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Michael acceptors on the
structural reactivity of renewable fuels

Timothy Deehan, * Paul Hellier and Nicos Ladommatos

Expanding the use of sustainable fuels in hard to decarbonise transport vehicles utilising heavy-duty engines

is urgently required to reduce greenhouse gas emissions from sectors reliant on these engines. As biofuel

production turns to alternative sources of biomass with a differing chemical composition to fossil fuel, it is

increasingly important to understand how chemical functional groups which may be present in biomass

influence the process of combustion. Biofuels are more homogeneous in chemical composition than

fossil diesel or gasoline, which are a variety of compounds with a common range of boiling points. As

the transport industry progresses in replacing fossil volumes with renewable liquid fuels it also moves

towards fuels which are more homogeneous in chemical composition and therefore reactivity. Esters

and carbon–carbon double bonds are two common functional groups found in biodiesel and many

other classes of bioderived molecules. When adjacent to each other in a specific conformation, they are

classed as a Michael acceptor functional group which has a unique reactivity with free radicals separate

to either the ester or alkene alone and may play a key role in the low temperature reactions preceding

auto-ignition in the combustion process. In this study, the combustion and emissions characteristics of

a series of saturated and unsaturated fatty acid esters were tested as single component test fuels, to

observe how the inclusion of a Michael acceptor group in esters influences reactivity in a heavy-duty

compression ignition engine. Under constant injection duration and timing conditions, it was found that

the inclusion of the Michael acceptor in methyl non-2-enoate reduced the duration of ignition delay and

increased the IMEP relative to methyl nonanoate and methyl non-3-enoate. Conversely, the inclusion of

the Michael acceptor in C8 and C10 ethyl esters resulted in a longer duration of ignition delay and similar

observed IMEPs.
Introduction

Recognition of the devastating potential impacts of global
climate change has resulted in ambitious targets for the urgent
reduction of carbon emissions from the use of fossil fuels.
However, industries serviced by large internal combustion
engines (ICEs), such as road and marine freight, are considered
particularly difficult sectors of the economy to decarbonise.1

The European Union is pushing for advancement in replace-
ment propulsion systems for ICEs in these sectors; however,
electrication has not yet progressed meaningfully in the heavy
goods transport sector, and is still not considered a viable
technology for the marine sector which instead is incentivised
to consider biofuels.2,3 The incentivisation for expanding bio-
fuel consumption to decarbonise HGVs is lacking in Europe,
with the commission redirecting attention to RFNBOs and
RCFs.4 However, outside of Europe, for example in Indonesia,
ineering Department, Roberts Engineering

ton Place, London WC1E 7JE, UK. E-mail:

4, 8, 4168–4182
there remains a focus on biofuels, not electrication for the
freight and road transport sector.5

The development of renewable future fuels (whether
RFNBOs or biofuels) presents an opportunity to incorporate
molecular structure functionality to improve ignition quality
and the efficiency of energy release during combustion, espe-
cially as liquid products resulting from biomass conversion or
the Fischer–Tropsch process are inherently more homogeneous
in chemical structure than fractions of crude oil.6,7 The focus of
research investigating the inuence of fuel composition on
combustion in heavy-duty engines has so far been dominated by
the differences between the major vegetable oils used in bio-
diesel production,8 or seeking to replicate the physical proper-
ties of fossil diesel.9

The pathways through which fuel molecular structure
inuences combustion in larger compression ignition engines
remain an important research topic.10 The higher compression
ratios,11 greater in-cylinder pressures and slower speeds12

appreciably alter conditions relative to high-speed light-duty
automotive diesel engines and therefore there is a need to
explore the effects of fuel composition in the specic context of
heavy duty engines.13,14
This journal is © The Royal Society of Chemistry 2024
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While fuel development and production oen focuses on the
realisation of specic physicochemical properties dened by
standards such as ASTM 6751,15 for biofuels differences in
molecular structure must be considered to fully explain the
performance of certain fuels.16 For example, dimethyl ether has
received widespread attention for use in compression ignition
engines owing to its high cetane number and low particulate
emissions,17 despite DME having a lower density and signi-
cantly lower boiling point than fossil diesel.18 In this instance, the
ignition quality and potential of DME can instead be attributed to
the presence of ether linkages which accelerate the rate of low
temperature reaction kinetics towards auto-ignition.19,20

Fatty acid methyl esters were quickly adopted as drop-in
diesel fuels for their high energy density,21 miscibility with
fossil diesel,22 and similar physical properties.23 The chemical
difference between biodiesels and fossil diesel is the presence of
the ester functional group, and as this is more easily available
for fuel radical interactions than the aliphatic hydrocarbon
chain, B100 blends can exhibit higher cetane numbers than
fossil diesel, resulting in shorter durations of ignition delay.24

Further to hydrocarbon fuels, kinetic modelling and shock
tube experiments have oen focused on esters as these, along-
side ethanol, are the most widely available liquid biofuels. Early
studies oen included methyl crotonate as a simple surrogate
for the unsaturated esters found in biodiesel (albeit with
a considerably shorter alkyl moiety). Sarathy et al. (2007)25 and
Gäıl et al. (2008)26 conducted two such studies into the effect of
unsaturation on combustion chemistry, and by coincidence of
choosing methyl crotonate (methyl but-2-enoate) and methyl
butanoate as test fuels for their investigations, the studies also
compared the combustion chemistry of saturated esters to a,b-
unsaturated esters, a specic functional group which could
exhibit unique reactivity compared to a saturated ester.25 These
models improved upon previous schemes where the underlying
assumptions had been extrapolated from simple ideal hydro-
carbon models, and as further experimental data became
available these models were updated to reect new results. For
example, Fisher et al. (2000)27 presented an early model of
reaction kinetics of methyl butanoate and methyl formate
combustion, based on existing hydrocarbon models. This was
compared against available experimental data, setting the basis
of further computational kinetic studies,28 supported by gas
phase kinetic studies29 and ignition studies in shock tubes.30

