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A B S T R A C T

Lignocellulosic materials have been identified as potential carbon–neutral sources of sustainable power pro-
duction. Catalytic conversion of lignocellulosic biomass results in liquid fuels with a variety of aromatic mo-
lecules. This paper investigates the combustion characteristics and exhaust emissions of a series of alkylben-
zenes, of varying number of methyl branches on the monocyclic aromatic ring, when combusted in a direct
injection, single cylinder, compression-ignition engine. In addition, benzaldehyde (an aldehyde (-CHO) branch
on the monocyclic ring) was also tested. All the molecules were blended with heptane in different proportions,
up to 60% wt/wt. The tests were conducted at a constant engine speed of 1200 rpm, a fixed engine load 4 bar
IMEP, and at two injection modes: constant start of fuel injection at 10 CAD BTDC, and varying fuel injection
timing to maintain constant start of fuel combustion at TDC.

The results showed that the ignition delay period increased with increasing number of methyl branches on the
ring, due to the rapid consumption of OH radicals by the alkylbenzenes for oxidation to stable benzyl radicals.
Peak heat release rates, and concurrently NOx emissions, initially increased with increasing methyl branches,
but subsequently both decreased as the bulk of heat release occurred further into the expansion stroke with
significant thermal energy losses. With the exception of toluene, the number of particles in the engine exhaust
increased as the number of methyl branches on the aromatic ring increased, attributable to the formation of
thermally stable benzyl radicals.

1. Introduction

There is international consensus on the adverse changes in global
climate arising from anthropogenic emissions of carbon (CO2, CH4,
particulates) from fossil fuel source [1,2]. This concern has resulted in
legislative targets in many countries for the use of renewable alter-
natives in road transport fuels [3–5]. However, there is growing unease
regarding the use of fuels primarily derived from food crops. For ex-
ample, ethanol from of sugar fermentation and fatty acid esters (bio-
diesel) from vegetable oils may not offer significant reductions in GHG
emissions when considering the entirety of the fuel production lifecycle
and the arising changes in land-use [6–8]. At the same time, there is
growing public concern about the adverse health effects of engine ex-
haust pollutants such as NOx and PM, reflected in the increasingly strict
vehicle emissions standards and plans to ban diesel vehicles from major
cities [9,10]. Therefore, there is a need to develop future fuels from
sustainable non-food crop sources, which also produce lower toxic
pollutant emissions.

Current renewable fuels for both spark ignition and diesel engines,

predominantly bioethanol and fatty acid methyl esters (biodiesel) re-
spectively, are acyclic and do not contain aromatic or cyclic con-
stituents commonly found in liquid fossil fuels. Cyclic molecules are
considered to be desirable as fuels for spark ignition engines as they
generally exhibit high knock resistance [11]. Additionally, the higher
energy density of aromatic molecules, relative to oxygenated acyclic
molecules typical of current biofuels, also encourages their utilisation in
fuel blends for diesel engines. For example, toluene, which is a cyclic
aromatic, has a heating value of 40.60MJ/kg [12], while that of methyl
oleate, a common component of current biodiesel, is lower at 37.42MJ/
kg [13].

An alternative to the manufacture of fuels from feedstocks which are
also suitable for food production, is to derive these fuels from associated
crop residue material [14,15]. Such materials, which might otherwise
be considered a waste-stream, often consist primarily of lignocellulosic
biomass, comprising of lignin, cellulose and hemi-cellulose. Catalytic
reformation processes, such as Fisher Tropsch, require the cleaving of
all carbon to carbon bonds present in the biomass through the input of
additional energy [16], and can yield a range of aliphatic molecules.
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Alternatively, the large polymers that make up lignin, cellulose and
hemi-cellulose can also be converted to monomer units through the
selective cleaving of specific targeted carbon to carbon bonds and
carbon to oxygen bonds, which can be relatively less energy intensive
[16,17].

Thring et al. [18] reported the conversion of lignin, over a zeolite
catalyst in a fixed bed reactor, to gaseous and liquid products at tem-
peratures between 500 °C to 650 °C with total yields of between 50%
wt/wt to 85% wt/wt. Of this, the liquid fraction comprised approxi-
mately 80% wt/wt aromatic molecules consisting of benzene, toluene
and xylene. As reaction temperatures were increased, the proportion of
xylene present in the liquid fraction decreased while that of benzene
and toluene increased. More recently, Zhang et al. [19] produced a
mixture of benzene, toluene and xylene from the catalytic pyrolysis of
sawdust mixed with a zeolite catalyst at temperatures between 450 °C
and 600 °C. Similar to the observations of Thring et al. [18], it was
found that increasing temperatures resulted in a reduction in the pre-
sence of methyl branches on the aromatic molecules, reducing the
proportion of xylene present with a concurrent increase in levels of both
toluene and benzene. Yan et al. [20] explored the conversion of duck-
weed (an aquatic plant which doubles in mass through growth every
24 h) to a crude liquid bio-oil via hydrothermal liquefaction, which
consisted mostly of alkyl benzenes (toluene and benzene) and alkyl
naphthalenes.

