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ABSTRACT

Utilizing kinetic simulations with the Co-Optimization of Fuels & Engines (Co-Optima) mechanism, the research
octane number (RON) of various synergistic blendstocks at several blend levels in a four-component surrogate
were predicted and compared against measured values. The blendstocks investigated include dimethylfuran
(DMF), 2-methylfuran (2MF), prenol, 2-methyl-2-butene (2M2B), and ethanol—selected because of their
nonlinear blending or synergistic behavior. The RON predictions are in excellent agreement with measured
values for DMF and ethanol (within 2 RON units), with less satisfying results for 2MF and 2M2B (as much as 6
and 12 RON units off respectively). The predictions for prenol do not even capture the synergistic blending
behavior observed experimentally, reflecting the fact that the kinetic model for prenol does not include suffi-
ciently accurate low-temperature chemistry. The kinetic model was interrogated to understand the most
important reactions consuming the blendstock and surrogate components, to understand the most important
reactions responsible for the synergistic blending behavior. Better synergistic blenders scavenge hydroxyl radi-
cals (OH) by addition reactions rather than hydrogen-abstraction (H-abstraction) reactions. In addition, those
blendstocks, such as 2M2B, can form resonance-stabilized radical products, leading to superior RON boosting
compared to ethanol. DMF and 2MF were shown to have the highest RON-boosting ability due to the rapid
reaction of the OH addition products to other species that pull the OH addition equilibrium toward products.

1. Introduction

Knock in a spark-ignition (SI) engine is caused by autoignition of the
unburnt fuel-air mixture ahead of the spark-ignited propagating flame
front and can cause engine damage if severe or allowed to occur over a
long period of time. The occurrence of knock limits the ability to operate
at optimal combustion phasing (optimal efficiency) with increased
compression ratio, engine boosting and downsizing, and other strategies
for improving efficiency [1]. Octane number is a measure of resistance
to autoignition, which means resistance to knock within the context of
spark-ignition engines. There are two octane numbers, the research
octane number (RON) and the motor octane number (MON) that were
developed historically to predict knock resistance at different engine
operating conditions [2]. In modern engines RON is much more closely

correlated with knock-limited operation [1,3] such that RON is a critical
property of SI engine fuels and is the most important property for
enabling higher-efficiency engine designs [3]. Octane sensitivity (the
difference between RON and motor octane number [MON]), the heat of
vaporization, flame speed, and other fuel properties are also important,
but here we consider only RON.

RON (or MON) is measured in a Cooperative Fuels Research (CFR)
engine, which is a single cylinder engine with variable compression ratio
developed specifically for this measurement [4]. Mixtures of n-heptane
and isooctane (2,2,4-trimethylpentane) are used as primary reference
fuels (PRF) to define the octane number scale. N-heptane defines zero on
the scale while isooctane defines 100. For mixtures of these components,
the isooctane volume percent is the octane number. For example, a
mixture of 90 vol% isooctane and 10 vol% n-heptane has an octane
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number of 90 and is referred to as PRF 90. For a given test fuel, the
compression ratio is adjusted to obtain a predefined level of knock in-
tensity. The PRF that yields the same knock intensity at this compression
ratio has the same octane number as the test fuel.

Commercial gasolines are a mixture of many individual compounds
and may include specific bio-blendstocks such as ethanol to reduce
emissions and increase octane number [5]. Many individual compounds
and blendstocks are known to blend synergistically for RON [6]. Such
components do not blend according to a volumetric or molar linear
blending model and produce higher RON values than are predicted ac-
cording to linear models. This is a significant advantage for the fuel
blender in that a lower volume of the blendstock is required to meet an
octane number target, or a potentially lower-cost, lower-octane-number
petroleum refinery base blendstock can be employed. Nonlinear
blending may lead to false negatives or false positives when screening
prospective blendstocks based on their pure component octane number
values. The research reported here uses molar concentrations and molar
blending models rather than volumetric blending, as is common in the
petroleum refining industry, because a chemical kinetic analysis for
nonlinear blending will be most meaningful on this basis.

Previously, researchers measured the RON of 20 potential bioderived
blendstocks blended into a four-component gasoline surrogate described
in Table 1 [6]. Many blendstocks including alcohols, olefins, and
alkylfurans blended synergistically. Because of ethanol’s importance in
the marketplace, many studies have examined its synergistic blending in
petroleum refinery blendstocks and gasoline surrogates. Fig. 1 shows
measured RON results for ethanol, along with the expected RON for
linear molar blending. Equation (1) shows the simple molar blending
model for RON:

RONjend = Xpob*RONpgp + Xpistke"RONpigiic (€H)

where:

RONpjend is the measured RON of the blend

Xbob is the mole fraction of the refinery blendstock or surroga-
te—based on average molecular weight)

RONy,p, is the measured RON of the refinery blendstock or surrogate

Xpistk is the mole fraction of the added blendstock

RONpstk is the measured RON of the added blendstock

The refinery blendstocks that are blended with ethanol to make
commercial gasoline are referred to as blendstock for oxygenate
blending (BOB) because they do not meet ASTM or regulatory re-
quirements for finished gasoline until blended with ethanol. In partic-
ular, a refinery BOB will typically have an octane number that is too low
to meet market requirements (a sub-octane BOB) until blended with
ethanol. Ethanol blending is the most well-known example of synergistic
blending where measured results are higher than predicted by a linear
model, and by a margin that is clearly outside the range of the experi-
mental uncertainty. The reproducibility of the RON measurement is
described in the ASTM method (D2699). For the range of 90.0-100.0 the
difference between two results obtained on identical test samples would
exceed 0.7 O.N. only in one case in twenty. We have interpreted this as a
95% confidence interval of +0.7. For higher values of RON the confi-
dence intervals are:

e 101.0 £1
e 1020+ 1.4
¢ 103.0 £1.7

Table 1
Composition of four-component surrogate [6]; RON = 90.3, MON = 84.7.

