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Abstract

This thesis is concerned with the formation of particulate matter, a topic of scientific
and practical importance due to the toxicity of particulate emissions from automotive
and other combustion sources. At present, fuels are predominantly derived from fossil
sources, but as production technology improves, biofuels and synthetic fuels are expected
to emerge as scalable long-term sources of liquid fuels. Efforts are being made to ensure
that this next-generation of fuels is cleaner burning than the last. In order to inform
the production and processing of cleaner burning fuels, more needs to be known about
how molecular structure influences the formation of pollutant emissions.

This thesis presents research that has been carried out in order to better under-
stand the role of functional group chemistry on the conversion of carbon atoms in the
fuel to the particulate matter (PM). In particular, the propensity of individual molecules
or carbon atoms within molecules to form PM is reported quantitatively. To this end,
a technique using carbon-13 (}3C) labelled fuel molecules was used so to track the la-
belled carbon atoms in the fuel to PM. The technique required only very low levels of
13C enrichment, and isotope ratio mass spectrometry equipment (IRMS) was used as a
means of 3C detection.

Samples of particulate matter were formed using a tube reactor, and also in a
compression ignition diesel engine. The tube reactor was designed and commissioned in
order to study the pyrolysis of various fuel molecules under well-controlled, homogenous
conditions.

The contribution to PM of a number of molecules containing various functional
groups was assessed, including: alcohols, esters, aromatics, double bonded carbon atoms,
a ketone, and a carboxylic acid. Tests were conducted using single-component fuels, and
blended in a binary mixture with n—heptane. The results show that the contribution of
carbon atoms within molecules to PM, is not equal, but depends on the local molecular
structure. For example, oxygenated molecules significantly reduced the contribution to
PM of the carbon atoms directly attached to oxygen.

The thesis presents one of only a handful of investigations that have been published
on the conversion of specific carbon atoms of various molecules to soot and particulate.
It advances the field of study by providing data for validation, at the sub-molecular level,
for chemical kinetic models of soot formation, and advances fundamental understanding

of how fuels convert to soot and particulates.
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Chapter 1

Introduction

1.1 Purpose

The purpose of the body of work presented in this thesis is to examine the effect that
the molecular structure of a fuel has on its tendency to form particulate matter. It
is important to lower particulate emissions in order to mitigate the harmful effects of
combustion-generated particles in the atmosphere. To this end, many studies have
investigated how the chemistry of a fuel influences its so-called sooting tendency, but
this work is unique in that as well as characterising the overall tendency of a molecule
to form particulate matter, the relative tendency of individual carbon atoms within
a molecule has also been examined. This provides insight into the behavior and fate
of individual carbon atoms during combustion, which is useful in understanding the
fundamental physical and chemical mechanisms that govern particulate formation. The
influence of a range of fuels, and sub-molecular groups has been assessed in both a flow

reactor and a diesel engine.

1.2 Motivation

Particulate matter in the atmosphere arises from a number of sources, including road
vehicles, domestic heating, and industrial power generation. In the urban environment
the largest contributor is road traffic; it has been estimated that 90% of airborne particles
smaller than 10 um (PM;p) in the greater London area are associated with road transport
(Harrison, 1996). Of road vehicles, those powered by diesel engines are the most polluting
in terms of particulate mass emissions, and a vehicle powered by a diesel engine typically
emits 10 to 100 times that of an equivalent vehicle powered by a port fuel-injected
gasoline engine (Kittelson, 1998).

Presently, about 80 % of the worlds energy demand is met by the three fossil fuels:
oil, coal, and natural gas (Jess, 2010). It is inevitable that these fossil reserves will
become depleted if they continue to be consumed at the current rate. Shafiee and Topal
(2009) estimated that reserves of oil, coal, and gas could be available until 2040, 2112,
and 2042 respectively. In the coming decades it is estimated that the global population
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could rise from 7 billion presently, to 9 billion by 2050 (Jess, 2010). Concurrently, the
per capita energy demand is rising in line with increasing standards of living in emerging
markets, which is increasing the pressure on finding sustainable alternatives.

The sheer number of vehicles on the road raises important issues concerning human
health, the environment, energy policy and legislation. These issues are discussed in the
following sections, primarily with regard to particulate emissions; although, naturally,
in the wider argument, other regulated emissions such as CO2, NOx, and unburned

hydrocarbons must also be considered.

1.2.1 Human health

The International Agency for Research On Cancer (IARC), a specialised agency of the
World Health Organisation, has recently categorised particulate matter as a group 1 car-
cinogenic agent, therefore satisfying the criteria of sufficient evidence for carcinogenicity
in humans (IARC, 2013). Epidemiological studies of human exposure to particulate
matter have identified correlations between the levels of airborne particulates and ad-
verse health effects, which include respiratory and heart diseases (Davidson et al., 2005).
Overall, increased mortality rates are observed and estimates indicate that PM1y emis-
sions are a factor contributing to 37,000 deaths per year in the EU (Fiala et al., 2009).
In a 2014 UK government report, based on epidemiological data, it was indicated that in
the London Borough of Camden, which has ~160,000 residents, 7.7% of the 1126 deaths
in the year 2010 were attributable to anthropogenic PMs 5, of which the life expectancy
was shortened by an average of 13 years (Gowers et al., 2014). Put another way, resi-
dents of Camden that are aged 25 and above, have a 7.7% chance of having their life
expectancy reduced by 13 years due to exposure to airborne particulates.

The aerodynamic diameter of a particle is an important factor for determining its
potential health effects, smaller particles (< 1000 nm) are more efficiently transported
through the respiratory tract and deposited in the lungs where they can penetrate the
pulmonary interstitium (Harrison and Yin, 2000). It has been shown in a number of
investigations that there is an association between the atmospheric concentration of
ultrafine particles (UFPs), particles that are less than 100nm in diameter, and mortal-
ity rate (Pope et al., 1995; Dockery et al., 1993). Atmospheric levels of fine particles
was associated with lung cancer as well as cardiopulmonary disease, and less strongly
associated with total particulate and NOx levels. Fine mode particles appear to have
considerably higher toxicity per unit mass than larger particles and the toxicity increases
as particle diameter decreases. This may be explained by the increasing surface area per
unit mass as the particle diameter decreases, and the ability of the particles to penetrate
further into the lungs without capture by the human respiratory system defenses (Don-
aldson et al., 1998). It was pointed out by Kittelson (1998) that this raises the important
question of whether emission standards should be introduced to limit the number con-
centrations of nanoparticles. Indeed, legislators have taken notice of the evidence, in

Europe for example, Euro 6 emissions standards limit the number of particulate emitted
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from passenger and light commercial vehicles powered by compression ignition engines
to 6 x 10! per kilometer (emissions legislation is discussed in greater detail in Section
1.2.3).

Once a particle has deposited in the lungs there are several characteristics of the
particle that could have an influence on its toxicity, including the reactivity of the particle
surface and the presence of adsorbed species such as polycyclic aromatic hydrocarbons
(PAHs). It is significant that there is little evidence to suggest that acute exposure to
elemental carbon results in inflammation; whereas inflammation is associated with more
disordered carbon particle surfaces. Frampton et al. exposed healthy asthmatic human
volunteers to ultrafine carbon particles that were generated by means of a spark discharge
method. No inflammation was observed in the volunteers either at rest or exercising
when exposed to particle concentrations 50 to 100 times that of urban environments over
a two hour period (Frampton et al., 2004). A study conducted by Oberdorster et al.
(2000) which involved exposing rats and mice to UFPs generated by spark discharge
over a six hour period also found no evidence of inflammatory response. Black carbon is
classified by the TARC as being a group 2B agent, a category of agents that are possibly
carcinogenic to humans (IARC, 2013).

Polycyclic aromatic hydrocarbons (PAHs) are formed during combustion and are
key precursors to soot, they are also present in the exhaust of diesel and gasoline en-
gines and are predominantly found adsorbed to the surface of soot particles. It has
been shown that fresh diesel soot can contain significant quantities of PAHs, including
benzo(a)pyrene (BaP) (Zielinska et al., 2004), which is considered to be particularly
carcinogenic. It has been shown that PAHs remain bound to the surface of particulates,
and samples collected from the urban air also contain significant quantities of absorbed
PAHs (Kawanaka et al., 2004). Particulates can act as effective carriers of the adsorbed
organic materials to the human lungs, and in vivo desorption of the organic species may
result in the cellular uptake. Vogel et al. (2005) found that induction of inflammation
in human macrophage cells was primarily due to the soluble organic fraction (SOF) of
particulate and not the elemental carbon. Research has also shown that PAHs are toxic
and mutagenic, so much so that estimates indicate that up to 1.6% of lung cancer cases
in China can be attributed to the inhalation of PAHs from polluted air (Zhang et al.,
2009).

Nitrogen or oxygen containing derivatives of PAHs (nitro-PAHs and oxy-PAHs) are
direct-acting mutagens, and these are often found to have greater mutagenic potential
than their corresponding PAHs due to their ability to produce reactive oxygen species
(ROS) (Bolton et al., 2000). Nitro-PAHs and oxy-PAHs can originate directly from
combustion and are found in diesel or gasoline engine exhaust, and they can also be
formed by the reaction of PAHs in the atmosphere. For example, PAHs can react with
hydroxyl radicals (OH) and nitrogen dioxide (NO2), or nitrate radicals (NOgz) to form
nitro-PAHs (Bolton et al., 2000; Busby Jr et al., 1997). There is evidence to suggest

that the inflammation observed upon exposure to particulates is caused by oxidative
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stress on cells, and ROS are believed to be the cause. ROS such as the hydroxyl radical
or hydrogen peroxide are either generated by the particle or generated by the cells in
response to the presence of the particle.

It should be mentioned that there is some conflicting evidence regarding the con-
tribution to toxicity of absorbed organic material. Nikula et al. (1995) found that at high
concentrations, the tumor forming potential of carbon black and diesel soot were about
the same. Whilst Adamson et al. (1999) observed that particulates with soluble mate-
rial absorbed could induce inflammation, but speculated that observed toxicity could be
due to adsorbed metals. Additionally, it has been put forward that unpaired electrons
at the surface of soot particles could react with cells or surrounding fluid and result in
the observed health effects. Zang et al. (1995) identified semi-quinones to be a primary
radical in cigarette tar, and it has since been postulated that this could also be a major
cause of the observed health effects in atmospheric particulates. Semi-quinones are a
free radical species generated from quinones, which are a class of aromatic molecules
that contain an even number of carbonyl groups.

It is clear that in order to inform the legislative and technological efforts to mitigate
the health effects of combustion-generated particulates more information is required in
order to identify the biochemical mechanism(s) of the observed toxicity. It appears
likely that by changing to the composition of PM, particularly to the surface chemistry
of ultrafine particles, that it is possible to modify the potential of PM to cause harm to

human health.

1.2.2 Climate change

In the literature, CO5 emissions have received the most attention with regard to global
climate change, and there is widespread scientific acceptance that the anthropogenic
release of fossil-bound COq contributes to global warming (Zecca and Chiari, 2010). In
2010, the transport sector accounted for 22% of global COy emissions, a total of approx-
imately 6.8 giga-tonnes of CO2, of which, about 5 giga-tonnes of COs was produced by
road transport alone (IEA, 2012).

Although there is a large amount of uncertainty in estimations, some studies sug-
gest that particulate emissions are second only behind COs for its effect on global warm-
ing. Particulates precipitate from the atmosphere on a timescale of weeks whereas COq
can persist for centuries. This means that efforts to reduce particulate emissions could
reap immediate climatic benefits by taking measures to reduce particulate emissions into
the atmosphere (Bond et al., 2013).

1.2.3 Legislation

The issues that have already been discussed relating to human health, climate change
and energy sustainability are prompting government policies and new legislation that
promotes the use of more efficient, clean and renewable technologies. In the EU, leg-

islation limits emissions from numerous sources, including road vehicles. For example,



Chapter 1. Introduction 21

0.157 1992
£ 0.10]
= .
S i
E -
T  0.054
:201\4
N A —
0.0 0.5 1.0
NOx + HC (g/km)

Figure 1.1: PM, and hydrocarbon and NOx emissions limits set for compression ig-

nition engine passenger vehicles, as part of European directives: Euro 1 (1992), Euro

2 (1996), Euro 3 (2000), Euro 4 (2005), Euro 5 (2009), and Euro 6 (2014). The plot-

ted data was acquired from (http://transportpolicy.net/index.php?title=EU:_Light-
duty: _Emissions Accessed:17/01/2015).

under Euro 6 emissions standards new diesel powered passenger vehicles sold in the EU
must not emit more than 5 milligrams of particulate matter and no more than 6 x 10!}
particles per kilometer (EU, 2010). Figure 1.1 shows how emissions standards in the EU
have tightened since the introduction of the ‘Euro 1’ emissions standards set in 1992,
for compression ignition engine passenger vehicles. The increasingly stringent legisla-
tion is projected to continue on its current trajectory putting further pressure on the
automotive industry to continually improve emissions performance for the foreseeable
future.

Legislation has also been put in place to improve fuel sustainability, security
and emissions by requiring that a portion of transport fuel be derived from renew-
able resources. For example, in the UK, the Renewable Transport Fuels Obligation
requires fuel suppliers to ensure that all road transport fuels contain at least 5 per cent
(v/v) from sustainable renewable sources (https://www.gov.uk/renewable-transport-
fuels-obligation accessed:17/01/15). Furthermore in the EU, maximum limits of several
components of petrol and diesel fuels is mandated; for example, diesel fuels to be used in
compression ignition engines must have an aromatic content of no more than 8% (m/m),
and the FAME content is limited to a maximum of 7% (v/v) (Directive 2009/30/EC).

1.3 Aims, objectives and overview

The central aim of this thesis is to provide a holistic analysis of the influence of functional
group chemistry on the formation of particulate matter. The approach is described as

holistic in the sense that a wide range of fuels have been investigated, and several
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experimental systems have been used for generating particulates (e.g. diesel engine,
laminar tube reactor). In addition, a number of experimental techniques have been used
to characterise the particulates formed. The most notable technique is one that has been
used as part of this work and involves the application of carbon-13 (12C) isotope labeling
in order to trace specifically labeled carbon atoms from the fuel to particulate matter
and gas emissions. This technique allows the identification of the relative probability of
specific carbon atoms within a molecule of converting to particulate matter, and it sheds
new light on how different molecular functional groups directly influence the conversion
of local carbon atoms in a molecule to PM. Overall, the insights gained from this work
contribute towards efforts to understand how the chemical structure of fuels influences
combustion and emissions characteristics.

The specific objectives of the research were:

1. To characterise the particulate emissions in terms of ‘sooting tendency’, and parti-
cle number and size distributions, formed from various fuels of different molecular

structure under pyrolysis conditions in a tube reactor.

2. Use a '3C labelling technique to identify the extent of particulate formation from
different ‘sub-molecular’ carbon atoms in a range of single-component fuels with
different functional group chemistry. For example, in ethanol, identify the extent
of the contribution to PM from the carbon atom that is directly bonded to the

hydroxyl functional group, compared to the methyl carbon atom; and

3. Test a series of functional groups within various fuels molecules including alcohols,
ketones, carboxylic acids, methyl esters, aromatic rings, and double bonded carbon

atoms.

4. Identify if/how the conversion to PM of specific ‘sub-molecular’ carbon atoms in
the fuel is influenced by the formation conditions prevailing (e.g. temperature,

and availability of oxygen).

5. Investigate the extent of the contribution to PM of a component in a binary mix-
ture with heptane, using 3C to label one of the molecules to assess the extent to

which it produces particulate matter.

6. Assess the conversion of individually labelled carbon atoms under different forma-
tion conditions, in the well-controlled conditions of a tube reactor, and also in a

modern compression ignition diesel engine.

A range of molecules were investigated in terms of their overall propensity to
form particulate matter by pyrolysis in a tube reactor (Chapter 5), and the 3C isotope
labeling technique has been applied to track specific sub-molecular groups from within
those fuels to PM (Chapter 6). Further investigation, using the biofuels oleic acid and
methyl oleate, compared the particulate matter formed in a tube reactor to a compression

ingition engine (Chapter 7). The labeling technique was also applied to binary mixtures
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of heptane with small amounts of added ethanol, propanol, acetone, ethyl acetate, or
toluene, tested in both the reactor and diesel engine, with a view to evaluate individual
carbon atom contributions as part of the mixture (Chapter 8). Finally, a preliminary
investigation was carried out to investigate the presence of PAH compounds on the
surface of particulates formed in the tube reactor (Chapter 9).

Modifying fuels in order to yield more desirable emissions and combustion charac-
teristics is a promising avenue for meeting future legislative demands, and, most impor-
tantly, for mitigating damage to the environment and climate. Traditional fossil diesel
fuel that has been used for the past century has been comprised of a large mixture of
hydrocarbon molecules, typically with several hundred chemically distinct hydrocarbon
molecules. Future fuels, such as those derived from biological feedstock, are likely to have
a more uniform composition, depending on material from which they are formed and
the biological, chemical or physical processes which they are subjected to. This means
that there is an opportunity to make targeted improvements to the molecular structure
of fuels. In order to make such targeted improvements, it is important to understand
the fundamental mechanisms of how the chemical composition of a fuel influences its

combustion and emissions properties.



Chapter 2

Literature review

This thesis is concerned with the fundamental understanding of how the molecular struc-
ture of a fuel influences particulate formation. It also considers a promising new diag-
nostic technique based on '3C isotope tracing. The literature reviewed here therefore
describes the processes that result in particulate formation, discusses some common
strategies to reduce particulate emissions, and provides a comprehensive background of
the use of isotope tracers in combustion science. It was discussed in the introduction
that the emissions from road vehicles are particularly problematic to human health and
the environment, and diesel engines are the most polluting in terms of particulate and
NOx emissions. Therefore, where relevant, much of the commentary in this review is

focussed on diesel engine particulate emissions and how they may be reduced.

2.1 Composition and structure of soot

Soot particles are predominantly comprised of carbon, and to a lesser extent hydrogen.
Soot formed in a diesel engine typically has a carbon to hydrogen (C/H) ratio of 8:1
(Heywood, 1988). Nascent particles usually have a C/H ratio of ~1, and the hydrogen
fraction reduces as the particle matures. The density of soot formed in a premixed flame
has been reported to be 1.84 £+ 0.1g (Choi et al., 1994), and similar values are reported
for particles formed in a diesel engine.

Viewed by electron microscope, soot particles appear as chain-like or clustered
structures that consist of agglomerated spherical particles. These clustered structures
may be comprised of as many as 4000 individual spheres which are often referred to
as spherules (or primary particles). Each spherule is around 5-50 nm in size, and the
clustered aggregates are generally sized between 50 and 220 nm. Spherules consist
of graphene sheets that are wrapped around the center of the sphere, forming onion-
like layers. X-ray diffraction analysis shows that at an atomic level carbon atoms are
arranged as a planar lattice with a regular hexagonal pattern (Heywood, 1988). The
layers of the lattice are bonded to parallel planes with a mean spacing between the
layers of 0.355 nm, which is slightly larger than the interlayer spacing in graphite (0.354

nm). These small graphite-like units are commonly referred to as platelets, and 2 to
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Figure 2.1: Artists impression of cooled and diluted diesel particulate matter. Repro-
duced form (Matti Maricq, 2007), with permission of the publisher (Elsevier).

13% Ash and other
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Figure 2.2: Composition of particulate matter from a heavy-duty diesel engine, tested

in a transient cycle, figure recast from data of (Kittelson, 1998). It should be noted

that the composition of the PM is heavily dependent on the engine design, operating
conditions, and the composition of the fuel.

5 platelets stack to form larger units known as crystallites. It is the crystallites that
arrange in concentric layers and are observable by transmission electron microscopy;
spherules are comprised of approximately 1000 crystallites. It has been shown that the
arrangement of crystallites in spherules becomes more well-ordered at higher formation
temperatures with a greater similarity to graphite, when produced in a laminar flow
reactor (Ruiz et al., 2007Db).

2.1.1 Diesel particulate matter

Engine exhaust is composed of mainly nitrogen, oxygen, COs, CO, unburnt hydrocar-
bons, water vapor, and PM. Diesel particulate matter is typically composed of two types
of particles: (i) agglomerates of carbonaceous primary particles of soot (each 15 to 30nm
in diameter) containing trace amounts of metallic ash, where the agglomerated soot par-
ticles are covered in condensed organic compounds and sulfate; and (ii) nucleation mode

particles, condensed particles, and sulfate (Matti Maricq, 2007). An artists conception
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of diesel particulate matter is shown in Figure 2.1. As an example, the chart in Fig-
ure 2.2 shows the composition of particulate matter collected from a heavy-duty diesel
engine, measured over a transient cycle (Kittelson, 1998).

Due to the volatility of many of the components of the PM, the conditions em-
ployed to sample PM in the engine exhaust influences the composition of the PM that
is collected onto a filter. Depending on the conditions, the volatile fraction may: remain
in the gas phase; condense onto the surface of solid particles; or, nucleate to form new
particles. In addition, there is potential for water condensation to occur as the exhaust
temperature cools. Therefore, engine tests that are carried out for the purpose of reg-
ulatory compliance must be carried out under prescribed conditions. For example, in
Europe, the Euro 5 and Euro 6 legislation determines that PM mass emissions mea-
surements to be carried out using a method, which was developed under the UN/ECE
Particulate Measurement Programme (PMP); using a similar method that was intro-
duced in the USA in 2007 (CFR, 2007). In European legislation PM mass emissions
measurements must be made through a dilution tunnel, where the engine exhaust is
diluted into filtered air, under temperature and humidity controlled conditions; for ex-
ample, the temperature of the sampling line and the filter housing must be kept at
a constant 47 °C £5 °C, to ensure a filter face temperature of 47 °C £5 °C. Specific

measurement details are available in references (CFR, 2007) and (Anderson et al., 2007).

2.1.2 Nomenclature of carbonaceous particles

There is a wide range of terms available for referring to carbonaceous particles, for exam-
ple: soot, particulate matter (PM), PM;q, PMs 5, black carbon, carbon black (distinct
from black carbon), brown carbon, and ‘elemental carbon’. Each terms is distinct in
its definition, and the particles may be defined on the basis of their size, morphology,
chemical composition, source, light absorbing properties, and so on. However, in litera-
ture, some of these terms are often used interchangeably. The importance of the precise
classification of such particles is highlighted in a publication by Andreae and Gelencsér
(2006).

Soot, as described above, although not clearly definable, is comprised of solid
carbon particles formed by combustion, which may have hydrocarbons and heteroatoms
bound at is surface (Tree and Svensson, 2007). Particulate (or particulate matter), as
described in the previous section, is generally defined as the combination of solid and
liquid phase matter that is present in the engine exhaust.

In this thesis, carbonaceous matter has been collected at a wide variety of operating
conditions from a tube reactor and also a diesel engine; therefore the morphology and
composition of the material varied widely. In the interest of accuracy and consistency,
all of the soot-like material that was generated for analysis in this work is referred to
as particulate matter (or particulate); however, where reference to the work of others is

made the terminology of the source has been adopted.
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Figure 2.3: Stages involved in the formation of particulates. Figure based on that of
(Tree and Svensson, 2007)

2.2 Soot formation

Particulate matter and unburned hydrocarbons, including PAHs, are undesirable prod-
ucts that are formed due to incomplete combustion. Many factors can influence the
conversion of fuel to particulate matter or species that are precursors to PM, includ-
ing: the availability of oxygen, residence time, temperature, pressure, and the molecular
structure of the fuel.

The process of soot formation involves the conversion of small hydrocarbon molecules
in the gas-phase to spherical solid particles, and this is a complex process that takes
only a few milliseconds behind shockwaves or tens of milliseconds in flames. During the
combustion of a hydrocarbon, many parallel reactions occur that involve a large number
of species, for example a widely cited mechanism for n-heptane oxidation reported by
Curran et al. (1998), lists 2450 reactions and 550 chemical species. In the following
section some of the major chemical pathways to soot are described. It should be noted
that some of these chemical pathways are dependent on the formation conditions pre-
vailing (temperature, pressure, concentration) and also on the composition of the fuel
being burned. For this reason the following review serves to give the reader a generalised

overview of the processes involved in the formation of soot.

2.2.1 Overview

The process of particulate formation is generally described as having five distinct stages,
involving: (i) Fuel pyrolysis, (ii) particle inception (nucleation), (iii) particle growth,
(iv) surface growth, and (v) coalescence and the formation of agglomerates. Figure 2.3
summarises the stages involved in formation of soot particles. Soot particles or their pre-
cursors may also be partially or completely oxidised during any stage of their formation,
depending on the availability of oxygen. For example, in diffusion flames soot oxidation
occurs at the flame front, whereas oxidation and formation occur simultaneously in a

premixed environment.

2.2.2 Fuel pyrolysis and the formation of the first aromatic ring

Pyrolysis occurs when organic molecules are heated to high temperatures but do not

undergo oxidation, under these conditions the molecules fragment; hydrocarbons and
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oxygenated molecules begin to fragment even at relatively mild temperatures, for exam-
ple, the catalytic cracking of palm oil at 450°C yields light gaseous hydrocarbons (Sang,
2003). In a laminar diffusion flame, at temperatures in the range of 1500 to 2500 K,
typical pyrolysis products include various unsaturated hydrocarbons including acetylene
(C2Hz), polyacetylenes (i.e. Co,Hsz), and PAHs (Tree and Svensson, 2007). Haynes and
Wagner (1981) listed CoHo, CoHy, CHy, C3Hg, and benzene (CgHg) as typical pyrolysis
products of paraffin and olefin combustion in laminar diffusion flames; the products are
broadly similar regardless of the structure of initial fuel. Many of the pyrolysis products
are closely associated with soot formation, and in the literature acetylene has received
particular attention as a soot precursor.

The generation of large polycyclic aromatic hydrocarbon (PAH) molecules is a
prerequisite for soot formation, and the growth process of initial aromatic rings to larger
ring structures is common for all fuels. The formation of the first aromatic ring is
therefore a key step in the pathway to soot formation from fuels that do not contain
aromatic molecules. This means that the rate of formation of the initial ring structures
largely determines the propensity of a molecule to form soot.

A number of mechanisms have been put forward to describe the formation of
benzene from precursor species, many of which are described in the review article of
Richter and Howard (2000). Reactions involving radical species have been shown to be
more important than reactions of stable species in the formation of aromatics.

Cole et al. (1984) put forward that aromatic compounds are formed by the addition
of a 1,3-butadienyl radical species to acetylene followed by ring closure and hydrogen

loss, as described by the following reaction schemes:

1,3 — CH; + C,H, — C.H, (2.1)
CH, — c—C4H, (2.2)
c—C4H, — C4Hy + H (2.3)

The mechanism appeared to be consistent with the rate of formation of benzene in
1,3-butadiene and also in acetylene flames, Cole et al. also stated that in other aliphatic
flames butadiene radicals might form by vinyl radical (CoHs) addition to acetylene.
The involvement of similar species has also been pointed out by other commentators,
for example n-C4Hy, formed by the dehydrogenation of the butadiene radical, and the
subsequent reaction with acetylene to form a phenyl ring (Frenklach, 2002). Frenklach
stated that the reaction of n-C4Hs is more significant at lower temperatures. These
mechanisms discussed so far are termed carbon-even pathways due to the fact that they
involve reactants with an even number of carbon atoms.

A popular mechanism developed by Miller and Melius (1992) involves a ‘carbon-
odd pathway’, and it was demonstrated that the formation of the first aromatic rings
in flames is likely to proceed by the self reaction of a propargyl radical species to form

benzene, as follows:
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CsH; + C3Hy — CgHy +H (2.5)

The propargyl species are a resonantly stabilised free radical, which makes it
particularly stable. Miller discussed the formation of the propargyl radical in acetylene

flames and suggested the following reaction:

CH, + C,H, — C;H, + H (2.6)

Other carbon-odd pathways include a cyclopentadiene radical (c—CzH;), which
can react with a methyl radical to form benzene; or self-react which can form the poly-
cyclic aromatic naphthalene directly, bypassing the formation of benzene (Frenklach,
2002).

Overall, the relative contributions of the above mechanisms are not well under-
stood for all conditions and fuels; the most frequently cited mechanisms involving CsHs,
C4Hj3 or C4Hj are likely to be highly dependent on the formation conditions (Richter
and Howard, 2000).

2.2.3 Aromatic growth

In the literature a large number of mechanisms have been put forward to describe the
growth of aromatic molecules (Celnik et al., 2008). The most widely-cited mechanism
for the growth of aromatics is the so-called HACA mechanism. HACA was originally an
acronym for H-abstraction-CoHs-addition, and was developed by Frenklach and Wang
(1991). In the literature, however, the term HACA is sometimes used in a more general
sense and applied to other growth species. The mechanism proceeds by a repetitive
reaction sequence consisting of two steps. Firstly a hydrogen atom is abstracted from
the surface of the reacting PAH molecule by a gaseous H atom resulting in a radical
PAH species, as follows:

A+H—A_+H, (2.7)

Followed by a second step were gaseous acetylene is added to the radical site, as follows:
A, + CyH, — Products (2.8)

Equation (2.7) and 2.8 use the same nomenclature as Frenklach and Wang, where
A, represents an aromatic molecule with ¢ peri-condensed rings, and A;_ is the resulting
radical. Naturally, there are many parallel reactions that could also give rise to such a
radical A;_ species, but under typical conditions prevailing in a flame it is found that

hydrogen abstraction is predominantly initiated by gaseous atomic hydrogen. Shukla and
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Koshi (2010) argue that the HACA mechanism is only efficient at a so-called armchair-

edge site, for example the acetylene addition to an armchair edge of phenanthrene, as

@ +CHy/-2H @
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Figure 2.4: Acetylene addition to the armchair edge of phenanthrene to yield pyrene.
Reproduced from Shukla and Koshi (2011).

follows in Figure 2.4:

Although several mechanisms involving reactions at other sites at the edges of
aromatic molecules have been identified as having a role in aromatic growth (Celnik
et al., 2008), and Figure 2.5 shows the sites and the nomenclature of the sites where

aromatic growth may occur.

Zig-zag site Armchair site

A
O‘ g ‘>ee-edge

site
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Figure 2.5: Growth sites of aromatic molecules. Reproduced from Celnik et al. (2008).

It is important to point out the reversibility of the HACA mechanism. Firstly,
the radical A, species may react with gaseous atomic or molecular hydrogen pushing
the reaction in the reverse direction. Secondly, the reverse reaction of the acetylene
addition step is often favorable due to the loss of entropy associated with acetylene
addition, although some entropy can be recovered with the formation of a hydrogen
atom product. Frenklach argues that the reaction only becomes irreversible when there
is low thermodynamic resistance (of reaction reversibility) and when the decrease in
energy is large enough (Frenklach, 1989). The formation of particularly stable aromatics,
sometimes referred to as stabilomers (Stein and Fahr, 1985) is significant, as it was
described in the previous section (Section 2.2.2) the high temperatures that facilitate
soot formation also cause hydrocarbons to fragment. The resistance of stabilomers
to fragmentation is therefore critical to the formation of soot. Temperature is therefore
important factor in determining the rate of molecular growth and also the fragmentation
rate.

Various commentators, however, indicate that the HACA mechanism is slow, rel-
ative to the fast formation of PAHs and soot observed experimentally (Béhm et al.,

1998); the HACA process is limited largely due to the dependence of the mechanism on
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the availability of armchair edge sites . Another, more efficient mechanism of aromatic
growth is phenyl-addition/cyclisation, known by its acronym PAC, and this was put
forward by Shukla and Koshi (2011). PAC involves the addition of a phenyl radical at
any fusing site on an aromatic, for example in the reaction of phenanthrene with phenyl

to form benzole]-pyrene, as follows in Figure 2.6:
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Figure 2.6: Reaction of phenyl with phenanthrene to form benzo-e-pyrene, according
to the PAC mechanism. Reproduced from Shukla and Koshi (2011)

HACA and PAC appear to be the dominant mechanisms under most conditions,
however other contributing reactions have been put forward, such as methyl addition/-
cyclisation (MAC). MAC involves the addition of successive methyl radicals, and ends
with a dehydrocyclisation reaction, which results in a fused cyclopenta/tetra or ben-
zenoid structure (Shukla et al., 2010). The reader is reminded that the pathways of
PAH formation and growth are likely to be governed to a large extent by the fuel and

the local formation conditions prevailing.

2.2.4 Nucleation and surface growth

Nucleation is defined as the formation of particles from gas-phase reactants. Generally, it
is understood that nucleation occurs by the coalescence of moderately sized PAHs into
stacked clusters. Such a process involving the dimerization of PAHs is supported by
experimental evidence, for example the observed bimodal distribution of sizes of nascent
soot particles (Wang, 2011). Herdman and Miller (2008) proposed that electrostatic
and dispersion forces were sufficient to allow binding of moderately sized PAHs even at
flame temperatures, and others suggest chemical coalescence into cross-linked structures
(Wang, 2011). The size of observable solid particles in flames is reportedly in the range
of 1.5 to 2 nm (Bartok and Sarofim, 1991), and particle inception temperatures vary
from 1300 to 1600 K, depending on the fuel . Clearly, the mass of the small nascent
nucleated particles do not contribute appreciably to the overall mass of the soot, but by
virtue of their large number they do significantly impact on how much mass is added
later due to surface growth.

Surface growth is defined as the addition of mass to the surface of the nucleated
particles, and is the process whereby the bulk of solid phase material of soot is generated.
In reality the nucleation and surface growth occur simultaneously, and there is no clear
distinction between the end of the overall nucleation and the onset of the surface growth
process. Surface growth involves the addition of gas phase hydrocarbons to the surface
of the nucleated particle, and appears to proceed mainly by the addition of acetylene

to the surface by the HACA mechanism (described previously). In combustion it is
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estimated that 80% of the soot mass is added in surface growth (Haynes and Wagner,
1981). Given that surface growth is responsible for the majority of mass addition, the
residence time of the growing particle has a large influence on the total mass of soot

formed.

2.2.5 Agglomeration and coalescence

Both agglomeration and coalescence are processes that involve the collision and combin-
ing of two particles, where the combined mass of the particles remains unchanged but
results in a decrease in the total number of particles. Agglomeration involves the stick-
ing of primary particles with one another to form clusters or chains; where there is no
change to the structure of the individual primary particles (or spherules). Coalescence
on the other hand involves the collision of spherical particles that give rise to a single
spherical particle. Soot particles that are present in diesel engine exhaust are observed
to be agglomerated structures of primary particles typically arranged as chains (Tree
and Svensson, 2007). The sizes of primary particles are usually reported to be around
20 to 50 nm, and contain in the order of 10° to 10° carbon atoms (Heywood, 1988).

2.2.6 Oxidation of soot particles

Oxidation is a competing and parallel process to the soot formation pathways; oxidation
results in the conversion of carbon and hydrocarbons to combustion products. There
are several oxidising species that may oxidise soot, these are: O, Oy, OH, and CO,.
Oxidation can occur at any stage in the pathway of soot formation, from the initial
fuel through to a mature agglomerated particle. There is evidence to show that the OH
radical is the principle oxidising agent for soot particles (Neoh et al., 1985), and in the
region of 10-20% of OH collision with soot are successful at oxidising soot (Haynes and
Wagner, 1981). Oxidation prevents carbon from proceeding to soot formation and it
appears it is most effective when oxidation occurs at earlier stages of soot formation,
before the formation of aromatic rings. Under certain conditions, however, the addition
of small amounts of oxygen can increase soot formation by stimulating radical formation,
specifically H atoms which promotes HACA. For example, the addition of small amounts
of oxygen to acetylene in shock-tube experiments results in increased soot formation at
lower temperatures and retarded soot formation at higher temperatures (Frenklach et al.,
1985).

Whilst the OH radical is believed to be mainly responsible for the oxidation of soot
particles, Frenklach put forward that in laminar premixed flames the dominant species
for oxidation of aromatic radicals was Oz, and oxidation by OH occurred only to a minor
extent (Frenklach, 2002). The mechanism of aromatic oxidation has been suggested from
numerical simulations, although overall the process is not fully understood.

The presence of CO, has also been shown to reduce soot formation, partially
as a diluent and through thermal effects (lowering pyrolysis temperature) on soot for-

mation (Liu et al., 2001), but also by promoting hydroxyl formation by the reaction
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CO, + H — CO + OH (Vandooren et al., 1998). It should be noted that once carbon

is oxidised to CO it is no longer able to form soot, even under fuel-rich conditions.

2.2.7 Particulate formation in a direct injection diesel engine

A conceptual model of particulate formation in a diesel engine was developed by Dec
(1997) and forms the basis of current understanding of the processes that lead to soot
formation in direct injection compression ignition engines during the quasi-steady phase
of combustion. Figure 2.7 shows a schematic of the conceptual model of a diesel jet
as fuel is injected into the engine cylinder (from left to right). The fuel jet forms a
cone-shaped spray of fuel droplets as it issues from injector nozzle (A). Downstream of
the fuel injector a flame stabilises (B), and the distance from the injector to the location
of flame stabilisation is defined as the lift-off length (LL). The velocity of the jet largely
determines how far from the nozzle the diffusion flame is located, which follows the
perimeter of the plume where the fuel/air mixture is stoichiometric. In the premixed
reaction zone, indicated as the pale blue region in Figure 2.7 (D), combustion of some of
the vaporised fuel occurs, which results in a temperature rise within the reacting jet. Soot
begins to form in fuel-rich premixed regions of vaporised fuel (C) where air-to-fuel ratios
(¢) are typically in the range of 2 to 4, and small soot particles are observed in this section
of the jet. Increasing soot number and mass concentrations are observed continuing
through the jet (E), with the largest concentrations found at the periphery of the jet.
This is due to the fact that beyond the flame lift-off length, oxygen-deficient combustion
gasses are entrained into the jet, and not fresh cylinder gas, which is prevented from
entering the jet zone by being consumed in the diffusion flame at the plume periphery.
There is therefore little oxygen available within the flame envelope to oxidise the fuel, and
the high temperature conditions prevailing (due to conduction, convection and radiation
from the flame) provide an environment conducive to soot formation. The mixture
fraction (ratio of fuel mass to mixture mass) decreases in axial and radial directions;
there becomes a point where the oxygen and fuel mixture is stoichiometric, and this is
the location of the diffusion flame (F'). Soot burnout occurs at the flame, where the soot
particles are oxidised by OH radicals (discussed in Section 2.2.6). In the axial direction
the mixture fraction diminishes to a point where the flame closes off, and this is referred
to as the flame length. The soot number concentration and particle mass therefore
increase down the jet and reach a maximum at the head vortex (G), while those particles
upstream remain of a similar size and number throughout the combustion event.

The flame lift-off length has been shown to be an important parameter for deter-
mining the conditions prevailing in the premixed burn phase and ultimately the final
soot emissions in the exhaust (Higgins and Siebers, 2001; Siebers and Higgins, 2001).
An increased lift-off length results in increased oxygen entrainment into the premixed
phase, which results in greater fuel consumption and ultimately lower particulate emis-

sions. In a direct injection diesel engine, typical lift-off length is in the order of 10-15 mm.
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Figure 2.7: A conceptual scheme for a reacting diesel spray. From (Dec, 1997),
reproduced with permission of the publisher (SAE international).

2.2.8 Effects of fuel composition on particulate emission in diesel en-

gines

The question of whether the composition and molecular structure of a fuel affects its
propensity to form soot, is one that has been studied extensively. The role of fuel com-
position in soot and particulate matter formation has been investigated most extensively
in laboratory flames (e.g. Botero et al., 2014; Ladommatos et al., 1996), and to a lesser
extent in practical combustion systems including such as gas turbine engines (Giilder
et al., 1990), gasoline engines (Gu et al., 2012), and diesel engines (Tree and Svensson,
2007). The effects of fuel structure and composition on soot and particulate emissions in
diesel engines is reviewed in this section; the reader is also referred to Chapter 5, which
presents the results of experimental work concerning the influence of fuel molecular
structure on soot formation in a tube reactor.

It should be noted that in engines it is generally difficult to separate fuel com-
position effects from changes in temperature, air-fuel equivalence ratio, lift-off length,
and pressure. Therefore, most engine experiments focus on the affect of changing a fuel
component on the exhaust particulate mass and number concentrations. Given that a
change in the fuel composition directly influences a number of other combustion param-
eters, a fair comparison would require engines that are optimised for the specific test
fuels. It is therefore a challenge to separate fuel effects form those related to the engine

geometry (Tree and Svensson, 2007).
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Aromatics and PAHs

Most of the research that has been carried out to determine the role of fuel composition
on diesel particulate emissions has been related to the role of aromatics in the fuel. Aro-
matic molecules, that may be present in the fuel or pyrosynthesised during combustion
from other non-aromatic molecules, have an important role in the formation of larger
PAHs and soot (as discussed Section 2.2). It is well known that increasing fuel aro-
maticity is associated with higher soot formation in laboratory flames (see for example
Ladommatos et al., 1996), but their influence on the formation of particulate in engines
is less clear.

Miyamoto et al. (1994) investigated the effect of fuel aromatic content using mix-
tures of two base fuels, normal paraffin (n-tetradecane), and iso-paraffin (heptamethyl-
nonane), with one of five mono-aromatic, di-aromatic and non-aromatic cyclic com-
pounds added (tetralin, dipentene, decalin, methyl naphthalene, and alkyl benzene).
The aromatic content was varied from 0 to 60 % volume for the mono-aromatic fuels
and 0 to 40 % volume for the di-aromatics. The fuel mixtures were tested in both an a
DI (direct injection) engine and an IDI (indirect injection) engine. Similar results were
obtained from both engines, and showed that regardless of the molecular structure of
the fuel, the particulate and NOx emission increased linearly with C/H ratio of the fuel
under constant ignition delay. The increase in particulate emission with C/H of the fuel
was due to an increase in the mass of dry soot of the particulate.

Bryce et al. (1999) reported that there was a trend of increased soot emission from
a diffusion flame and CFR IDI (Co-operative Fuel Research indirect injection) diesel en-
gine with increasing aromatic content. It was suggested that the increased density and
viscosity of the fuel could increase soot emission due to changes in the injection, vapor-
isation and penetration. Further work was carried out using the CFR IDI engine and
diffusion flame, where binary mixtures of heptane and increasing proportions of toluene
were investigated by holding constant the start of injection (SOI), start of combustion
(SOC), and ignition delay (Ladommatos et al., 1997). In the engine, measurement of the
dry soot mass was shown to increase with increasing toluene fuel content, although the
total particulate mass was insensitive. In the laboratory flame, the difference was much
more marked, and the formation of soot was very sensitive to addition of the aromatic
compound, and when the aromatic content was increased beyond 10 % volume further
increases of the aromatic proportion had no significant effect. The contrast of the two
results, in the engine and laboratory flame, suggested that the enhanced air-fuel mixing
in the engine offsets the influence of fuel effects on particulate formation.

Williams et al. (1986) investigated the the influence of PAH content in five diesel
fuels on the PAHs found in the soluble organic fraction (SOF) of the PM in diesel
engine exhaust. The main PAHs that were present in the diesel fuels were naphthalene,
fluorene and phenanthrene and their alkylated derivatives. GC/MS analysis showed that
the PAHs of the particulate were similar to those present in the fuel. Williams et al.

