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Abstract

Small aromatic molecules with oxygen-containing functional groups (monoaromatic
oxygenates) are common products of the catalytic depolymerization of lignin, which can be
considered as a promising class of fuel additives. This mini-review article starts with an
introduction of second generation (2G) of biofuel production from lignocellulose and the further
conversion of lignin into fuel performance boosting blends. The discussion is divided into four
parts. The first part gives a brief overview of the production of aromatic oxygenates from the
catalytic conversion of lignin of different origin. The three following parts are focused on the
aromatic oxygenates, for which combustion data can be found. The second part describes their
chemical structure and physical properties. The third part is dominated by their global
combustion performance, i.e., the commercial fuel parameters as lower heating value, octane
and cetane numbers. A few studies on ignition delay times and laminar flame velocities are also
described. The fourth part shortly reviews the kinetic studies presenting product quantifications,
the proposed detailed kinetic models and the influence of the structure of the aromatic reactant
on soot formation. To finish, a perspective on future research directions is given.

Keywords: Lignin; catalytic depolymerization; aromatic oxygenates in biofuel; combustion;
chemical kinetics.
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Introduction

The urgent need to decrease CO2 emission has led researchers to more and more consider the
ways of using biomass to produce chemicals, transportation fuels and energy. With the purpose
of producing fuels for various combustion applications, lignocellulosic biomass transformation
technologies have been actively developed via a number of routes, such as gasification to
produce synthesis gas (at reaction temperatures from 1050 to 1300 K) for the synthesis of liquid
fuel and chemicals [1], fast pyrolysis yielding bio-oil as a precursor to liquid fuel (from 700 to
1000 K) [2], and enzymatic hydrolysis fermentation to utilize the sugars from cellulose to
produce bioethanol and biogas, which is as so called second generation (2G) biofuel [3].

Lignocellulosic biomass is mainly composed of three heterogeneous polymers, cellulose,
hemicellulose and lignin, the structures of them are displayed in Figure 1. While cellulose and
hemicellulose are constituted of five- and six-membered saturated cyclic ethers, lignin is rich
with aromatic rings. In the three structures, the cycles are repeatedly linked to oxygenated
functional groups, mainly hydroxy (OH) and methoxy (CH3O) ones. In 2G biofuel processes,
cellulose and hemicellulose are transformed firstly into hexose and pentose, and the hexose and
pentose are subsequently transformed to biofuels, i.e., methane or ethanol, leaving lignin as a
promising feedstock for aromatics and oxygenated aromatics, which are highly demanded by
chemical industry and as fuel boosters.
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Figure 1: Structure of the major components of lignocellulosic biomass — reprinted from [4]
with the permission of Elsevier.

Depending on its original biomass, lignin can contain different proportions of the following
three types of oxygenated phenyl-propane units, p-hydroxyphenyl (H-unit, with the benzene
ring link to an OH group), guaiacyl (G-unit, with the benzene ring link to a hydroxy and a
methoxy groups), syringyl (S-unit, with the benzene ring link to a hydroxy and two methoxy
groups) linked by C-C or ether bonds.

Several essential industrial processes rely on the transformation of the cellulosic part of biomass
with lignin being a byproduct mostly treated as a waste or burnt. Paper industry produces 50



million tons of lignin annually, with only 2% of it being valorized [5]. Enzymatic hydrolysis
lignin (EHL) is the solid residue formed during the production of (2G) biofuels, especially
bioethanol, from lignocellulosic biomass by fermentation [6].

In the last fifteen years, an increasing range of catalytic processes have been proposed to
transform biomass that is not used for food production in a wide range of molecules of interest
[5,7,8]. Figure 2 presents the general strategy proposed for upgrading lignocellulosic biomass
by catalytic processes to produce chemicals and biofuels, which consists, as well explained by
Dumesic and co-authors [7], in removing the O-atoms in order to decrease the boiling point and
increase the heating value.
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Figure 2: Strategy of lignocellulosic biomass upgrading to fuels by catalytic processes [5,8].

According to this strategy, biomass is first fractionated to separate lignin from the cellulosic
part. Several fractionation processes were proposed [5], e.g. Kraft, soda, organosolv, EHL...,
and were especially focused on obtaining high quality cellulose. Depending on the
aggressiveness of the used reactants, from strong bases, such as sodium hydroxide and sulfite
in the Kraft process, to enzymes for EHL, the native structure of lignin is more or less degraded
during this fractionation process. Following fractionation, catalytic processes, e.g. hydrolysis
or solvolysis, dehydration, double bond hydrogenation, are used to depolymerize sugars [5] or
lignin [5] and to produce platform chemicals (see figure 2), which can be catalytically
transformed to the target molecules. The Cs-Ce sugars obtained from the cellulosic part of
biomass can yield furan derivatives, molecules with promising perspectives as transportation
fuel, or in more classical linear alcohols and alkanes [9].

Concerning lignin, as described in the part 1 of the present paper, according to the origin and
the used catalytic processes, the derived potential molecules in fuel range are to be found
amongst aromatic oxygenates or hydrocarbons such as aromatic hydrocarbons (arenes) and
substituted cyclohexanes, which are usual components of fossil fuels [10]. In order to help
considering the question on how far the catalytic processes should go in removing O-atoms, the



purpose of this paper is to examine several points of interest for using aromatic oxygenates in
combustion processes, such as internal combustion engines, gas turbines or burners. Their
thermodynamic properties (change of state) are considered in the part 2, their global combustion
parameters, including both reactivity indicators and sooting tendency, are discussed in part 3,
and finally the experimental and kinetic studies related to their pollutant emissions during
combustion are reviewed in the part 4.

1. Catalytic processes producing small molecules from lignin

The pyrolysis and gasification of lignin without solvent were investigated in early works,
yielding gases (CO, CO2, H2 and gaseous hydrocarbons), liquid oil (phenolic compounds,
methanol, acetone, acetaldehyde and water as well as oligomers and large fragments) and char
[11,12]. Although lignin pyrolysis and gasification have achieved commercial-scale
demonstration, catalytic lignin depolymerization in a solvent, i.e., catalytic lignin solvolysis
(CLS), is more promising, as it directly produces high-value small-molecular products without
or with little formation of char. The works reported on CLS are sorted into three categories:
reductive and oxidative CLS, and acid/base-catalyzed reactions [5,13]. In oxidative CLS, acids
and esters with high oxygen content are usually produced, which are suitable for use as
chemicals, instead of fuel. In acid/base-catalyzed reactions, repolymerization reactions are also
promoted, resulting in the formation of chars, especially at a high reaction temperature. In order
to suppress the formation of char and improve the lignin conversion, acid/base functions are
incorporated with hydrogenation sites. In reductive CLS or acid/base promoted reductive CLS,
lignin depolymerization and product hydrodeoxygenation occur simultaneously, yielding
molecules as suitable precursors of fuels. Therefore, reductive CLS is discussed in some detail
within this context. The typical small molecules, close to fuel range, derived from reductive
CLS are listed in Figure 3.

An important factor that affects the product distribution is the fractionation technology of lignin.
Large amounts of arenes are produced from CLS of pulping process derived lignin, such as
Kraft, alkaline and soda lignin, as the structures of these lignin have been significantly modified
during the pulping process [22] [24]. Organosolv lignin and enzymatic hydrolysis lignin are
less modified, and their structures are similar to native lignin, and the primary monomers
derived from these types of lignin are mostly para-substituted phenols [18] [27,28].