Species Liquid Volume fraction Mass fraction Mole fraction
Isooctane 0.55 0.519 0.469
Toluene 0.25 0.296 0.331
n-Heptane 0.15 0.140 0.144
1-Hexene 0.05 0.046 0.056
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Fig. 1. Measured RON and RON predicted from a linear molar blending model
for ethanol blends. Ethanol blended into a four-component surrogate [6].
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Research on ethanol blending reveals that synergistic blending arises
from the interaction between the BOB and ethanol, such that the degree
of synergy observed depends on BOB chemical composition. Anderson
et al. [7], and later Badra et al. [8] used the difference between
measured RON and predicted RON by a linear molar blending model to
describe nonlinear blending effects for ethanol in the development of
empirical models to predict RON. Anderson et al. [5] suggested that this
difference was primarily caused by the interaction of ethanol with iso-
paraffins and referred to it as ONj, or the total octane number increase
from interactions between ethanol and the hydrocarbon fuel. Badra et al.
used the difference between measured RON and the linear molar
blending predicted values and measured this difference for blends of
ethanol into several specific hydrocarbon compounds [8]. Foong et al.
[9] showed that ethanol blends synergistically with n-heptane, isooc-
tane, and their blends (primary reference fuels [PRF]) but antagonisti-
cally with toluene (antagonistic blending occurs when the blend RON is
less than that predicted by a linear molar blending model). In the most
recent empirical modeling study of 280 commercial gasolines, Anderson
and Wallington [10] use an interaction parameter that can be equally
correlated with the fractions of saturates and aromatics or octane
sensitivity. Taken together, these studies indicate that ethanol syner-
gistic blending is caused by interaction with the autoignition of paraffins
and isoparaffins—species that can undergo low-temperature auto-
ignition. This is well aligned with the conclusion of others that in the
synergistic blending of ethanol with PRF, ethanol reacts with hydroxyl
radical (OH) generated from paraffin low-temperature autoignition,
ultimately yielding much less reactive HO, radicals and acetaldehyde
[11,12].

No other synergistic blending species have been examined at the
level of detail of ethanol. However, some studies have examined iso-
butanol and 2-methylfuran (2MF). Isobutanol blending into 34 com-
mercial BOBs was examined to develop an empirical blending model
[13]. The results showed that isobutanol blended synergistically with
paraffins but antagonistically with olefins and aromatics. Both 2MF and
2,5-dimethylfuran (DMF) have been observed in several studies to have
a significantly larger synergistic effect than ethanol or isobutanol
[6,14,15]. Singh et al. [15] examined blends of 2MF into PRF60 and
showed much greater suppression of low-temperature reaction chemis-
try than observed for ethanol, suggesting that 2MF was an even better
OH radical scavenger as discussed in more detail later in Section 3.4
Kinetic Simulations — Dimethylfuran and 2-Methylfuran. Tripathi etal. [16]
developed a chemical kinetic model for the oxidation of 2MF and 2MF-
heptane blends. They showed that under low-temperature conditions
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(690 K), 2MF competes with n-heptane for the OH radicals formed in
chain branching reactions and that OH addition to the ring was the
dominant 2MF consumption pathway. More recently, Shankar et al. [17]
used kinetic simulations to show that for 2MF, OH addition to the furan
ring is much faster than H-abstraction reactions from hydrocarbons at
low temperatures and that this initial OH addition product rapidly reacts
to form the ring opening product, driving the OH addition reaction
forward. They also showed that as the RON of the hydrocarbon blend-
stock increases, the temperature for peak OH concentration increases.
The relative rates of OH addition and H-abstraction become closer-
—explaining why higher-RON blendstocks show a less synergistic effect.

Because alcohols, olefins, furans, and prenol have demonstrated
synergistic blending [6,18], we chose to investigate ethanol, 2-methyl-2-
butene (2M2B), DMF, 2MF, and 3-methyl-2-buten-1-ol (prenol) to
represent these four chemical classes. Prenol has functional groups of
both an olefin and alcohol. 2M2B was chosen to represent olefins, as it is
structurally similar to prenol. Several studies have investigated the
mechanism and kinetics of autoignition of ethanol [19,20,21], alkyl-
furans [16,22], prenol [23,24,41], and 2M2B [25] in neat form and in
some cases as blends with heptane or isooctane. These were blended into
the four-component surrogate (as described in Table 1) at blend levels
up to nominally 30 vol% for RON measurement. RON was then pre-
dicted using kinetic simulations, and the simulations were interrogated
to understand which reactions in the model were responsible for RON
synergy.

2. Methods

All pure components used in this study were obtained from Sigma
Aldrich in > 99% purity. Blends into the four-component surrogate
(described in Table 1 above) were prepared by mass and validated by gas
chromatography—flame ionization detection (GC-FID). RON was
measured in a CFR engine according to ASTM International standard
D2699 [4].