Sarathy et al. (2007) studied methyl butanoate (MB) and
methyl but-2-enoate (M2B) in ame burners and jet stirred
reactors, and developed a radical reaction pathway; however,
the study did not consider radical addition to the a,b-unsatu-
rated ester (M2B).25 Gäıl et al. (2008) updated the models for MB
and M2B to include additional reaction pathways and potential
addition reactions between M2B and H, OH and HO2 radicals
were considered; however, the authors focused on discussing
the more dominant pathways of fuel consumption.26

Kinetic models continued to be updated frequently and
dependent on the reaction conditions employed, the radical
addition to a,b-unsaturated carbonyls would either be consid-
ered a dominant pathway or alternatively unimportant in ester
decomposition. This changed when Johnson et al. (2021) and Li
This journal is © The Royal Society of Chemistry 2024
et al. (2022) reviewed these models and focused on including
several potential reaction routes which were previously not
considered, specically updating themodels to better reect the
radical additions which are available to alkenes.31,32 Johnson
et al.'s main nding was that their new methyl but-2-enoate
model came signicantly closer to matching experimental
observations than the earlier work of Sarathy and Gäıl, which
was attributable to the new reactions included. Johnson et al.'s
updated model found H or O addition products to M2B to
account for 31% of the initial fuel consumption during
combustion. Li et al. comparing two structural isomers, methyl
acrylate (an a,b-unsaturated ester) and vinyl acetate, in a shock
tube found that methyl acrylate exhibited a shorter duration of
ignition delay than vinyl acetate and was signicantly more
active at lower temperatures prior to autoignition. The authors
attributed this higher reactivity to hydrogen addition reactions
to the double bond consuming the majority of fuel. Liu et al.
(2022) conducted a comprehensive investigation into the reac-
tion kinetics of abstraction and addition of methyl hex-3-enoate
by H and OH radicals.33 The authors concluded that H-addition
reactions to the C]C double bond are the dominating reaction
below 1200 K, with H abstraction dominating above 1250 K. The
OH addition to methyl hex-3-enoate was less kinetically fav-
oured than H addition, but remained the dominating reaction
over H abstraction below 900 K.33

The literature discussed so far on a,b-unsaturated esters has
focused on experiments in shock tubes, jet stirred reactors and
burners which were used to validate kinetic mechanisms;
however, only one previous study investigating the structure of
these esters in an actual engine has been reported. Zhang et al.
(2009) investigated how premixed ignition reactivity changes
with the double bond position in C9 unsaturated esters which
included methyl non-2-enoate in the test set, an a,b-unsatu-
rated ester.34 The experiments were performed in a Cooperative
Fuel Research (CFR) engine using a gasoline direct injector in
the air intake manifold to provide a homogeneous mixture to
the combustion cylinder. The fuels were tested at variable
compression ratios, starting at CR 4.43 and increasing until
signicant high temperature heat release was observed. It was
found that the fully saturated methyl nonanoate exhibited
signicantly higher reactivity in the low temperature region
than both methyl nonenoate isomers and that the C2 unsatu-
rated isomer was more reactive than the C3 isomer. Methyl
nonanoate exceeded a threshold of 80% of the maximum
possible fuel carbon conversion to CO2 at a compression ratio of
7 : 1, whilst methyl non-2-enoate (a,b-unsaturated ester)
reached this CO2 value at a CR of 8.5 : 1 and nally methyl non-
3-enoate reached this CO2 value at CR 9.5 : 1.34 The authors
concluded that regardless of any additional reaction pathways
available, the addition of an alkene in methyl nonanoate
reduced its reactivity. However, it is clear that methyl non-2-
enoate exhibited appreciably improved combustion relative to
methyl non-3-enoate, which the authors attributed to the
double bond at the more central C3 position within the alkyl
moiety reducing the number of 5 and 6 membered transition
rings which can be formed in the low-temperature branching
reactions.
Sustainable Energy Fuels, 2024, 8, 4168–4182 | 4169
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Fig. 2 1,4-Addition of a hydroxyl radical to crotonaldehyde.
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Across all literature investigating unsaturated esters where
an a,b-unsaturated ester was used in the comparative set, the
authors were unable to fully resolve the behaviour of this fuel
relative to structural isomers of the molecule. This is potentially
due to the oversight of a unique chemical reactivity exhibited by
a,b-unsaturated esters, known as the Michael reaction.35

TheMichael addition reaction is the nucleophilic addition of
a carbanion (or another nucleophile) to an a,b-unsaturated
carbonyl compound which was rst classed by Arthur Michael
in 1897.36 These two different reagents are commonly referred
to as a Michael donor (nucleophile) and Michael acceptor
(unsaturated carbonyl). Fig. 1 shows a textbook example of the
reaction. TheMichael acceptor is a specic functional structure,
but the Michael donor can be any negatively charged species
and does not require a specic structural motif.38

It is important to consider known reactions in the eld of
organic chemistry as organic radicals are an important species
in many synthetic routes and research into fuel chemistry is
inherently radical dominated organic chemistry.39

The general consensus is that the low temperature reactions
which initiate combustion proceed following a hydrogen
abstraction from an alkyl chain:11
In the case of oxygenated fuels, the initiated abstraction is
oen from an adjacent carbon to the oxygenate, owing to the
resulting lower bond dissociation energies.40–42 In the case of
unsaturated molecules there is also the potential abstraction
from the alkene carbon or additional reactions of other radical
species.43,44

Atkinson et al. (1983) in a study on atmospheric pollutant
formation investigated the reaction rates of hydroxyl radicals
with 1,4 a,b-unsaturated carbonyl compounds (which can all act
as Michael acceptors) and cyclohexane as a comparative mole-
cule.45 When these compounds react with OH radicals, they can
either undergo hydrogen abstraction of any hydrogen present in
the molecule forming water and a carbon centred radical, or it
can undergo 1,4-addition to the molecule, similar to a Michael
donor as shown in Fig. 2.46
Fig. 1 The Michael addition reaction, a conjugated addition onto an a,b