(1986) concluded that the 2 to 4 ring PAH molecules in the particulate were primarily
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unburnt fuel components, and that between 0.2 and 1% weight of the fuel PAH survive
combustion. Further work by Andrews et al. (1998) involved GC/MS speciation of the
PM SOF in diesel engine exhaust, using three fuels with varying aromatic content. Fuel
‘a’ was a diesel fuel composed of 37 % 1-3 ring aromatics, and 12 % PAH. This initial
fuel was processed to remove 2 and 3 ring PAHs, resulting in test fuel ‘b’. Fuel ‘¢’ was
a mixture composed of 60 % fuel ‘a’ and 40 % fuel ‘b’. The results showed that the fuel
with negligible PAH content (fuel ‘b’) showed very low PAH emissions compared the fuel
with high PAH content (fuel ‘a’); the authors concluded that unburnt fuel dominates the
PAH emissions from the engine. Five pyrosynthesised PAHs were detected in the SOF
of the PM, that were not present in the fuel, these were: anthracene, benzo(a)pyrene,
benze(e)pyrene, chrysene, and carbazole. This pyrosynthesis was very low (0.06 to 0.02
Moot /K fuer) for the fuel with low PAH content, and up to 15 times larger for the
fuel with high PAH content. Therefore, it was theorized that the main route to PAH
pyrosynthesis in diesel engine combustion is from other PAH molecules. This theory
was supported by the results of Abbass et al. (1988), who found that the diesel engine
combustion of a single-component fuel hexadecane, an alkane, produced particulate with
considerably lower PAH emissions than a reference diesel, indicating that pyrosynthesis
of PAHs from alkanes only occurs to a minor extent. Furthermore, and with particular
relevance to future fuels, single-component biofuels, including 100 % methyl ester derived
from waste cooking oils, and 100 % rapeseed oil, were combusted in a EURO 2 compliant
diesel engine (Lea-Langton et al., 2008). Analysis of the VOF fraction of the particulate
showed that both biofuels emitted PM containing PAHs, but to a much lower extent
compared to a typical diesel fuel; the most abundant PAHs identified in the PM were:
phenanthrene, fluoranthene and pyrene.

The ‘survivability’ of PAH molecules during combustion, compared to non-aromatics,
is likely to be a factor contributing to their apparent higher conversion rate to PM. The
‘survivability’ of PAHs in diesel engine combustion was been correlated with the low-
est unoccupied molecular orbital (LUMO) of various PAHs (Tancell et al., 1995); this
suggests that it is the chemical kinetics of the reactions occurring in the combustion
chamber, rather than the thermodynamic stabilities of the PAH molecules, that deter-

mines their survival.

Straight and branched chain

Nakakita et al. (1998) tested three different diesel fuels with near identical combustion
characteristics in a single cylinder optical research engine. Test fuel ‘a’ produced more
particulate matter than fuel ‘b’, despite the fact that fuel ‘a’ lower aromatic content
of fuel, distillation temperatures, sulfur content, and density; all factors which they ex-
pected to reduce particulate emissions. Test fuel ‘a’ contained 50 to 70 % more branched
hydrocarbons, and twice amount of naphthenes. They concluded that a chemical effect
of the branched structures in the paraffin fraction and naphthenes was likely to have

influenced the PM emissions. Further work by Takatori et al. (1998) used isomers of
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Figure 2.8: Measured soot emissions form a diesel engine with oxygenate addition to
the fuel (Miyamoto et al., 1998).

hexane and octane in a tube reactor in the temperature range of 1000 to 1300K, to
determine the sooting tendencies of the molecules. The order of sooting tendency was
determined to be n-paraffin < 1-branched paraffin < 2-branched paraffin < cycloparaffin.

For further information on the effects of structural isomerism on soot formation,
the reader is referred to Chapter 5, which summarises literature and experimental results

relating to isomers of butane.

Oxygenates

It has been demonstrated that oxygenated fuels can been used to reduce soot emissions
from diesel engines. For example, Miyamoto et al. (1998) showed that soot emissions
from diesel engines were reduced when oxygenated molecules were blended with regular
diesel fuel. The oxygenate molecules tested were: diethylene glycol dimethyl ether
and di-n-butyl ether, which contained ether groups (-O-); ethylene glycol mono-n-butyl
ether, which contained an ether and an alcohol group (-O- and -OH); and ethylhexyl
acetate, which contained an acetate group (-O(C=0)-). The amount of soot reduction
depended on the percentage oxygen in the fuel blend, and each of the molecules tested
were all approximately equally effective at reducing the soot emissions (in terms of
percentage oxygen added to the fuel), see Figure 2.8. Based on their smoke meter
measurements, particulate emissions decreased in a linear manner, and when the oxygen
in the fuel reached 25 to 30% by mass virtually all particulate emissions had been reduced
to zero. Similarly, Tsurutani et al. (1995) found that oxygenates reduced particulate
emissions, particularly the soot component exhaust PM, and observed that the PM
emissions seemed to be more affected by the oxygen content, rather than by its molecular
structure, boiling point and cetane number.

It was believed for some years that only the amount of oxygen added to the fuel,
and not the type of oxygenated molecule (e.g. alcohol, ester, ketone, etc.), influenced
the reduction, and the work by Miyamoto et al. (1998) was widely cited as evidence.
Cheng (2002) plotted the results of a number of studies that reported numerical data
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on the influence of oxygenate addition to diesel on PM emissions, and there was a broad
correlation with oxygen content. However, a number of other experimental results do
indicate that different types of oxygenated molecules influence PM emissions to differing
extents. Earlier work by Miyamoto et al. (1996) investigated eight types of oxygenated
molecule, and although particulate emissions decreased linearly with every fuel, there
did appear to be small differences between the different oxygenated fuels. In particular,
the reduction in PM emission tended to be greater for lower boiling point oxygenates.
Similarly, McCormick et al. (1997) found differences between the ability of oxygenated
molecules to reduce particulate emissions. They studied the particulate emissions from
heavy-duty diesel engines, using blends of the oxygenated molecules octanol, methyl
soyate, and decanoic acid added into diesel fuel to 1 or 2 % of oxygen by mass. Emissions
were measured during the hot-start portion of the U.S. heavy-duty transient test, in both
a 2-stroke and 4-stroke engine. It was shown that 1 % blends of octanol, methyl soyate,
and decanoic acid resulted in a PM emissions reductions of 17.2 %, 15.4 % and 12.7 %,
respectively. Whilst, 2 % blends of octanol and methyl soyate reduced PM emissions by
11.6 % and 20.4 %, respectively (McCormick et al., 1997).

Theoretical work also supports the notion that molecules with different oxygenate
functional groups should influence soot formation to differing extents, and that some
oxygenated molecules use their oxygen more efficiently than others to reduce soot for-
mation. Kinetic modelling by Westbrook et al. (2006) indicates that the structure of the
oxygenate molecule is important in determining the ability of oxygen to prevent soot
formation, which is particularly in the case of the ester moiety. The ester functional
group contains two oxygen atoms bonded to a single carbon atom, the modelling pre-
dicted that under conditions where the ester moiety directly produces COg, the oxygen
is therefore less efficient at preventing soot formation from the pool of carbon atoms
available to produce soot. Detailed kinetic modelling, supported by experimental work
that utilised radiocarbon (14C) to track the conversion of specific carbon atoms to soot,
indicated that in the ester moieties of di-butyl maleate, 30 % of the oxygen is effectively
‘wasted’ due to direct COg formation (Mueller et al., 2003; Buchholz et al., 2004). In
addition the reader is referred to the results of Chapter 7 which show that for ester
(R-CO2-R’) and acid (-COOH) functional groups, the carbon atom which is directly
attached to the functional group was not found to form soot.

In the literature, ethanol has received a lot of attention due to it being a re-
newable fuel that contains oxygen, and its potential to reduce particulate emissions in
diesel blends has been explored extensively. The energy content of ethanol-diesel blends
decreases by 2 % for each 5 % volume of ethanol added; and an increase in fuel con-
sumption of approximately equivalent to the reduction in energy content of the fuel
can be expected when using ethanoldiesel blends (Hansen et al., 2005). A number of
compression-ignition engine tests have been reported which have confirmed that blending
ethanol into diesel significantly reduces PM emission (see for example Kass et al., 2001;
Cheng et al., 2002; Schaus et al., 2000). The results of Kass et al. (2001), for example,
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showed that diesel fuel blends of 10 to 15 % volume resulted is a reduction of particu-
late emissions by 20 % and 30 % respectively; however, despite lowering PM emission,
and having no noticeable influence on NOx emissions, there were small increases of CO
and HC (of 140 % and 175 % respectively, compared to the reference diesel). It was
shown in an isotopic tracer study by Buchholz et al. (2002), diesel engine combustion
of an ethanol-in-diesel blend containing 5.7 % (by carbon mass) ethanol, only 2.4 %
carbon mass of the PM was derived from the ethanol component; i.e. the mass fraction
of carbon derived from ethanol in the PM was only 42 % of the carbon mass fraction
that the ethanol accounted for in the fuel. Therefore, it appears that at least in part,
the reduction in PM emissions by blending ethanol with conventional diesel fuel would
appear to be due to a direct reduction in the conversion of ethanol to PM relative to
the non-oxygenated diesel fuel.

Overall, the literature shows that oxygenated diesel blends invariably result in a
reduction in PM emissions from diesel engines, with only little or no changes in NOx
emissions. One explanation for the reduced levels of soot formation from oxygenated
fuels, is due to changes in the soot structure and morphology. Song et al. (2006) in-
vestigated the effect of fuel composition on the structure and reactivity of soot, they
showed that soot derived from neat biodiesel fuel was far more reactive to oxidation than
a neat Fischer-Tropsch fuel. This was explained as due to the incorporation of surface
oxygen functionality in the soot formed from the oxygenated biodiesel fuel, the surface
oxygen groups could induce changes during attack by air, which resulted in more rapid

oxidation.

2.3 Strategies to reduce particulate emissions

As it was discussed in the introduction, increasingly stringent emissions legislation is
motivating a number of strategies to reduce particulate and other emissions. The vi-
sion is to engineer practical combustion systems that do not emit soot at all. The
work undertaken in this thesis seeks to better understand the fundamentals of partic-
ulate formation from fuels of different molecular structures, with the ultimate aim of
improving the composition of the fuel to yield cleaner burning properties. There are
other popular strategies to reduce particulate emissions, which include the use of ex-
haust after-treatment technologies, development of alternative low-emission combustion

regimes, and the addition of additives to fuels. Each strategy is reviewed in this section.

2.3.1 Diesel exhaust after treatment technologies

Polluting emissions emanating from combustion processes and present in the exhaust
may be converted to less harmful products after they have been formed using exhaust
treatment technologies. For diesel engines, emissions of CO and hydrocarbons are rela-

tively low and most efforts focus on reducing particulate and NOx emissions. Since these



Chapter 2. Literature review 40

emissions are subject to trade-offs (see section 2.3.4, and Figure 2.10), it is instructive
to discuss both particulate and NOx emission reduction technologies.

There are three classes of diesel particulate filter (DPF): (i) non-catalytic filter
based systems; (ii) catalytic filters that consist of filters with a catalytic coating; (iii) non-
filter based catalytic systems. Particulate filters are commonly referred to as ‘particulate
traps’. The so-called wall flow monolith type is the most commonly applied, and is based
on a simple method of filtering particulates from exhaust gas. The filters are comprised
of a ceramic structure (e.g. cordierite) with parallel channels. Half of the channels are
blocked with ceramic plugs at the upstream end in a checkerboard arrangement, and
the opposite half are blocked at the downstream end, Figure 2.9 shows a schematic
representation. The particulates are therefore forced to flow through the porous walls
of the filter where they deposit (Neeft et al., 1996). The filtration efficiency of the DPF
is dependent on the wall thickness and the pore size, which are typically between 0.3
and 0.6 mm, and 10 to 40 um respectively. Despite the relatively large pore size (10 to
40 pm) the trap is able to retain smaller particles by thermophoresis, which causes the
particles to deposit onto the filter walls.

Whilst diesel particulate filters are effective at limiting particulate exhaust emis-
sions, there is evidence that the secondary combustion of particulates in DPFs can give
rise to the formation of new pollutants. For example, Heeb et al. (2008) studied the
secondary combustion of particulates and PAHs in a monolithic, wall flow cordierite
DPF. Emission of a number of 4—6 ring PAHs were reduced by 40-90%, and detoxified
particulates in terms of total aryl hydrocarbons. However, 1— and 2—nitronpthalene
increased by 20—100%, additionally, 9-nitrophenanthracene and 9-nitroanthracene were
only detected after the DPF (Heeb et al., 2008).

Electrostatic precipitation of particulates is an alternative method that has been
proposed to collect particles. For example, corona discharge can be used to charge the
particles and increase their agglomeration rate. Agglomerated particles larger than 1
pum can then be removed by means of a cyclone (Kittelson et al., 1991). This method has
not been applied in practice presumably due to the high voltages required, additional
fuel requirement needed to power a corona discharge, and the need to regularly empty
the cyclone (especially in vehicle-borne applications).

Selective Catalytic Reduction (SCR), is widely used to reduce NOx emissions from
heavy-duty diesel engines (Koebel et al., 2000). SCR is based on the addition of ammonia
to the NOx-containing exhaust gas, which react in the presence of a selective catalyst
(e.g. TiO2-WO3-V,05) to form water and nitrogen. NOx in diesel exhaust is usually
composed of NO (>90%) and NOy and react by the following schemes:

and
4NH;5 +2NO, + Oy — 3N, + 6 H,O (2.10)
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Figure 2.9: Diesel particulate trap. Reproduced with permission of the publisher
(Elsevier).

In mobile SCR applications, urea (marketed as AdBlue) is generally used instead of
ammonia for safety and toxicity reasons, and the urea solution decomposes to ammonia
when it is atomised into the hot exhaust gas. The advantage of SCR is that it is
applicable to diesel engine exhaust which contains significant quantities of O (unlike

three-way catalysts).

2.3.2 Fuel additives

The hardware-based emissions technologies that have been discussed so far can be ex-
pensive to implement, with emission reduction technologies accounting for around 10%
of the cost of a new light-duty diesel vehicle (ICCT, 2012). Fuel-based solutions could
offer an economical alternative whilst improving emissions from older vehicles without
the need for retrofitting hardware technologies. Fuel additives are routinely added to fu-
els to improve a number of characteristics such as lubricity, freezing point, anti-foaming
properties, anti-knock, and emissions. A number of additives have been shown to sup-
press particulate emissions from diesel engines, including: metallic, organometallic, and
non-metallic compounds.

Metal-based additives can reduce particulate emissions by two mechanisms: (i)
reaction with water to produce OH radicals which oxidise soot, or (ii) lowering the ox-
idation temperature of soot by direct reaction with carbon. It has been described in
the previous section that diesel particulate filters are a ubiquitous technology used for
the reduction of tailpipe particulate emissions, but over time these filters can become
obstructed by carbonaceous deposits. Regeneration of particulate filters to remove accu-
mulated particulate requires temperatures of 550 — 600°C and 5% oxygen concentration
in the exhaust gas, which can make in situ regeneration impractical without cataly-

sis. A variety of transition and noble metals have been shown to reduce the oxidation
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temperature of soot, for example, organometallic compounds based on Cu, Mn, and Ce
have been shown to reduce the ignition temperature of particulates to around 150°C.
Therefore, catalytic regeneration of particulate filters is commonplace and deployed in
the form of either a fuel additive or filter surface coating. Ce compounds are reported
to be the most effective and non-toxic (Simon, 1986).

The emission of PAHs is unregulated, but is important due to their mutagenicity,
which has been discussed previously in Chapter 1. It was shown by Matter and Siegmann
(1997) that the addition of 400 mg/kg of Manganese-based additive to diesel fuel reduced
particulate and PAH emissions by 32%, indicating that Mn catalyses particulate and
PAH oxidation. However, the fraction of particulates smaller than 50 nm did increase,
but no elemental carbon or PAHs were detectable in this fraction, instead it was mainly
comprised of metal oxides stemming from the additive. Similarly, a commercial diesel
additive Envirox contains nanoparticles of cerium oxide (CeOz), and has been shown to
increase fuel efficiency (due to reducing of filter back-pressure) and to reduce CO,, CO,
various PAHs, and total particulate mass emissions (Zhang et al., 2013a). Zhang et al.
(2013a) pointed out that reduced particulate mass concentrations does not necessarily
equate to a reduction in the toxicity of the emitted particles. They showed that the use of
Envirox results in higher number concentrations of smaller diameter particulates, which
could possibly be more damaging for human health. The deployment of fuel additives
therefore raises important health questions, and further investigations are required to
comprehensively characterise emissions from additised fuels and to carry out accurate
risks/ benefits analysis.

Addition of oxygenates to fossil fuels has been studied intensively. It has been
found that the combustion characteristics of oxygenated fuels depend on the molecular
structure and the amount of oxygen present in the spray core. Coda Zabetta et al.
(2006) showed that particulate emissions from seed-derived oil and blends with fossil
diesel could lower the ignition temperature of particulates, thereby aiding particulate
trap regeneration. Additional benefits are associated with the use of some oxygenated
additives (including ethanol and N-octyl nitramine), which form a lubricating film that
reduces wear.

Emulsions of water-in-diesel, usually stabilised by a surfactant or emulsifier, have
been shown to significantly reduce particulate matter and NOx emissions from diesel
engines in addition to improving combustion efficiency (Abu-Zaid, 2004). Typically, the
percentage reduction in soot emissions is higher than for NOx, and the reduction in
soot emissions is usually around twice the percentage mass of the water-in-fuel. Water-
in-diesel emulsions result in longer ignition delays which increase the premixed burn
fraction and reduce soot formation; in addition, longer spray lift-off lengths increase the
amount of oxygen that is entrained into the jet, creating leaner spray-core conditions
(Song et al., 2000). Aquazole is an example of a commercial diesel-water emulsion that
was marketed by EIf in the 1990s, but was later withdrawn due to its instability (the

emulsion had a lifetime of ~ 3 weeks) (Barnaud et al., 2000).
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2.3.3 Optimisation of the fuel composition

A large amount of experimental and modelling research has been conducted with the
aim of exploring how the molecular structure of a fuel influences its combustion char-
acteristics and emissions formation. It is well known that the molecular structure of
a fuel directly influences its fate during combustion or pyrolysis (Ladommatos et al.,
1996; Botero et al., 2014; Ruiz et al., 2007a), and the reader is referred to Chapter 5,
which gives a detailed analysis of the how molecular functional groups influence soot
formation under well-controlled formation conditions. In practical systems, such as a
gasoline or diesel engine, soot formation is complex, because not only chemical effects
influence combustion and soot formation but physical properties also play an important
role (Leach et al., 2013; Schonborn et al., 2009a). Due to the fact that in engines it
is difficult to observe how molecular structure affects local temperature, local equiva-
lence ratio, and so on, most engine experiments focus on how the fuel influences exhaust
particulates concentration.

One of the main effects of fuel composition that influences the formation of partic-
ulates in diesel combustion is the presence of oxygen in the fuel. As the oxygen content
of a fuel is increased the particulate mass emissions are reduced, and can also improve or
maintain other regulated emissions such as NOx, CO, CO,, and unburned hydrocarbons
(Cheng et al., 2002). Significantly, it appears that when the percentage mass of oxygen
in the fuel is increased to 27-35%, near complete elimination of soot is observed. Some
studies show that particulate emissions decrease in a linear way with increasing oxygen
mass in the fuel, independent of the identity of the structure of the oxygenate functional
group. However, other research shows that the ability to reduce PM emissions is different
for the various oxygenate functional groups, with the molecular structure of oxygenated
groups being identified as being responsible for these differences (Buchholz et al., 2004;
Mueller et al., 2003; Eveleigh et al., 2014). The reader is referred to Section 2.2.8 above
for further information on the influence of oxygenated molecules on diesel engine PM
emissions.

The understanding of how molecular structure influences combustion and partic-
ulate formation is likely to become particularly useful for developing cleaner burning
bio-fuels. The industrial-scale production of bio-ethanol by the fermentation of sugars
is a process that has been carried out for decades for the purpose of fuel production
(Rosillo-Calle and Walter, 2006). Bio-diesel production by the transesterification of bi-
ologically derived triglycerides to fatty acid esters is another common route to biofuel
production, where the molecular structure of such fatty acid esters may be influenced
by the feedstock used or the synthetic pathway (Schonborn et al., 2009a). Understand-
ing how fuel molecular structure impacts on combustion and particulate formation can
be used to inform improvements to fuel production. An example of how this can be
achieved in practice is given in a publication by Hellier et al. (2013a). Hellier et al.
showed the combustion characteristics of four different terpine molecules, which could

potentially be produced from cyanobacteria. The terpines were all molecules that could
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be derived by means of metabolic engineering from geraniol, the most abundant and
easily produced terpine in cyanobacteria. The combustion characteristics were assessed
in a diesel and spark ignition engine, and the terpines were tested as single-component
fuels and blended with diesel. One significant finding was that single component fuels
geraniol and farnesene were found to combust well in a diesel engine, and were suitable
for blending with fossil diesel fuel up to 20% (wt./wt.). The exploration of such novel
biofuel production methods that investigate new synthetic pathways are still in their
infancy but have potential to greatly improve the overall viability and efficiency of some

fuel production routes.

2.3.4 Optimisation of combustion conditions

Diesel engine NOx and soot formation are known to depend heavily on both temperature
and fuel-air equivalence ratio. Figure 2.10 shows a typical ¢-T contour plot, of the
type first introduced by Kamimoto and Bae (1988), which shows the engine equivalence
ratio and temperature conditions that give rise to high levels of soot and NO. The
soot contours are shown in terms yield of soot as a percentage of the fuel carbon, this
analysis shows that soot may be avoided at either: low temperatures (<1500 K), high
temperatures (>2500 K), or low fuel-to-air equivalence ratios and lower temperatures
(¢<2, and <2200 K). Soot formation may be avoided at high temperatures due to
an increase in the rate of soot oxidation; although this has not been demonstrated in
an engine, and support for this is only through results obtained by modelling and in
premixed shock-tubes, and may not apply in diesel-like fuel jets (Tree and Svensson,
2007). The region of high NOx formation is at high temperatures and low equivalence
ratios (bottom right of the plot, Figure 2.10). The majority of the NOx emissions from
a diesel engine is in the form of nitric oxide (NO), and is formed by the oxidation of
armospheric nitrogen (N2) via the thermal or Zeldovich mechanism, as follows Bowman
(1975):

O+N, = NO+N (2.11)

N+0,=NO+0 (2.12)

The reaction of nitrogen with OH radicals was also suggested to contribute, particularly

at near stoichiometric and fuel-rich conditions Lavoie et al. (1970):
N+ OH = NO +H (2.13)

Equation (2.11) above is the rate limiting step in the formation of NO, and is
strongly temperature dependent; therefore, the amount of NO formed in diesel engines is
largely determined by peak combustion temperatures and availability of O2. Under fuel-
rich conditions, NO is reduced to No, which means that NO emissions are reduced with

increasing equivalence ratio. In a diesel combustion jet (see Figure 2.7 for schematic),
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the centre of the jet is at the conditions of the high soot contours in Figure 2.7, whilst
the flame envelope surrounding the fuel spray is at the conditions of high NO formation.

It can be seen that for the reasons described above, combustion conditions that
lower NOx emissions generally tend to increase PM levels and wice versa, the NOx-PM
tradeoff makes it difficult to simultaneously reduce both emissions from engines. In
conventional (current) DI diesel engines there are high levels of soot and high NOx for-
mation. However, low temperature flameless combustion regimes have received a lot of
attention in the literature due to the possibility of simultaneous reductions of NOx and
particulate emissions (Gan et al., 2011). In homogenous combustion strategies combus-
tion occurs in a similar way to the premixed burn phase in a direct injection compression
ignition engine (DICI), and soot is not formed when the mixture is sufficiently lean. Low
temperature homogenous charge compression ignition (HCCI) is an approach to elim-
inate both soot and NOx formation, where fuel is injected into the air intake plenum
allowing the homogenous mixing of fuel and air mixture before compression ignition.
Another strategy is termed premixed charge compression ignition (PCCI), where the in-
cylinder fuel injection timing occurs either early or late in the cycle in order to promote
the local mixing of the spray with air (Tree and Svensson, 2007). Both HCCI and PCCI
are flameless and occur at low temperature to avoid soot and NOx. Tree and Svensson
(2007) point out that reducing residence time required for soot formation and mixing
fuel with the air are competing variables in a low-temperature system. Therefore there
is also a need to explore the role of the fuel molecular structure, which may influence
the residence times required to form soot. For example, a volatile fuel, but resistant to
soot formation, could be a favorable fuel for PCCI/HCCI combustion, although other

requirements apply also (i.e. resistance to early ignition, slower premixed combustion).
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Figure 2.10: A generic contour plot showing the regions of soot and NO formation as
a function of the local formation conditions. Reprinted from (Gan et al., 2011), used
with permission of the publisher (Elsevier).

2.4 The use of isotopic tracers in pyrolysis and combustion

research

The isotopic ratios of a number of elements are routinely measured by isotope ratio
mass spectrometry (IRMS), including carbon (13C/!2C), nitrogen (1°N/!4N), oxygen
(*80/%60), sulphur (**S/32S) and hydrogen (D/'H). The ability to precisely measure
the isotopic abundance of samples has a wide variety of applications, including: dating,
metabolic pathway analysis, chemical mechanism analysis, geochemical tracer studies,
and medical diagnostic tests. As an example of a routine medical application, a urea
breath test is a standard method to diagnose individuals suspected of hosting Helicobac-
ter pylori stomach infection; for this test the patient ingests urea labelled with 3C. If
the Helicobater pylori is present in the gut, the bacteria metabolises the urea to CO,.
As a result, CO, with enriched levels of 13C is detectable in the breath of those suffering
with the infection (Graham and Klein, 2000).

In a further and very relevant example, Oberdorster et al. (2004) investigated
the in vivo translocation of inhaled ultrafine particles (UFPs) to the brain. Rats were
exposed to ultrafine particles composed of *C (generated by spark discharge of a 3C
graphite rod), at a concentration of 160 ug/m? for a period of 6 hours. The lungs,
cerebrum, cerebellum and olfactory bulbs were removed at 1, 3, 5 and 7 days following
exposure, and 3C concentrations in the organs were determined by means of IRMS.
Using '3C as a tracer, it was shown that at one day after exposure to '3C containing
UFPs, the mass of *C detected in the lung was significantly above background levels,

and the '3C level was found to decline over the 7 day period. Enhanced '3C levels were
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Box 2.1. Definitions and additional background information relating to isotopes

of carbon

AMS, Accelerator mass spectrometry.

Isotope, variants of particular chemical element that differ in the number of
neutrons, but have the same number of protons. E.g. 2C, '3C and *C are all
isotopes of carbon.

IRMS, Isotope ratio mass spectrometry.

Isotopic fractionation, is a process which results in partitioning of a sample
into two (or more) parts that have different isotopic compositions.
Isotopologue, is a molecule that is distinguishable by its isotopic composition,
for example, a molecule of water with one hydrogen atom substituted for
deuterium (HDO) is an isotopologue, distinct from *HsO.

Nuclide, is the term used to refer to a specific type of atom, with a specified
number of protons and neutrons, e.g. 1§C.

In nature there are three isotopes of carbon, these are 12C, 13C and *C, and their
natural abundances are around 98.89%, 1.11% and 0.0000000001% respectively.
The atomic nucleus of C is comprised of six protons and six neutrons, 3C
and C are composed the same number of protons, but contain seven and eight
neutrons respectively. 2C and '3C are both stable isotopes, which means that
they do not undergo radioactive decay. C, however, is a radioactive nuclide and
undergoes radioactive beta decay, a process where a neutron decays to a proton,
therefore yielding the stable isotope of nitrogen (*N) and emitting an electron
and an antineutrino. C decays with a half life of 5730 years; the half-life is the
time taken for the radioactivity of a sample to fall to half of its original value.
Despite these differences, the isotopes are practically identical in terms of their
chemistry, particularly at high temperatures.

subsequently detectable in the cerebrum, cerebellum and olfactory bulbs, demonstrating
the translocation of UFPs to the brain.

Despite the evident widespread application of isotope labelling techniques in phys-
iology and more generally, they have not been widely used as diagnostic tools in combus-
tion and pyrolysis research. A relatively small number of studies have been found in the
literature, and these usually involve the tracing of isotopes of carbon (either the stable
isotope 13C or radioactive 14C) from the fuel, oil, or additive to the combustion products,
including CO, CO, and particulate matter. A literature survey of those studies involving
isotope tracing that have been applied in the field of combustion is summarised below,
the reader is also to referred to Box 2.1 which provides some definitions and additional
background information relating to carbon isotopes.

The earliest example identified of the use of isotope labelling in combustion was
by Ferguson (1957), and used a '3C labelling technique. The aim of the study was to
identify whether a two-carbon fragment of propane was responsible for soot formation

during propane combustion. It was initially put forward that fragmentation of propane
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during combustion could result in scission of a carbon atom from the end of the three-
carbon propane chain, therefore leaving a two carbon atom fragment to form soot by
a mechanism involving acetylene as an intermediate. If this were the case, then the
central carbon atom would preferentially be converted to soot with respect to the two
carbon atoms at the ends of the chain. Combustion of propane in a combustion vessel
was carried out, and soot and CO, samples were collected for isotope ratio analysis, by
means of mass spectrometry. Propane was labelled at its central carbon with '3C, and
two test samples were combusted with levels of enrichment at ~21 and ~62 mole percent.
Analysis of the 13C/!2C ratios indicated that the three carbon atoms contributed equally
to soot formation. Prior to the work reported in this thesis, Ferguson’s research is the
only example identified in literature that employs '*C as a tracer with application to
the bulk analysis particulate matter.

The majority of articles in the literature involve the use of C as a tracer, and
two different detection methods have been used for detecting '*C. Due to the fact that
1 is radioactive, one detection method involved counting the rate of decay of a sample
as a measure of the 1*C/C rate in the sample; the second method involved counting
individual 4C atoms. Lieb and Roblee Jr (1970) published work that described a *C
tagging experiment, which used decay counting to quantify the conversion of carbon
atoms in ethanol to soot. In turn, ethanol-1-'4C (where the carbon atom next to the
hydroxyl group was 4C labelled) and ethanol-2-“C (where the methyl carbon contained
14C) were combusted in a diffusion flame and soot was extracted from the flame using
a probe. It was concluded that the methyl carbon contributed the majority of carbon
to the soot, and a conversion ratio of 2:1, methyl-to-hydroxyl carbon was identified.
Expanding on this work, Schmieder (1985) investigated a wider range of hydrocarbons
specifically labelled with C, to determine the carbon atom conversion probability to
soot in a diffusion flame. Schmieder used the decay counting method, and employed
a scintillation counter to measure the rate of decay. Toluene, benzoic acid, and 1-
butanol were assessed in terms of carbon conversion to soot. Additionally, benzene
and cycloheptane were tested, and in these molecules each of the carbon atoms is in
a chemically equivalent environment, that is to say that due to the symmetry of the
molecules all of the carbon atoms are ‘the same’. It was found that the level of *C
enrichment of the fuel for benzene and cycloheptane mirrored the enrichment in the PM
derived from those fuels, thereby verifying the effectiveness of the method. Similar work,
using the decay counting technique has also been reported by Sorek et al. (1984); Sorek
and Anderson (1986).

The disadvantage of using decay counting as a technique is that it is inefficient
at detecting small changes in the '“C abundance. Short-lived radioisotopes can be
efficiently detected by decay counting, but longer-lived radioisotopes are not, and 4C
has a half-life of 5730 years. During the time available to carry out an experiment only a
small number of the '4C atoms will decay; Buchholz et al. (2002) point out that in order

to measure 0.1% of the decay of a sample containing '*C, it would require uninterrupted
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sampling for 8.3 years. In order to compensate for the poor sensitivity at low levels of
14C enrichment, relatively high concentrations of molecules with enriched levels of *C
are required to improve resolution of the decay counting method. As a result, large
quantities of 1 C containing molecules must be synthesised or acquired from commercial
suppliers in order to carry out these investigations, and doing so can be prohibitively
expensive. Furthermore, due to the high levels of "C required, precautionary measures
must be implemented to work with materials that have levels of radioactivity in excess
of the natural background, and disposal of the radioactive waste that is produced is a
further restriction of the use of the technique.

The second isotope ratio measurement technique that has been used to measure
14C abundance is accelerator mass spectrometry (AMS). AMS is a highly sensitive tech-
nique which involves the counting individual nuclei, rather than relying on radioactive
decay. AMS was developed during the 1970s for the purpose of carbon dating, which has
been used extensively in the earth sciences and archaeology. Due to the fact that AMS
is much more sensitive, Buchholz et al. (2002) introduced a tracer method which does
not require enriching a test sample with molecules that are artificially enriched with C.
Instead, the method relies on the natural variation of 4C rate in different sources, to
trace a specific component through combustion. '*C is formed in the atmosphere, and
occurs when cosmic rays collide with nitrogen. The newly formed carbon-14 is quickly
oxidised to COg, where it enters the carbon cycle and therefore becomes incorporated
into plants and animals, this means that living things are composed of about 1.2 parts
of 14C per 10'?2 C atoms. Biologically derived fuels are formed from processes that in-
corporate atmospheric CO,, and as a result contain atmospheric levels of radiocarbon.
Fossil fuels, however, are essentially 14C free since they have been isolated underground
for >60,000 years, a period of >10 half-lives. The relative absence of MC in fossil fuels
means that there is a very low *C background, and bio-fuels have around three orders
of magnitude more *C. This means that biofuels are naturally *C ‘labelled’ relative to
fossil fuels. Buchholz et al. (2002) made use of this ‘natural label’ by adding biologically
derived fuel to fossil fuel and the elevation of '4C arising from the biofuel was sufficient
to trace the fate of ‘labelled’ fuel through combustion to the emissions, using AMS as
the detection method. In one investigation, 9.5 % bio-ethanol (v/v) was blended into
fossil diesel using an emulsifier, the fuel was combusted in a diesel engine and the con-
tribution of ethanol to PM, CO, and CO, was assessed (Buchholz et al., 2002). It was
identified that the particulate was composed of only 2.4 % by carbon mass derived from
the ethanol component, but ethanol constituted 5.7 % of the carbon mass in the fuel.
This means that relative to fossil diesel, carbon atoms in ethanol were found to convert
to particulate matter at a much lower rate. In addition, it was showed that of the par-
ticulate collected, which is comprised of a non-volatile organic fraction (NVOF) and an
absorbed volatile organic fraction (VOF), carbon from the ethanol was more likely to
end up in the VOF than the NVOF. Carbon from the ethanol comprised 3.4 % of the
VOF.
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Figure 2.11: Molecular structure of dibutyl maleate (DBM) and positions of *C
labels, and chart showing the relative contributions of the labelled positions to partic-
ulate. Reprinted from (Buchholz et al., 2004).

Further work by the same group, expanded the concept by using compounds syn-
thetically enriched with *C at specific molecular positions to investigate the relative
contribution of individual atoms within a molecule to PM (Buchholz et al., 2004). They
selected dibutyl maleate (DBM), which has a number of interesting molecular features,
such as a double bond, ester groups and alkyl chains. Specific carbon atoms involved
in the various functional groups were selectively '4C labelled at the positions indicated
in Figure 2.11. Even though the investigation involved the addition of synthetically
enriched C molecules, the level of enrichment did not exceed the natural abundance
range, and therefore was not ‘radioactive’. The isotopologues of DBM were combusted
in turn in a diesel engine and their relative conversion rates to both the NVOF and
VOF fractions of exhaust PM and in-cylinder deposits were assessed. Figure 2.11 shows
the fraction of carbon in the initial fuel at the indicated molecular locations, and the
fraction carbon in the PM derived from those locations. Significantly, it was shown that
the carbon atom attached to the two oxygen atoms (1,4-maleate position) in DBM did
not contribute to PM emissions or in-cylinder deposits. It was also found that doubly
bonded carbon (2,3-maleate carbon) did not contribute more than the average carbon
atom in the DBM molecule to the NVOF and VOF emissions; higher levels of con-
version might have been expected, since numerical simulations indicated that double
bonded carbons would be more prone to forming acetylene and subsequently PM.

The ability to track the contribution of a labelled component in the fuel to a
combustion product has also proved useful for quantifying the extent of engine oil con-
tribution to particulate emissions, which may only be possible using isotope tracing.

Mayer et al. (1980) developed a technique based on #C labelling to identify conversion
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of engine oil to particulate. Using the same technique, Hilden and Mayer (1984) pub-
lished further work on the contribution of engine oil; they examined the contribution of
the oil to total particulate emissions and soluble fraction of the particulate, carried out
in a range of light-duty diesel engines and using a range of oil formulations. They iden-
tified that the oil contributed in the range of 7 — 14% of the total particulate emissions.
Between 14 and 26% of the total particulate mass in the exhaust was extractable by
solvent extraction, of which between 30 and 50% of the extractable fraction was derived
from the engine oil. They showed that, generally, there were only minor effects of engine
design and oil formulation on the observed oil contribution to PM. The fact that the
majority of the oil derived contribution to PM was in the solvent extractable fraction
demonstrated that the engine oil had little to do with the early formation and growth
process of soot particles. This indicates that the oil does not undergo pyrolysis to the
point that it is available to be incorporated into nascent particles. It was recognised
that the oil adsorption onto the particle surface could occur in the exhaust, or even as
an artifact of filter-based particulate sample collection as oil vapor passes through the
filter.

Using the more efficient AMS detection method Buchholz et al. (2003) investigated
the contribution of engine oil to PM in a direct injection diesel engine run on 100 per
cent biofuel (with natural 4C levels) and conventional lubrication oil (**C depleted).
They estimated the oil contribution based on the depression in the 4C level in the soot
with respect to the biofuel, since the engine oil was derived from fossil sources with *C
levels three orders of magnitude lower than the biofuel. It was estimated that 4% of
carbon in the non-volatile fraction of the particulate matter originated from the engine
oil. In similar work, a group at the University of British Columbia, Jones et al. (2005)
in collaboration with Buchholz published work that identified the sources of particulate
emissions formed from a heavy-duty diesel engine fuelled by pilot-ignited natural gas.

The isotope tracer work discussed so far has focussed on how individual carbon
atoms or whole molecules convert to particulate matter for the purpose of source ap-
portionment. There is a smaller group of experiments have applied isotopic techniques
in the literature that involved tracking various isotopes to other combustion-generated
species. For instance, a series of experiments by Katoh and colleagues have applied
a laser technique, which they called isotope shift/ planar laser induced fluorescence
spectroscopy (IS/PLIF), to visualise the distribution of various isotopes in flames. For
example, the OH radical species has a distinct excitation wavelength, which is different
to its deuterated analogue OD. When steam produced from deuterated water is added
to flames, OH radicals are formed by the dissociation of water (e.g. H,O — OH + H).
Katoh demonstrated that it was possible to distinguish and visualise the difference be-
tween OH radicals formed by combustion reactions and those formed by dissociation
from steam generated from deuterated water (Katoh et al., 2006¢). This has given some
useful insights into the observed behavior of steam addition to flames, which can be use-

ful to suppress formation of NOx. Other such examples published by the same research
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group can be found in the following references (Katoh et al., 2006b; Kajimoto et al.,
2013; Katoh et al., 2006a).

Lombaert et al. (2006) investigated whether the presence of PAHs in fuel pro-
moted the formation of PAHs, that were identified in the particulate matter formed
from a diesel engine. To assess the direct influence of naphthalene (CioHg) addition
to fuel, deuterated naphthalene (C19Dg) was added as a tracer at 1000ppm levels to
the fuel. Particulate was collected from the exhaust onto a filter, and PAHs were re-
moved from the particulate by solvent extraction. The solvent containing the PAHs was
analysed by GC/MS in order to identify the presence of the PAHs and their deuter-
ated equivalents. The presence of naphthalene did not have an appreciable influence
on the total particulate mass, or quantity of the soluble fraction (which accounted for
~14% of total mass). Analysis of the mass spectra showed, somewhat surprisingly, that
only deuterated and semi-deuterated pyrene and phenanthrene, and residual deuterated
naphthalene were detectable in the soluble extract. It should be noted that this method
(involving GC/MS) was only used to detect the presence of deuterated PAHs, but the
method could not be used to quantify the amount detected.

In a related study Lea-Langton et al. (2013) used '3C labelling to determine the
pyrolysis products of a methylated-PAH, methylphenanthrene, which is present in diesel
fuel. Methylphenanthre was labelled on the methyl carbon atom with an isotopic enrich-
ment at that location of 99%. Pyrolysis was carried out in a cell-flow reactor with helium
as a carrier gas at temperatures of 800 and 900°C. Following pyrolysis, GC/MS was used
to analyse the PAHs present in the effluent gas. Substantial amounts of unreacted 9-
13C-methylphenanthrene were observed in the product gas, and the major product was
found to be the parent PAH, phenanthrene (not containing '*C), which confirmed that
dealkylation is a dominant pyrolytic reaction. A number of other methylated-PAHs were
detectable including 1-'3C- and 2-!3C-methylnaphthalenes, and the 3C label was shown
to reside in the methyl position, which suggested that re-alkylation of pyrolysis-formed
PAHs occurred.

The usefulness of isotope tracing is clear, particularly for the purpose of source
apportionment of particulates, for elucidating mechanistic details of PAH pyrolysis, and
can provide valuable input and verification to computational models of particulate for-
mation. From the literature reviewed in this section it has been shown that a range of
isotope techniques have been exploited by a number of different research groups since the
1950s. Still, overall, only a relatively small number of investigations have been reported
and no single method has emerged dominant. There are a number of factors that may
have prevented isotope techniques being more widely used. Firstly, as it has already been
discussed, '*C tracing experiments are expensive to carry out if used at high enough lev-
els of enrichment for decay counting to be used as a detection technique. Additionally
at high enrichment levels safety issues relating to the use of radiocarbon need to be
considered, the safety precautions can be both expensive and impractical to implement.

The more recent implementation of C tagging that has employed AMS detection has
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greatly improved the economic and practical viability of such 4C studies, especially as
it reduces or eliminates the need to acquire '4C enriched compounds. Globally there are
a number of laboratories that have AMS capability, for instance in the UK there are 4
such facilities registered in a directory kept by the journal Radiocarbon, (Radiocarbon,
2014). However, the cost of AMS analysis itself, and acquiring even small quantities
of site specifically enriched '*C compounds, at low enrichment levels are still expensive
to synthesise or source. The examples of *C labelling that have been discussed have
generally been conducted at well-resourced national laboratories; for isotope labelling
techniques to become more widely used in combustion science, both cost-effectiveness
and availability of measuring equipment is essential.

The examples of 13C labelling that have been discussed so far have used GC/MS
as a detection technique. GC/MS is a sensitive analytical technique, but still requires
significant levels of C enrichment for detection and quantification, for example the
investigation by Lea-Langton and colleagues used 99% '3C enrichment at the specifically
labelled site. Such high levels of enrichment are not particularly restrictive in some
experiments, for example pyrolysis experiments carried out in a flow reactor can yield
large quantities of particulates, and only require a few millilitres of fuel. However, to run
a flame experiment or diesel engine for long enough to generate a sufficient quantity of
sample for analysis requires significantly more fuel, since the majority of fuel is efficiently
combusted to CO,. The high levels of 13C enrichment required for GC/MS analysis is
therefore likely to have been a factor preventing its use for the bulk analysis of PM
for the purpose of source apportionment; although, it should be noted that due to
the ‘survivability’ of compounds such as PAHs during pyrolysis, GC/MS can be used
efficiently trace specific compounds in the fuel to specific components of the particulate
(e.g. Lombaert et al., 2006).

