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Abstract
Tailoring fuel properties to maximize the efficiency of internal combustion

engines is a way towards achieving cleaner combustion systems. In this work, the
ignition properties along with the chemical composition (expressed as functional
groups) of various light distillate (e.g., gasoline) cuts were analyzed to better
understand the properties of full boiling range fuels. Various distillation cuts
were obtained with a spinning band distillation system, which were then tested
in an ignition quality tester (IQT) to obtain their global chemical reactivity (i.e.,
ignition delay time (IDT)). The distillates were further analyzed with 1H nuclear
magnetic resonance (NMR) spectroscopy to identify and quantify various
functional groups present in them. Various gasolines of research grade with
specific target properties set forth by the Coordinating Research Council (CRC)
that are known as FACE (fuels for advanced combustion engines) gasolines were
distilled. When fuels with low aromatic content were distilled, the higher boiling
point (BP) range (i.e., molecular weight) fractions exhibited lower IDT. However,
distilled fractions of fuels with high aromatic content showed an initial decrease
in IDT with increasing BP, followed by drastic increase in IDT primarily due to
increasing aromatic groups. This study provides an understanding on the
contribution of various volatile fractions to the IDTs of a multicomponent fuel,
which is of relevance to fuel stratification utilized in gasoline compression
ignition (GCI) engines to tailor heat release rates.

Keywords: Gasoline; octane sensitivity; autoignition; combustion; ignition delay
times; nuclear magnetic resonance
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1 introduction

One novel approach in achieving global requirements for increased engine efficiency
and lower overall greenhouse emissions is co-optimization of fuels and engines. In
this regard, designing fuels to match engine requirements and operating conditions
becomes imperative. Tailoring chemical and physical properties of fuel to suit each
combustion mode in various high efficiency concepts could maximize the internal
combustion (IC) engine performance benefits.

A homogeneous charge compression ignition (HCCI) engine, a low temperature
combustion (LTC) concept engine, relies mainly on fuel chemistry for its operation.
While a partially premixed charge compression ignition (PPCI) engine, utilizes both
the thermo-physical properties and chemical properties (autoignition tendency, given
by octane number (ON) or cetane number (CN)), to achieve ultra low engine-out
emissions as well as high (compression ignition (CI)-like) efficiencies. Similarly, the
efficiency of spark ignition (SI) engine depends mostly on the chemical properties
(autoignition tendency) of the fuel-air mixture. A fuel exhibiting high resistance to
autoignition will allow knock-free operation at high loads, and hence allows higher
compression ratio and/or advanced spark timing. In effect, it can be said that an
interplay of both the physical and chemical properties of any fuel contributes to the
performance of a given engine.

Furthermore, in LTC concepts, such as PPCI, it is desirable to inject a relatively
high ON fuel early in the compression stroke. This allows partial premixing of the
fuel and air before combustion takes place [1–3]. Such premixing reduces localized
high temperature rich zones thereby suppressing soot formation, while the innate
low temperature operation results in negligible NOx formation [3, 4]. Proper
implementation of such a concept relies on carefully timing the combustion event
over a range of load and speed.

ON is a representative of autoignition of end gas when running an SI engine on a
specified fuel. A fuel having higher ON will resist this autoignition. It can also be
gauged in terms of ignition delay, the time it takes for a fuel-air mixture to ignite, at a
given temperature and pressure condition in the engine combustion chamber. A
gasoline mixture is composed of various compounds and hydrocarbon classes, each
contributing in varying degree to the net ignition delay time (IDT) of the fuel. Future
fuel design will dictate fuel composition tailored to high octane demands of the
engine [5, 6]. In this regard, it is necessary to quantify the effect of various
hydrocarbon classes on ignition delay of the fuel, and therefore guide refiners for
improved fuel quality based on distillation properties. Two sets of ON are used in
characterizing a fuel: research octane number (RON) and motor octane number
(MON) based on American Society for Testing and Materials (ASTM) standards
D2699 and D2700, respectively [7, 8]. The difference between RON and MON is
defined as octane sensitivity (OS) (=RON−MON).
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As RON/MON were not able to accurately predict autoignition characteristics in
modern engines due to the shift in pressure/temperature history from the standard
Cooperative Fuel Research (CFR) engine, new metrics may be desirable. One such
metric that has drawn attention recently is the octane index (OI); that takes into
consideration of a physical operating condition in addition to the RON/MON of the
fuel [9, 10]. OI is defined as a weighted average of RON/MON:

OI = (1− k)RON + kMON (1a)

OI = RON − k(OS) (1b)

Here, the linear weighting factor, k, indicates how far the operating condition is from
the RON or MON condition. Many studies have shown that k values in modern
SI engines are approaching negative values. Hence, fuels with higher OS would be
beneficial in modern SI engines due to higher OI [11–13].

