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� The 13C isotope has been used to trace specific carbon atoms during combustion.
� Two molecules were investigated, the biofuels oleic acid and methyl oleate.
� The double bonded C in oleic acid forms particulate at about the same rate as the average carbon atom.
� The carbonyl carbon in methyl oleate and oleic acid does not convert to particulate.
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The paper is concerned with particulate formation from the fuels oleic acid and methyl oleate. In particu-
lar the paper reports, quantitatively, the propensity of individual carbon atoms in these two molecules in
being converted to particulate. The conversion of individual carbon atoms to particulate was traced by
‘labelling’ individual carbon atoms in those two fuel molecules with isotopic carbon-13 (13C) and then
measuring how many of the labelled atoms was found in the particulate. This allowed the measuring
of the conversion rates of individual fuel carbon atoms to particulate. In the case of oleic acid, three car-
bon atoms were selected as being particularly relevant to particulate formation, and 13C labelled. One of
the carbon atoms was double bonded to the oxygen atom on the carboxylic acid group; and the other two
were part of the oleic acid molecule alkyl chain and double bonded to each other. In the case of the
methyl oleate, one carbon atom was 13C labelled. This was the carbon atom that was double bonded
to one of the oxygen atoms of the ester group. Experimental results are presented for particulate matter
(PM) formed in a laminar flow tube reactor, and also in a direct injection compression ignition engine.
The tube reactor has been used for the pyrolysis of oleic acid and methyl oleate at 1300 �C, under oxy-
gen-free conditions and at air–fuel equivalence ratios (k) of 0.1, and 0.2. Samples of PM were also col-
lected from the compression ignition engine at an intermediate engine load. Isotope ratio mass
spectrometry (IRMS) has been used to determine the relative abundance of 13C in the initial fuel and
in the resulting PM. Significant differences in the relative conversion rates of individual carbon atoms
are reported; a negligible contribution to PM from the carbon atom directly bonded to two oxygen atoms
was found in both the engine and reactor. The labelling technique used in this paper requires low quan-
tities of 13C labelled molecules to enrich otherwise unlabelled oleic acid; enrichment is at volumetric con-
centrations typically less than 0.7% (v/v). In addition, emissions data from the engine and tube reactor,
including unburned hydrocarbons, CO, CO2, NOx, and PM size and number distributions measured by dif-
ferential mobility spectrometer, are also presented.
� 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The high energy density of triacylglycerols, relative to many
other biomass sources, mean that they are a useful starting mate-
rial for conversion to fuels that can be used as petroleum diesel fuel
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Fig. 1. Structure and nomenclature of the fuels tested. Oleic acid was 13C labelled at
sites: (a) oleic acid-1-13C, and (b) oleic acid-9,10-13C. Methyl oleate was labelled in
position (c), methyl oleate-1-13C.
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alternatives. Thermal or chemical conversion processes can be
used to process triacylglycerols to yield oxygenate and hydrocar-
bon molecules. Transesterification of triacylglycerols with metha-
nol, for example, produces fatty acid methyl esters, and these can
be blended with fossil diesel fuel, or completely substitute fossil
diesel fuel in compression ignition engines. Methyl oleate is one
such methyl ester, and a number of studies indicate that the com-
bustion characteristics of methyl oleate make it suitable for use as
a diesel surrogate or blending with fossil diesel fuel [1,2]. Oleic acid
is a fatty acid 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’ [3]. Fatty acids such as oleic acid can be com-
busted in a compression ignition engine without further process-
ing, but reduce engine durability and performance with increased
injector nozzle coking and piston ring sticking due to the high vis-
cosity and poor volatility of the acids, which result in poor injec-
tion system pumping efficiency and formation of large droplets
in the injected spray. To overcome these issues fatty acids can be
processed, for example, by transesterification or pyrolysis [4]. In
the study presented here the fatty acid oleic acid, and correspond-
ing fatty acid methyl ester, methyl oleate, have been investigated
in terms of conversion to PM of specific carbon atoms within these
two fuel molecules. The difference in physical properties and com-
bustion characteristics of these fuels is also of interest to assess
whether these properties influence their conversion during
combustion.