While benzene exhibits a higher cetane number than toluene (14.3
versus∼ 0 [21]), it is the latter which as a primary reference fuel has
been more frequently tested as a blend component in diesel engines.
Hellier et al. [22] tested a range of binary mixtures of toluene and n-
heptane in a direct injection compression ignition engine at toluene
levels of up to 52.2% and found an increase in the duration of ignition
delay with toluene level being the primary driver of NOx levels in the
exhaust. The addition of further methyl branches to aromatic and cyclic
molecules has not been widely considered in the context of compression
ignition, however, Baumgardner et al. [23] investigated the effects of
blending various phenols potentially derived from biomass at either 2%
or 5% with a reference fossil diesel. It was found that the addition of a
further methyl branch to p-cresol to form 2,4-dimethylphenol resulted
in a later time of peak heat release rate at constant injection timing
when blended at 2% with reference fossil diesel and increased PM10
emissions at 50% and 75% load conditions. In addition, several re-
searchers have observed an increase in sooting tendency (or threshold
sooting index) with the addition of methyl branches to an aromatic ring
in studies including benzene, toluene and xylenes in both diffusion
[24,25] and premixed flames [26].

The study presented here investigates the effect of varying the
number of methyl branches on a monocyclic aromatic ring, on the
combustion and emissions of a diesel engine. Each of the aromatic
molecules investigated were mixed with n-heptane to form binary
blends, with the results baselined against reference fossil diesel fuel.
Each fuel was tested at two injection timing modes, constant start of
fuel injection and constant start of combustion. In addition to the

gaseous exhaust emissions, this paper also describes the number and
size distribution of the particulate emissions in the exhaust arising from
combustion of the binary fuel blends.

2. Experimental setup

All experiments in the current work were conducted on a direct
injection, water cooled, single cylinder compression-ignition engine,
described in [27], consisting of 2.0 L, 4-cylinder Ford Duratorq cylinder
head (including valves, piston and connecting rod) mounted on a Ri-
cardo Hydra crankcase - Table 1 lists the details of the engine geometry.
The in-cylinder gas pressure was measured to a resolution of 0.2 CAD
using a Kistler 6056A piezoelectric pressure transducer in conjunction
with a Kistler 5018 charge amplifier. Various other operational pres-
sures and temperatures were also monitored live and logged on PCs
using National Instruments (NI) data acquisition systems. An in-house
developed NI LabVIEW program evaluated the in-cylinder pressure data
in real-time to determine net apparent heat release rates and the in-
dicated mean effective pressure (IMEP). A Delphi DFI 1.3 six-hole,
servo-hydraulic solenoid valve fuel injector was used to inject liquid
fuel directly into the combustion chamber, with an EmTronix EC-
GEN500 system used to control the injection pressure, injection timing
and duration of injection. The intake air flow rate was measured using a
Romet G65 positive displacement volumetric air flow meter. Fig. 1
shows the schematic of the single cylinder engine facility, including the
high pressure fuel delivery system described in the following para-
graphs.

A bespoke high pressure fuel system, based on previous designs by
Schonborn et al. [28] and Hellier et al. [29], was used to deliver liquid
fuels, such as the n-alkylbenzene/heptane blends used in this study, to
the fuel injector. The fuel system consisted of a stainless steel vessel
with capped ends and a free moving piston. As shown in Fig. 1, the fuel
system utilised the conventional common rail diesel engine system to
supply hydraulic pressure to the vessel on one side of the piston. The
diesel fuel could be pressurised precisely using the Emtronix control
system, and the free moving piston communicated this pressure to the
test fuel and, therefore, the test fuel could be injected into the engine at

Nomenclature

ATDC after-top-dead-centre
BTDC before-top-dead-centre
CAD crank angle degree
CH4 methane
CI compression ignition
CO carbon monoxide
CO2 carbon dioxide
H2 hydrogen
IMEP indicated mean effective pressures
NO nitric oxide

NOx nitrogen oxides
O2 oxygen
OH hydroxyl
PM particulate mass
ppm parts per million
rpm revolutions per minute
SOC start of combustion
SOI start of injection
TDC top -dead -centre
THC total hydrocarbons
φCH4 methane-air equivalence ratio
φH2 hydrogen-air equivalence ratio

Table 1
Engine specifications.