The product distribution also depends on the catalyst and solvent used as well as CLS reaction
conditions (with or without Hz). Without Ho, alcohol solvents, especially methanol, ethanol and
isopropanol, provide active hydrogen for CLS, with themselves converting to aliphatic
oxygenates, such as higher alcohols, esters and ethers [14-17]. The intermediates of alcohol
self-conversion also react with those formed from lignin depolymerization reaction, forming
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alkyl and alkoxy groups substituted aromatic monomers [14]. Actually for many molecules
found in the product, the pieces from the alcohol are quite obvious. Therefore, complex
aliphatic and aromatic products are usually obtained in reductive CLS with alcohols as
hydrogen-donors. Some milestone works achieved complete lignin liquefaction and high
monomer Yields [6,18-23]. Barta et al. [18] converted organosolv lignin into cyclohexane
derivatives with CuMgAIOx mixed oxide as a catalyst in methanol at 573 K under Ar
atmosphere. Huang et al. [24] employed similar CuMgAIOx as a catalyst for depolymerization
of Kraft lignin in ethanol at 653 K for 6 h in N2, yielding 86 wt% monomer products which
mainly include cyclohexane derivatives, arenes and alkylated phenols. Ma et al. [22] reported
that MoC1.,/C catalyst achieved the complete conversion of Kraft lignin in ethanol and obtained
1.64 g/g lignin of small molecules, including both aromatic products (arenes, benzyl alcohols
and phenols) and aliphatic products (alcohols, esters and ethers), at 553 K for 6 h in N2. Similar
products were obtained from Mo/Al20z and Mo2N/Al.O3 catalyzed Kraft lignin
depolymerization [14]. Mai et al. [25] employed WO3/3-Al,03 as a catalyst for the
depolymerization of EHL in ethanol at 593 K for 8 h under N2 atmosphere, and obtained 31.5
wit% of aromatic monomers. WO3/3-Al.O3 shows high activity for alkylation and etherification
reaction, yielding alkylated and etherified phenols as main products. When CLS is carried out
in alcohol under H> pressure, solvent self-conversion and second conversion of primary
monomers are suppressed, and para-substituted phenols, which are directly derived from lignin
units, are the main products. Ni and noble metal (Pt, Pd, Ru) as catalysts with high
hydrogenation activities usually produce para-alkyl and para-propanol phenols as the main
products. For example, Sang et al. [27,28] prepared an unsupported nickel-based catalyst via
nickel formate decomposition, and employed it for EHL depolymerization in ethanol. After
reaction at 553 K under 2 MPa H for 6 h, 28.5 wt% of monomers, mainly including para-alkyl
phenols, para-propanol phenols and esters derived from ferulic and p-coumaric acids, were
obtained. Xiao et al. [26] reported that MoOs supported on carbon nanotubes (MoO3z/CNT) also
mainly produces para substituted phenols in depolymerization of enzymatic mild acidolysis
lignin in methanol under 3 MPa H,. Different from Ni and noble metal catalysts, MoOs/CNT
show lower activity for hydrogenation of the carbon-carbon double bonds in para-side chains,
and hence para-alkenyl phenols are the main products.

Different form oxygenated solvents, cycloalkanes and alkanes are the main products in the case
with alkanes as solvents [29]. For example, Kong et al. [30] reported that phenolic monomers
were produced in oxygenated solvents, including ethylene glycol, dioxane, ethanol and
tetrahydrofuran, but cycloalkanes and alkanes were the main products in dodecane, in Ni/Al;O3-
SiO; catalyzed EHL depolymerization at 523 K under 4 MPa H.. Li and his co-workers [31,32]
also reported that EHL was depolymerized into alkylated cyclohexane with cyclohexane as a
solvent and NiMo/Al20z as a catalyst at 593 K under 2.7 MPa Ha, but phenolic monomers were
produced in ethanol with the same catalyst under the same reaction conditions. Nevertheless,
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high reaction temperature and hydrogen pressure are needed for CLS in alkanes to achieve
complete lignin conversion and deoxygenation.
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Figure 3. The typical small molecules derived from reductive CLS.
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2. Chemical structure and thermodynamic properties of the aromatic oxygenates
discussed in this paper

Tables 1 to 3 display the chemical structure, molecular weight and density of the monoaromatic
oxygenates, for which combustion properties or combustion related kinetic research works can
be actually found. The listed molecules all consist of a phenyl ring substituted by one or several
oxygenated functions (alcohol, ether, aldehyde, ketone and ester) with possibly also alkyl
chains. They include two Ce aromatic oxygenates, phenol and catechol, 10 Cr-aromatic
oxygenates, benzaldehyde, the three isomers of cresol, anisole, benzyl alcohol, benzyl formate
and three isomers of guaiacol, and 11 Cg-aromatic oxygenates, acetophenone, the two
phenylethanol isomers, 4-methylanisole, 2,4-xylenol, 1,2-dimethoxybenzene,
4-methylguaiacol, benzyl acetate, and 2,6-dimethoxyphenol, but only three Co-aromatic
oxygenates, 4-propylphenol, 4-methyl-2,6-dimethoxyphenol, 4-ethylguaiacol, and two
Cio-aromatic oxygenates, 4-propylanisole, 4-propylguaiacol. Those aromatic oxygenates
contain from one to three O-atoms and from one to three substitutions to the benzene ring.



Table 1: Name, formula, structure, molecular weight (MW) and density of the Ce-Cr
aromatic oxygenates discussed in this paper.

Density (298 K)

Specie n° Molecular Chemical MW
Common name kg/m?3
formula Structure g/mol
Value Ref
OH
1 phenol CeHsO @ 94.1 1065 [34,35]
OH
2 catechol CsHsO; o 100.1 13441 [36]
3 benzene CeHs @ 78.1 855 [35]
(0]
4 benzaldehyde C7HeO ©)LH 106.1 1014 [35]
OH
5 o-cresol @/C”ﬁ 108.1 1028 [35]
6 p-cresol C7HsO © 108.1 1140 [34,35]
OH
7 m-cresol @\ 108.1 1030 [35]
CHs
8 anisole C7Hs0 @ 108.1 980  [34,3537]
9 benzyl alcohol CiHsO @AC’” 1081 1041 [35]
10 phenyl formate C7HsO2 j ,l/” 1221 1155 [35]
H™ "0 -
OH
11 o-guaiacol Oery 124.1 1129 [34,38]
CH3/O
12 m-guaiacol C7Hs0, 124.1 1145 [39]
OH
13 p-guaiacol @ 124.1 1550! [40]
OH
CHs
14 toluene C7Hs ©/ 92.1 862 [35,41]
ldensity at 293 K.



Table 2: Name, formula, structure, molecular weight and density of the Cs aromatics
oxygenates discussed in this paper.

Density (298 K)

Specie n° Molecular Chemical MW 3
Common name formula Structure /mol kg/m
d Value Ref
S
15 benzofuran CsHsO o 188.1 1095* [40]
o
16 acetophenone CsHsO da{; 120.1 1028 [33]
OH
cmH
17 1-phenyl ethanol CsH100 HaC/J\O 122.2 1012 [40]
OH
18 2-phenyl ethanol CsH100 ©/\/ 122.2 1021  [39,40,42]
(o}
. 122.2
19 4-methylanisole CgH100 Q h 969 [34]
OH
CHs
20 2,4-xylenol CgH100 122.2 1011 [34]
CHs
OH
21 o-ethylphenol CsH100 i:ﬁ 122.2 963 [35]
4 122.2
22 m-ethylphenol CsH100 @\/ ' 1001 [40]
23 p-ethylphenol CgH100 KE 122.2 933 [35]
OCHs
24 1,2-dimethoxybenzene ~ CgH1002 @/“”ﬁ 138.2 1084 [34]
25 4-methylguaiacol CsH1002 @/ 3 1382 1092 [34]
26 phenyl acetate CaHgO; P 1 1362 1003 [35]
HiC Q
OH
. H3CO, OCH;
27 2,6-dimethoxyphenol CgH1003 Kj/ 154.2 1134 [34]
28 o-xylene CsHio 5:( 106.2 870 [35,43]
29 m-xylene CsH1o é\ 106.2 855 [35,43]
30 p-xylene CsH1o \©\ 106.2 849 [35,43]
CH,CHs
31 ethylbenzene CsH1o @ 106.2 855 [35,43]
ldensity at 293 K.



Table 3: Name, formula, structure, molecular weight and density of the Co-C10 aromatics
oxygenates discussed in this paper and of standard fuels.

Density (298 K)

Specie n° Molecular Chemical MW
Common name kg/m?®
formula Structure g/mol
Value Ref
OH
32 4-propylphenol CoH120 HCN@ 136.2 983 [34]
33 4-ethylguaiacol CoH120; f? ] 152.2 1063 [34]
4-methyl-2,6-
34 . CoH1203 168.2 1050 [34]
dimethoxyphenol e oc,
CH;
CH,
35 1,2,3-trimethylbenzene CoH12 @ 120.2 891 [35]
CH;
36 1,2,4-trimethylbenzene CoH1z (;/ 3 120.2 857 [35]
37 1,3,5-trimethylbenzene CoH12 Q 120.2 842 [35]
CHy CHy
O\
38 4-propylanisole Ci0H140 A/@ 150.2 941 [34]
OH
39 4-propylguaiacol Ci10H1402 . CN@( 166.2 1038 [34]
& OCH;z;
- gasoline Cs-Cu1 - 60-140  720-775% [44]
- diesel fuel C12-Css - 150-350 820-845%2 [45]

2Standardized value of density at 288 K.

Tables 1 to 3 also include a few arenes and standard fuels (in italic in these tables), for which
thermodynamic and combustion properties are given for comparison. Other properties, such as
viscosity or solubility, not given in Table 1 to 3, would need to be further considered for using
a molecule in combustion processes. Note that aromatic oxygenates are frequently used in the
flavor and fragrance industry and thus considered of low toxicity [33]. Table 1 to 3 well shows
how the presence of oxygen atoms increases density at 298 K, which is around 1000 kg/m? for
aromatic oxygenates and only around 850 kg/m? for arenes. Anisole and 4-methylanisole have
a density (at 298 K) slightly below 1000 kg/m?, while those of p-cresol, phenyl formate,
guaiacol isomers, and 2.6-diethoxyphenol are above 1100 kg/m3. According to [10], the
recommended density for gasolines (at 298 K) is in the range 712-767 kg/m® however
McCormick et al. [34] indicated that blending of the oxygenates had little impact on gasoline
density.