The 13C tagging technique detailed in this thesis, provides a practical alternative,
which requires only low levels of *C enrichment, at volumes typically less than 0.2% v/v.
Detection of 3C by IRMS is much cheaper to conduct than AMS; AMS is generally 50
to 100 times more expensive than IRMS measurements (Eveleigh et al., 2014). The high
precision of IRMS, and the technique itself (which reports relative differences between a
sample of interest and a known standard reference material) make it suitable for tracer
studies. The level of 3C enrichment used in the experiments reported here do not exceed
the range of natural abundance on Earth (~1%). The low levels of 3C enrichment
that have been used mean that the combustion experiments are cost-effective, but also
give adequate resolution owing to the precision of IRMS. In any case, laboratories that
measure 3C abundances by IRMS are generally reluctant to measure samples highly
enriched with 13C, greatly in excess of natural abundance, since this would pose a risk
of contamination to the highly sensitive equipment.

Broadly similar work that has employed IRMS was that of Corso and Brenna
(Corso and Brenna, 1997; Corso et al., 1998; Corso and Brenna, 1999). They induced

the fragmentation of a number of hydrocarbons in an open tube furnace, and determined
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the isotopic composition of the resulting fragments by online GC/IRMS. For example,
methyl palmitate and methyl palmitate-1-13C (labelled at the carboxyl position) were
tested separately and the isotopic ratio of the carbon atom in the labelled position
was determined in the both the unlabelled and labelled variant (Corso and Brenna,
1997). In doing so they demonstrated that they could accurately determine the '3C
composition at the specifically labelled position, since their calculated dilution of methyl
palmitate-1-3C into its unlabelled equivalent was consistent with the measured and
back-calculated value. It appears that the main aim of their work was to develop an
automated instrument for the position-specific isotope analysis of carbon, and their work
was published in more generalist analytical chemistry journals. It was not the aim of
their work to express the isotopic data reported in terms of the conversion probability
for a specific atom converting to a product such as soot, but rather as an absolute
measure of the C composition at a specific locality or fragment. These factors may
have meant that the potential usefulness of the IRMS technique was not picked-up by
the combustion community.

The relatively low cost of routine isotope measurements by IRMS, and the avail-
ability of off-the-shelf commercially provided '3C labelled compounds, used at low levels
of enrichment, thus provides a high-precision yet relatively economical means of tracking
13C. This could mean that the use of '3C labelling, as demonstrated in this thesis, could

become more widely used as a diagnostic tool in combustion research.

2.5 Conclusions

The literature on the fundamentals of particulate formation shows that whilst many of
the processes involved in soot formation have been described there is still much that is
not fully understood. Particularly, the dependence of certain reaction pathways on the
initial fuel and formation conditions appears to be an area that requires further work.
In the reviewed literature there are a number of commonly reported strategies to
reduce particulate emissions. Reducing emissions by making improvements to the fuel

blend has a number of distinct advantages, including:
e Can be implemented for the current fleet; and
e Does not require the fitting of expensive emissions technology;
e Many alternative fuels have been shown to drastically reduce emissions; and

e The possibility to engineer biofuels by metabolic engineering, or by making changes

to the processing of fuels to yield cleaner burning characterisitcs.

Considering the literature on the use of isotopic tracers in combustion research

the following conclusions may be drawn:

e The attempts of isotope tracing techniques in the past demonstrate their potential

usefulness, particularly for the purpose of particulate source apportionment;
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e However, isotope tracing has not become widely used in combustion, probably
due a number of reasons including cost, practicality, safety surrounding use of

radioactive materials, and access to measuring equipment;

e There is a need for a cost effective, practical, safe, method that utilises a ubiquitous

measurement technique.

e Many of the investigations in the literature only apply the tracer technique to one
or a few molecules, there is a need for more comprehensive investigations using a

range of labelled compounds.

Therefore, it can be seen that understanding the fundamentals of how different
molecular structures behave during combustion are important for exploring and inform-
ing how fuels might be better designed. In order for this to happen more experimental
data is required in order to provide both phenomenological understanding of how the
conversion process to soot occurs, and also supply input and comparison for numerical
models. The usefulness of isotope tracing is apparent, for providing additional insights
into how individual molecules or atoms convert to soot. The '3C labelling technique
that was developed and applied as part of the work presented in this thesis could there-
fore become a standard method for tracing a labelled hydrocarbon component in fuel to

combustion products including PM, or indeed intermediate species.



Chapter 3

Experimental Systems and
Methodology

This chapter describes the experimental apparatus and measuring equipment used to
conduct the experiments carried out as part of this thesis. The flow reactor facility and
the numerous associated components that are detailed in this chapter were designed,
commissioned, assembled, and characterised as part of this work. Furthermore, the
isotope technique applied to particulate matter is entirely novel and the methodology
for processing samples and interpreting the isotopic data has been developed to support
this technique. The development of the experimental rig and analytical methodology

represent a substantial portion of the work presented herein.

3.1 Flow reactor facility

There have been a number of investigations into the combustion and emissions char-
acteristics of both single-component fuels and fuel blends, many of these studies have
been carried out in practical combustion systems such as spark-ignition or compression-
ignition engines (Hellier et al., 2013b, 2011). Generally, the combustion characteristics
of fuels are governed by the chemical composition of the fuel, and also its physical prop-
erties, such as volatility and viscosity. In order to investigate the chemical effect of fuels
on emissions characteristics while limiting the influence physical properties, a number
approaches have been used in the literature that employ well-controlled conditions: in
flames (Botero et al., 2014), shock tubes (Noorani et al., 2010a; Yasunaga et al., 2012),
rapid compression machines (Curran et al., 1998), jet stirred reactors (Dagaut et al.,
2009; Togbé et al., 2010), plug flow reactors, and laminar flow reactors (Esarte et al.,
2009; Peg et al., 2007; Roesler, 1998).

In this investigation, a laminar flow reactor facility has been developed in order
to investigate the thermal decomposition products of a variety of liquid and gaseous
fuels over a range of temperatures in both inert and oxygen-containing atmospheres.
Pyrolysis was generally carried out in the temperature range of 1100 to 1450 °C in

the tube reactor, and the resulting PM was collected. The conditions employed in the
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tube reactor were intended to resemble, in a general sense, the conditions prevailing
in the core of a diesel spray; where the conditions are oxygen-deficient and at high
temperatures. High temperatures and fuel-rich conditions promote soot formation in
diesel engines, the reader is referred to the discussion in Section 2.3.4 and particularly
Figure 2.10. As opposed to diesel engines, however, there are several notable differences
in the characteristics and composition of the particles formed in the reactor; the particles
evolved from the reactor are principally composed of ‘dry’ soot. For further information
on the distinction between the diesel particulate matter and the soot formed in the
reactor, the reader is referred to Section 2.1.

The reactor was installed in Experiment room B.09 in the Thermodynamics Lab-
oratory, within the Department of Mechanical Engineering at UCL. Figure 3.1 gives a
schematic representation of the general setup. This consisted of a nitrogen carrier gas
system (components 1—3), a gas and liquid fuel feed system (4—6), a static mixer (7), a
tube reactor (9, 10), and sample collection and analysis systems (11—14). The following
sections describe the various components of the flow reactor rig in more detail in terms
of its design and characterisation. The description of the rig follows the route of the
carrier gas and fuel through the system. Two fuel feed systems were developed for intro-
ducing either gaseous or liquid fuels, and for clarity these have been described separately
in the following sections. The reader is also referred to Appendix A for images of the

experimental setup.

3.1.1 Gas Feed System

Figure 3.2 shows a schematic of the setup used to meter and introduce gaseous fuels into
the reactor. In all experiments oxygen-free nitrogen (supplied by BOC) was used as an
inert carrier gas. The flow of nitrogen was metered by means of a mass flow controller
(Bronkhorst EL. BASE), which was monitored and controlled by a PC via an RS-232
connection. This type of mass flow controller meters the gas flow rate on a principle of
heat transfer, and operates by sensing the temperature change of the gas in a heated
section of capillary within the instrument (Jouwsma, 1993). After the nitrogen flow rate
had been precisely metered the nitrogen then passed through a 750W air process heater
(RS 200-2531), that heated the nitrogen up to a maximum temperature of 400°C. The
temperature of the nitrogen that was heated by the process heater was controlled by
a PID controller (Tempatron, TL4800, temperature controller), a type-K thermocouple
(TC-1) was positioned immediately after the heater to provide feedback to the PID
controller. As a safety feature, a flow switch was located upstream of the process heater
in order to cut power to the heater in case an insufficient flow of nitrogen was detected,
which may otherwise have caused damage to the heater. Downstream of the process
heater the nitrogen flow passed through a check-valve (Swagelok, SS-58512), which was
positioned directly after the heater in order to prevent the reverse flow of flammable

gasses into the heater.
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The introduction of gaseous fuels into the nitrogen stream was also metered by a
mass flow controller (Bronkhorst, EL Flow Select), the controller was calibrated with
acetylene in the range of 0.01 to 2 1/min. FLUIDAT software, supplied by Bronkhorst,
was used to calculate conversion factors in order to use the flow meter with gasses other
than acetylene (e.g. ethane, ethylene, propane, etc.), and the calibration curves were
uploaded to the instrument using FlowTune software (Bronkhorst).

As a safety precaution, a flashback arrestor was positioned in the fuel line, to
protect against the event of a flame propagating along the pipe, although this was in
reality highly unlikely, as air-fuel ratios used in this system were below the flammability
limit of the fuels used. As an additional safety measure, a solenoid valve (normally
closed) connected to an emergency stop button was positioned immediately before the
tee fitting where the flammable gasses were introduced into the nitrogen stream. The
tube leading to the reactor was made of stainless steel (18mm o.d.) that was wrapped
with a tape heater and glass-fibre insulating material. The temperature of the tape
heater was controlled by a separate PID controller (PID-2), which was also a Tempatron,
TL4800. For experiments, heating of the gas feed system was to the same temperature
as for liquid fuels, so that the conditions of entry to the reactor were the same for both

types of fuels.

3.1.2 Liquid Feed System

Figure 3.3 provides a schematic of the system for use with fuels that were liquid under
ambient conditions, in order to vaporise those fuels and introduce the vapor to the
reactor. A mechanical syringe pump (Chemyx, Fusion 100 Touch) was used to meter
the volumetric flow rate of liquid fuels into the vaporiser. A stainless steel capillary tube
(1 mm outer diameter x 0.7 mm internal diameter) was used to connect the syringe to the
vaporiser. A luer-lock connection was made at one end on the capillary for connection
to the syringe, and a specially adapted Swagelok fitting was made on the other end
for connection to the vaporiser. The capillary issued into the vaporiser, which was
constructed by means of a stainless steel tee fitting (18mm) that was packed with 3mm
borosilicate glass beads. The glass beads were intended to provide some inertia against
temperature fluctuations, and also to prevent Leidenfrost effects from disturbing the
efficient vaporisation of fuels. As fuels were fed into the vaporiser they were entrained
into a stream of nitrogen carrier gas. Nitrogen carrier gas was fed using the same setup
described above (3.1.1 Gas Feed System).

3.1.3 Static mixer

In order to ensure that a homogenous mixture of fuel and carrier gas was passed into
the reactor, a static mixer was designed, and positioned at the inlet of the reactor tube
(see the schematic in Figure 3.2, and an image of the mixer in Figure 3.3). Since the
mixer was positioned at the inlet of the reactor the mixer also served as an adapter,

connecting the 18 mm stainless steel tube of the fuel/carrier gas feed system and the
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104 mm alumina reactor tube. With consideration to the range of temperatures and
corrosive properties of some of the fuels used the mixer was constructed from stainless
steel (316). Mixing was achieved by packing the upstream part of the mixer with 8mm
stainless steel ball bearings. A second compartment of the mixer was located following
the stainless steel ball bearings and was initially intended to be packed with stainless
steel wool, however sufficient mixing was obtained with only the first compartment. The
two compartments were separated with 1mm thick perforated stainless steel sheet (RS,
340-6186). Figure 3.4 shows the static mixer installed at the inlet to the reactor. The
mixer was designed to be easily removed for cleaning and maintenance, and could be
lowered from its position by removing the wing nuts that held it in place. The mixer was
suspended from the water-cooled reactor support, by a flange that was specially designed
and fabricated for this purpose; to seal the connection, an ‘O’-ring was compressed
between the mixer and the flange.

The effectiveness of the static mixer was verified by radial sampling with a Cam-
bustion Fast Flame Ionisation Detector (fFID), which showed homogeneity across the

diameter of the mixer with various gaseous and liquid fuels.
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3.1.4 Reactor tube

The reactor was used in order to study the thermal decomposition of fuels, and this
involved the characterisation of product species, sampled at the rector outlet. A high-
temperature electrically heated oven was procured (manufactured by Nabertherm, model
RHTYV 120-600) and was used for heating the reactor tube to a maximum temperature
of 1800°C. The oven was fitted with the alumina reactor tube (grade C799, recrystallized
alumina) which had the dimensions 120 o.d. x 104 i.d. x 1440 mm length, and was
orientated vertically in the oven. In the literature, both alumina and quartz reactors have
been used and are shown to produce similar results regardless of the reactor material
(Skjoth-Rasmussen et al., 2004). A 600 mm length of the reactor tube was heated
uniformly by the high-temperature heating elements of the oven, with the elements
being constructed from molybdenum disilicide (MoSis).

Due to the high temperatures the reactor operated at, stainless steel water-cooled
flanges were supplied by Nabertherm, and fitted at the reactor inlet and outlet in order
to support the tube. Due to the cooling, particulates were found to deposit on the tube
reactor wall towards the outlet of the tube as a result of thermophoresis; to overcome
this, a conical stainless steel section was designed and positioned at the reactor outlet
in order to direct product gasses out of the reactor and aid cleaning of the reactor.

Samples were extracted from the reactor using a stainless steel sample probe (6mm
o.d.) that was positioned inside the tube 200 mm from the reactor outlet. Instruments
such as the DMS500 particle spectrometer or Horiba emissions analyser withdrew sam-

ples for analysis using vacuum pumps integral to these instruments.

3.1.5 Reactor temperature profile

The heated cavity electric oven, surrounding the reactor tube was controlled by a PID
system. The PID used a type-B thermocouple, which was positioned within the oven
cavity. Therefore, the set temperature of the electric oven represented the cavity tem-
perature and not the temperature of the gas flowing through the reactor. In order to
characterise how the set temperature of the oven related to the actual reactor centerline
temperature a series of temperature measurements were carried out, using a type K
thermocouple that was surrounded by a sheath (the design of which is detailed in the
following section). Figure 3.5 shows that the temperature of the nitrogen carrier gas, as
measured in the middle of the reactor along the central axis, was insensitive to the flow
rate of nitrogen carrier gas in the range of 0 to 25 1/min.

All of the experiments that were conducted using the reactor in this body of work
were carried out using 20 1/min (SATP) of nitrogen carrier gas. Figure 3.6 shows the
temperature along the length of the reactor, as measured along the centerline of the
reactor, at 8 set temperatures, and at a flow rate of nitrogen of 20 1/min. This profile
is typical for a tube reactor (Skjgth-Rasmussen et al., 2004), and in this case it had an
almost uniform temperature along a length of approximately 0.5m at the center of the

reactor tube.
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Figure 3.6: Reactor longitudinal temperature profile, measured at the reactor center-
line; with 20 1/min nitrogen flow pre-heated to 150°C. Measured by a type K thermo-
couple (with sheath).

Figure 3.7 shows that there is a liner relationship between the temperature at the
center of the reactor and the heated cavity, and this calibration was used to estimate the
carrier gas temperature. The temperatures quoted in this thesis refer to the estimated
gas temperatures using the calibration and not the cavity temperature.

It should be noted that part of the reason the fuels were highly diluted in an
inert carrier gas (nitrogen) was to reduce any effects of endothermicity or exothermicity

of pyrolysis or oxidation reactions on local temperatures within the reactor. The fuel
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K thermocouple, at various cavity temperatures. Carried out at an inlet nitrogen flow
rate of 20 1/min (SATP) and nitrogen pre-heated to 150°C.

concentration introduced to the reactor was typically in the region of 5,000 parts per

million (ppmv), and the bulk was comprised of the nitrogen carrier.

3.1.6 Design of thermocouple sheath

When a thermocouple is used to measure the local temperature of a stream of gas
through a heated tube, the indicated temperature of the thermocouple is determined
by the balance of heat transfer to and from the thermocouple junction. The thermo-
couple junction gains heat from the surrounding gas by convection, and heat is lost by
conduction along the thermocouple wire. Depending on the conditions prevailing, the
thermocouple can also either lose or gain heat by radiation to or from the wall of the
reactor tube (Rogers et al., 1992).

In order to better estimate the temperature of the gas flowing in the reactor, prac-
tical measures needed to be implemented to remove as far as possible the influence of
radiation on the gas temperature readings. To this end, a concentric shield around the
thermocouple junction was devised, as shown in Figure 3.8, to reduce radiation from
the reactor wall and increase the rate of convection to the thermocouple tip. The shield
consisted of a 200 mm section of 3 mm thick stainless steel tube (70 mm diameter), a
stainless steel rod was secured across the diameter of the tube and held the thermocou-
ple in place with a setscrew. The rod positioned across the diameter also aided with
centering of the probe in the reactor. A 6mm stainless steel tube, which was attached to
a vacuum pump, was positioned to increase the velocity of gas over an exposed junction

thermocouple tip (at 5 1/min).
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Figure 3.8: Schematic of probe design for limiting the influence of radiation on ther-
mocouple measurement.

Temperature measurements were made by quickly lowering the shielded thermo-
couple into the furnace, and recording the temperature of the thermocouple as soon as
the temperature had stabilised. The rate of heating of the 0.5 mm thermocouple tip was
assisted by heat transfer from the gas drawn by the vacuum. Due to the fast response
of the exposed junction thermocouple, aided by extra convection, the temperatures of
the shield was much lower than that of the reactor wall and the thermocouple junction,

therefore heat gain by radiation transfer to the thermocouple tip was minimised.

3.1.7 Gas residence time

The residence time (7) of gas in the reactor is defined as the ratio of the reactor volume,

V, and the gas flow rate through the reactor, Q.

r=V/Q (3.1)

Table 3.1 supplies the gas residence time of nitrogen through the reactor zone of
uniform heating at various temperatures, when supplied with nitrogen at a flow rate of
20 1/min.

Table 3.1: Calculated gas residence time and Reynolds number of nitrogen through
the zone of uniform heating in the reactor at a flow rate of 20 1/min (0.6 m length).

Gas temperature (°C) | Residence time (s) | Reynolds number

1000 1.40 243.6
1100 1.30 232.8
1200 1.21 222.3
1300 1.13 212.9

1400 1.06 204.4
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3.1.8 System control and monitoring

A PC program with user interface was developed in LabView in order to monitor and
control various conditions in the system. K-type thermocouples positioned at the static
mixer and vapourisor fed back to a National Instruments USB-6210 data acquisition
card (DAQ), in order to alert the user in case temperature or pressure deviated outside
an accepted range. The syringe pump and mass flow controllers were also controllable
from the program. In order to shut-off the supply of gaseous fuels to the reactor a
solenoid valve was also fitted, which was controllable from the program. A screenshot

of the program is shown in Appendix A.

3.1.9 Particulate sample collection and storage

Samples of particulate matter for isotopic analysis were collected by thermophoretic
deposition onto a borosilicate glass plate, which was positioned at the reactor outlet.
The samples of particulate matter were removed from the glass with a stainless steel
spatula and transferred into a borosilicate glass vial. The vials were labelled and stored
in a gridded sample tray at -20°C in a deep freezer, until required for analysis.
Particulate samples that were collected for soxhlet extraction (Chapter 9) were
sampled from inside the reactor through a stainless steel probe, which was positioned at
the reactor centerline, 200 mm from the tube outlet. The sample was extracted using
a vacuum pump, and soot was collected onto glass fibre filters (Fisherbrand, Microfibre
filter MF300) that were placed in a stainless steel filter housing positioned between the

probe inlet and the vacuum pump.

3.2 Diesel test engine facility

All engine tests that were conducted as part of this work were carried out in a purpose
built laboratory equipped with an engine-dynamometer test bed located in an engine
test cell, which was operated from an engine control room. The laboratory and test
rig have been described and characterised previously by Hellier (2013) and Schénborn

(2009), and a summary is provided below.

3.2.1 Engine specification

All engine experiments in which exhaust gas particulates were collected were conducted
on a modern direct-injection compression-ignition engine, converted and instrumented
to run as a single cylinder research engine. The engine was equipped with an ultra
low volume fuel system (described in Section 3.2.2), and was normally-aspirated with
air drawn into the engine at atmospheric temperature and pressure for all experiments.
Given in Table 3.2 are some technical details of the engine and the conditions employed,

and Figure 3.9 shows a general schematic of the experimental setup.
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Table 3.2: Test engine specifications

Engine head model Ford Duratorq

Engine bottom end model Ricardo Hydra

Number of cylinders 1

Cylinder bore 86 mm

Crankshaft stroke 86 mm

Swept volume 499.46 cc
Compression ratio 18:1

Maximum cylinder pressure 150

Peak motoring pressure at test conditions 43 bar

Injectors 6-hole solenoid (DELPHI DF1 1.3)
Electronic fuel injection system EMTRONIX EC-GEN 500 (1 us accuracy)
Piston design Central w-bowl in piston

Oil temperature 80 £2.5°C

Water temperature 80 £2.5°C

The engine cylinder gas pressure was measured at every 0.2 CAD using a piezo-
electric pressure transducer (Kistler 6056 AU38) and charge amplifier (Kistler 5011), and
the data was recorded by a National Instruments DAQ connected to a PC. At bottom-
dead-center (BDC) of every combustion cycle, the cylinder pressure was pegged by the
DAQ using a piezoresistive pressure transducer (Druck PTX 7517- 3257) positioned
in the intake manifold, 160 mm upstream of the inlet valves. Type-K thermocouples
were positioned at numerous locations throughout the system and logged with the DAQ
system.

The engine exhaust gas composition was determined by continuous sampling at
approximately 180 mm downstream of the engine exhaust valves and analysed by a
gas analyser system (Horiba MEXA9100 HEGR) and a fast particulate spectrometer
(Cambustion DMS 500). Sampling of exhaust gases for particulate measurements was
made via a heated line with a dilution cyclone at the connection between the exhaust
and heated line. Exhaust gases were diluted with air at this point by 4:1, and a second
air dilution of 100:1 was applied upon entry to the analyser. The heated line and the
dilution cyclones was heated to a constant temperature of 55°C.

All engine tests were conducted at the engine speed of 1200 rpm, fuel injection
pressure of 450 bar and a start of fuel injection of 5 crank angle degrees (CAD) before
top-dead-center (BTDC). For all tests, the injection duration was varied between 648

s and 770 us so as to maintain a constant engine IMEP of 4 bar.

3.2.2 Ultra low volume fuel system

The experiments that were conducted in this thesis have involved the use of high-assay
fuels and fuels enriched with labelled '3C molecules. A typical diesel commonrail system
usually requires several litres of fuel to operate, which would be prohibitively expensive,
considering the cost of the fuels; for this reason, use was made of an ultra low volume

fuel system. The system, first developed by Schénborn (2009) and developed further
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Figure 3.9: Diesel test engine facility. Showing the engine test bed and periphery
systems, including: low volume fuel system; emissions analysis and control system; and
exhaust and particulate collection system.

by Hellier (2013), utilises fossil diesel as a hydraulic fluid, pressurised to fuel injection
pressures by a conventional common rail fuel circuit, to pressurise test fuels for high
pressure direct injection. The schematic representation of the entire engine-dyno test
rig in Figure 3.9 shows the fuel system where diesel fuel (A) is used to pressurise a
low volume of test fuel (B). The low volume fuel system can operate with sample fuel
volumes of between 100 and 250 ml and can be heated in the case of high melting point
or high viscosity fuels. In this work the low volume fuel system was held at a constant
temperature of 40 + 2.5 °C.

In addition to reducing the volume of fuel required for each engine test, there are

several other notable advantages of the fuel system, including:

e Reduced time spent cleaning, that would be required for a larger conventional

diesel system to remove any residual fuel between each test run; and

e The ability to use fuels with physical or chemical properties that would otherwise
be detrimental or impractical for use in a conventional diesel fuel system (e.g. high

melting point, low lubricity, or corrosive properties).

3.2.3 Particulate sample collection and storage

Samples of particulate matter from the engine exhaust gases for '3C isotope analysis
were collected onto glass fibre filters (Fisherbrand, Microfibre filter MF300) with a pore
size of 0.22 um. The engine exhaust gas flow was split and diverted through the glass
fibre filter approximately 700 mm downstream of engine exhaust valves, with the main

exhaust path partially restricted to ensure a sufficient low through the filters. Figure 3.9
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shows the exhaust sampling arrangement in schematic form. The method allowed the
collection of both volatile and non-volatile PM, and subsequent baking of the filter (or
part of the filter) allowed the volatile PM to be baked-off, allowing the subsequent

analysis of only the non-volatile fraction.

3.3 Isotope measurements by Elemental Analysis-Isotope
Ratio Mass Spectrometry (EA-IRMS)

The objective of the isotopic analysis carried out in this work was to determine the
relative rate or likelihood of specific carbon atoms in various fuel molecules becoming
soot. This required calculation of the fraction of the particulate matter that was derived
from carbon atoms that had been specifically '3C labelled. In order to calculate this,
isotopic measurements were necessary of the PM and of the fuel that the PM was derived
from.

Isotope ratio mass spectrometry (IRMS) was used to make precise measurements
of isotopic abundance (}3C/!2C ratio). In the course of the research presented in this
thesis, several different spectrometers were used to determine relative '3C/2C ratios.
The operating principle is common to all of the equipment used in this thesis for EA-
IRMS; IRMS measurements are reported relative to standard material of known isotopic
composition. This ensures that isotopic measurements are replicable between laborato-
ries. The process for determining isotopic composition, and calculations to determine the
fraction of PM derived from the labelled component are described in detail in Chapter 4.

The following description of the stages involved in the measurement processes
starts with preparation of samples and follows the sample and its derivatives through
the EA-IRMS.

3.3.1 Sample preparation

The standard method of introducing material into an elemental analyser (EA) for the
subsequent isotopic analysis by an IRMS instrument is by enclosing the sample in small
tin capsules and submitting them for analysis using an automated sample carousel. It is
important that the capsules are loaded with similar quantities of the element of interest,
in this case carbon, since sample size can have a small influence on the outcome of
the measurement. Tin capsules (Elemental Microanalysis, D1000) were loaded with the
equivalent of 70 pug 4+ 5 of carbon, weighed using a Mettler Toledo XP6 micro-balance.
Solid samples and associated standard reference materials were generally prepared in
batches of 50 or 100.

Liquid samples generally required more sensitive handling than solid samples, due
to the possibility of sample evaporation, which could result in isotopic fractionation
prior to measurement. It became apparent that two different methods were required to

introduce liquid samples to the EA in this work; one that was generally more suitable
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for non-volatile high boiling point single- or multicomponent fuels, and another method
for single- or multicomponent samples that are volatile.

Samples of non-volatile liquid fuels were collected from the surface of a sample
vial using a short length of Pyrex glass capillary (~ 3mm length, 0.5 mm i.d). Using
stainless steel tweezers the capillary was transferred to a smooth walled tin capsule (El-
emental Microanalysis, D4001) and enclosed using a capsule sealing press. Once the
samples were enclosed the sample was transferred to the sampling carousel for imme-
diate analysis. This technique was adequate for the majority of liquid samples tested,
particularly high boiling point single-component fuels; tests showed little variability be-
tween measurements. However, in tests where binary mixtures of fuels that had at least
one volatile component (e.g. a binary mixture of heptane and ethanol), a large variabil-
ity in measurements was observed. Following a detailed investigation, the problem was
identified as the loss of the volatile fuel either during the sample preparation or whilst
in the sample carousel awaiting analysis. To overcome this issue an injection port was
designed to allow samples to be directly injected into the EA using a syringe; therefore,
eliminating the need to use the autosampler, and minimised the potential for fuel evap-
oration. The section relating to sample submission methods (Section 3.3.3) details the
injection port innovation that was developed to improve the process of measuring liquid

samples.

3.3.2 Preparation of gaseous CO, samples

Pyrolysis of alcohols at temperatures upwards of about 1100°C yields soot and PAHs,
but also generates a mixture of lighter hydrocarbons, and some carbon monoxide (CO)
and carbon dioxide (CO3) (Peg et al., 2007). In the case of oxygenated molecules,
and hydrocarbon molecules that undergo pyrolysis in the presence of small amounts of
oxygen, as well as identifying how specific carbon atoms convert to PM it was also of
interest to determine whether specific carbon atoms were more ‘predisposed’ to becoming
CO or CO2. In order to make this determination the bulk isotopic composition of CO
and CO9 was analysed, which required a process of converting CO to COs, due to the
fact that IRMS measurements involve the detection of COg. Schiitze reagent (iodine
pentoxide, I505) is an oxidising agent, and was used for the oxidation of CO to COa,

according to the following reaction:
5C0O 4+ 1,05 — 5CO,4 + 1, (3.2)

Figure 3.10 shows the setup, which was used to perform the conversion of CO to
CO4 at room temperature. Samples of reactor gasses, containing a mixture of hydro-
carbons as well as CO and some COg, were collected in a 10 litre Tedlar bag from the
reactor outlet. The conversion of CO to CO4 was carried out by emptying the Tedlar bag
into the oxidation line at a rate of approximately 1 1/min. The oxidation line consisted

of an assembly of tubing for passing the efluent gas through the Schiitze reagent, whilst
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trapping unwanted reactants such as the unburned hydrocarbons. The i” stainless steel
tube of the oxidation line, first passed through cold trap ‘1’, set at -50 °C, the purpose of
this first trap was to remove any light hydrocarbons (> C3) and PAHs by condensation,
but not the gasses CO and CO4 (boiling points -192 and -57 °C respectively). Following
the trap a 12 mm Pyrex glass tube was connected, using a Swagelok compression fitting
with PTFE ferrules, the glass tube was packed with a 6 cm length of Schiitze reagent
(Leco Corporation, 761-747), which was plugged at either end with glass wool. The
oxidised gas then passed into the second cold trap, also set to -50 °C; this trap was to
remove any iodine (Iz) which was produced by Reaction Equation (3.2). Finally, the
sample gasses were then passed into a 11 sample bag for IRMS analysis. At the inlet and
outlet of the line a ‘tee’ fitting with a valve was installed to allow the line to be purged
with nitrogen between samples, to flush the system and exclude atmospheric contam-
ination. The method described was suggested by A. Marca (personal communication,
Feb 2014), and similar methods are reported in literature (Santrock and Hayes, 1987;
de Groot, 2008).

Purge flow
Schiitze reagent

+ el +
Sample Sample
bag 1 - bag 2

Cold trap 1 Cold trap 2

Figure 3.10: Schematic of the setup used for conversion of CO and COs, using Schiitze
reagent.

The temperature of a dry ice bath can be fixed to a desired temperature between
-17 °C and -78 °C depending on the mixing ratios of ethylene glycol and ethanol (Jensen
and Lee, 2000). A dry ice slush with 50% ethylene glycol and 50% ethanol by volume
was used to chill trap ‘1" and 2’ to -52 °C, and the temperature was monitored using a

type-K thermocouple.

3.3.3 Sample submission

An automated sample carousel was used to introduce all solid PM samples and associated
standard reference materials into the elemental analyser, in batches of 50 or 100 samples
depending on the capacity of carousel installed. This is the standard means of submitting
samples in tin capsules, and individual tin capsule samples were submitted at regular
intervals, controlled by software (IsoDat) that synchronises the process with the EA-
IRMS. During analysis of the liquid samples that were collected in a glass capillary and

enclosed in a tin capsule it was found that the measurement of binary mixtures of fuels
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was not repeatable due to the evaporation of the more volatile component in the samples
before they could be submitted to the EA. As a result, a number of approaches were
investigated, and the procedure evolved during the course of this research.

For liquids submitted using the ‘zero blank’ style autosampler carousel, shown
in Figure 3.11(a), it was discovered that liquid samples of volatile fuels partially or
completely evaporated prior to introduction to the EA. This was even observed in the
case of 1-pentanol which has a boiling point ~139°C. The design of the ‘zero blank’
autosampler requires all samples to be sealed in an air-tight carousel and to be purged
with helium prior to analysis; this process being necessary so as to exclude atmospheric
contamination. This process took approximately 15 minutes to complete before samples
could be passed individually to the EA. During this time some or all of the liquid was
lost, despite being sealed in a smooth-walled tin capsule. Overall, this type of sample
system was found to be an unreliable method in terms of sample loss. Even in the cases
where sample test results were detectable the result was highly variable as a result of
isotopic fractionation. The zero blank style carousel is therefore not recommended for
use with volatile or semi-volatile fuels.

A semi-open carousel, such as the one pictured in Figure 3.11(b), was also trailed.
The sample wells in this style carousel are not sealed from atmosphere, instead only one
sample is purged at a time in a small chamber immediately before the EA (Colombo
and Tosi, 1982); therefore, from the time of a sample being loaded into the chamber,
only about 1 minute elapses before the sample is passed to the combustion furnace of
the EA. By preparing liquid samples immediately before analysis and using the semi-
open style carousel it was found that repeatable results could be obtained for all of the
single-component compounds measured, including ethanol, the most volatile of these.

However, measurements of binary mixtures of fuels with dissimilar boiling points
(particularly mixtures of heptane and ethanol) produced results with large variability
using the capillary collection method and submission by the semi-open style carousel.
It is believed that the observed variability was due to differential evaporation of the
more volatile component during sample preparation or whilst waiting for submission in
the carousel. Many methods were tried to improve the technique to no avail, including:
flame sealing one end of the capillary, to reduce surface area for evaporation; enclosure
of capillary into larger tin capsules, so as to reduce the concentration gradient to the
atmosphere; and double encapsulation of the capillary into two tin capsules, one inside
the other.

To overcome this issue, binary mixtures of fuels were injected directly into the EA,
using a manual injection port that was designed specifically for this purpose, and fab-
ricated in-house, as shown in Figure 3.11(d). The stainless steel injection port allowed
the introduction of liquids and gasses by syringe injection through a high-temperature
septum (Agilent, 5183-4757). The septum was compressed by a lid, which was threaded
to attach to the main body of the injector. On the inside of the injector directly be-

neath the septum, a carrier flow of helium was introduced to carry the sample through
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Figure 3.11: Images showing the inlet of the elemental analyser combustion furnace,
fitted with: (a) Zero blank carousel. (b) Semi-open carousel. (c¢) Carousel connection
to EA. (d) Manual liquid/gas injection port.

the system. Further mechanical drawings of the injection port design can be found in
Appendix A under the title ‘injector block and lid’. The manual injection method re-
quired precise timing of the syringe injection into the EA in order to correspond to the
timing of the oxygen that was introduced automatically into the EA. Using a countdown
timer the injections were made at a regular interval following initiation of the instrument

measurement sequence.

3.3.4 Elemental analysis (EA)

Analysis of carbon 3C/!2C isotope composition by IRMS involves the detection of iso-
topically resolved beams of COs, and in order to convert the carbon-containing samples
to CO2 an element analyser (Thermo Flash EA, 1112 series) was used. The overall
technique is therefore referred to as EA-IRMS, and is a bulk measurement technique
that gives an average isotopic composition of the entire sample. Elemental analysis is a
useful technique in its own right and is also routinely used to measure elemental concen-
trations of C, H, N, O and S, using a TCD detector for quantification. The EA, shown

by a schematic representation in Figure 3.12, was comprised of an oxidation furnace,
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Table 3.3: Conditions employed in the elemental analyser (Thermo Flash EA, 1112

series).
Combustion furnace temperature 1020 °C
Reduction furnace temperature 680 °C
Reaction tube material Transparent silica
Helium flow rate 100 ml/min
Oxygen flow rate 175 ml/min
GC temperature 50 °C
GC column Porapak (3 m)

a reduction furnace, a water trap, GC column, and reference gas pneumatic control
system.

The oxidation reactor (left furnace, Figure 3.12) was constructed of silica and
heated to 1020°C for all of the samples analysed. The centre of the reactor was packed
with chromium oxide (CrgQOj3), which served as a secondary oxygen source to aid the
combustion of samples. Following the section packed with chromium oxide the oxidation
reactor was filled with silvered cobaltic oxide in order to remove halogens and sulphur
from the combusted gasses. The specifications of the EA and conditions that were
employed are listed in Table 3.3.

When the organic sample is dropped by the autosampler into the oxidation reactor
of the EA, it is combusted under a flow of oxygen to carbon dioxide (CO2) and water
(H20); in addition Ny, NO, NOg, excess Og are usually present. The combusted sample
was then carried under a helium flow to a reduction chamber (labelled ‘right furnace’ in
Figure 3.12), where excess oxygen was removed and oxides of nitrogen were converted
to No. The flow then passed through a chemical trap to remove water and the gas then
passed into a GC column where Ny and CO9 were separated. The gas issuing from the
GC column then passed through a TCD detector before being carried to the IRMS for
isotopic analysis.

It should be noted that, as well as an EA instrument, there are other instruments
that may be interfaced to an IRMS, including a gas chromatography system (GC), or
liquid chromatography system (LC). Gas chromatography combustion isotope ratio mass
spectrometry (GC/C/IRMS) is a technique that has been probed in this work and is

described in some more detail in Chapter 9.

3.3.5 Isotope ratio mass spectrometry (IRMS)

Two isotope ratio mass spectrometers have been used in this present work, a Thermo
Finnigan, Delta V, and a Thermo Fischer Delta XP. Isotope ratio mass spectrometry
is routinely used to detect the isotopic abundances of a range of stable isotopes includ-
ing: carbon, nitrogen, oxygen, and hydrogen. IRMS instruments are usually used for
resolving small differences in the isotopic compositions of samples at around natural
abundance levels. The abundance of '3C in nature is ~1.1%, and the resolution of the

IRMS instruments used in this work was in the region of 1 '3C atom in 10,000 C atoms
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Figure 3.12: Schematic of elemental analyser (EA) configuration. The setup shown
here was employed for all EA-IRMS experiments.

(or 0.1 §'3C). The description here is mainly focussed on COs detection and follows
the path of the molecules through the instrument. Regardless of the species of inter-
est the IRMS instrument is invariably comprised of three basic components: a source,
analyser, and collector. A source is used to generate ions of COs; in the case of the
Delta V and XP instruments, ions are generated by electron impact ionisation, induced
by a thermionic cathode. The ions are then accelerated into the flight tube by charged
plates, where collimating plates and electronic lenses define the beam shape and path.
The ion beam passes into the analyser, where a magnetic field, generated by an elec-
tromagnet, deflects the ion beam into separate beams of distinct isotopic components,
based on molecular mass. For carbon analysis, CO5 ions with masses 44, 45, and 46
are usually measured, where the main isotopologues of interest are: '2C'605, mass 44;
and 3C'0,, mass 45. Corrections are applied for minor abundances of isotopologues
arising from oxygen 17O nuclides. The separated ion beams are electronically compared
at the collector. Figure 3.13 shows a schematic of how these components are arranged
in a typical isotope ratio mass spectrometer; the basic design of this type of mass spec-
trometer was pioneered by Nier (1947) and was used to determine isotopic composition

of a number of gasses including COs.

3.4 Measuring instruments

A number of further analytical techniques have been used in order to characterise and
quantify a range of gaseous species and particulate matter. The following sections ex-

plain the use of the analytical instruments and their operating principles.
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Figure 3.13: Schematic diagram of the major components in a typical isotope ra-
tio mass spectrometer (MAT 252 mass spectrometer), showing: source, analyser and
collector. Reproduced from (Criss, 1999).

3.4.1 Quantification and Classification of PM

A fast particulate spectrometer (Cambustion DMS500) has been used to determine size
and number distributions of particulates in the range of 5 to 1000 nm, as sampled from
both the flow reactor, and from the diesel engine exhaust. The broad dynamic range of
the instrument means that it is suited for sampling PM at concentrations ranging from
atmospheric levels to the high concentrations that can be generated in a flow reactor.
A stainless steel tube (6 mm diameter), approximately 500 mm in length, was
used to collect sample from inside the reactor, along the centreline and positioned 200
mm from the outlet. From here, the sample passed into the remote sampling head of
the DMS500 shown in Figure 3.14, where the flow was diluted with a metered flow
of compressed air. For samples collected from the reactor a dilution ratio of 6:1 was
applied at this point. The application of dilution before the sample was passed along
the heated sampling line towards the analyser was in order to prevent agglomeration
or deposition of particles within the sample line. Following the primary dilution, the
flow passed into the heated cyclone of the remote sampling head, where particles larger
than 1000 nm were separated from the smaller particles by impaction; particles smaller
than 1000 nm are generally of greatest interest in terms of human health effects and
current legislature (EU, 2010; Endo, 2003). The sample flow then passed through an
orifice (1.10 mm), which limited the sample flow rate, and the pressure downstream
of the orifice was reduced to about 250 mbar, the sample was transported along the
5-meter long PTFE sample line which was maintained at a constant 80 °C. When the
sample reached inside the main enclosure of the DMS500 instrument, a secondary air
dilution was applied to the sample flow by means of a rotating disc diluter (Figure 3.14,

shown as stage ‘3’) which could apply a dilution ranging from 10-500:1. Dilution was
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Figure 3.14: Schematic showing dilution stages, and the heated sample line of the

Cambustion DMS500 instrument: (1) remote cyclone, (2) heated sample line (5 m),

and (3) Secondary diluter. High efficiency particulate air filter (HEPA). (M) Mass flow
controller. Figure adapted from (Symonds et al., 2007).

achieved by filtering a portion of the sample flow with a high efficiency particulate air
filter (HEPA), an undiluted portion of the sample flow bypassed the HEPA by a rotating
disc; the filtered sample gas was mixed with the unfiltered sample gas to complete the
dilution. For experiments conducted in the reactor, a dilution factor of 200 was applied
at the secondary stage resulting in a total dilution factor of 1200.

The sample then entered a corona discharge charger, where particulates were neg-
atively charged, shown in Figure 3.15. The charged aerosol then passed to the classifier
column, where it was introduced to a laminar flow of HEPA filtered air that acted as
sheath flow. A high voltage electrode positioned along the central axis of the cylindri-
cal classifier column deflected the negatively charged particles through the sheath flow
of air towards electrometer detector rings, which were positioned around the electrode.
The instrument had 22 detector rings located at different positions along the classifier
column. The location of impaction of the charged particles onto the rings was dependent
on their aerodynamic drag to charge ratio. Therefore, the particles were classified by
their relative mobility in the column, which was based on the charge and drag of the

particle, and ultimately on the particles size. When a particle impacted upon one of
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Figure 3.15: DMS 500 classifier column comprised of a corona charger, and 22 clas-
sification rings. Cambustion (2010).

the grounded detection rings it discharged and the magnitude of the charge was mea-
sured. The mass of particulates at any given fraction was calculated by assuming the
density of the particles, the total mass of particulates was calculated using the software
provided with the DMS500 (DMS Utilities Macro). In the literature it has been found
that good estimates of particulate mass can be obtained for particulates sampled from
a diesel engine exhaust using the DMS500 instrument, and these are in agreement with

filter-based measurements (Symonds et al., 2007).

