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Abstract

In this chapter, we present a review of recent research of interest to biofuel combustion.
An overview of chemical kinetic mechanism development as it pertains to combustion
chemistry is provided. We then discuss experimental and computational studies of the
pyrolytic and oxidative pathways of model compounds of interest to the first-
generation biofuels ethanol and biodiesel, along with an overview of current
challenges in modeling these oxygenated compounds. We also describe experiments
and calculations regarding reaction pathways of the small cyclic and bicyclic oxygen-
ated systems used to model lignocellulosic (second-generation) biofuel chemistry,
along with a summary of challenges in modeling these functionalized compounds.
A general theme is the impact of the functional groups commonly found in first-
generation and second-generation biofuels on thermochemistry and reaction
pathways, compared with those of hydrocarbon fuels. We discuss recent progress
with respect to third- and fourth-generation biofuels, as well as to biofuel combustion
engineering challenges.

1. INTRODUCTION

Biofuels constitute an area of complex interest and intense debate
from a variety of perspectives, including societal, economic, and environ-
mental ones. Tilman et al.1 acknowledged the “food, energy, and environ-
ment trilemma,” calling for full consideration of production and combustion
pathways in implementing policies related to biofuels, while Bryan2 cited
“the four horsemen of the biofuels apocalypse: sustainability, technology,
profitability, and politics” in a recent American Chemical Society plenary
lecture. Biofuels can be produced domestically, they are renewable fuels,
and they have the potential for decreasing several harmful emissions, such
as soot, carbon monoxide, and carbon dioxide. While hydrocarbon (HC)
fuels such as gasoline and oil are still predicted to dominate energy needs
in the transportation sector for the immediate future,3,4 the uses of oxygen-
ated biofuels as blends with these petroleum-based fuels and as fuels in their
own right have seen an enormous increase in research interest recently.5

From the perspective of a physical organic chemist, some key topics of
interest related to alternative fuels involve the impacts that different
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functional groups have on different types of biofuels and their combustion
reactions. Petroleum-based fuels consist of saturated HC species; for
instance, the primary reference fuel mechanism commonly used to model
gasoline chemistry relies on mechanisms of n-heptane6 and iso-octane.7

Alternative fuels, conversely, are typically functionalized species; for
instance, the two main alternative fuels currently in use5 are ethanol (derived
from biomass) and biodiesel (generally produced from the transesterification
of vegetable oils and animal fats, and consisting of a mixture of long-chain
methyl esters). Representative compounds are shown in Figure 1. More-
over, a number of other biomass-derived fuels are in development and
contain a variety of functional groups; reactive intermediates derived from
these fuels will differ in chemical makeup as well.

Graboski and McCormick8 published a seminal review on biodiesel
combustion in 1998. In the nearly two decades since, many reviews have
investigated several current perspectives on biofuels. For instance, Huber
et al.9 reviewed overall progress in converting biomass to transportation
fuels, while Naik et al.10 provided an overview of production pathways to
first- and second-generation biofuels. Kohse-Hoinghaus et al.11 have pro-
vided a thorough overview of biofuels from ethanol to biodiesel; they
acknowledged the extreme variability of the word “biofuel,” noting the
impact of a fuel’s chemical structure on its reactivity and potential emissions.
Lai et al.12 reviewed advances in modeling biodiesel via the use of smaller
methyl esters, while Tran et al.13 reviewed several oxygenated biofuel
models and proposed reaction classes and properties likely to be of interest

Figure 1 Compounds seen in gasoline combustion (a,b) and alternative fuel combus-
tion (c,d,e): (a) n-heptane, (b) iso-octane, (c) ethanol, (d) methyl palmitate, (e) methyl
linolenate.
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in subsequent studies. Nigam and Singh14 reviewed production pathways to
liquid biofuels. Battin-Leclerc et al. reviewed chemical kinetic mechanisms
of interest to improving engine performance.15 Westbrook5 reviewed
biofuel combustion in different types of combustion engines. Bergthorson
and Thomson16 reviewed the impact of biofuels on possible emissions and
engine performance. Dryer recently discussed historical and current fuel
combustion concerns and provided an overview of useful diagnostics for
evaluating alternative fuels relative to HC fuels.17

1.1 Kinetic Mechanisms
Detailed chemical kinetic mechanisms provide the link between discrete
experiments or computational studies and overall behavior of a given fuel;
they allow simulation of fuel performance and combustion behavior. These
mechanisms are files of enormous use to combustion chemists and differ
from the electron-pushing mechanisms of traditional organic chemistry. It
will be useful to first define a detailed chemical kinetic mechanism in the
specific context of combustion chemistry.