The presence of oxygen-bearing molecules in fuel reduces tail-
pipe particulate matter emissions, and can also improve or main-
tain other regulated emissions such as NOx, CO, CO2, and
unburned hydrocarbons. Some studies show that particulate emis-
sions 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 func-
tional groups, and the molecular structure of oxygenated groups
is identified as being responsible for these differences [5–7].
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 the 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.

In the field of combustion, isotope labelling is a relatively unex-
plored diagnostic technique. The majority of studies in the litera-
ture that track a labelled component in fuel or oil to combustion
products, generally utilise the radioactive isotope carbon-14 (14C)
[5,8–17]. Ferguson in 1957, used 13C labelled propane at high levels
of enrichment to track the formation of soot from specific carbon
atoms in propane [18]. A recently reported method uses 13C as a
label to identify the relative conversion rates of specific carbon
atoms in a fuel to PM, using only low concentrations of labelled
compounds [7]. This technique can provide information into how
functional group chemistry can influence the relative probability
of a carbon atom from a specific molecular locality being converted
to particulate matter. The technique requires only low levels of 13C
enrichment, which means that previously prohibitively expensive
isotope techniques can be performed in more cost-effective man-
ner, this research required enrichment at levels less than 0.7%.
Such low levels of enrichment are detectable due to the precision
of IRMS analysis. This methodology, combined with the use of an
ultra-low volume fuel system, for direct injection compression
ignition engines, such as the type used for the research reported
here, extends further the viability and practicality of such studies.
In this paper, particulates have been generated in a laminar flow
reactor at 1300 �C, under oxygen-free conditions and at air–fuel
equivalence ratios (k) of 0.1, and 0.2, from the 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 tempera-
ture. Concurrently, exhaust particulate matter was collected from
a modern compression ignition engine during combustion of iso-
tope tagged oleic acid and methyl oleate. The results from the reac-
tor, where conditions were laminar, homogenous, steady, and well
controlled are useful for interpreting the results from the engine
where the conditions were more complex, highly turbulent, het-
erogeneous, unsteady, and less controllable. Both the chemical
and physical properties of the fuel, for 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.
2. Experimental systems and methods

2.1. 13C labelled fuels

As it was mentioned in the introduction, fuels with only very
low levels of 13C enrichment were used to carry out the experi-
ments. Methyl oleate and oleic acid, which had the natural abun-
dance of 13C (referred to as the unenriched fuel) were enriched
with small amounts of fuel that was 13C labelled at specific
molecular locations (the labelled fuel). The resulting blended fuel,
which was composed of mainly unenriched fuel and a much smal-
ler labelled component is referred to in this paper as the enriched
fuel. Fig. 1 shows the molecular locations of the 13C atom(s) in
the labelled oleic acid and methyl oleate fuels.

Unenriched oleic acid with a certified purity >99% was acquired
(Alfa Aesar, 31997), and small amounts of labelled oleic acid-1-13C,
labelled at location ‘a’ (Aldrich, 490423), or oleic acid-9,10-13C
(locations ‘b-b’)(Aldrich, 646466) was added. Likewise, unenriched
methyl oleate was obtained with certified purity >96% (Alfa Aesar,
H31358), and labelled methyl oleate-1-13C, with a purity of 99%
(Aldrich 605867) was added. GC–MS analysis of the unenriched
methyl oleate showed that the balance of the molecules (<4%) were
structurally similar to methyl oleate, such as methyl stearate.
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Molar calculations were used to find the volumetric quantities
needed to enrich the unenriched fuel by the desired amount. For
example, 110 ml of oleic acid was labelled with approximately
0.73 ml of oleic acid-1-13C (labelled at position ‘a’); 110 ml was a
sufficient quantity for both reactor and engine tests. The small vol-
umes of 13C labelled fuel were measured using a capillary piston
pipette (Gilson, CP100).

