaHs 56.10 )\ Directs 2.62E-03 | 201E-03 | 1.73E-03 | 246E-03 | 218E-03 | 239E-03 | 1.86E-03

25. 1-Butyne CaHs 54.10 /T Directs 7.52E-05 | 137E-04 | 167E-04 | 132E-04 | 163E-04 | 6.88E-05 | 1.70E-04

26. Propanal C2HsCHO 58.04 ON Estimated? 1.28E-05 | 1.09E-05 | 1.15E-05 | 1.16E-05 | 1.01E-05 | 154E-05 | 1.59E-05
O

27. Acetone CH3COCHs 58.07 )J\ Estimatedp 2.46E-05 | 189E-05 | 188E-05 | 2.11E-05 | 160E-05 | 2.62E-05 | 2.63E-05

28. Isobutane iC4H1o 58.12 )\ Estimatedp 146E-05 | 1.22E-05 | 1.33E-05 | 1.40E-05 | 119E-05 | 1.17E-05 | 1.66E-05

29. 2-Methyl-1- CsHe 66.10 = Estimatedp 3.00E-06 | 454E-06 | 572E-06 | 4.52E-06 | 5.16E-06 | 231E-06 | 535E-06

buten-3-yne

30. | Cyclopentadiene cCsHe 66.1 @ Estimatedp 1.39E-04 | 3.77E-04 | 5.58E-04 | 4.15E-04 | 3.70E-04 | 1.19E-04 | 292E-04
O

31. Furan CaHs0 68.07 X\ /7 Estimatedp - 191E-06 | 3.21E-06 | 2.09E-06 | 2.01E-06 - 8.91E-06
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32. 1,3-Pentadiene CsHs 68.11 /\/\ Estimated? 537E-05 | 671E-05 | 7.34E-05 | 7.19E-05 | 6.25E-05 | 491E-05 | 6.51E-05
O—
33. Methacrolein C4He0 70.09 Estimateds 295E-05 | 101E-06 & 1.13E-06 @ 2.08E-06 | 192E-06 | 297E-05 | 2.05E-05
34. 1-Pentene CsH1o 70.13 VN Directs 992E-05 | 7.38E-05 | 8.18E-05 | 1.01E-04 | 7.89E-05 | 9.08E-05 | 6.65E-05
35. 2-Pentene CsHio 70.13 P Y Estimated? 3.88E-06 | 455E-06 | 509E-06 | 4.44E-06 | 4.33E-06 | 298E-06 | 7.81E-06
36. Benzene CeHs 78.11 © Directps 953E-05 | 825E-04 | 127E-03 | 9.07E-04 | 9.07E-04 | 7.70E-05 | 3.21E-04
37. 1-Methyl-1,3- CeHs 80.13 Estimated? 525E-06 | 144E-04 | 3.35E-04 | 1.69E-04 | 1.69E-04 ; 2.02E-05
cyclopentadiene
Methyl vinyl O
38. eyl viny C4Hs0 81.40 )J\/ Estimated? - 2.68E-06 | 3.83E-06 | 3.18E-06 1.92E-06 - 4.85E-05
ketone /
O
39. 2-Methyl furan CsHeO 82.1 @/ Estimated? ; 181E-06 | 2.13E-06 | 2.08E-06 & 1.19E-06 ; 1.19E-04
40. Toluene C7Hs 92.14 ©/ Directps 113E-05 | 681E-05 | 1.07E-04 & 6.79E-05 | 7.61E-05 | 4.09E-06 | 2.42E-05
41. Phenol CeHeO 94.11 @OH Estimated? ; 7.45E-04 | 477E-04 | 4.42E-04 ; 1.88E-05
O
42. Dimethyl furan CeHs0 96.13 \@/ Directps ; ] ) ] . ; 5.71E-03
43, | *»4-Dimethyl-2- CrHu 98.19 P Estimateds 591E-05 | 4.05E-05 | 4.38E-05 | 4.91E-05 | 4.20E-05 | 4.65E-05 | 290E-05
pentene (E/Z)
44, | 24-Dimethyl-2- CrHus 98.18 M Estimateds 6.21E-05 | 480E-05  491E-05 | 537E-05 | 4.67E-05 & 474E-05 | 4.61E-05