Senkan18 more than two decades ago provided what is still a useful over-
view of mechanism development, delineating how experiment and theory
are used to compile the thermochemical and kinetic data that contribute
to a detailed chemical kinetic mechanism. While more automated methods
have since become available, the underlying principles remain the same.
More recently, Frenklach in 2007 has provided an excellent discussion of
the pertinent vocabulary.19 For instance, in the case of methane, the general
mechanism of combustion is well established; the general process by which
methane reacts with oxygen to form carbon dioxide and water is accom-
plished via several steps. Methane first loses hydrogen atom via reaction
with a flame species such as OH to form methyl radical (CH3). Methyl
radical is oxidized to formaldehyde (CH2O), which is converted to carbon
monoxide (CO) and finally oxidized to carbon dioxide (CO2). The detailed
mechanism for methane combustion is then the set of specific elementary
reactions, which together describe the general mechanism. When combined
with their parameterized rate coefficients and species thermochemical infor-
mation (enthalpies of formation, entropies, heat capacities), these elementary
reactions allow one to describe the physical (e.g., temperature and pressure)
and chemical evolution of the system: this is the mathematical model. Finally,
the mathematical model can be used with a set of initial and boundary con-
ditions to yield a predictive model that can describe how a fuel will perform
within the range of conditions defined by the parameters.

106 Carrigan J. Hayes et al.

Advances in Physical Organic Chemistry, First Edition, 2015, 103e187

Author's personal copy



Detailed chemical kinetic mechanisms describe the chemistry of the
system at a microscopic level. When used in tandem with a transport model,
a simulation of macroscopic behavior (such as fuel performance in an engine
or a similarly complex combustion environment) can be obtained. Advances
in computational software20 now allow efficient mathematical and predic-
tive modeling of engine/fuel performance, given the detailed mechanism,31

which can be used with modeling software to simulate the performance of
an engine with a given fuel. To return to the terms from Frenklach’s review,
once a detailed mechanism is obtained for a fuel, engine performance
(or performance of a reactor) with that fuel can be simulated; the software
package generates the mathematical model necessary to provide the predic-
tive model.

Kinetic information in a detailed mechanism is summarized via three
Arrhenius parameters: A, the preexponential factor; n, a temperature depen-
dence factor; and EA, the activation energy. Together these yield a rate
coefficient k (Eqn (1)) for a given elementary reaction:

kðTÞ ¼ ATneð�EA=RTÞ (1)

Thermochemical information is also included in a detailed mechanism to
compute the reverse reactions of those provided in the mechanism, and
transport coefficients are used to model the diffusion of species in the flame
or reactor.

No single, universally accepted detailed mechanism exists for most fuels.
In part this is because mechanisms are often created and validated for partic-
ular combustion regions: those focused on ignition will be sensitive to
chemistry that is different from that of high-temperature oxidation under
lean conditions, models designed to describe heat release may not require
a description of soot formation, and so forth. In addition, model develop-
ment is usually iterative, and it is common for new reactions to be added
and rate constants refined as knowledge of a system expands. This
complexity can lead to difficulties in selecting the “best”model of a fuel sys-
tem. Efforts such as the Process Informatics Model19 are intended to address
this problem by facilitating comparisons and useful evaluations of data and
existing detailed mechanisms. A further obstacle arises from the multiscale
nature of combustion, which requires contributions from multiple research
groups and institutions and a range of scientific disciplines; a complementary
challenge thus becomes effective and timely communication. Many collab-
orative efforts are underway to address these issues. In particular, the
communication efforts useful in chemical kinetics mechanism development