The experiments were designed in order to assess the following
molecular features in terms of their conversion to PM (see Fig. 1):

� The relative conversion rate of the carbon atom labelled in oleic
acid-1-13C, labelled ‘a’ in Fig. 1, to PM.
� The extent to which the tagged carbon atom in methyl oleate-

1-13C, ‘c’, is converted to PM, and identify whether this is differ-
ent to the conversion of ‘a’ in oleic acid.
� Assess whether the double bonded carbon atoms within oleic

acid, ‘b’, convert to PM to a greater extent than the average car-
bon atom in oleic acid.

2.2. Engine experiments

All engine experiments in which exhaust gas PM was collected
were conducted on a commercially available modern direct injec-
tion compression ignition engine, converted and instrumented to
run as a single cylinder research engine. As the 13C isotope tagging
technique utilised in this study necessarily required high assay
fuels, available in only small quantities due to their high cost,
use was made of a novel low volume fuel system. This system,
based on the concept first developed by Schönborn et al. [19], uti-
lises 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 low volume fuel
system (and engine test facility) utilised in this current work has
been described in detail by the authors previously [1]. The low vol-
ume engine 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. The low 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 for all experiments. For all engine experiments a 6-hole
solenoid valve injector (DELPHI) of orifice diameter 154 lm and
spray angle of 77� was used. Table 1 shows further details of the
research engine employed.

The engine exhaust gas composition was determined by con-
tinuous gas sampling at approximately 180 mm downstream of
the engine exhaust valves and analysed by an automotive gas
analyser system (Horiba MEXA9100 HEGR), which measured CO,
CO2, NOx, unburned hydrocarbons, and O2 in the exhaust gasses.
In addition, sub-micron size particles in the exhaust gas were
Table 1
Test engine specification.

Engine head model Ford Duratorq
Engine bottom end model Ricardo Hydra
Injectors 6-hole solenoid controlled (DELPHI

DFI 1.3)
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 Bar
Peak motoring pressure at test

conditions
43 bar

Piston design Central x-bowl in piston
Oil temperature 80 ± 2.5 �C
Water temperature 80 ± 2.5 �C
characterised using a particle size spectrometer (Cambustion
DMS 500), which gives outputs of particle size, number and mass
in real-time. Sampling of exhaust gas for particulate measurements
were made via a heated line and performed at the sampling condi-
tions described previously [1].

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 ls and 770 ls to
maintain a constant engine IMEP of 4 bar at the constant speed
of 1200 rpm.
2.2.1. Particulate sample collection
Samples of particulate matter from the engine exhaust gases for

13C isotope analysis were collected onto glass fibre filters
(Fisherbrand, Microfiber filter MF300) of 0.22 lm 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. Fig. 2 shows
the exhaust sampling arrangement in schematic form.

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 material deposited onto the filter consisted of a
non-volatile organic fraction (NVOF) and some semi-volatile mate-
rial, or volatile organic fraction (VOF). The other half of the filter
was baked at 300 �C for 4 h in a nitrogen atmosphere, in order to
remove the VOF, leaving on the filter mostly carbonaceous particu-
lates. This baked material is hereafter referred to as the non-vola-
tile organic fraction (NVOF). The samples of PM (NVOF + VOF), and
the samples containing only the NVOF were both measured in
order to compare the conversion rates of the labelled carbon atoms
to both fractions.
2.3. Laminar flow tube reactor

Fig. 3 shows a schematic representation of the laminar tube
reactor facility used in this research, which has been described in
previous work [7]. This setup consisted of a feed system for meter-
ing the introduction of fuel, air and nitrogen (components 1–7), a
Fig. 2. Schematic representation of the arrangement for particulate sample
collection from the compression ignition engine.



Fig. 3. 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 CO2 analyser. (14) PC and data acquisition.
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high temperature reactor (components 8,9), and a means of col-
lecting and analysing effluent gasses (components 10–14).