The kinetic modeling was performed using the open-source software
Cantera [26] and with the 2020 version of the Co-Optimization of Fuels
& Engines (Co-Optima) chemical kinetic mechanism, which consists of
4,164 species and 18,732 reactions [27]. Recently, a version of this
gasoline kinetic model without the CoOptima blendstocks was published
in Cheng et al. [28] The model presented in Cheng et al. [28] contains all
BOB components of this work and ethanol. The CoOptima kinetic model
of this work is available upon request and a manuscript discussing the
model is in development. The CoOptima kinetic model, and any updates,
will be hosted on the LLNL combustion website for archival public ac-
cess. RON was simulated using the chemical kinetics method developed
by Westbrook et al. [29]. In this approach, the pressure versus time (or
crank angle degree [CAD]) profile from a single-cylinder spark-ignition
engine experiment at 600 rpm, equivalence ratio 1.1, and using E30 fuel
with RON 104.9 is imposed on a modeled zero-dimensional (OD) reactor
simulating the end gas pressure in the engine. For the OD reactor to
follow the experiment pressure curve, the volume of the reactor is varied
based on an isentropic process. In this way, the pressure and tempera-
ture follow the measured pressure and estimated temperature of the end
gas in the engine experiment. The chemical kinetics involved in the
simulation release heat as the pressure and temperature increase beyond
a certain level. Eventually, the whole mixture autoignites—which is
observed as a sharp temperature rise in the model output. We arbitrarily
define autoignition as occurring when the temperature reaches 1500 K.
The initial pressure and temperature are 3.1 bar and 502 K, respectively,
corresponding to the 65.3 CAD before the top dead center in the
recorded pressure data. The major assumption of this method is that
calculated autoignition times will vary monotonically with RON,
allowing the model to be calibrated using fuels of known RON such as
the PRF, to produce a curve from which RON can be predicted from the
calculated autoignition time. To develop this calibration, we performed
simulations for PRF (which define RON values from 0 to 100) and ethane
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and methane (with RON to define values of 115 and 130, respectively) to
produce autoignition time versus RON curve shown in Fig. 2. While this
approach does not consider all of the factors that can affect experi-
mentally measured RON values (such as air-fuel ratio, heat of vapor-
ization, or flame speed), Westbrook’s comparisons of simulation results
to experimental measurements show remarkably good agreement
consistent with the fact that autoignition chemistry is the primary factor
affecting RON [29,30]. The four-component surrogate and its mixtures
with the synergistic blendstocks were then simulated to generate an
autoignition time, and the curve in Fig. 2 was used to predict RON.

The Gaussian 16 program package [31] was used to calculate Gibbs
free energies of OH addition to 2MF. The B3LYP/6-31G(2df,p) level of
theory was employed to optimize the structures, and their free energies
at room temperature were calculated using the G4 composite method
[32]. G4 method was chosen to give the smallest confidence intervals
against experimental formation enthalpies and give the closest values of
formation enthalpies of radicals compared to the Active Thermochem-
ical Tables (1.48 and 1.08 kcal mol’l, respectively) [33]. To calculate
rate parameters, free energies at different temperatures (800 K-1500 K
with 20 K intervals) were calculated by running the G4-compatible
version of the GoodVibes program [34]. Next, the rate parameters A,
n, and Ea were determined by the regression based on equation (2):

_ AG E,
kor—diss = kot—aaa(RT) lﬁxp( - ﬁ) = AT"exp< - ﬁ) 2

where kop.diss, Kon-add, and AG are reaction rates of OH dissociation,
addition, and reaction free energy of OH dissociation. kog.adq Was set to
10'3 ¢m® mol™! s! based on the known literature value [35]. Any
reference to a rate constant in this work refers to the high-pressure limit
unless explicitly stated otherwise. The detailed procedure of rate con-
stant calculations is explained in our previous study [36].

3. Results and discussion
3.1. RON measurements and prediction from kinetic simulation

Measured octane number values for the four-component surrogate
and the blendstocks are shown in Table 2. The surrogate was developed
to approximate refinery gasoline autoignition properties while
providing a simple, well-defined composition for kinetic simulations
[6]. The blendstocks were selected as representative of the various
classes of compounds that have exhibited synergistic blending — with
ethanol, prenol, and the alkyl furans as viable or potentially viable

56 Methane

sa b Ethane

50

Ignition time [ms]

46 |

L Il 1 1 1

0 20 40 60 80 100 120

RON

Fig. 2. Calculated autoignition time versus RON model calibration curve based
on a range of PRF, ethane, and methane.
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Table 2

Octane numbers for blend components were used in this study.
Blendstock RON MON Source
Four-component surrogate 90.3 84.7 [6]
Ethanol 109 90 [37]
3-methyl-2-buten-1-ol (prenol) 93.6 74.2 [38]
2-methyl-2-butene (2M2B) 97.3 84.7 [39]
2-methylfuran (2MF) 102.5 86.1 [39]
2,5-dimethylfuran (DMF) 101.3 88.1 [39]

biofuels based on production pathway and properties [6]. 2M2B is a
surrogate for biofuel olefins such as a mixture of diisobutylene isomers
and provides a useful comparison to prenol as it has an identical car-
bon-carbon bond structure but without the hydroxyl group. RON results
for blends are shown in Fig. 3. Results for ethanol are repeated from
Fig. 1 [6], results for prenol have been published previously [18], and
other results are previously unpublished. All blendstocks show syner-
gistic blending at least as significant as that observed for ethanol.

RON predictions using the kinetic simulation approach are also
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shown in Fig. 3. The ability to predict RON for single components or
blends is a significant test of the accuracy of a kinetic model [29],
because simulation covers the temperature range of 500 K to over 2000
K, pressures up to 60 bar, and a change in the predicted ignition delay
time (or CAD) of 1 ms changes predicted RON by as much as 10 octane
numbers (see Fig. 2). As shown in Fig. 3a, the model provides excellent
prediction for the RON of the four-component surrogate (89.3 versus
90.3 measured compared to measurement reproducibility of +0.7)), as
well as for neat ethanol (108.5 versus 109 accepted literature value with
a reproducibility of +3.5). Predictions for ethanol blends are also in
good agreement with the data—in line with the high level of develop-
ment of the combustion kinetic models for the surrogate components
and ethanol. Predicted RON for 2M2B is much less accurate, with the
general trend captured up to 40 mol%, above which the model sharply
diverges from the data with the predicted RON of neat 2M2B in error by
12 RON units. The predictions for prenol blends do not even capture the
experimentally observed synergistic blending effect. The simulations
also produce agreement within measurement reproducibility for blends
with DMF (Fig. 3e). The predicted RON of DMF itself is high by 2.2 RON
units compared to measurement reproducibility of +1.4. Predicted RON
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Fig. 3. Measured and predicted RON values for the synergistic blendstocks in the four-component surrogate. In panel (d), Kinetic Model (Co-Optima Plus) includes

updated OH addition rates, as discussed later.
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values for 2MF blends follow the correct trend but are high by 4 RON
units, and the prediction for neat 2MF is high by 6 RON units.