Bore 86mm
Stroke 86mm
Swept volume 499.56 cm3

Compression ratio (geometric) 18.3:1
Maximum in-cylinder pressure 150 bar
Piston design Central ω – bowl in piston
Intake/Exhaust valves 2/2
Fuel injection pump Delphi single-cam radial-piston pump
High pressure common rail Delphi solenoid controlled, 1600 bar max.
Diesel fuel injector Delphi DFI 1.3 6-hole solenoid valve
Electronic fuel injection system 1 µs duration control
Crank shaft encoder 1800 ppr, 0.2 CAD resolution
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a selected common rail pressure. A filter was also installed between the
vessel and the fuel injector to remove any debris in the test fuel which
could damage the injector. The design and operation of the high pres-
sure fuel system has been described in detail in [30].

The custom-made fuel system allowed the use of limited quantities
of the test fuel blends (up to 1 L), as compared to the conventional
diesel pump-common rail system which typically requires several litres
of fuel and has a considerably higher risk of cross contamination when
changing between different test fuel blends. Additionally, some of the
test fuel blends possessed physical properties, such as low lubricity,
which were not compatible with conventional diesel fuel pumps. The
fuel system eliminated the need for these liquid fuel blends to pass
through conventional system.

A Horiba MEXA-9100HEGR automotive gas analyser system was
used to measure the concentrations of CO, CO2, THC, NOx and O2 in the
engine exhaust gas. The analyser system housed a chemiluminescence
analyser for NOx (± 1 ppm), a flame ionization detector for THC
(±10 ppm), a non-dispersive infrared absorption analyser for CO
(±1 ppm) and CO2 (± 0.01%), and a magneto-pneumatic analyser to
measure oxygen (± 0.1%) concentrations. A differential mobility
spectrometer from Cambustion (DMS500) was used to measure the
exhaust particulate number and size distribution. Exhaust gas samples
were collected 300mm downstream of the exhaust valves and conveyed
to the analysers via heated lines, which were maintained at 190 °C and
80 °C for the measurement of gaseous and particulate compositions,
respectively.

3. Experimental methodology

3.1. Fuels investigated

Five alkylbenzenes – benzene, toluene, m-xylene, 1,3,5-tri-
methylbenzene and durene - were tested as binary mixtures with n-
heptane so as to investigate the effect of varying the number of methyl
branches on a monocyclic aromatic ring. In addition, benzaldehyde,
which is an aromatic aldehyde consisting of a benzene ring with a
formyl (-CHO) substituent, and which occurs as an intermediate during
the oxidation reactions of alkylbenzenes, specifically toluene [31–33],
was also tested. These six aromatic molecules were blended

individually with n-heptane in different proportions (wt/wt) to form
alkylbenzene/n-heptane binary blends, with n-heptane chosen as a
single component fuel of ignition quality approximately equivalent to
that of many fossil diesels. The authors were only able to test two
blends of durene, 10% and 15%. The melting point of durene is 78 °C,
and is therefore solid at room temperature. The authors were only able
to dissolve up to 15% of durene in n-heptane. Adding any more durene
resulted in solid durene settling at the bottom of the mixing flask, and
not dissolving in the heptane.

A fossil diesel fuel was also tested as a reference fuel for all the
experimental conditions investigated. Table 2 shows the molecular
structure of each fuel tested, while Table 3 lists their assay and other
physical properties.

Fig. 1. Schematic showing test engine arrangement including the high pressure fuel delivery system and exhaust emissions instrumentation.

Table 2
Molecular structures of fuels tested.

Benzene (BNZ)

Toluene (TOL)

m-Xylene (M-XYL)

1,3,5-trimethylbenzene (1,3,5-TMB)

Durene (DUR)

Benzaldehyde (BNZALDHYD)

n-Heptane (HEP)
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3.2. Test procedure

All the experiments in this study were conducted at an engine speed
of 1200 rpm and at a fuel injection pressure of 450 bar. The engine was
used in its naturally aspirated configuration, with no EGR or intake air
boosting. The fuel injection duration was varied to keep the engine
output load constant at 4 bar IMEP for all the tests.

Each of the binary blends and reference fossil diesel fuel were tested
with two fuel injection timing approaches: constant start of fuel injec-
tion (SOI) and constant start of combustion ignition (SOC). SOI is de-
fined as the time at which the actuation signal is sent to the fuel in-
jector, while SOC is indicated by the first incidence of positive heat
release after SOI and before the time of peak heat release rate. The
duration of ignition delay is therefore defined as the time in crank angle
degrees (CAD) between SOI and SOC. For the constant SOI tests, the
fuel injection timing was fixed at 10 CAD BTDC and the start of com-
bustion for each fuel varied according to its ignition delay. For the
constant SOC, the fuel injection timing was varied so that the SOC of
each fuel always occurred at piston TDC. Fig. 2 further demonstrates
this by showing the heat release rate curves for both constant SOI and
constant SOC tests. In some cases (as can be seen in Fig. 2), the binary
fuel mixture showed a clear two stage combustion and, in these in-
stances, the SOC was taken to be the time (in CAD) at which the second
(or main) stage of combustion commenced.