Liquid fuels were fed into the tube reactor system at a con-
trolled rate by means of a mechanical syringe pump, passing the
fuel through a stainless steel capillary into a heated vaporiser.
The flow rate of fuel into the reactor was fixed to a constant carbon
flow rate, 21,500 ppm total hydrocarbon content on a C1 basis. The
vaporiser consisted of a stainless steel tee, packed with 3 mm
borosilicate glass beads. The vaporiser and the stainless steel pipe-
work to the reactor were heated by a tape heater, which was con-
trolled by a PID controller. Vaporised fuels were entrained in a pre-
heated carrier gas, consisting of nitrogen and varying concentra-
tions of O2; gas flow rates were controlled by mass flow controllers
(Bronkhorst, EL-flow). A total flow rate of 20 L/min carrier gas was
used, with a resultant gas residence time in the reactor of �1 s. A
fast flame ionisation detector (Cambustion, HFR400) was used to
profile fuel concentration across the diameter of the reactor inlet,
following the static mixer, in order to verify inlet radial homogene-
ity. The FID response is dependent on the molecular structure of
the sample, response factors were applied to the measurements
and were obtained from reference [20].

The reactor tube was constructed of alumina and had an inter-
nal diameter of 104 mm, with an overall reactor length 1440 mm,
and a heated zone of 600 mm at the centre. The reactor was heated
by an electric oven (Nabertherm, RHTV 120–600), and all reactor
experiments reported herein were conducted at 1300 �C.

Samples of particulates were collected for isotopic analysis by
thermophoretic deposition onto a borosilicate glass plate. After
collection, the samples were transferred to borosilicate glass vials,
and immediately frozen until they were required for analysis. A
6 mm stainless steel sample tube was positioned inside the reactor
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. A non-dispersive infrared gas
analyser (Horiba AIA-120) was used to monitor CO and CO2 species
in the effluent from the reactor.
2.4. Analysis by IRMS

Elemental analysis isotope ratio mass spectroscopy (EA-IRMS)
was used to analyse the isotopic composition of the PM samples.
The experimental methodology involved IRMS analysis of both
the PM and the fuel from which the PM was derived. These mea-
surements allowed the calculation of the conversion rate of specific
carbon atoms in the fuel molecules to PM.

Prior to IRMS analysis, solid PM samples were weighed into tin
capsules, which were loaded with the equivalent of 70 lg ± 5 of
carbon in the form of PM samples or standard reference material
(weighed using Mettler Toledo, XP6 micro-balance); the capsules
were then sealed and compacted to exclude atmospheric air. For
samples that were generated in the diesel engine, particulate mat-
ter was removed from the surface of the filter using a stainless
steel spatula. A separate EA-IRMS analysis of the glass fibre filter
showed that it did not contain carbon; therefore, inclusion of glass
fibres in the tin capsule did not influence the outcome of the
analysis.

Liquid samples of fuel were collected by capillary action, using
short sections of Pyrex capillary tube (�0.5 mm internal diameter,
and �3 mm length), these were transferred to smooth wall tin cap-
sules, which were then sealed using a capsule sealing press.

Samples were introduced to an elemental analyser (Thermo
Finnigan, Flash EA, 1112 series) using an automated sample carou-
sel. Within the elemental analyser, samples were first combusted
to CO2 at 1020 �C. The resulting CO2 then passed to an online
IRMS (Thermo Finnigan, Delta V), where the relative 13C/12C ratios
were measured for the PM, fuel, and standard reference materials.
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Measurements by IRMS are relative to an international stan-
dard. For carbon analysis the most commonly referred to standard
is PDB (Pee Dee Belemnite), a marine fossil. Measurements are
reported in terms of d13C permil, as defined in Eq. (1), and PDB is
assigned zero on the d-scale. The environmental source of PDB
has depleted and therefore secondary standards that have been
calibrated against PDB are used. In this work, the standards
IAEA-CH7 (d13C �32.15), USGS 24 (d13C �16.05), IAEA-C6 (d13C
�10.80) and USGS 40 (d13C �26.39) were measured in duplicate
at the beginning and end of each batch of samples analysed. The
standard reference materials were used for the purpose of calibra-
tion and correction for instrument drift.