Combustion Pathways of Biofuel Model Compounds 107

Advances in Physical Organic Chemistry, First Edition, 2015, 103e187

Author's personal copy



are facilitated via both the development of shared databases and combustion
resources,21e26 as well as by the creation of a systematic and standardized
nomenclature.27e30

This particular review will report mainly on recent efforts to obtain the
data necessary to generate detailed chemical kinetic mechanisms: that is,
cataloging the experiments and computational studies that yield the kinetic
and thermodynamic parameters for detailed mechanisms for oxygenated
biofuels. Before we describe these research efforts, we will define a few addi-
tional terms that may be useful in understanding specific experiments, mech-
anism development, and combustion chemistry.

1.2 Experimental Techniques
In terms of understanding fuel combustion, several experimental approaches
are commonly used for evaluating combustion processes and species,
including static reactors, stirred reactors, plug-flow reactors, shock tubes,
laminar flames, and rapid compression machines (RCMs).31,32 Static, stirred,
and plug-flow reactors usually involve the introduction of the mixture to be
studied into a metal or quartz reactor at a specified time. Kinetic and mech-
anistic information are then determined by following time histories of prod-
uct formation at various temperatures. In static systems there is no flow;
stirred reactors can utilize an impeller in a static system but more commonly
utilize the rapid flow of a gas mixture through a bulb, with the flow pattern
designed to create a homogenous mixture within the bulb, as in a jet-stirred
reactor (JSR).33 Product formation at various average residence times and
temperatures is used to determine the kinetic and mechanistic information.
Plug-flow reactors use narrow-bore tubes and flow rates such that there is a
correspondence of distance and reaction time. Timescales in reactor studies
are typically in the range of a few tenths to perhaps a few hundred seconds.

A general drawback of reactors is that the molecules have time to migrate
to the hot surfaces of the reactor and undergo heterogeneous reactions, thus
preventing isolation of the gas-phase processes. This problem is avoided in
shock tubes, which use a shock wave to nearly instantaneously compress
and heat a reaction mixture of interest to temperatures in the range of
800e2000 K. Reexpansion of the gas, after typically 300e1000 ms, then
recools the system and quenches reaction. Timescales are so short that the
material does not have time to diffuse to the cold walls of the reactor,
thus allowing gas-phase reactions to be isolated. Shock tubes are in some
cases used to isolate individual reactions for study, but they are also ideal
for determining global properties of interest, such as ignition delay times
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of mixtures at various temperatures, pressures, and fuel equivalence ratios.
An RCM34 is used to simulate under controlled conditions the pressure
and temperature changes in an engine. RCMs are similar in some respects
to shock tubes, but compress the mixture more slowly and lead to lower
reaction temperatures. They are most often used for the complementary
study of ignition delay times at temperatures lower than those possible
with shock tubes. Flames are also studied directly. Laminar flames are often
used to determine the flame speed of a combustible mixture, which is the
rate at which a flame will propagate. A flame is operated at low-pressure
conditions and a reaction mixture of interest flows through it; the burning
velocity and temperature can be monitored.31 Finally, speciation data are
also obtainable in various types of flames, including Low Pressure Flat Flames,
Low Pressure Diffusion Flames, and Opposed Flow Diffusion Flames. These
flames are all designed to present stable temperature and species concentra-
tion profiles that typically vary only along a single dimension, which is then
probed using optical or micro-probe sampling techniques.101,351

Detectionmethods vary with the timescales of the reactions of interest and
include pressure measurements, spectroscopy, gas chromatography, and mass
spectrometry.35 Both real-time and postreaction methods are used; real-time
detection is particularly useful for short-lived intermediates and can enable a
very direct probe of the reaction kinetics, but, compared with postreaction
methods, is often quite limited in the number and types of species that can
be detected and identified with certainty. Of particular interest in biofuel
mechanistic studies are methods capable of discerning between reactive iso-
mers, such as photoionization molecular beam mass spectrometry.36