4. Results and discussion

4.1. Combustion characteristics

Fig. 2 shows the apparent heat release rate curves for different m-
xylene/n-heptane (M-XYL/HEP) binary mixtures and for reference
diesel fuel, at a constant engine load of 4 bar IMEP, for both constant
SOI and constant SOC timings. Similar graphs of heat release rate were
plotted for the other alkylbenzenes, but have not been included in this
paper to avoid repetition. Considering Fig. 2a, it can be observed that
the ignition delay of the binary mixtures increases with increasing
proportion of m-xylene in the mixture. Fig. 2a also shows that, up to a
blend of 30% m-xylene in n-heptane, the binary mixtures undergo
single stage combustion and the bulk of the heat release occurs during
the premixed combustion, as indicated by the rapid increase of heat
release rate following SOC. However, mixtures containing 45% or
higher proportion of m-xylene undergo a distinctive two stage ignition
type combustion. This two stage event is different from a typical
compression ignition heat release, consisting of an initial much smaller
heat release event, followed by the main heat release event as a result of
a second ignition or combustion propagation. The interval between the
two stages increases with the level of m-xylene in the mixture, with the
bulk of heat release (for this mixture) occurring later in the expansion
stroke. This results in comparatively slower rates of increase of heat
release, lower peak heat release rates occurring further away from TDC
and a more widespread premixed combustion stage (with a not so
distinct diffusion-controlled burn stage). This can also be observed in
Fig. 2b at constant SOC timings, where mixtures containing 45% or

higher m-xylene have considerably lower peak heat release rates, as
part of the fuel has already burned during the first stage of combustion.
In comparison, fossil diesel fuel exhibits typical heat release with very
distinctive premixed and diffusion-controlled burn stages (Fig. 2).

Fig. 3 shows the heat release rate curves for the different binary
mixtures of aromatics in neheptane, at a fixed proportion of 30% (wt/
wt), for constant SOI at 10 CAD BTDC and fixed engine load of 4 bar
IMEP. It can be observed from Fig. 3 that as the number of methyl
branches on the aromatic molecule increases (going from benzene to
1,3,5-trimethylbenzene), the ignition delay increases and so does the
timing at which peak heat release rate occurs, but the peak heat release
rate remains largely similar. Further discussion on ignition delay and
peak heat release rate, will be presented in the following paragraphs.

Fig. 4a and b show the duration of ignition delay for the different
binary mixtures, and for n-heptane and reference diesel fuel for con-
stant SOI and constant SOC timings and a fixed engine load of 4 bar
IMEP. Considering Fig. 4a, it can be observed that as the proportion of
the aromatic in the binary mixture is increased, the ignition delay in-
creases, and this effect can be seen for all the mixtures. Furthermore,

Table 3
Fuel properties (a - From supplier certificates/specification sheets, b - Initial boiling point, c - From European Chemicals Agency (ECHA) datasheets).

Molecular formula Assay (%)a Tm.p (°C)a Tb.p (°C)a Density @20 °C (kg/m3)a Dynamic viscosity @25 °C (mPa.s)c Cetane number [34]

BNZ C6H6 99.8 5.5 80 877 0.604 –
TOL C6H5CH3 99.8 −93 110 866 0.560 4
M-XYL C6H4(CH3)2 ≥99 −48 139 860 0.581 10
1,3,5-TMB C6H3(CH3)3 97 −45 165 861 0.727 −7
DUR C6H2(CH3)4 98 78 – 838 – 6
BNZALDHYD C6H5CHO ≥99.5 −26 179 1044 1.321 –
HEP C7H16 99 −91 98 684 0.438 52
Fossil diesel – – – 187.5b 826 – 52.7a

Fig. 2. Heat release rate curves of m-xylene/n-heptane binary mixtures for (a) constant
start of fuel injection (SOI) at 10 CAD BTDC and (b) constant start of combustion (SOC) at
TDC.
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this increase in ignition delay is more pronounced for alkylbenzenes
with a higher number for methyl branches. For example, considering a
binary mixture of 45% of the alkylbenzene (Fig. 4a), the ignition delay
is the shortest for benzene (with no methyl branch) and longest for
1,3,5-trimethylbenzene. The same trend of increasing ignition delay
with increasing aromatic proportion can be seen in Fig. 4b when the
combustion phasing is altered so that SOC occurs at engine TDC. Hence,
it can be concluded that the ignition delay increases when the number
of methyl branches in the binary mixture increases, whether that is by
increasing the proportion of a given alkylbenzene in the binary mixture,
or by having a alkylbenzene with a higher number of methyl branches.