Table 4 displays the phase change data (boiling point, melting point, vapor pressure and heat
of vaporization of the aromatic compounds displayed in Tables 1 to 3. As indicated by Table 4,
the temperatures for phase transition of aromatic oxygenates are not favorable for used in
engines and gas-phase kinetic studies. Most of those compounds, even Cs-C7 ones such as
phenol, catechol, and two isomers of cresols, are solid at room temperature. Despite its melting
point of 301 K, when used in a laboratory, o-guaiacol is liquid, or a solid/liquid mixture
depending on the room temperature.

Only three compounds in Table 4 have a vapor pressure under standard conditions above 1x1073
bar: anisole, 1,2-dimethoxybenzene and 4-propylanisole. This explains the large number of
kinetic studies related to anisole as detailed further in the text. A maximum boiling temperature
of 483 K is imposed (EN 228 [44]) for an additive to be considered in gasoline, therefore only
phenol, benzaldehyde, cresol isomers, anisole, benzyl alcohol, o-guaiacol, benzofuran,
acetophenone, 1-phenylethanol, 4-methylanisole, 1,2-dimethoxybenzene and o-ethylphenol are
in the validity range. In contrast to the aromatic oxygenates, all the arenes listed in Tables 1 to
3 are liquid at room temperature and can be easily vaporized.
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Table 4: Phase change data (boiling point (Thoil at 1 bar in K), melting point (Tmert at 1 bar
in K), vapor pressure under standard conditions (Pvap at 1 atm in bar) and heat of
vaporization (Hvap at 298 K in kJ/mol) of the aromatic compounds displayed in Tables 1 to

3. Boiling point in bold are above 483 K, melting points in bold are above room temperature (298 K), vapor

pressure in bold are above 1x103par.

Name Thoil Tmelt Pvap Hvap.
phenol 455 [34(;5;5’4 314  [34,46]  6.38x10* [35] 583.7 [35]
catechol 519 [3546] 377 [46] 3.57x10 [35] 696.2 [35]
benzaldeyde 452 [3546] 231 [46] 1.66x10°  [35,46] 462.1 [35]
o-cresol 464 [35,46] 304 [46] 4.88x10* [35] 508.9 [35]
p-cresol 475 [34('33]5‘4 307 [34,46]  1.89x10* [35] 548.8 [35]
m-cresol 475 [35,46] 284 [46] 2.74x10* [35] 526.4 [35]
[34,353
anisole 427 8,46 250  [34,46]  4.28x1073 [35] 4259 +6.2 [35,46,47,49,50]
48]
benzyl alcohol 478 [35,46] 257 [46] 4.82x10° [35] 610.6 [35]
phenyl formate 523 [35] - 7.72x10°® [35] 579.2 [35]
o-guaiacol 478 [3435.3 301 [3446]  1.29x10* [35] 494.4 [35]
8,46,48]
m-guaiacol 517 [46] 256 [39] 1.50x10 [42] 393.72 [51]
p-guaiacol 516 [3546] 326 [46] 1.83x10° [35] 540.6 [35]
benzofuran 455 [46] 255 [40] 1.24x10°2 [52] 350.22 [51]
acetophenone 475 [3546] 293 [46] 7.64x10* [35] 438.6 [33]
1-phenylethanol 476 [46] 291 [46] 7'5():10-4 [42] 382.92 [51]
2-phenylethanol 493 [46-48] 254 [46] 1.16x10° [53] 562.9 +2.7 [47,54,55]
4-Methylanisole 448 [46] 242 [46] - - 317.12 [51]
1,2dimethoxy
480 [46] 294 [46] 3.53x10%  [42,56] 492.9 [46]
benzene
2,4-xylenol 484 [46] 298 [46] 1.31x104  [35,57] 510.3 [35,57]
o-ethylphenol 478 [3546] 280 [46] 3.09x10* [35] 581.3 [35]
m-ethylphenol 490 [35,46] 269 [46] 3.75x10* [58] 398.62 [51]
p-ethylphenol 491 [3546] 319 [46] 9.34x108 [35] 504.2 [35]
phenyl acetate 469 [46] 243 [40,42]  3.06x10* [35] 395.1+8.2 [35,46]
4-propylanisole 489 [46] 268 [34] 2.00x10°3 [59] 287.62 [51]
4-methylguaiacol 494 [46] 278 [34] 513.2 [60]
4-propylphenol 505 [46] 295 [46] 2.80x10° [42] 373.92 [51]
4-ethylguaiacol 508 [39] 288 [34] - -- 354.82 [51]
4-propylguaiacol 523 [39] 289 [46] - -- 338.22 [51]
2,6-dimethoxyphenol 536 [46] 328 [34] - -- 380.32 [51]
4-methyl-2,6-
. 541 [34] 213 [34] - - 365.72 [51]
dimethoxyphenol
benzene 353 [3546] 279 [46] 1.24x107  [35,46] 402.3 [35,46]
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[35,38,4

toluene 383 6.46] 178 [46] 3.73x102  [3546]  408.0+4.1 [35,46,54,55]

o-xylene 417 [35,46] 248 [46] 8.58x103  [35,46] 403.6 [35]

m-xylene 412 [35,46] 225 [46] 1.07x10?  [35,46] 398.1 [35]

p-xylene 411 [35,46] 286 [46] 1.13x102  [35,46] 396.9+2.1 [35,46,47,54,55]

ethylbenzene 409 [35,46] 179 [46] 1.25107? [35] 413.2+345 [46,54,55]

1,2,3-trimethylbenzene 449 [35,46] 248 [46] 1.84 103 [35] 404.0 [35]
1,2,4-trimethylbenzene 442 [35,46] 228 [46] 2.49103 [35] 395.4 [35]
1,3,5-trimethylbenzene 438 [35,46] 226 [46] 2.8510°% [35] 394.1 [35]

LVapor pressure at 293 K, 2 calculated with Joback’s method [51], 3 values of petroleum fuel compounds,

4Standards on vapor pressure range depend on locations in Europe, *Standardized final boiling point.

3. Global combustion parameters of aromatic oxygenates

This part aims at giving an idea on how aromatic oxygenates perform when used in internal
combustion engines, first listing the data which can be found for the usual global indicators of
combustion and ignition performances, the Lower Heating Value (LHV), Research Octane
Number (RON) and Cetane Number (CN), and then reviewing the few studies presenting
measurements of ignition delay times and laminar flame velocities.

3.1. Global indicators of combustion and ignition performances

In addition to the LHV, which gives an idea of the fuel energy density, two numbers are used
to characterize the fuel auto-ignition performances, the octane number (often RON), which rates
the fuel resistance to auto-ignition [9], and the Cetane Number (CN) [10], which in contrast
rates the fuel ignitibility. These ignition parameters are established thanks to European
(respectively American) standard test methods EN ISO 5164 [10] (resp. ASTM D2699) for
RON and EN ISO 5165 [10] for CN (resp. ASTM D613); American and European test methods
have the same specifications. A new ASTM method was recently developed: ASTM D 6890,
in order to measure CN with a very little amount of sample; the obtained property is called
“Derived Cetane Number”. Standard fuel properties are given by EN 228 [44] (resp. ASTM
D4814) for gasoline and EN 590 [45] (resp. ASTM D975) for Diesel. A large amount of studies
was performed in order to predict and interpolate these parameters thanks to analytical formulae
or numerical methods like artificial neural networks, e.g. [61-68] but no obvious correlation
with structure or other properties of molecules was found to be accurate on a wide variety of
families or on a large range of RON and CN.

Table 5 presents the data, which can be found in literature for LHV, RON and CN. Both mass

and volume LHVs are given, since the first ones are of importance for aviation and the second
ones for ground transportation. It is clear from this table, that concerning LHVs, a major
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drawback of aromatic oxygenates is their lower values compared to their non-oxygenated
counterpart species. Only 2-phenyl ethanol and 4-propylanisole have a LHV above 35 MJ/Kkg,
while C7-Cg arenes have LHVs around 41 MJ/kg in the same range as gasoline indicating that
removing oxygen atoms on typical lignin derived compounds would allow obtaining the same
properties as traditional fuels. However, thanks to their high density, these oxygenated species
have a volumetric LHV in the range of petroleum fuel values, what leads to the same fuel
consumption.

Experimental octane and cetane numbers are rare in literature for neat aromatic oxygenates,
however these compounds were tested as additives in gasolines up to 20%, see for instance
[34,38,47,49,69-71]. According to the few existing data for neat compounds, aromatic
oxygenates, as aromatic hydrocarbons, have a high octane number (RON >100 for all the
molecules for which this value was found), and conversely a low cetane number (CN<30),
making them potential octane booster in spark ignited engines to upgrade performances of
gasolines.

In traditional gasolines, arenes are the compounds with the highest RONs and oxygenated
aromatics have ignition properties in the same range of values. However, as it is described
before, what limits the use of oxygenated compounds as drop-in gasoline blend components is
their high boiling temperatures.