Octane-on-demand (OoD) is another concept that aims to minimize vehicular
carbon footprint, by using a high reactivity (low octane) gasoline during normal
operation at low to medium loads and a low reactivity (high octane) gasoline fuel at
high load knock-prone conditions [14, 15]. However, space and comfort-to-refuelling
issues exist when considering dual-fuel concepts in passenger cars [16]. In this
regard, on-board separation of a high octane fuel into varying octane components is a
viable option [17]. One of the proposed methods of on-board separation depends on
distillation of fuel into lighter and heavier components, which may correspond to
high reactivity and low reactivity components, respectively. In such an application,
the need for analyzing the octane behavior of each distillation cut is critical to the
adoption of the technology. In the light of such importance, understanding the
ignition behavior of distillation cuts provides a better understanding of the
interaction between the physical and chemical properties of a gasoline fuel.

Transportation fuels such as gasolines are composed of several hundred different
species [18, 19]. Identification and quantification of such a large number of species
are an enormous task. However, these species are in turn composed of a small
number of functional groups that mostly determine fuel properties (ON [20], CN [21],
sooting propensity [22], etc.). The IDT of a fuel is dependent on its chemical
composition (namely, the functional groups) as shown by a number of works [20, 23].
Though the sum total of the functional groups in gasoline is conserved in its distillate
fractions, the functional groups in each of the fraction may interact with each other
differently (either synergestically or antagonistically) and produce a combined effect
that may not correlate linearly with that of the parent fuel. Studies on gasoline
fractions enables an understanding of these interactions and their behavior in
applications involving gasoline separated into different fractions based on boiling
points (BPs) such as OoD. Analyzing these functional groups is a useful way to
characterize such complex fuels. 1H nuclear magnetic resonance (NMR) spectroscopy
is a powerful tool that can identify and quantify various functional groups present in
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fuels like gasoline [24], diesel [21, 24], base oil [25], and heavy fuel oil [26, 27].
1H NMR spectra is represented using chemical shifts (usually between 0-12 ppm)
which is the resonant frequency of 1H nuclei relative to a standard magnetic field.
Molecular structure can then be diagnosed from the position and the number of
chemical shifts recorded. A significant advantage of 1H NMR spectroscopy is that
different functional groups closely resembling in structure produce distinct signals
which makes their analysis easy and quick.

The present work aims to couple a spinning band distillation column with an
ignition quality tester (IQT) [28] to estimate the IDTs of separate volume fractions of
various non-oxygenated gasolines [29] and two oxygenated certification gasolines.
The observations are further correlated with the presence of specific hydrocarbon
functional groups, based on NMR spectroscopic data. Hetzel [30] in 1936 investigated
the ignition quality of diesel fractions with CN obtained with engine measurements.
The diesel used in Hetzel’s experiments [30] had a CN of 55 and was separated into
12 equal fractions. Recently, Burger et al. [31] measured the enthalpy of combustion
and hydrocarbon family types (using mass spectrometric classification technique) of
FACE gasoline fractions. Fuels for advanced combustion engines (FACE) gasolines
are research grade fuels with specific target properties viz., RON and OS, such that
various laboratories could evaluate fuels with consistent composition and properties
set forth by the Coordinating Research Council (CRC) [32]. Classification of
hydrocarbon family types in Burger et al. [31] was based on ASTM D2789

standard [31, 33], which characterizes different components in a hydrocarbon mixture
into six types. The six types of classification based on ASTM D2789 standard are
paraffins, monocycloparaffins, dicycloparaffins, alkylbenzenes, indanes and tetralines
(grouped together), and naphthalenes. As many of the gasolines in our study
contains olefins and classification in this work is based on PIONA (paraffins,
iso-paraffins, olefins, naphthenes, and aromatics) a direct comparison between our
results and the results in Burger et al. [31] was not performed. It was also explicitly
stated in [31] that a direct quantitative comparison of the results based on
ASTM D2789 method to other classification methods was not always possible.
However, the ignition quality of the gasoline fractions were not obtained in their
study. To the authors’ best knowledge, this is the first work that investigates the
ignition quality of gasoline fractions.

This study attempts to use volatility (physical property) and chemical functional
groups (chemical property) to better understand fuel autoignition quality
(physico-chemical kinetic property). Various boiling ranges can be correlated with the
functional groups present in gasolines, which in-turn dictates the autoignition
tendency or IDT of the fraction. The data presented could pave a way for future fuel
design for better control over desired properties.
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2 experiments

In the present study, six FACE and two certification gasolines are fractionated; their
imporant fuel properties are Table 1. Gasolines obtained from fractional distillation of
crude oil in general do not contain oxygenates in appreciable amounts. However,
oxygenates are added to gasoline feed stock to enhance its ON. The certification
gasolines having oxygenates used in the present study are obtained from Coryton
Advanced Fuels and Haltermann Solutions, whose properties are obtained from their
respective certificates of analysis (COAs).

