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Abstract

Ignition delay times (IDTs) of the oxygenated aromatic hydrocarbons (OAHCs) anisole (CsHsOCHz) and phenol
(CsHsOH) and the analogues non-oxygenated aromatic hydrocarbons (AHCs) toluene (C¢HsCHs) and benzene (CsHe)
have been measured in the PCFC rapid compression machine (RCM) at stoichiometric, fuel-in-air conditions. With
the two targeted compression pressures (p.) of 1 and 2 MPa a temperature range of 870 to 1100 K was covered. The
IDTs of all four molecules revealed an Arrhenius behavior. The different reactivity can be ranked as the following,
starting with the lowest reactivity: benzene < toluene < phenol < anisole. Literature available models containing
anisole and phenol have been used to simulate the IDTs of this study highlighting discrepancies in both, model to
experiment and model to model accordance. Finally, the CRECK mechanism was used to conduct rate-of-production
(ROP) and sensitivity analysis to gain insight into the combustion of OAHCs and highlight interconnections and

shortcomings of OAHCs.

1. Introduction

With the ever-growing demand for energy and
propulsion, the ecological demand to lower emissions
and the economical demand to increase efficiency, the
necessity to find suitable fuel alternatives emerges.
Further, future bio-fuels should not interfere with food
stock [1, 2]. A potential biomass feed stock fulfilling
those requirements is lignin. It is one of the most
abundant resource of renewable oxygenated aromatic
hydrocarbons (OAHCSs) [3, 4]. The complex structure of
lignin bears the potential for a variety of OAHCs like
anisole, phenol, guaiacol [5, 6] and non-oxygenated
aromatic hydrocarbons (AHCSs) such as benzene [7].

Besides the reduced CO,-footprint of bio-derived fuel
or fuel/bio-fuel blends, the OAHCs are also capable of
increasing the fuel quality as octane boosters and thereby
increasing the efficiency in downsized, turbocharged
engines [8]. Comparing the research octane numbers
(RON) of ethanol (108) [9] and anisole (120) [10] the
potential to improve gasoline fuels is further highlighted.
Besides anisole, other possible lignin based OAHCs also
have impressive RON, e.g. 4-methylanisole (166) and p-
cresol (153) [11]. For phenol, no RON is currently
available in literature, but as the results of this study
indicate, a similar high value is expected. This highlights
that multiple products based on lignin have the potential
to be used as a fuel component.

However, current knowledge of combustion of
OAHC:s is limited. Especially the literature about phenol
in combustion is scarce. For anisole jet stirred reactor
experiments and laminar flow reactor experiments are
available in literature [10, 12, 13] at low pressures up to
0.1 MPa. Thus in this study, anisole and phenol are
investigated by measuring their ignition delay times
(IDTs) in the PCFC RCM at compressed pressures (p,)
of 1 and 2 MPa for stoichiometric fuel-in-air conditions
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(¢ = 1) for the first time. Coherent to this dataset, the
non-oxygenated chemical analogues benzene and toluene
are tested at the same conditions enabling a direct
comparison of their ignition delay times (IDT). Benzene
and Toluene have been chosen because they are the direct
non-oxygenated equivalent of the oxygenates
investigated and benzene is also a possible lignin based
product [7]. In Figure 1 details of the investigated species
are shown highlighting their similarities.

Benzene Phenol OH
Toluene CHs Anisole OCH;
(C7Hs) (C7HgO)

Figure 1: Preferred IUPAC names, skeletal formula and sum
formula (in brackets) of the investigated molecules.

Analyzing the reaction pathway scheme of both
benzene and anisole, it is apparent that for both molecules
phenoxy and phenol are important combustion
intermediates. However, most probably due to the
scarcity of experimental data and to a vague definition of
relevant reaction classes for AHCs and OAHCs, no
dedicated phenol models have been systematically
developed and presented in the literature. For anisole a
few dedicated models have been published recently [10,
12]. The JSR speciation results of Nowakowska et al.
[12] shows that phenol is a major intermediate formed in
the combustion of anisole, indicating that an anisole
model should also be capable of predicting pure phenol
data reasonably well. Currently only the essential
reaction pathways for phenol are implemented in
comprehensive kinetic models such as AramcoMech 3.0
[14] (Co-benzene), Livermore [15] (Co-real fuels) and


mailto:buettgen@pcfc.rwth-aachen.de

CRECK [16] (Co-real fuels-PAHs and soot). Pelucchi
etal. [17] recently presented a first systematic assessment
of oxygenated aromatic species Kinetics, moving from
single substituted aromatics (phenol and anisole) up to
catechol, guaiacol and vanillin. Two dedicated anisole
models [10, 12] and the CRECK mechanism [17] have
been used to simulate the IDT results of this study of
anisole and phenol. Further, the CRECK model has been
adopted to interpret the experimental results, highlighting
important reaction pathways by means of rate-of-
production (ROP) and sensitivity analyses.
2. Experimental