Table 5: Lower heating value (LHV), research octane number (RON) and cetane number
(CN) of aromatic oxygenates of the compounds listed in Tables 1 to 3. Mass LHVs in bold
are above 35 MJ/kg.

LHV RON CN
Names Value Value
MJ/kg MI/L Ref Value Ref Value Ref
phenol 31.3 33.3 [34]
catechol 21.7 37.2 [51]
benzaldehyde 32.12 325 [46]
o-cresol 32.72 33.6 [46,72]
m-cresol 32.82 33.8 [46,72]
p-cresol 29.6 337 [34] 153 [34]
anisole 337+0.3 33.0 [34.37.38.47- 11410 [34.38,47.%0. 6+1  [34,3850,62]
50,73,74] 75]
benzyl alcohol 34.6 36.0 [69] - - 29 [69]
o0-guaiacol 275 31.0 [34,38,48,73] - - 19 [34,38,62]
m-guaiacol 275! 315 [51]
p-guaiacol 27.3 423 [51]
benzofuran 32,62 35.7 [46]
acetophenone 33.2 34.2 [33]
1-phenylethanol 29.0 29.3 [51]
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2-phenylethanol 35.0 £ 1.4 35.6 [47,48,54,55,73] 116 +11  [34,38,47,55] 8 [34,62]
4-methylanisole 34.4 333 [34] 104 [38] 7 [38]
1,2-dimethoxybenzene 27.4 29.7 [34] 17 [34]
2,4-xylenol 338 34.2 [34] 140 [34]
o-ethylphenol 34.12 32.8 [46]
m-ethylphenol 34.12 34.1 [46]
p-ethylphenol 33.9 316 [51]
4-propylanisole 36.4 343 [34] 8 [38]
4-methylguaiacol 28.9 316 [34] 20 [38]
4-propylphenol 34.8 342 [34] 9 [34]
4-ethylguaiacol 28.7 30.5 [34] 20 [38]
4-propylguaiacol 315 327 [34] 18 [34]
2,6-dimethoxyphenol 25.2 28.6 [34] 26 [34]
4-methyl-2,6-
. 27.7 29.1 [34] 25 [34]
dimethoxyphenol
benzene 40.32 34.5 [46] 102+5 [76,77] 14 [78]
toluene 40.9+0.4 35.3 [38,54,55,73,79] 116 £ 10 [34,50,73.76, * [38,50,62,76,
77,80-82] 78]
o-xylene 409+0.1 35.6 [79,83,84] 113+8 [48,76,77] 8 [76,78]
m-xylene 41.4+06 35.4 [79,83,84] 122+21 [48,76,77] 7 [76,78]
p-xylene 415105 35.2 [47,48,54,55,79] 121+18  [48,76,77,80] 6 [76,78]
ethylbenzene 416+0.4 35.6 [54,55,79] 108+8 [38’73::(;’55' [76,78]
1,2,3-trimethylbenzene 41.2? 36.7 [46] 110+9 [50,76,77] 10 [76,78]
1,2,4-trimethylbenzene 41.2? 35.1 [46] 148 [771 9 [50,76,78]
1,3,5-trimethylbenzene 41.22 34.7 [46] 138 + 45 [76,77] 8 [76,78]
gasoline =43 30.1-33.3 - >95° [44] ~23
Diesel fuel ~42 34.4-35.5 - - - >513 [45]

LLHV calculated from the enthalpy of formation (enthalpy of formation calculated with Joback’s method [51]),
2LHV calculated from the enthalpy of combustion, 3Standardized value of ignition properties.

This is well shown in Figure 4 which plots RON vs boiling point for the five aromatic
compounds, for which RON values were found (p-cresol (6 in Tables 1 to 3), anisole (8),
2-phenylethanol (18), 4-methylanisole (19) and 2,4-xylenol (20)), as well as for some arenes
(benzene (3), toluene (14), xylene isomers (28, 29, 30), ethylbenzene (31), and
trimethylbenzene isomers (35, 36, 37)). This figure displays only a small common zone
incuding trimethylbenzene isomers together with anisole and 4-methylanisole, the two most
suitable molecules for an use as gasoline additives. 2-Phenylethanol has a boiling point just
above the limit, with a RON of 116. As described in the coming part, these three compounds
are the only ones, for which measurements of their ignition delay times or laminar flame
velocities were published. For the other molecules with a boiling point below the limit no RON
value was found. p-Cresol with a RON of 153 and 2,4-xylenol with a RON of 140 have a boiling
point below the limit, but a melting point close to room temperature.
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Figure 4: RON vs boiling points for the oxygenated aromatics, for which this value can
be found, as well as of some arenes; the numbers are those of the species in Tables 1 to 3.

Concerning aromatic oxygenates used as additives in gasolines, Tian et al. have measured the
RON value of mixtures made of a commercial (Dutch) Euro 95 gasoline and 10% of
acetophenone, 2-phenylethanol and benzylalcohol [33]. RON values equal to 96.9, 96.9 and
96.1, respectively, were found confirming the octane boosting effect of adding aromatic
oxygenates. McCormick et al. [34] measured the RON value for a base EO gasoline (RON =
85.8) and its mixtures with 1% phenol, 2% p-cresol, 6% p-cresol, 2% xylenol, 2% guaiacol
and 2% 4-methylguaicol and found RON values equal to 86.7, 88.3, 91.9, 89.0, 86.2, and 86.4,
respectively. The addition of all these phenolic compounds has a positive effect on RON, but
problems due a limited solubility in gasoline were reported for phenol and cresol isomers.

3.2. Ignition delay times and laminar flame velocities

In addition to the numbers scaling the overall autoignition behavior of fuels as above described,
two types of measurement targets are usually used to characterize fuel combustion: ignition
delay times and laminar flame velocities. Table 5 presents the kinetic studies during which these
data were measured for neat aromatic oxygenates. In the combustion studies involving such
measurements, as well as in those with product quantification (see part 5), measurements are
made under well-defined operating conditions, temperature (T), pressure (P) and reactive
mixture composition. In such studies, an important parameter is the equivalence ratio (¢), which
is defined for the global combustion reaction (1) of a CxHyO; fuel,

CxHyO; + (x +y/4 —2/2) O2 = x CO2 + y/2 H,0 1)

as ¢ = Xuel/(X + y/4 — z/2)x02, With Xfuel and Xop, respectively the fuel and oxygen mole fractions.

In some cases, for facilitating kinetic experiments, helium or argon can be used as the diluent
gas instead of nitrogen. In addition, to avoid too high temperature gradients due to reaction
exothermicity, the ratio between the mole fraction of the diluent gas and that of oxygen is often
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significantly higher than that for combustion in air (3.76). Above all, the physical models of the
used experimental devices are simple enough to allow the simulation of the measured data using
detailed kinetic models involving thousands of elementary reactions [85] by means of dedicated
softwares, e.g. CHEMKIN [86], CANTERA [87], OPENSMOKE [88].

Table 6: Aromatic oxygenated kinetic studies, during which autoignition delays times or
laminar flame velocities of neat aromatic oxygenates were measured.

Aromatic

. Instruments Experimental Conditions Reference
oxygenates studied

Measurement of ignition delay times

T.=770-1600 K; P.=10, 20, 40 bar; ®=0.5 Herzler et al., 2017 [89]
) Shock tube
anisole T, =900-1315 K; P=10, 20, 40 bar; ®=0.5, |
RCM T.=750-900 K; P.=10, 20, 40 bar, =05, 1, 2 Buttgen et al., 2020 [57]
Shock tube T, =1050-1500 K; P, =10, 20 bar; ®=0.5, 1 Shankar et al., 2017 [54]
2-phenylethanol RCM T, =813-992 K; P, =10, 20, 30, 40 bar; ®=0.35,  Fang et al., 2021 [90]

051,15

Measurement of laminar flame velocity

Bunsen burner Ti =423 K, Pi = 1 bar, ®=0.6-1.3 Wu et al. 2017 [75]
. PLF burner Ti =358 K; P; =1 bar; ®=0.6-1.2 Wagnon et al., 2018 [91]
anisole
Constant volume T, =460-575 K; P;=1 bar; ©=0.8-1.4
Zare et al., 2019 [92]
bomb Ti=460-575 K; P; =0.5-3 bar; ®=1
4-methylanisole Bunsen burner Ti =423 K, Pi = 1 bar, ®=0.6-1.3 Wau et al. 2017 [75]

Index “c” is for parameters after compression and “i” for initial gas parameters.