3.4.2 Analysis of CO, CO2, O2
CO and CO2

A Horiba-ATA-120 was used to determine concentrations of CO and COs. The detector
utilised non-dispersive infrared absorption, which operates on a principle of wavelength-
specific absorption of infrared energy.

Figure 3.16 shows a schematic diagram of a single detector system, where two cells
are placed in parallel. Through one cell flows a reference gas that does not absorb infrared
energy, and sample gas flows through the other cell. An infrared beam, controlled by a
light chopper, is passed through both cells simultaneously, it then exits and the relative
beam intensities are detected. If CO or COs are present in the sample gas, the two
infrared beams reaching the detector cells will have different intensities due to partial
absorption of the infrared beam. The extent of the absorption is proportional to the
concentration of the absorbing species, according to Beer’s law, which can be written

as:

ay =1—l7a@D) (3.3)

where C; is the concentration of the species, Q) is the absorption efficiency and L
is the optical path. The beam then passes to the detector cell, which is comprised of a
sealed cell filled with the gas of interest (i.e. CO or COz). The remaining infrared energy

is absorbed at the detector cell, resulting in a temperature and pressure rise, which
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Figure 3.16: NDIR CO/CO gas analyser schematic.

causes expansion of the gas via a flexible metallic membrane. A capacitive sensor on
the membrane measures the deflection and produces an electrical output. The reference
beam and sample beam are compared yielding a compound signal that can be translated

into an absolute concentration.

02

Measurements to determine oxygen concentrations have been carried out using a magneto-
pneumatic analyser (Horiba FMA-125). The Oy detector has principally been used to
ensure that the flow reactor rig was free of leaks and purged of oxygen for pyrolysis ex-
periments. Molecular oxygen has a much higher paramagnetic susceptibility compared
to many other gasses present in exhaust, and oxygen is drawn to magnetised poles within
the analyser. Figure 3.17 shows a schematic of the detector, which has two magnetic
poles that are alternately magnetised. Oxygen is drawn towards the magnetised pole,
which blocks nitrogen from an orifice located within that pole, while the nitrogen flow
is unobstructed on the opposite side. This causes a pressure differential downstream
and results in the deflection of a metallic membrane positioned between the two nitro-
gen streams, the membrane produces an electrical output that is proportional to the

amount of oxygen in the sample.

3.4.3 Gas Chromatography-Mass Spectroscopy (GC/MS)

GC/MS is an analytical technique that combines Gas Chromatography (GC) and Mass
Spectroscopy (MS), and allows the identification of wide range of compounds that can

be quantified using analytical standards.
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Figure 3.17: Horiba FMA-125 oxygen detector schematic.

GC is a technique that is used to separate a mixture of compounds present in a
sample. A sample is injected onto the column, and a helium carrier sweeps the con-
stituent compounds of the sample through the column. The column is lined with a
coating on its inner wall, referred to as the ‘stationary phase’, which is typically a high
boiling-point polymer. The time any given molecule spends travelling through the col-
umn, its ‘retention time’, is determined by its chemical and physical properties and its
interaction with the stationary phase. The process primarily separates molecules based
on their boiling points (or vapor pressure), but characteristics such as solubility in the
stationary phase and polarity of the molecule can also influence retention time.

Once the separated sample elutes from the column it is passed to the MS for
detection. The operating principle is broadly similar to that of the more specific type
of mass spectrometry IRMS (Section 3.3.5). The process involves four main stages (i)
ionisation, (ii) acceleration, (iii) deflection, and detection (iv). Firstly, ions are generated
by electron ionisation (EI) of the sample, and as soon as the ions are generated they
are accelerated out of the ionisation chamber. Ions are deflected by a magnetic field
according to their mass-to-charge ratio, and are detected. A mass spectrum for any
compound can be compared against a database (e.g. NIST mass spectral library) for
identification.

In this present work an Agilent 7890B GC coupled to a 5977A MS system was
used, and was installed in the same laboratory as the flow reactor rig. The GC was
also fitted with a second channel that was connected to a TCD and FID detector. The
column installed in the GC and conditions employed were dependent on the species of

interest (e.g. see Chapter 9).
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3.5 Total Hydrocarbon Concentration

Total hydrocarbon concentrations have been measured using a flame ionisation detector
(FID). The principle of FID is that when a hydrocarbon is burned it forms ions; the
number of ions in the flame is approximately proportional to the total number of carbon
atoms present. In flames not involving hydrocarbons, for example a hydrogen or carbon
monoxide flame, the formation of ions is limited and equilibrium values for ions is very
small. If a hydrocarbon sample is added to the flame a significant number of ions are
formed, which are detectable.

A fast flame ionisation detector (fFID), Cambustion HFR 400, was used to measure
hydrocarbon concentrations in the reactor. The fFID was designed to give a fast response
and high frequency measurements of hydrocarbon concentrations, which was only limited
by the small dispersion effects in the sample capillary and flame. Fast response sampling
capability has been useful in this work, particularly for the radial measurements at the
reactor inlet, as mentioned in Section 3.1.3. It should be noted that not all hydrocarbon
molecules give an equal response in the FID, for example oxygenated molecules are found
to have somewhat suppressed FID signals with respect to their hydrocarbon analogues.
Where appropriate, response factors have been subsequently applied to correct FID
signals, a comprehensive list of response factors for different molecules is supplied in
reference (Dietz, 1967).



Chapter 4

Analytical Methods

4.1 Interpretation of isotopic measurements

4.1.1 Delta Notation

Isotope ratio mass spectrometry (IRMS) is most commonly used for resolving small
variations in isotopic composition at around natural abundance levels. In nature, the
carbon isotope ratio *C/12C is usually ~0.011; in other words, just over 1% of the
carbon atoms are 3C and the rest predominantly '?C. The variation of '3C around
the natural abundance levels is usually reported relative to the '3C abundance in an
international standard. This means that the measurements of isotopic abundance are
not made as absolute measurements, because they are a lot more difficult to measure
accurately in absolute terms. For the above reasons, the isotopic composition of a
sample is reported in terms of difference of the 2C/12C ratio relative to an international

standard, Equation (4.1), as follows:

IBC

§13C = [ a2l 1| x 1000 (4.1)

12C Standard

where the factor 1000 is used to convert the dimensionless J-values (delta-values)
to delta per mille (%¢). In plain terms, the value essentially means that for every 1000
carbon-13 atoms in the standard reference material the sample differs by a number of
carbon-13 atoms equal to §. For example, a sample value of +16 63C means that
the sample has 1,016 3C atoms for every 1,000 '3C atoms contained in the standard
reference material. Similarly, a sample §'3C value of -26 means that the sample had 974
13C atoms for every 1000 3C atoms in the reference material.

For carbon the most commonly used standard is Vienna Pee Dee Belemnite (VPDB),
and will, of course, have a 63C value of 0. Originally PDB was a marine fossil, but
the supply of the material has now been exhausted. In order to continue using the
standard, the International Atomic Energy Agency (IAEA, based in Vienna) supply a

number of reference materials that are calibrated against the original PDB. PDB had
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an unusually high 13C/!2C, which means that measurements of most natural materials

have a negative §'3Cy ppp value.

4.1.2 Calibration of results

Samples and associated standards have generally been measured in batches of 50 or
100 samples, depending on the size of the autosampler carousel fitted to the elemental
analyser (EA). At the beginning and end of every batch, two of each of the following
standards were run: IAEA-CH-7 (polyethylene, -32.15 §'3C), TAEA-C6 (sucrose, -10.80
§13C), USGS-24 (graphite, -16.05 §'3C), and USGS-40 (L-glutamic acid, -26.39 §'3C).
After about every 10 samples analysed two USGS-24 standards were run in order to
identify and correct for instrument artifacts if necessary. USGS-24 was selected for this
purpose because its structure and morphology is most similar to that of the particulate
matter samples, and its 6'2C was generally in the middle of the range of values that have
been measured. A further two standards “‘WF’ (wheat flour) and ‘CF’ (corn flour) were
used as a measure of the error associated with the measurement, and also used by the
isotope laboratory to monitor the long-term behavior of the instrument. An annotated
example of a typical batch of samples is shown in Figure 4.1.

Immediately before each sample or standard is measured by IRMS, two separate
pulses of COs reference gas are passed into the spectrometer in order to ‘zero’ the
instrument. This means that initially the §'3C that is reported for a sample or standard
reference material is a value relative to the COg reference gas. The COs gas cylinder
did not have a specifically isotopically certified composition for this purpose, and had an
uncharacterised §'3Cy ppp value. However, since any given cylinder of reference CO has
a homogenous isotopic composition, it provides a highly repeatable ‘zero’. An example
EA-IRMS spectrum is shown in Figure 4.2, which shows the two peaks of reference
CO4 at 27 and 67 seconds respectively, followed by a sample peak at approximately 200
seconds. The three traces plotted in the COq spectrum of Figure 4.2 show the detected
CO» of masses 44, 45, and 46, which predominantly correspond to 2C'60,, 3C6Q,,
and 13C170O0 respectively.

In order to convert to §'*Cy pp B, the measured values of the standards (relative
to reference COg2) were plotted against their certified values, and a linear fit was applied
(in the case of all batches analysed for experiments in this thesis R? > 0.994). Figure 4.3
shows an example of this linear calibration; and using this calibration, §'3Cy ppp of the

samples was predicted.

4.1.3 Correction for background carbon

The blank smooth-walled tin capsules used for hydrocarbon liquid measurements were
found to produce a very low intensity CO2 peak when combusted on their own (empty)
in the elemental analyser. Therefore, it was necessary to apply corrections to the re-
sults that were obtained using these capsules. For any given sample, the amplitude of

the response from the sample can be calculated by subtracting the area of the peak
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LOADING ORDER EXAMPLE (UEA FEB 2014)

Batch 11 17/02/2014 Tray: AARONS

Number Tray ID Sample Name Weight (u,

9 A9 Engine_Base_Diesel_Start_1 207
10 Al0 Engine_Base_Diesel_Start_2 194
11 All Engine_Base_Diesel_Start_3 196

Engine_Oleic_Acid_Nat_4

(b)

15 B3 Engine_Oleic_Acid_Nat_5

16 B4 Engine_Oleic_Acid_Nat_6
17 BS Engine_Oleic_Acid-9,10_13C_7

T (a)
20 B3 Engine_Oleic_Acid_13C18_10 199
21 B9 Engine_Oleic_Acid_13C18_11 201
22 B10 Engine_Oleic_Acid_13C18_12 205

23 Bi1 Engine_Oleic_Acid-1-13C_CON!_13 203

J(b)

26 Q2 Engine_Oleic_Acid-9,10_13C_8 205

27 c3 Engine_Oleic_Acid-9,10_13C_9 206
28 c4 Engine_Base_Diesel_End_14 194
Engine_Base_Diesel_End_15 190

Engine_Base_Diesel_End_16

i

Figure 4.1: Example of loading order of samples and standards for IRMS analysis.

Where (a) are the standard reference materials, and (b) are the standards WF (wheat

flour) and CF (corn flour) which are not used in the calibration, but used to check
accuracy of the calibration and estimate the error associated with the measurement.

recorded for the blank capsule from that of the measured sample and capsule together,
Equation (4.2). Likewise, the isotopic ratio measured is influenced by the §'3C of the
blank capsule. Thus using the mass balance Equation (4.3) the §'3C of the sample is
calculated in Equation (4.4):

Areasample = Areameasured - Areablank (4'2)

6measu7’ed X Areameasured = 5sample X Areasample + 5blank X Areablank (43)



Chapter 4. Analytical Methods

84

y

Edit Metha,.  Start Re-E..

—

Def Peak

Def Bad

-

Scan

Delete

3 BT B
Save Def Delete Def  Delete all..

Load Def

2 Name: C:\Ther mo\lsodat NT\GlobaliUseriConFlo |V InterfacelFlash EA DevicetResults'20140410-Aaron2V51_USGS-24_Acquisition_140410_214252-0000 dxt

16000

Summary
of Raw

Data

W Was Mas
x| CO, Spectrum
120004 ]
+ 10000+ Reference Peaks
. 80004
s000- l l €«—— Sample Peak
4000 J
47,86 47.57 i
2000 § \
0 +
100000 g
Flash TCD
TCD Detector
50000
. 60000+
40000
226,06
20000+ 164.06
{
o
T T T T T T 1
50 100 1850 200 250 300 350 400
Time [5]
CO2Z  |Flash TCD | Infos | Errors | Sequence Line
PeakNi. |Stat | Rt | Width Sample Ampl.44 | Ampl.45 |Ampl.48 |BGD44 |BGD 45 |BGD4G |AreaAll | d13CH2C | d 180/180
2] B |E= Dilution [mv] [mv] [mv] [mv] [mv] mv] vl [per mil] [per mil]
[%] v, VPDB vs. VEMOW
1 278 |are|zrs 0.000 1266 1478 1787 a0 38 43 24880 |0.044 0,085
& 675 |&7.6|280 0.000 1266 1477 1758 33 34 a8 24906 | 0.000 0.000
3 2017|234 1413 0.000 8120 9861 11782 18 2.1 2.7 223107 | 18.757 45.415
Time elapsed ‘ ‘lsmaining|
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Box 4.1. Definitions of the different fuel types.

e Enriched fuel, refers to a version of the fuel comprising of the unenriched
fuel with a small amount of the labelled fuel added. Typically the enriched
fuel had an enrichment of ~30 6'3C with respect to the unenriched fuel.

e Labelled fuel, the undiluted isotopically tagged fuel containing 3C at
specific sub-molecular location(s), typically this fuel was of a purity of 99%
and contained a 3C on each of the molecules.

e Unenriched fuel, the standard laboratory-grade chemical (~ 99% purity)
containing the natural abundance of 3C.

5mea5ured X Areameasured - Areablank X 5blank
Areasample

(4.4)

5sampl e —

4.1.4 Interpretation of the measured §'°C values

As described in the sections above, samples were measured and the isotopic composition
was reported in terms of 63C. However, in this work it was mainly of interest to interpret
these measurements in terms of the relative probability of a specific carbon atom within
a molecule converting to particulate matter. To the best of the author’s knowledge there
is no standard methodology for calculating the relative contribution of labelled atoms
converting to a product species; the methodology presented here has been developed
specifically for this task. In order to clarify some of the terms relating to the different
versions of the fuel (i.e. enriched, unenriched, labelled), the reader for is referred to
Box.4.1.

The reader is reminded that the purchased unenriched liquids, containing '3C
at natural abundance levels, were subsequently enriched with only small amounts of
labelled compounds. For example, typically the equivalent of 45 uL of labelled ethanol-
1-13C was used to enrich 100 mL of unenriched ethanol. The enrichment of the mixture
was so small that the 13C levels was still within the natural variability limits, in fact the
vast majority of *C in the combined mixture (enriched fuel) originated from naturally
occurring 3C in the unenriched ethanol and not from the added labelled compound.
Despite the relatively high background levels of '3C the high precision measurements of
the IRMS overcame this.

Isotopic measurements of all unenriched (or ‘native’) and labelled fuels (6'3Cp)
and the particulate matter derived from them (§ Bop ) were required. For each fuel and
derived PM, a calculation was made of the difference in isotopic composition between

the unenriched and enriched versions called Ag and Apys as follows:

Ay =0"Cp — §1CF (4.5)
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Apary = 62Chyy — 6 Chyy (4.6)

where the (*) refers to the enriched fuel or the PM derived from it, and the (n)
refers to the unenriched (or ‘native’) fuel or PM derived from it. Also calculated were

the parameters A4, and Figpereq according to Equation (4.7) and 4.8 as follows:

A
Amaa: - a X Ntotal (47)
Niabelled
Apy
Flavettedy = A (4.8)
max

where nygperieq Tepresents the number of carbon atoms labelled and 144 represents
the total number of carbon atoms (sum of '2C and '3C atoms) within the chemical
compound used as fuel. The parameter A,,,, represents the maximum enrichment that
could be reached by the chemical compound used as fuel if all its carbon atoms were
I3C. The parameter Fjgpeieq represents the contribution to PM, as a fraction of the total
PM carbon, of the labelled carbon positions in the fuel. The product Fjgpeiieq x 100 gives
the % contribution of the labelled '3C atom to PM. Despite the apparent simplicity of
the calculation, the origin and significance of the parameters described in this section

are more complex, and are described in greater detail in the following section.

4.1.5 Significance and origins of the applied methodology: Example
of calculation to derive the contribution of the labelled carbon
atom to the formation of particulate matter

For simplicity the calculation protocol is described here in more detail for the case of
ethanol used as a single-component fuel. For all other molecules the protocol is identical,
and the molecules are treated as being made of two components: the labelled carbon
atom location(s) being one component and all the other carbon atom location(s) being
the second component.

Ethanol is a molecule containing two carbon atoms. In this molecule C; is the
carbon atom bonded to the hydroxyl functional group (OH) and Cs is the methyl car-
bon atom. When adding a small amount of '3C labelled ethanol 100% labelled at one
carbon atom to unenriched ethanol, in the resulting mixture only one carbon atom in
the resulting fuel will be isotopically enriched in '3C, and the enriched site is appro-
priately named. When calculating the contribution of a carbon atom from the fuel (in
this example the fuel is ethanol) to particulate matter, it has to be compared to the
behavior of an enriched fuel with the unenriched (‘native’) counterpart. For the unen-
riched (‘native’) ethanol fuel (before the addition of a labelled compound) measurements
determined the overall §'3Cg, to be -27.8 per mille, and it is assumed that the isotopic
composition (delta values) of the individual carbon atoms in this fuel is identical to the
overall composition of this fuel (i.e. 6'3Cp, = (6¥C¢, )= (6'3Cc,)=—27.8 per mille).
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In reality, the two carbon atoms in the ethanol molecule probably have slightly different
isotopic compositions, but these cannot be measured. Thus, the best assumption one
can make is that both carbon atoms have the same isotopic composition, and are equal
to the overall composition of this compound.

For the case of the ethanol enriched to an overall delta value of 613CEl = —6.1 per
mille and labelled at Cs, the delta value of Cy can be calculated using Equation (4.9),

as follows:

6B CE, = [(6"Cc1) x (0.5)] + [(613Cc2) x (0.5)] (4.9)

Knowing that each carbon atom contributes equally to the bulk (overall) isotopic com-
position of this labelled fuel and assuming that C; has an isotopic signature equal to
-27.8 per mille.

Next, the isotopic composition of the Co position was calculated, knowing that
this labelled ethanol has a bulk isotopic composition of §13Cg; = —6.1 per mille and that
each carbon atom contributes equally to its bulk isotopic composition. For simplicity,
the unenriched ethanol is called E,, and the labelled ethanol that was mentioned above
is E;. Following this calculation a delta value for the Cy position in this labelled ethanol
was determined to be §'3Cg9 = 415.6 per mille. Using the isotopic delta values for the
individual carbon atoms in E, and E;, and knowing the isotopic compositions of the
particulate matter derived from these two ethanol sources, a calculation was made of
the contributions of each carbon atom (C; and Csg) from the ethanol molecule to the PM
formation. It is not expected that the isotopic signatures of the carbon atoms in the fuels
to transfer to the particulate matter without being altered by potential fractionation
paths. Therefore, fractionation factors are taken into account when calculating the
isotopic signatures of C; and Cg that gets incorporated into the PM (this means that
the isotopic signatures of C; and Cy that form PM might not be identical to their
original signatures in the ethanol fuel, but they will be proportional to the signatures in
the starting fuel). The fractionation factors, describing the partitioning of an isotopic
species between the starting and the end material, in this case ethanol and PM derived
from it, for C; and C, are:

1000 + (63Cc,) B,

_ 410
1= 1000 + (083Ce, ) par, (4.10)

and

1000 + (63Cc,)E
- n 4.11
Y2 = 7000 + (63Cq, ) par, (4.11)

From Equation (4.10) and (4.11) the (6'3C¢, ) pas,, and (6'3Cc,) pas,, are calculated

as a function of the fractionation factor and use these isotopic signatures in the mass

balance equation that can be written for the PM derived from the En, Equation (4.12).
The same fractionation factors can be written for the case of the '*C labelled ethanol
and derived PM, from which (6*C¢,)pas, and (6'3Ce,)pa, are calculated and used
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in the mass balance equation that can be written for the PM derived from the E;,
Equation (4.13). For the PM derived from E,, the isotopic signature is calculated as

follows:

13 13
5130PMn ~ux (1000 + (0°Cey)E, B 1000> hx <1000 + (0%Ce,)E,

- 1000) (4.12)
acy ac,

For the PM derived from E; the isotopic signature is calculated as follows:

13 13
513 Car = ax <1ooo+ (6°Ce)m 1000) L hx <1000+ (6'3Cc,) g,

- 1000) (4.13)
acy acy

In Equation (4.10) to Equation (4.13) the following notations were used:
§13Cpy, and 63Cp M, = the measured delta values for the PM derived from E,, and E;
respectively (continuing the example of ethanol, these values are -31 permil and -1.5 per
mille respectively).

§13Cg, and §3Cp, = the measured delta values for the unenriched (‘native’) and en-
riched ethanol (for the ethanol example, these values are -27.8 permil and -6.1 permil
respectively).

a and b are the contributions of C; and Cs to the PM formation. Note that regardless
from which ethanol fuel PM is derived, the proportions in which C; and Cs contribute to
PM are the same. Also a+b=1, i.e. the total mass of the PM formed from any ethanol
fuel is made up of contributions from C; and Cs.

aci = the fractionation factor describing the distribution of '3C for C; between the
starting and the ethanol and PM derived from it.

ac,= same as above but for C,.

(83Ce,) g, and (613C¢, ) g,= the delta value of C; in the En and El respectively (both
equal to -27.8 permil, as the tracer was added to Cq in Ej).

(83Ce,)E, and (6'3Ce,)p,= same as above for Cy (equal to -27.8 permil and +15.6
permil respectively, as mentioned above).

(83Ce, ) pu, and (6%3Cc,) par,= the delta value of Cy in the PM derived from E,, and
E; respectively.

(813Ce,)pu, and (6'3Cc,) par,= the delta value of Cy in the PM derived from E,, and
E; respectively.

Using Equation (4.12) and (4.13) the difference between isotopic signatures of the

PM formed from the unenriched and enriched fuels is calculated as follows:
Apary = 6"Cpay, — 6"Cpu, (4.14)

from which a and b were calculated. This is possible because it is known that
(i) a+ b =1, (ii) the fractionation factors ac,and a¢, are the same for the formation
of PM from E,, and from E,, (iii) (6'3C¢,)g, = (0'3Ce,)g,=-27.8 permil (C; isotopic
composition is unaffected by the addition of the 3C label at Cy in E;), (iv) the term
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containing o, cancels out while solving this equation, (v) ac, can be assumed as equal
to 1, at temperatures above 1000°C and (vi) (6'3C¢, ) g,= +15.6 per mille and (6'3C¢, ) g,
=-27.8 per mille, as mentioned above.

From solving Equation (4.14), b can be calculated as follows:

- Ap
(613Ccy) B — (03Cc,) R,

For the example discussed so far, the value for b = 0.68. This means that Cy (the
labelled carbon atom in this example) has a 68% contribution to the formation of PM
when ethanol is used as a fuel.

The same approach can be applied for any of the single-component fuels considered
in this thesis, and in doing so it was noticed that the denominator in the calculation of
b is equal to the maximum enrichment one could expect if all the carbon positions in
the fuel molecule are enriched to the same amount. This also means that one does not
have to calculate the isotopic composition of the enriched position in any given molecule

used as fuel; thus for simplicity, the term A,,., has been calculated as follows:

Ap

Niabelled

Ama:l: =

X Nitotal (415)

where nygpeiieq represents the number of labelled carbon atoms of the organic com-
pound used as fuel, nsyq; represents the total number of carbon atoms in the molecule of
the compound used as fuel and A represents the difference in the isotopic composition
of the labelled compound (6'3Cp,) used as fuel and the same compound prior to the
addition of the 13C tracer (6'Cp,), thus:

Ap = 6BCp — 830, (4.16)

Generalising from the example considered for the case of ethanol, F' is calculated,
which is defined as the fractional contribution to the PM of the labelled carbon atom
location(s) in the fuel molecule, as follows:

A
F_ 2PM

= 4.1
Amaax ( 7)

The contribution to the formation of PM for the rest of the unlabelled carbons is

equal to 1 — F. It should be noted that from the above explanation it appears necessary
to assume that §'3C of the local carbon atoms in the native (unenriched) ethanol is
equal to the overall composition of the mixture (i.e. §'3Cg, = 6'3C¢, = §3C¢, ). In
reality, it is possible that the local §'3C of the two carbon atoms in ethanol may not be
equal, since the ethanol that has been used throughout this work was derived from yeast
fermentation of agricultural substrates, a process that could result in the preferential
incorporation of isotopic carbon into a specific molecular locality. Even in the case that
§13C of the two atoms was vastly different in nature, it would have no influence on the

outcome of the calculation. The only assumption that is required is that the overall
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conversion rate to PM of a molecule containing carbon-13 is at the same rate as that
of carbon-12. Supporting this assumption, it was observed that when a molecule is
labelled with 3C at every carbon atom, the isotopic enrichment of the fuel was equal
to the enrichment observed in the PM (i.e. A¢py = A(pyyy), which shows that 12C and
13C convert at the same rate. Data supporting this point is supplied and discussed in
Chapter 6.

4.1.6 Calculation required to isotopically enrich a fuel by a desired
amount

In this work, unenriched fuels have been enriched with small amounts high-assay 3C
fuels. For example, 45 uL of ethanol-1-13C was added into 100 mL of unenriched ethanol
and it resulted in an increase in the '3C rate from about -27 6'3C to -7 6'3C, an increase
of 20 4. It was desirable to enrich the fuel by precise amounts for several reasons. Firstly,
as it has been discussed above (Section 4.1.2), the IRMS instrument was calibrated with
a range of standard reference materials, and it was therefore desirable that the isotopic
signature of the samples were around the calibrated range. Secondly, fuels needed to be
isotopically enriched by just enough to give sufficient resolution but not too much that
the experiment became prohibitively expensive. In order to enrich any given fuel with
its labelled counterpart to a desired level, simple molar calculations were used.

First, the 3C/12C isotope ratio of the labelled fuel (Rjgpeiieq) Was obtained as

follows:

Niabelled
Riabelied = (4.18)
Nitotal — Niabelled

where njgpeiieq is number of labelled carbon atoms in the molecule and nyyq; is the
total number of carbon atoms. For example, take ethanol-1-'3C where one carbon atom
out of the two is 13C labelled, the ¥C/!2C in this case is clearly 1, and this value is
obtained from Equation (4.18).

The next step was to calculate the theoretical §'3C of the undiluted labelled fuel
(0"3Clapeited), using Rigperied calculated in Equation (4.18). For this calculation it was
necessary to assume an absolute 130/120 for 0 6'3Cppp, and here a ratio of 0.01124 is

assumed, as reported by Craig (1957).

Riabeited
53¢ = [ =2l _ 1) x 1000 4.19
labelled <0.01124 X (4.19)

When the undiluted labelled fuel was added in small quantity to the unlabelled
fuel, the resulting mixture had a delta value (513Cmmwe) that was influenced by the

isotopic composition and quantities of the two components, as follows:

5130mixture - [a X (5130unlabelled)] + [b X (513Clabelled)] (420)

where a and b are the molar quantities of 6" Cyniabeized and 613 Clapeiied Tespectively.
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The molar ratio (a:b) required to enrich the unlabelled fuel to a desired level

(0'3Cnizture) can be calculated by solving for b, as follows:

(513Cmixture) —aX (513Cunlabelled)
(613Cabetied)

b— (4.21)

4.2 (as composition

In the experimental work carried out in the laminar flow reactor it was necessary to
define the composition of gasses, for example the concentration of fuel in nitrogen at the
inlet of the reactor, or the exhaust gas composition at the reactor outlet. In this thesis
the abundance of gaseous components has usually been expressed in terms of parts per
million volume (ppmv). As an example Table 4.1 gives the composition of air and an
example mixture containing 10,000 ppmv of methane in nitrogen. It has been of interest
to define and fix inlet flow rates in terms of ppm due to the fact that the focus of the
work has mainly involved exploring molecular effects of fuel on the pyrolysis products.
For example, in Chapter 5 comparisons between propane and propanol are made; it was
therefore of interest to fix the molecular concentration at the reactor inlet of the two Csg
fuels, rather than on a fixed mass or volumetric flow rate basis.

In this thesis, the inlet flow rate of a given hydrocarbon (hc) in a nitrogen carrier
gas was set in terms of ppvm, defined as follows:

nh

pPpMURe = ————— x 1,000, 000 (4.22)

Nhe + TN,

where ppmvy, is the inlet molar concentration of a given hydrocarbon (hc), n is
the molar flow rate of the hydrocarbon (hc), or nitrogen (Ng). As long as the ratio of
the molar flow rates of the hydrocarbon and nitrogen (np. : ny,) is conserved the ppmv
concentration is unchanged.

The molar flow rate may be converted to a mass flow rate as follows:
Mhe = Npe X th (423)

where 7 is the mass flow rate, and Mj, is the molecular weight of the hydrocarbon.

4.3 The equivalence ratio of combustion experiments

Under the theoretical conditions where there is just the right amount of air to fully
oxidise the fuel, the mixture is said to be stoichiometric. For example, Equation (4.24)
shows the overall compete combustion equation for a general hydrocarbon fuel (C,Hj)

in air under stoichiometric conditions.

C.H, + <a + Z) (O3 + 3.773N3) = aCO, + gHQO +3.773 (a + Z) Ny|  (4.24)
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Table 4.1: Example of the ppm composition of (a) air composition and (b) a mixture
of methane and nitrogen.

Gas ppmv Molecular weight Mole fraction Molar ratio
Composition of dry air
(0] 209,500 31.998 0.2095 1
Ny 780,900 28.012 0.7905 3.773
A 9,300 38.948
COq 300 40.009
Air 1,000,000 28.962 1.000 4.773
CH, at 10,000 ppmv in Nitrogen
CHy 10,000 16.04 0.01 1
Ny 999,000 28.012 0.99 99

It should be noted that only the molar ratios (numbers in front of the chemical
symbol) are defined in this equation, therefore the fuel composition could have been
written as CH, where y = b/a. For the purposes of the pyrolysis experiments conducted
in this thesis, it was assumed that nitrogen, which is present in air and used as a
carrier gas in the pyrolysis experiments, emerges unreacted. Equation (4.24) describes
the theoretical conditions where there is just enough air to fully oxidise the fuel. At
conditions where there is excess air the mixture is deemed to be fuel lean, or where
there is less air than required the mixture is determined to be fuel rich (Heywood,
1988).

In this work, experiments were conducted using various air/fuel mixtures, and the
mass flow rates for inlet fuel (7irf) and air (7i,) have been measured. The ratio of these

two flow rates is useful for defining the conditions, as follows:

Air/fuel ratio(A/F) = % (4.25)
my
or '
Fuel/air ratio(F/A) = ﬂ (4.26)
Mg

In order to set the equivalence ratio (the ratio of fuel and air, (F//A), relative to the
stoichiometric ratio (F//A)s) of a combustion or pyrolysis experiment an equation for the
complete combustion of fuel under stoichiometric fuel-to-air ratios is first determined.
The stoichiometric air/fuel or fuel/air ratio is dependent on the composition of the fuel
being burned and can be calculated using Equation (4.24), and the molecular weights
of oxygen (32), nitrogen (28.16), carbon (12.011), and hydrogen (1.008), as follows:

= 4.2
F A 12.011 + 1.008y 12.011 + 1.008y (4:27)

<A> — <F> - _ (L+y/4)(32+3.773 x 28.16) 34.56(4 + y)
S S

Due to the fact that the stoichiometric fuel/air ratio depends on the molecular

composition of the fuel, the ratio of the actual fuel/air ratio of the experiment to the
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fuel/air ratio stoichiometric conditions is a more useful parameter. This is commonly

expressed as the fuel/air equivalence ratio (¢), as follows:

(F/A)actual
¢ = ~-{Jactual (4.28)
(F'/A)s
or the inverse, the air/fuel equivalence ratio (), as follows
_ (A/F)actual
A= ¢l = XL Jactual (4.29)
(A/F)s

In this thesis the air-to-fuel ratio (A) has generally been used throughout, the
conditions employed in the reactor where generally fuel-rich (A<1) in order to generate
sufficient sample of particulate matter for collection. It should be noted that the air and

fuel flow rates were highly diluted with nitrogen at the entry of the flow reactor.

4.4 Representation of experimental error

Throughout this thesis, where error bars are indicated on figures, the error bars show
plus and minus one standard deviation from the mean value, where the mean value was
obtained from experimental repeats. In some instances, for example where particulate
matter has been collected from the engine for isotopic analysis, only one experimental
run was possible due to the high cost associated with the fuel, in these cases the stan-
dard deviation has been obtained from the repeat IRMS measurements of the collected

sample.



Chapter 5

High-temperature pyrolysis of
C{-C, hydrocarbons and C{-Cj

alcohols

In this chapter a number of Co to C4 hydrocarbons, as well as C; to Cs alcohols have
been analysed to determine their relative tendency to form soot in a laminar flow tube
reactor, at temperatures in the range of 1000 to 1400 °C. A range of fuel molecules
including alkanes and alkenes, and primary and secondary alcohols have been assessed;
this has given insights into the influence of the molecular structure of the fuel on its
tendency to form soot under the well-controlled pyrolysis conditions of a laminar flow

tube reactor.

5.1 Introduction

It is well established that the conversion of fuel to emissions during combustion or
pyrolysis is influenced by the molecular structure of the fuel being burned, and this has
been the subject of a number of studies over the years (e.g. Hunt, 1953; Calcote and
Manos, 1983; Ladommatos et al., 1996). A number of studies have investigated the
propensity of individual molecules or ‘single-component fuels’ to form particulates, and
a variety of methods have been reported in the literature to make such determinations.
From about the 1930s smoke point tests have been used to determine the quality of
a fuel, originally the test was used to determine the quality of kerosene in producing
soot for illumination, and similar tests have since been used to assess the tendency of
various fuels to form soot. In a diffusion-type flame, soot is formed in an oxygen deficient
environment at the core of the flame by pyrolytic reactions. The soot is subsequently
oxidised as is passes through the reaction zone of the flame, and at low fuel flow rates all
of the soot formed within the flame is consumed as it passes trough the flame envelope.
If the rate at which fuel supplied to the flame is progressively increased, at a certain

flame height the soot formation rate exceeds the oxidation rate and soot will begin to
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emerge from the tip of the flame, and this is called the sooting height or smoke point.
The smoke point is the most prevalent method for determining the propensity of a fuel to
form soot. Due to the fact that the smoke point or the sooting height is also a function
of the experimental apparatus, several normalisation methods have been introduced
over the years (Watson et al., 2013). The most commonly used metric for qualitatively
assessing the relative ‘sooting tendency’ of a fuel is the threshold sooting index (TSI),
which was defined by Calcote and Manos (1983), as follows

TSI=a <]\h4) +b (5.1)

where h is the sooting height, M is the molecular weight, and the parameters a
and b are specific to the experimental equipment. The TSI has a scale from 1 to 100, a
value of 0 was assigned to ethane and value of 100 to naphthalene; where the higher value
indicates an increased tendency to form soot. It is seen from Equation (5.1) that the
TSI is proportional to the molecular weight, and inversely proportional to the sooting
height.

Ladommatos et al. (1996) investigated the sooting tendency of a range of single hy-
drocarbons including alkanes, alkenes, alkynes, branched, cyclic, and aromatic molecules
in a laboratory diffusion flame. Table 5.1 presents some selected TSI values for various
hydrocarbon molecules, and it can be seen that more unsaturated molecules tend to
have higher sooting tendencies, and cyclic and aromatic molecules are the most prolific
for forming soot. It is generally accepted that hydrocarbon molecules have increasing
sooting tendencies in the order: paraffins < iso-paraffins < mono-olefins < alkynes <
aromatics < polyaromatics.

It has been reported that in diffusion flames, binary and ternary mixtures of
hydrocarbons tend to blend linearly (Gill and Olson, 1984), described in the following

equation

TSTyiend = » _ 25 TSIpure (5.2)

However, it should be noted that fuel blends do not all necessarily have a sooting
tendency that is simply the weighted sum of its components. A number of studies have
reported that synergistic effects occur under certain conditions when specific fuels are
blended (for example, Yoon et al., 2008; Roesler et al., 2003; Roesler and De Tessan,
2000; Wang et al., 2013). Roesler et al. (2003) conducted experiments in a flow reactor
at 1340 K, with fuel mixtures of ethylene and methane, highly diluted in nitrogen and
at a constant carbon atom flow rate. It was reported that replacing the ethylene content
with methane up to the maximum of 50% of the total carbon resulted in an increase
in the production of PAHs (precursors to soot) by a factor of 2.5 compared to ethylene
only pyrolysis. Given that the sooting tendency of methane is known to be less than
that of ethylene, it might have been expected that the gradual replacement of ethylene

with methane would have reduced the soot yield. However, this synergistic effect was
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Table 5.1: Some selected TSI values for various hydrocarbon fuels (values from
(Ladommatos et al., 1996)).

Fuel Formula TSI
Ethane CoHg 0.00
Ethene CoHy 1.30
Ethyne CyH, 3.70
Benzene CgHg 31.00
Butane C4Hiqg 1.40

Cyclohexane  CgHis 3.20
Heptane CrHyg 2.70
Hexane CgH14 2.50

Naphthalene  CigHg  100.00
Propane CsHg 0.60

attributed to the production of methyl radicals from the methane, which promoted
aromatic formation through ‘carbon-odd’ reaction channels (e.g. C3Hs, as discussed in
Chapter 2).

The main benefits of tests using smoke point lamps to determine the sooting
propensity is that the TSI is widely used and many fuels have been characterised, the
experiments are practical and easy to carry out, moreover, the sooting propensities from
smoke point tests well predict the soot forming tendencies of fuels in real engines (Yang
et al., 2007). However, it should be mentioned that there are several disadvantages, and
despite efforts to clearly define smoke point, there is inherently an element of subjectivity
to the tests. Recently it has been pointed out by Li and Sunderland (2012) that a flaw
in the TSI is in the use of the molecular weight (M) in the equation as a measure of the
stoichiometric ratio. The flaw is evident when fuels exhibit a similar smoke point but
have a very different molecular weight. The result is that a higher sooting propensity will
be assigned to the higher molecular weight fuel even when they exhibit nearly identical
flame lengths and at equal mass flow rates.

The classic smoke point tests that ustilise a diffusion-type burner indicates the
overall tendency of a fuel to form soot in a flame; the extent that a hydrocarbon decom-
poses in the pyrolysis region of a diffusion flame is also a function of the temperature,
and the molecular diffusivity influences the flame shape. So a question which arises is:
when the conditions such as temperature and physical effects are well controlled, what
is the natural influence of the molecular structure of the fuel on the pyrolysis products?

A number of examples in the literature have employed a flow reactor for the py-
rolysis of fuels in order to determine the tendency of molecules to convert to soot and
various other emissions (e.g. Esarte et al., 2009; Ruiz et al., 2007b). The benefit of using
apparatus such as a flow reactor or jet-stirred rector for such determinations is that the
conditions such as temperature, fuel flow rate, and pressure can be tightly controlled.
The pyrolysis studies that are reported usually involve determining the particulate mass
evolved from a flow reactor by means of filter-based particulate collection. In this chap-

ter, a differential mobility particle spectrometer instrument (Cambustion DMS500) has
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been used to determine the total mass concentrations of soot evolved from the tube
reactor, and in addition, the size and mass distributions of particulates (smaller than
1000 nm) are also reported. The overall sooting propensity of a fuel is an important
parameter, but so too is the particle size distribution, due to the fact that smaller size
particles (< 100 nm) are more harmful as they can reach the human lungs and stay
airborne for much longer periods of time. Such studies can provide valuable insights as
to the overall influence that functional group chemistry has on the generation of particu-
late. It is intended that this work will contribute to the description of how the molecular
structure of a fuel influences the conversion of carbon to soot, and eventually towards
the development of models which will be able to predict sooting tendency and particle

size distribution for a variety of fuels.

5.2 Experimental method

5.2.1 Apparatus

The experiments conducted in this chapter have been using the flow reactor facility and
measuring equipment described in Chapter 3. Testes were conducted at atmospheric
pressure, and the temperature of the fuel vapouriser was set at 200°C for all experiments.

Where the fast flame ionisation detector (fFID) was used to profile the inlet or
outlet hydrocarbon concentrations at the reactor tube centreline, measurements were
made over a 40 second window and the results represent the average measurement.
Due to the design of the fFID instrument, which draws sample through a capillary,
measurements made under sooting conditions required a filter to be placed before the
sampling probe of the fFID to prevent blocking the capillary sampling tube, which could
reduce sample flow and therefore influence the FID response. The filter was changed
at regular intervals to ensure that filter plugging by soot did not influence the sample
flow. Additionally calibration gas (4000 ppmv methane in nitrogen) was used to check
instrument calibration immediately before and after each measurement.

The Cambustion DMS500 was operated at the sampling conditions described in
Chapter 3.

5.2.2 Fuel molecules investigated

A number of oxygenated and hydrocarbon molecules have been studies in terms of their
conversion to PM and CO and CO 5 in a laminar flow reactor. These molecules are
discussed as four separate homologous series: Co, C3, and C4 molecules, Figure 5.1; and
Cq to Cj alcohols, Figure 5.2. The selection of these homologous molecules will allow

the influence of the following molecular structures to be assessed:

C, series:
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e The influence of the presence of oxygen in the molecule, in the form of an hydroxyl

group -OH (comparing ethanol to ethane).

e The effect of a carbon-carbon double bond (C=C), compared to a single bond
(C—C), by comparing ethane to ethylene.

C3 series:

e The influence of the presence of the alcohol group in a carbon chain (comparing

particulate emissions of 1-propanol and 2-propanol to that of propane)

e The influence of moving the alcohol group from the end of the chain in 1-propanol

to the middle of the chain in 2-propanol.

e Whether the carbon-carbon double bond which is present in propene has an impact

on the conversion of carbon to PM with respect to that of propane.

C, series:

e The influence on going from a straight-chained alkene (butane) to a branched

alkane (i-butane).

Series of C;1-C; alcohols:

e The effect of increasing carbon chain length (comparing methanol, ethanol, 1-

propanol, 1-pentane).

e The influence of going from a primary alcohol (1-propanol) to a secondary alcohol

(2-propanol).

e The effect of going from a straight-chained alcohol (1-pentane) to a cyclic alcohol

(cyclopentanol).

5.2.3 Calculation of percentage yield

In this chapter the percentage soot and gas yields from different fuels is reported. The
percentage carbon content of the soot relative to the total amount of carbon fed into
the reactor, has been defined as follows:

Soot yield(%) = _Choot 409 (5.3)

Cinletgases
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Figure 5.2: Molecular structures of the C; to Cs alcohol molecules.
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Likewise, the percentage carbon content of the gaseous products, relative to the total

amount of carbon fed into the reactor, has been defined as follows:

Gas yield(%) = Coutletgases 1, (5.4)
Cinletgases

These percentage yields refer to the amount of carbon in the soot (Cgppt), Or in
the effluent gas (Coutietgas), in relation to the amount of carbon fed into the reactor
(Cintetgases)-

Some caution should be heeded due to the fact that the experimental results in-
dicated that the sum of the soot and gas yield was not 100%; the percentage yield was,
therefore, generally used simply as an indication of the fate of carbon during pyrolysis.
A number of factors contributed to this apparent imbalance of outlet/inlet carbon, in-
cluding the production of tars and other pyrolysis products that are not measured by
the FID or DMS500 due to their build-up in the reactor and in the instrument sampling
lines. Additionally, the experimental systems used are subject to some overlap, where
some of the smallest particles measured by the DMS (in the 5-20nm range) may also be
picked up by the FID.