4170 | Sustainable Energy Fuels, 2024, 8, 4168–4182
Hydrogen abstraction forming water and a carbon centred
radical is the only reaction available when a hydroxyl radical
encounters cyclohexane, as this is a fully saturated cyclo-alkane.
Atkinson et al.'s investigation showed that the addition reaction
to the alkene portion at the 40 position as is typical of a Michael
addition reaction had an ∼2 to 10 times higher reaction rate
constant than hydrogen abstraction of cyclohexane. In the cases
of reaction with the 1,4 a,b-unsaturated ketones it was stated
with certainty that the reaction proceeds with the addition
reaction, but in the case of aldehydes hydrogen abstraction
from the aldehyde carbon can also proceed, with the ratio of
these two reactions not quantied.46

Considering the potential for inclusion of the Michael
acceptor functional group in the development of renewable
fuels, one example is that the 1,4 a,b-unsaturated carbonyl
could be produced by engineering the fatty acid biosynthesis
pathway in microbes.47,48 This pathway is controlled enzymati-
cally and can potentially be modied such that triglycerides or
fatty acids containing the Michael acceptor functional group
can be isolated and then converted into suitable biofuels.49

Many chemical conversions from C5 and C6 sugars have been
found which result in Michael acceptors, such as the formation
of certain acrylates, aspartic acid derivatives, itaconic acid
derivatives and levulinic acid derivatives, all of which are
considered conventional platform chemicals in lignocellulosic
biomass conversion.50

This work presents the results of engine experiments in
which the combustion and gaseous exhaust emissions of three
series of fatty acid ester molecules were investigated. The series
-unsaturated ketone.37

This journal is © The Royal Society of Chemistry 2024
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were chosen to each include a molecule which contained
a Michael acceptor functional group and could be compared to
similar molecules which did not contain this group. Relative to
previous studies of Michael acceptors, this is the rst to utilise
a modern direct injection heavy-duty compression ignition
engine with a signicantly higher compression ratio than
previous tests. These experiments were undertaken to test the
hypothesis that the inclusion of a double bond on the alpha and
beta carbons adjacent to the carbonyl in an ester group, thereby
forming a Michael acceptor, may reduce the duration of igni-
tion delay in a slow-speed compression ignition engine.

Heavy-duty engine test facility

All of the combustion experiments presented were performed in
a heavy-duty compression ignition engine which was appro-
priately modied for supplying test fuels to one of the six
cylinders while the remaining were supplied with fossil diesel to
ensure continuous engine operation. The volume of diesel
supplied per cylinder to the back cylinders (two to six) was
a much smaller volume than the amount of test fuel supplied to
cylinder one, thereby keeping the total engine load below the
maximum limit for the water-cooled Schenck Eddy Current
Dynamometer W130 which controlled engine speed.

In-cylinder pressure data was read with a Kistler type 6052C
pressure transducer installed adjacent to the cylinder one
exhaust valves. Injection timing, injection duration and cylinder
ring order were controlled by an AVL engine timing unit, timed
according to an AND signal from an Turck proximity sensor on
Fig. 3 Overview of the testing facility, showing signal flow between the c
have been omitted for clarity; each of these sends a unidirectional signal
delivered test fuel directly to cylinder 1 only. Abbreviation: pressure relie

This journal is © The Royal Society of Chemistry 2024
the camsha and a Baumer EIL580-T Optopulse cranksha
encoder with a 0.1 CAD resolution. Experimental data was
recorded in a custom LabView environment directly from the
timing unit and pressure transducer signals. Pressure data was
averaged over 100 continuous combustion cycles during each
experiment, and used to calculate the net apparent heat release
rate and in-cylinder temperatures exhibited during combustion,
using standard heat capacities and values of gamma for in-
cylinder gasses presented in Heywood (2018).51

Fig. 3 depicts the testing facility, and the divided common
rail system and low-volume fuel system used to supply the
single component test fuels to the D8k, while Table 1 provides
details of the engine specication and operating conditions.
The operation of the high-volume test fuel system remains
unchanged from that previously reported in detail by Hellier
et al. (2011)52 & Schönborn et al. (2007).53 Gaseous emissions
were measured with a Horiba MEXA 9100 HEGR, incorporating
individual instruments to analyse concentrations of each of the
CO, CO2, O2, NO and NOx. THC was measured by a Horiba FIA
Ov-04 ame ionisation detector.

Test fuels

Seven fatty acid esters were tested as pure components to
investigate the effect of including the Michael acceptor struc-
ture on compression ignition combustion and emissions. Table
2 provides an overview of these single component fuels with
a clear indication of their chemical structure and which are
considered potentially able to undergo the Michael reaction.
ontrol components. All thermocouple and pressure sensor signal lines
to the LabView controls. Shown is the high-volume fuel system which
f valve (PRV).

Sustainable Energy Fuels, 2024, 8, 4168–4182 | 4171
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Table 1 Engine Specification

Engine model Volvo D8k 320
No. of cylinders 6
Displacement 7.7 dm3

Stroke 135 mm
Bore 110 mm
Compression ratio 17.5 : 1
Firing order (where cylinder
1 is that furthest from the ywheel)

1, 4, 2, 6, 3, 5

Engine dimensions h × w × l (mm) 1004.06 × 830 × 1252.17
Combustion chamber geometry (mm)
Piston diameter 108.195 � 0.012
Con rod length 213.5
Cylinder bore 110
Crank radius 67.5
Clearance volume (mm3) 775.7
Piston bowl geometry Re-entrant design
Injection pressure 700 � 5 bar
Sha encoder 0.1 CAD resolution
Engine speed 820 � 20 rpm
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Three sets of similar molecules were used, two ethyl C8

esters, three methyl C9 esters and two ethyl C10 esters. As shown
in Table 2, each of these sets contains the Michael acceptor
equivalent molecule of the fatty acid ester (FAE) single compo-
nent fuel. The methyl C9 set further contains methyl non-3-
Table 2 Overview of the fatty acid ester test fuels, whether or not they a
physical and chemical properties which should be considered during fu
point and density data provided by the supplier, Merck. Owing to a limi
literature

Fuel (Abbreviations) Skeletal structure
Michael
acceptor

Ethyl octanoate (EtO) 7

Ethyl oct-2-enoate (EtO2) 3

Methyl nonanoate (MN) 7

Methyl non-2-enoate (MN2) 3

Methyl non-3-enoate (MN3) 7

Ethyl decanoate (ED) 7

Ethyl dec-2-enoate (ED2) 3

Reference diesel (ref. D) N/A 7

a Measured using a Brookeld III-Ultra rheometer. b Measured using an IK
by Haltermann Carless.