3.2.1. Ignition delay times

Ignition delay times are usually measured using two types of devices, in which a reactive gas
mixture is heated by compression. First, shock tubes, which are ideal totally adiabatic reactors,
where a gas at low pressure is brought almost instantaneously to a known and controlled high
temperature and pressure condition by means of the passage of a shock wave created by the
sudden expansion of a high-pressure gas [93]. Second, rapid compression machines (RCM), in
which the heating process of the gas mixture by mechanical compression is similar to that
occurring during a single cycle of an internal combustion engine [94]. In both devices, the
ignition delay time is the time between the moment, when the gas reaches the compressed
temperature (T¢) and pressure (Pc), and the moment, when autoignition occurs as indicated by
a sharp increase in pressure or radical emission [95]. As it is shown in Figure 5(a) for
2-phenylethanol, the obtained ignition delay times are usually plotted under logarithmic scale
versus 1/Tc to check how the Arrhenius behavior is followed.
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Figure 5: (a) Ignition delay times of 2-phenylethanol measured in a shock tube for ¢ =1

(symbols are measurements and lines simulations); (b) laminar flame velocities of anisole

compared to those of toluene T, = 423 K, Py 1bar - reproduced from Refs. [54] and [75],
respectively, with permission of Elsevier.

As it is shown in Table 6, there are only two aromatic oxygenates, for which measurements of
ignition delay times of neat fuel can be found: anisole and 2-phenylethanol. These
measurements were made in both shock tubes (undiluted fuel in air for anisole and highly
diluted in argon for 2-phenylethanol) and RCMs (undiluted fuel in air or in a nitrogen/argon
mixture). The results by Buttgen et al. [57] indicate an Arrhenius behavior under all their
studied conditions with significantly higher slopes in RCM than in shock tube. Mergulh&o et
al. [96] also measured ignition delay times in a RCM for (40/60) anisole/iso-octane blend (Tc
= 684 K, Pc = 20 bar, ¢ = 1) and well showed a significant inhibiting effect of adding the
aromatic oxygenate on the alkane reactivity.

3.2.2. Laminar flame velocities

As it is shown in Table 6, laminar flame velocities for aromatic oxygenates can only be found
for anisole and 4-methylanisole. These measurements were performed using either a constant
volume bomb, in which a flame is spark-ignited, or using flat flame or Bunsen burners; these
methods were comprehensively described by Konnov et al. [97]. As shown in Figure 5(b), such
measurements are usually plotted versus ¢ leading to a parabolic curve with a maximum for ¢
close to 1.1. The data displayed in Table 6 were obtained at atmospheric pressure, except the
work of Zare et al. [92] performed from 0.5 to 3 bar. Temperatures (Ti) of the initial gases
varied from 358 to 575 K. The first flame velocity measurements for aromatic oxygenates were
published in 2017 by Wu et al. [75], who used OH chemiluminescence on a Bunsen burner.
These authors studied neat anisole, 4-methylanisole and toluene reporting for T; = 423 K
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maximum value at ¢ = 1.06 of 68.8, 65.6, and 58.1 cm/s, respectively. Later, Wagnon et al.
used in a Premixed Laminar Flame (PLF) with the heat flux method [98] and Zare et al. [92] a
constant volume bomb method for also measuring neat anisole flame velocity. However, as
shown in Table 6, there is no common condition amongst the three sets of published data
allowing data comparison.

3.3. Soot formation tendency

If change-of-state properties, global combustion parameters, and the emissions of gas phase
pollutants are important factors for considering a molecule as a possible biofuel, this is also the
case of its ability to produce soot. The Yield Sooting Index (YSI) indicates the relative tendency
of different pure hydrocarbons to produce soot particulates under combustion conditions and
can be measured by different combustion techniques as described by Das et al. [99]. Table 7
displays the YSI of various aromatic reactants according to the values given by [100].

Table 7: Experimental yield sooting index (YSI) of various aromatic reactants.

Aromatic oxygenates YSI
catechol 34
p-guaiacol 55
o-guaiacol 64
o-guaiacol 64
3-methylanisole 103
anisole 111
2-ethylphenol 120
4-ethylphenol 128
3-ethylphenol 138
1-phenylethanol 142
toluene 171
p-xylene 202
o-xylene 200
ethylbenzene 222
m-xylene 216

Table 7 well shows that the aromatic oxygenates discussed in this paper have a lower sooting
tendency than their non-oxygenated counterparts. However, aromatic oxygenates substituted
by an alkyl groups such as ethylphenol show a higher sooting tendency than other aromatic
oxygenates, such as anisole, despite the oxygen moiety. The lowest YSI are found for aromatic
oxygenates including two O-atoms, i.e., catechol and guaiacol isomers.
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4. Kinetics of combustion and the emissions from aromatic oxygenates

In this part, first the experimental studies are presented, then the detailed kinetic models, which
have been developed to simulate these results, are described, and finally the influence of the
structure of the aromatic compounds for the production of soot is discussed.

4.1. Experimental work

Since the beginning of the 80s, experiments on the pyrolysis of aromatic oxygenates providing
product yields have been made using different types of batch reactors at atmospheric pressure,
at temperatures from 678 to 1040 K and at residence times ranging from a few to several
hundreds of minutes. This was the case of anisole studied by Schlosberg et al. [101], who
reported phenol, methane and CO as the main products from their mass spectrometry (MS)
analyses, and of o-guaiacol investigated by Ceylan and Bredenberg [102], who used a rocking
autoclave using several co-reactants (e.g. Ho, tetralin, naphthalene...) and mostly reported the
formation of phenol, o-cresol, catechol, methylcatechol, and methylguaiacol. Using gas
chromatography (GC), Klein and co-workers [103,104] reported the formation of carbon
monoxide, and methane to a lower extent, as major gaseous products from the pyrolysis of
benzaldehyde, acetophenone, anisole and o-guaiacol. Liquid products included mainly benzene
from benzaldehyde, o-cresol, phenol and benzene from anisole, catechol and phenol from
o-guaiacol, and benzene, toluene, xylenes, from acetophenone. In respectively 1988 and 1999,
Taylor et al. [105] and Chuchani et al. [106] were interested by the pyrolysis of
2-phenylethanol. Both teams observed the same major produced species, styrene and toluene,
with ethylbenzene as a minor one; Taylor et al. [105], working at low pressure (0.086-0.263ba),
also found traces of biphenyl, bibenzyl, 2-methoxyethylbenzene and 2-phenylethylether.

Table 8 presents the experimental studies using set-ups, which were not batch reactors and
during which the species produced by the reaction (pyrolysis, oxidation, actual combustion) of
monoaromatic oxygenates were quantified. This is only the case of Cs-Cg compounds: phenol,
catechol, benzaldehyde, anisole, benzyl alcohol, guaiacol isomers, and 2-phenylethanol
isomers.
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Table 8: Aromatic oxygenate kinetic works (pyrolysis, oxidation, actual combustion)

made after 1980, during which reaction products were quantified.

Aromatic Experimental . .
. Experimental Conditions Reference
oxygenates devices
T=1064-1162 K; P=1 atm; ®=c0 Lovell et al.,1989 [107]
Tubular reactor .
Phenol T=922-1175 K; P=1 atm; ®=00 Manion and Louw, 1989 [108]
T=1450-1650 K; P=2.5 atm; ®=c0 Horn et al., 1998 [109]
Shock tube -
T=1170 K; P=1 atm; ®=c0-0.64-1.73 Brezinsky et al., 1998 [110]
T=973,15- 1273 K, P=1 atm; ®=c0 Ledesmaet al., 2002 [111
Catechol Tubular reactor (1]
T=773- 1273 K ;P=1 atm ;®=0- 0.92 Thomas et al., 2007 [112]
T=700-1100K ; P =1 atm, ®=0.5, 1,2 Namysl et al., 2020 [113
Benzaldehyde JSR Y [113]
T=475-900K ; P =1 atm, ®=0.4, 2 Chen et al., 2020 [114]
Shock tube T=1000-1580 K; P=0.4-0.9 atm; ®=c0 Lin and Lin., 1986 [115]
T= 1425, 1530 K; P=1,60, 1.47 atm; ®=w Zabeti et al.., 2017 [116]
T=793-1020 K; P=1 atm; ®=00 Arends et al., 1993 [117]
T=999-1003 K; P=1 atm; ®=00, 1.05, 0.62,1.71  Pecullan et al., 1997 [118]
T=1023-1173 K; ®=00 Platonov et al., 2001 [119]
Tubular reactor ——
T=873-1373 K; P=1 atm; ®=c0 Friderichsen et al., 2001 [120]
T=525-675K ; P=1 atm; ®=x Pelucchi et al. 2018 [121]
T=850-1160 K ; P=0,04, 1 atm; ®=00 Yuan et al. 2018 [122]
Anisole

T=850-1000 K; P=0.015-0.12atm; ®=c0

Mackie et al., 1990 [123]

JSR T=673-1173 K; P=1 atm; ®=c0,1 Nowakowska et al, 2014 [124]

T=675-1275 K; P=1 atm; ®=c0, 0.5, 1 and 2. Wagnon et al., 2018 [91]
PLF burner T=500 K; P=0.04 bar; ®=1.2,1.6 Bierkandt et al., 2019 [125]
Laminar

counterflow
diffusion-flame
burner

Ti=500 K; Pi=0.04 bar; ®=1.2,1.6

Chen et al., 2022 [126]

Benzyl alcohol

JSR

T=700-1100 K; P=1 atm; ®=0.4, and 2.0.