The gasoline distillates or cuts are obtained with a spinning band distillation
system. The distillates obtained were then measured in a King Abdullah University
of Science and Technology (KAUST) research-IQT (KR-IQT) at the standard derived
cetane number (DCN) condition and at a low temperature condition (ignition delay
time sensitivity (IDS) condition explained later) [34]. In addition, spectroscopic
analysis of the distillate cuts were obtained with 1H NMR spectroscopy to quantify
the different hydrocarbon classes in each cut. Details on the distillation system,
KR-IQT and NMR methodology are explained in the following subsections.

Table 1: Fuel properties

Fuel FACE A FACE C FACE F FACE G FACE I FACE J Coryton Haltermann
gasoline gasoline gasoline gasoline gasoline gasoline gasoline gasoline

RON 83.5 84.7 94.4 96.8 70.3 71.8 97.5 91.0
MON 83.6 83.6 88.8 85.8 69.6 68.8 86.6 83.4
Sensitivity -0.1 1.1 5.6 11.0 0.7 3.0 10.9 7.6
Density (kg/m3) 685 691 707 761 687 741 741 748

AFRstoic 15.18 15.04 14.95 14.55 15.14 14.65 14.47 14.74

H/C ratio 2.29 2.19 2.12 1.84 2.26 1.91 1.78 1.97

Paraffins (v.%) 11.65 24.43 4.40 6.73 14.39 31.64 10.00 13.40

iso-Paraffins (v.%) 85.99 69.73 67.56 38.43 74.54 33.64 38.50 33.70

Olefins (v.%) 0.21 1.27 9.42 8.11 6.35 0.60 10.00 6.80

Naphthenes (v.%) 1.61 0.36 10.98 11.52 3.30 2.29 5.10 15.20

Aromatics (v.%) 0.38 3.92 7.72 33.63 1.15 31.69 32.40 22.70

Oxygenates (v.%) - - - - - - 4.00 8.20

2.1 Spinning band distillation system

The gasoline cuts are obtained with a spinning band distillation system (B/R
Instrument Corp., 36-100 high efficiency distillation system), as schematically shown
in Fig. S1. The device separates liquids with similar BPs with the use of a helical
spinning Teflon band. The vapors of the test fuel generated from the electrically
heated round bottom flask condense on externally cooled glass coil. The spinning
helical Teflon band creates close contact between the condensing liquid and rising
vapor. The spinning band refreshes this dynamic process that results in liquid vapor
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equilibration that enables effective separation of liquids with similar BPs. To ensure
temperature uniformity of the fluid in the boiling flask, a magnetic stirrer drive was
placed beneath the aluminum jacket with a magnetic stirrer in the fluid. The
condensates separated are then collected in various receivers as seen in Fig. S1. For
each test, 1 L of fuel is placed in the boiling flask and 100 mL of fuel (10% in volume)
is collected in each receiver. The device has 8 receivers, thereby 8 cuts and the
remaining residue (20% in volume) in the boiling flask provided 9 cuts. More details
on the device are available in [35].

The distillation curves of all the gasoline cuts obtained with the spinning band
distillation system are shown in Fig. 1 as a function of the vapor temperature.

2.2 KAUST-research ignition quality tester

The KR-IQT is a constant volume combustion chamber pressurized to 21.37 ± 0.1 bar
and is heated to a standard temperature prescribed by the ASTM D6890 standard [28].
The results presented below are the average IDT of 32 injections and error bars indicate
standard deviation of the readings. More details on the KR-IQT are available in [35,
36].

In addition to IDT measurements at the ASTM D6890 standard [28] condition, IDTs
were also measured at a lower temperature, which is referred to the IDS temperature
to estimate RON and MON of various gasoline cuts. In recent studies [34, 37], the IDT
measured at the standard condition could estimate RON and the IDT measured at the
IDS temperature enabled the prediction of OS of the fuel, thus MON.

The RON of various gasoline cuts are predicted with the DCN-RON correlation
proposed in [37] as

RON = −293
(

DCN
100

)2

− 52
(

DCN
100

)
+ 114.1 (2)

The IDS temperature was defined by adjusting the chamber temperature such that
an average of 3 n-heptane runs provides an IDT of 7.56 ± 0.04 ms (corresponding
to twice of the IDT at the standard temperature). The IDS was defined as the ratio
between IDTs of non-primary reference fuel (PRF) and PRF at the IDS temperature
that have matching DCN at the standard temperature as given in Eq. (3). With the
IDT measured at the IDS temperature, the OS can be obtained with Eq. (4). From the
predicted RON and OS, MON is estimated as MON=RON−OS. More details on the
concept of IDS are available in [34, 35].

IDS =
IDTl,non-PRF

IDTl,PRF
⇔ DCNnon-PRF ≈ DCNPRF (3)

OS =
34ln(IDS)

[0.84 + ln(IDS)]
(4)
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Figure 1: Comparison of distillation curves (vapor temperature) for various gasolines
obtained with spinning band distillation system.
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2.3 Nuclear magnetic resonance (NMR) spectroscopy

NMR spectra were acquired using NMR spectrometer (Bruker 700 MHz AVANACIII)
equipped with Bruker CPTCI multinuclear CryoProbe (Bruker BioSpin). Details on the
sample preparation, signal recording, and assignment of chemical shifts in 1H NMR
measurements are available in the Supplementary Material.