4172 | Sustainable Energy Fuels, 2024, 8, 4168–4182
enoate, which is a structural isomer of the Michael acceptor
fuel, but the change in double bond position from 2 to 3
prevents it from undergoing the Michael reaction.

These molecules were selected so as to test the hypothesis
that inclusion of the Michael acceptor within fatty acid esters
would have an appreciable impact on combustion. The differ-
ences between the ethyl C8 and C10 fuel sets allowed determi-
nation of the effects of fatty acid chain length on Michael
acceptor combustion behaviour. The methyl C9 fuels provide
insight into the signicance of Michael acceptor structure
compared to similar unsaturated esters.

Table 2 shows results of the viscosity and caloric tests of the
esters, both of which are key values for the understanding of
combustion and were unavailable from previous literature. Due
to limited fuel availability, the viscosity and caloric values for
methyl nonanoate were not measured.
Experimental procedure

Each of the single component ester fuels, and reference fossil
diesel, were tested in the Volvo D8k engine under identical
conditions, including a constant engine speed of 820 rpm,
constant injection pressure of 700 bar, constant injection
timing of 5.3 CAD BTDC and constant injection duration of 6.5
CAD. The injection timing of 5.3 CAD BTDC was chosen as the
re Michael acceptors, skeletal molecular structure and an overview of
el tests of the fatty acid esters and the reference diesel. Purity, boiling
ted sample size, the methyl nonanoate viscosity value come from the

?
Boiling
point (oC)

Density
(g cm−3)

Viscositya

at 50 °C (Cp)
Gross caloric
valueb (J g−1)

206–208 0.867 1.225 � 0.015 35 539.3 � 136.9

222 0.883 1.540 � 0.030 34 975.3 � 16.2

213 0.875 1.44 (ref. 54) N/A

215 0.895 1.580 � 0.020 34 568.7 � 108.9

213 0.885 1.425 � 0.025 34 370.7 � 169.0

245 0.865 1.555 � 0.035 37 230.7 � 46.0

251 0.880 1.890 � 0.030 36 732.0 � 30.8

189.9–355.5c 0.832 c 2.245 � 0.035 45 800c

A C1 bomb calorimeter. c Technical data for the reference diesel provided

This journal is © The Royal Society of Chemistry 2024
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Table 3 Experimental test conditions and key experimental results for the single component fuel tests in the D8k engine at constant injection
timing of 5.3 CAD BTDC, constant injection duration of 6.5 CAD and constant engine speed of 820 ± 20 RPM

Fuel
Michael
acceptor?

IMEP
(bar)

Ignition
delay (CAD)

Duration of
combustion (CAD)

APHRR
(J deg−1)

Timing of
APHRR (CAD)

Maximum global calculated
in-cylinder temperatures (K)

Ethyl octanoate (EtO) 7 5.05 6.4 24.9 541.7 363.5 1749.7
Ethyl oct-2-enoate (EtO2) 3 5.10 8.8 14.8 727.3 367.1 1805.3
Methyl nonanoate (MN) 7 5.06 6 25.9 417.7 362.7 1706.4
Methyl non-2-enoate (MN2) 3 5.31 5.9 25.7 450.0 362.6 1776.8
Methyl non-3-enoate (MN3) 7 5.14 8.4 17.1 800.6 366.4 1826.9
Ethyl decanoate (EtD) 7 5.59 5.5 27.1 348.2 362 1774.5
Ethyl dec-2-enoate (EtD2) 3 5.39 7.1 26.1 687.9 364 1790.9
Reference diesel 7 7.12 � 0.09 5.2 � 0.09 32.4 312.2 361.6 1896.5
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reference diesel consistently ignited at TDC in preliminary tests
verifying the nal D8k operating conditions. Table 3 summa-
rises the experimental conditions and key combustion param-
eters obtained.
Results
In-cylinder pressure and heat release rate

Fig. 4 shows the in-cylinder pressure and apparent heat release
rate of methyl nonanoate (MN), the methyl nonenoate isomers
Fig. 4 (a) In-cylinder pressure and (b) apparent heat release rates of
methyl nonanoate, methyl nonenoate isomers and reference fossil
diesel.

This journal is © The Royal Society of Chemistry 2024
(MN2 & MN3) and reference fossil diesel. Immediately apparent
is the signicantly longer duration of ignition delay and higher
peak heat release rate displayed by MN3 relative to the other test
fuels. Also readily visible is that while MN, MN2 and the refer-
ence diesel exhibit appreciable heat release in both the pre-
mixed and diffusion-controlled combustion phases (albeit less
less diffusion-controlled combustion in the case of the esters),
that of MN3 is dominated by the premixed burn phase. The
longer duration of ignition delay has a direct inuence on
combustion phasing, allowing for greater air fuel mixing prior
to the start of combustion and thus amore combustible mixture
available on autoignition, resulting in higher rates of heat
release as the fuel is consumed more rapidly.52

Visible from the heat release rates (Fig. 4) is that MN
exhibited a higher amount of diffusion-controlled combustion
relative to the unsaturated esters.

Finally, from Fig. 4 we can observe that moving the double
bond from the second to third carbon of the alkyl moiety of the
unsaturated methyl esters, from MN2 to MN3, further reduces
the extent of diffusion-controlled combustion observed.

Fig. 5 shows the in-cylinder pressure and apparent heat
release rate of ethyl octanoate (EtO), ethyl oct-2-enoate (EtO2)
and reference fossil diesel. Apparent is the larger period of
premixed combustion and lower levels of diffusion-controlled
combustion exhibited by both esters compared to reference
diesel. It can also be seen that in EtO2 inclusion of a double
bond at the 2-position led to a longer ignition delay and higher
peak heat release rate relative to the fully saturated EtO.