Finally, the response of the flame ionisation detector to carbon concentration may
not be equal for all hydrocarbons and can be particularly suppressed for oxygenated
molecules, see Table 5.2 for some of the response factors of the molecules tested. These
FID response factors were used in order to verify the inlet concentration of the molecules
under investigation. Due to the fact that the precise composition of the effluent gas was
unknown, FID response factors were not applied to the results obtained from the analysis
of the effluent gas at the reactor outlet.

Table 5.2: Relative FID response factors for a range of hydrocarbon and oxygenated
fuels. Relative sensitivity values obtained from Dietz (1967)

Fuel Relative sensitivity

Ethane 0.97
Ethylene 1.02
Propane 0.89
Butane 1.09
Methanol 0.23
Ethanol 0.46
n-Propanol 0.60
i-Propanol 0.53

5.3 Results and discussion

5.3.1 C,; fuels

Figure 5.3 and 5.4 shows a summary of the characteristics of particulates formed during

the pyrolysis of ethane, ethylene and ethanol, at an inlet concentration of 8,000 ppmv
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(0.8% v). As an example, the the size and number spectra for the particulate matter
formed from ethanol, ethane, and ethylene are supplied in Figure 5.3 (a) to (c¢) respec-
tively. It can be seen in these spectra that for each of the three Cy molecules there is a
shift towards larger size particles with increasing formation temperatures. For example,
in the case of ethanol pyrolysis, pyrolysis at 1200 °C resulted in particulates mainly in
the size range of 100—400 nm, whereas at a higher temperature of 1400 °C, the par-
ticulates were generally distributed in the 100—700 nm range. This shift is also shown
in Figure 5.4(c), which displays the median diameter of particle in terms of number
concentration !. Shown in Figure 5.3(d) is an example mass spectrum for the pyrolysis
ethanol pyrolysis, and corresponds to the ethanol number spectrum in Figure 5.3(a).

From the total number concentration of particulates evolved from the reactor,
Figure 5.4(a), it is seen that high number concentrations of small diameter particles
are formed at lower temperatures (around 1000 to 1200 °C). At higher temperatures
(upwards of about 1200 °C), the number concentration falls and becomes constant as
the median particle diameter increases, Figure 5.4(c). For example, it is seen that
ethanol does not start to form particulates with a significant total mass until upwards
of about 1100 °C, however high number concentrations nascent particles are still formed
at lower temperatures, Figure 5.4(a). Figure 5.4(c) shows that there is a steep increase
in the median particle diameter of PM formed from ethane and ethylene from about 50
nm at 1100 °C to about 150 nm at 1150 °C. This finding of rapidly increasing particle
diameter coupled with a decreasing total particle number concentration is consistent
with the agglomeration of spherical primary particles (of about 50 nm), to agglomerated
structures composed of clusters of primary particles that are several hundred nm in size
(Heywood, 1988).

Figure 5.4(b) shows the total mass concentration of particulates formed at various
pyrolysis temperatures. In the case of all of the fuels tested it is observed that higher
formation temperatures result in greater mass concentrations of particulates evolved
from the reactor. It is seen that the presence of the alcohol group in ethanol has a large
impact on the overall tendency of the molecule to form particulate matter, for example
at 1250 °C ethanol formed a total of just 1.43 pg/cc of particulate, which compared
to 3.21 pg/cc from ethane. By comparing the total mass of particulates formed from
ethane and ethylene pyrolysis it is observed that ethylene appears to form higher mass
concentrations of soot, particularly at higher temperatures; at the lower temperatures
of 1000, 1050 and 1100 °C the total mass concentration of PM formed from ethane and
ethylene is indistinguishable. Figure 5.4(b) also shows the particulate emissions in terms
of percentage carbon yield, pyrolysis of ethanol at 1400 °C yielded 10% PM, and this
compared to 35% for ethane, and 40% yield for ethylene; whilst a significant portion of
the balance of the carbon is present in the effluent gas as unburned hydrocarbons, see
Figure 5.5.

Tt should be noted that the particulate matter measured has a lognormal distribution of particulates,
i.e. the log of the particle distribution is symmetrical, exemplified in Figure 5.3 (a) to (c). So therefore
the median and mean of the lognormal distribution are equal.
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In comparable work to that reported here, Ruiz et al. (2007a) investigated the
pyrolysis of ethylene (CoHy) and acetylene (CoHsg) in the temperature range of 1000
to 1200 °C, using a similar laminar flow reactor facility. In their experiments an inlet
concentration of 15,000 ppmv was used, and a residence time of 1706/k(s) (equivalent
to ~ 1.4s at 1200 °C). They observed increasing particulate yield at increasing reaction
temperatures, and acetylene pyrolysis resulted in greater yields at all temperatures,
with the greatest difference at low temperatures. This is in general agreement with
this present work that the less saturated Co hydrocarbon tended to yield higher soot
concentrations. It was found by Ruiz et al. (2007a) that pyrolysis of both acetylene and
ethylene at 1200 °C, yielded about 40% soot; this compared to about a ~ 20% yield
in this present work, although the inlet concentration was roughly half of that used by
Ruiz.

In the literature, the most commonly cited reaction mechanism to soot involves
the addition of acetylene (CoHz) to the edges of polycyclic aromatic hydrocarbons and
at the edges of nascent soot particles by the so-called HACA mechanism (hydrogen ab-
straction CoHy addition), and acetylene is therefore assumed to be an important species
for soot formation (e.g. Frenklach, 2002). Therefore, it follows that if acetylene is indeed
an important growth species, the formation conditions including temperature, inlet con-
centration, and the residence time of acetylene in the reactor will largely determine the
soot yield. In the case of ethylene pyrolysis, acetylene is an intermediate product which
must first be formed before undergoing HACA; the yield of soot is therefore dependent
on the residence time of the acetylene following its formation from ethylene. In the series
ethane (C-C bond), ethylene (C=C bond), and acetylene (C=C bond), the molecules
are progressively less saturated, and the mechanistic route for acetylene formation from
ethylene is shorter than from ethane. In other words, in the series ethane, ethylene, and
acetylene, mechanistically acetylene has a ‘head start’ in forming soot over ethylene, and
ethylene has a ‘head start’ over ethane.

Naturally, it is expected that less soot would be formed from ethanol with respect
to ethane, due to the oxygen content. The oxygen promotes the formation of carbon
monoxide (CO), which reduces the concentration of carbon available for soot formation.
Figure 5.6 shows the measured CO and COs evolved from ethanol pyrolysis. It is
observed that CO is formed in relatively high concentrations at all temperatures; whilst
negligible amounts of COy are produced. For example, at 1000 °C ethanol pyrolysis
resulted in the evolution of 3000 ppmv CO, which accounted for approximately 20% of
the carbon balance.

Previous work involving the pyrolysis of ethanol conducted by Peg et al. (2007),
showed that pyrolysis of 50,000 ppmv ethanol in the temperature range of 800 to 1200
°C resulted in CO concentrations of ~25,000 ppmv at all temperatures; 25,000 ppmv
would equate to ~25% carbon yield, similar to that obtained here, although the research
conducted by Peg et al. was carried out at a much higher concentration. Additionally,

they also observed small amounts (less than 2% yield) of COg over the same range of
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Figure 5.3: Number distribution of particulates formed from Cs fuels: (a) ethanol,
(b) ethane, and (c) ethylene. (d) shows an example of the size and mass spectra of

ethanol pyrolysis at various temperatures.

temperatures. Other comparable research by Li et al. (2001) investigated the pyrolysis of

ethanol in a variable pressure flow reactor, and characerised the outlet gases using fourier

transform infrared (FTIR) spectrometry. At 3 bar, and 3000 ppmv inlet concentration

it was seen that as well as CO there were significant concentrations of oxygen containing
molecules including water (H20), ethanol (CH3CH2OH), acetaldehyde (CHsHCO) and
formaldehyde (CH20). In this work, it is assumed that any oxygen did not not evolve

from the reactor in the form of CO or COs, was evolved as principally HoO but also

significant quantities of acetaldehyde and formaldehyde could be expected. It should

be noted that hydrocarbon concentration measured by FID has reduced sensitivity to

oxygen containing molecules (see for example Table 5.2); and this should be noted when

interpreting the balance of carbon.
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Figure 5.6: CO and CO5 measurements from the pyrolysis of ethanol (8000 ppmv) in
the temperature range 1000-1400°C.

5.3.2 C; fuels

This section presents the results of the pyrolysis of the homologous series of Cs fuels,
including the simplest pair of alcohol isomers 1-propanol and 2-propanol (which both
have the empirical formula CoHgO), their alkane equivalent propane, and the alkene
propene.

Figure 5.7 shows an overall summary of the particulate formed from the pyrolysis of
the Cs fuels. Figure 5.7(a) shows the total number concentration (N/cc) of particulates
evolved from the reactor. Figure 5.7(b) shows the total mass of particulates and it
is apparent that the general tendency to form soot in this series is: 1-propanol < 2-
propanol < propane < propene. There are significant differences in the conversion
rate of carbon between the molecules. At the highest pyrolysis temperature (1400 °C)
the difference between the conversion rates to PM of the fuels was most marked, for
example, for 1-propanol 20% of the inlet carbon converted to PM, which compared to
26% for 2-propanol. The hydrocarbon molecules converted to PM at higher rates than
the oxygenates, for example at 1400 °C 45% of the inlet carbon of propane ended up
as particulate matter, and 58% for propene. The finding that the alcohol molecules
converted to soot at much lower rates than hydrocarbon molecules was not surprising,
but the extent of the difference between the two propanol isomers was significant. It
should also be noted from Figure 5.8 that the carbon monoxide (CO) evolved from the
reactor was also lower for 2-propanol than that of 1-propanol at all of the temperatures
investigated; only comparatively minor concentrations of carbon dioxide (CO3) were
observed.

The average diameter of particles weighted by number is reported in Figure 5.7(c),
and also average particle diameter in mass terms is given in Figure 5.7(d). This is useful
for demonstrating that whilst smaller diameter particles might dominate in terms of

number, much of the mass of the particulates is accounted for by less numerous but
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larger diameter particles. The total number concentration of particulates formed in the
reactor is relatively high for each fuel at lower temperatures (<1150 °C) and decreases
to a constant concentration at higher temperatures. The total number concentration is
closely related to the average particle size (shown in Figure 5.7(c)), it is seen that as the
average particle size increases, the number concentration decreases. Similarly to what
was observed for the Cy fuels in the previous section, it is seen that there was a shift
from high concentrations of small primary particles produced at lower temperatures, to
lower number concentrations of larger agglomerated molecules upwards of about 1100
to 1150 °C.

Previous research on the sooting tendencies of propanol isomers has reached differ-
ent conclusions. For example, Kasper et al. (2009) studied the combustion of 1-propanol,
2-propanol and propane in low-pressure, fuel-rich, premixed flat flames. The mole frac-
tion profile of intermediate hydrocarbon species was found to be similar for each of
the propanol fuels, which included the soot growth species benzene and its precursors
propargyl and acetylene. Due to the fact that the concentrations of these species was
found to be similar, it indicated that the sooting tendencies of the fuels would also be
similar.

However, Veloo and Egolfopoulos (2011) conducted experimental and computa-
tional analysis of 1—propanol, 2—propanol, and propane flames, and predicted the soot-
ing propensity of these fuels in both premixed and non-premixed flames. It was found
that in freely propagating propane/air, 1-propanol/air, and 2-propanol/air flames (¢ =
1.5), the maximum mass fraction of the propargyl radical species (C3Hs) for 2—propanol
and propane was predicted to be twice that of 1—propanol. The finding that there was a
similar maximum level of propargyl formation in propane and 2-propane, was somewhat
surprising due to the presence of oxygen in 2-propanol. The pyrolysis results reported
here appear to agree with the prediction of Veloo and Egolfopoulos (2011) with regard
to the sooting tendency, and it is seen in Figure 5.7(b) that 2-propanol and propane do
indeed have a similar sooting tendency (in terms of total particulate mass) at temper-
atures less than 1200 °C; at temperatures greater than 1200 °C propane was found to
have a significantly higher sooting tendency.

Norton and Dryer (1990) studied the oxidation of propanol isomers in a atmo-
spheric flow reactor, and observed that the intermediate hydrocarbon species included,
methane, ethane, ethylene, propene, acetaldehyde, acetylene, and formaldehyde. Fras-
soldati et al. (2010), developed a kinetic model to describe the combustion of the
propanol isomers, and compared the modelling results to those obtained by Norton
and Dryer (1990). It was reported that there were increased maximum concentra-
tions of propene (C3Hj) observed in the case of 2-propanol combustion, compared to
1-propanol. This was attributed to a four-center molecular dehydration reaction (shown
in Figure 5.9), that was predicted to occur to a greater extent in 2-propanol. The
reaction is more prevalent in 2-propanol combustion and pyrolysis due to the greater

number of 8 C—H sites in comparison to 1-propanol. The formation of C3Hs and water
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may also explain the observed reduced CO formation in the case of 2-propanol at lower
temperatures (Figure 5.8) due to oxygen used for the formation of HyO.
Some additional analysis of the behavior of primary and secondary alcohols on the

formation of particulate, CO and COy emissions is covered in Section 5.3.4.
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Figure 5.9: Reaction scheme for a four-center molecular dehydration reaction, for 1-
and 2-propanol. Reprinted from reference Frassoldati et al. (2010), with permission
from Elsevier.

5.3.3 C, fuels

Pyrolysis of the pair of isomers n—butane and i—butane was carried out at tempera-
tures from 1000 to 1400°C, at an inlet concentration of 4000 ppmv. The particulate
emissions were measured by the DMS500 instrument, and a summary of the particle
characteristics are shown in Figure 5.10. The total mass of soot produced was shown
to gradually increase with temperature for both fuels, and the particulate emissions
for both fuels were similar at all temperatures. At the lowest temperature of 1000°C,
only 1% conversion of n—butane to soot was seen, but at 1400°C the majority of the
carbon (60%) was converted to soot during pyrolysis. From Figure 5.10(c) it is evident
that in the case of both n— and i—butane there is a steep shift from the formation of
high number concentrations of small particles, to lower number concentrations of larger
agglomerated particles at higher temperatures. This change occurs between 1100 and
1150°C, for example for n—butane at 1100°C particles with an average diameter of 60
nm were formed, and at a formation temperature of only 50°C higher, at 1150°C the
average diameter was 204 nm.

n—butane and ¢—butane have received a significant amount of interest in the
literature (e.g. Oehlschlaeger et al., 2004), although head-to-head studies of the combus-

tion and pyrolysis of these isomers under identical conditions are more scarce. Ofwald
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et al. (2011) investigated both n—butane and i—butane in fuel-rich (¢ 1.71) laminar flat
flames. They measured and modelled the formation some typical soot precursor species
including C3Hs, C3Hy, CgHg, and C;Hg at various locations in the flame. In the case
of n—butane decomposition there was a strong tendency of decomposition resulting in
Cq species. On the other hand, it was observed that the influence of Cs intermediates
appeared to be more dominant in the i—butane flame, which was almost exclusively
allene (C3Hy). As a result, the ‘typical’ soot formation species were found to be twice
as high in i—butane flames as opposed to n—butane flames. Although other species,
for example acetylene and polyacetylenes in the exhaust, are typically similar for both
fuels.

Other research has also reported that i—butane has a greater tendency to form
aromatics than n—butane at lower temperatures, due to its increased tendency to form
benzene precursors such as the propargyl radical (Zhang et al., 2013b). Indeed, it was
generally found in the literature that iso—alkanes were reported to have an increased ten-
dency to form soot or soot-precursors than their corresponding n—alkanes. For example
research by Takatori et al. (1998) showed that the flow reactor pyrolysis of iso—octane
tended to form significantly higher concentrations of benzene and toluene in the tem-
perature range 850 to 1000°C. However, the preferential formation of soot precursors at
lower temperatures does not appear to influence the overall sooting tendency at higher
temperatures under pyrolysis conditions as the results in this section show. Overall, it
can be said that despite the differences that have been reported in the literature re-
garding the decomposition pathways of the butane isomers, there was no discernible
difference in the characteristics of the soot particles formed from either n—butane and

7—butane under the conditions tested here.
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Figure 5.10: Particulate emissions formed from the pyrolysis of Cy fuels, n— and
i—butane: (a) total mass concentration. (b) total number concentration. (c) count
median diameter (nm). (d) mass median diameter (nm).

5.3.4 C;-C; alcohols

Studies of the combustion products of methanol and ethanol in the literature are well
documented; however, fundamental studies of higher alcohols, and including isomers of
propanol and pentanol are more scarce (Sarathy et al., 2014). Here, the results of the
pyrolysis of a homologous series of C; to Cy alcohols is presented, including: methanol,
ethanol, 1-propanol, 2-propanol, 1-pentanol, and cyclopentanol. The fuels were fed into
the reactor at a constant carbon atom flow rate of 5,000 ppm on a C; basis (i.e. the
molecular inlet concentration for methanol was 5000 ppmv, but for 1-pentanol it was
1000 ppmv).

Figure 5.11 shows the characteristics of the particulate matter formed by pyrolysis
of the alcohols at various temperatures. The overall order of sooting tendency was found
to be: methanol << ethanol < 1-propanol < 1-pentanol < 2-propanol < cyclopentanol.
Cyclopentanol was found to produce by far the highest yields of soot across all temper-
atures, for example at 1200 °C there was 31% soot yield (or 1.55 pg/cc) formed from
cyclopentanol. The next highest sooting molecule was 2-propanol, another secondary
alcohol, which converted to PM at a rate of 13% (1.18 ug/cc). Primary alcohols (where
the hydroxyl group is located at the end of the carbon chain) formed significantly less
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soot; whilst methanol was not found to form soot at all, pyrolysis of ethanol, 1-propanol,
and 1-pentanol at 1200 °C yielded 2%, 5% and 7% respectively.

Figure 5.12(a) shows the CO evolved from the pyrolysis of the various alcohols,
whilst (b) shows the CO2 emissions. It can be seen that the majority of carbon-bound
oxygen in the fuel was evolved from the reactor in the form of CO, and only low con-
centrations of COgy were produced. It can be seen from the plot that the CO emissions
from the reactor were in the order of: methanol > ethanol > 1-propanol > 1-pentanol >
2-propanol > cyclopentanol. This general order that the smaller-chain alcohols tended
to form more CO is not particularly surprising, due to the fact that fuel inlet concen-
trations into the reactor were fixed based on the carbon flow rate, meaning that as
the carbon chain length of the molecule under investigation increased, lower amounts
of oxygen were fed into the reactor. For methanol, for example, the O:C ratio was 1,
whereas in ethanol it was 0.5, and 0.2 for pentanol. Methanol produced predominantly
CO under all conditions with approximately 70% CO yield; a result which was consis-
tent with the research of Aronowitz et al. (1977) which found that flow reactor pyrolysis
of methanol produced predominantly CO and Hs, and no more complex hydrocarbon
molecules beyond acetylene.

It should be noted that the bond strengths in alcohol molecules are typically in
the order of: O-H > C-H > C-O > C-C, and the C-O bond strength (92-93 Kcal) is
similar for all alcohol molecules including primary and secondary alcohols. The main
chemical difference between alcohol molecules and their corresponding alkane is the re-
duced symmetry of the molecule, which increases the number of decomposition pathways
(see Figure 5.13), and the reduced C-H bond energy in carbon atoms neighboring the
alcohol moiety (Norton and Dryer, 1990). The finding that the primary alcohols tested
tended to evolve greater amounts of CO and less soot from the reactor can be attributed
to the different reaction pathways that primary and secondary alcohols undergo during
pyrolysis. Figure 5.13 highlights some of the main differences in the pyrolysis of primary
and secondary alcohols compared to alkanes, where the initial decomposition pathways
occur by dehydrogenation or dehydration reactions. Figure 5.9 shows the dehydration
reaction, which occurs via a cyclic 4-member intermediate species and is an important
reaction in determining differences in the intermediate species produced from the two
isomers. The dehydration reaction pathway is more prevalent than dehydration in a
secondary alcohol due to the increased number of neighboring C-H groups («C—H), and
due to the relative weakness of the «C—H bonds which is induced by the alcohol group;
this results in secondary alcohols producing more alkenes than ketones. Primary alcohols
(e.g. methanol, ethanol, 1-propanol) on the other hand produce more aldehydes than
alkenes (Norton and Dryer, 1990). The overall result of this is that secondary alcohols
tend to behave more like alkenes in terms of sooting tendency under pyrolysis conditions
than primary alcohols, due to the production of deoxygenated Co and Cs intermediates

which are known soot precursors.
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5.3.5 Influence of fuel concentration on the formation of particulates

Three concentrations of ethanol (1250, 2500, and 3750 ppmv) have been tested in order
to understand the influence of the initial fuel concentration on the yield and particle
characteristic of the soot formed.

Figure 5.14 shows the particle characteristics of the particles evolved in the reac-
tor efluent gas from the pyrolysis of the various concentrations of ethanol. Figure 5.15
shows the percentage yield of particulate matter relative to the carbon at the reactor
inlet. It is shown that all of the concentrations of ethanol investigated produced gen-
erally similar particulate yields, although higher ethanol inlet concentrations resulted
in slightly higher particulate yields. For example, at 1200 °C 3000 ppmv of ethanol
produced 2% particulate matter, whilst a concentration of 9000 ppmv produced a 6%
yield. The finding that the percentage soot yield increases with inlet concentration, is
in agreement with the research of Ruiz et al. (2007c), on the effect of varying acetylene
concentration and residence time for flow reactor pyrolysis.

It has been noted from the results presented in the preceding sections that at
lower pyrolysis temperatures (~1000 °C) high number concentrations of particles are
formed, whilst lower concentrations of larger agglomerated particles are produced at
higher temperatures. This phenomenological observation is also captured well in this
present section, because at low inlet carbon concentrations and at the lowest tempera-
tures investigated soot formation was not observed, soot only began to form at higher
temperatures. For example, at an inlet concentration of 1250 ppmv and at 1000 °C no
soot particles were formed, at the higher temperature of 1100 °C only very low concen-
trations of nascent particles were produced, by 1200 °C very high concentrations were

present. At temperatures upwards of 1300 °C lower concentrations of agglomerated
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Figure 5.14: Particulate emissions formed from the pyrolysis of ethanol at 3000,
6000, and 9000 ppmv: (a) total particulate mass concentration. (b) total number
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particles are produced, shown in Figure 5.14(b); in this plot the entire process of the
particle evolution is captured.

Finally, a proportional increase in the efluent CO and COs concentrations was
observed in Figure 5.17, and this resulted in a constant percentage yield as shown in
Figure 5.15.
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5.4 Conclusions

The results in this chapter have shown that under the homogenous pyrolysis conditions

employed in the reactor, considerable differences in the conversion of carbon from dif-

ferent molecules was observed. The most significant results form the experimental work

described in this chapter are as follows:

e For all fuels tested, higher pyrolysis temperatures (in the range 1000 to 1400°C)

yielded higher particulate mass concentrations, and higher soot yields.

The Cq series of fuels tested showed that the tendency of the fuels to form soot

was in the order ethanol < ethane < ethylene.

In the case of the Cjz series the order of soot forming tendency was 1-propanol <

2-propanol < propane < propene;

It was found that secondary alcohols had a higher tendency to form PM, this was
explained as due to a dehydration reaction, which is more prevalent in secondary

alcohols compared to primary alcohols.

There was no discernible difference between the ‘sooting tendency’ of n— and

i—butane under the conditions employed in the reactor.

It was generally observed that at lower pyrolysis temperatures, higher number

concentrations of primary particles (~50nm) were formed,;

At higher temperatures the primary particles cluster to form agglomerated struc-
tures, which tended to increase the particle size and reduce and the total number

concentration of particulates.
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The novelty and importance of the work that has been described in this chapter
is that relatively few experiments of soot formation are available in literature which
have been conducted under such well-controlled conditions; and for such a wide range
of molecules. Where there is overlap with the literature, it has been shown that the
results of the DMS instrument were consistent with the published results, confirming
the effectiveness of the methodology.

It has been shown in this work and in the literature that the molecular structure
of a fuel has an influence on its conversion to particulate matter. A question that arises
from this work is: how does functional group chemistry influence the conversion of
carbon to soot? And, does a given functional group impact only on the carbon atoms
which are directly bonded, or is there a global influence? The following chapter explores
these questions by the application of a novel isotope labelling technique to identify the

fate of individually labelled carbon atoms during pyrolysis.



Chapter 6

Tracking the conversion of
specific carbon-13 labelled atoms
from various fuels to particulate

matter under pyrolysis conditions

6.1 Introduction

The influence of functional group chemistry on the conversion organic molecules to
particulate matter and other emissions has been the subject of numerous studies. As the
previous chapter introduced, many of the studies that have been reported investigate
how simple changes to chemical functional groups influence the overall propensity of
single-component hydrocarbon molecules to form PM and other emissions. In order to
understand in greater detail the direct influence of functional group chemistry on the
fate of specific carbon atoms through a combustion or pyrolysis process, a '3C labelling
technique has been used.

In this Chapter, the results of experimental work are presented, which involved
oxygen-free pyrolysis of a number of !3C labelled molecules (ethanol, propanol, pentanol,
ethyl acetate, and toluene). Pyrolysis was carried out in the temperature range of 1100
to 1450 °C in the tube reactor, and the resulting PM was collected. The formation
conditions of PM in the tube reactor were intended to resemble, in a broad sense, the
conditions in the core of a diesel spray; in that, the conditions were oxygen-deficient and

at high temperatures.

6.2 Experimental methods

6.2.1 Apparatus

The pyrolysis experiments described in this chapter were performed using the flow re-

actor rig described previously in Chapter 3. Samples of PM were collected directly by

118
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deposition onto a borosilicate glass plate, by thermophoresis. Following collection of a
sufficient quantity of PM, the sample was removed from the glass plate using a stainless
steel spatula and transferred into a borosilicate glass vial, which was frozen at -20 °C

until it was required for EA-IRMS analysis.

6.2.2 Fuel molecules investigated

Figure 6.1 shows the skeletal structure and nomenclature of the 2C labelled com-
pounds investigated in this chapter. Particular attention has been given to oxygenated
molecules, so-called first-generation bio-fuels such as ethanol have been used extensively
as fuels for vehicles for helping to reduce regulated emissions (Johnson et al., 2009;
Noorani et al., 2010b).

The systematic changes in molecular structures of the molecules studied here al-

lows for the influences of the following features to be assessed:

e Whether the presence of a hydroxyl group (-OH) reduces the contribution to PM

formation of the carbon atom that it is attached to (groups 1,2,3);

e The influence on PM formation of increasing chain length of a primary alcohol (by

comparing groups 1,2,3);

e The influence on PM of moving an alcohol group from the end of a hydrocarbon

chain to a mid-chain position (group 2);

e The contribution to PM from the hydroxyl carbon in straight-chained primary
alcohols, secondary aliphatic alcohols, and an alicyclic secondary alcohol (groups
1,2,3);

e Whether the carbon atom in the ester functional group (R-CO2-R’) of ethyl acetate

forms PM to a lesser extent than its neighboring ‘methyl’ carbon atom (group 4);

e Whether the carbon atoms in the phenyl group of toluene contribute to PM at
the same rate as the methyl group, and whether the a-position (toluene-a-13C)
contributes to PM at a the same rate as the other carbon atoms contained in the

ring of toluene (group 5).

6.2.3 Experimental conditions

PM was collected at 50°C intervals in the temperature range 1100 to 1450°C. The follow-

ing conditions were used for the generation of PM for all of the molecules investigated:
e The nitrogen carrier gas flow rate used in all experiments was 20 1/min;

e The temperature of the nitrogen carrier, heated by the air-process-heater, was
maintained at 200 °C, controlled by a PID;
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Figure 6.1: Structure and nomenclature of *C labelled molecules investigated. *

shows the location of 3C labelled atom.

e The vaporiser and stainless steel tubing was maintained at a constant temperature
of 200 °C, controlled by a PID;

e The temperature of the static mixer was monitored to ensure the temperature was
above 180 °C;

e The flow rate of the liquid fuels was fixed so as to obtain a fuel concentration in

nitrogen of 10,000 ppmyv.

6.3 Results and discussion

In addition to the results displayed in the figures in the following sections, Appendix B

contains measured data, and subsequently calculated parameters are presented in a
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tabulated form. The units of measure used in this section, particularly 6*Cy ppg, and
calculations to derive the percentage contribution of individual atoms to PM have been

set-out previously in Chapter 4.

6.3.1 Ethanol

(b) (a)

N\

OH

Figure 6.2: Skeletal structure of ethanol, with 13C labelled atoms assigned (a) ethanol-
1-13C, and (b) ethanol-2-*3C.

In order to aid explanation throughout this chapter carbon atoms within molecules
have been assigned letters where the '*C label was located. For ethanol, each of the
two carbon atoms was 2C labelled in turn, in two separate experiments, and Figure 6.2
shows that the carbon atom directly bound to the hydroxyl group has been labelled ‘a’,
and the methyl carbon has been labelled ‘b’.

It was described previously in Chapter 4 that, in order to calculate the relative
probability of specifically labelled carbon atoms converting to PM, measurements were
required of the unenriched and enriched variants of PM, as well as the fuel from which
the PM was derived. For example, in the case of ethanol, it was necessary to measure
the unenriched ethanol fuel and ethanol fuel that was enriched with small quantities of
either ethanol-1-'3C (where carbon ‘a’ was '3C labelled), or with ethanol-2-'3C (where
carbon ‘b’ was !3C labelled); furthermore, the PM derived from these two fuels was also
measured.

Unlabeled ethanol, which was measured to be -27.8 §13C, was enriched in two sep-
arate batches: with ethanol labelled at position ‘a’ to -6 6'3C, and at position ‘b’ to -6.1
§13C. Figure 6.3 shows the measured delta values (§13C) for the PM derived from these
two enriched fuels in the labelling experiment; the reader is reminded that the higher
delta value the greater the amount of *C there is in a given sample. Figure 6.3 shows
that despite being enriched to approximately the same level in the fuel, the resulting
PM derived from the labelled fuels had very different isotopic signatures. The relative
13C abundance of PM formed from ethanol labelled at ‘b’, was greater (}3C ‘heavier’)
than the PM formed form ethanol labelled at ‘a’, indicating that the carbon from the
methyl position formed PM in greater quantities than the carbon atom neighboring the
hydroxyl group.

In Figure 6.3 it is shown that the relative *C abundance in PM formed from the
unenriched stock ethanol was relatively unaffected by changing the formation tempera-

ture; this is significant as this indicates that the conversion of '3C to PM is uninfluenced
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by temperature in the range tested. This point and its implications is discussed further

in Section 6.3.6.
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Figure 6.3: Measured delta values for unenriched ethanol, and ethanol enriched with
quantities of ethanol-1-13C (a) or ethanol-2-13C (b) in the temperature range 1150 to
1450 °C, at 50 °C intervals. Data shown is the mean £+ SD (generally, o >0.15).
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Figure 6.4: Percentage contribution to PM from the labelled position in ethanol-1-
13C (a) and ethanol-2-13C (b) molecules. Error bars show the influence of the standard

deviation on the calculated conversion rate.

From the raw results presented in Figure 6.3 it is a simple matter to conclude that

the methyl carbon (b) in ethanol contributes more to PM than its neighboring hydroxyl

carbon (a). This is a result one might expect a priori since it is reasonable that a carbon
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atom already attached to an oxygen atom may stay attached throughout the pyrolysis
process and may be evolved as CO or COs, rather than converted to soot. Figure 6.4
shows the percentage of carbon atoms in the PM that were derived from atoms ‘a’ or
‘b’, in the temperature range 1150-1450 °C. Take the result at 1300 °C for example, it
is seen that the methyl carbon (b) contributes approximately 68% to the PM, and the
contribution of the hydroxyl carbon (a) is 27%. The results corroborate since the two
independent measurements total close to 100%, with small experimental error bars.

The influence of the addition of small amounts of oxygen during the pyrolysis of
ethanol was also investigated. Pyrolysis of ethanol at 1300 °C at air-fuel equivalence
ratios (A) of 0.05, 0.10, and 0.2 was carried out. Figure 6.5 shows that the conversion
ratios to PM of the two carbon atoms in ethanol are broadly conserved, even with
the addition of small amounts of oxygen. It is shown that similar conversion rates are
observed regardless of the presence of added oxygen, which indicates that the relative
contributions of the two carbon atoms in ethanol to PM is conserved over a range of
formation conditions. It should be noted that the set of tests carried out to determine
the influence of oxygen addition, only single measurements were taken; for all other
series, triplicate measurements were obtained.

Similar results have been obtained by other researchers, for example, research pub-
lished by Lieb and Roblee Jr (1970) used the radioisotope 4C as a tracer and labelled
ethanol-1-*C and ethanol-2-4C was burned at various air-fuel mixtures. Samples were
collected from a Bunsen flame (maximum flame temperature of 1360 °C), using a sam-
pling probe and detection of the C rate was carried out by means of a radioactive
decay counting method. A conversion ratio of 2:1, hydroxyl-to-methyl carbon was re-
ported (Lieb and Roblee Jr, 1970), which is similar to the 68:27 ratio found in the study
presented in this thesis. Based on the observations of Lieb and Roblee Jr (1970), Homan
and Robbins (1986) put forward the hypothesis that the process of making the growth
species from the fuel is independent of the process of making soot from the growth

species.
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Figure 6.5: Percentage contribution to PM from the labelled position in ethanol-1-13C
(a) and ethanol-2-'3C (b), formed at 1300 °C and at various air-fuel equivalence ratios.
Data shown is for single measurements.

6.3.2 1-propanol and 2-propanol

OH

OH
N e

Figure 6.6: Skeletal structure of 1-propanol (left), labelled with 3C at position (c)
(1-propanol-1-'3C); and 2-propanol (right), labelled at location (d) (2-propanol-2-13C).

Figure 6.6 shows the locations of the selectively labelled C atoms in 1-propanol
and 2-propanol; in both cases the '3C label was located on the carbon atom that is
directly attached to the hydroxyl group (-OH). 1-propanol was enriched from —30.80 to
—7.20 §'3C; and 2-propanol was enriched from —28.06 to —4.50 §'3C.

Figure 6.7 shows the measured §'3C values of the PM formed from the labelled
and unlabeled versions of the fuel. The implications of this raw result is initially less
obvious than that observed for ethanol (above), but it is clear that there are significant
contributions to the PM from atoms ‘c’ and ‘d’, since enhanced levels of >C were found
in the PM formed from the labelled fuels. Figure 6.8 shows that for all temperatures
tested, the labelled atoms in 1-propanol-1-3C (c) and 2-propanol-2-13C (d) contribute

to PM at a rate less than the average carbon atom in the molecule (which would be
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Figure 6.7: Measured delta values for unenriched 1-propanol and 2-propanol, and with
enriched with quantities of 1-propanol-1-'3C (c) and 2-propanol-2-'3C (d) respectively,

in the temperature range 1150 °C to 1450 °C.

33% if each carbon atom contributed equally). Similar to the result for ethanol, the

hydroxylated carbon atoms in both of the propanol isomers, also contribute to PM to a
lesser extent than atoms that are not directly bonded to an oxygen atom. Furthermore,
it appears that when the hydroxyl (-OH) group is moved from the end of the 3-carbon
atom chain to the middle carbon there is an increased contribution to PM from the
carbon it is attached to. For example, at 1300°C the labelled carbon in 1-propanol-3C

(c) was estimated to contribute 16% of the total carbon in the PM, whereas 2-propanol-

2-13C (d) carbon contributed 22%.
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Figure 6.8: Calculated percentage contribution to PM from the labelled positions in
1-propanol-1-13C and 2-propanol-2-'3C in the temperature range 1150-1450 °C.

6.3.3 Pentanol and cyclopentanol

OH

/\/\/OH
(e)

Figure 6.9: Skeletal structure of 1-pentanol (left), labelled with 3C at position ‘e’
(1-pentanol-1-13C); and 2-pentanol (right), labelled at location ‘f* (2-pentanol-2-13C).

Two isomers of pentanol were tested, 1-pentanol and cyclopentanol, shown in
Figure 6.9. Figure 6.11 shows the percentage conversion rates of the hydroxyl carbon
atoms (‘e’ and ‘f”). It is observed that the hydroxylated carbon atom contributes to PM
formation to a reduced extent with respect to the average carbon atom in the molecule.
Given that the pentanol molecules contain five carbon atoms, if each converted to PM
at an equal rate each would contribute 20 %. However, at 1300 °C the labelled carbon
in 1-propanol and cyclopentanol contributes approximately 10% and 16% respectively
(Figure 6.11). The reader is reminded of the results in the previous sections, where
the hydroxyl carbon in the primary alcohol 1-propanol contributed less to PM than the
secondary alcohol 2-propanol; the same is observed here with the primary alcohol 1-
pentanol contributing less from its hydroxyl carbon than the alicyclic secondary alcohol

cyclopentanol.
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Figure 6.10: Measured §'2C values for unenriched fuels 1-pentanol and cyclopentanol,

and these with enrichment of 1-pentanol-1-13C (e) and cyclopentanol-1-13C (f) (enriched

to §13C -7.20 and +4.30 respectively), in the temperature range 1150 to 1450°C, at

50°C intervals. Note that capsules of cyclopentanol-1-3C at 1350°C were lost during
the measurement process, due to an error with the autosampler.
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Figure 6.11: Calculated percentage conversion of the labelled positions in 1-pentanol-
1-13C (e) and cyclopentanol-1-13C (f).
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6.3.4 Ethyl acetate

O

DN
U

Figure 6.12: Skeletal structure of ethyl acetate-1-13C (g), ethyl acetate-2-'3C (h) and
ethyl acetate-1,2-13C (i).

So far the results in this chapter have concerned the impact of the hydroxyl (-
OH) group on the fate of neighboring carbon atoms; here, attention is turned to an
ester, another oxygenated functional group, in ethyl acetate. Three permutations of
labelled ethyl acetate were tested, ethyl acetate-1-'3C (g), ethyl acetate-2-'3C (h) and
ethyl acetate-1,2-13C (i,i), which are shown and assigned labels in Figure 6.12.

Figure 6.13 shows measured 6'3C data for PM samples, the fuel was enriched to
a similar level in each case. Before any further processing of the data is applied, it is
observable from the raw measured values of Figure 6.13 that the PM formed from ethyl
acetate-1-13C, enriched at position ‘g’, has a similar isotopic signature as unenriched
ethyl acetate; indicating that there is a negligible contribution to PM from the carbon
bonded to two oxygen atoms.

Figure 6.14 shows the calculated percentage contributions to PM from labelled
carbon atoms. The conversion rates of carbon from the labelled atoms to the PM
appears to be uninfluenced by temperature in the range 1050 to 1450 °C. The calculations
indicate that at 1300 °C the contribution to PM from the carbon atom at the end of the
chain (h) is approximately 32%, whilst the contribution from the carbonyl group (g) is
0%.

Ethyl acetate-1,2-13C was used in a method validation experiment, the combined
contribution of the carbon at positions labelled ‘i’ was found to be approximately equal
that of ‘h’ alone (32%); the reader is reminded that the carbonyl carbon atom contributed
a negligible amount to PM. This result is significant as the outcome is found to be
the same regardless of how the experiment is carried out, and the conversion rate is

uninfluenced by the identity of the neighboring carbon atom.
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Figure 6.13: Measured §'3C values for unenriched ethyl acetate, and ethyl acetate

enriched with ethyl acetate-1-13C (g), ethyl acetate-2-'3C (h), and ethyl acetate-1,2-13C

(i,i) (enriched to -8.21, -7.86, and -6.73 §13C respectively), in the temperature range
1150 to 1450°C, at 50°C intervals.
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Figure 6.14: Contribution to PM from tagged groups in ethyl acetate-1-13C (g), ethyl

acetate-2-13C (h), and ethyl acetate-1,2-13C (i,i). Data shows the values calculated
from average measurements + SD.
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6.3.5 Toluene

Three permutations of toluene labelling were tested, shown in Figure 6.15. These groups
were specifically labelled in order to identify whether the aromatic ring in toluene con-
tributes to PM formation to a greater extent than the methyl group that is attached

to.

()
(k) (I
() (1)

0 Y
U

Figure 6.15: Skeletal structure for toluene showing label locations for toluene-1-'3C
(j), toluene-a-13C (k) and toluene-(phenyl)-13Cg (1).

Figure 6.16 shows the measured §'3C values for PM samples generated from un-
enriched toluene, and toluene enriched with '3C labelled toluene at positions ‘j’, ‘k’, and
‘I’ respectively. The §'3C results measured values show that similar levels of 13C abun-
dance are observed for all of the PM samples formed from the labelled molecules; and
there is negligible change in the isotopic signature of the samples at different formation
temperatures.

Figure 6.17 shows the calculated percentage contribution of PM of each of the
labelled groups (on a per-carbon atom basis). The calculations indicate that each carbon
atom contributed approximately 12% to the PM formed. Since toluene has 7 atoms, one
would expect that if each carbon contributed equally each atom would contribute about
14.2% to the PM. Despite the small error that is apparent in the estimation, the message
from the results is clear that the aromatic ring and the methyl group convert to PM
formation at approximately equal rates.

The temperature (in the range 1100 to 1450°C) at which the PM was generated
did not greatly affect the isotopic composition measured for the PM. Changes in the
isotopic signature might have been expected at different pyrolysis temperatures, as the
formation temperature could shift the molecular fragmentation patterns (e.g. rupture
of the ring at higher temperatures). Experimental and modelling investigations into
the pyrolysis of toluene by Colket and Seery (1994) suggested that there was minimal
decomposition of toluene into phenyl and methyl fragments over this temperature range;
instead, precursors of particulates and polycyclic aromatic hydrocarbons (PAHs) were
predicted to form directly, incorporating the phenyl and the methyl group. However,
whilst the results here appear to agree, it should be said that the measurements by

EA-IRMS concerned the overall conversion of carbon atoms to PM, and inevitably, if
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Figure 6.16: Measured §'3C values for unenriched toluene, and toluene enriched with

toluene-1-12C (j), toluene-a-'3C (k), and toluene-(phenyl)-13Cg (1), enriched to -8.21,

-7.86, and -6.73 §'3C in the fuel respectively, in the temperature range 1150 to 1450
°C, at 50 °C intervals.

fragmentation of toluene did occur, conversion to PAHs or PM from different carbon-

containing fragments could have occurred at any of the different stages of PM formation.
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Figure 6.17: Percentage contribution to PM from labelled carbon atoms in toluene-1-

13C (j), toluene-a-13C (k) and toluene-(phenyl)-13Cg (1). The conversion rate of carbon

atoms in toluene-(phenyl)-13Cg is shown on a per-carbon atom basis. Data shows the
calculated conversion values + SD.

6.3.6 Validation of methodology

In order to confirm some of the assumptions that have been made for the calculation of
the conversion rates of individual carbon atoms, some experiments were carried out in
order to assess the validity of these assumptions.