The increase in ignition delay observed in Fig. 4 can be explained by
considering the oxidation reaction pathway of toluene/n-heptane
mixtures, which has been described in mechanistic studies in literature
[31,33,35,36,22,37,38], and can also be applied to the other alkyl-
benzenes. The low temperature breakdown reactions of long chain al-
kanes such as n-heptane initiate with the formation of OH radicals,
produced by abstraction of the H atom from n-heptane by O2. This
subsequently leads to the OH radicals abstracting further H atoms to
breakdown the n-heptane into smaller molecules and form peroxy ra-
dicals and peroxides (such as H2O2) which, at compression tempera-
tures, decompose and result in rapid branching reactions and propagate
ignition [33,39]. However, in the presence of toluene, the OH radicals
are also consumed to oxidise toluene to form benzyl radicals
(C6H5CH2∗), whereby the H atom from the methyl branch of the to-
luene ring is substituted by the OH radical [31,35,36]. Benzyl radicals
are thermally stable below 1000 K and cannot be further oxidised by O2

[33,40]. Hence, it can be suggested that the methyl branch of an al-
kylbenzene molecule consumes the OH radicals that would otherwise

be utilised in the radical propagating reactions of n-heptane leading to
ignition. Therefore, the higher the proportion of alkylbenzenes in the
binary mixtures or the higher the number of methyl branches on the
aromatic rings, the more OH radicals would be consumed in stabilising
benzyl radicals, reducing the pool of reactive radical species required
for ignition and resulting in longer ignition delays. For example, it can
be suggested that in the case of m-xylene, twice as many OH radicals
per alkylbenzene molecule may be removed from the radical pool, as
compared to toluene.

Another possible reason for the increase in ignition delay could be
the presence of the relatively non-reactive alkylbenzenes diluting the
in-cylinder mixture and reducing the access to O2, and thereby, rates of
reaction of the comparatively more reactive n-heptane. For example, it
is known that toluene does not exhibit significant low temperature re-
activity that would result in heat release [41]. Furthermore, the phy-
sical properties of the alkylbenzenes could also be a factor in increasing
the ignition delay. All the alkylbenzenes tested in this work have higher
boiling points, densities, and dynamics viscosities as compared to n-
heptane (Table 3), which is likely to have reduced the efficiency of the
fuel and air mixing during the ignition delay period.

In the case of benzene (Fig. 4a), the low temperature fuel break-
down reactions involve the abstraction of an H atom from the benzene
ring by O2 and other radicals (OH, H, O) to form phenyl radicals. Unlike
the benzyl radical which is stable below 1000 K, the phenyl radical can
undergo further oxidation and ring fragmentation reactions, which
subsequently leads to the liberation of considerable thermal energy
[31,38,42–44]. The absence of any methyl branches on the aromatic
ring and the relative reactivity of the phenyl radical could therefore
most likely explain the shorter ignition delays of benzene binary mix-
tures as compared to those for the other alkylbenzenes (Fig. 4a).
However, as the proportion of benzene in the binary mixture increases,
the ignition delay increases since benzene consumes the radical species
that could otherwise be used for the branching reactions.

Another interesting observation in Fig. 4a and b concerning the
benzaldehyde/n-heptane mixtures has been outlined in this paragraph.
When the proportion of benzaldehyde in the binary mixture is increased
up to 10%, the ignition delay reduces by 1 CAD, however, above this
level of benzaldehyde addition an increase in ignition delay is observed.
(Note that these tests were repeated several times to make sure that the
reduction in ignition delay was real and not a random experimental
anomaly). A likely explanation for the initial reduction could be that
benzaldehyde readily breaks down yielding phenyl (C6H5) and formyl
(CHO) radicals [31,33]. Formyl radicals have been identified as being
key intermediates in the active chain branching sequence of for-
maldehyde oxidation. In oxidising environments, formyl radicals ra-
pidly decompose to yield CO and H – the H radical then reacts with
formaldehyde to produce more formyl radicals [42].It is possible that
the presence of the formyl radical initially accelerates the low

Fig. 3. Heat release rate curves of binary mixtures of various aromatics in n-heptane at a
fixed proportion of 30% (wt/wt), for the constant SOI timing tests.