The RCM used in this study has been described in
detail in a previous work [18] and will be briefly
reiterated herein. The PCFC RCM has a single creviced
piston configuration with a variable end wall to cover a
wide range of compression ratios. The RCM and the
attached manifold including the mixing tanks are
equipped with a heating system and are completely
thermally insolated ensuring a homogenous temperature
distribution from ambient temperatures up to 150 °C. The
mixture and experiment preparation are conducted by
measuring the pressure in the system with two static
pressure sensors (STS PTM/RS485) suited for up to 50
kPa and 500 kPa, respectively. The dynamic pressure in
the experiment is measured with the Kistler 6125CU20.
The compressed temperature (T,) is calculated assuming
an isentropic compression as described in [19].
Corresponding to the reactive experiments, non-reactive
experiments are conducted as shown in Figure 2. In the
non-reactive experiments, the oxygen is replaced by
nitrogen to obtain a mixture with similar heat capacity
and to avoid the exothermicity.
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Figure 2: Reactive (red, solid) and non-reactive (blue, dashed)
traces of a 1 MPa phenol RCM experiment.

These non-reactive experiments are then taken to
obtain time-resolved effective volume profiles used for
simulations. This modeling approach has been described
in more detail in literature [19-21]. Anisole, phenoal,
benzene and toluene were obtained by Merck with a
purity of at least 99.8%. Oxygen (99.999 %), and argon
(>99.996 %) were obtained by Westfalen AG. All
experiments are conducted at stoichiometric, fuel-in-air
conditions, p, = 1 and p, = 2 MPa.

3. Experimental Results

The measured IDTs reveal an Arrhenius behavior for
all molecules. A general trend in reactivity can be
observed (Figure 3) ranking the fuels in reactivity as
follows starting with the lowest reactivity:

Benzene < toluene < phenol < anisole
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Figure 3: RCM IDTs of anisole (diamonds), phenol (circles),
toluene (squares) and benzene (triangle). Red arrows highlighting the
differences between benzene/toluene/phenol and anisole. In grey:
logarithmic trend lines for each fuel.

All investigated molecules show a strong temperature
dependency  or  apparent  activation  energy
(AAE; (d(IDT))/dT), with benzene having the highest
AAE. The differences in reactivity and AAE can be
explained by analyzing the competing initial reactions,
namely the unimolecular decomposition (UD) and the H-
atom abstractions (HAA), considering the bond
dissociation energies (BDE) and possible resonance
stabilization (RS). In general, the UD plays a significant
role at high temperatures. In contrast, the HAA
influences the combustion from low to high
temperatures. For linear hydrocarbons the UD usually
occurs by a C-C bond scission as these are the weakest
bond (see Figure 4) in linear alkanes.

In the aromatic system however, the C-C BDEs are
significantly higher exceeding 500 kJ/mol for aromatic
C-C bonds and at least 418 kJ/mol for bonds adjacent to
the ring for the investigated molecules. This indicates
that UD reactions for benzene, toluene, and phenol are
unlikely to play a major role in their reactivity at the
investigated temperatures. In contrast, anisole has an
additional position for an UD reaction (C-O bond
scission) with only 270 kJ/mol. In consequence, the
activation energy for this bond scission is drastically
lower compared to benzene, toluene, and phenol
contributing to the observed higher reactivity of anisole
(see Figure 3, red arrows). To further explain the
differences in reactivity, the HAA reactions and the RS
in the corresponding formed products need to be
discussed. Comparing the C-H and O-H BDEs,
respectively (Figure 4) it is apparent that phenol and
toluene have the lowest C-H/O-H BDE indicating that H-
atom abstractions is more favorable for those molecule.
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Figure 4: BDE of different bonds (red) in benzene [22], toluene
[22], phenol [17], anisole [17] ethanol[23] and butane [23]. All values
in kJ/mol.

Especially the phenol O-H bond compared to linear
O-H bonds (see Fig. 4.) is remarkably low. However, this
would indicate that phenol and toluene should be more
reactive, compared to anisole. On the first glance this is
in contradiction to the IDTs, but looking at the formed
products both toluene and phenol produce a resonance
stabilized radical, while the dominant HAA reaction for
anisole results in an isolated radical (see Figure 5).
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Figure 5: Resonance structure of phenoxy (top) and benzyl

radical (bottom). In contrast, the anisyl radical, not capable of
resonance stabilization

The RS leads to a less reactive radical than the anisyl
radical, explaining the differences in reactivity for the
low to high temperatures. Lastly, the low reactivity of
benzene can be explained by the fact that for both
reactions, the UD and the HAA, the corresponding BDEs
are the highest of all investigated molecules.
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Figure 6: RCM IDTs of Benzene (triangles) and Toluene (squares).