Fig. 6 shows the in-cylinder pressure and apparent heat
release rate of ethyl decanoate (EtD), ethyl dec-2-enoate (EtD2)
and reference fossil diesel. Readily apparent is that the majority
of heat release occurred during the premixed burn fraction in
the case of EtD2. Inclusion of a double bond at the 2-position led
to a longer ignition delay and higher peak heat release rate
relative to EtD. However, unlike the shorter saturated esters MN
and EtO (Fig. 4b and 5b), EtD displayed a similar pattern of heat
release to that exhibited by the reference diesel with a larger
diffusion-controlled phase (Fig. 4 and 5). This can be attributed
to the longer alkyl chain length and subsequently shorter igni-
tion delay allowing less time for the fuel and air to mix before
the start of combustion, further leading to a lower premixed
burn faction.
Sustainable Energy Fuels, 2024, 8, 4168–4182 | 4173
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Combustion characteristics

Fig. 7 shows the impact of the Michael acceptor chemical
structure on the duration of ignition delay in ethyl C8, methyl C9

and ethyl C10 saturated and unsaturated esters. In this gure
and all subsequent references, ignition delay is dened as the
interval between the start of the fuel injection signal supply to
the injector control system and the start of combustion as
determined from the apparent heat release rate. Additionally, in
Fig. 7 and all subsequent gures, the error bars show the
standard deviation about the mean of repeat tests of the refer-
ence diesel performed alongside theMichael acceptor and other
fatty acid ester fuel tests. The ignition delay of MN3 and EtD2

showed a slight instance of variability within the 100 consecu-
tive combustion cycles recorded and the coefficient of variance
was found to be 0.009 and 0.101 respectively. For the remaining
test fuels and reference diesel the coefficient of variance was 0.

Under the constant injection timing conditions, it is
apparent from Fig. 7 that all of the fatty acid esters tested
exhibited an ignition delay longer than that of the reference
diesel.

Fig. 7 also shows a general trend of increasing ignition delay
where a carbon-to-carbon double bond is included in the ester
alkyl moiety. However, while inclusion of the double bond at the
Fig. 5 (a) In-cylinder pressure and (b) apparent heat release rates of
ethyl octanoate, ethyl oct-2-enoate and reference fossil diesel.

Fig. 6 (a) In-cylinder pressure and (b) apparent heat release rates of
ethyl decanoate, ethyl dec-2-enoate and reference fossil diesel.

4174 | Sustainable Energy Fuels, 2024, 8, 4168–4182
2-position, creating the Michael acceptor chemical structure,
increases ignition delay in both EtO2 and EtD2, MN2 displays
a reduction in ignition delay relative to the saturated ester of
equivalent chain length (MN). Moving the double bond to the 3-
position in MN3 also leads to an increased ignition delay rela-
tive to the equivalent Michael acceptor (MN2).
Fig. 7 Ignition delays of the saturated and unsaturated esters, and
reference diesel at constant injection timing and duration.

This journal is © The Royal Society of Chemistry 2024
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Of the saturated esters, EtD exhibited the shortest duration
of ignition delay and EtO the longest; this trend is expected and
in agreement with the literature.55,56 With inclusion of the
double bond at the 2-position, this trend is still observed for the
ethyl C8 and C10 esters (Fig. 7); however, with the double bond
addition the methyl C9 ester exhibited a shorter ignition delay
than the C10 ester, an unexpected result as this is contrary to the
known trend of hydrocarbon cetane numbers increasing with
the number of –CH2 groups in aliphatic chains.57

Finally, from Fig. 7 it is clear that the fuel boiling points and
viscosities shown in Table 2 had no systematic effect on the
wide range of ignition delays observed. MN2 and MN3 present
with similar values for both physical properties, but the two
fuels exhibited ignition delays 2.5 CAD apart. This was larger
than the difference in ignition delay of 0.7 CAD exhibited
between EtO, which has the lowest boiling point and viscosity,
and EtD2, which has the highest boiling point and viscosity. It is
therefore reasonable to assume that the 40 °C difference in
boiling point between the two was an insignicant driver of the
ignition delays observed.

Fig. 8 shows the IMEP of the saturated and unsaturated
esters and reference diesel during combustion with a constant
duration of injection. It can be seen in Fig. 8 that all of the ester
fuels exhibited an IMEP lower than that of the reference diesel,
which is to be expected given the constant injection duration
and lower caloric value of the oxygenated fuels (Table 3).

MN and EtO are structural isomers of each other, both
having the chemical formula of C10H20O2. These esters both
produced approximately 5.1 bar IMEP, whilst the larger EtD
produced a 10% increase in IMEP (Fig. 8), attributed to its
higher caloric value (Table 3).

Fig. 8 also shows the impact on IMEP of introducing
a double to the ester alkyl moiety. Apparent is the slight
reduction in IMEP exhibited by EtD2 relative to EtD, likely due to
the lower caloric value of the unsaturated ester (Table 3). Also
apparent is the increase in IMEP displayed by MN2 relative to
MN, in contrast to the lower caloric value of MN2. Of further
Fig. 8 Indicated mean effective pressure (IMEP) of the saturated and
unsaturated esters, and reference diesel at constant injection timing
and duration.

This journal is © The Royal Society of Chemistry 2024
note is that the IMEP produced by MN2 is appreciably higher
than that of other esters with the same carbon count; MN, EtO,
MN3 and EtO2 all exhibit an IMEP value of 5.10± 0.05 bar, while
an IMEP of 5.31 bar was recorded in the case of MN2. MN2

notably has the highest density of the fatty acid esters tested
(Table 2), which under the test conditions of constant injection
duration and timing may result in a higher mass of fuel
entering the combustion chamber relative to the other fuels.58

However, the relative increase in both viscosity and density
between MN and MN2 is similar to the change in both proper-
ties between EtO and Et2O, and there was no observed differ-
ence in IMEP between both fuels. Additionally, the properties of
viscosity and density for all seven fatty acid esters were found to
be within a tight range relative to the reference fossil diesel
(Table 2) and so any changes in IMEP are attributable to
improved combustion efficiency.