Zhou et al., 2018 [127]

Tubular reactor

T=900-1275, 875-1223 ; K ; P=0.04, 1 atm;
D=0

Chen et al., 2021 [128]

Guaiacol isomers

JSR

T=623-923 K; P=1 atm; ®==c0, 1

Nowakowska et al., 2018 [129]

Micropyrolyser

T=623-823 K ; P=1 atm; ®=00

Yerrayya et al., 2019 [130]

Phenyl ethanol
isomers

Tubular reactor

T=800-1200 K; P = 1 bar, ®=3

Brian et al., 2021 [131]

Ethylphenol isomers

Tubular reactor

T=900-1150 K; P = 1 bar, ®=3

Kim et al., 2021 [100]

Index “” is for initial gas parameters.

Looking at the experimental devices listed in Table 8, those including a heated reactor,
especially a flow reactor, were the most frequently used, with significantly less work made
using shock tubes or flames. The usual flow reactors are either tubular reactors [132], which
are simply tubes, through which reactive gases are flowing, or stirred reactors; typical residence
times range from ~0.1 to ~10 s. Stirred flow reactors are mostly Jet-Stirred Reactors (JSRs),
consisting of a sphere, in which four turbulent jets created from a cross-shaped inlet located at
its center ensure the mixing [133]. Two studies, only about anisole, were made in flames, in a
PLF and in a laminar counterflow diffusion-flame; more details about flame experiments can
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be found in Egolfopoulos et al. [134]. The analysis method used with flow reactors was mainly
GC, while flames were mostly investigated by MS.

4.1.1. Phenol

In addition to the Kinetic studies listed in Table 8, in 1988, He et al. [135] performed
experiments in a single-pulse shock tube over a range of temperatures from 1000 to 1150 K and
pressures from 2.5 to 5 atm. They measured the rate constants of the hydrogen atom and
hydroxyl radical attack on phenol (reaction 1) yielding the resonance stabilized phenoxy radical

(CsHs0-):
CeHsOH + H- or OH: = CgHsO- + Hz or H20 (reaction 1).

In the same way as for benzyl radical (CsHsCH>-) issued from toluene [136], the resonance
stabilization of phenoxy radical promotes inhibiting reactions, such as combination with H-

atoms or disproportionation with -HO- radicals which consume radicals. The importance of
such resonance stabilized radicals in the chemistry of aromatic compounds explain partly their
high RON numbers.

The first study of the pyrolysis of phenol was performed in the group of Brezinsky [110] at
Princeton (USA) using a tubular reactor at atmospheric pressure for temperatures between 1064
and 1162 K. Based on GC analyses, they identified the main pyrolysis products as being CO,
cyclopentadiene and benzene. Manion and Louw [108] drew similar conclusions from their
work on the phenol pyrolysis in Hz using a similar reactor over a larger temperature range (T =
922-1175 K). Horn et al. [109] studied the pyrolysis of phenol in a shock tube at temperatures
from 1450 to 1650 K using atomic and molecular resonance absorption spectroscopy as
diagnostics. They deduced from their results that the main initiation reaction is the elimination
of CO after an internal rearrangement of phenol.

On line with their pyrolysis study, Brezinsky et al. [110] investigated the oxidation of phenol
at atmospheric pressure near 1170 K over a range of equivalence ratios, 0.64-1.73. They found
that cyclopentadiene was the major reaction intermediate and proposed its formation to occur

through that of cyclopentadienyl radical (CsHs-), which is produced from phenoxy radical via
reaction (2):
CsHsO- = CsHs: + CO (reaction 2).

This reaction is of particular importance, since for all aromatic hydrocarbons or oxygenates, it
is the only pathway degrading the very stable benzene cycle. An important reaction of
cyclopentadienyl radicals is the recombination with themselves yielding naphthalene [137] and
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initiating the growth towards larger polyaromatic hydrocarbons (PAHSs) and ultimately soot
particulates [138].

Carbon monoxide, carbon dioxide, methane, acetylene, ethylene, 1,3-butadiene and benzene
(obtained by ipso-addition of H-atoms, reaction 3) were the other observed major species
quantified. Minor species included allene, methylacetylene, propene, ethane,
methylcyclopentadiene, and naphthalene.

CeHsOH + H- = C¢Hg + OH- (reaction 3)

4.1.2. Catechol (also named pyrocatechol or ortho-dihydroxybenzene)

Because of the importance of this molecule for tobacco industry [139], a group in Louisiana
State University has been interested by the kinetic studies of catechol. In 2002, they started a
study of the pyrolysis of catechol in a tubular reactor (T= 1273 K, P = 1 atm) using high pressure
liquid chromatography with ultraviolet-visible detection and identified 61 species, including
many PAHSs including more than three rings or ethenyl-substituted [139]. In a following work
starting from 700 K and using GC, they quantified CO, methane, acetylene, ethylene, 1,3-
butadiene, cyclopentadiene, benzene, phenol, and two- to eight-ring PAHSs as the main products;
minor ones included ethane, propyne, propadiene, and propylene. A third work [112]
investigated ¢ ranging from oo (pure pyrolysis) to 1.08 (near stoichiometric oxidation) over a
temperature range of 500-1000 K. Except CO2, which was produced only during oxidation,
similar products were formed whatever ¢. CO, acetylene, benzene and 1,3-butadiene, are the
major products. At a given temperature, the yield of 1,3-butadiene and that of PAHs,
significantly increased when increasing ¢. The authors concluded that 1,3-butadiene was a
major intermediate in PAH formation under catechol pyrolysis and fuel-rich oxidation
conditions [112].

4.1.3. Benzaldehyde

Benzaldehyde pyrolysis has been studied since 1929 [140-143]. These studies were mostly
interested by the kinetics of the unimolecular decomposition leading to CsHs-CO radical
(reaction 4), which decomposes yielding phenyl radical and CO through reaction (5):
CeHsCHO (+M) = Ce¢Hs-CO + H- (+M) (reaction 4)

CeHsCO = CgHs- + CO (reaction 5).

Reaction 4 is favored due to the particularly low value of the dissociation energy of the broken
C-H bond (373 kJ/mol, see figure 6). However, the CsHs-CO radical can also be easily obtained
from benzaldehyde by H-abstraction.
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Even no recent study presenting product quantification during benzaldehyde pyrolysis is
available, in 2020, two papers reported results on the oxidation of benzaldehyde in JSRs, with
48 species quantified by GC [113] and 29 more by photo-ionization MS (at the National
Synchrotron Radiation Laboratory in Hefei, China) [114]. Figure 6 shows the fuel consumption
and the formation of the major products, CO, CO2, and phenol as measured by GC. This
important formation of carbon oxides and phenol supports the rapid formation of phenyl
radicals by H-abstraction followed by reaction 5.
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Figure 6: Oxidation of benzaldehyde in a JSR: Evolution with temperature of the mole
fraction of fuel and major products, CO, CO., and phenol (symbols are experiments and lines
computed data, for a residence time of 2 s) replotted from the data of [113]. The numbers
near the bonds in the benzaldehyde molecule are bond dissociation energies in kJ/mol.

4.1.4. Anisole

Anisole is the aromatic oxygenate which has been the subject of the highest number of
investigations starting from 1967 [144]. Two studies of anisole pyrolysis were performed
behind shock waves. Lin and Lin [115] followed the formation of CO by laser resonance-
absorption and derived from their measurements rate constants for related reactions, especially
that of reactions (6) and (2); reaction (6) is significantly favored by the very low bond
dissociation energy of the C-O bond connected to the methyl group (264.4 kd/mol [124]):
CsHsOCH3 (+M) = C¢Hs0: + CH3- (+M) (reaction 6).
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These authors also proposed the possible formation of o- and p-cresol by reaction of methyl

(CHz:) with phenoxy (CsHsO:) radicals via methylcyclohexadienones. Zabeti et al. [116] used
mass spectrometry to follow the time evolution of the mole fractions of anisole+cresol,
CO+C2Ha, and benzene.