Comparing benzene and toluene, it is apparent that
toluene, due to the above described HAA reaction leads

to faster ignition at lower temperatures then benzene (LT
differences, see Figure 6). At higher temperatures (above
1075 K; 0.93 K) enough energy is available for the
benzene to overcome the high reaction barriers and
initially form the very reactive phenyl radical (C¢4Hs),
which is more reactive compared to the resonance
stabilized toluene radical (C4HsCH,). This leads to the
strong increase in reactivity of benzene compared to
toluene (HT differences, see Figure 6).
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Figure 7: RCM IDTs of Anisole (diamonds) and Phenol (circles).

For anisole and phenol no such differences is
observed as both species can undergo reactions at lower
temperatures and both form similar reactive products, as
highlighted in Figure 8. Comparing the pressure
dependency, a similar pressure dependency for all four
fuels is apparent. With increased pressure, the reactivity
of all increases similar (see Figure 6 and Figure 7).
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Figure 8: Reaction scheme of the unimolecular decomposition of
benzene, toluene, phenol and anisole.

Comparing the potential UD reactions of all 4 species
(see Figure 8), it is of interest, that benzene and toluene
both form a phenyl radical, which in an consecutive
oxidation can form phenoxy. The UD products of phenol
and anisole lead also to phenoxy, hence highlighting the
potential interconnections of several aromatic molecules.

4. Kinetic Models

The RCM experimental results for anisole and phenol
have been used to benchmark three kinetic models [10,
12, 17]. All simulations used effective-volume profiles.
4.1 Anisole Simulations

The experimental IDTs and simulation results for
anisole at p, = 1and 2 MPa at stoichiometric fuel-in-
air conditions are shown in Figure 9.



The model by Nowakowska et al. [12] shows good
agreement for the p. = 2 MPa experiments, but is not
able to reflect the pressure dependence accurately.
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Figure 9: RCM IDTs of Anisole (symbols) and simulations (lines)
Simulation results: Dotted: Nowakowska et al. [12, 17]/ Dashed:
Wagnon et al. [10]/ Solid: CRECK Model [17].

The model by Wagnon et al. over predicts the
reactivity by one order of magnitude, with the biggest
deviation towards lower temperatures in both
investigated p.. It is interesting, that although the model
by Wagnon et al. shares a common set of validation
targets from Nowakowska et al., both model produce
different results for the RCM simulations. The CRECK
mechanism is capable of predicting the AAE (slope), but
over predicts the reactivity for both pressures roughly by
a factor of 2.

4.2 Phenol Simulations

Provided that anisole and phenol produce phenoxy
radicals as a primary fuel decomposition product, the
models also have been benchmarked against the phenol
data of this study. RCM IDTs and simulations are shown
in Figure 10. In contrast to the good agreement of the
Nowakowska et al. model with the anisole experiments,
phenol reactivity is strongly underpredicted for both
pressures. For the 2 MPa conditions only the simulation
for the hottest condition lead to a result in the simulation,
as depicted by a single dash in Figure 10. For any other
cases, no ignition was obtained by the simulation, even
when increasing the simulation time to 1000 ms.
Analyzing the Nowakowska et al. model, the
unimolecular decomposition of phenol to phenoxy and
hydrogen is missing. This might be the explanation, why
this model predicts a very low reactivity for phenol.
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Figure 10: RCM IDTs of Phenol (symbols) and simulations (lines).
Simulation results: Dotted: Nowakowska et al. [12] / Dashed: Wagnon
et al. [10] / Solid: CRECK Model [17].

The model by Wagnon et al. is capable to predict the
phenol IDTs reasonable well, only under predicting the

reactivity for the 2 MPa experiments. This could indicate,
that the reaction leading to the deviation for the anisole
prediction has to be an anisole specific reaction. The
CRECK maodel again does over predict the reactivity with
a similar deviation as in anisole.

5. Kinetic Analysis - CRECK Mechanism

To obtain a first insight on the individual reaction
steps occurring for phenol and anisole, the CRECK
mechanism was used to conduct a rate-of-production
(ROP) analysis and a sensitivity analysis. Figure 11
shows the ROP analysis for stoichiometric phenol and
anisole/ air mixtures at p, = 2 MPaand 950 K. 20% fuel
conversion were considered in both cases, corresponding
to ~ 4 ms residence time of an adiabatic constant volume
simulation in the case of anisole and ~9 ms residence
time for the less reactive phenol.