Fig. 4. Duration of ignition delay for the different binary mixtures, at a constant load of 4 bar IMEP, for (a) constant SOI and (b) constant SOC timings.
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temperature breakdown reactions, hence reducing the ignition delay.
However, as discussed earlier, the phenyl radicals act as sinks to con-
sume reactive radicals, thus increasing ignition delay. As the proportion
of benzaldehyde in the binary mixture is increased, the effect of phenyl
radicals, combined with their considerably higher boiling points, den-
sities and viscosities (compared to n-heptane, Table 3). It should be
noted that benzaldehyde, despite having a considerably higher boiling
point, density and viscosity of as compared to the rest of the alkyl-
benzenes, exhibited the shortest ignition delays of all the binary mix-
tures, most probably due to formation of the highly reactive formyl
radicals.

Fig. 5 shows the peak heat release rates (pHRR) and the time of peak
heat release rates (tPHRR) for the various binary mixtures, and for n-
heptane and reference diesel fuel, at a constant engine load of 4 bar
IMEP. Considering Fig. 5a, it can be observed that as the proportion of
each alkylbenzene is increased in the binary mixture, the peak heat
release rates initially increase slightly and subsequently decrease sig-
nificantly. This can be explained in the context of the ignition delay
(Fig. 4a) and tPHRR (Fig. 5c) results. For mixtures containing up to 30%
of the alkylbenzene, the ignition delay shows an appreciable increase
with increasing percentage of alkylbenzene. This allows more time for
the fuel and air to mix, and a greater amount of premixed fraction
available for ignition at SOC. At the same time, this ignition delay
period is not long enough for the tPHRR to occur too far into the ex-
pansion stroke. For mixtures containing up to 30% of the alkylbenzene,
the tPHRR only extends up to 8 CAD ATDC, with the piston still quite
near its TDC position. Therefore, the increased ignition delay combined
with heat release occurring close to TDC, results in higher peak heat
release rates as the proportion of alkylbenzene in the mixture increases.
However, a further increase in ignition delay would result in the heat
release to occur increasingly further into the expansion stroke, causing
a greater surface area of the cylinder wall to be exposed to the hot
combustion gases, leading to higher rates of heat transfer from cylinder

gases. Therefore, beyond 30% aromatic content, the ignition delay in-
creases considerably (Fig. 4a) and heat release occurs quite far into the
expansion stroke (Fig. 5c), resulting in much lower peak heat release
rates, as can be seen in Fig. 5a. Additionally, in some cases when the
proportion of the alkylbenzene is quite high (40% or more), the binary
mixture undergoes two-stage combustion. This could be because, as
discussed earlier, the alkylbenzenes in the mixture act as sinks to re-
move OH radicals during the ignition delay period, preventing the
build-up of sufficient radicals to initiate ignition throughout the cy-
linder charge. Only a portion of the charge reacts during the first stage,
and additional time is required for more fuel and air to mix to near-
stoichiometric conditions for combustion in the second stage. It is also
likely that local gas temperatures are higher due to the first stage of
heat release, which also helps in propagating ignition throughout the
remaining cylinder charge during the second stage. A consequence of
two-stage ignition is that the bulk of heat release occurs far into the
expansion stroke, resulting in low peak heat release rates, as can be
observed in the heat release trace for 50% m-xylene/n-heptane mix-
tures in Fig. 2a. Considering Fig. 5b and d, the trends in pHRR and
tPHRR are similar for the constant SOC timing, though the reduction in
pHRR is not as pronounced since ignition occurs at TDC, and therefore
the heat release occurs relatively early in the expansion stroke for all
the mixtures.

Fig. 5a also shows the drop in pHRR when the proportion of ben-
zaldehyde in the mixture is increased up to 10%. This agrees with the
results for benzaldehyde ignition delay discussed earlier (Fig. 4a), and
is attributable to the reduction in ignition delay resulting in less time
for fuel and air to mix, and hence lower peak heat release rates. As the
percentage of benzaldehyde is increased, the ignition delay increases
and so do the peak heat release rates, before eventually decreasing
(above 50% benzaldehyde in the mixture) as the heat release occurs
further into the expansion stroke.

Fig. 5. Combustion characteristics for the different binary mixtures at 4 bar IMEP for constant SOI and constant SOC timings: (a) and (b) peak heat release rates; (c) and (d) time of peak
heat release rates.
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4.2. CO2, CO and unburned THC exhaust gas emissions

Fig. 6a and b shows the CO2 exhaust emissions for the different
binary mixtures, and for n-heptane and reference diesel fuel, for con-
stant SOI and constant SOC timings and a fixed engine load of 4 bar
IMEP. The CO2 emissions are quite similar for the various binary mix-
tures, with the highest CO2 emissions shown by the benzaldehyde
mixtures. For some of the alkylbenzene mixtures, such as toluene or m-
xylene, a small reduction in CO2 emissions is observed when the pro-
portion of the alkylbenzene is increased above 30%. This could be at-
tributed to the bulk of the heat release occurring very late into the
expansion stroke, resulting in reduced rates of oxidation reactions, and
lower CO2 emissions.