2.4 Determining functional groups

Gasolines are mostly composed of paraffins (n- and iso-), olefins, naphthenes,
aromatics, and oxygenates (usually as added ethanol). The above hydrocarbon classes
can be disassembled into the following seven functional groups, namely, paraffinic
CH3 groups, paraffinic CH2 groups, paraffinic CH groups, olefinic CH=CH2 groups,
naphthenic CH-CH2 groups, aromatic C-CH groups, and ethanolic OH groups. Each
of these functional groups produces a distinct peak in the 1H NMR spectra at a
characteristic region and an integration allows for a quantification. The 1H chemical
shift assignments used in the present work are reported in Table S1, taken from
Abdul Jameel et al. [21]. The 1H NMR spectra identifies and quantifies only the 1H
nuclei appearing in these functional groups. The quantity of the functional group in
the sample are then calculated by adding the contribution of carbon atoms. For
example, the relative quantity of paraffinic CH2 groups (wt%) can be calculated by
multiplying the fraction of 1H nuclei that gives rise to paraffinic CH2 peaks (from
NMR spectra) with the groups molecular weight (i.e., 14) and then dividing the result
by the number of 1H nuclei in the group (i.e., 2). The quaternary aromatic carbons
that do not show up in the 1H NMR spectra are calculated by the knowledge of the
hydrocarbon groups in α position to the ring. The procedure and equations to
calculate the above functional groups are discussed in detail elsewhere [20, 21].

3 results and discussion

This section details a comparison between the compositional effects on the reactivity
of fuels based on ON range. The distillation curves are the manifestation of the
compounds, and their functional groups present in the different cuts. The same
functional groups affect the reactivity of the cut; hence, all discussions are made from
the perspective of functional groups. All the IDT data are plotted with respect to
liquid temperature in the boiling flask of the spinning band distillation system. The
spacing of the various cuts in the figure indicates the separation in the BP of the
respective cuts. The 1H NMR spectra of full blend gasoline and their respective cuts
are available in Figs. S2 to S9.
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3.1 High reactivity gasolines

FACE I and J gasolines are characterized as high reactivity gasolines owing to their
low ONs (RON of 70.3 and 71.8, respectively) compared to commercial gasolines.
Such high reactivity gasolines are potential fuels for PPCI/gasoline compression
ignition (GCI) engine applications [38–42]. The distillation curves (liquid
temperature) of FACE I and J gasolines obtained with the spinning band distillation
system are shown in Figs. 1(a) and 1(b). From the figure, it can be observed that how
different compositions given in FACE I and J gasolines influence the BPs of different
cuts of gasoline, particularly in the back end (final boiling range). The presence of
aromatics in FACE J gasoline (31.7 vol%) causes wider spread in BP due to their
larger molecular weights, which is evident from the higher final boiling point (FBP)
of FACE J gasoline.

The ignition quality of these various cuts obtained with the spinning band
distillation system was measured with the KR-IQT at the standard DCN condition
(high temperature) and the IDS condition (low temperature) [34]. Figure 2 shows the
IDTs of various cuts of FACE I and J at DCN and IDS conditions along with the
various functional groups present in the full blend and each cut. The IDTs of various
cuts of FACE I gasoline at the DCN condition in Fig. 2(a) show that cut 1 has the
longest IDT due to the higher content of paraffinic CH3 groups along with the fact
that lighter paraffinic hydrocarbons (having lower BPs) having longer IDTs.
FACE I gasoline is mostly paraffinic (96.5 wt%) and the quantities of olefinic,
naphthenic, and aromatic groups (3.5 wt%) are very small as observed in Fig. 2(e).
The ignition quality of such fuels depends on the degree of methyl substitution. The
IDT of a paraffinic fuel increases with the increase in the paraffinic CH3 groups as
experimentally demonstrated in a constant volume combustion chamber (CVCC)
using the mixtures of C16 isomers (n-hexadecane, 2,6,10-trimethyltridecane, and
2,2,4,4,6,8,8-heptamethylnonane) [43].
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Figure 2: IDT of high reactivity gasolines for FACE I (left panel) and FACE J (right
panel) gasolines at (a), (b) DCN and (c), (d) IDS conditions, and functional groups
present in various cuts (e), (f).
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Abdul Jameel et al. [21] also showed an increase in the IDT of an ‘n-heptane and
iso-octane’ mixture with the increase in the paraffinic CH3 groups. Methyl
substitution also inhibited low temperature chain branching reactions [44]. For
heavier cuts (i.e., cuts 2 to 6), the IDT reduces as the paraffinic CH2 groups increase
slowly. For n-paraffins and iso-paraffins, increasing the chain length (i.e., increasing
paraffinic CH2 groups) results in a higher reactivity thereby shortening the IDT. This
trend is observed until cut 6, after which the IDT starts increasing due to heavier
components in FACE I gasoline such as aromatics and naphthenes but their fraction
is low to cause any significant increase in IDT. The IDT of full blend FACE I gasoline
at the DCN condition is 6.78 ms (Fig. 2(a)).