One of the assumptions is that the outcome of the experiments should be the same
regardless of the level of >C enrichment in the fuel. Some of the experiments, discussed
in previous sections, were therefore also repeated at different concentrations. Tests with
ethanol-1-13C, ethyl acetate-2-'3C, and toluene-a-'3C were carried out at several levels
of 13C enrichment. Table 6.1 shows the measured values for ethanol-1-'3C, ethyl acetate-
2-13C, and toluene-'3C at varying levels of enrichment; A straight line fit through the
data (AF vs. APM) results in R? regression values of R = 0.999, R?= 0.999, and R%?=
0.998 respectively. Calculated carbon conversions rates are therefore insensitive to level
of enrichment used.

Another assumption is that at the temperatures used (~1100 to 1450°C), 13C
behaves in the same way as 12C; that is, a C—12C or ¥C—13C bond should behave
in the same way as a >C—!2C bond. It has been discussed previously (Section 6.3.4)
that ethyl acetate has been used to validate this assumption. Ethyl acetate-1,2-13Cs,
which has a '3C—13C bond, was shown to contribute the same percentage of carbon to
the PM from the two tagged carbons, as ethyl acetate-2-'3C alone, which has a '2C-
13C bond. This is a significant result because ethyl acetate-1-'C was shown not to
contribute to PM at all, Figure 6.14, showing that the contribution from methyl carbon

in acetate-2-13C was the same (32%) regardless of whether the neighboring carbon was
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Table 6.1: §'3C measurements of fuel and derived PM (generated at 1300 °C) for
ethanol, ethyl acetate, and toluene, at various levels of enrichment.

Compound name dBC fuel | 6°C PM | AF | APM | AMax | F
Ethanol
Unenriched Ethanol -27.833 3% | -31.191 !
Ethanol-1-13C -17.1633 | -25.751 1 | 10.67 | 5.44 21.34 | 0.25
Ethanol-1-13C -6.063 3 | -19.401 ' | 21.77 | 11.79 | 43.54 | 0.27
Ethanol-1-13C 3.103 3 -14.151 ' | 3093 | 17.04 | 61.86 | 0.28
Ethyl acetate
Unenriched ethyl acetate | -30.252 2 | -33.331 !
Ethyl Acetate-2-13C -19.472 2 | -19.431% | 10.78 | 13.9 | 43.12 | 0.32
Ethyl Acetate-2-13C -7.862 2 -5.1811 12239 | 28.15 | 89.56 | 0.31
Toluene
Unenriched Toluene -24.462 2 | -24.351 !
Toluene-a-3C -12.292 2 | -15.081 1 | 12.17 | 9.27 73.02 | 0.13
Toluene-a-3C 0.322 2 -3.891 1 | 24.78 | 20.46 | 148.68 | 0.14

Standard deviation applicable: ' ¢ < 0.1,% ¢ < 0.2,% ¢ < 0.3.

12C or 13C. In addition, ethanol-'3Cy, where both carbon atoms were labelled, was also
tested and it was verified that the level of enrichment in the fuel was the same as the
level of enrichment found in the derived PM (i.e. that APM=AF); in other words that
the contribution from the two carbon atoms was found to be 100%, which showed that
the 13C were as likely to convert to PM as '2C atoms.

For the majority of the analysis it was observed that for the PM samples derived
from the unenriched fuels tested, the measured §'3C value for PM was more negative
(i.e. contained less '3C) than the fuel from which it was formed. For example, in the
case of unenriched ethanol the fuel -27.8 §'3C was recorded, and -31.2 §'3C was found
for the derived PM formed at 1300 °C. There are a number of mechanisms that could

give rise to this small shift in isotopic signature during pyrolysis:

1. A kinetic isotope effect, whereby dissociation energies of bonds are specific to the
isotope participating in the bond. If a rate determining step in a series of chemical
reactions involves bond breaking, it is plausible the bonds containing isotopically
‘lighter’ atoms may break easier since the vibrational frequency of such bonds
tends to be higher. As a result, the ‘lighter’ isotope (i.e. containing 2C) could be
preferentially incorporated into the products, while ‘heavy’ isotopes would remain
relatively unreacted. This process could occur during pyrolysis, and isotopically

lighter molecules may fragment more readily.

2. 13C might be naturally distributed unevenly in a molecule due to its formation
process in nature (or synthesis). If during the pyrolysis process, one locality is
converted to PM to a greater extent than the other, then the '*C abundance
measured in the PM will change depending on the conversion ratios and local
distribution of 3C.
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3. Evaporation is also a unidirectional process that can cause isotopic fractionation.
Generally, isotopically ‘lighter’ molecules tend to have higher translational veloc-
ities; this allows them to preferentially break through the liquid surface and pass
into the atmosphere (Criss, 1999). Over time the remaining liquid will become
progressively enriched with the heavier, in this case 13C, isotope. Only small sam-
ples of liquid are required for IRMS analysis, and there is therefore some limited

potential for evaporation of the volatile liquids during the preparation of liquid

samples.
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Figure 6.18: Example of behavior of raw §'3C measurements, pyrolysis of unenriched
ethanol (a) and ethanol enriched with ethanol-1-'3C, at temperatures in the range of
1150 to 1450°C. Data shown is the average of three measurements, + standard deviation

If a kinetic isotope effect occurs during the pyrolysis of a hydrocarbon to any extent
then one would expect that with increasing reaction temperatures increasing levels of
13C would be incorporated into the PM with respect to '2C, resulting in an increasing
§13C for samples obtained at higher temperatures. Figure 6.18 shows that shifts in the
isotopic signature of the PM formed from the unenriched ethanol is negligible in the
formation temperature range 1150 to 1450°C. For example, it is seen that unenriched
ethanol formed PM that had an isotopic signature of -33.08 6% at 1150°C and -31.19
813 at 1300°C, a difference of just 2.16 §'3C which represents a 0.216% variation in the
13C rate. We can therefore conclude that kinetic isotope effects are indeed negligible in
the temperature range tested, and in the literature it is generally accepted that kinetic
isotope effects are minimal at temperatures upwards of about 500°C (please refer to
Section 2.4). If 12C converts to PM preferentially at low temperatures, then one might
expect a drift towards '3C ‘heavier’ PM at higher temperatures.

If there is a natural difference in the local 63C rates within a molecule, this
would have an influence on the measured values but not on the overall outcome of the
experiment. Essentially the unenriched bulk of the fuel (into which labelled fuel is added)
is only present as a ‘diluent’ and the only assumption is that the rate of conversion to

PM is the same for identical molecules that contain either 2C or 13C. The calculations
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Table 6.2: Measured 6'2C values for unenriched ethanol with varying delay between
capillary transfer and capsule sealing

Sample ID | Capsule sealing delay (s) | 61°C Fuel | Average | o
S1 0 -15.69
S2 0 -16.08
S3 0 -15.80
S4 0 -15.50 -15.77 0.24
S5 30 -14.97
S6 30 -15.48
S7 30 -15.00 -15.15 0.29
S8 60 -15.71
S9 60 -15.74
S10 60 -15.01
S11 60 -14.73 -15.30 0.51

introduced in Chapter 4 to obtain the percentage contribution take account of such a
shift caused by unequal '3C distribution.

If evaporation of molecules containing predominantly '2C occurred immediately
before measurement, this could have given rise to the observed difference in the 63C
rate of the PM with respect to the fuel, and could have had a large impact on the
calculated results. During the sample preparation process, liquid samples were collected
using a glass capillary tube that was then immediately transferred to a smooth-walled
tin capsule and quickly crimped to seal the contents (the process is described in detail
in Chapter 3). Fractionation by evaporation could have occurred between the point of
capillary collection and it being sealed in the tin capsule. In order to identify whether
fractionation occurred at the point of measurement, to an extent that could explain
the difference between liquid measurements and PM measurements, an experiment was
conducted whereby the time between placing the capillary into the capsule and crimping
was varied (0, 30, and 60 seconds). The results, shown in Table 6.2, indicate that the
measured values are insensitive to the delay in sealing the capsule. In practice, the
process of transferring a capillary to a tin capsule and crimping may take between 5 and
10 seconds. This suggests that the technique for collecting the samples by capillarity
was effective at limiting evaporation of the fuel during sample preparation, and therefore
13C/2C fractionation by evaporation was not the source of the difference between the

fuel and PM measurements 1.

6.4 Further discussion

It has been shown that the presence of oxygen within a molecule directly influences the
conversion of neighboring carbon atoms to which it is directly attached. Therefore, it is

of interest to assess how other features of oxygenated fuels influence the conversion of

11t should be noted that some tests have been conducted with different bottles of standard lab ethanol,
the isotopic signature can vary depending on the source. It has been ensured that groups of tests carried
out for comparison have been conducted using only one bottle of the unenriched fuel.
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carbon. For example, whether going from a primary alcohol, where the hydroxyl group
is on the end of the carbon chain (e.g. 1-propanol), to a secondary alcohol where the
hydroxyl group is in the middle of the chain (e.g. 2-propanol), has an impact on the
conversion of the neighboring carbon atom in becoming PM. In order to assess this,
it is instructive to introduce an additional parameter, R,cjqtive, Which is the relative
conversion rate of the labelled carbon atoms, defined as follows:

APM
Rrelative - W (61)

Where APM, and AF are the differences in the enrichment of the unenriched and en-
riched versions of the fuel and PM (defined previously in Chapter 4). R,ciative, is the
conversion rate of the labelled carbon atoms and allows the direct comparison of the
carbon conversion rates. Another way of thinking of this parameter is as the ratio of
the carbon mass fraction contributed by the labelled carbon atoms in the PM, to that
of the fuel from which it was formed. For example, in the case of ethanol where the
hydrozyl carbon (a) was labelled, the fraction of the hydroryl carbon in the fuel was
0.5 (50 %), whereas the PM derived from the fuel only 27% of the carbon atoms were
derived from the hydrozyl carbon, the conversion rate of the carbon atoms was therefore
0.54 (0.27/0.5).

Figure 6.19, shows the relative contribution of the carbon atoms directly bonded
to the hydroxyl group for the alcohols tested. In the series of primary alcohols, ethanol,
1-propanol, and 1-pentanol, the length of the carbon chain does not appear to influence
the conversion rate of the hydroxyl carbon atom, for example the conversion rate is
0.54, 0.49 and 0.52 respectively. However, there is an increase in the conversion rate
of the hydroxyl carbon atom when going from a primary to a secondary alcohol. For
example, the conversion rate of the hydroryl carbon in 1-propanol is 0.49, whereas in
2-propanol it is 0.67. The hydroxyl carbon atom in the cyclic molecule cyclopentanol
had a conversion rate of 0.79, which was the highest of all of the alcohols tested, and
compared to a conversion rate of only 0.52 for the equivalent primary alcohol 1-propanol.

This result that there was a suppressed contribution to PM from the hydroxyl
carbon is in alignment with the literature. Previous commentators have suggested that
the 2:1 methyl-to-hydroxyl ratio of conversion of carbon atoms in the alcohol fuel to PM
would be found regardless of the structure of the molecule; work by Schmieder (1985)
identified 2:1 ratio during 1-butanol combustion, and Lieb and Roblee Jr (1970) found
the same ratio for ethanol combustion in a diffusion flame. In this chapter, the results
are in agreement with the previous work on primary alcohols, but the finding that the
hydroxyl carbon in secondary alcohols had an increased conversion rate to PM has not
been reported previously. The well-controlled conditions employed in the tube reactor
experiments in this chapter make it particularly suitable for making such comparisons

of the conversion rates between the different fuels.
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Figure 6.19: Relative conversion rate (APM, and AF) of '3C labelled atoms in var-

ious alcohol molecules calculated for PM formed from a series of alcohols, at 1300°C.

Data shown is the calculated average values £ SD (estimated using data from 3-6 mea-
surements). (x) Indicates a primary alcohol, and (x%) indicates a secondary alcohol.

6.5 Conclusions

The results presented in this chapter show that specific carbon atoms within molecules
contributed to the formation of PM to different extents, depending on the local molecular
structure. Oxygenated carbon atoms tend to convert to PM to a lesser extent than the
average carbon atom in the molecule. Tests were conducted at different temperatures
in order to identify whether shifts in the conversion rates of labelled atoms occur at
different temperatures; which may result from shifts in molecular fragmentation patterns
and kinetic pathways. The results from oxygen-free pyrolysis of the molecules tested in
this chapter have shown insensitivity to soot formation temperature in the range tested
(generally 1000 to 1450°C).

The most significant findings of the isotope tracing investigation are the following:

e The hydroxyl group reduces the contribution to the PM from the carbon atom
to which it is bound in the fuel, and was observed in all alcohol molecules tested

(ethanol, 1- and 2-propanol, pentanol and cyclopentanol);

e Of the alcohols tested, it was observed that the carbon atom directly bonded
to the hydroxyl group in primary alcohols (ethanol, 1-propanol, 1-pentanol) con-
verted to PM to a lesser extent than an equivalent secondary alcohol (2-propanol,

cyclopentanol).
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e The ester carbon in ethyl acetate (which was bound to two oxygen atoms) was not

found in the PM, for all of the pyrolysis conditions investigated.

e The methyl carbon in toluene was found in the PM at approximately the same

rate as the average carbon atom in that molecule.

In order to further explore how the formation of particulate from individual carbon
atoms is influenced by the conditions it is formed under, the following chapter presents
an investigation into the generation of particulate matter in the presence of oxygen in

both a flow reactor and a diesel engine.



Chapter 7

Isotopic tracing of labelled atoms
in oleic acid and methyl oleate, in

a diesel engine and tube reactor

The results of the previous chapter showed the conversion rate to PM of selectively
labelled carbon atoms for a range of molecules. Particulate samples were generated in
a laminar flow tube reactor under pyrolysis conditions at range of temperatures. This
chapter is concerned with particulate formation from the fuels oleic acid and methyl
oleate, in the tube reactor and also in a direct injection compression ignition engine.
The conversion of individual carbon atoms of oleic acid and methyl oleate to particulate
matter is reported using the 3C isotopic tracer technique.

Pyrolysis in the reactor has been carried out at 1300°C, first under oxygen-free
conditions, and then at rich air-fuel equivalence ratios (\) of 0.1, and 0.2. Samples of PM
were also collected from the compression ignition engine at an intermediate engine load.
In addition, emissions data from the engine and tube reactor are presented, including
unburned hydrocarbons, CO, CO2, NOx, and also PM size and number distributions

measured by a differential mobility spectrometer.

7.1 Introduction

Fatty acids such as oleic acid are often found in nature, for example oleic acid is produced
by plants such as sunflowers or by olive trees in olive oil. However, more frequently,
instead of the free fatty acids (FFAs), nature produces triglycerides.

The high energy density of triglycerides, relative to many other biomass sources,
mean that they are a useful starting material for conversion to fuels that can be used as
petroleum diesel fuel alternatives. Thermal or chemical conversion processes can be used
to process triglycerides to yield oxygenate and hydrocarbon molecules. Transesterifica-
tion of triglycerides with methanol, for example, produces fatty acid methyl esters, and

a scheme for a typical transesterification reaction of a triglyceride (in this case yielding
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Figure 7.1: Example of a typical transesterifiction reaction of a triglyceride with
methanol, yielding methyl esters and glycerol (Durrett et al., 2008).

methyl oleate) is shown in Figure 7.1. Fatty acid methyl esters (FAMEs) can be blended
with fossil diesel fuel, or they can be used to completely substitute fossil diesel fuel in
compression ignition engines. Methyl oleate (shown in Figure 7.2) is one such methyl
ester, and a number of studies indicate that the combustion characteristics of methyl
oleate make it suitable for use as a diesel substitute or for blending with fossil diesel fuel
(Soloiu et al., 2013).

Similarly, studies have shown that free fatty acids, when processed to methyl esters
are suitable for use in compression ignition engines when blended with diesel fuels or on
their own. The unprocessed oleic acid (shown in Figure 7.2) is a free fatty acid (FAA),
which instead of an ester group, and is found in ordinary sunflower oil at around 40% by
composition, and up to 80% in a hybrid variety named ‘high oleic sunflower oil’ (Purdy,
1986). Unprocessed fatty acids such as oleic acid, and to a lesser extent triglycerides, can
be combusted in a compression ignition engine without processing, but reduce engine
durability and performance with increased injector nozzle coking and piston ring sticking
due to the high viscosity and poor volatility of the acids, which result in poor injection
system pumping efficiency and formation of large droplets in the injected spray. To
overcome these issues fatty acids and triglycerides can be processed, for example, by
transesterification or pyrolysis (Dhar et al., 2012). In this thesis the fatty acid oleic
acid, and corresponding fatty acid methyl ester, methyl oleate, have been investigated
in terms of their overall conversion to PM, and the conversion of specific carbon atoms

within the two fuel molecules.
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The presence of oxygen-bearing molecules in fuel reduces tailpipe particulate mat-
ter emissions, and can also improve or maintain other regulated emissions such as NOx,
CO, COg, and unburned hydrocarbons. Some studies show that particulate emissions
decrease in a linear manner with increasing oxygen mass in the fuel, independent of
the structure of the oxygenate functional group. A number of studies, however, report
that the ability to reduce PM emissions is different for the various oxygenate functional
groups, and the molecular structure of oxygenated groups is identified as being respon-
sible for these differences (Buchholz et al., 2004; Mueller et al., 2003). Understanding
the mechanism of how oxygen bound within a fuel reduces PM emissions is of interest
for the design and processing of cleaner burning fuels; identifying how individual carbon
atoms within a molecule convert to PM gives useful insights on the direct impact of
local molecular structure. This knowledge could be used to inform the production and
processing of future fuels, which could be designed to produce lower levels of PM and
other toxic combustion emissions.

It was discussed in the literature review (Section 2.4) that there are relatively few
examples of the use of isotopic tracers in combustion research. The examples in the
literature, have mainly been carried out in simple systems such as a flame, or reactor,
although some have been carried out in practical systems such as a diesel engine. Those
that have been carried out in a diesel engine have involved tracing individual compounds
or ‘sub-molecular’ parts of compounds either the fuel or engine oil to combustion prod-
ucts for the purpose of source apportionment, and all of the studies in the literature
have invariably utilised the radioactive isotope carbon-14 (14C) (for example Buchholz
et al., 2004). To the best of the author’s knowledge >C has not been used before for the
purpose of source apportionment of particulate samples collected from a diesel engine.
The technique developed in this thesis requires only low levels of 3C enrichment, which
means that previously prohibitively expensive isotope techniques can be performed in
more cost-effective manner. This is particularly important for engine experiments which
typically require large volumes of fuel. This technique, combined with the use of an
ultra-low volume fuel system, such as the one used here, extends further the viability
and practicality of such studies.

Particulates have been generated in a laminar flow reactor at 1300°C, under
oxygen-free conditions and at rich air-fuel equivalence ratios () of 0.1, and 0.2 dur-
ing pyrolysis of isotope labelled oleic acid and methyl oleate. The conditions that have
been employed in the reactor are, in a general sense, similar to the conditions in the core
of a compression ignition engine spray, in that the conditions are oxygen-deficient and
at high temperature. Concurrently, exhaust particulate matter was collected from the
compression ignition research engine during combustion of isotope tagged oleic acid and
methyl oleate. The results from the reactor, where conditions were laminar, premixed,
homogenous, steady, and well controlled are useful for interpreting the results from the
engine where the conditions were more complex, highly turbulent, heterogeneous, un-

steady, and less controllable. Both the chemical and physical properties of the fuel, for
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example, can impact the combustion characteristics in a compression ignition engine; in
the reactor, chemical effects dominate the conversion of carbon in the fuel to pyrolysis

products.

7.2 Experimental Systems and Methods

7.2.1 Fuels

In both the reactor and engine experiments, methyl oleate and oleic acid were the two
single-component fuels that were tested; Table 7.1 shows some relevant properties of
these two fuels, and of the reference diesel fuel.

Figure 7.2 shows the molecular locations of the >C label in oleic acid and methyl
oleate. These labelled compounds are added into unenriched but otherwise identical
molecules; for example, oleic acid-1-'3C was added into unenriched oleic acid that nev-
ertheless had a natural abundance of 3C. Unenriched oleic acid had a certified purity
>99% when it was acquired (Alfa Aesar, 31997). Unenriched oleic acid was enriched by
mixing with very small amounts of labelled oleic acid-1-13C, (labelled at (a), Figure 7.2)
(Aldrich, 490423), and oleic acid-8,9-13C (labelled at (b), Figure 7.2) (Aldrich, 646466).
Unlabelled methyl oleate was obtained with certified purity >96% (Alfa Aesar, H31358),
and labelled with methyl oleate-1-'3C, 99% purity (labelled at (c), Figure 7.2) (Aldrich
605867). GC-MS analysis of the unlabelled methyl oleate showed that the balance of
the molecules (<4%) were structurally similar to methyl oleate, such as methyl stearate.

The labelling experiments were designed in order to assess the following molecular

features in terms of their conversion to PM (see Figure 1):

e The relative conversion rate of the carbon atom labelled in oleic acid-1-13C (‘a’ in
Figure 7.2), to PM.

e The extent to which the tagged carbon atom in methyl oleate-1-13C (‘c’ Figure 7.2),
is converted to PM, and identify whether this is different to the conversion of ‘a’

in oleic acid.

e Assess whether the double bonded carbon atoms (‘b’ in Figure 7.2) within oleic
acid converts to PM to a greater extent than the average carbon atom in oleic

acid.

Unenriched oleic acid and methyl oleate fuels were enriched with small amounts of
13C labelled fuel, with molar calculations performed to calculate the volumetric quanti-
ties needed to enrich the fuel by the desired amount. For example, 110 ml of oleic acid
was labelled with approximately 0.73 ml of oleic acid-1-'3C (labelled at position ‘a’);
110 ml was sufficient quantity for both reactor and engine tests. In order to achieve
the target enrichment level, small volumes of '3C labelled fuel were measured using a
capillary piston pipette (Gilson, CP100). It should be noted that the actual enrichment
was checked by measuring the ¢ value with IRMS, and the actual § value has been used

in all subsequent calculations.



Chapter 7. Isotopic tracing of labelled atoms in oleic acid and methyl oleate, in a
diesel engine and tube reactor 143

Oleic Acid

Methyl Oleate

Figure 7.2: Structure and nomenclature of oleic acid and methyl oleate.Oleic Acid
was 13C labelled at sites: (a) oleic acid-1-13C, and (b) Oleic Acid-8,9-13C. Methyl oleate
was labelled in position (c), methyl oleate-1-'3C.

Table 7.1: Fuel properties.

Property Ref. Diesel | Methyl oleate Oleic acid
Cetane number 51.7 54 46.1
Viscosity, at 20 °C 3.42¢ 3.73%, 4.51° 29.0°
Flash point (°C) 66.5 163 187
Density at 20 °C (g/ml) 0.84 0.87 0.89
Degree of saturation - Monounsaturated | Monounsaturated
Melting point (°C) - -20 16
Boiling point (°C) 180¢, 3564 218 286
Oxygen content (O:C) 0.001 0.105 0.111

Net calorific value (MJ/kg) 43.14 37 -

@ dynamic viscosity (mPa s), ? kinematic viscosity (mm?/s),
¢ initial boiling point, ¢ final boiling point.
Values obtained from references (Knothe, 2005) and (Soloiu et al., 2013).

7.2.2 Engine experiments

All engine experiments, in which exhaust gas PM was collected, were conducted on a
commercially available modern direct injection compression ignition automotive engine,
converted and instrumented to run as a single cylinder research engine. The test engine
used to conduct the tests is described in detail in Chapter 3.

The isotope tagging technique utilised in this study necessarily required high as-
say fuels of natural 3C isotope levels, which were enriched with small quantities of
13C enriched fuel; both the unenriched and enriched fuels were available only in small
quantities due to their high cost. For this reason use was made of a novel low volume
fuel system which allowed the engine to be operated with small volumes of sample fuel
(typically 100 to 250 mL). The system utilised was based on the concept first developed
by Schénborn (2009), which utilises fossil diesel as a hydraulic fluid, pressurised to fuel
injection pressures by a conventional common rail fuel circuit, to pressurise test fuels

for high pressure direct injection. For all experiments conducted in this chapter the low
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Figure 7.3: Schematic representation of the setup for particulate sample collection
from the diesel engine.

volume fuel system was held at a constant temperature of 40 + 2.5 °C, and the engine
was normally aspirated with air at atmospheric temperature and pressure. All engine
tests were conducted at 1200 rpm, fuel injection pressure of 450 bar and a constant
start-of-fuel-injection of 5 crank angle degrees (CAD) before top-dead-centre (BTDC).
For all tests, the injection duration was varied between 648 us and 770 ps to maintain a
constant engine IMEP of 4 bar at the constant speed of 1200 rpm. The engine exhaust
gas composition was determined by continuous gas sampling approximately 180 mm
downstream of the engine exhaust valves and analysed by an automotive gas analyser
system (Horiba MEXA9100 HEGR) and a fast particulate spectrometer (Cambustion
DMS 500).

7.2.3 Particulate sample collection

Samples of particulate matter from the engine exhaust gases for '3C isotope analysis
were collected onto glass fibre filters (Fisherbrand, Microfiber filter MF300) of 0.22 pm
pore size. The engine exhaust gas flow was split and diverted through the glass fibre
filter approximately 700 mm downstream of the engine exhaust valves, with the main
exhaust path partially restricted to ensure sufficient exhaust gas flow through the filter.
Figure 7.3 shows the exhaust sampling arrangement in schematic form. The material
deposited onto the filter consisted of a non-volatile organic fraction (NVOF) and some
semi-volatile material, or volatile organic fraction (VOF).

Following collection, the filters were cut in half with stainless steel scissors. One
half of the filter paper was then placed into a borosilicate glass petri dish and immediately

frozen, until required for analysis. The other half of the filter was baked at 300°C for
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4 hours in a nitrogen atmosphere, in order to remove the VOF, leaving on the filter
mostly carbonaceous particulates. This baked material is hereafter referred to as the
non-volatile organic fraction (NVOF). The samples of PM containing both NVOF and
VOF, and samples containing only the NVOF were both measured separately by IRMS,

in order to compare the conversion rates of the labelled carbon atoms in both fractions.

7.2.4 Tube reactor

Figure 7.4 shows a schematic representation of specific configuration of the tube reactor
facility used for pyrolysis experiments in this chapter. Details of the tube reactor were
described in Section 3.1.4. Here, the setup consisted of a liquid feed system for metering
the introduction of fuel, air and nitrogen (components 1-7), a high temperature reactor
(components 8,9), and a means of collecting and analysing effluent gasses (components
10-14).

The flow rate of fuel into the reactor was fixed to a constant carbon flow rate,
21,500 ppm total hydrocarbon content on a C; basis, and all reactor experiments re-
ported herein were conducted at 1300°C. The fuels were fed into the tube reactor system
by means of a mechanical syringe pump feeding into the heated vaporiser. Vaporised
fuels were entrained in a pre-heated carrier gas, consisting of nitrogen and varying con-
centrations of oxygen; nitrogen flow rates were controlled using a Bronkhorst EL-Flow
series mass flow controller, and air flow rates were metered using a Bronkhorst EL-Select
series model. A total flow rate of 20 L/min carrier gas was used. A fast flame ionisation
detector (Cambustion, HFR400) was used to profile fuel concentration across the diam-
eter of the reactor inlet, following the static mixer, in order to verify reactor inlet radial
homogeneity. The FID response is dependent on the molecular structure of the sample,
response factors were applied to the measurements and were obtained from reference
Dietz (1967).

Samples of particulate were collected and stored using the conditions described
in Chapter 3. A 6 mm stainless steel sample tube was positioned inside of the reactor
tube 200 mm from the outlet, along the centreline of the reactor, and used to withdraw
effluent gasses for analysis. Particulate size and number measurements were made using
a Cambustion DMS500 differential mobility instrument, and a non-dispersive infrared

gas analyser (Horiba ATA-120) was used to monitor CO and COs in the effluent gas.

7.3 Results and discussion

7.3.1 Results of the isotope tracer investigation

Figure 7.5 shows the percentage of carbon in the PM that was derived from the 3C
labelled carbon atoms for each of the following fuels tested in the flow reactor at 1300°C:
oleic acid-1-13C (labelled at the carboxylic acid carbon, ‘a’ in Figure 7.2), oleic acid-
9,10-13C (double bonded carbons), and methyl oleate-1-'3C (methyl ester carbon, ‘¢’ in
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Figure 7.4: Laminar flow reactor rig. (1) Compressed air and nitrogen cylinders. (2)
Mass flow controllers. (3) Process heater. (4) Syringe pump. (5) Vaporiser. (6) Heated
and insulated stainless steel tube. (7) Mixer. (8) Electric oven. (9) Reactor tube.
(10) Stainless steel sample tube. (11) Remote dilution cyclone. (12) Fast particulate
spectrometer (13) CO and CO4 analyser. (14) PC and data acquisition.

Figure 7.2). The measured §'3C values and calculated parameters for these fuels are
presented in Appendix B.

The carboxyl carbon (labelled ‘a’) in oleic acid-1-3C, which is attached to two
oxygen atoms, was not found to contribute a significant amount of carbon to the PM
formed during pyrolysis; this result was the same under oxygen-free conditions and with
small amounts of air (rich equivalence ratios of A = 0.1, and 0.2). If each of the 18
carbon atoms in oleic acid converted to particulate matter at an equal rate to PM, one
would expect that each carbon atom position in the molecule would contribute 5.55%
to the total PM mass. The result that the carbon atom directly bonded to two oxygen
atoms in methyl oleate did not form PM in the reactor is consistent with the previous
result that the equivalent carbon atom in ethyl acetate was not converted to PM formed
under similar pyrolysis conditions (see Chapter 6).

From Figure 7.5 it is seen that the composition of particulate matter formed from
the two labelled atoms (b-b) in oleic acid-9,10-'3C (double bonded carbon atoms), is not
significantly greater than what might be expected from that of the average carbon atom

in oleic acid. The calculated composition of PM formed from a carbon atom from the
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Figure 7.5: Percentage composition of PM derived from the labelled carbon atoms
in oleic acid-1-*3C (‘a’), oleic acid-9,10-13C (‘b’) (shown on a per-carbon atom basis),
and methyl oleate-1-13C (‘c’), formed in a flow reactor with varying air-fuel ratios. The
labels (a), (b), and (c) indicate the position of the 3C labelled carbon atom under
investigation. Error bars show the standard deviation of 3 to 6 measurements.

double bond was not influenced and remained relatively unchanged (between 5.5 and
6.6%, for each carbon atom) by the quantity of oxygen available in the reactor.

Figure 7.6 shows the results obtained from the engine for the two molecules in-
vestigated. For each molecule, results are shown for two types of PM samples. One
of them (labelled **  Figure 7.6) is the soot as collected, containing both volatile and
non-volatile organic fractions (NOF + NVOF); and the other (labelled *, Figure 7.6) is
for diesel soot, where volatile organic compounds are baked off by means of the oven
(Section 2.2.1).

The results of the tracer experiments carried out in the diesel engine yielded similar
results to those obtained in the reactor, as is apparent in Figure 7.6. The carbon atoms
(a) and (c) directly bonded to the two oxygen atoms, in the case of both oleic acid and
methyl oleate, were not detected in the non-volatile fraction (NVF) of the PM formed
in the engine. Small amounts (about 1 to 2% levels) of the tracer were observed in the
unbaked filters (NVF + VOF). This may have arisen from unburned fuel in the exhaust
gas depositing on the filter. It should be noted that in the case of the particulate
generated in the diesel engine, which was collected on a glass fibre filter, the particulate
had absorbed on it organic species which could originate from the parent fuel and the
lubricating oil or which were intermediate compounds formed during the combustion

of the fuel and lubricating oil. For example, a "*C labelling investigation by Buchholz
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Figure 7.6: Composition of PM derived from '3C labelled carbon atoms, sampled

from a diesel engine exhaust gas. The labels (a), (b), and (c) indicate the position of

the 13C labelled carbon atom under investigation. (b) is shown on a per carbon atom
basis. Error bars show the standard deviation of 3 to 6 measurements.

et al. (2003) investigated the conversion of engine oil to PM in a diesel engine ran with
biodiesel; they found that less than 5 per cent of the NVF in PM arose from the engine
oil. The engine oil is generally found to contribute to the VOF to a greater extent than
to the NVOF of the particulate (Buchholz et al., 2003); in particulate collected from
a Perkins 4-236 DI engine, 86% of the VOF was derived form the engine oil (Andrews
et al., 1991). As a result, in this work it is expected that engine oil had only a small
influence on the calculated conversion rates of carbon atoms from the fuel to PM NVF.

Figure 7.6 also shows that the double bonded atoms (b)-(b) in oleic acid (oleic
acid-9,10-13C) were found to constitute approximately 11% (a total for the two atoms)
of the PM formed from the engine, which indicates that it forms soot at about the
same rate as the average carbon atom of this 18 carbon atom molecule. It is interesting
to note from Figure 5 that the conversion rate of the labelled carbon atom to PM was
unchanged by baking the filters. This indicates that there is no preferential incorporation
of the double bonded carbon atoms into the NVF or VOF of PM, or, indeed, in the

carbonaceous component of PM.
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Table 7.2: Summary of physical conditions prevailing in the tube reactor and com-
pression ignition engine.

Tube reactor

Compression ignition engine

Homogenous mixture of fuel and air

Fuel concentration of 21,500 ppm
(C1 basis)

Conducted under pyrolytic condi-
tions, and A = 0.1 and 0.2

Temperature 1300°C

Stratified

Overall fuel concentration
of ~ 25,000 ppm

Globally lean, stoichiometric in com-
bustion regions, rich spray core

Calculated maximum global in-

cylinder temperature 1000 °C;
flame temperature ~ 2000 °C (Sison
et al., 2007)

Laminar Turbulent

Duration of combustion ~ 0.008 s,
residence time (fuel injection to end
of exhaust stroke) ~ 0.05 s

Residence time ~1 s

Variable pressure, with peak pressure
of ~ 60 Bar

Atmospheric pressure

7.3.2 Influence of the formation conditions on the conversion of atoms
to PM

So far the results have shown the rate conversion to PM of 3C labelled carbon atoms
from the tube reactor and a diesel engine. It was observed that the conversion rate
of the labelled atoms in both systems was very similar despite the differing physical
conditions experienced by the fuel molecules in the tube reactor and diesel engine. For
example, the two carbon atoms from the double bond in oleic acid (b)-(b) was found to
constitute around 11% (both carbon atoms) of PM from both the reactor and the diesel
engine. Table 7.2 lists some of the major differences in the formation conditions of the
PM between the two different systems. This is a significant result as it shows that the
relative conversion rate of individual carbon atoms to PM is conserved over a range of
conditions including pressure, temperature, availability of oxygen, carbon concentration,
etc.

Similarly, there were comparable levels found in the soot collected from the diesel
engine of the isotope tagged carbon bonded to two oxygen atoms, in the cases of both
methyl oleate and oleic acid (Figure 7.6); this suggests that soot formation was insensi-
tive to some differences in the in-cylinder conditions present during combustion of the
methyl oleate and the oleic acid. For example, Figure 7.7 shows the in-cylinder pressure

and apparent net heat release rate of methyl oleate, oleic acid and the reference fossil
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Figure 7.7: (a) In-cylinder pressure and (b) apparent heat release rates of methyl
oleate, oleic acid, and reference diesel at constant injection timing.

diesel fuel; apparent from Figure 7.7(b) is the higher peak heat release rate and premixed

burn fraction of methyl oleate relative to oleic acid.

7.3.3 Emissions analysis: Laminar flow reactor

Figure 7.8 shows a summary of the size and number distributions, and total mass of
the particulate matter evolved from the reactor and measured by the differential mo-
bility spectrometer. Figure 7.8(a-c) shows the aerosol size spectral measurements for
diesel, methyl oleate, and oleic acid respectively, and the spectra show that the particle
diameters formed from all three fuels are generally in the range of 100 to 1000 nm.
The count median diameter (peak center) of the particles, shown in Figure 7.8(d), was
found to be around 250 to 320 nm for all fuels and conditions tested. The presence of
oxygen was found to decrease the count median particle size in all cases, for example,
oxygen-free pyrolysis of methyl oleate produced particles with a count median diame-
ter of 304 nm, compared to 246 nm for those generated at 0.2 A\. The total mass of
particulates formed is shown in Figure 7.8(e), and it is seen that the diesel reference
fuel produced a higher mass concentration of particulates under all conditions, whilst
the PM mass emissions from methyl oleate and oleic acid were essentially equal. This
result was expected for the reactor-generated particulates due to the comparatively high
oxygen content in the methyl oleate and oleic acid compared to that of the reference
diesel; the negligible differences in the particulate composition from methyl oleate and
oleic acid are not surprising, bearing in mind the similar chemical structures in terms of
oxygen content and distribution, similar carbon chain length, and presence of a double
bond in those molecules.

Concentrations of CO and COs evolved from the reactor were monitored, and it
was observed that pyrolysis of methyl oleate and oleic acid produced high concentrations
of CO, and minor concentrations of CO,. For example, pyrolysis of oleic acid produced
2110 ppm of CO and 89 ppm of CO3. Comparatively low quantities of CO2 were expected

by means of conversion of carbon dioxide by a hydrogen atom to carbon monoxide and
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Figure 7.8: Summary of particulate size, number concentration, and total mass char-

acteristics for the pyrolysis of diesel fuel, methyl oleate, and oleic acid in the flow reactor

facility. Size and number spectrum for (a) diesel fuel, (b) methyl oleate, and (c) oleic

acid. (d) Particulate count median diameter. (e) Calculated total mass concentration
of PM. (f) Total number concentration of particulates (N/cc).

a hydroxyl radical, Equation (7.1) (Liu et al., 2001); the hydroxyl (OH) radical is then

available to oxidise soot or unburned hydrocarbons.

CO, +H — CO + OH (7.1)

7.3.4 Emissions analysis: diesel engine

Figure 7.9 shows the size and number distribution of particulates measured in the ex-
haust and also the total mass of particulates emitted in the engine tests of methyl oleate,
oleic acid and the reference diesel. A typical bi-modal distribution of particulates is ob-
served for each of the fuels, with oleic acid producing significantly greater peaks in the

number of particles produced in the size range of 10 to 200 nm (Figure 7.9). This can
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Table 7.3: CO and CO; concentrations (ppmv) evolved from the tube reactor pyrolysis
of diesel, methyl oleate, and oleic acid.

Air-fuel ratio (A) | Methyl oleate | Oleic acid Diesel

CO | COy | CO | COy | CO | COq

No oxygen | 2743 75 2110 89 320 0
0.1 | 7958 402 7250 | 451 | 5698 | 192
0.2 | 12453 | 1069 | 11908 | 1148 | 10907 | 709

probably be attributed to the higher viscosity of the oleic acid relative to the methyl
oleate and reference fossil diesel (see Table 7.1), which results in reduced fuel atomisa-
tion and efficiency of fuel and air mixing prior to the start of combustion, resulting in
a greater degree of diffusion combustion in which the majority of soot formation occurs
during diesel combustion. It is tentatively suggested that the dissimilar particulate pro-
files observed in the cases of oleic acid and methyl oleate (Figure 7.9(a)) further supports
the suggestion that the in-cylinder conditions and degree of fuel conversion to soot does
not impact on the fate of COO and C=C groups within a fuel molecule.

The particulate mass concentrations measured in the exhaust have been used to
calculate the conversion rate of fuel to particulate, Table 7.4 shows the conversion rate
to PM in terms of mgy,, /kgfyue. Overall, oleic acid tended to convert to PM at a much
higher rate than the reference diesel fuel, as it was described above, this was due to
the high viscosity of oleic acid (see Table 7.1). Similarly, methyl oleate was shown to
produce PM at a rate of less than half of that of the reference diesel fuel.

In a similar manner, specific PM yields of the carbon atoms in the locations that
were isotopically labelled can be calculated. The benefit of displaying the result of
the isotopic labelling experiment in this way is that the overall conversion rate of the
specifically labelled carbon atoms can be compared; previously, for example in Figure 7.6,
the result of the labelling experiment was shown in terms of composition of the PM which
was derived from the labelled atoms. The specific yields from the labelled carbon atoms
in methyl oleate and oleic acid is supplied in Table 7.5. The overall conclusions, of
the labelling experiment are unchanged, to those above in Section 7.3.1. That is, the
labelled carbon atoms directly bonded to two oxygen atoms in the methyl ester (methyl
oleate), and fatty acid (oleic acid), were not found to convert to PM at a significant
rate 0.01 and 0.03 mg13Cpm/kg13Cfuel respectively (which corresponds to 0.001 % and
0.003 % survivability). The double bonded carbon atoms in oleic acid, did however
convert to PM at a significant rate of 7.80 mg3C,, /kg!3C fuel (corresponding to 0.78 %
survivability), which is only slightly higher than that for the oleic acid molecule overall
of 5.28 mgl?’Cpm/kgl?’Cfuel.

It should be noted that one disadvantage of displaying the result in terms of
overall yield PM is that the engine oil contribution has not been identified, and thus the
calculations of the specific yield assume that the engine oil contribution to the PM is zero;
therefore, the previous way of displaying the result of the isotope labelling experiment

(see Section 7.3.1) is a more accurate way of displaying the data.
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Table 7.4: Calculated the conversion rate of fuel to PM in the engine, in terms of
mass of PM formed per mass of fuel, using the the mass concentration of fuel into the
engine (calculated), and exhaust particulate mass concentration (measured by DMS).

Fuel Fuel conc. (g/m?) | Soot conc. (g/m?) | mgy,/Kgfuel
Ref. diesel 32.1 0.036 1.13
Methyl oleate 36.2 0.019 0.52
Oleic acid 36.9 0.194 5.28

Table 7.5: Calculated the conversion rate of 13C labelled atoms in the fuel to PM in
the engine, in terms of mass of carbon atoms derived from !3C labelled atoms in the
PM, per mass of *C atoms in the fuel.

1 1
Fuel mg 3Cpm/kg 3Cfuel
Methyl oleate-1-2C 0.01
Oleic acid-1-3C 0.03
Oleic acid-9,10-'3C 7.80
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Figure 7.9: (a) diesel engine exhaust particulate number and size distributions, and
(b) calculated total mass concentration of PM. Data shown = Average + SD.

Table 7.6: CO and CO; evolved from the tube reactor pyrolysis of diesel, methyl
oleate, and oleic acid.

Fuel CO (ppmv) | CO2 (%) | O2 (%) | THC (ppmv) | NOx (ppmv)
Ref. diesel end 244.80 5.42 12.74 136.18 534.29
Ref. diesel start (A) 249.51 5.61 12.83 67.87 496.64
Ref. diesel start (B) 252.67 5.63 12.75 140.04 500.65
Methyl oleate (A) 208.72 5.47 12.88 150.89 487.17
Methyl oleate (B) 217.58 5.92 12.85 164.18 510.62
Oleic acid (A) 306.94 5.57 12.69 232.61 391.02
Oleic acid (B) 312.51 5.57 12.77 288.12 397.64

Further engine emissions data (CO, CO2, NOx, Og, and THC) is shown in Ta-

ble 7.6. It is noteworthy that comparatively higher emissions of unburned hydrocarbons

were formed from oleic acid compared to methyl oleate, which supports the finding in

Figure 7.7 that a significant portion of the PM mass arose from the VOF.
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Figure 7.10: Molecular structure of dibutyl maleate (DBM) and tri-propylene glycol
methyl ester (TPGME).