pentene
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45, 2'4'3;?1‘;12"'1' C/Hus 98.18 )\)\ Estimated® 375605 | 277EO05S 1 oo4p0s | 325E05 1 509p.05 | 291E-05 | 2.40E-05
o)
46. Benzaldehyde C,Hs0 106.12 Estimated? - 5.10E-05 | 8.42E-05 | 5.62E-05 | 5.23E-05 - 1.01E-05
N
47. Anisole C/Hs0 108.14 ©/ Directps - 520E-03 | 7.23E-03 | 3.69E-03 | 5.54E-03 - -
OH .
48. o-Cresol C/Hs0 108.14 Estimated? - 9.29E-05 | 1.08E-05 | 1.03E-04 | 8.49E-05 - -
49. p-Cresol C7HsO 108.14 OOH Estimated? - 3.36E-05 6.60E-05 3.86E-05 3.32E-05 - -
50. Iso-octane CsHis 114.23 ><)\ Directps 1.34E-02 | 9.88E-03 | 891E-03 | 7.52E-03 | 1.08E-02 | 9.64E-03 | 8.64E-03
51. Indene CoHs 116.16 Estimateds 6.12E-07 | 4.96E-06 | 7.44E-06 | 3.30E-06 | 4.85E-06 | 5.18E-07 | 1.58E-06
0]
52. Benzofuran CsHeO 118.10 p Estimated? - 4.46E-06 | 1.08E-05 | 4.30E-06 | 5.23E-06 - -
2,3-Dihyd ©
53. »2-PIydro CsHs0 120.15 Estimateds - 3.12E-07 | 8.83E-07 | 3.24E-07 1.60E-07 - -
benzofuran
HO
3-Hydroxy O )
54. C7He02 122.12 Estimateds - 2.28E-07 | 3.88E-07 | 3.23E-07 | 1.90E-07 - 1.14E-07
benzaldehyde
o\
55. m-Guaiacol C/Hs02 124.14 ©/ Estimateds - 1.86E-07 | 4.99E-07 | 197E-07 | 1.42E-07 - -
OH
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56. Naphthalene CioHs 128.17 “ Directs 6.87E-07 6.03E-06 9.65E-06 3.97E-06 6.31E-06 5.65E-07 1.97E-06
O
57. 1-Indanone CoHs0 132.16 @ﬂ Estimateds - 2.13E-07 2.81E-07 1.92E-07 8.75E-08 - 5.67E-08
@)
58. 2-Coumaranone CsHe02 134.13 (@) Estimateds - 1.31E-07 2.40E-07 2.03E-08 6.21E-08 - -
O
. 3.17E-06
59. Phenyl acetate CsHsO2 136.15 Estimatedr - 3.75E-06 5.41E-06 3.17E-06 - -
(@]
60. 1-Methyl CutHio 1422 Estimateds 140E-07 | 694E-07 | 899E-07 | 490E-07 | 676E-07 | 9.40E-08 | 1.74E-07
naphthalene
61. 2-Methyl C11H1o 142.20 Estimateds 8.05E-08 5.56E-07 8.17E-07 3.63E-07 6.09E-07 7.46E-08 1.27E-07
naphthalene
1-Methyl-1,3-
62. dihydro-2H- C10HsO 144.17 0 Estimateds - 3.86E-07 6.74E-07 4.97E-07 2.62E-07 - 8.36E-08
inden-2-one
2-Ethenyl O /
63. “Etheny C10HsO 144.17 Estimateds - 292E-07 | 5.11E-07 | 235E-07 | 2.67E-07 - 2.41E-08
benzofuran /
2-Ethyl 0
64. “hthy C10H100 146.18 Estimateds - 3.23E-07 5.72E-07 3.30E-07 1.69E-07 - 5.47E-08
benzofuran Y/
NS
65. Acenaphthylene Ci2Hs 152.19 OO Directs 1.30E-07 5.86E-07 1.01E-06 2.49E-07 7.80E-07 9.42E-08 2.72E-07
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NN
66. Acenaphthene Ci2Hio 15421 “ Directs 248E-08 | 847E-08 | 9.86E-08 | 533E-08 | 7.80E-08 | 2.04E-08 | 4.30E-08
67. Biphenyl Ci2Hio 15421 Estimateds 3.94E-08 | 3.89E-07 | 5.66E-07 | 238E-07 | 3.23E-07 | 283E-08 | 2.32E-07
68. Fluorene CisHio 166.22 Directs 6.46E-08 | 2.70E-07 | 4.80E-07 | 122E-07 | 2.82E-07 | 4.40E-08 | 9.81E-08
(@]
69. Dibenzofuran C12HsO 168.19 Q / Directs - 9.95E-07 2.90E-06 1.01E-06 5.48E-07 - 2.89E-07
70. Phenanthrene C14H1o 178.23 OGQ Directs 1.34E-08 | 850E-08 | 142E-07 | 245E-08 | 599E-08 | 578E-09 & 2.19E-08
71. Anthracene CusHio 178.23 ~ Directs 9.11E-09 | 335E-08 & 1.09E-07 A 257E-08 | 634E-08 | 7.86E-09 | 1.93E-08
(@]
72. 9H-Xanthene C13H100 18221 ‘/\/\‘ Directs ; 339E-07 | 9.54E-07 | 3.34E-07 | 1.37E-07 ;
O
6H-
73. | Dibenzo[b,d]pyra C13H100 18222 O Estimateds ; 323E-07 | 390E-07 | 251E-07 | 1.12E-07 ;
n
HO
74. Fluorenol C13H100 182.22 Estimateds ; 9.48E-08 = 231E-07 | 103E-07 | 5.23E-08 ; 3.39E-08

(
2
(L
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75. Dibenzo-p-dioxin C12Hs02 184.19 Estimateds 1.83E-08 3.11E-08 4.78E-09 5.63E-09 - -
OH
76. [1’1;:5%?5’;?3']]' Ci2H1002 186.20 O O Estimateds 5.69E-07 | 4.66E-07 | 422E-07 | 1.79E-07 - 6.57E-08
HO
77. Benzeyt'h‘:r‘e“y' Ci3H120 184.23 Q_\o @ Estimateds 512E-08 | 696E-08 & 136E-08 | 5.53E-08 - -
O
78. Xanthone C13Hs02 196.19 Directs 6.05E-07 | 9.13E-07 | 3.38E-07 | 2.15E-07 - -
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