Phenol is mostly consumed through H-atom
abstraction reactions (~52%) by OH and HO, to form a
resonance stabilized phenoxy radical. It recombines with
H atom producing phenol (~14%), or decomposes to
cyclopentadiene and €O by a well-skipping
recombination with H atoms (~16%) [24].
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Figure 11: Rate of production analysis of phenol/air (top) and
anisole/air (bottom) mixtures at p, = 2 MPa and T, = 950 K, and
20% fuel consumption. Most dominant reaction path highlighted in red.

Recombination of phenoxy radicals form
dibenzofuran (~15%), while benzofuran can also be
formed via C;H; addition/H elimination (~11%). Due
to the resonance stabilization, phenoxy radical can also
abstract (~10% total) from stable intermediate species
(e.g. CH,0). The importance of accounting for H-atom
abstractions by phenoxy radical has already been
discussed in the recent work of Pelucchi et al. [17].
Phenoxy radical decomposition to CO and



cyclopentadienyl (CsHs) only accounts for a few
percentages (<5%) at the present conditions. From the
work of Saggese et al. [25] interactions with O, forming
unsaturated C,-C4 products through €O elimination and
ring opening, were also included as lumped steps to
better match speciation experiments.

These pathways account for ~27% of the total flux.
Ipso-addition reaction leading to catechol formation are
responsible for ~8% of fuel consumption. Catechol
decomposes mostly through H-atom abstractions and
CO elimination as discussed in [17]. ~75% of anisole
is consumed through H-atom abstractions from
methoxy, forming anisyl radical (C4HsOCH,). OH and
O play the major role (50 and 15% respectively),
followed by H and HO,. The anisyl radical thus
obtained entirely isomerizes to C4HsCH,O, that
decomposes via p-scission to benzaldehyde and H.
Benzaldehyde is mostly consumed by H-atom
abstractions leading to a carbonyl radical rapidly
decomposed to phenyl radical and CO. The importance
of H-atom abstraction by O(®P) is related to the
secondary chemistry of phenyl radical. Interactions
with Oz produce phenyl-peroxy radical that
decomposes to phenoxy radical and O(°P).

HO,+C¢Hs0=>0H+CO+HCO+Prod.
H202(+M)=20H(+M)
OH+C6H5OH=>H20+C5H50

OH+C¢Hs0OH=>CO+CO0,+C,Hs

0,+CsHsOH=>H+CO+Products
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Figure 12: Sensitivity analysis of phenol and anisole in air
mixtures at p, = 1 MPa and 950 K. A positive coefficient stands for a
reaction enhancing ignition and vice versa.

A direct pathway is also kinetically possible, giving
the same products. The competing pathways of phenoxy
radical previously highlighted for phenol/air mixtures,
lead to the formation of lower molecular weight products.
From the above analysis the existence of a strong
interconnection between phenol and anisole is clearly
highlighted.

Figure 12 depicts a sensitivity analysis of rate
constants in the CRECK kinetic model for IDTs of
phenol and anisole. The simulation conditions are the

same as in the reaction path analysis above. Coefficients
are normalized over the most sensitive reaction. In the
case of phenol the direct interaction with O, forming CO
and C»-C, products, is the most important reaction. This
observation highlights the need of further investigating
the potential energy surface of Oz+phenol system,
starting from H-atom abstractions leading to HO, and
phenoxy. The importance of similar pathways have been
already discussed in previous studies [26, 27]. H-atom
abstraction by OH on phenol shows a negative sensitivity
coefficient as it gives rise to the production of resonance
stabilized phenoxy radical. The reaction of phenoxy with
HO, restoring OH shows instead a positive effect on
ignition delay times. The low activation energy UD
reaction of anisole forming methyl and phenoxy radicals
plays a major role as radical pool initiator, followed by
H-atom abstractions by HO, from both anisole and
benzaldehyde. These pathways produce H,0, whose
successive decomposition produces two OH radicals.
HO0, recombination acts as a terminating step, competing
with the enhancing effect of H-atom abstractions by HO,
and therefore inhibiting the reactivity.

6. Conclusions

Motivated by the strong recent interest in oxygenated
aromatics, this work presents a systematic experimental
investigation of OAHCs (phenol and anisole) and AHCs
(benzene and toluene) ignition delay time in a rapid
compression machine at p.=1and 2 MPa for
stoichiometric fuel-in-air conditions. The anisole and
phenol IDTs have been used to benchmark recent
models. Further, the CRECK mechanism was used to
highlight relevant reaction pathways and current
shortcomings in the description of OAHCs combustion
chemistry. This systematic coupling of new experimental
data and Kinetic interpretation highlights the expected
strong interconnection between phenol, anisole, toluene
and benzene motivating further investigations to better
assess relevant reaction classes and reference rate
parameters of aromatic fuels.
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