The IDTs of various cuts of FACE J gasoline are shown in Figs. 2(b) and 2(d) at the
DCN and IDS conditions, respectively. Note the IDTs for FACE J gasoline are plotted
on a logarithmic-scale (as compared with linear-scale for FACE I gasoline), due to a
wide spread in their IDTs. Similar to FACE I gasoline, the IDT of cut 1 is slightly
longer than cuts (2–6), due to higher methyl substitutions, as seen in Fig. 2(f). The
paraffinic CH3 groups progressively decrease for the cuts 2–6 with increasing chain
lengths (paraffinic CH2 groups). For cuts 8 and 9, very long IDTs are observed
because of the existence of large quantities of aromatic C-CH groups present in these
cuts. Aromatic C-CH groups have a more prominent effect on the IDT of a fuel
compared to other paraffinic, olefinic, and naphthenic groups and tend to increase
the IDT significantly [21]. FACE J gasoline has 32.5 wt% of aromatic groups, the
largest of all FACE gasolines analyzed here. The IDT of the full blend
FACE J gasoline at the DCN condition is 7.39 ms (Fig. 2(b)).

The IDTs of FACE I gasoline cuts at the IDS are observed to decrease with increase
in cut number. The IDT of cut 9 at the IDS condition is observed to be even lower
than the average, while cut 9 at the DCN condition has higher IDT than the average.
However, in general, the trends in the variation of IDT at the IDS condition of various
FACE gasoline cuts are observed to be similar to the trends observed at DCN condition
with IDT being longer.

3.2 Mid-range octane gasolines

Next, the gasolines with RON/MON in the range of 83.5–84.0, FACE A
and C gasoline, are analyzed. The distillation curves of FACE A and C gasolines are
similar (Figs. 1(c) and 1(d)). However; their compositions are quite different in terms
of, especially, the amount of n- and iso-paraffins. FACE A gasoline, by design, has a
higher composition of iso-paraffins indicated by its higher paraffinic CH groups (25.1
wt%), whereas FACE C gasoline contains only 9.5 wt% of paraffinic CH groups.
Figure 3 shows the ignition quality of FACE A gasoline cuts, which had fairly similar
IDTs in all the cuts; this is because aromatic C-CH groups, with the ability to
significantly offset the IDTs of a cut are negligible in FACE A gasoline.
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Figure 3: IDT of mid-range octane gasolines for FACE A (left panel) and FACE C (right
panel) gasolines at (a), (b) DCN and (c), (d) IDS conditions, and functional groups
present in various cuts (e), (f).
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Cut 1 of FACE A gasoline has relatively longer IDT than the other cuts, mostly
because it has higher paraffinic CH content compared to the other cuts. Generally,
the IDT of a mixture increases with an increase in the paraffinic CH groups
(branching), as experimentally demonstrated by Abdul Jameel et al. [21] for blends
comprising of n-heptane, iso-octane, 1-hexene, and cyclohexane. This is also seen in
the FACE C gasoline cuts, where the paraffinic CH groups increase steadily from cut
1 to 8, while simultaneously increasing the IDT of the cuts. Branching reduces the
average chain length and smaller chain paraffins are observed to have longer IDT due
to their low reactivities. The cut 9 of FACE C gasoline has lower paraffinic CH groups
compared to cut 8, and yet has a higher IDT because of its higher aromatic content.
FACE C gasoline has 0.9 wt% of aromatic C-CH groups, most of which shows up in
cut 9. The IDTs of cuts 2 to 8 of FACE A gasoline are shorter than FACE C gasoline
due to the higher paraffinic CH2 groups. FACE A gasoline has a higher branching
index [21] of 0.42 compared to FACE C gasoline of 0.31.

The IDTs of FACE C gasoline cuts increase monotonically at the DCN condition
(Fig. 3(b)). Similar trends are observed at the IDS condition. But differences are
observed in the IDTs of FACE A gasoline at the DCN and IDS conditions, where cut 9

is observed to be more reactive at the IDS condition compared to the preceding cut.
However, at the DCN condition, cut 9 is less reactive than the preceding cut.
Estimations of the RON/MON, as shown later, indicate that cut 9 is observed to have
negative OS value. For many reasons this could be attributed to the presence of
3,3,5-trimethylheptane. The BP (= 429 K [45]) of 3,3,5-trimethylheptane corresponds
to the boiling range of cut 9 ≈ 430 K; the highly branched structure evident from the
functional group distribution, and as will be shown later the estimated RON/MON,
is close to the nominal RON/MON of 86.5/88.7 obtained from [46].