Anisole pyrolysis was the most frequently investigated using flow reactors, with six studies in
tubular reactors and three in JSRs. The studies in tubular reactors were started in 1993 by
Arends et al. [117], who worked both in excess of hydrogen, quantifying methane and phenol
as the major products, and in excess of fluorotoluene, proposing a rate constant for reaction (5).
Later, Platonov et al. [119] showed using GC that increasing the temperature decreased the
formation of phenolic compounds and increased that of PAHSs. Friderichsen et al. [120] used
both a flow reactor and a hyperthermal nozzle with time-of-flight mass spectrometry and
Fourier transform infrared spectroscopy. From the identification of free radicals and reaction
intermediates, they demonstrated the importance of phenoxy and cyclopentadienyl radicals in
the formation of naphthalene. More recently, Pelucchi et al. [121] reported, as is shown in
Figure 7, a wide range of stable products including bicyclic aromatics, such as benzofuran. The
main quantified products were methane, carbon monoxide, phenol and benzaldehyde. Using
photo-ionization MS (at the National Synchrotron Radiation Laboratory in Hefei, China), Yuan
et al. [122] achieved the most comprehensive speciation including the previously reported

stable products, but also, radicals, especially the three key ones for anisole pyrolysis, CsHsO-,
CsHs: and CHa- radicals.
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Figure 7: Pyrolysis of anisole in a flow reactor: chromatogram obtained by 2-dimension GC
with flame ionization detection for a reactor temperature of 848 K [121] — Figure provided by
the authors.
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To finish with tubular reactor studies, the 1997 study by Pecullan et al. [118] in the group of
Brezinsky was the first one investigating both the pyrolysis and the oxidation of anisole. The
experiments demonstrated anisole thermal decomposition near 1000 K to proceed only through
reaction (5). Using GC, the same major products, i.e., phenol, cresols, methylcyclopentadiene,
and CO, were quantified both during pyrolysis and oxidation.

Concerning studies in a stirred reactor. In 1989, Mackie et al.[123] used a perfectly stirred
reactor with a geometry different from the JSRs used nowadays and worked at pressure
significantly below 1 atm. Using GC, they concluded CO, phenol and cresols to be the most
important products from anisole pyrolysis. More recently, the pyrolysis of anisole and its
oxidation were studied in JSRs using GC for product quantification by Nowakowska et al. [124]
in Nancy and by Wagnon et al. [145] in Orléans. Both studies agreed on the important formation
of carbon monoxide, 1,3-cyclopentadiene, benzene, phenol and cresol as the major reaction
products, these products being the same for pyrolysis and oxidation.

Two recent studies focused on the quantification of products in anisole flames. Using
photoionization MS (at the Advanced Light Source in Berkeley, USA, and at the Swiss Light
Source in Villigen, Switzerland) with photoelectron spectroscopy, Bierkandt et al. [125]

reported the quantification of more than 60 species in PLF. In addition to CO and H2, CHs-

radical, CH4, CoH2, CoHa, CoHs, CH20, CsHs- radical, cyclopentadiene, benzene, phenol, and
benzaldehyde were the intermediates produced in the highest amounts, with mole fractions of
the order of 1073-1072; phenoxy radical was measured with mole fractions up to 10, Time-of-
flight molecular-beam MS and GC were used by Chen et al. to investigate a laminar
counterflow diffusion-flame of anisole under oxy-fuel conditions [126]. Forty stable species,
including naphthalene and dibenzofuran, were reported.

In parallel of their measurements of ignition delay times in a RCM for an anisole/isooctane
blend, Mergulh&o et al. [96] also followed the time evolution of the both reactants and several
products, including three aromatic species, benzene, toluene and benzaldehyde. Under those
low-temperature conditions, anisole reacts mainly by abstraction of H-atom on the methyl
group (reaction 7) to give anisyl (CsHsOCH') radical, which mainly adds to oxygen and leads
cyclohexadienone or phenol, and for the major part to a non-cyclic Cs species:

CesHsOCHj3 + OH- = CeHsOCH>- + H20 (reaction 7).
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4.1.5. Benzyl alcohol

Only two kinetic studies were found concerning benzyl alcohol. Chen et al. [128] investigated
its pyrolysis working in a tubular reactor using photo-ionization MS (at the National
Synchrotron Radiation Laboratory in Hefei, China). They quantified 35 intermediates and
products including C1-Cs species, monophenyl ring species, and a large number of PAHs. The
monophenyl ring species are mainly benzene produced by ipso-addition of H-atom, benzyl

(CeHsCHz*) radical yielded by the fuel unimolecular decomposition, toluene deriving from
benzyl radical, phenol and benzaldehyde, which arise mostly from the abstraction of the
benzylic H-atom (reaction 8) followed by an H-elimination,

CeHsCH20H + OH- = CeHsCH-OH + H2O  (reaction 8).

Zhou et al. [127] studied benzyl alcohol oxidation in a JSR with GC analysis. Major quantified
products were CO, benzene, benzaldehyde; minor ones included methane, ethane,
acetaldehyde, phenol, and benzofuran.

4.1.6. Guaiacol isomers (also named methoxyphenol isomers)

In 2011, Scheer et al. [146] used a heated SiC micro tubular (u-tubular) reactor to investigate
the pyrolysis of the three isomers of guaiacol. The decomposition products were identified by
both laser photoionization time-of-flight MS using a laser and infrared spectroscopy. It was
established that for the three isomers the initial step (reaction 9) is the loss of a methyl group,
as it was previously described for anisole,

OHCgHs0OCHz3 (+M) = OHCgHsO- + CH3: (+M) (reaction 9).

The OHCsHsO- radical decomposes to give CO and cyclopentadione, which can lose again CO
to yield acetylene and vinylacetylene. The presence of phenol was also reported.

More recently, the pyrolysis and the oxidation under stoichiometric conditions of o-guaiacol
was studied by Nowakowska et al. [129] in a JSR. As is shown by Figure 8, the presence of
oxygen only slightly enhances the reactivity of both fuels, but the temperature where 50% of
fuel consumed is about 100 K lower for guaiacol than for anisole. This earlier decomposition
of guaiacol is due to the weakness of the O—CHz bond, whose dissociation energy drops from
274.5 kJ/mol in anisole to 243.1 kJ/mol in guaiacol.
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Figure 8: Comparison between the guaiacol and anisole results of Nowakowska [119, 100]:
symbols are experimental fuel mole fractions, full symbols for pyrolysis and empty ones for
oxidation, lines are simulations using the model of [119].

During the JSR work of [129], 22 species were quantified in pyrolysis and 42 in oxidation, the
main common ones (maximum mole fraction > 1% of the fuel initial mole fraction) being CO,
methane, ethane ethylene, 1,3-butadiene, 1,3-cyclopentadiene and phenolic molecules, such as
phenol, catechol, 2-hydroxybenzaldehyde and methylcatechol. Catechol and methylcatechols

arise from the OHCsHsO- radical obtained by unimolecular decomposition; the OHCsHsOCHa-
radical obtained by H-abstraction from the methyl group was considered to lead mainly to
2-hydroxybenzaldehyde.

After that, the fast pyrolysis of o-guaiacol was investigated by Yerrayya et al. [130] using a
micropyrolyzer consisting of a quartz tube inside a pre-heated furnace into which the sample
taken in a deactivated stainless steel cup was dropped. Thanks to GC analyses, 42 products
were quantified, the major ones being phenol, o-hydroxybenzaldehyde, catechol, and o-cresol.

4.1.7. Phenylethanol isomers

In 2017, Singh et al. [147] used a shock tube with GC coupled with MS to identify benzene,
toluene and styrene as the major products of 2-phenyl-ethanol pyrolysis. Ethylbenzene and
phenylacetylene were found in smaller quantities and benzaldehyde observed as traces.

In 2021, NREL researchers in Golden (USA) [131] investigated the oxidation 1- and
2-phenylethanol in a tubular reactor using GC. As they were mostly interested by soot tendency,
the authors worked at ¢ = 3, an equivalence ratio chosen to simulate the fuel rich zones of a
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Diesel spray, in which both pyrolysis and combustion occur. They found carbon monoxide,
benzene, toluene, styrene and benzaldehyde to be the main products; the formation of
acetophenone was also reported for 1-phenyl-ethanol and that of phenylacetaldehyde (PHAL)
for 2-phenyl-ethanol. Figure 9 shows the main reaction pathways proposed by Brian et al. [131]
for 2-phenylethanol with the energies they calculated for the related transition states to explain
the formation of these products.
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Figure 9: Major reactions pathways of 2-phenyl ethanol proposed by [131]: (a) unimolecular
reactions, (b) reactions starting by an H-abstraction (red dotted lines show bond breaking
and forming in transition state structures, red values are activation energy barriers and black
values are product energies; all energies are computed using the composite G4 theory
(kJ/mol) — reproduced from [131] with the permission of Elsevier.

4.1.8. Ethylphenol isomers

NREL researchers in Golden (USA) [100] used the same experimental method as for
phenylethanol isomers to study the oxidation of 2-ethylphenol and 3-ethylphenol. While
phenylethanol isomers were fully consumed since 1020 K, this was only the case from 1075 K
for 2-ethylphenol and from 1150 K for 3-ethylphenol. Carbon monoxide, methane, ethylene,
ethane, benzene, toluene, styrene were found to be the major products at 1150 K for both
reactants, as well as naphthalene and benzofuran from 2-ethylphenol, and cyclopentadiene and
dihydrobenzofuran from 3-ethylphenol. At 1000 K, 2-ethylphenol produces more oxygenated
products (phenol, 2-methylphenol, 2-methylbenzaldehyde) than 3-ethylphenol since the ortho
position favors resonance stabilization of radical intermediates.
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4.1.9. Phenyl acetate

Concerning phenyl rings substituted by an ester function, there is no kinetic studies up to now
presenting product quantification during the pyrolysis or the oxidation of these molecules.
However, two studies focused on the measurement of the rate constant the decomposition of
phenyl acetate (reaction 10) yielding phenol and ketene though a four-center transition state
(see [105,148]):
CeHs0O(C=0)CH3s = C¢HsOH + CH2CO

(reaction 10).