Fig. 6c and e show, respectively, the CO and unburned THC exhaust
emissions for the different binary mixtures, at a fixed engine load of
4 bar IMEP, for the constant SOI timing. It can be observed, in the case
of both the CO and THC emissions, that below 30% alkylbenzene blend

levels, the change in the emission levels is not significant. However,
above the 30% level, the CO and THC emissions increase very rapidly.
This sharp increase could be attributed to the long ignition delay per-
iods and reduced peak heat release rates occurring further into the
expansion stroke, resulting in lower in-cylinder gas temperatures and
reduced rates of oxidation reactions, and hence higher emissions of CO
and THC. Another potential reason for the high emissions of CO and
THC could be that some fuel mixes with air beyond the lean combustion
limit due to long ignition delay periods caused by high blend propor-
tions of alkylbenzenes, as observed in Fig. 4a. This over-dilution of the
fuel prevents the mixture from autoigniting or being able to sustain a
fast flame front, hence resulting in unburned fuel, and the formation of
partial fuel oxidation and fuel decomposition products [45,46].

Interestingly, considering Fig. 6, the reduction in CO2 emissions is
related to CO emissions. For example, in Fig. 6b and d, at 45% aromatic
content in heptane, benzaldehyde shows the lowest CO emissions but
the highest CO2 emissions. Similarly, 1,3,5-trimethylbenzene shows the

Fig. 6. Variation in the exhaust emissions of (a) and (b) carbon dioxide (CO2), (c) and (d) carbon monoxide (CO), and (e) and (f) unburned total hydrocarbons (THC) for constant SOI and
constant SOC timings, for the different binary mixtures.
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highest CO emissions, but the lowest CO2 emissions. Hence, the ben-
zaldehyde has a higher combustion efficiency resulting in higher CO2

emissions.

4.3. NOx exhaust gas emissions

Fig. 7 shows the NOx exhaust emissions for the different binary
mixtures, and for n-heptane and reference diesel fuel, for constant SOI
and constant SOC timings and a fixed engine load of 4 bar IMEP.
Considering Fig. 7a, it can be observed that as the proportion of the
alkylbenzenes in the binary mixtures increases, the NOx emissions in-
itially increase and then subsequently decrease substantially. This trend
agrees with the peak heat release rates (Fig. 5a), which is expected since
heat release rates are an indication of the in-cylinder gas temperatures.
It is known that the rate of NOx formation is highly thermally sensitive
[47,48], and NOx production primarily takes place in the post flame
gases following the premixed burn stage, predominantly due to the high
gas temperatures present under such conditions [46,49]. As the pro-
portion of alkylbenzenes is increased up to 30% in the mixtures, the
increase in ignition delay (Fig. 4a), combined with the bulk of heat
release continuing to occur relatively close to TDC (Fig. 5c), results in
in-cylinder temperatures high enough to accelerate NOx formation
rates. However, beyond 30% alkylbenzene content, the bulk of heat
release occurs further intro the expansion stroke, where the heat losses
to the cylinder walls are considerable and the in-cylinder gas tem-
peratures do not reach the threshold for significant NOx formation,
leading to a sharp fall in exhaust NOx emissions, as observed in Fig. 7a.

For the constant SOC tests (Fig. 7b), the NOx emissions exhibit si-
milar trends, however, the absolute values of NOx emissions are higher

than those for the constant SOI tests, since the heat release occurs closer
to TDC, resulting in relatively higher gas temperatures and longer re-
sidence times are these temperatures. The trend in NOx emissions for
the benzaldehyde binary mixtures in both Fig. 7a and b is concurs with
the ignition delay and peak heat release rate trends observed in
Figs. 4a and 5a respectively, the reasons for which have been discussed
in detail earlier in Section 4.1.