The significant disagreement shown in Fig. 3c warrants a brief dis-
cussion of two potential sources of discrepancy that are relevant to
comparisons of RON simulations and experiments in this work. First, as
noted in section 2, the current modeling approach is incapable of
capturing additional influences (such as air-to-fuel ratio, enthalpy of
vaporization, or flame speed) that might affect the determination of
RON in a CFR engine. It is also worth noting that CFR engines do not
measure autoignition timing per se, but measure knock intensity. Knock
intensity defined in ASTM D2699 is a measure of the level of abnormal
combustion based on analog signals from a detonation pickup. A deto-
nation pickup is a transducer that generates a response proportional to
the rate-of-change of cylinder pressure, regardless of autoignition
timing. That is, two fuels may have similar knock intensities (i.e. RON)
but different autoignition timings. While this work continues to support
that autoignition timing and RON (i.e. knock intensity) are often
strongly correlated for many neat and blended fuels, that may not be
true for every fuel. Significantly more computationally expensive and
physics inclusive approaches have been proposed to model CFR engines
and knock intensity, including work by Pal et al. [40]. Such approaches
are beyond the scope of this work and simulation errors inherent to our
current approach cannot be discounted at this time. A second potential
source of discrepancy pertains to the accuracy of the kinetic model used.
In the case of prenol, it is the subject of relatively new kinetic modeling
efforts, experimentally and theoretically relatively understudied, and
lacking some combination of accurate reaction pathways, rate constants,
and thermodynamic properties. No autoignition data of prenol mixtures,
such as with 4-component BOB surrogate fuels, are currently available in
the literature to use as validation of the kinetic model for this work.
However, the kinetic model for prenol from LLNL was very recently
published along with new ignition delay time measurements of neat
prenol in Lokachari et al. [41]. The validations provided in Lokachari
et al. [41] indicate the model should at a minimum simulate the auto-
ignition of neat prenol well. Quantum chemistry calculations and
experimental determinations of rate constants and thermodynamic
properties of the relevant species participating in low-temperature
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autoignition reactions would benefit all kinetic models discussed in
this work. Among the conclusions of Lokachari et al. [41], studies of
OH- and HOj-addition and the subsequent secondary reactions of ad-
ducts were recommended to accurately predict the autoignition
behavior of prenol. Additional reaction networks recommended by
Lokachari et al. [41] for further study include the Oj-addition to reso-
nance stabilized radicals and the oxidation of prenol’s stable in-
termediates, prenal and isoprene.

3.2. Kinetic simulation — Surrogate gasoline

Results extracted from kinetic simulations to predict RON for the
four-component surrogate are shown in Fig. 4. Simulated end gas tem-
perature (Fig. 4a) increases from compression until first-stage heat
release causes an increase in slope at about — 12 CAD, with ignition
occurring at 3 CAD. First-stage heat release is observed (Fig. 4b) starting
at about 760 K (—15 CAD) in the simulation, peaking at — 11.3 CAD.
Fig. 4c shows fractional conversion of the fuel components, with
approximately 40% of n-heptane, 1-hexene, and isooctane converted to
other species in the first-stage reactions. In contrast, toluene is primarily
consumed in high-temperature reactions. Simulated radical and Hy0»
concentrations are shown in Fig. 4d, showing the radicals reaching a
local maximum concentration during the first-stage reaction and HxO2
concentration increasing to a plateau during first-stage reactions and
remaining constant until it decomposes at the time of autoignition.

3.3. Kinetic simulation — Ethanol blends

Kinetic simulations to predict the RON of ethanol/four-component
surrogate mixtures along with experimental results are shown in
Fig. 3a where agreement between simulation and experiment is within
experimental reproducibility. The reactions that consume nearly 94% of
ethanol during the first-stage reaction in the simulated RON test are
shown in Table 3, and all involve reactions with OH or HO; radicals.
Ethanol cannot undergo radical addition reactions and can only react via
H-atom abstraction reactions, generating radicals primarily on the o
carbon (61% ethanol consumed). H-abstraction by HO; at the same site
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Fig. 4. RON simulation results for the four-component surrogate gasoline: (a) end gas temperature, (b) calculated heat release rate (HRR), (c) fractional conversion

of surrogate components, d) mole fraction (log scale) of important species.
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Table 3

Top ethanol-consuming reactions during the first-stage reaction (around 800 K)
for a 20 mol% blend in the simulated RON test. Reactions consume nearly 94%
of ethanol.

Reaction Net Progress Product Structure % Ethanol
Rate, kmol/m®- Consumption
s
C2H50H + OH 0.108 ° 60.9
<=>H20 + /\
SC2H40H OH
C2H50H + OH 0.046 /\ 26.1
<=> H20 + ° OH
PC2H40H
C2H50H + HO2 0.012 ° 6.6
<=>H202 + /\
SC2H40H OH

is a minor reaction (6.6%). A second important reaction consumes OH
by H-abstraction at the primary p carbon (26.1%). The o carbon C-H
bond is most reactive because it is weakened due to the electron with-
drawing strength of the oxygen [11,20]. These reactions consume highly
reactive OH and generate less-reactive HOy to form other radical
species.

As shown in Fig. 5, the a radical reacts with O, and proceeds through
an elimination reaction to give a less-reactive HO, radical and acetal-
dehyde. The barrier for this reaction is so low that other reaction
pathways are unimportant [20,42]. Acetaldehyde is consumed by H-
abstraction reactions that result in CO and methyl radical formation and
is thus chain propagating [43]. The f radical rapidly reacts to form
ethylene and OH radical above 600 K, then reacts with oxygen followed
by Waddington reaction to produce formaldehyde and OH, and is thus
also chain propagating [44,45]. These reactions are all radical scav-
enging in the sense that they direct OH into chain propagating pathways
and delay it from reacting with n-heptane or isooctane in chain
branching pathways.