3.3 High octane gasolines

Because of their high ONs (RON/MON in the range of 85.8–96.8), FACE F and
G gasolines are representative of commercial gasolines. It can be observed from
Fig. 1(f) that FACE G gasoline had the widest spread in BPs.

Figure 4 shows the ignition quality and the functional group distribution of the
full blend FACE F and G gasolines and their cuts. Both fuels have an appreciable
distribution of the various functional groups except olefinic CH=CH2 groups. Cut 1

of FACE F gasoline has longer IDT than cuts 2–8 due to its high paraffinic CH content
and low paraffinic CH2 content. Proceeding from cut 1 to 8, the paraffinic CH groups
decrease steadily, whereas the paraffinic CH2 groups keep on increasing slightly. The
quantity of aromatic C-CH groups increases slightly from cut 1 (1.1 wt%) to
cut 8 (3.9 wt%) and suddenly increases to 26.8 wt% in cut 9, which is the reason for
its high IDT. For FACE gasoline, cut 9 has IDT longer than cut 1 at the DCN
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condition. However, at the IDS condition the IDT of cut 9 is shorter than the cut 1.
This could be attributed to the higher IDS of aromatics.

The IDT of FACE G gasoline cuts 1–6 at the DCN condition follows a trend
similar to FACE F gasoline cuts. However, the cuts 7–9 of FACE gasoline exhibit
behavior not observed for other gasolines used in the present study. For cuts 7–9 of
FACE G gasoline, the IDTs have large values for cuts 7 and 8 and then the IDT
decreases drastically for the cut 9. Note that the IDTs of FACE G gasoline cuts are
plotted on a logarithmic-scale. The drastic reduction in IDT for cut 9 of
FACE G gasoline could be attributed to the presence of long chain alkanes (isomers
of decane and aromatics with C2-C4 alkyl substitutions, cf. COA in Supplpementary
Material), as indicated by the higher paraffinic CH2 groups in Fig. 4(f).
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3.4 Oxygenated certification gasolines

The influence of oxygenates (ethanol in this case) in the certification fuels of Coryton
and Haltermann gasolines is analyzed. The distillation curves (Figs. 1(g) and 1(h))
show similar trends with a widespread in their BPs. The IDTs and functional groups
in Coryton and Haltermann gasolines are shown in Fig. 5. Note that both the IDT
scales are logarithmic. Coryton gasoline has a high quantity of aromatic groups
(34.7 wt%) along with an appreciable naphthenic CH-CH2 content (7.6 wt%), whereas
Haltermann gasoline has a lower aromatic C-CH content (21.1 wt%) and a higher
naphthenic CH-CH2 content (10.8 wt%). Both fuels contain ethanolic OH groups as
observed from the peak in the 1H NMR spectra between 3.6–3.8 ppm (Figs. S8

and S9). A unit wt% increase in the ethanolic OH groups has a greater impact on fuel
ON than any other groups [20], as ethanol acts as a radical scavenger leading to the
reduction of fuel reactivity and its low temperature heat release (LTHR)
characteristics [47]. Figure 5(a) shows the IDTs of Coryton gasoline and its cuts at the
DCN condition. Unlike other gasolines tested here, cut 1 of Coryton gasoline has an
appreciable amount of aromatic C-CH groups together with ethanolic OH groups,
resulting in relatively short IDT. The IDT increases for cuts 2–7 and for cuts 8 and 9

the IDT are observed be long (note the logarithmic-scale) due to very high aromatic
contents 51.7 and 61.0 wt% of aromatics for cuts 8 and 9, respectively.

The Haltermann gasoline cuts are observed to show increasing IDT for the cuts
1–4. However, for the remaining cuts the IDT progressively decreases. The increase in
the IDT for cuts 1–4 is mostly due to the increase in the ethanolic OH groups as seen
in Fig. 5(f). For the later cuts 5–9, the increase in IDT is not observed even with the
increase in aromatic C-CH content. This may be because the later cuts possess a fair
quantity of all the different functional groups and the IDT of each cut is due to the net
effect of the complex interaction between these individual groups.

The IDTs at the IDS condition are observed to be similar to those at the DCN
condition for both Coryton and Haltermann gasolines.
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3.5 Effects of boiling points on physical delay times

Numerous research has been published in recent years indicating the importance of
fuel’s physical properties on combustion, abnormal combustion events such as knock,
pre-ignition and superknock, cold-start conditions, emission characteristics, and
surrogate fuel formulations [48–57]. Many of the studies indicate the importance of
distillation curve characteristics on fuel spray development and fuel stratification in
direct injection (DI) engines.