Fig. 9 shows the peak apparent heat release rate of the
saturated and unsaturated esters tested. Is it readily apparent
that for all esters, the inclusion of an unsaturated carbon bond
results in a higher apparent peak heat release rate (APHRR)
relative to their saturated counterparts. In the case of MN2, the
observed increase in APHRR was far less pronounced than those
of Et2O, Et2D, and MN3 relative to the saturated esters. The
direct inuence ignition delay has on the energy release during
the premixed combustion phase causes the trends observed in
PHRR to closely align with the trends seen in ignition delay,
previously shown in Fig. 7. The higher APHRR of MN2 is also
noteworthy as, despite exhibiting a shorter duration of ignition
delay relative to MN, it exhibited a higher APHRR which is
counterintuitive to the well-established relationship between
increasing the duration of ignition delay and observing higher
APHRRs.51,59,60

Fig. 10a and b show the calculated maximum in-cylinder
global temperature and time at which it occurs respectively
for the fatty acid esters tested and reference diesel. It can be
seen in Fig. 10 that the maximum average cylinder temperature
increases for the fatty acid esters with the inclusion of the
Fig. 9 Peak apparent heat release rate of the saturated and unsatu-
rated esters, and reference diesel at constant injection timing and
duration. Error bars are plotted, but are visually insignificant owing to
the low variation in reference diesel tests.
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Fig. 10 Maximum average cylinder temperature (a) and timing of maximum temperature (b) of the saturated and unsaturated esters, and
reference diesel at constant injection timing and duration.

Fig. 11 Calculated duration of combustion of the saturated and
unsaturated esters, and reference diesel at constant injection timing
and duration. Error bars are plotted, but are visually insignificant owing
to the low variation in reference diesel tests.
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double bond and increases further as this double bond is
moved from the 2-position to 3-position in methyl C9 esters.
Furthermore, the timing of the maximum in-cylinder temper-
ature occurs earlier in the fatty acid esters with the inclusion of
the double bond and earlier still as the double bondmoves from
the 2-position to the 3-position in the methyl C9 esters. Also
apparent in Fig. 10a and b is that the reference diesel reached
a signicantly higher average temperature and reaches this
temperature at a later stage in combustion than the fatty acid
esters. This can be attributed to the smaller premixed burn
fraction of combustion and larger mixing-controlled phase than
the ester fuels (Fig. 4–6).

Fig. 10b shows a reverse trend in timing of maximum
temperature to that observed in the duration of ignition delay
shown in Fig. 7 and to the level of PHRR shown in Fig. 9. As
discussed in the context of Fig. 9, a longer ignition delay
resulted in a higher PHRR, which in turn would be expected to
lead to an earlier timing of the maximum average in-cylinder
temperature.61,62

Two exceptions to trends within the fatty acid esters should
be noted; the rst is that the inclusion of the double bond at the
2-position reverses the relative order of the ethyl esters when
considering the calculated maximum in-cylinder temperatures
(Fig. 10). The fully saturated decanoate ester, EtD, exhibits
a higher maximum average in-cylinder temperature than EtO;
however, following the addition of the unsaturated double bond
Et2D instead displays a lower maximum temperature than with
Et2O. For both the saturated and C2 unsaturated esters, MN and
MN2 exhibit lower maximum temperatures relative to the ethyl
esters.

The second notable exception is that the methyl esters do not
follow the trend of an earlier maximum average in-cylinder
temperature with the unsaturated ester at the 2-position;
instead, MN and MN2 reach their maximum average in-cylinder
temperature at almost the same time (±0.1 CAD).

Fig. 11 shows the duration of combustion exhibited by the
ethyl C8, ethyl C10, and methyl C9 esters and the reference
4176 | Sustainable Energy Fuels, 2024, 8, 4168–4182
diesel. The initial trend to note is that inclusion of a double
bond at the 2-position signicantly shortened the duration of
combustion in Et2O relative to EtO, whilst MN2 and EtD2 remain
close to their saturated counterparts. Moving the double bond
to the 3-position further leads to a signicantly reduced dura-
tion of combustion in MN3. It can further be seen that the three
saturated esters exhibit a similar duration of combustion and
nally it can be seen that all the ester test fuels exhibit a shorter
duration of combustion than the reference diesel.

Previously shown in Fig. 7 was the long ignition delay of MN3

and EtO2 with both autoigniting 2.4 CAD aer the respective
saturated esters. A long duration of ignition delay allows for
more of the air and fuel to be well mixed prior to autoignition.
Premixed combustion has a short duration and, therefore, the
overall combustion period reduces as the amount of premixed
combustion increases.61,63
This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Calculated in-cylinder global temperatures near TDC of the
saturated and unsaturated esters, and reference diesel at constant
injection timing and duration.
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Exhaust emissions

Fig. 12 shows the measured NOx emissions during combustion
of the three groups of fatty acid esters and reference diesel.
Readily apparent is that the NOx emissions of EtO2 and MN3 are
signicantly higher than those of the other esters and of the
reference diesel. This is to an extent an unexpected result, as
NOx emissions would typically correlate with IMEP, and MN,
MN3, EtO and EtO2 all exhibited similar IMEPs, approximately
5.1± 0.1 bar (Table 2 and Fig. 8). Fig. 13 shows the calculated in-
cylinder temperature curves for the investigated fuels, in which
EtO2 and MN3 exhibit the sharpest gradient relative to the
remaining test fuels. NOx is produced either by fuel bound
nitrogen, by prompt NOx, or by thermal NOx. Under the high
temperature conditions of ignition compression, it is most
likely the NOx formed is through oxidation of atmospheric
nitrogen and thermal in source, requiring in-cylinder temper-
atures above 1800 K, known as the Zeldovich mechanism.64 As
shown in Fig. 13, the calculated in-cylinder global temperatures
for the reference diesel, EtO2 and MN3 surpass this threshold of
1800 K, and as the remaining fuels all surpass 1600 K, it is likely
hotspots within the cylinder formed at suitable temperatures
for thermal NOx production.65

NOx production relies on the residence time and stoichi-
ometry of the hot gaseous products of combustion. NOx

production is highly time dependent and the thermochemical
kinetics ‘freeze’ during the expansion stroke when the in-
cylinder temperature and pressure decrease.65

The longer duration of combustion (Fig. 11) exhibited by the
reference diesel, large mixing-controlled burn phase (Fig. 4–6)
and higher in-cylinder temperatures (Fig. 13) relative to the
esters therefore accounts for the higher NOx emitted by the
reference diesel in comparison to the ester fuels except EtO2

and MN3.65,66

The signicantly higher NOx emissions of EtO2 and MN3

(Fig. 12) can instead be attributed to these two esters exhibiting
the longest durations of ignition delay (Fig. 7) which allowed for
greater air fuel mixing prior to autoignition. With most of the
fuel well-mixed prior to autoignition, the premixed burn phase
Fig. 12 Exhaust gas NOx emissions of the saturated and unsaturated
esters, and reference diesel at constant injection timing and duration.