d13C ¼

13C
12C

� �
Sample

� 13C
12C

� �
Standard

13C
12C

� �
Standard

0
B@

1
CA� 1000 ð1Þ
2.5. Interpretation of isotopic measurements

This section summarises the methodology to provide an esti-
mate for the percentage composition of the PM derived from a par-
ticular carbon atom [7]. This methodology relies on the isotope
abundance (d13C) data measured as described above, in
Section 2.4. The isotopic composition of all native (unenriched)
and enriched fuels (d13CF), and the PM derived from these
(d13CPM) were measured. The difference in relative isotopic abun-
dance between native and enriched versions of fuel (DF) and par-
ticulate matter (DPM) was calculated first, as described in Eqs.
(2) and (3), below:

DðFÞ ¼ d13C�F � d13Cn
F ð2Þ

DðPMÞ ¼ d13C�PM � d13Cn
PM ð3Þ

The suffix F refers to a fuel sample, while the suffix PM refers to a
sample of particulate derived from the fuel. The symbol (⁄) indi-
cated that the sample had an enriched 13C concentration, while
the symbol (n) refers to the unenriched (‘native’) fuel or PM derived
from the native fuel, which contained the natural abundance of 13C
only. The parameter Dmax was then calculated, as in Eq. (4), and
represents the maximum enrichment that would be expected if
each of the carbon atoms in the labelled molecules added had been
13C labelled.

Dmax ¼
DðFÞ

nlabelled
� ntotal ð4Þ

nlabelled represents the number of labelled carbon atoms in the mole-
cule under investigation, and ntotal is the total number of carbon
Fig. 4. Diesel engine particulate matter emissions as measured by the Cambustion DMS5
mass concentration of PM.
atoms in the molecule. For example, in the case of oleic acid-
1-13C, nlabelled is 1, and ntotal is 18.

Dmax is then used to calculate the fraction of PM originating
from the labelled atoms (Flabelled), from Eq. (5):

F labelled ¼
DðPMÞ
Dmax

ð5Þ

The product of Flabelled � 100 gives the % of the PM which was
derived from the labelled carbon atoms.

3. Results and discussion

3.1. Emissions analysis

For all fuels tested, particulates formed in the tube reactor were
generally between 200 and 1000 nm in size; total mass and aver-
age particle diameter information is provided as Supplementary
data. Concentrations of CO and CO2 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 concen-
trations of CO2. For example, pyrolysis of oleic acid produced
2110 ppm of CO and 89 ppm of CO2. Comparatively low quantities
of CO2 were expected due to the conversion of carbon dioxide by a
hydrogen atom to carbon monoxide and a hydroxyl radical
(CO2 + H ? CO + OH) [21]; where the hydroxyl radical becomes
available to oxidise soot or unburned hydrocarbons.

Fig. 4 shows the size and number distribution of particulates
measured in the exhaust 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
observed for each of the fuels, with oleic acid producing signifi-
cantly greater peaks in the number of particles produced in the size
range of 10–200 nm (Fig. 4). This can probably be attributed to the
higher viscosity of the oleic acid relative to the methyl oleate and
reference fossil diesel, which results in reduced 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.

Engine emissions measurements (including CO, CO2, NOx, O2,
and THC) is provided as Supplementary data.

3.2. Results of the isotope tracer investigation

Fig. 5 shows the percentage of carbon in the PM that was derived
from the 13C labelled carbon atoms for each of the following fuels
tested in the laminar flow reactor at 1300 �C: oleic acid-1-13C
(labelled at the carboxylic acid carbon), oleic acid-9,10-13C (double
bonded carbons), and methyl oleate-1-13C (methyl ester carbon).
00 instrument; (a) particulate number and size distributions, and (b) calculated total



Fig. 5. Percentage composition of PM derived from the labelled carbon atoms in
oleic acid-1-13C (‘a’), oleic acid-9,10-13C (‘b’), and methyl oleate-1-13C (‘c’), formed
in a laminar flow reactor with varying air–fuel ratios. The result for the conversion
of the labelled atoms oleic acid-9,10-13C (‘b’) is shown on a per carbon atom basis.
Error bars show the standard deviation of 3–6 measurements.