1.3 Computational Techniques
With advances in computational speed, theoreticalmethods37,38 are often used
to explore specific reactions of interest; certain composite ab initio methods
and density functional theory (DFT) achieve a good balance of computational
expense and quantitative accuracy and have often been proved to be useful in
investigating the model systems summarized in this review. In general, an
appropriate computational method for a given investigation is selected via
consideration of what techniques have previously worked with similar sys-
tems and calibration against known experimental data. A useful resource is
the National Institute of Standards and Technology (NIST) Computational
Chemistry Comparison and Benchmark Database,39 which provides direct
comparisons of computed and experimental data for a variety of species and
methods. Ab initio methods40 are those that utilize the Schr€odinger equation
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and some level of approximation to solve the wave function of a chemical
species and obtain the energy; composite ab initio methods in particular
approach this challenge via a set of stepwise corrections to a computationally
efficient geometry optimization. In DFT methods,41 the properties of a mole-
cule are calculated via extrapolation from its electron density; the experimen-
tally observable electron density is itself a function of position [r(x,y,z)], and
the energy is a functional of the electron density (E[r]).37

Briefly, via an electronic structure calculation, the minimum energy
conformation of a chemical species can be identified, and its electronic
energy and vibrational frequencies can be calculated. Thus, thermodynamic
quantities such as enthalpy (H), entropy (S), and Gibbs free energy (G) can
be extrapolated. If such analyses are repeated for the reactant, transition state,
and product for a discrete reaction step, a reaction coefficient [k(T)TST] can
be generated (Eqn (2)) via transition state theory (TST),42 as a function of
the free energy reaction barrier ðDGs

0 Þ, Planck’s constant (h), Boltzmann’s
constant (kB), temperature (T), and the Wigner approximation ½GðTÞ�,43
which itself depends on the imaginary vibrational frequency (ni) correspond-
ing to the transition state (Eqn (3)).

kðTÞTST ¼ GðTÞ kBT
h

e½�DGs
0 =ðkBTÞ� (2)

GðTÞ ¼ 1þ 1
24

�
hvi
kBT

�2

(3)

TST calculations apply in the high-pressure limit; pressure-dependent
reactions can be analyzed via more complex kinetic analyses such as
RiceeRamspergereKasseleMarcus (RRKM) theory. The RRKM theory
is used to model the energy transfer in the transition state (or activated com-
plex) of a molecule, using statistical mechanical methods that describe the
density of energy states, which depend upon the vibrational and rotational
partition functions for the molecule.44

When rate coefficients are analyzed as a function of temperature, two-
and three-parameter Arrhenius expressions can be obtained (Eqns (1) and
(4)); as seen previously (Eqn (1)), the parameters from the latter are the
data most commonly summarized in detailed mechanisms. In Arrhenius the-
ory, the rate coefficient k(T) is expressed as a function of activation energy
(EA), preexponential factor (A), temperature dependence factor (n), the gas
constant (R), and the temperature (T).

kðTÞ ¼ Aeð�EA=RTÞ (4)
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In addition to kinetic parameters, thermodynamic quantities can also be
calculated via electronic structure methods. In particular, isodesmic reactions
(in which the same numbers and types of bond are conserved) and isogyric
reactions (in which the total number of electron pairs is conserved) are often
used to determine reliable enthalpies of formation for previously unexplored
species.38

1.4 Simplifying Detailed Mechanisms
Detailed chemical kinetic mechanisms quickly become large and unwieldy.
Hudgens et al.45 illustrated how increasing the complexity of a fuel increases
the corresponding complexity of that fuel’s chemical kinetic mechanism: to
model the oxidation of hydrogen, eight species and 27 reactions are used; for
the oxidation of methane, 34 species and 210 reactions are needed; and for
the oxidation of iso-octane, 860 species and 3600 reactions are required.
Furthermore, of interest to biofuel chemistry, Dryer17 addressed the likeli-
hood that the complex chemical makeup of alternative fuels will lead to
significantly different chemical and physical properties of these fuels. West-
brook5 noted that the presence of the ester functionality and the double
bonds common in the long side chains of fatty acid methyl esters have
impacts on biodiesel combustion. Moreover, the possibility of isomeric fuels
and intermediates are likely to have significant impacts in terms of their
properties and reactivity for alternative fuels; Kohse-Hoinghaus et al.11 pro-
vided an instructive example in comparing two simple compounds: ethane,
in which abstraction of any hydrogen atom yields the same ethyl radical, and
ethanol, in which three isomeric radicals are possible from hydrogen atom
abstraction: 1-hydroxyethyl, 2-hydroxyethyl, or ethoxy radical.