The effect of this radical scavenging is to reduce the first-stage
temperature increase relative to the surrogate without ethanol
(Fig. 6a) and reduce and delay first-stage heat release (Fig. 6b) from —
11 to — 8 CAD. At the end of the first stage, the conversion of fuel hy-
drocarbon components has been reduced by about one-third for the
ethanol blend relative to the surrogate without ethanol. Peak OH con-
centration (Fig. 6d) during the first-stage reaction is also significantly
reduced. This, in turn, delays the crank angle (or ignition delay time),
where the decomposition of HyO, initiates high-temperature auto-
ignition. At just after 0 CAD, near the onset of high-temperature auto-
ignition, only about 20% to 30% of the ethanol has been consumed, and
ethanol is being consumed in the same or similar reactions with radicals
that lead to chain propagation rather than chain branching (see Fig. S1
and Table S-1 in Supplemental Material). These combined factors lead to
the observed synergistic RON blending. The overall mixture is less
reactive than predicted by simple dilution of the surrogate with ethanol
(as assumed by a linear molar blending model).

3.4. Kinetic simulations — Dimethylfuran and 2-Methylfuran

DMF was the most effective synergistic blending component of those
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investigated, with 2MF second-most effective (in terms of ON;y, or total
octane number increase from interactions between the blendstock and
the hydrocarbon fuel as discussed below). Fig. 3d and Fig. 3e show
simulated and experimental RON values for DMF and 2MF. Notably, for
DMF, the pure component DMF RON value of 101.3 is achieved at the
25 mol% blending level, whereas for 2MF, the pure component value of
102.5 is achieved at the highest blend level 42 mol%. The kinetic sim-
ulations produce blend RON values for DMF blends that are within
experimental reproducibility of measured values. The simulation over-
predicts neat DMF RON by 2.2 RON units with experimental uncertainty
of + 1.4 units. For 2MF, the simulation overpredicts blend RON by 4
units and neat 2MF RON by 6.

DMF and 2MF present two possible reaction pathways involving the
addition of OH radical to the ring or H-abstraction from the alkyl group
via OH radical. These are the top two reactions consuming DMF during
the first-stage ignition based on the kinetic simulation as indicated in
Table 4, with 81% consumed by OH addition at the 2 or 5 carbons and
14.5% consumed by H-abstraction from a methyl group. For 2MF, OH
addition at the 2 or 5 carbons produces different intermediates, ac-
counting for 82% of 2MF consumption, whereas H-abstraction accounts
for 14% (Table 5).

Fig. 7 shows these reaction pathways and subsequent reactions of the
products based on the published mechanisms that are the basis of the
mechanism used here [16,46]. After OH radical adds to the furan ring, a
rapid ring-opening reaction occurs due to the weakened C-O ether bond
in the ring, leading to a radical similar to diacetyl ethylene (3-hexene-
2,5-dione) from DMF and 4-oxo-2-pentenal from 2MF. The ring-opening
products decompose to methyl vinyl ketone, acetyl radical (from DMF),
and formyl radical (from 2MF) and are therefore chain propagating. The
H-abstraction products (resonance-stabilized radicals, RSR) from DMF
and 2MF can react with HO; or other radical species, ultimately forming
5-methylfurfural (for DMF) or furfural (for 2MF) and an OH radical and
are therefore also chain propagating. For alkyl radicals one might also
expect RO2 pathways to be important. However, the resonance nature of
the radicals generated from 2MF and DMF leads to shallower RO2 wells
with no fast RO2-isomerization or HO-elimination reactions readily
available. While RSR + HO, reactions are considered in the current ki-
netic model for 2MF and DMF, RSR-RSR association reactions are not.
The presence of RSR-RSR association reactions are generally expected to
inhibit reactivity at low temperatures, thus leading to higher RON pre-
dictions if they were added to the current kinetic model.

This radical scavenging reduces and delays the first-stage tempera-
ture increase (Fig. 8a) and reduces and delays heat release rate (Fig. 8b).
At 20 mol% DMF, the first-stage autoignition appears to have been
eliminated completely along with its accompanying heat release. At 20
mol%, DMF delays the onset of high-temperature autoignition by 0.4 ms
relative to ethanol, resulting in a RON that is 4 units higher. Recent
research has shown that DMF can also increase intermediate tempera-
ture heat release around 900 K, leading to high sensitivity of ignition
delay to the fuel-air ratio (¢-sensitivity) [47], and we also see higher
heat release at 900 K for the 5% and 20% DMF blends (See Fig. S3 in
Supplemental Material). Like the case for ethanol, at a few degrees past
0 CAD, near the onset of high-temperature autoignition, only about 20%
of the DMF has been consumed for the 20 mol% cases (see Fig. S4 in
Supplemental Material). Where the decomposition of H;0; initiates

° OH
(0]
e +()2
—_— —> °* OOH+
/\OH s /\OH
-Hp
acetaldehyde

Fig. 5. Reaction pathway for ethanol showing H atom abstraction followed by reaction of the resulting radical with molecular O, and formation of acetaldehyde.
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Table 4
Top DMF-consuming reactions during first-stage heat release (around 800 K) for
a 5 mol% blend in the simulated RON test. Reactions consume over 95% of DMF.

Reaction Net Product Structure % DMF
Progress Consumption
Rate,
kmol/m?>-s
DMF25 + OH 0.092 O 81.4
<=>
DMF2520H3J
A
L]
DMF25 + OH 0.017 10) ° 14.5
<=>
DMF252J +
L/
Table 5

Top 2MF-consuming reactions during first-stage heat release (around 800 K) for
a 5 mol% blend in the simulated RON test. Reactions consume over 95% of 2MF.

Reaction Net Progress ~ Product Structure % 2MF
Rate, kmol/ Consumption
m-s
MF2 + OH 0.060 O OH 42
<=>
MF250H4J \@/
L]
MF2 + OH 0.058 (0] OH 40.6
<=>
MF220H3J @<
L]
MF2 + OH 0.020 14
<=>H20
+ MF22J

_—
O
=

high-temperature autoignition, DMF is being consumed in the same or
similar reactions with radicals that lead to chain propagating rather than
chain branching products.