This journal is © The Royal Society of Chemistry 2024
dominated the combustion process and led to a shorter dura-
tion of combustion relative to the other test fuels (Fig. 11).
Reaching a higher maximum in-cylinder temperature and
completing combustion faster than the ester fuels allows more
time for the hot gaseous combustion products to remain at high
pressure prior to freezing of NOx kinetics.67

Fig. 14 shows the unburnt hydrocarbon emissions of the
fatty acid esters and reference diesel. Apparent are the high
levels of THC emitted by EtO2 and MN3, which is attributable to
the long ignition delay and large premixed burn phase of both
esters. A long ignition delay allows for greater air fuel mixing,
over-diluting the fuel spray fringe, and creating areas in the
chamber which are too lean to auto-ignite or support a self-
propagating ame, increasing the amount of unreacted and
partially reacted fuel.68

Also apparent is the effect of including a double bond in the
alkyl chain which resulted in higher observed THC emissions
Fig. 14 Exhaust gas unburnt hydrocarbon emissions of the saturated
and unsaturated esters, and reference diesel at constant injection
timing and duration.

Sustainable Energy Fuels, 2024, 8, 4168–4182 | 4177
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Fig. 16 Exhaust gas CO2 emissions of the saturated and unsaturated
esters, and reference diesel at constant injection timing and duration.
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for each of these esters; this is in agreement with higher THC
emissions observed from esters with increased olenic content
or a longer duration of ignition delay which both can increase
the amount of unreacted fuel.62,69 Higher THC emissions were
also measured from MN2 relative to MN, despite MN2 not
exhibiting a longer duration of ignition delay (Fig. 7).

Fig. 15 shows the CO emissions of the fatty acid esters and
reference diesel. Apparent is the signicantly higher emissions
of EtO2 and MN3, both of which also exhibited increased
unburnt hydrocarbon emissions (Fig. 14). As discussed previ-
ously, the long ignition delay can lead to areas of air fuel
mixture which are too lean to support a self-propagating ame.
As with THC emissions, the inclusion of a double bond in the
ethyl C8, ethyl C10 and methyl C9 esters led to increased CO
emissions. Also apparent is the lower CO emitted by the refer-
ence diesel relative to the esters.

Fig. 16 shows the CO2 emissions of the ethyl octanoate, ethyl
decanoate, and methyl nonanoate esters and reference diesel.
Apparent is the lower CO2 emitted by the esters investigated
relative to the reference diesel. All of the test fuels were injected
for the same duration (Table 3), therefore the lower CO2

produced by the esters can be attributed to the lower carbon
content by mass resulting from the esters' oxygen content. By
molecular weight, the reference fossil diesel has a carbon
content of 86.7%, while the carbon content of the esters is
approximately 70%, e.g. EtO and MN contain 69.7% and EtD2

contains 72.7% carbon. The esters therefore contain 16–20%
less carbon by mass, which closely aligns with the observation
of the esters emitting 18–24% less CO2.
Impact of the Michael acceptor group
on combustion

It is clear from the results discussed in Sections 2.1 to 2.3 that
MN2, a Michael acceptor molecule, exhibits similar combustion
phasing (Fig. 4) and levels of exhaust emission species to its
saturated analogue, MN. In particular, it has a slightly reduced
Fig. 15 Exhaust gas CO emissions of the saturated and unsaturated
esters, and reference diesel at constant injection timing and duration.
Error bars are plotted, but are visually insignificant owing to the low
variation in reference diesel tests.

4178 | Sustainable Energy Fuels, 2024, 8, 4168–4182
ignition delay (Fig. 7), which correlates with the expectation of
radical addition to the double bond outpacing H-abstraction.
To further investigate the unique potential of the Michael
acceptor functional group within target fuel molecules, a struc-
tural isomer of MN2 was also investigated, MN3, which is unable
to undergo Michael addition. As a single component fuel MN3

exhibits a signicantly longer ignition delay than MN2, which
supports the hypothesis that radical addition to the Michael
acceptor in MN2 is taking place and is important during low
temperature kinetics.

Previous work by Zhang et al.34 investigated the ratio between
the low temperature and high temperature heat release for the
same methyl C9 esters investigated within this work. The test
fuels were tested in a CFR engine, at increasing compression
ratios until signicant high temperature heat release was
observed, starting at a CR of 4.43 up to a CR of 9.5. They found
that MN was far more reactive than MN2 in the low temperature
region. In the work presented here, MN and MN2 are observed
to exhibit similar heat release rates (Fig. 4) and MN2 exhibits
a shorter ignition delay than MN (Fig. 7) indicating higher
reactivity. These results observed in the D8k engine can be
attributed to the signicantly different experimental set up, and
higher compression ratio of 17.5, which is more applicable to
current engine designs, indicating that the Michael acceptor
radical addition route is important to consider in practical
diesel engines.

Also clear from the engine tests is that the ethyl C8 and C10

ester test fuels do not follow the same trend with structure as
seen in the methyl C9 esters. In both cases the Michael acceptor
molecules EtO2 and EtD2 do not exhibit clear similarities rela-
tive to the equivalent structural esters as shown between MN
and MN2. Of particular note is that EtO and MN are structural
isomers, as are EtO2 and MN2, therefore differences observed in
combustion characteristics must result from structural isom-
erism. It is suggested that this difference in reactivity can be
attributed to a unimolecular decomposition reaction unique to
fatty acid esters with alcohol moieties longer than one carbon.
Shown in Fig. 17, this reaction has a low activation energy.
Studies by Li et al.70 and Bennadji et al.29 have shown that during
This journal is © The Royal Society of Chemistry 2024
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Fig. 17 Ethyl ester undergoing unimolecular decomposition forming a free fatty acid and ethylene.
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the combustion of fatty acid ethyl esters, 98% of fuel molecule
decomposition is initiated by this reaction.