7.3.5 Conversion of carbon in the ester and carboxylic group to PM

The results of this study are in agreement with the results of Buchholz et al. (2004) who
investigated the conversion to PM of specific carbon atoms labelled with '4C in a some-
what different molecule, dibutyl maleate (DBM), shown in Figure 7.10. DBM contains
a carbon-carbon double bond (d), two ester groups (e), and two 1-butyl carbon atoms
(f) and each of these groups was specifically labelled with #C in turn and combusted
in a diesel engine. The carbon atom directly bonded to two oxygen atoms (e) was not
found in either the exhaust PM or in-cylinder deposits. The double bonded (d), and
1-butyl carbon atoms (f), in DBM was found to form PM in the exhaust at about the
same rate as the average carbon atom in the molecule.

Mueller et al. (2003) studied the combustion of DBM and tri-propylene glycol
methyl ester (TPGME, C;9H2204), which contains three ether groups (g) and one hy-
droxyl group (f), shown in Figure 7.10. They concluded that the distribution of oxygen
in TPGME was more effective at reducing PM formation than the ester group in DBM.
Buchholz and Mueller suggested that the ester structure is an inefficient means of reduc-
ing PM formation, since it could produce COs directly, effectively wasting an oxygen
atom, which could otherwise be available to prevent another non-ester carbon atom
from becoming PM. Numerical simulation by Mueller et al. of the combustion of DBM
indicated that 30% of the oxygen, contained in the ester group, is unavailable for PM
precursor reduction, and therefore the distribution of oxygen is not optimal. It was also
suggested that the carbon-carbon double bond in DBM could form the PM precursor
acetylene directly, and therefore one might expect that the contribution of the double

bonded group might have been greater than that of the average carbon atom.
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The experimental results presented in this paper for oleic acid, and the results of
Buchholz et al. (2004) on DBM show that there is not a significantly greater contribution
to PM from the doubly bonded carbon atoms. This result indicates that the chemistry of
the double bond in oleic acid does not have an appreciable influence on the soot forming
tendency of the molecule; this may be considered an unexpected result in light of the
results in Chapter 5 which shows that unsaturated molecules have an increased tendency
to form soot. The result that neither the carbon atom in the carboxylic acid or the ester
group converts to PM is significant. Firstly, the result indicates that the carbon atom
remains directly bonded to at least one of the oxygen atoms throughout the combustion
process, which means that the carbon atom is not available for oxidation. Additionally
it indicates that the distribution of oxygen within a molecule is likely to be an important
factor in determining availability of oxygen in the core of a diesel spray, which is likely

to have a significant impact on its ability for prevention of soot formation.

7.4 Conclusions

Selective labelling of carbon atoms in oleic acid and methyl oleate with '3C has allowed
the determination of the relative conversion rates of those atoms to particulates. The
high-sensitivity of IRMS measurements make it suitable for determination of carbon
atom conversion rates, even with low concentrations of *C enrichment, and it has been
shown that '2C isotope labelling can be applied to both reactor and engine studies. The

following conclusions can be drawn from this study:

e The oxygenated carbon atom in oleic acid and methyl oleate is not found in the
engine exhaust PM (despite dissimilar combustion phasing), or in PM formed in
the reactor; this indicates that the carbon-oxygen double bond does not break
during combustion or pyrolysis, thereby preventing the carbon atom conversion to

PM or its precursors.

e The carbon atoms involved in the double bond in oleic acid, are found to convert to
PM at approximately the same rate as would be expected from the average carbon

atom in oleic acid; that is a result that was found in both engine and reactor tests.

e The results from both the engine and reactor are consistent, in that the outcome

of the tracer study is the same regardless of the source of the PM.

The results in this chapter involved the combustion of two single-component fuels,
oleic acid and methyl oleate, in a diesel engine. Such head-to-head studies involving
single-component fuels are found in the literature (e.g. Soloiu et al., 2013; Schénborn
et al., 2009b), and are useful to compare the combustion and emissions characteristics
of different molecules. In the future, fuels are expected to become increasingly derived
from renewable sources, which may be more uniform in composition than fossil fuels
which contain variable compositions made up of numerous molecules. It is therefore of

interest to identify the conversion rate of a single molecule within a multi-component
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mixture to PM, and also, within that molecule identify the conversion rates of specific

carbon atoms; this is the theme of the following chapter.



Chapter 8

Isotope tracing of labelled atoms
in various molecules blended with
heptane, in a diesel engine and

tube reactor

So far, the isotope tracer investigations that have been described in the previous chapters
of this thesis have been concerned with the conversion to particulate of individual carbon
atoms from specific sub-molecular locations of single-component fuels. Most practical
fuels are composed of many different molecules that are blended together, and a ‘typical’
diesel fuel may contain from tens to thousands of chemically distinct compounds (Wang
et al., 2005). For this reason, it is of interest to identify how an individual component
within a mixture of molecules contributes to the formation of particulate matter and
other emissions. In this chapter a number of isotopically labelled molecules have been
blended with heptane including ethanol, 1- and 2-propanol, acetone, ethyl acetate, and
toluene. The fuel mixtures have been burned in a compression ignition engine, and also
in a laminar flow tube reactor, and the relative conversion rate to PM of the labelled

molecule or a sub-molecular structure within that molecule has been assessed.

8.1 Introduction

The production of fuels from biological feedstock has received a significant amount of
attention in the literature. Ethanol has been industrially produced by fermentation

Ot centaury, and among the biofuels

for use as a gasoline substitute since the early 2
it is produced industrially on the largest scale. Longer-chain alcohols have also been
produced from biomass, for example the anaerobic bacterium Clostridium acetobutylicum
is capable of converting large amounts of sugars into a mixture of acetone, butanol, and

ethanol (ABE) naturally in the ratio of 3:6:1; and the scale of the industrial biological

157
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Figure 8.1: General chemical structure of lignin, and schematic for its conversion into
mono-aromatic products. Reproduced from (Binder et al., 2009) with permission from
Elsevier.

production of ABE is only second behind ethanol production by fermentation (Liitke-
Eversloh and Bahl, 2011). As a further example Krouwel et al. (1983) demonstrated the
continuous fermentation of glucose by Clostridium beijerinckii to produce 2-propanol,
butanol and ethanol (IBE). Recently, the promise of improving the properties of fuels
derived from biological feedstock has received a significant amount of attention in the
literature, due to the possibility of genetically engineering organisms so to biologically
produce compounds with a desired molecular structure. For example, a review by Nigam
and Singh (2011) showed that there are known biological pathways to produce a number
butanol isomers including 1-butanol, iso-butanol, and 2-butanol.

Both diesel and gasoline fuels typically contain significant amounts of aromatic
molecules; in the EU the aromatic content of gasoline fuels is limited to 35% (v/v),
whilst in diesel fuels the polycyclic aromatic hydrocarbons (PAH) limit is 8% (Directive
L 140/88 E). The polycyclic aromatic compounds that are present in diesel fuels are
principally naphthalene, fluorene, and phenanthrene (Williams et al., 1986). Whilst
aromatic ring structures are present in current fossil fuels, and not present in lipid derived
biodiesel fuel, some future bio-derived fuels could also contain significant amounts of
aromatics. For example, lignin which accounts for 15-30% of wood-like biomass is a
potential major source of aromatic chemicals. Figure 8.1 shows the structure of lignin,
and the cleavage of the alkyl and ester linkages by acid catalysis yields phenols and
methoxyphenols. Fuels can be processed so to reduce the aromatic content, and this
is usually done by the catalytic hydrogenation of the aromatic ring (Choudhary and
Phillips, 2011).

In the literature, toluene is the most studied of the aromatic molecules, and in
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general it has been blended with alkanes (typically n—heptane) for the purpose of under-
standing fuel effects on engine knock in spark ignition engines (Herzler et al., 2007), com-
bustion rate in HCCI engines, or the tendency of soot formation (Alexiou and Williams,
1995). In compression ignition engines, higher aromatic content is associated with poorer
fuel quality due to the low cetane number and generally produces higher NOx emissions,
although there is some conflicting results in the literature regarding the tendency of aro-
matics to form soot in a diesel engine (Cooper and Donnis, 1996). In jet engines however
the aromatic content of the fuel does produce higher particulate emissions, which cor-
relate well with the threshold sooting index (TSI), which was introduced in Chapter 5
(Yang et al., 2007).

There is clearly an increasing possibility of engineering the design of fuel molecules
by modifying biological production pathways or by post-processing the fuel to yield more
desirable combustion characteristics. From the literature discussed so far it is clear
that there is still a need to understand better the fundamental chemistry combustion
of even some of the simplest fuels. The fuels ethanol, 1-propanol, 2-propanol, and
acetone, which have been investigated in this chapter are of practical relevance due to
the possibility of biologically manufacturing these molecules, or other molecules which
have homologous functional group chemistry. Toluene is also of interest as an aromatic
component in an otherwise paraffinic fuel; one question which does not have consensus
in the literature is whether the aromatic component contributes disproportionately to
particulate emissions.

Due to the low cetane number of short-chained alcohols such as ethanol and
propanol they have not been used before as single-component fuels in diesel engines.
A number of studies have been carried out where such molecules have been blended into
heptane or diesel fuels, and combusted in compression ignition engines (Lii et al., 2006),
shock tubes (Alexiou and Williams, 1995), and flow reactors (Roesler and De Tessan,
2000) to investigate how the additive molecule influences combustion and emissions. In
this chapter the various fuels have been blended to a level of 10 mole percent in n-
heptane. n-heptane is often used as a diesel fuel surrogate, due to its similar physical
properties (e.g. vapor pressure), and combustion properties (laminar flame speed) and
is frequently used in experimental and computational combustion research to emulate
more complex fuels (Pitz and Mueller, 2011). n-heptane is a primary reference fuel for
octane rating in internal combustion engines and has a cetane number of 56, which is
very similar to that of conventional diesel fuel, which in the EU is around 52. Due to the
large variety of different molecules present in a ‘typical’ diesel fuel, when a compound
is added to a conventional diesel fuel, the added component could potentially interact
with the other fuel compounds, possibly in a synergistic way, and produce higher levels
soot. Due to the complex nature of diesel fuel there would be no easy way of identify-
ing which fuel component was responsible for the synergistic behavior. The approach
adopted in this work has therefore been to identify how a number of molecules convert

to particulate emissions when they are added to the alkane n—heptane (C7Hig), so as
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to form a binary mixture; and, then, to measure the contribution to particulate of the

compound added to the n—heptane.

8.2 Methods

8.2.1 Fuels

A number of oxygenated and hydrocarbon molecules were blended with heptane at 10
mole %, these were: ethanol, 1-propanol, 2-propanol, acetone, ethyl acetate, and toluene.
Table 8.1 shows how a 10 percent molar concentration of the various molecules in heptane
translates in terms of overall carbon content of the fuel and volume fraction of the fuel.
Due to the fact that the molecules were blended with heptane, it was of interest to
identify the conversion to PM of carbon in the added compound relative to that for the
heptane, i.e. to determine whether, overall, the added component tends to form PM to
a greater or lesser extent than the heptane alkane chain. To make this determination, a
13C tracer experiment was carried out where the added component (ethanol, 1-propanol,
etc.) was enriched with small amounts of the fuel where all of the carbon atoms were
13C labelled. Furthermore, selected submolecular locations of the added fuels were also
labelled with '3C in order to identify the relative contribution to PM. The molecular
structures and nomenclature of the '3C labelled fuels tested are shown in Figure 8.2.
The selection of molecules that were blended into heptane and tested in both the

flow reactor and diesel engine, allowed the following to be determined:

e The overall conversion of ethanol to PM when blended in heptane; and
e The conversion rates of the individual carbon atoms within ethanol.

e Comparison of the overall conversion of 1- and 2-propanol molecules to PM, to see
if there is an effect of moving the hydroxyl group from the end on a carbon chain

to the central carbon atom; and

e Assessing whether the carbon atom directly bonded to the hydroxyl group is con-
verted to PM at a different rate for 1- and 2-propanol than the other carbon atoms

of these molecules.

e Testing labelled acetone-in-heptane (shown in Group D) to identify, firstly, the

overall conversion rate to PM of the acetone in the blend; and

e By comparing the result of acetone to that of 2-propanol, assess whether by going
from propanol (in which oxygen is single bonded to the central carbon) to acetone
(which contains a double-bonded oxygen) there is an appreciable difference in (a)
the overall conversion to particulate of the molecule as a whole in the heptane
blend, and (b) in the conversion rate to particulate of the carbon atom to which

oxygen is bound directly.
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Table 8.1: Mixture of various compounds in heptane at level of 10 mole percent.

Mole % Vol. % of fuel % total fuel carbon
Ethanol 10 5.14 3.08
1-propanol 10 5.36 4.55
2-propanol 10 5.49 4.55
Acetone 10 5.29 4.55
Toluene 10 7.48 10.00

The extent of toluene conversion to PM relative to heptane; and

Whether there is a difference in the conversion rate of the methyl group (labelled

in toluene-1-13C) and the phenyl group (labelled in toluene-phenyl-'3Cg).

To identify whether the conversion rates of the labelled molecules or sub-molecular

groups is different in the reactor compared to the diesel engine.

In Chapter 6, results were obtained regarding the conversion carbon atoms in
single-component fuels to PM, which was formed under pyrolysis conditions. Where
there is overlap, the results obtained in this chapter will be compared to those of
Chapter 6, in order to identify whether the conversion of carbon atoms to PM is
influenced by the surrounding mixture. For example, in Chapter 6 it was identi-
fied that in the case of ethanol the ratio of the methyl-to-hydroxyl carbon atom
conversion to PM was 68:27, and in this chapter it will be assessed whether that

conversion ratio is conserved when the ethanol is blended into heptane.

8.2.2 Apparatus
Laminar flow tube reactor

All of the experiments that were carried out in this chapter using the tube reactor were
conducted at a temperature of 1300 °C. Tests were conducted under pyrolysis conditions
using oxygen-free nitrogen as a carrier gas fed at 20 L/min. The vaporisor and stainless
steel tube to the reactor inlet was set to 200 °C. Samples of particulate were collected by
thermophoretic deposition onto a borosilicate glass plate, collected at 30 mm from the
reactor outlet. Following collection, the samples were stored in borosilicate glass vials
at -20 °C until required for EA-IRMS analysis. For further details on the flow reactor
setup refer to Chapter 3.

Diesel engine

All engine experiments in which exhaust gas PM was collected were conducted on the
commercially available direct injection compression ignition engine, run as a single cylin-
der research engine. The engine used to conduct the tests is described in further detail
in Chapter 3.
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Group E * . . *
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Figure 8.2: Structure and nomenclature of 13C labelled molecules investigated, which
were blended with heptane. * = Location of C labelled atom.

For all engine experiments conducted in this chapter the low volume fuel system
was utilised, with the temperature of the system being held at a constant 40 £+ 2.5 °C.
The engine was normally aspirated with air at atmospheric temperature and pressure.
All engine tests were conducted at 1200 rpm, fuel injection pressure of 450 bar and a
start-of-fuel-injection of 5 crank angle degrees (CAD) before top-dead-center (BTDC).
For all tests, the injection duration was varied between 648 us and 770 ps to maintain
a constant engine IMEP of 4 bar. The engine exhaust gas composition was determined
by continuous gas sampling approximately 180 mm downstream of the engine exhaust
valves and analysed by an automotive gas analyser system (Horiba MEXA9100 HEGR)
and a fast particulate spectrometer (Cambustion DMS 500).

The arrangement for collecting samples of particulate for isotopic analysis was

the same as described in the previous chapter, where the exhaust was split into two
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lines, in one of the lines a glass-fiber filter was placed, while in the main exhaust line a
partial restriction was placed so to force sufficient flow through the other exhaust branch

containing the filter, see Figure 7.3.

8.2.3 EA-IRMS analysis

Elsewhere in this thesis, for measurements of the single-component fuels, liquid samples
were collected by a short length of glass capillary that was quickly sealed inside a tin
capsule. The tin capsule was then submitted for analysis to the EA-IRMS by means of
an autosampler carousel. A full description of the procedure of submitting the liquid
samples to the EA was described in greater detail in Chapter 3. When this technique
was used for the binary mixtures of fuels tested in this chapter, the technique resulted
in highly variable results. This was thought to be due to the differential evaporation
of the more volatile component; for example, heptane has a vapor pressure of 5.33 kPa
at 20°C, and this compares to 30.6 kPa for acetone. This issue was finally resolved
by a custom made modification to the EA-IRMS, which replaced the manufacturer’s
automatic carousel system. The isotopic measurements of the liquids measured in this
chapter were carried out using an injection port that allowed the direct syringe injection
of fuels into the EA, therefore greatly reducing the potential for evaporation. For further
details on the design and operation of this manual injection port the reader is referred
to Section 3.3.3.

The manual injection port was fitted directly above the flash combustion oven of
the EA, in place of the autosampler carousel, and attached to the quartz reactor by
a compression fitting. Once the injection port had been fitted to the EA, automatic
leak tests were carried out and initiated from the IsoDat software; the instrument was
then left for several hours or overnight to allow any atmospheric air contamination
to be purged from the system by the helium carrier gas. Due to the time taken to
switch between the autosampler and liquid injector, it was not practical to calibrate the
instrument with the usual standard reference materials, which are solid samples. For
this reason two ‘in-house’ liquid standards were made which were calibrated against the
TAEA standards (discussed in Chapter 4). The two liquid standards, named standard
‘A’ and ‘B’, were determined by 10 repeat measurements to be -34.43 and -3.10 §'3C
+0.02 respectively. At the beginning and end of the batch of liquid samples to be
measured, 3 of each standard ‘A’ and ‘B’ were measured. In addition, after every 10
samples measured, 2 measurements of standard ‘A’ were made to identify and correct

for instrument drift (if applicable).

8.2.4 Analytical methods

So far in this thesis, measurements have been made of single-component hydrocarbon
and oxygenate molecules. In this chapter of the thesis, measurements are presented for
binary mixtures of various compounds in heptane. The move from single component

fuels to binary ones requires small adjustments to the methodology, which are described
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in this section. The methodology for interpreting the measured (6'2C) isotopic data that
has been used so far has been to identify the relative conversion probability to particulate
of specific carbon atom(s) in single-component fuels. Since this chapter is concerned with
tracing the tracing to PM of a component molecule within a binary mixture, or tracing
atoms from a specific locality within a molecule that is itself a component in a mixture,
a small adaptation of the calculations that were introduced in Chapter 4 was made.
For the binary mixture, the enrichment process and measurements that are re-
quired to determine the percentage conversion of a molecule or carbon atom to par-
ticulate are the same as for the single-component fuels. Four §'3C measurements were
required, firstly the unenriched (native) and the corresponding enriched fuel (§'3Cp),
and for the particulate matter derived from both of the unenriched and enriched fuels
(6'3Cpar). For each fuel and derived PM, the difference in isotopic composition between
the unenriched and the enriched versions called Ar and Apjy; were (in the same way as

set out before) calculated as follows:

Ay = 6CH - 6Cp (8.1)

Apary = 08Char — 0P Chy (8.2)

where the (*) refers to the enriched fuel or the PM derived from it, and the (n)
refers to the unenriched (native) fuel or PM derived from it.
Aae is & parameter which was defined previously for single-component fuels as:
Amaz = i X Niotal (8.3)
Niabelled
where ngperzeq represents the number of carbon atoms which were labelled and
Ntotal TEPTesents the total number of carbon atoms within the single-component chemical
compound used as fuel. For single-component fuels the parameter A,,,; represents the
maximum enrichment that would be reached if the added labelled compound to make
the enriched mixture had (instead of napereq >C atoms) all of its carbon atoms labelled
with 13C.

For multi-component fuels A4, is calculated in a similar way, as follows

Ap t
Amaz = p— Rf-n 8.4
Rf * Nabelled ng( f ftotaz) ( )

where, again, njgpelieq Tepresents the number of carbon atoms which were labelled, Ry is
the molar ratio of a given component f, and ¢ is the total number of components in the
multicomponent mixture, and ny, , . is the total number of carbon atoms in component
f.

The final step to calculate the fraction of the PM which was derived from labelled

carbon atoms (Figperzeq) is the same as defined for single-component fuels, as follows
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Apy
F _ =2pPM
(labelled) A

max

(8.5)

The product Figpezeq X 100 gives the % contribution overall of the labelled C
atom(s) to PM, taking into account all of the carbon atoms in the added compound and
that of the heptane. The fraction contribution to PM of the carbon atoms that were

not 3C labelled could be calculated as simply 1 — Fiapeiied-

8.3 Results

8.3.1 Emissions analysis

Before considering the results of the EA-IRMS analysis, some results are presented in
this section which show an analysis of the exhaust gas stream of the diesel engine.

Figure 8.3 shows the total mass concentration of particles in the diesel engine
exhaust. It is apparent that the reference diesel fuel produced a much larger total
mass of particulates, whereas the heptane binary blends all produced considerably less.
Considering the range of experimental error bars applicable to the measurements in
Figure 8.3, it is not possible to draw firm conclusions as to the influence of the added
hydrocarbon and oxygenated molecules on total particulate mass emissions.

Figure 8.4 shows the particle size distributions (PSD) of particles in the diesel
engine exhaust. The PSD results are shown separately for ethanol and toluene in Fig-
ure 8.4(a), due to the fact that the remaining molecules, shown in Figure 8.4(b), were
tested several months apart. Normalizing the spectra obtained over several months, for
example using the reference diesel fuel was not considered appropriate. Nevertheless, the
spectra shown in Figure 8.4 show PSD which are not dissimilar for the various binary
mixtures tested, considering that the particles below about 40 nm in size are generally
of disputable composition of either unburned fuel or oil vapor, or nascent particles.

The gaseous engine emissions, including CO, CO2, O3, total hydrocarbon content
(THC), and NOx are supplied in Appendix B.
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Figure 8.3: Total particulate mass emissions in the exhaust of the compression igni-

tion engine, from heptane blended with ethanol, 1-propanol, 2-propanol, acetone, ethyl

acetate, or toluene. Measurements were made by a Cambustion DMS500. Data shown

is the average measurement of repeat tests, and the error bars indicate the standard
deviation of 6 measurements.
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Figure 8.4: Particulate size distributions in the exhaust of the compression ignition
engine, fuelled with (a) heptane blended with ethanol, or toluene, and (b) shows blends
of heptane and either 1-propanol, 2-propanol, acetone, or ethyl acetate. Measurements
were made by a Cambustion DMS500. Data shown is the average measurement of
repeat tests, and the error bars indicate the standard deviation of 6 measurements.



Chapter 8. Isotope tracing of labelled atoms in various molecules blended with heptane,
in a diesel engine and tube reactor 167

8.3.2 Ethanol-in-heptane

This section deals with the formation of particulate from the ethanol-in-heptane mixtures
which were tested in a flow reactor and diesel engine. Figure 8.5 shows the results of
the isotope tracer study conducted in the flow reactor. Three results bars are shown,
the first bar labelled ethanol-1,2-13C (ab) shows the combined contribution to PM of
both ethanol carbon atoms in the binary mixture. It can be seen from Figure 8.5
that the two carbon atoms in ethanol overall contributed 2.4% of all the carbon in the
particulate matter (that is, the carbon from both the ethanol and heptane). It was
known that the total ethanol carbon content in the fuel was 3.08% (Table 8.1), which
means that the ethanol molecule converted to PM at a lower rate than that for the
heptane component. It is interesting to note that despite the presence of the oxygen-
containing hydroxyl functional group in the ethanol molecule, the ethanol component
overall contributes to PM at a rate of around 75%, relative to its composition in the
fuel (2.4/3.08). Considering now each of the two ethanol carbon atoms separately, the
hydroxyl carbon (shown by bar ‘a’ in Figure 8.5) is significantly less likely to convert to
PM in comparison to the methyl carbon (b). The hydrozyl carbon atom (a) was found
to constitute 0.89% of the carbon in the PM, and it is indicated in Figure 8.5 by the
dotted line that the hydroxyl carbon atom (a) composed 1.54% of the carbon in the
fuel. Therefore, the rate of the hydrozyl carbon atom in the PM was only 58% of that in

Flow reactor

(%) Contribution of 13C
labelled atoms to PM

Figure 8.5: The percentage composition of the PM that was derived from the labelled

carbon atoms in ethanol-1-'3C, ethanol-2-13C, ethanol-1,2-3C, blended into heptane,

and formed under pyrolysis conditions in the laminar flow tube reactor. Data shown is

the average of 3 measurements, + SD. The dotted line indicates the mass percentage
of the carbon at the labelled position in the fuel.
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Diesel engine

(%) Contribution of 13C
labelled atoms to PM

Figure 8.6: The percentage composition of the PM that was derived from the labelled

carbon atoms in ethanol-1-'3C, ethanol-2-13C, ethanol-1,2-3C, blended into heptane,

to the PM and formed in a diesel engine. Data shown is the average of 3 measurements,

+ SD. The dotted line indicates the mass percentage of the carbon at the labelled
position in the fuel.

the fuel (0.89/1.54). An interesting result is that of the methyl carbon atom (b), which
shows that it constitutes 1.54% of the PM, which is the same percentage mass of carbon
that present at in the fuel. This means that the methyl carbon atom in ethanol was
as likely to convert to PM as the average carbon in the heptane component. This is a
significant result as it indicates that under these conditions, the presence of oxygen in
the ethanol molecule only influences the hydroxyl carbon atom to which it is attached,
and it does not appear to affect the carbon atom to which it is not directly attached.
It appears that the methyl carbon (b) becomes available in the pool of soot precursors.
The result that the hydroxyl carbon atom (a) converts to PM at a rate that is around
56% of the level in the fuel agrees roughly with the result obtained previously for ethanol
as a single-component fuel, where the hydroxyl carbon (a) occurred in the PM at a rate
that was 54% of the level in the fuel (Chapter 6).

Turning now to the results from the diesel engine, these are shown in Figure 8.6.
It is shown that despite the two carbon atoms in the ethanol together making up 3.08%
of the carbon in the fuel, the carbon in the PM that came from the ethanol (a+Db)
was found to only constitute 0.91% of the carbon in the particulate matter collected,
that is a relative conversion rate of only 30% (PM/fuel, 0.91/3.08) (compared to 75%
in the reactor). The hydroxyl carbon (a) was found to contribute 0.24% of the PM,

corresponding to a conversion rate of 16%, whilst the methyl carbon (b) contributed
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0.60% corresponding to a conversion rate of 39%. Considering now the relative rates
at which the hydroxyl and methyl carbon atoms contributed to PM, in the engine the
relative rates were 0.4:1 for the hydroxyl carbon: methyl carbon; and in the case of the
reactor, the rate was 0.58:1. Therefore, in the engine the relative contribution of the
hydroxyl carbon atom to PM was a little lower (0.4:1) compared to that in the reactor
(0.58:1).

It is pleasing to note from Figure 8.5 that the accuracy of the method in terms of
the error associated with the measurements in both the reactor and the engine appears
to be relatively small (see error bars in Figure 8.5). Furthermore, the result of the
experiments is the same regardless of how the labelling is carried out, that is whether
the carbon atoms are labelled in turn or if both of the carbon atoms are labelled together.
For example, in the results from the reactor (Figure 8.5) show that the methyl carbon (in
ethanol-2-13C) contributed 1.53% of the carbon in the PM, while the hydroxyl carbon
(ethanol-1-13C) contributed 0.87%, which makes the sum of the two atoms as 2.4%. In
the version of the experiment where both carbon atoms were labelled simultaneously
(ethanol-1,2-13C), it was found that the total contribution to PM was 2.36%, which
considering experimental errors, is in excellent agreement with the sum of the results for
the two atoms obtained from two individual experiments. There is also agreement in the
results from the diesel engine (Figure 8.6) where with both atoms labelled simultaneously
the contribution to PM of the labelled ethanol carbon atoms was 0.91%, while the sum
of the individual carbon atom contributions to PM was 0.24% + 0.60% = 0.82%. This
is further evidence for the effectiveness of the isotope tracer technique used in this work.

In the literature, comparable work was carried out by Buchholz et al. (2002), where
14C was used to trace the overall contribution of the ethanol component of ethanol-
in-diesel blends to particulate matter emissions from a medium-duty direct-injection
compression-ignition engine. Various amounts of ethanol were blended into fossil diesel
fuel, at levels from 9% to 37% volume, with cosolvent or emulsifier added to ensure a
stable mixture between the normally immiscible ethanol and diesel fuels. It was found
for all tests that the carbon from the ethanol component was present to a lesser degree
in the PM compared to the diesel fuel. For example, in the blend of 9% (v/v) ethanol-in-
diesel, carbon from the ethanol was found to comprise 2.4 % of the overall PM, whereas
it accounted for 5.7% of the carbon mass in the fuel; that is, the mass fraction of carbon
derived from ethanol in the PM was 42% of the carbon mass fraction that ethanol
accounted for in the fuel. By comparison, the work reported in this thesis reports a
mass fraction for the PM derived from the ethanol that is only 30% of it’s mass fraction
in the fuel. In a 18% (v/v) ethanol-in-diesel blend, where ethanol contained 11.4%
of the carbon, 2.9% of the carbon in the PM was derived from the ethanol; the PM
contained a mass fraction derived from ethanol that was only 25% of the mass fraction
it accounted for in the fuel. There were also differences between cosolvent and emulsified
blends; indicating that the distribution of oxygen in the fuel - not jut its content- can

influence PM formation. Importantly, the overall conversion rate of carbon from the
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ethanol component of the fuel to PM varies depending level of ethanol in the fuel and
on the surrounding fuel blends. For example, the conversion rate from fuel carbon to
PM carbon of the 9% (v/v) mixture of ethanol-in-diesel was 42% (2.4/5.7), whereas
the in the 18% (v/v) ethanol-in-diesel mixture was 25% (2.9/11.40). In this work an
ethanol-in-heptane binary mixture was combusted in the diesel engine, and the ethanol
component was found to convert at a relative rate of 30% (0.91/3.08). It should be
noted from Figure 8.3 that the overall PM mass emissions are much lower for heptane
than for diesel.

In this work and that by Buchholz et al., it is apparent that despite the oxygen
content of the ethanol, its carbon atoms still appear to contribute a significant amount of
particulate matter, albeit at a lesser rate than the surrounding non-oxygenated heptane
or diesel fuel. As it was pointed out in Chapter 5, the apparent potential of ethanol, and
indeed larger alcohols, to form PM is likely to be a result of the formation of unsaturated

Cq and C3 fragments during combustion as a result of dehydration reactions.

8.3.3 1- or 2-propanol-in-heptane

The molecular structure of 1- and 2-propanol can be seen in Figure 8.7, and letters
have been assigned to the various carbon atoms in the two propanol isomers to aid
the description. Both 1- and 2-propanol-in-heptane blends were tested to identify the
conversions of the labelled carbon atoms to PM, in the laminar flow reactor and diesel
engine. Figure 8.8 shows the result of the tracer study carried out in the reactor.
The first thing that is noticeable is that the overall conversion of both of the propanol
isomers is suppressed with respect to the heptane component; that is, while the carbon
in the fuel from the propanol component was 4.55%, the contribution from the whole
molecules of 1- and 2-propanol to the PM was 3.47 and 3.79% respectively (Figure 8.8).
From Figure 8.8 it is apparent that the hydroxylated carbon atom is less likely to form
PM than the other two carbon atoms in both of the 1- and 2-propanol isomers. For
example, in the primary alcohol 1-propanol, the hydroxyl carbon (c) contributed 0.65%
of the PM; meaning that the hydroxyl carbon in 1-propanol converted to PM at a rate of
only 42% (i.e. 0.65/1.52). In the equivalent secondary alcohol, 2-propanol, the hydroxyl
carbon atom (e) was found to contribute 1% of the carbon of the particulate matter,
equivalent to 66% of its mass fraction in the fuel (1/1.54). It should be noted that a
similar result was obtained for the pyrolysis of 1- and 2-propanol as single-component
fuels in Chapter 6, where the carbon atom directly bonded to oxygen in the 2-propanol
converted to PM at a higher rate than the equivalent carbon atom in 1-propanol (this
is discussed further below, in Section 8.4).

The PM formed from the propanol-heptane blends in the compression ignition
engine, Figure 8.9, shows that carbon atoms in both 1- and 2-propanol form PM; overall
only about 1% of the carbon in the PM was derived from both of the propanol isomers. In
the engine, any difference between the conversion rate of the hydroxyl carbon atom from

the two propanol isomers was not discernible due to the experimental errors applicable,
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Figure 8.7: Locations of 3C label in 1-propanol-1-'3C ‘c’, 1-propanol-'*Cs ‘cdd’,

1-propanol-1,3-13C ‘dd’, 2-propanol-2-3C ‘e’, 2-propanol-'3Cs ‘eff’, and 2-propanol-
1,3-13Cy ff'.
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but the error does suggests if there is a difference it is only very small, and certainly a
much smaller difference in conversion rates than that observed for the PM generated in
the reactor.

Returning briefly to Figure 8.8 and 8.9, it can be seen that in both the reactor
and the compression ignition engine the hydroxyl carbon atom contributes less than the
methyl carbon atoms, in the case of both 1- and 2-propanol isomers. A similar result was
obtained for ethanol in the previous section of this chapter. Clearly the presence of the
C-O bond reduces the conversion rate of the hydroxyl carbon atom to PM, irrespective

of the type of combustion system or type of alcohol.



Chapter 8. Isotope tracing of labelled atoms in various molecules blended with heptane,
in a diesel engine and tube reactor 172

Flow reactor

(%) Contribution of 13C
labelled atoms to PM

Figure 8.8: The percentage composition of the PM that was derived from the labelled

carbon atoms in (a) 1-propanol-1-13C ‘c’, 1-propanol-'*C3 ‘cdd’, 1-propanol-1,3-13C*

‘dd’, and (b) 2-propanol-2-'3C ‘e’, 2-propanol-3C3 ‘eff’, or 2-propanol-1,3-13Cy* ‘ff’

blended into heptane, and formed in a tube reactor. Data shows the average 3 mea-

surements, = SD. The dotted line indicates the mass percentage of the carbon at the

labelled position in the fuel. * indicates that the value was calculated by subtraction,
and not measured individually.
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Diesel engine

(%) Contribution of 13C
labelled atoms to PM

Figure 8.9: The percentage composition of the PM that was derived from the labelled

carbon atoms in (a) 1-propanol-1-13C ‘c’; 1-propanol-'3C3 ‘cdd’, 1-propanol-1,3-13C*

‘dd’, and (b) 2-propanol-2-13C ‘e’, 2-propanol-'3C3 ‘eff’, or 2-propanol-1,3-13Cy* “ff’

blended into heptane, and formed in a compression-ignition engine. Data shows the

average of 3 measurements, + SD. The dotted line indicates the mass percentage of

the carbon at the labelled position in the fuel.* indicates that the value calculated by
subtraction, and not measured individually.
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8.3.4 Acetone-in-heptane

So far in this thesis a number of oxygenated molecules have been considered including
various alcohols and esters. In this section the pyrolysis and combustion of another
oxygenate, acetone, which contains a ketone moiety has been investigated. The results
for the pyrolysis of acetone-in-heptane blends in the flow reactor is shown in Figure 8.10.
Overall, the acetone component of the fuel accounted for 4.55% of the carbon, in the
resulting particulate from that fuel only ~3% of the carbon was derived from acetone
(labelled in acetone-'3C3 (ghh)). Relative to the acetone in the fuel (4.55%) this cor-
responds to a rate in the PM of 66%, for the whole acetone molecule. It is apparent
that the carbonyl carbon atom (g) does not convert to particulate matter. Despite the
negligible contribution from the carbonyl atom (C=0), there was a significant contri-
bution to PM from the remaining two carbon atoms (hh) in the acetone molecule. The
two methyl carbon atoms in acetone (hh) comprised 3.08% of the carbon in the fuel,
and it was calculated that the PM derived from these carbon atoms contained about the
same level (3.07%); this indicates that the two methyl carbon atoms in acetone convert
to particulate at about the same rate as the average carbon atom in heptane. For the
reactor-generated PM, the presence of oxygen in the form of a carbonyl group influences
the carbonyl carbon atom, but does not appear to have any affect on the likelihood of
the methyl carbon atoms (hh) becoming available for soot formation. However, as men-
tioned before, the presence of the double bonded oxygen atom eliminates the possibility
of the carbon which it is directly bonded to (g) becoming PM.

The results of the diesel engine tests are shown in Figure 8.11. The conversion
of the acetone component of the binary fuel mixture was found to be about 1% of the
overall PM. This corresponds to a conversion rate to PM for the whole acetone molecule
of 22% (1/4.55). Similarly to what was seen for the PM generated in the reactor, the
carbonyl carbon (g) did not contribute to the PM; whilst the methyl carbon atoms (hh)
accounted for the 1% of PM derived from the acetone component. It is suggested that
the oxygen stays attached to the neighboring carbon atom, forming CO, at which point
it is not available for participation in reactions that result in PM formation.

Comparing the diesel engine result for acetone to that for the previous section
where two propanol isomers were examined, it is seen that both of the propanol isomers
as well as the acetone contributed approximately 1% of the PM formed from the diesel
engine. Although it is difficult to isolate the influence of the physical effects of the
fuels, this result suggests that under the conditions tested here, fuel boiling point and
volatility do not significantly influence the formation of PM from the blends of acetone
and propanol; acetone has a boiling point of 56 °C, and 1-propanol boils at 137 °C.
It has been reported in the literature that more volatile multicomponent fuels have a
tendency to form soot more readily, due to the fact that the more volatile components
vaporise earlier on in the droplets lifetime, leaving the less volatile components which
vaporise more slowly (Sirignano, 1983); the vaporised fuel therefore forms a less well-

mixed fuel-rich primary zone, where soot formation may take place (Haynes and Wagner,
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Figure 8.10: The percentage composition of the PM that was derived from the la-

belled carbon atoms in acetone-2-'3C ‘g’, acetone-'3Cj3 ‘ghh’ blended into heptane, and

formed under pyrolysis conditions in the tube reactor. Data shown is the average of 3

measurements, = SD. The dotted line indicates the mass percentage of the carbon at

the labelled position in the fuel. * indicates a value calculated by subtraction, and not
measured individually.

1981).
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Diesel engine

(%) Contribution of 13C
labelled atoms to PM

Figure 8.11: The percentage composition of the PM that was derived from the labelled

carbon atoms in acetone-2-'3C, acetone-'>Cs blended into heptane, and formed in a

diesel engine. Data shown is the average of 3 measurements, + SD. An estimate of the

contribution of ‘hh’ is shown calculated by subtraction. The dotted line indicates the

mass percentage of the carbon at the labelled position in the fuel. * indicates a value
calculated by subtraction, and not measured individually.

8.3.5 Ethyl acetate-in-heptane

It was initially planned that tests would be carried out for ethyl-acetate-1-13C (with the
ester carbon atom '3C labelled) and ethyl acetate-'3Cy (with all carbon atoms labelled),
however, on the day of testing it was found that a 200 mg quantity of labelled ethyl
acetate-'>Cy had evaporated in storage. Due to the supply long lead-times on this
compound from the commercial suppliers, it was not feasible to include this compound
in the test runs. However, ethyl acetate-1-'3C was blended to 10 mole percent in heptane
and was tested and in both the flow reactor and diesel engine. It was found that the
ester carbon in ethyl acetate did not covert to PM in either system. Data for the ethyl
acetate-1-13C is not shown here, however it is available in Appendix B. The result was
in alignment with previous findings for single-component fuels presented in Chapter 6,
which showed that the ester carbon atom in ethyl acetate did not contribute to PM
under pyrolysis conditions, and in Chapter 7 where the ester carbon of methyl oleate
was also not found in the PM formed in the reactor or the NVOF fraction of PM in the

diesel engine.

8.3.6 Toluene-in-heptane

Figure 8.12 shows the result of the tracer study of the toluene-in-heptane blends carried
out in the flow reactor. The toluene component (entire molecule labelled, toluene-
13C; (jk)) comprised 10% of the carbon in the fuel, and it can be seen that carbon
atoms derived from the toluene comprised 12.5% of the PM; this means that the toluene

component is about 25% more likely to become PM that the heptane. The result that
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Figure 8.12: The percentage composition of the PM that was derived from the la-

belled carbon atoms in toluene-'3Cy, toluene-1-'2C, and toluene-phenyl-'3Cg blended

into heptane, and formed in a laminar flow reactor. Data shown is the average of 3

measurements £ SD. The dotted line indicates the mass percentage of the carbon at
the labelled position in the fuel.

toluene had a higher propensity to form PM was expected, as the higher sooting tendency
of the toluene relative to heptane has been reported previously (Ladommatos et al.,
1996). In Figure 8.12 it appears that the methyl carbon in toluene (j) contributes to
PM formation at a slightly lesser rate than the phenyl ring (k), but at about the same
rate compared to the average heptane atom, and at about the same rate as it was present
in the fuel, indicated in Figure 8.12 by a dotted line above the bar of the methyl carbon.
This result suggests that during pyrolysis demethylation of toluene occurs at least to
some extent, otherwise exactly the same rate contribution to the PM would be expected
for the methyl and phenyl ring. Therefore, the methyl carbon (j) of toluene converts
to PM at about the same rate as the alkane chain of heptane, but at a reduced rate
compared to the phenyl ring (k). It is tentatively suggested that the heptane and the
methyl carbon atoms contribute to soot by a similar mechanism involving Cy, Cs, and Cs
carbon fragments. The phenyl ring, however, may polymerise directly to PAHs retaining
its aromatic structure; indeed the literature shows that a range of Co, Cs, as well as
aromatic and polycyclic aromatic molecules are produced during shock tube pyrolysis of
toluene (Colket and Seery, 1994; Haynes and Wagner, 1981). The overall result for the
pyrolysis of toluene in the reactor is that the toluene component contributed more than
the heptane component to soot formation; and this is in alignment with the literature,
which shows that under well-controlled conditions increasing the toluene percentage in
a binary mixtures of toluene-heptane results in an increased soot yield over a wide range

of temperature conditions (Alexiou and Williams, 1995).
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Figure 8.13: The percentage composition of the PM that was derived from the labelled

carbon atoms in toluene-'3Cy, toluene-1-'2C, and toluene-phenyl-'3Cg blended into

heptane, and formed in a diesel engine. Data shown is the average of 3 measurements,

4+ SD. The dotted line indicates the mass percentage of the carbon at the labelled
position in the fuel.

In Figure 8.13 it is seen that toluene (labelled in toluene-'*Cj (jk)) overall forms
5.78% of the soot from the diesel engine, whereas toluene accounted for 10% of the carbon
in the fuel. This result implies that in the diesel engine contributes less than heptane.
Whilst it appears that toluene contributes to PM at a lower rate than heptane, which
would be a surprising result, a note of caution should be added due to the inevitable
contribution of the engine oil to the PM mass; this is applicable to all of the engine
results and is discussed below in Section 8.4. The significant finding from the engine
results is that Figure 8.13 shows that the phenyl ring (k) in toluene has an increased
propensity to form PM with respect the methyl carbon atom (j). The aromatic ring
contributes 5.62% of the PM, meaning that each of the six carbon atoms in the ring
contributes 0.94%. The methyl group, however, contributed 0.54% of the carbon in the
PM.