Methods exist to simplify mechanism development. As described by
Westbrook and Dryer,46 this process can be systematized by acknowledging
the hierarchical nature of fuel combustion. For instance, in the combustion
of ethanol, several smaller species are involved, such as H2, CO, formalde-
hyde, methane, ethane, ethene, and acetylene. The combustion mechanisms
of these species can thus be used to build the detailed mechanism of ethanol
combustion. Sensitivity and reaction path analyses are tools that allow key
reactions in a detailed chemical kinetic mechanism to be identified.31 The
former highlights the reactions most likely to dictate overall fuel reaction
rate, whereas the latter identifies key reactions by which a chemical species
of interest is formed and consumed. As needed, these analyses are sometimes
used to generate skeletal mechanisms, in which species and reactions
unlikely to play a major role are removed from consideration, and reduced
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mechanisms, which are further simplified via application of steady-state
assumptions.31

Perhaps most pertinent to this review, model compounds play an integral
role in the development of detailed chemical kinetic mechanisms. For
instance, n-propylperoxy,47 1-butoxy radical,48 and n-pentyl49,50 radical
are, respectively, the simplest alkylperoxy radical, alkoxy radical, and alkyl
radical capable of undergoing facile 1,5-H atom transfers (each via a favor-
able six-membered-ring transition state, as illustrated in Figure 2). Thus,
these smaller systems are commonly used as models to investigate the com-
parable isomerizations possible in the larger radical, oxy radical, and peroxy
radical species that are involved in HC fuel combustion.

It is evident that species involved in biofuel combustion will require
different model compounds than those involved in HC fuel combustion.
An important topic of investigation for the combustion chemistry commu-
nity is how much the available data pertinent to HC combustion will over-
lap with the data necessary for modeling alternative fuel combustion. In the
past few years, model compounds for alternative fuels have seen significantly
increased interest from computational and experimental perspectives; Lai
et al.12 and Tran et al.13 have provided informative reviews in this regard.
Within the past few years, in particular, a variety of model compounds
have been investigated in the hope of better understanding first- and
second-generation biofuels.

As representative examples, Tables 1 and 2 provide a small portion of a
detailed mechanism51 for ethanol combustion: ethanol is the simplest biofuel
species explored in this review. The kinetic parameters for reactions pertain-
ing to the chemistry of ethanol in a flame (the ethanol submechanism) are
shown in Table 1, while the thermochemical quantities for species involved
in this submechanism are included in Table 2. As can be seen, accurately
describing the chemistry of even a few chemical species requires dozens of
elementary reaction steps. Moreover, as described above, a full detailed
chemical kinetic mechanism for ethanol51 will also involve hundreds of
other reactions for hydrogen/oxygen species; C1, C2, and C3 HC chemis-
try; and oxidative reactions involving C1, C2, and C3 HCs.

Figure 2 The figure shows 1,5-H atom transfers in (from left) n-propylperoxy radical,
1-butoxy radical, and n-pentyl radical, used to investigate the corresponding isomeriza-
tions in larger alkylperoxy radicals, alkoxy radicals, and alkyl radicals, respectively.
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Table 1 Ethanol subset of reaction mechanism rate coefficients
[k ¼ A Tn exp(�EA/RT)]. Units are expressed in mol, cm3, s, K, and kJ mol�1