Fig. 6. Composition of PM derived from 13C labelled carbon atoms, sampled from a
diesel engine exhaust gas. The result for the conversion of the labelled atoms oleic
acid-9,10-13C (‘b’) is shown on a per carbon atom basis. Error bars show the
standard deviation of 3–6 measurements.

Table 2
Summary of physical conditions prevailing in the laminar tube reactor and
compression ignition engine.

Tube reactor Compression ignition engine

Homogenous mixture of fuel
and air

Stratified

Fuel concentration of
21,500 ppm (C1 basis)

Overall fuel concentration of � 25,000 ppm

Conducted under pyrolytic
conditions, and k = 0.1 and
0.2

Globally lean, stoichiometric in combustion
regions, rich spray core

Temperature 1300 �C Calculated maximum global in-cylinder
temperature 1000 �C; flame temperature
�2000 �C [22]

Laminar Turbulent
Residence time �1 s Duration of combustion � 0.008 s Residence

time (fuel injection to end of exhaust
stroke) � 0.05 s

Atmospheric pressure Variable pressure, with peak pressure of �
60 bar
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The carboxyl carbon (‘a’) in oleic acid-1-13C, which is attached
to two oxygen atoms, was not found to contribute a significant
amount of carbon (determined to be 0.24%) to the PM formed dur-
ing pyrolysis; this result was the same under oxygen-free condi-
tions and with small amounts of air (k = 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. Similarly, the carbon atom in the ester group (‘c’) of methyl
oleate was also not found to any extent in the PM; only 0.07% of the
carbon in the PM was determined to have come from this carbon
atom. The result that the carbon atom directly bonded to two oxy-
gen atoms in methyl oleate did not form PM in the reactor is con-
sistent with previous work, where the equivalent carbon atom in
ethyl acetate was not converted to PM formed under similar pyro-
lytic conditions [7].

The composition of particulate matter formed from the two
double bonded carbon atoms labelled in oleic acid-9,10-13C (b–
b), is shown Fig. 5. Knowing that the oxygenated carbon atom does
not convert to PM, if each of the remaining carbon atoms converted
at an equal rate to PM, each carbon atom would contribute 5.88%. It
can be seen that the conversion of the double bonded carbon atoms
is not much 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 in the double bond remains rela-
tively unchanged (between 5.5% and 6.6%, per carbon atom) by
the quantity of oxygen available in the reactor.

Fig. 6 shows the results of the isotope tracing experiment
obtained from the diesel engine. For each molecule, results are
shown for two types of PM samples. One of them (labelled ⁄⁄,
Fig. 6) is the PM as collected, containing both volatile and non-
volatile organic fractions (VOF + NVOF); and the other (labelled ⁄,
Fig. 6) is for diesel PM, where volatile organic compounds were
baked off by means of the oven, leaving the NVOF remaining
(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 Fig. 6. The carbon atoms (a) and (c) directly bonded
to the two oxygen atoms, in the cases of both oleic acid and methyl
oleate, were not detected in the non-volatile fraction (NVOF) of the
PM formed in the engine. Small amounts (about 1 to 2% levels) of
the tracer were observed in the unbaked filters (NVOF + 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 combus-
tion of the fuel and lubricating oil. For example, a 14C labelling
investigation by Buchholz et al. studied the conversion of engine
oil to PM in a diesel engine ran with biodiesel; they found that less
than 5% of the NVOF in PM arose from the engine oil [13]. As a
result, it is expected that engine oil had only a small influence on
the calculated conversion rates of carbon atoms from the fuel to
PM.