4.2. Proposed detailed kinetic models for aromatic oxygenates

As shown in Table 8, which lists the major kinetic models developed for aromatic oxygenates,
since 1986 with study on anisole by Lin and Lin [110], the modelling of the combustion of
aromatic oxygenates have been progressing as far as experimental data were made available as
detailed in part 4.1. When several versions of a model have been developed successively, only
the last updated version is listed. Because of the large amount of studies on anisole, many
models were developed and validated for this reactant.

Table 8: Major detailed kinetic models validated against experimental results developped

for aromatic oxygenates.

Kinetic model Reactions/  Phenol Catechol Benzal Anisole Cresol Benzyl Benzo Guaiacol Phenyl
1st author,  species dehyde alcohol furan ethanol
year, reference

Lin 1986 [115] 10/15 + +

Arends 1993  37/23 + + +

[117]

Pecullan 1997  66/31 + + Vv +

[118]

Horn 1998  18/21 Vv

[109]

Shankar 2017  2911/548 + + + + VvV
[54]

Nowakowska 1601/233 + + + Vv + + + v

2018 [129]

Yuan 2019  2563/432 + + + A4 + + + +

[122]

Buttgen 2020  2757/484 + + \74 + + +

[57]

Pratali Meffei  14332/368 A4 A% Vv Vv + + + \

2020 [149]

Mergulhéo 9998/2368 + + + Vv + T n T

2021 [95]

Chen 2021  2171/376 + v + \% +

[128]

V' species, for which the model, or a previous version was validated
+: species only present in the mechanism.
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A few small size pyrolysis models were developed up to 1998. Lin and Lin [115] proposed a
kinetic model for anisole, which was validated against the CO production profiles that these
authors measured in a shock tube and which includes only 10 reactions considering the
formation of cresols and benzaldehyde. This model was followed by larger ones taking into
account the formation of phenol by Arends et al. [117] and Pecullan et al. [118] and validated
against experimental data obtained in tubular reactors by the respective authors. In 1998, Horn
et al. [109] developed the first model for phenol considering 18 reactions and 21 species and
validated it using their shock tube H- and CO-concentration profiles.

In 2017, the group of Sarathy at KAUST [54] developed a kinetic model for 2-phenylethanol
oxidation including 2911 reactions and reproducing well the Ignition Delay Times (IDTs)
measured by the authors in a shock tube, but also those obtained later by [89] in a Rapid
compression Machine (RCM). This work revealed the importance of reactions related to phenol
in the oxidation of anisole and the need of considering O addition pathways to explain the
higher reactivity of 2-phenylethanol at low-temperature.

After 2017, due to an increased interest for molecules derived from biomass, several detailed
kinetic models including several thousands of elementary reactions were developed for the
pyrolysis, but also the oxidation and combustion of anisole. Nowakowska et al. [119] developed
a detailed kinetic model for anisole oxidation, with an upgraded version for guaiacol, which
considered a large number of aromatic oxygenates and was validated against the authors JSR
quantifications [124,129]. Yuan et al. [122] adapted their model for the oxidation of small
arenes (toluene, styrene, and ethylbenzene) to propose a model for anisole validated against
their quantification in a tubular reactor for pyrolysis, as well as against literature data of anisole
combustion, including IDTs in a shock tube [89], and speciation profiles in a tubular reactor
[118], in two JSRs [91][119] and in laminar flame [125]. Bittgen et al. [57] extended the
toluene mechanism developed in Galway [150] to anisole with validation against their shock
tube and RCM IDTs, as well as against JSR speciation data by [119] and [90]. Updating the
anisole model developed by Wagnon et al. [91], which was validated against their laminar flame
velocity measurements and against JSR speciation data from their own and from [119],
Mergulh&o et al. [96] proposed an iso-octane/anisole model to simulate the influence of anisole
addition on the IDTs of the alkane in RCM.

Apart anisole, kinetic models are available for only a few aromatic oxygenates. Chen et al.
[128] published a detailed model of benzylalcohol oxidation, which was validated against the
JSR data of the own authors, as well as against JSR data for benzaldehyde [113,114]. Ning et
al. [151] reported a kinetic model of phenyl formate pyrolysis, but without attempt of validation
using experimental data. This model indicates that the unimolecular decomposition reactions
of phenyl formate to produce phenol + CO and 2,4-cyclohexadienone + CO are the dominant
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decomposition pathways. No validated model can be found for cresol isomers or benzofuran,
however, using their automatic generator of detailed kinetic model, the team of Green at MIT
[138] develop kinetic models for the oxidation of p-cresol, m-cresol, o-cresol, 2,4-xylenol,
2-ethylphenol, and guaiacol, but with as only validation comparison with their anti-knock
tendency.

Validated kinetic models for the widest range of aromatic oxygenates were developed at

Politecnico di Milano. Due to the long interest of the team of Ranzi and Faravelli in modelling

biomass pyrolysis [152], the kinetic mechanisms of the pyrolysis, oxidation and combustion of

gas, liquid and solids, so-called CRECK mechanism, [149] has considered since long aromatic

oxygenates. This model based on lumped reaction was validated against literature experimental

results obtained for:

e phenol [149], H- and CO-concentration profiles obtained in a shock tube by Horn et al. and
measurements in tubular reactor by Brezinsky et al. [106] and Manion and Louw [104],

e catechol, mole fractions in tubular reactor [108],

e Dbenzaldehyde, JSR mole fractions [113],

e anisole [153], mole fractions in JSR [91] and tubular reactor [116] and shock tube data [111]

e 0-guaiacol, product quantification during guaiacol pyrolysis in a static reactor at 656 K
[104].

Conclusion and perspectives

Lignin is a still underexploited part of lignocellulose, for which an increasing number of
catalytic processes are proposed in order to produce molecules considered as potential
components of biofuels. Those molecules are mainly substituted aromatics, including arenes
with large number possible substitutions, but also compounds including one or two oxygenated
functional groups, i.e. aromatic oxygenates. In order to tailor the most suitable molecules for
using in combustion processes, this paper has inspected several relevant properties of
aromatic oxygenates. The main conclusion reached are:

1. Animportant drawback of aromatic oxygenates for being used in combustion processes
is their significantly lower volatility compared to arenes containing the same number
of carbon atoms; some small aromatic oxygenates are even solid at room temperature
(e.g., phenol).

2. Another notable drawback of this class of compounds is their low LHVs due the
presence of oxygen atoms.

3. Despite RON values can only be found for a few aromatic oxygenates, the high RON
values (above 100) of most of the aromatic oxygenates would make them suitable
octane boosters in gasoline. However, due to the volatility issues, amongst the
oxygenated ones, only anisole, acetophenone, 4-methylanisole, and to lesser extent p-
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cresol, 2,4-xylenol and 2-phenylethanol, can really be considered as gasoline additives.
In contrast, their low CN values make aromatic oxygenates difficult to be considered in
Diesel fuels.

4. Certainly due to volatility issues, measurements could only be found about the
autoignition delay times of anisole and 2-phenylethanol and about the laminar
flame velocities of anisole and 4-methylanisole. The laminar flame velocity of anisole
is about 15% larger than that of toluene.

5. A notable advantage of using aromatic oxygenates in combustion processes is their
lower tendency to form soot.

6. The majority of the experimental kinetic studies involving product quantification
are related to pyrolysis, with carbon monoxide always being the major product.
No such work can be found for cresol isomers, 4-methylanisole and acetophenone.
However, due to the importance of unimolecular reactions, a large part of reaction
channels and products are common between pyrolysis and oxidation conditions with a
large production of aromatic hydrocarbons and PAHSs and a significant influence of the
structure of the reactant. Aromatic resonance-stabilized radicals, such as phenoxy and
benzyl radicals play an important role in the involved chemistry.

7. highly validated detailed kinetic models can be found for anisole, but it is less the
case for other aromatic oxygenates. Since no experimental data are available, no
validated model can be found for cresol isomers.

Another class of compounds which could be catalytically derived from lignin by pushing further
the hydrogenation of the aromatic ring in arenes is substituted cyclohexanes. These non-
aromatic cyclic compounds have a higher volatility than aromatic oxygenates, with a lower
tendency to form soot than arenes, and much higher LHVs.

This article is a preliminary literature analysis of the fuel performance and related research of
the oxygenated aromatic products of the CLS reaction. We expect in the near future to be able
to give a clearer elucidation of the combustion performance of such molecules as the progress
of the research. With such efforts we contribute to the optimization and upgrading of the
products of the CLS reactions.
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