4.4. Particulate exhaust emissions

Fig. 8 shows the exhaust particulate mass (TPM) emissions for the
different binary mixtures, and for n-heptane and reference diesel fuel,
for constant SOI and constant SOC timings and a fixed engine load of
4 bar IMEP. As the proportion of the alkylbenzenes is increased in the
binary mixtures, no definitive trend is evident in the TPM emissions.
However, TPM emissions from 1,3,5-trimethylbenzene/n-heptane
mixtures are distinctively high as compared to other alkylbenzenes, for
both the constant SOI and constant SOC tests. The high TPM emissions
could be attributed to the 1,3,5-trimethylbenzene having the highest
viscosity and boiling point of all the alkylbenzenes tested in this study
(Table 3). This could lead to a reduction in the efficiency of the in-
cylinder fuel and air mixing process, resulting in fuel-rich pockets inside
the combustion chamber which are could be expected to form parti-
culates. The lower TPM emission of durene, as compared to 1,3,5 TMB,
is probably due to the higher cetane number of durene (6) as compared
to TMB (-7), as outlined in Table 3, therefore making durene easier to
ignite.

Fig. 9 shows the size distribution of the number of particulates in
the engine exhaust for the different binary mixtures, all with 30%

Fig. 7. Variation in the exhaust emissions of oxides of nitrogen (NOX), for constant SOI and constant SOC timings, for the different binary mixtures.

Fig. 8. Variation in the exhaust emissions of total particulate mass, for the different binary mixtures, at constant SOI and constant SOC timings.
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aromatic content. For comparison, the size distribution for n-heptane
and reference fossil diesel is also shown. The lowest number of particles
with the smallest range of diameters is from n-heptane which could be
expected, as it has no aromatic content – aromatics are known pre-
cursors of particulates [50]. In agreement with the total particulate
mass results (Fig. 8), the 1,3,5-trimethylbenzene/n-heptane mixtures
produced, by a significant amount, the highest number of particles
covering the widest range of particle diameters, as compared to the
other binary mixtures tested (Fig. 9). As discussed earlier, this could be
attributable to the comparatively higher viscosity and boiling point of
1,3,5-trimethylbenzene. It can also be observed from Fig. 9 that in-
creasing the number of methyl groups on the aromatic ring tends to
increase the number of particles formed, with the exception of toluene,
which formed the lowest number of particles of all the alkylbenzene
binary mixtures. The increase in the number of particles with increasing
number of methyl branches agrees with the conclusions presented in a
recent study [51] which investigated the sooting propensity of different
alkylbenzenes using a variety of microscopic and spectroscopic tech-
niques. The higher sooting tendencies of alkylbenzenes with a larger
number of methyl branches are suggested to be attributable to the
formation of resonant stabilized radicals (RSRs), such as benzyl, as
compared to benzene which forms phenyl radicals [44]. The RSRs can
survive for longer in high temperature flame environments relative to
phenyl radicals, and therefore, are more likely to form particulates
[52,53].

5. Conclusions

1. The ignition delay increased with increasing number of methyl
branches on the aromatic ring, due to the alkylbenzenes consuming
the highly reactive OH radicals required for the escalation of igni-
tion.

2. For up to 10% benzaldehyde content in the binary mixture, the ig-
nition delay decreased, which was attributed to the formation of
formyl (CHO) radicals. These radicals readily decompose and ac-
celerate the rapid branching reactions which lead to ignition.

3. Peak heat release rates initially increased due to increased duration
of ignition delay, but subsequently decreased because of sub-
stantially longer ignition delay periods, resulting in the bulk of heat
release occurring late in the expansion stroke and promoting greater
thermal losses from the combustion gases to the engine cylinder
wall.

4. Above 30% alkylbenzene content in the binary mixture, exhaust CO
and unburned THC emissions increased rapidly due to reduced rates
of oxidation reactions, as a result of lower peak heat release rates
and overleaning of some of the in-cylinder fuel-air mixture.

5. Exhaust NOx emissions were primarily driven by ignition delay and
peak heat release rates, and decreased quite sharply when post-

combustion in-cylinder gas temperatures dropped due to low peak
heat release rates.

6. The number of particles produced by the binary mixtures increased
with increasing number of methyl branches on the aromatic ring
(with the exception of toluene). This was attributed to the alkyl-
benzenes with methyl branches forming thermally stable benzyl
radicals, as compared to benzene which forms phenyl radicals and
undergo oxidation relatively readily.

It can be seen from the results that the effect of increasing the
number of methyl branches on an aromatic ring is, to a large extent,
similar to increasing the proportion of an alkylbenzene in the fuel
blend. That is, the effect on combustion characteristics and emissions is
observed to be primarily dependent on the concentration of methyl
branches in the fuel. The results also show that the addition of up to
30% alkylbenzene content in heptane does not significantly increase the
ignition delay, thereby having no significant effect on the combustion
phasing. However, for blends containing higher than 30% alkylbenzene
content, the ignition delay increases considerably, resulting in a two-
stage ignition type combustion event with the main bulk of heat release
occurring well into the expansion stroke, and leading to higher emis-
sions of partially oxidised combustion products such as CO and un-
burned THCs.
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