Fig. 6 also shows that the double bonded carbon atoms (b)-(b)
in oleic acid (oleic acid-9,10-13C) were each found to constitute
about 5.5% of the PM formed in the engine; indicating that they
form soot at about the same rate as the average carbon atom of this
18 carbon atom molecule. It is interesting to note from Fig. 6 that
the conversion rate of the labelled carbon atoms to PM was
unchanged by baking the filters. This indicates that there is no
preferential incorporation of the double bonded carbon atoms into
the NVOF or VOF of the PM.



Fig. 7. (a) In-cylinder pressure and (b) apparent heat release rates of methyl oleate, oleic acid, and reference diesel at constant injection timing.

Fig. 8. Molecular structure of dibutyl maleate (DBM), labelled at sites (d), (e), and
(f).
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All of the measured d13C values and calculated parameters for
the results discussed in this section are supplied in
Supplementary data.

3.3. Influence of the formation conditions on the conversion of atoms
to PM

So far the results have shown the conversion rate to PM of 13C
labelled carbon atoms in a 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 in the double bond of
oleic acid (b)–(b) were found to constitute around 11% of PM from
both the reactor and the diesel engine. Table 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, comparable levels of the isotope tagged carbon
bonded to two oxygen atoms were found in the PM formed from
both methyl oleate and oleic acid collected from the diesel engine
(Fig. 6). This suggests soot formation from these carbon atoms to
have been insensitive to the different in-cylinder conditions pre-
sent during combustion. Fig. 7 shows the in-cylinder pressure
and apparent net heat release rate of methyl oleate, oleic acid
and the reference fossil diesel fuel. Apparent from Fig. 7b is the
higher peak heat release rate and premixed burn fraction of methyl
oleate relative to oleic acid. The dissimilar particulate profiles
observed in the cases of oleic acid and methyl oleate, shown in
Fig. 4a, further supports the suggestion that the in-cylinder condi-
tions and degree of overall fuel conversion to PM (NVOF) does not
impact on the fate of COO and C@C groups within a fuel molecule.

3.4. Conversion of carbon in the ester and carboxylic group to PM

The results of this study that the carbon atom directly bonded
to the two oxygen atoms in methyl oleate and oleic acid are signifi-
cant, and useful for determining the optimal distribution of oxygen
within in a molecule. The results presented in this paper are in
agreement with the results of Buchholz et al. who investigated
the conversion to PM of specific carbon atoms labelled with 14C
in a somewhat different molecule, dibutyl maleate (DBM), shown
in Fig. 8 [5]. 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 14C in turn and com-
busted 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. studied the combustion of DBM and tri-propylene
glycol methyl ester (TPGME), C10H22O4 [6]. They concluded that
the distribution of oxygen in TPGME, which is mainly present as
ether groups, 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 reducing PM formation,
since it could produce CO2 directly, effectively ‘wasting’ an oxygen
atom, which could otherwise be available to prevent another non-
ester carbon atom from becoming PM. Numerical simulation 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 sug-
gested 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. The experimental
results presented in this paper for oleic acid, and the results of
Buchholz et al. on DBM show that there is not a significantly
greater contribution to PM from the doubly bonded carbon atoms.

4. Conclusions

Selective labelling of carbon atoms in oleic acid and methyl ole-
ate with 13C has allowed the determination of the relative conver-
sion rates of those atoms to particulate. The high-sensitivity of
IRMS measurements make it suitable for determination of carbon
atom conversion rates, even with low concentrations of 13C enrich-
ment, and it has been shown that 13C isotope labelling can be
applied to both reactor and engine studies. The following conclu-
sions can be drawn from this study:

1. The oxygenated carbon atom in oleic acid and methyl oleate is
not found in the engine exhaust PM (despite dissimilar combus-
tion phasing), or in PM formed in the tube reactor; this indicates
that the carbon–oxygen double bond does not break during
combustion or pyrolysis, thereby preventing its conversion to
PM or its precursors.
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2. 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.

3. 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.
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