4. Discussion

In the simplest terms, the mechanism of synergistic blending is
scavenging of OH radicals produced by the low-temperature auto-
ignition reactions of the most reactive components of the BOB (e.g.,
paraffins) by the added blendstock. Radical scavengers are compounds
that react with initial OH radicals that then produce less-reactive radi-
cals or products. As radical-scavenging compounds are blended into
gasoline, these blendstocks compete for OH radicals, removing them
from the radical pool before they can react with more reactive compo-
nents in gasoline, reducing the overall reactivity of the system and
shutting down low-temperature autoignition. This is observed in these
simulations as shutting down first-stage reaction and heat release. This
shifts the transition to high-temperature autoignition—above 900 K,
where H>0, decomposition occurs—to later in time or higher CAD in the
simulated RON test or requires a higher compression ratio at constant
end-gas autoignition timing in the physical RON test. The effect of
radical scavengers is caused by interaction between them and the
reacting components of the gasoline. As described in the Introduction,
Anderson et al. [7] proposed the parameter ONjy, or the RON increase
from interactions between the blendstock and the hydrocarbon fuel (i.e.,
the difference between the measured RON and predicted from a linear
molar blending model). Fig. 9 shows ONj, for the blendstocks examined
here. DMF provides the most significant degree of interaction, with 2MF,
2M2B, and prenol at an intermediate level, followed by ethanol at a
significantly lower level. As potential future biofuels, the alkyl furans
and prenol would allow higher finished blend RON using today’s re-
finery blendstocks, or the lowering of the refinery blendstock RON to
achieve today’s RON levels (potentially at reduced refinery blendstock
cost).

It is noted that reaction mechanisms for ethanol, DMF, and to a lesser
extent 2MF were able to predict RON for blends with the surrogate, or in
the case of 2MF, to predict the RON trend. Therefore, the important
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Fig. 7. Reaction pathways for 2MF and DMF.

reactions for radical scavenging for these blendstocks are discussed
below. For 2M2B and prenol, the kinetic mechanisms are not yet at a
point in their development that they can shed light on the source of their
synergistic blending effect, although they have a double bond that can
undergo OH addition reactions which are important. Further develop-
ment of these models is warranted and is underway for 2M2B, some
aspects of this are also discussed below.

Table 6 shows reactions in the simulation accounting for over 90% of
conversion for each component at the peak of the first-stage heat release
for the surrogate gasoline, as well as blends of the surrogate with 5 mol%
DMF and 20 mol% ethanol (5 mol% DMF is used because at 20 mol%
DMF, the first-stage reaction was eliminated). Additional reactions are
shown in Table S-3 of the Supplemental Material. Net progress rate
(NPR) is defined as the net forward reaction minus the net reverse re-
action. NPRs are much higher for isooctane because it is present at the

highest concentration in the surrogate. Notably, all these reactions for
isooctane, n-heptane, and toluene are H-abstractions leading to the
formation of water (or HO5) and radicals, whereas, for 1-hexene, there
are also OH and H-addition reactions to the double bond. As DMF and
ethanol are blended in, the NPRs of H abstraction by OH of the surrogate
components are reduced, as OH instead reacts with the blendstock and is
scavenged from the radical pool. The rates of consumption of the sur-
rogate components are dramatically reduced (the sum of all NPRs is
reduced for the DMF and ethanol blends). For example, DMF at only 5
mol% reduces the NPR for H-abstraction reactions from the surrogate
components by >40%, whereas 20 mol% ethanol reduces these re-
actions by 56%. For DMF, OH addition to the ring has the highest NPR,
and for ethanol, H abstraction at the o carbon has the highest NPR. As
these are the most significant reactions identified in the simulations, our
discussion will focus on these key pathways.
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Fig. 9. ONj, (the RON increase from interactions between the blendstock and
the hydrocarbon fuel) versus mole fraction blended for the RON experiments
reported in Fig. 3.

Fig. 10 shows the total rate constant for OH consumption as a
function of temperature for reactions with the blendstocks considered
here. It is interesting to examine the rate constants at about 800 K to 850
K because Mehl et al. [48] found that 825 K correlates well with the anti-
knock index ([RON + MON]/2), and our simulations of RON showed the
peak first-stage heat release in this range. Note that the uncertainty in
the rate constants for OH with ethanol at 800 K-850 K is about + 20%
[49]. For DMF, the abstraction rate has an uncertainty of + 50% [33],
and the addition rate constant has an uncertainty of a factor of three
[22]. For prenol and 2M2B, the uncertainty factors are estimated to be
two for abstraction and a factor of 2-10 for addition, depending on the
site. As seen in Fig. 10 at 850 K, DMF has the highest reaction rate with
OH of the blendstocks being considered, and ethanol has the lowest rate.
Prenol and 2M2B fall into the middle region. The rates for 2M2B are
from the Co-Optima mechanism and are based on rates for propene [50].
Rates for prenol were recently calculated [51]. Note that 2MF is not
plotted because kinetic models assume the same OH addition and H-

Table 6
Primary reactions consuming surrogate gasoline components and blendstocks at
the peak of first-stage heat release, accounting for 90% of species conversion.