The above results showed that in both the reactor and in the diesel engine the
methyl carbon (j) tended to contribute to PM formation at a lower rate than the phenyl
ring (k). Research conducted by Lea-Langton et al. (2013) involved a 13C tracer study of
the pyrolysis of 9-methylphenanthrene, shown in Figure 8.14, and labelled at the methyl
carbon atom. Pyrolysis of methylphenanthrene at 800°C in a flow reactor produced
phenanthrene as the main pyrolysis product, indicating that dealkylation was indeed a
major pyrolytic reaction. In the earlier investigation that was presented in Chapter 6,
toluene was studied as a single-component fuel and it was found that there appeared to
be no discernible difference in the conversion rate to PM of the methyl carbon compared

to the phenyl ring. The difference in the two results is likely to be due to differences



Chapter 8. Isotope tracing of labelled atoms in various molecules blended with heptane,
in a diesel engine and tube reactor 179

CH,

Figure 8.14: The molecular structure of methylphenanthrene.

in the intermediate pool of species which convert to PM at different rates depending
whether they are aromatic or small carbon chains. Overall, however, it is clear that
the fate of carbon in either the methyl group or the phenyl ring in toluene is influ-
enced by differences in the overall fuel composition, and conversion rates may differ in
multicomponent mixtures compared with those in single component fuels.

It should be noted that a previous study of toluene-in-heptane blends from 10 to
50% toluene, using the same compression ignition engine, it was found that an increasing
toluene content tended to reduce the number concentration of nucleation mode particles,
and had no clear influence on the total particulate mass (Hellier et al., 2013c). It was
put forward that the this could have been due to the reduction in the overall fuel-to-air
ratio (¢) in the cylinder with increasing toluene content. Whilst this could explain the

global sooting tendency, it does not explain why heptane should preferentially form PM.

8.4 Further discussion

In this chapter, concerning the particulate matter that was generated in the diesel engine,
the engine lubricant oil inevitably would have contributed at least a small amount to the
particulate emissions. For example, Hilden and Mayer (1984) found that the lubricant
oil contributed between 7 to 14% of the particulate emissions formed from a number of
diesel engines. More recently, Buchholz et al. (2003) identified that engine oil accounted
for 4% of the PM formed in a medium-duty direct-injection diesel engine fuelled with
a biodiesel fuel. The influence of the engine oil on the isotopic measurement of the

particulate sample is as follows:

51308ample = (513Cfuel X xfuel) + (513001'1 X xoil) (86)

where the isotopic composition of the sample ((513C5ample) is influenced by the mass
fraction (z) of the PM derived from the fuel and oil components of the PM, and the
isotopic composition (§13C) of the fuel and oil.

In this work, the isotopic composition of the lubrication oil taken from the engine
sump, which had been used for several months, was measured and found to be -28.08
§13C £ 0.1. Isotopic measurement of the fresh engine oil was carried out and found to
be -27.73 §13C £ 0.1; indicating that there was not a substantial influence on the age of

the oil on the isotopic composition. The small difference in the isotopic composition of
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the fresh compared to the used oil in the engine sump is probably due to the presence
of particulate in the oil. It is known from the isotopic measurements of the PM formed
from the unenriched heptane binary mixtures that the soot in all cases was ~ -28 to
-30 §13C, (the actual measured values for each fuel is presented in Appendix B). Due
to the similarity of the isotopic compositions of the heptane component of the fuel and
the engine oil, this means that the percentage of the PM that was calculated to be
derived from the labelled atoms is still a reliable measure of the overall their percentage
composition of the overall PM. However, the carbon mass fraction of the oil in the PM
was unknown, which means that it is not possible to speculate about the conversion of the
labelled compound relative to the heptane carbon atoms. Notwithstanding the undefined
contributions of the engine oil and heptane component, the most significant result that
has been presented for the engine experiments was that the conversion rate to PM is
different for different atoms within the labelled molecule. For example, the carbonyl
carbon atom in acetone does not convert to PM during combustion, but the equivalent
hydroxyl carbon atoms in both of the propanol isomers do contribute significantly to
PM formation.

In order to show the comparative tendency of the carbon atoms that are directly
bound to the hydrozyl and carbonyl groups, the mass fraction of carbon contributed by
the tagged carbon atoms in the fuel was compared to the mass fraction of the tagged
carbon atoms in the PM. For example, in the case of the ethanol-heptane binary mixture,
the hydroxyl carbon atom accounted for 1.54% of the carbon in the fuel, the resulting
PM formed in the reactor consisted of 0.89% derived from the hydroxyl carbon atom,
the relative conversion rate was therefore 0.58 (0.89/1.54).

Figure 8.15 shows the relative conversion rate to PM of the carbon atom directly
bonded to the oxygen for all of the oxygenated molecules as tested in the flow reactor.
Firstly, it is seen that the carbonyl carbon atoms in acetone and ethyl acetate do not
convert to PM. However, significant amounts of the oxygenated carbon atom in the
alcohols (ethanol, 1-propanol and 2-propanol) were converted to the PM. For example,
the hydroxyl carbon atom in ethanol had relative conversion rate 0.57, this compares
to a rate of 0.41 and 0.64 for 1- and 2-propanol respectively. The conversion rates of
the propanol isomers broadly in agreement with that observed in Chapter 6, where 1-
propanol tested as a single-component was shown to convert at a relative rate of 0.49,
while for 2-propanol it was 0.67. In Chapter 6 the conversion rate for ethanol tested
as a single component fuel was 0.54, and here for the ethanol-in-heptane mixture the
hydrozyl carbon formed PM at a similar rate of 0.57.

Figure 8.16 shows the relative conversion rate to PM of the oxygen bound carbon
atom in the oxygenated molecules, formed in the diesel engine. Similarly to the result of
the flow reactor, the carbonyl carbon atoms in acetone and ethyl acetate are not found
in the PM formed in the diesel engine. The conversion rate of the hydrozyl carbon atom
in the pair of propanol isomers was shown to be 0.08 and 0.1 for 1- and 2-propanol

respectively. The experimental errors, indicated by the error bars in Figure 8.16, meant
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Figure 8.15: The relative conversion rates to PM formed in the flow reactor of the
hydroxyl and carbonyl carbon atoms in ethanol, 1-propanol, 2-propanol, acetone, and
ethyl acetate.

that no firm conclusions could be drawn as to whether there was a significant difference
in the conversion rates of the hydrozyl carbon atoms between the two propanol isomers.
In any case, any small difference there may be appears to be much smaller than that
observed in the reactor. An interesting result is that of the hydrozyl carbon atom in
ethanol appears to convert to PM at a higher rate of 0.24 compared to the equivalent
carbon atoms in the propanol isomers. It is suggested that the higher rate of the hydroxy
contribution to the PM for ethanol could be due to the formation of a Cy fragment
formed from the scission of the C-O bond in ethanol (Buchholz et al., 2002). It is known
that Cq species are efficient particle growth species (e.g. acetylene), the Cqo fragment
may, therefore, convert to soot at a higher rate than the fragments formed from heptane

pyrolysis, hence the comparatively higher conversion rate to PM from ethanol.

8.5 Conclusions

This chapter has dealt with expanding the isotope tracer technique, previously used with
single-component fuels, to encompass binary mixtures of fuels, and was used to identify
the contribution of a component in a mixture of molecules. The tracer technique was
successfully applied to binary mixtures of various molecules in n-heptane, and was found
to work well for the source apportionment of PM collected from the flow reactor and
compression ignition engine. A number of interesting results were obtained which sheds
light on the conversion of carbon atoms during combustion, and the most significant of

the results presented in this chapter are as follows:
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Figure 8.16: The relative conversion rates to PM formed in the diesel engine of the
hydroxyl and carbonyl carbon atoms in ethanol, 1-propanol, 2-propanol, acetone, and
ethyl acetate.

e The carbon atoms from the alcohols ethanol, 1-propanol, and 2-propanol were

found in the all form PM during the pyrolysis and combustion in a diesel engine;

e PM produced in the flow reactor showed that the methyl carbon atoms in the
alcohol molecules tended to form PM at about the same rate as the carbon atoms
of the heptane component. This indicated that at least under pyrolysis conditions
the presence of oxygen within the alcohol molecule did not directly reduce their

relative likelihood of conversion to PM;

e The hydroxyl carbon atom in alcohols on the other hand formed PM at a reduced
rate. In primary alcohols (e.g. ethanol, and 1-propanol) the PM formed in the
reactor showed that the hydroxyl carbon was converted to PM at about half the
rate of the average carbon atom in the mixture. In the reactor, the hydroxyl carbon
atom in the secondary alcohol 2-propanol was found to contribute to soot formation
at a higher rate than for the equivalent primary alcohol (1-propanol). However,
the differences between the conversion rate of the hydroxyl carbon between the
primary and secondary alcohols was less evident for the PM formed in the diesel

engine.

e The ketone group, present in acetone, was found in to completely prevent the
conversion to PM of the carbon atom it was directly bound to. This result was

consistent for the PM formed in both the reactor and diesel engine.
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e In the flow reactor, the two methyl carbon atoms in acetone formed PM at the
same rate as the average heptane carbon atom. In the diesel engine the methyl

carbon atoms also contributed significantly to PM formation.

e In the reactor, the average carbon atom in the toluene component of the toluene-
heptane mixture formed PM at a rate 25% higher than that of the carbon atoms

in the heptane component.

e The PM collected from toluene-heptane blends from both the flow reactor and
diesel engine showed that the methyl carbon in toluene converted to PM at a

lower rate compared to the phenyl ring.

Finally, as a concluding comment, it has been shown in this chapter that despite
the different conditions prevailing in the in the engine and the reactor, for example,
differences in the time available for soot formation, pressure and temperature, and so
on, similar results were obtained for the PM formed from both the flow reactor and the
diesel engine. That is, the reduced contribution from the hydroxyl group in ethanol, for
example, and the increased contribution of the phenyl ring in toluene compared to the

methyl carbon, are results that are consistent in both the tube reactor and diesel engine.



Chapter 9

Evaluating the use of
GC/C/IRMS for the

measurement of PAHs

In this final chapter of results, experimental results are presented which demonstrate
the feasibility of using carbon-13 to trace carbon atoms from fuel molecules to pyrolysis-
generated polycyclic aromatic hydrocarbons (PAHs). The purpose of this chapter is
intended as a link to future work by demonstrating the possibility of utilising '3C-
tracing and IRMS to detect other species that are relevant to combustion. This technique
could shed light on both the mechanisms of PAH formation, and also to identify which

molecules or sub-molecular groups in the fuel tend to produce the most harmful PAHs.

9.1 Introduction

The presence of PAHs in the atmosphere is principally due to the incomplete combustion
of organic fuels. PAHs and particulae matter are emitted form gasoline and to a greater
extent from diesel engines; the main factors which influence the PAH emisions from
diesel engines are: unburnt fuel PAH, and PAH pyrosynthesised from unburned fuel,
lubrication oil PAH, and PAH in engine and engine exhaust deposits (Andrews et al.,
1989). In the ambient air, low molecular weight PAHs (with two/three rings) are present
individually in the vapor phase, whilst larger PAHs (> 5 rings) are predominantly found
bound to the surface of soot particles. PAHs are considered to be carcinogenic, and the
mutagenic potential appears to depend on the identity of the PAH (Nisbet et al., 1992).
For example benzo(a)pyrene (BaP) is regarded as a particularly prolific PAH in terms
of its carcinogenic potential; one study indicated that the total carcinogenic potential
of BaP was accountable for between 51 to 64% of the total carcinogenic potential of
all PAHs in the atmospheric air. The Environmental Protection Agency (USA), lists a
number of PAH compounds that are given high-priority due to their presence in the en-

vironment and their classification as probable human carcinogens; the 16 priority PAHs
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are listed in Table 9.1. It was also discussed previously in Chapter 2 that PAHs are pre-
cursors to soot formation, and their growth by the hydrogen-abstraction/CoHs addition
(HACA) mechanism results in the formation of primary soot particles. Therefore, their
study is important to elucidate the detailed chemical mechanisms of soot formation, and
also to understand, phenomenologically, how the initial fuel influences the formation of
PAHs.

In the literature, a number of systems have been used for investigating PAH for-
mation including flow reactors (Sénchez et al., 2010, 2012a; Lea-Langton et al., 2013),
jet stirred reactors (Marr et al., 1994), and diesel engines (Williams et al., 1986; Lom-
baert et al., 2006; Tancell et al., 1995). The quantification and speciation of soot-bound
PAHs, usually carried out by GC/MS analysis, shows that both the fuel and the for-
mation conditions influences the identity and amount of PAHs extracted from the soot
surface. For example, Williams et al. (1986) investigated the relationship between the
PAH composition of various diesel fuels, and the PAHs extracted from the particulate
derived from those fuels when combusted in a compression ignition engine. Generally, it
was found that the polycyclic aromatic compounds (PACs) found in the diesel exhaust
particulate were similar to those of the fuel they were derived from, and the concentra-
tions followed the trend of engine load. Crucially, about 0.2 to 1% of the PACs with 2
to 4 rings in the fuel survived combustion and were responsible for a substantial portion
of the mutagenic compounds in the exhaust.

Sénchez et al. (2013) studied the influence of increasing inlet concentrations of
acetylene in a flow reactor at 1223 K, on the EPA PAHs (see Table 9.1) formed, and
present in both the vapor phase and bound to the particulate. This resulted in increas-
ing total concentrations of PAHs, and increasing concentrations of PAHs with 2/3 rings,
which tended to be present in the gas phase. A further study on the influence of tem-
perature in the range of 800 to 1200 °C, on the pyrolysis of acetylene showed that the
there was maximum temperature (around 1100 °C) above which lower concentrations
of PAHs were evolved from the reactor (Sanchez et al., 2010). Due to the fact that
the PAHs of interest span a range of molecular weights and boiling points (Table 9.1),
generally only the lighter PAHs (naphthalene and acenapthylene) are typically found in
the gas state, whilst the majority of the larger 16 PAHs are found bound to the surface
of the soot particles (Sdnchez et al., 2012b). In this present work only the PAHs bound
to the surface of the soot particles have been extracted and analysed.

Firstly, this chapter presents results of the GC/MS analysis of PAHs which were
extracted from particulate matter by means of solvent extraction, where the particu-
late was generated by the pyrolysis of ethane and ethylene in the tube reactor at two
temperatures, 1150 and 1250 °C. This initial work was conducted using GC/MS in or-
der to simply characterise the PAHs formed in the tube reactor, and to ensure that
using the established experimental procedures reported in the literature for sample col-
lection, soxhlet extraction, sample concentration, and GC/MS analysis were suitable

for the experimental system used in this work. Once the technique had been carried
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out successfully using GC/MS analysis, the technique was developed for GC/C/IRMS
analysis (gas chromatography combustion isotope ratio mass spectrometry). In previous
chapters of this thesis, site-specifically labelled carbon-13 atoms were traced from the
fuel to the particulate matter produced under pyrolysis conditions, and samples of PM
were analysed by EA/IRMS (elemental analysis isotope ratio mass spectrometry) which
is a bulk analysis technique that gives the average isotopic composition of the entire
sample. The GC/C/IRMS has been used to measure the isotopic signature of individual
PAHs which have been extracted from the surface of particulate into a solvent, the gas
chromatography part of the analysis is used to separate the individual PAH molecules
to that the can be measured individually by IRMS.

Previous methods have been reported for tracing '3C site-specifically labelled
PAHs (Lea-Langton et al., 2013), or deuterated PAHs (Lombaert et al., 2006) in the
fuel to PAH molecules in the resulting particulate matter, using GC/MS as the detec-
tion method. One notable advantage of using GC/MS analysis is that the mass spectrum
of the fragmented PAHs, which is an output of GC/MS analysis, may be used to deter-
mine the precise fragment of the PAH molecule in which the '3C resides. Due to the
fact that the GC/C/IRMS technique involves the combustion of each of the PAHs in
turn to COg, the measurement technique reports the isotopic composition for the whole
PAH molecule and not the individual fragments, as in GC/MS. However, the sensitivity
of the GC/MS is much lower than that of IRMS, which means that without using higher
levels of isotopic enrichment the use of GC/MS may be restricted to tracing certain com-
ponents, such as PAHs; PAHs are efficiently traced from the fuel to PM using GC/MS
principally due to their ‘survivability’ during combustion. In this chapter particulate
was generated from '3C labelled ethanol (tested as a single-component) in the flow re-
actor, and then GC/C/IRMS was used in order to detect the EPA-16 PAHs which were
extracted from the particulate into the solvent dichloromethane (DCM).

In the literature there are many different methodologies available for the GC/MS
analysis of PAHs. Despite the apparent simplicity of extending the established method-
ology for GC/MS analysis to include GC/C/IRMS, there are several differences between
the two analysis methods which could complicate the process for GC/C/IRMS. The
main difference is due to the fact that there are several additional components and fit-
tings required to interface the GC to the combustion reactor and the IRMS instrument,
which causes the broadening of the GC peaks. In practice, the peak broadening could
mean that without sufficient compound separation, there may be peak overlap between
the compounds of interest, which could could make the isotopic signature of specific
compounds difficult to resolve. The further details of the GC/MS instrument were pro-
vided in Section 3.4.3, and the principles of the GC/C/IRMS instrument is provided

below in Section 9.2.3.
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Table 9.1: Structures, names, and molecular weights of the 16-EPA-PAHs.

Molecular

Structure Name formula MW (g/mol)
Napthalene CioHg 128.19
8‘ Acenapthene Ci1oHg 152.20
Fluorene CisHig 166.23
O Phenanthrene C1sHqg 178.23
OQQ Anthracene Cl4H10 178.23
8‘0 Fluoranthene CiH1g 202.26
‘O‘e Pyrene CIGHIO 202.25
'OQ Benz(a)anthracene CigHyo 228.28
O‘OO Chrysene CisHio 228.28

‘m Benzo(b)fluoranthene CooH1o 252.32
O

h‘ Benzo(k)fluoranthene CooH1o 252.32
0
OO‘OO Benzo(a)pyrene CooH1o 252.31
O‘OO‘O Indeno(1,2,3-cd)pyrene CooH 276.32

3 &y 12 .
¢ .

OOOO Dibenzo(a,h)anthracene CooHys 278.35
880 benzo(g,h,i)perylene CooHyo 276.34
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9.2 Methods

9.2.1 Generation of particulates and sample collection

Particulate matter has been generated using the laminar flow reactor rig described in
Chapter 3. All of the experiments described in this chapter have been conducted un-
der pyrolysis conditions, using oxygen-free nitrogen as a carrier gas at a fixed rate of
20 L/min, and the vaporiser was set to 150 °C for all experiments. The samples of
particulate for GC/MS analysis were generated from ethane and ethylene at inlet con-
centrations of 5,000 ppmv. The sample of particulate collected for GC/C/IRMS analysis
was generated from ethanol pyrolysis, at an inlet concentration of 5,000 ppmv.
Samples of particulate matter were withdrawn from within the reactor tube at
300 mm from the outlet by a stainless steel sampling probe using a vacuum pump
drawing the sample gas at 5 L/min. The particulate was collected onto a glass-fiber
filter (Fisherbrand, Microfiber filter MF300) which was positioned in a quick-release filter
housing; an image of the setup used for collecting particulate onto a filter is shown in
Appendix A. At each condition about 300 mg of particulate matter sample was collected
for analysis; three filters were collected and weighed using a micro-balance, each filter
contained around 100 mg. Immediately following collection the 60 mm diameter filters
were placed in a petri dish and stored at -20 °C until they were required for soxhlet

extraction.

9.2.2 Soxhlet extraction

Soxhlet extraction is a common technique used to extract the PAHs that are bound
to the surface of soot particles into a solvent. Soxhlet extraction involves repeatedly
soaking the sample in fresh solvent, thereby avoiding transfer equilibrium from limiting
the extraction efficiency.

The filter loaded with the particulate matter sample was folded and placed into a
borosilicate glass extraction thimble (Whatman, 2814-300), and the thimble was then po-
sitioned inside the soxhlet extractor. A 250 mL volume of HPLC-grade dicholoromethane
was used as the solvent for the extraction. The extraction was carried out for 24 hours,
with a cycle time of 15 minutes (for a total of 96 cycles); this optimised method was re-
ported previously by Sanchez et al. (2013). An image of the soxhlet extraction apparatus
is shown in Appendix A.

Following soxhlet extraction the solvent containing the extracted PAHs was con-
centrated by rotary evaporation, followed by micro-concentration under a nitrogen stream

to a final volume of 5 mL.

9.2.3 GC/C/IRMS

In this work a Agilent 6890N GC was connected via a conflo IV to a Thermo Finnigan
Delta V IRMS, and was used to conduct the GC/C/IRMS analysis described in this
chapter. The first stage in the analysis is gas chromatography (GC), involving the
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Table 9.2: Chromatographic Conditions.

GC Agilent 6890N

Sampler Agilent 7683B,

Syringe (Agilent 5188-5246) 5.0 uL

Injection 1.0 pL splitless injection, 5 ng each component on column
Carrier Helium 45 cm/s, constant flow

Inlet Pulsed splitless; 300 °C, 40 psi until 0.2 min

purge flow 30 mL/min at 0.75 min

Column Agilent DB-5 Ultra Inert 30 m x 0.25 mm x 0.25 pm

Oven 55 °C (1 min) to 320 °C (25 °C/min), hold 3 min
Combustion furnace
j Fmrm—r——rm——————
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Figure 9.1: Setup of the GC-IRMS instrument.

separation of compounds based on their mobility though a chromatography column (as
described in Chapter 3); the chromatographic conditions employed in the GC for the
analysis are shown in Table 9.2. Following GC the separated sample was then passed to
the micro-combustion reactor (set to 950 °C) where the samples were in turn combusted
to CO,4 as they eluted from the GC column. Following combustion to CO, the samples
were passed to the IRMS instrument for analysis.

There are number of differences in the components that interface the GC to the
IRMS, which means that the analysis by GC/C/IRMS results in spectra which have
peak shapes that are usually broader than those by GC/MS. Depending on how well
compounds are separated by the chromatography there can be considerable overlap
between neighboring spectral peaks for GC/C/IRMS. The ‘band-broadening’ usually
occurs at components for interfacing the GC to the micro-combustion reactor and the
IRMS, where the cross-sectional area of the line increases. For example, attached to
the GC column immediately before the combustion furnace a backflush valve is usually
fitted in order to divert the solvent before the combustion furnace so to prevent the
solvent from being oxidised to CO,. Furthermore, the combustion reactor was fitted
with an alumina reactor tube with diameter of ~0.5 mm i.d., which was larger than
that of the GC column, which may also have been point where band broadening may

have occurred.
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Figure 9.2: Appearance of the soluble extract of PM formed from ethane pyrolysis at
1250 °C (left) and 1150 °C (right).

9.3 Results

9.3.1 Result and discussion of the GC/MS analysis

GC/MS analysis was carried out on the solvent extracted solution from both ethane
and ethylene at the temperatures 1150 and 1250 °C. Figure 9.2 shows the appearance of
the soxhlet extracted compounds in dichloromethane (which is otherwise colorless), as
extracted from the PM formed from ethane at 1150 and 1250 °C. Likewise, Figure 9.3
shows the GC/MS spectra for the PAHs extracted from the PM formed pyrolysis of
ethane at the two temperatures. It generally appears that at the higher temperature
of 1250 °C higher peak levels of PAHs were formed, for example, the anthracene peak
(which has a retention time of ~34 min) was ~3 times larger at 1250 than for 1150 °C.

Figure 9.4 shows GC/MS chromatograms for PAHs extracted from the PM formed
from ethylene at the two temperatures tested. It appears that in contrast to the result
from ethane, the peak PAH concentrations for the majority of PAHs detected appear to
be lower at the higher temperature of 1250 °C. For example, the abundance of anthracene
(retention time ~34 min) extracted from PM formed at a temperature of 1150 °C is twice
the level of that formed at the higher temperature of 1250 °C.

Sénchez et al. (2010) reported results regarding the PAHs formed from the pyrol-
ysis of acetylene at temperatures in the range of 800 to 1200 °C. Sanchez et al. found
that at increasing pyrolysis temperatures the amount of the smaller PAHs (smaller than
anthracene) tended to decrease with temperature, whilst the larger PAHs reached a
maximum at 1000 °C, and decreased thereafter. It was suggested by Sanchez et al. and
also Font et al. (2003) that the maximum yield of PAHs at lower temperatures may be
attributed to the competition between the formation and destruction pathways of PAHs
at low and high temperatures respectively.

Another reason for the observed decrease in PAHs at higher temperatures, is likely
to be due to the fact that at higher temperatures more of the initial fuel is converted
to soot. The higher conversion of carbon to soot means that there is, therefore, lower

concentrations of gaseous hydrocarbon species, including PAHs. In Chapter 5 particles
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formed from ethane and ethylene were characterised in terms of their size and number
distributions, formed at temperatures in the range of 1000 to 1400 °C. It was shown that
high number concentrations of small diameter nascent particles tended to be formed at
lower temperatures ~ 1100 °C, but at higher temperatures (> 2000 °C) much lower
concentrations of larger diameter agglomerated particles were formed. Therefore, due
to the particle agglomeration and higher conversion rates of fuel to PM, the particles
could overall have less surface area available for the adsorption of PAHs, and thereby
solvent extraction inevitably results in lower PAH yields. It is therefore suggested that
future work in this area, where PAHs are extracted from PM should also consider the
number and size distributions of the particulates; this is especially relevant in systems
such as a flow reactors, where the formation conditions can result in large differences in
particle morphology.

The results in this section show that lower levels of PAHs were produced from
ethylene at the higher formation temperature, and it appears that the results are in
alignment with the findings of Sanchez et al. (2010), and the logic discussed above
regarding the reduction of PAHs at higher temperatures. Ethane is known to have a
lower sooting tendency than that of ethylene, had probably not yet reached its peak
temperature for PAH formation.

The objective of this initial work was to verify the effectiveness of the established
methodology for extracting and analysing PAHs for the PM formed from the reactor.
The results have shown that well-defined chromatographic peaks of PAHs were detected
by GC/MS analysis, and that PAHs were present at concentrations that were practical
for detection, the established method required no modifications for GC/MS analysis,
and was extended to GC/C/IRMS in the following section.

9.3.2 Result and discussion of the GC/C/IRMS analysis

Figure 9.5 shows the GC/C/IRMS spectrum of a standard mix of 16 PAHs (with each
PAH at a level of 200 pug/ml) measured by GC/C/IRMS. The chromatogram shows that
there were 12 distinct peaks of roughly similar amplitude detected; indicating that some
of the PAHs that had a similar structure had eluted together. For example, two com-
pounds were likely to have coeluted in the broad peak detected at 986 seconds. Despite
the apparent overlap of some of the peaks, there was good separation for the majority
of the compounds under the GC conditions employed, for the purpose of determining
the isotopic composition of the PAHs the GC/C/IRMS spectrum (Figure 9.5) was con-
sidered to be of good quality. However, inevitably the isotopic composition of the PAHs
that coeluted would have to be reported as a group.

Figure 9.6 shows the GC/C/IRMS chromatogram of the PAHs extracted from the
PM formed form ethanol. Many of the same PAHs were detected as were present in the
standard mix (Figure 9.5), for example detectable concentrations of napthalene and an-

thracene were recovered from the PM (detected at ~ 560 and 1150 seconds respectively).
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GC/MS spectra of PAHs extracted from samples of PM collected from

the pyrolysis of ethane in the flow reactor, at (a) 1150°C and (b) 1250°C.
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Figure 9.6: GC/C/IRMS spectrum of PAHs extracted from the PM generated from
the pyrolysis of ethanol at 1150 °C.

Similarly to the chromatogram for the standard PAH mix, well-defined peaks were ob-
served that were suitable for the determination of the isotopic composition (6'3C). In
addition, it was observed that the spectrum for ethanol, and the spectra shown in the
previous section for ethane and ethylene, that the compounds detected were principally
the 16 PAHs of interest; in other words, out of the 1000s of possible polycyclic aromatic
compounds (PACs) (a class of compound that includes PAHs) which could have been
present in the PM, it was mainly the 16-PAH which were present.
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9.4 Conclusions

The main result shown in this chapter is that GC/C/IRMS appears to be a suitable
method for the isotopic analysis of combustion-generated PAHs. The spectra from both
the GC/MS and GC/C/IRMS show that many of the EPA 16-priority PAHs are present
in the particulate collected from the reactor, formed form the fuels ethane, ethylene
and ethanol. The successful application of GC/C/IRMS analysis of a standard mix of
PAHs and also combustion-generated PAHs demonstrated the feasibility of using IRMS
for determining the isotopic composition of PAHs; GC/C/IRMS could therefore be used
as a technique for efficiently carrying out isotope tracer analysis in flames or engines in
which PAHs are the compound of interest.

Additionally, the results of the GC/MS analysis ethane and ethylene appeared to
agree with the literature that there was a peak temperature for the recovery of PAHs,
above which the PAH yield reduced. Significantly, when interpreted with the results
of Chapter 5 which showed the size and number distributions of particles formed from
ethane and ethylene, it was put forward that an important factor in the recovery of
PAHs was the morphology of the particles. Therefore, it is strongly recommended that
future work carried out on PAHs recovered from PM should also seek to characterise

the size and number distributions of the PM.



Chapter 10

Conclusions

In this thesis a range of unique experimental results have been obtained that have
concerned the influence of fuel molecular structure on the formation of particulate matter
under various conditions. In this chapter the most significant findings of the thesis are
summarised, and their impact on the relevant scientific area is outlined. On the basis of

the conclusions, recommendations for future work are made.

10.1 Summary of conclusions

It was concluded in the literature review that there were relatively few examples of
the use of isotopes for the purpose of tracking specific atoms of a molecule through
combustion to particulate emissions, and the majority of those in the literature had
utilised the radioactive isotope *C. Despite the apparent usefulness of such techniques
for better understanding chemical processes during combustion, it was thought that one
of the main obstacles that had probably prevented the wider use of isotope tracing was
the lack of a cost-effective methodology.

To examine how the chemistry of a compound influences its tendency to form
particulate matter, a laminar flow tube reactor was designed and commissioned that
allowed high-temperature pyrolysis of a range of liquid and gaseous fuels up to ~1700°C
under homogenous and well-defined inlet conditions. Fuels were also tested in a modern
direct-injection compression ignition engine. The following sections outline the most

significant results that were obtained in each chapter of this thesis.

10.1.1 Influence of molecular structure on the particulate matter formed

during pyrolysis of C; to C; Fuels

In Chapter 5 a range of C; to Cs hydrocarbon and oxygenated molecules were tested in
the flow reactor in order to assess the overall propensities of the molecules to form PM.

The following noteworthy results were observed:

e (9 and Cj fuels tended to form PM under pyrolysis conditions in the order: alcohol
< alkane < alkene.
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e Increasing pyrolysis temperature in the range of 1000 to 1400°C resulted in in-

creasing particulate yield.

e Pyrolysis of the isomers 1- and 2-propanol, showed that 2-propanol tended to
yield higher particulate mass concentrations, which was particularly evident at

the higher temperatures tested; and

e Cyclopentanol, which contains a 5-member ring structure, formed significantly
higher mass concentrations of particulate matter than the corresponding straight-

chained equivalent 1-pentanol, at all temperatures tested.

e Structural isomerism, in the molecules n-butane and ¢-butane, was not found to
influence the number and size distributions or the total mass concentration of

particulate formed in the reactor.

10.1.2 The conversion of labelled carbon atoms from single-component
fuels to PM

In Chapter 6 the first results of the isotope labelling experiments were presented, and
several experiments were carried out to validate the isotope technique. Specifically, the
result for ethyl acetate showed that the outcome of the labelling experiment was the
same regardless of the presence of the C isotope. In other words, the presence of 13C
did not appear to affect the particulate forming reactions and this was confirmed by the
bonds 12C-12C, 13C-12C, or ¥C-13C behaving in the same way during high-temperature
pyrolysis. Also, the outcome of the tracing experiment was uninfluenced by the level of
I3C enrichment in the fuel, which meant that low levels of *C could be used. In addition
to the development of the technique, a number of insights into the behavior of carbon
atoms from specific localities within single-component fuel molecules was reported, and

the results included the following findings:

e Carbon atoms which were directly bound to a hydroxyl functional group were
found to have a reduced tendency to form PM compared to carbon atoms in
the alkyl chain; the discussion of the results put forward the hypothesis that the
lower particulate conversion rate was because of retention of the C—O bond, and

subsequent formation of carbon monoxide (CO).

e The contribution of the hydroxyl carbon atom to PM of a secondary alcohol was
greater than that of the hydroxyl carbon atom in the corresponding primary alco-
hols.

e The ester group in ethyl acetate prevented the formation of PM from the carbonyl

carbon atom, which was not detected in the PM.

e For toluene, it was found that the methyl carbon atom and each of the six phenyl

ring carbon atoms converted to PM at the same rate.
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10.1.3 The conversion of oleic acid and methyl oleate to particulate

matter in a flow reactor and diesel engine

In Chapter 7 a number of results were presented, including the conversion rates of specific
carbon atoms for the molecules methyl oleate and oleic acid. The labelling experiment,
which was at first applied to pyrolysis generated PM in the homogenous reactor, was
then adapted and carried out for particulate matter collected from a diesel engine. The

following conclusions were drawn:

e In the compression ignition engine, oleic acid formed a far higher total mass of
particulates compared to methyl oleate and reference diesel, and much higher
particulate number concentrations; this was attributed to the high viscosity of
oleic acid compared to that of methyl oleate, which resulted in reduced mixing of

fuel and air prior to combustion; but

e In the flow reactor under homogenous conditions, the reference diesel formed much

higher concentrations of PM by mass than either of the two oxygenated molecules.

e In both the diesel engine and the laminar flow reactor it was found that the carbonyl
carbon atom in the carboxylic acid functional group of oleic acid, and also the
carbonyl carbon atom in the ester methyl oleate, did not convert to PM during

combustion.

e Surprisingly, the double bonded carbon atoms in the oleic acid alkyl chain did not
contribute to PM at a significantly greater rate than the ‘average’ carbon atom in

the alkyl chain of the molecule during pyrolysis.

e It was showed that similar results were obtained in both the tube reactor and diesel
engine, despite the differences in the formation conditions, such as: temperature,

pressure, residence time, fuel concentration, presence of oxygen, and so on.

10.1.4 Conversion of labelled carbon atoms in binary mixtures of var-
ious hydrocarbon and oxygenate molecules in heptane

In Chapter 8 the combustion and pyrolysis of binary mixtures of various compounds
added to heptane was carried out in the flow reactor and diesel engine. A number of

notable results were obtained, as follows:

e Samples of PM collected from the pyrolysis reactor showed that for oxygenated
compounds (e.g. ethanol, the isomers of propanol, and acetone) the carbon atoms
which were not directly attached to the oxygen group tended to convert to PM at
the same rate as the heptane atoms; indicating that the presence of oxygen within
a molecule does not have an appreciable impact on the fate of neighboring carbon

atoms.
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e The carbon atoms which were directly bonded to oxygen, on the other hand,
contributed to PM formation in varying amounts, but always to a lesser degree
than carbon atoms that were not directly bonded to oxygen. In the reactor, the
hydroxyl carbon atom in primary alcohols contributed to PM to a lesser extent
than the equivalent hydroxyl carbon atoms in secondary alcohols; however, in the
diesel engine, there was no discernible difference in the contribution to PM of the

hydroxyl carbon atoms between the two isomers.

e In the toluene-heptane binary mixture, the methyl carbon atom of toluene was
shown to form PM at a lower rate than the phenyl ring carbon atoms in both the
reactor and the diesel engine. This is in contrast to the finding in Chapter 6, where
toluene was tested as a single-component fuel, indicating that complex interactions

between the fuels takes place, influencing the conversion of carbon atoms to PM.

10.2 A summary of the suitability of carbon-13 as a tracer

for combustion research

One of the main developments that this thesis has reported is the efficient application
of isotopic 13C for use as a tracer in combustion and pyrolysis processes. The use of
low levels '3C enrichment and the highly sensitive measurements by isotope ratio mass
spectrometry (IRMS), as described in this work, has opened-up the possibility of the
technique being more widely used for combustion research. Calculations to determine the
percentage conversion of the labelled component of a molecule to the particulate matter
were developed and set out in Chapter 4; and, in principle, these calculations can also
be applied to identify the relative conversion rate of any labelled reactant undergoing a
high temperature reaction, to a given product species.

It was found in this thesis that even at low levels of '3C enrichment an adequate
level of resolution was achieved for determining the percentage composition of the PM
derived from specific carbon atoms. Naturally, to improve the resolution of the mea-
surements the most obvious route would be to increase the level of *C enrichment in
the initial fuel. The level of enrichment used in this thesis was about 30 §'3C, in the
range of about -30 6'3C to about 0 §'3C, which was still in the natural abundance range,
and for measurements in the natural range of isotopic abundance the IRMS instrument
was shown to give a highly linear response. For measurements of samples with an iso-
topic composition outside the natural abundance range, this may not be the case, and
it is recommended that reference materials covering the range of measurements is used
rather than relying on extrapolation. The International Atomic Energy Agency (IAEA)
supplies the 2C isotopic standards of sodium bicarbonate ‘A’ and ‘B’ of §'3C 93.3 and
466.0 respectively, and these are recommended for use as standards if higher levels of
13C enrichment are required (http://nucleus.iaea.org/rpst/Documents/IAEA-303.pdf.
Accessed: 30/02/2015).
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Given the alternative technique and experimental results put forward in this thesis,
and the relatively small number of labelling experiments that have been reported in the
literature, there is a large potential for isotope labelling being used as a diagnostic
technique in combustion and other reactions, and could provide a fruitful new area of
research. It is expected that this work will be of value to the combustion community and
could lead to the development of better kinetic models, by providing experimental data
against which suggested chemical mechanisms could be validated. Also, in the longer
term, it is anticipated that this work will aid the design of fuels which produce less PM,
through modification of molecules to reduce conversion to soot. Some specific potential

avenues for research are specified in the following section.

10.3 Recommendations for future work

This work has opened-up a range of possibilities for deploying '3C as tracer. As it has
been discussed above, a range of functional groups including primary and secondary al-
cohols, acids, ketones, esters, and aromatics have been tested. The first recommendation
is for the testing of a number of other relevant functional groups, for instance aldehydes,
tertiary alcohols, and the influence of isomerisation (e.g, cis/trans).

The focus of the work presented here has principally been on the the formation
of particulate emissions. However the labelling technique could also be expanded to
any number of other stable intermediate or product species, for example PAHs (as
demonstrated in Chapter 9), which are of particular importance due to their mutagenic
and carcinogenic properties.

One of the areas which the '3C labelling technique could be used is to develop
group additivity based estimates of sooting tendency. In the literature group additivity
methods have been proposed to estimate the sooting tendency of single component fuels
or fuel blends (e.g. Barrientos et al., 2013; Pepiot-Desjardins et al., 2008). The group
additivity method was initially developed in order to estimate thermodynamic properties
of molecules for which data was not available (Benson and Buss, 1958), and is based
upon the division of compounds into smaller units where each unit has a numerical
contribution to the property being estimated. Clearly the '3C labelling technique, as
set out in this thesis, which shows the direct contribution of individual sub-molecular
groups, could be used to validate the theoretical basis of such models and develop further
their predictive ability. To do this a large matrix of compounds would need to be tested.
It should also be pointed out that one of the findings of this thesis was that the relative
contributions to PM of different functional groups within a molecule appear to vary,
depending on whether the molecule was consumed singly or in a binary mixture with
heptane. For example, in Chapter 8 it was found that in a binary mixture of toluene
and heptane, the methyl carbon of toluene formed comparatively less soot than the ring
structure; in Chapter 6 however, pyrolysis of toluene as a single-component showed that

the methyl carbon formed soot at an equal rate to the carbon atoms in the phenyl ring.
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This result indicates that there is likely to be complex interactions that additivity-based
models cannot currently predict, but isotope tracing could shed light on the interactions
which could then be incorporated into the models.

A further recommendation is to identify the extent of the engine oil contribution
to the PM under a range of engine running conditions. Due to the differences in the
particle size distribution and total particulate mass concentrations observed between
different fuels, it would also be of interest to explore whether the engine oil contribution
to PM is influenced by the composition of the fuel being burned. Some previous studies
on the engine oil contribution have been carried out utilising 1*C as a tracer (including,
Buchholz et al., 2003; Hilden and Mayer, 1984). There does however seem to be a
number of difficulties that might be encountered when expanding the technique to 3C.
The first point to make is that due to the fact that the contribution to PM from the oil
is generally quite small, the overall level of 13C enrichment would need to be increased in
order to achieve sufficient resolution, due to the ‘dilution’ effect of the fuel-derived PM. In
addition, due to the fact that several litres of engine oil are usually required to lubricate
the engine sump, this would require the enrichment of several litres of oil, therefore
requiring much larger volumes of costly C labelled compound than has typically been
used in this thesis. Finally, due to the diversity of the hydrocarbon molecules present in
motor oil, a molecule in the oil would have to be selected for labelling that behaves in a
way that is representative of the overall oil mixture. On balance, it is suggested that the
method put forward by Buchholz et al. (2003) which exploits the natural variation in 1*C
abundance (described in Chapter 2) is probably the most convenient and cost-effective

way to identify the extent of lubrication oil contribution to particulate emissions.

10.3.1 Claims of originality

To the best of the author’s knowledge, the flow reactor which was used for fuel pyrolysis
is thought to be of a unique design. The major advantage of using this system, compared
to a wick-fed diffusion flame for example, is that the inlet conditions and temperature
history of fuels undergoing pyrolysis were well-defined. As stated above, this is thought
to be the first time that '3C has been used as a tracer from fuel to PM in the way de-
scribed in this thesis. Furthermore, also unique are the experimental results which show
the percentage contribution to PM of individual carbon atoms in a range of molecules.
Finally, the manual injector which was designed for syringe injection of volatile binary
fuels into the IRMS elemental analyser is an original design.

To date, the work described in this thesis has resulted in the publication of three

peer-reviewed journal papers:

e A. Eveleigh; N. Ladommatos; R. Balachandran; A. Marca, Conversion of oxy-
genated and hydrocarbon molecules to particulate matter using stable isotopes as
tracers, Combustion and Flame 161 (11) (2014) 2966-2974.
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e A. Eveleigh; N. Ladommatos; P. Hellier; A-L. Jourdan, An investigation into the
conversion of specific carbon atoms in oleic acid and methyl oleate to particulate
matter in a diesel engine and laminar flow reactor, Fuel 153 (0) (2015) 604-611.

e A. Eveleigh; N. Ladommatos; R. Balachandran; Gas and Particulate Matter Prod-
ucts Formed in a Laminar Flow Reactor: Pyrolysis of Single-Component Co Fuels,

Energy Procedia, article in press.
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Figure A.1: Screenshot of the user interface used to monitor and controll the laminar
flow tube reactor (written in NI LabView).
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Figure A.2: Image of the laminar flow reactor facility.
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Figure A.3: Outlet of the flow reactor with assembly for collecting particulate matter
onto a filter.
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Figure A.5: Image of the EA-IRMS analysis equiment installed in the Bloomsbury
Environmental Isotope Facility (BEIF). Consisting of a Thermo Flash EA, 1112 series
elemental analyser, coupled to Thermo Finnigan, Delta V IRMS.
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Figure A.6: Operation of the liquid/gas ingection port, installed onto the EA-IRMS.
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Figure A.7: Setup for soxhlet extraction.
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