As the IQT uses a liquid fuel injection system, the total IDT is a combination of
physical and chemical delay times [35, 58]. The physical delay times (PDTs) of various
gasoline cuts were obtained with a point of inflection (POI) approach that is based on
the change of curvature of the IQT pressure trace that occurs after the start of injection
(SoInj); more details on the approach is described in [59]. The relative contribution of
the PDTs to the total IDTs of each gasoline cut at both conditions (DCN and IDS) is
shown in Fig. 6. For all the fuels studied in this work, the relative contribution of the
PDTs to the IDT was less than 50%. The largest contribution of PDT was observed for
FACE J gasoline cut 6, which has also the lowest predicted ONs as shown in the next
subsection. The PDTs of all fuels are more or less consistent with marginal increase
for heavier cuts, but all PDTs were less than 2.6 ms as shown in Fig. S10. However,
depending on the total IDT including the chemical delay times, their contribution
varies for each cut.

For each gasoline, the influence of BPs on the PDT contribution to IDT is minimal
and reflective of an inverse variation of the IDT. For high reactivity gasolines with
low aromatic content, the importance of PDTs increases steadily due to the increasing
PDTs and reducing IDTs for heavier cuts (cf. Figs. 2 and S10). The light cuts of
these gasolines containing appreciable amount of aromatics have appreciable physical
process contribution, but heavier cuts are predominantly influenced by the chemical
processes as observed in Fig. 6 (b). Similar observations can be made for mid-range
octane gasolines, for gasolines with considerable amount of aromatics the relative
contribution of physical processes reduce for heavier cuts containing aromatics. With
increasing ONs, i.e., for high octane gasolines and oxygenated certification gasolines,
the influence of physical processes on ignition also reduces. This could be attributed
to the consistent PDTs for different gasolines and their cuts and increasing IDTs for
increasing ONs.



3 results and discussion 20

(a)
FACE	I

ID
T

PD
T 	[
%
]

10
15
20
25
30
35
40

340 350 360 370 380 390

(b)
FACE	J

0
10
20
30
40
50
60

360 380 400 420 440

(c)
FACE	A

ID
T

PD
T 	[
%
]

10
15
20
25
30
35

340 360 380 400 420 440

(d)
FACE	C

5
10
15
20
25
30
35
40

340 360 380 400

(e)
FACE	F

ID
T

PD
T 	[
%
]

0
5
10
15
20
25

340 360 380 400

(f)
FACE	G

0
5
10
15
20

325 350 375 400 425 450 475

DCN	condition IDS	condition

(g)
Coryton

ID
T

PD
T 	[
%
]

0

5

10

15

20

Tliquid	[K]
325 350 375 400 425 450 475

(h)
Haltermann

0
5
10
15
20
25
30

Tliquid	[K]
320 340 360 380 400 420 440 460

Figure 6: Comparison of the relative contribution of the PDTs of various fractional cuts
in terms of Tliquid (liquid temperature in the boiling flask).
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3.6 Prediction of RON and MON of gasoline fractional distillates

As the IDTs are obtained based on the ASTM D6890 standard condition and the low
temperature IDS condition, the RON and MON are estimated with the correlations
obtained in [34, 37] (correlations with uncertainties obtained from [35]). The RON of
various gasoline fractional distillates are estimated with the DCN using Eq. (5). The
IDT measurements at the IDS condition are used in determining the IDS with Eq. (3),
from which OS is estimated with Eq. (6), and then MON, more details on IDS and
prediction of OS from IDS are available in [34, 35]. The estimated RON and MON
of the fractional cuts of various FACE and certification gasolines are shown in Fig. 7,
which are plotted against the liquid fuel temperature (Tliquid) in the boiling flask. The
nominal RON and MON of the full blend gasolines obtained from COAs are also
shown.

RONpredicted = (−293± 10)
(

DCN
100

)2

+ (−52± 6)
(

DCN
100

)
+ (114.1± 1) (5)

OSpredicted =
(34± 2) ln(IDS)

[(0.84± 0.2) + ln(IDS)]
(6)

The results show that for most of the fuel fractional cuts, the RON is higher than
its MON, i.e., they have positive OS. However, some fractional cuts are observed to
have negative OS. Cut 9 of FACE F gasoline has estimated OS of −3.7, which could
be attributed to the presence of branched isomers of heptane and octane (cf. detailed
hydrocarbon analysis report (DHA) of FACE F gasoline in Supplementary Material)
such as 2-methylhexane, 3-methylhexane, and 2,3-dimethylhexane that are shown to
exhibit negative OS [60]. It can also be observed that a greater spread in ON is
observed for fuels containing more aromatic content. It is interesting to note that
some of the cuts of FACE J gasoline have very low ONs, cut 6 has RON and MON
near zero values.

The predicted RON and MON of the fractional cuts could provide guidelines on
the design of future fuels depending on engine application. For example, it may not
be advisable to use a gasoline such as FACE F gasoline for OoD engine application
by on-board separation, as this would result in a high reactive high OS fuel and high
octane, low or negative OS fuel. The operation of such a high octane, low or negative
OS fuel at higher load condition would result in a fuel with lower OI where a fuel
with higher OI would be required [11, 61].
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4 concluding remarks 23

4 concluding remarks

A spinning band distillation system was utilized in separating different fractional
cuts of FACE and certification gasolines. The ignition qualities of various cuts were
then analyzed with the KR-IQT at two different temperature conditions to assess the
effect of chemical composition of different fractions on their IDTs. The cuts were also
analyzed with high resolution 1H NMR spectroscopy to identify and quantify seven
different functional groups. The influence of these functional groups on the IDT of
each cut was analyzed.