0% blend 5% DMF 20% ethanol
CAD/temperature (K) at peak of —11.3/830 —8/824 —8.6/807
first-stage heat release
Isooctane NPR (kmol/ NPR (kmol/ NPR (kmol/
rn3-s) m3-s) m3-s)
IC8 + OH <=> H20 + IC8- 1.59 0.95 0.71
radical
n-Heptane
NC7H16 + OH <=> H20 + 0.56 0.35 0.26
C7H15-radical
Toluene
C6H5CH3 + OH <=> C6H5CH2 0.27 0.14 0.10
+ H20
C6H5CH3 + OH <=> C6H4CH3  0.076 0.038 0.027
+ H20
C6H5CH3 + 02 <=> C6H5CH2 —0.037 -0.017 —0.012
+ HO2
1-Hexene
C6H12-1 + OH <=> H20 + 0.069 0.043 0.032
C6H111-radical
C6H12-1 + OH <=> C6H120H 0.052 0.035 0.027
C6H12-1 + H <=> C6H13-2 0.021 0.012 0.0063
DMF
DMF25 + OH <=> N/A 0.127 N/A
DMF2520H3J
DMF25 + OH <=> DMF252J + N/A 0.027 N/A
H20
DMF25 + H <=> H4E203J N/A 0.007 N/A
Ethanol
C2H50H + OH <=> H20 + N/A N/A 0.11
SC2H40H
C2HS50H + OH <=> H20 + N/A N/A 0.046
PC2H40H
C2H50H + HO2 <=> H202 + N/A N/A 0.012
SC2H40H
C2H50H + OH <=> C2H50 + N/A N/A 0.005

H20
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Fig. 10. Total rate constant for OH consumption by reaction with blendstocks
versus temperature for ethanol [52], prenol [51], 2M2B [27], and DMF [53].

abstraction rates as used for DMF [16]. This total rate constant behavior
correlates with the behavior seen in Fig. 9, in which DMF has the highest
ONjn: and ethanol has the lowest at the blending levels tested, con-
firming the concept that OH radical scavenging is the most important
reaction for RON synergy.

One key difference between ethanol and the other blendstocks
investigated is that ethanol reacts with OH in H-abstraction reactions
only, whereas the other blendstocks can also undergo OH addition re-
actions. A recent review article by Rotavera and Taatjes [54], highlights
and discusses the variation of branching ratios that can be found in
literature for ethanol + OH. In this work the rate constants of Sivar-
amakrishnan et al. [55] are utilized. These rate constants result in a beta
site selectivity that is the lowest of the three discussed in Rotavera and
Taatjes [54]. Site selectivity will play a role in the competition between
OH (from the beta site) or HO2 (from the alpha site) chain-propagating
pathways resulting from ethanol. However, the overall rate constants of
ethanol + OH are in good agreement across the studies cited by Rotavera
and Taatjes [54].That is the selectivities do not significantly change the
overall degree to which ethanol consumes OH relative to other fuel
components. Either ethanol site, alpha or beta, ultimately propagates
radicals (OH from the beta site and HO5 from the alpha) where the n-
and iso-alkane components of the BOB are the primary sources of OH-
radical chain branching through conventional low temperature chem-
istry pathways. Fig. 11 shows branching ratios for OH addition and H-
abstraction for prenol, 2M2B, and DMF. According to these calculated
rate constants, H-abstraction becomes dominant for prenol and 2M2B at
600 K to 750 K, whereas OH addition remains dominant for DMF up to
nearly 1200 K. In addition to a faster rate of reaction with OH, DMF
exhibits higher ONj,; because of the persistence of OH addition as the
dominant reaction through the entire first-stage autoignition tempera-
ture range.

A review of the reaction rates for OH abstraction and DMF reveals
that rates calculated using G3 are available. H-abstraction rate constant
isk =1.016 x 10* T>133 exp(-1085,/T) cm®/mol-s [53]. The OH addition
rate constant is k = 2.21 x 10*T%4% exp(+3649/T) cm?’/rnol—s; note the
negative activation energy [22]. The Co-Optima mechanism in-
corporates these rates for DMF. For 2MF, the mechanism uses a previ-
ously proposed model that assumes OH addition rates to the 2 and 5
carbons are identical and that they were the same as for DMF [16]. The
OH addition to alkylfurans has also been studied in atmospheric
chemistry. In early work, Bierbach et al. [56] found that (at 300 K) OH
addition rates depended on the number of methyl groups on the furan
ring, with higher rates for more methyl groups. Their experimentally
measured OH addition rates for DMF were approximately twice those for
2MF. Aschmann et al. [57] used a different methodology in a more
recent study but came to the same conclusion. This atmospheric
chemistry-focused work also finds rapid ring opening and the formation
of diacetyl ethylene from DMF. Most recently, Whelan et al. [58] took
new low temperature OH-Laser Induced Fluorescence measurements for
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furan, 2-methylfuran, and 2,5-dimethylfuran to fit pseudo-first order
rate constants. Combining their results with additional literature
studies, Whelan et al. [58] conducted a master equation analysis with
Master Equation Solver for Multi Energy well Reactions (MESMER) to fit
overall rate constants suitable for high and low temperatures. Whelan
et al. [58] found the OH-addition (and OH-abstraction) rate constants to
be ordered such that kpyr > koyr > kg at all temperatures considered.
Whelan et al. [58] explain this rate constant trend at low temperatures
by noting the increased stabilization of the OH-furan adduct with
increased substitution of the furan ring. High quality variational and
multi-reference based theoretical calculations would be beneficial to
provide additional depth to, and confirmation of, the studies discussed
here.

As these rates are the rates used in the Co-Optima model, the use of
the DMF rates for OH addition to 2MF overestimates the ability of 2MF
to scavenge OH relative to DMF. It is potentially responsible for the poor
agreement between RON data and simulations. To modify the 2MF
model, the rate constant of OH addition to both carbon 2 and 5 was
assumed to be k = 1.0 x 10'® based on a prior study [59]. This value is
lower than the OH addition rates for DMF at any temperature, but
markedly lower at low temperatures. The rate constant of the reverse
reaction (i.e., OH dissociation) was calculated as described in Section 2.
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Rate constants were found to be k = (5.15 x 10 x exp(-15894/T) for
OH addition to carbon 2 and (4.95 x 10'%) x exp(—16375/T) for OH
addition to carbon 5. RON predictions using this updated model (Co-
Optima Mechanism Plus) are shown in Fig. 2d. The prediction of RON is
significantly improved up to about 30 mol% blend level but did not
change the model predictions above about 50 mol%. The first-stage heat
release, where these OH reactions play a key role, is eliminated at high
2MF blend levels, which may account for the minimal impact of
changing the rates and points to some other issue with the 2MF model at
temperatures above 900 K.