In the case of the unsaturated ethyl esters, it is expected that
they will undergo unimolecular decomposition before any
potential Michael addition can occur, as intramolecular reac-
tions generally occur faster than intermolecular reactions.
Following unimolecular decomposition, the remaining mole-
cule is an unsaturated carboxylic acid. The carboxylic acid group
is signicantly less electron withdrawing than an ester group
and reduces the reactivity of the unsaturated carbonyl, making
the Michael reaction unlikely to occur.71

Further to the lower Michael acceptor reactivity, Namysl
et al.72 have shown that H-abstraction in carboxylic acids pref-
erably proceeds at the C2 position, which in an alpha beta
unsaturated carboxylic acid comprises the unsaturated hydro-
gens which have a higher bond dissociation enthalpy than
saturated positions. As an unsaturated carboxylic acid, oct-2-
enoic acid would now be expected to exhibit poor combustion.57

As with EtO2, the breakdown of EtD2 will initiate via the
unimolecular decomposition reaction. In the observed rates of
heat release and exhaust emissions EtD2 compared to EtD
exhibits poorer performance, with a longer ignition delay,
higher PHRR, higher CO and lower IMEP than its saturated
counterpart. However, the differences observed between EtD
and EtD2 are not as signicant as with EtO and EtO2, which can
be attributed to the longer carbon chain in the fatty acid moiety
of the fatty acid ester. Following unimolecular decomposition
EtD2 produces dec-2-enoic acid which allows an increased
number of six- or seven-member transition state rings to form
relative to oct-2-enoic acid. These transition state rings are a key
feature of the low temperature reactions leading to autoignition
and their ability to form directly correlates with fuel perfor-
mance. Increasing alkyl chain length is known to reduce igni-
tion delay, so it is expected that the unsaturated carboxylic acid
with a longer alkyl chain would ignite more easily despite the
poor reactivity of carboxylic acids.57,73
Conclusions

This study investigated the potential differences in combustion
caused by the presence of a,b-unsaturated carbonyls (Michael
acceptors) within an ester fuel as this chemical structure could
provide a unique reaction pathway and shorten the ignition
delay.
This journal is © The Royal Society of Chemistry 2024
� In methyl nonanoate inclusion of an alpha beta unsatu-
rated carbon bond, a Michael acceptor, to form methyl non-2-
enoate leads to a reduced ignition delay and higher IMEP
relative to methyl nonanoate. This agrees with the proposed
hypothesis that structures which facilitate radical addition to
fuel molecules could reduce ignition delay.

� Movement of the double bond to form methyl non-3-enote
frommethyl non-2-enoate leads to a longer ignition delay, lower
IMEP and an increase in undesirable NOx and CO emissions,
indicating that the Michael acceptor present in methyl non-2-
enoate improved low temperature reactivity relative to unsatu-
rated esters without Michael acceptor reactivity.

� In ethyl octanoate inclusion of an alpha beta unsaturated
carbon bond to form ethyl oct-2-enoate leads to a signicant
increase in ignition delay and emissions of NOx and CO. Like-
wise, the inclusion of the alpha beta unsaturated carbon bond
in ethyl decanoate to form ethyl dec-2-enoate led to a longer
ignition delay and increased pollutant emissions, but to a lesser
extent than observed for ethyl octanoate esters.

� The increased ignition delay and poorer performance as
a single component fuel of the ethyl ester Michael acceptors can
be attributed to the rapid decomposition of the fuel from an
unsaturated ester to a less reactive unsaturated carboxylic acid
which is unable to undergo Michael acceptor reactions.

In this study of Michael acceptor fuel reactivity, it has been
demonstrated clearly that minor changes in chemical structure
can result in signicant changes in fuel reactivity and
combustion proles in heavy-duty compression ignition
engines. Such internal combustion engines as the D8k, or
larger, will continue to service the road freight and marine
sector for the foreseeable future, necessitating a better under-
standing of fuel molecular structure. This work also demon-
strated the potential detailed chemical reactivity when choosing
specic features in fuel. This has the potential to aid in the
design of biofuels and renewable fuel with improved fuel
properties such as higher ignition quality.

A limitation of the work is the small sample size, as the
Michael acceptor could not be tested in an additional set of
methyl esters. It is likely further ethyl esters would reect the
same result found here, that the unimolecular decomposition
will continue to outpace any available radical intermolecular
radical reactions. However, by studying the ethyl esters it has
been made clear how intramolecular synergies can inuence
combustion in complex real world fuel molecules.
Sustainable Energy Fuels, 2024, 8, 4168–4182 | 4179
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Abbreviations
AHRR
4180 | Sustainable
Apparent heat release rate

ATDC
 Aer top dead centre

BTDC
 Before top dead centre

CAD
 Crank angle degree

CFR engine
 Cooperative fuel research engine

CO
 Carbon monoxide

CO2
 Carbon dioxide

CR
 Common rail

C-SOC
 Constant start of combustion

CX (X = any
number)
The carbon at position ‘X’ according to IUPAC
convention
D8k
 Volvo D8k engine

DAQ
 Data acquisition

Dyno
 Dynamometer

EtD
 Ethyl decanoate

EtD2
 Ethyl dec-2-enoate

EtO
 Ethyl octanoate

EtO2
 Ethyl oct-2-enoate

FAE
 Faty acid ester

FAME
 Fatty acid methyl ester

GHG
 Greenhouse gas

ID
 Ignition delay

IMEP
 Indicated mean effective pressure

MN
 Methyl nonanoate

MN2
 Methyl non-2-enoate

MN3
 Methyl non-3-enoate

NO
 Nitrogen monoxide

NO2
 Nitrogen dioxide

NOx
 Nitrogen oxides

O2
 Oxygen

PHRR
 Peak heat release rate

PRV
 Pressure relief valve

PS
 Pressure sensor

Ref. D
 Reference diesel

rpm
 Revolutions per minute

SOC
 Start of combustion

THC/UHC
 Unburnt hydrocarbons
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