For fuels with low-ON low-OS (FACE I gasoline), the IDTs at both high and low
temperature conditions decreases continuously with the increase in Tliquid. This is
expected because such fuels have low aromatic content and high paraffinic CH2 groups
(longer chains) in the last cuts which are also observed to have high reactivity. For
fuels with low-ON mid-OS (FACE J gasoline), the IDT is observed to decrease slightly
up to their middle cuts, but the later cuts have large IDTs compared to initial cuts.
This is due to the presence of higher aromatic content that have high-OS and low
reactivity. For fuels with mid-ON low-OS (FACE A gasoline), the IDTs are observed
to be comparable with negligible spread in IDTs. While a greater spread in IDTs
was observed for mid-ON mid-OS (FACE C gasoline). The IDTs of high-ON mid-OS
(FACE F gasoline) are observed to have considerable spread in IDTs at the high and low
temperature conditions. The greatest spread in IDTs was observed for high-ON high-
OS (FACE G gasoline). For oxygenated certification gasolines, the effect of ethanol on
the reactivity of the distillate cuts was evident. The effects of BPs on physical and
chemical delay times were analyzed. A consistent PDT for different cuts of different
gasoline results in chemical delay times being the major contributor to the total IDT,
which are dictated by the constituents in each cut of gasoline. The RON and MON of
various gasoline fractional cuts was also estimated; that could provide guidelines on
the selection of components for fuel design.
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s1 spinning band distillation system
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Figure S1: Schematic of spinning band distillation system. Reproduced with
permission from B/R instruments.

s2 nuclear magnetic resonance (nmr) spectroscopy

The NMR spectra were acquired using NMR spectrometer (Bruker 700 MHz
AVANACIII) equipped with Bruker CPTCI multinuclear CryoProbe (Bruker BioSpin).
Samples were prepared by dissolving 70 µL of a sample (various gasolines and their
cuts) in 600 µL of deuterated chloroform CDCl3 solvent inside 5 mm NMR tubes. To
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achieve a high signal-to-noise ratio, the 1H NMR spectra were recorded by collecting
64 scans with a recycle delay time of 10 s. Each spectrum was recorded using
one-pulse sequence through a standard (zg) program from a pulse library (Bruker).
The temperature for all experiments was maintained at 298 K. Chemical shifts were
determined relative to a solvent peak for CDCl3 at 7.24 ppm as an internal chemical
shift reference. The flame ionization detector (FID) signals were amplified by
applying exponential line-broadening factor of 0.3 Hz prior to a Fourier
transformation. Software (Bruker BioSpin, Topspin 3.5pl7 and MesReNova) were
used to collect and analyze the data.

Table S1: 1H NMR assignments.

Chemical shift 1H type
[ppm]

6.42–8.99 Aromatic CH groups
4.50–6.42 Olefinic CH and CH2 groups
3.60–3.80 Ethanolic OH groups
2.88–3.40 CH group α to aromatic ring
2.64–2.88 CH2 group α to aromatic ring
2.04–2.64 CH3 group α to aromatic ring
1.57–1.96 Naphthenic CH and CH2 groups
1.39–1.57 Paraffinic CH groups
0.94–1.39 Paraffinic CH2 groups
0.25–0.94 Paraffinic CH3 groups
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Figure S2: 1H NMR spectra of FACE I gasoline and their cuts.
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Figure S3: 1H NMR spectra of FACE J gasoline and their cuts.
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Figure S4: 1H NMR spectra of FACE A gasoline and their cuts.
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Figure S5: 1H NMR spectra of FACE C gasoline and their cuts.
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Figure S6: 1H NMR spectra of FACE F gasoline and their cuts.
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Figure S7: 1H NMR spectra of FACE G gasoline and their cuts.
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Figure S8: 1H NMR spectra of Coryton gasoline and their cuts.



S2 nuclear magnetic resonance (nmr) spectroscopy S10

Naphthenic	CH,	CH2

α-CH,	α-CH2,	α-CH3	to	aromatics

Olefins Ethanolic	OHAromatics

CH,	CH2,	CH3

Cut	9

Cut	8

Cut	7

Cut	6

Cut	5

Cut	4

Cut	3

Cut	2

Cut	1

Haltermann	gasoline

1H	[ppm]

012345678

Figure S9: 1H NMR spectra of Haltermann gasoline and their cuts.
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Figure S10: Comparison of the relative contribution of the physical delay times of various
fractional cuts in terms of Tliquid (liquid temperature in the boiling flask)
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