The product species formed from these OH reactions must also be
considered. These products may further react in chain terminating,
chain propagating, or chain branching reactions. Each of the blendstocks
investigated in this paper has various mechanisms for OH radical scav-
enging that are unique. For ethanol, the main pathway by which OH
radicals are scavenged is H-abstraction at the o carbon, with H-
abstraction by OH consuming nearly 60% of ethanol reacting during the
first-stage reaction (Table 3) eventually leading to acetaldehyde and an
HO, radical that is less reactive at low temperatures. Also, OH can ab-
stract an H from the p carbon in a chain propagating step, producing
ethylene and OH. Acetaldehyde and ethylene are also formed in the
combustion of the surrogate hydrocarbon components. In the RON test
simulation, concentrations of these ethanol reaction products are lower
up to about — 17 CAD when ethanol is blended into the gasoline sur-
rogate (see Fig. S2 in Supplementary Material). However, the maximum
acetaldehyde concentration, a species primarily derived from ethanol,
increases with ethanol blending fraction. Ethylene likely decreases with
ethanol blending fraction because the reactions leading to its formation
from the hydrocarbon species, such as n-heptane, are reduced by etha-
nol’s radical scavenging effect.

Although the kinetic mechanisms for prenol and 2M2B could not
successfully predict RON, the primary OH scavenging reactions above
800 K will be H-abstractions. This seems consistent with De Bruycker
et al. [23] for prenol and Westbrook et al. [25] for 2M2B. The radicals
formed are resonance-stabilized allylic radicals and resist unimolecular
decomposition below a critical temperature of about 900 K. At low
temperatures, these allylic isopentyls or hydroxy pentyl radicals react
steadily with molecular oxygen to produce isoprene and HO, radicals
(or similar species from prenol) that are less reactive at low tempera-
tures. In reviewing the RON simulations for these blendstocks at 20 mol
%, prenol had almost no effect on simulated OH concentration or timing
(e.g., CAD at peak reaction) during the first-stage reaction and only
slightly reduced first-stage heat release (Fig. S5 Supplemental Material).
Updating the reaction rates of OH addition to prenol and the reactions of
the adduct formed with more accurate quantum chemistry calculations
may solve the issue of prenol having almost no effect on the simulated
OH concentration during the first-stage reaction and heat release. In
2M2B, the simulations show 20 mol% 2M2B to slightly reduce first-stage
OH concentration and heat release and shift peak OH and heat release by
almost 5 CAD. Updating the rate constants for abstraction and addition
by OH with more accurate quantum chemistry calculations may lead to
an improved ability to simulate RON, given the high importance of re-
actions with OH.

For the alkylfurans, in contrast to ethanol, kinetic simulations show
that OH addition pathways are the dominant reactions for removing OH
radicals. Hydroxyl addition to the furan ring has a very low or negative
activation energy barrier based on quantum mechanics-based rate cal-
culations [22]. The initial resonance-stabilized OH addition products
undergo a rapid ring opening (isomerization) due to the weak C-O bond
on the ring. The concentration of the initial addition product remains
near zero, which drives the equilibrium of the OH addition reaction
forward. This contrasts with prenol and 2M2B, where the OH addition
product can more easily react back to the fuel molecule and OH radical
through the reverse reaction. Given the importance of the OH addition
product ring opening, additional research on the rate of this reaction and
the fate of the reaction products seems justified. In the current model,
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ring-opening products react to form acetyl (from DMF) or formyl (from
2MF) radicals and stable products such as methyl vinyl ketone from DMF
(Fig. 7). Additional mole fraction of key species versus crank angle de-
grees for 20 mol% DMF in surrogate is shown in the Supplemental
Material Fig. S6.

The high ONj,; of DMF and 2MF is thus caused by their rapid re-
actions to add OH and the strong thermodynamic driving force caused
by rapid subsequent reaction of the OH addition product and the
following reaction products, which do not produce much chain
branching.

5. Conclusions

Kinetic simulations of various synergistic blending components
predicted blending RON well for DMF and ethanol in a four-component
surrogate, with predictions of the blends within the reproducibility of
the ASTM test. The predictions were not as accurate for 2MF (off by 4
RON units for blends and 6 RON units for the pure component) and
2M2B where the model sharply diverges above the 40% blend level and
is in error by 12 RON units for the pure component. For prenol, the
model does not capture the synergistic blending behavior observed
experimentally. For 2MF, OH radical addition rates to the 2 and 5 po-
sition on the furan ring are the same as for OH addition to DMF.
Updating these rates resulted in better agreement up to 30 mol% blends
(up to about 100 RON). Additional model improvement is needed to
predict RON at higher blend levels where the first-stage autoignition has
been eliminated. Based on the poor predictions for 2M2B and prenol,
further development of these models is necessary and will be the subject
of future endeavors.

Interrogation of the kinetic mechanism showed that there was a
strong first-stage reaction peaking at about 800 K. Synergistic blend-
stocks consumed OH radicals during the first-stage reaction for the
gasoline surrogate without blendstock. In the RON simulations, this
delayed and reduced both the intensity of the first-stage heat release and
the first-stage temperature rise. This, in turn, shifted the onset of high-
temperature (900 K) autoignition reactions involving HoO5 decompo-
sition to later in time or higher CAD or would require a higher
compression ratio at constant end gas autoignition timing in the physical
RON test. This is responsible for the nonlinear effect of these blendstocks
on RON.

The different capability of the blendstocks to scavenge OH radicals
away from the reactive components of the surrogate allows them to be
ranked in their RON boosting ability. It was noted that good synergistic
blenders exhibit more OH addition rather than H-abstraction reactions.
In addition, 2M2B and prenol—which can form resonance-stabilized
radical products—lead to superior RON boosting compared to ethanol.
DMF and 2MF were shown to have the highest RON boosting ability due
to the rapid reaction of the OH addition products to other species that
pull the OH addition equilibrium toward products.
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