A n EA

Ethanol reactions

C2H5OH(þM) ¼ CH2OH þ CH3(þM) 5.94Eþ23 �1.68 21.8
C2H5OH(þM) ¼ C2H5OH(þM) 1.25Eþ23 �1.54 22.9
C2H5OH(þM) ¼ C2H4 þ H2O(þM) 2.79Eþ13 0.09 15.8
C2H5OH(þM) ¼ CH3CHO þ H2(þM) 7.24Eþ11 0.095 21.8
C2H5OH þ OH ¼ C2H4OH þ H2O 1.74Eþ11 0.27 0.1
C2H5OH þ OH ¼ CH3CHOH þ H2O 4.64Eþ11 0.15 0
C2H5OH þ OH ¼ CH3CH2O þ H2O 7.46Eþ11 0.3 0.4
C2H5OH þ H ¼ C2H4OH þ H2 1.23Eþ07 1.8 1.2
C2H5OH þ H ¼ CH3CHOH þ H2 2.58Eþ07 1.65 0.7
C2H5OH þ H ¼ CH3CH2O þ H2 1.50Eþ07 1.6 0.7
C2H5OH þ O ¼ C2H4OH þ H2O 9.41Eþ07 1.7 1.3
C2H5OH þ O ¼ CH3CHOH þ H2O 1.88Eþ07 1.85 0.4
C2H5OH þ O ¼ CH3CH2O þ H2O 1.58Eþ07 2 1.1
C2H5OH þ CH3 ¼ C2H4OH þ CH4 2.19Eþ02 3.18 2.3
C2H5OH þ CH3 ¼ CH3CHOH þ CH4 7.28Eþ02 2.99 1.9
C2H5OH þ CH3 ¼ CH3CH2O þ CH4 1.45Eþ02 2.99 1.8
C2H5OH þ HO2 ¼ C2H4OH þ H2O2 1.23Eþ04 2.55 3.8
C2H5OH þ HO2 ¼ CH3CHOH þ H2O2 8.20Eþ03 2.55 2.6
C2H5OH þ HO2 ¼ CH3CH2O þ H2O2 2.50Eþ12 0 5.7

Ethoxy reactions

CH3CH2O þ M ¼ CH3CHO þ H þ M 1.16Eþ35 �5.89 6.0
CH3CH2O þ M ¼ CH3 þ CH2O þ M 1.35Eþ38 �6.96 5.7
CH3CH2O þ CO ¼ C2H5 þ CO2 4.68Eþ02 3.16 1.3
CH3CH2O þ O2 ¼ CH3CHO þ HO2 4.00Eþ10 0 0.3
CH3CH2O þ H ¼ CH3 þ CH2OH 3.00Eþ13 0 0
CH3CH2O þ H ¼ C2H4 þ H2O 3.00Eþ13 0 0
CH3CH2O þ OH ¼ CH3CHO þ H2O 1.00Eþ13 0 0

1-Hydroxyethyl reactions

CH3CHOH þ O2 ¼ CH3CHO þ HO2 4.82Eþ14 0 1.2
CH3CHOH þ CH3 ¼ C3H6 þ H2O 2.00Eþ13 0 0
CH3CHOH þ O ¼ CH3CHO þ OH 1.00Eþ14 0 0
CH3CHOH þ H ¼ CH3 þ CH2OH 3.00Eþ13 0 0
CH3CHOH þ H ¼ C2H4 þ H2O 3.00Eþ13 0 0
CH3CHOH þ HO2 ¼ CH3CHO þ OH þ OH 4.00Eþ13 0 0
CH3CHOH þ OH ¼ CH3CHO þ H2O 5.00Eþ12 0 0
CH3CHOH þM ¼ CH3CHO þ H þM 1.00Eþ14 0 6.0

Ethanal reactions

CH3CHO þ OH ¼ CH3CO þ H2O 9.24Eþ06 1.5 �0.2
CH3CHO þ OH ¼ CH2CHO þ H2O 1.72Eþ05 2.4 0.2

(Continued)
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1.5 High- and Low-Temperature Oxidation Pathways
Combustion chemistry is commonly classified in three temperature regimes:
low temperature (Tw 298e550 K), the negative temperature coefficient
(NTC) range (550e700 K), and high temperature (T > 1000 K). Different
reaction pathways dominate in each range. As combustion temperatures are
reduced, reaction pathways increasingly merge with the low-temperature
oxidation chemistry of the atmosphere, whereas as one enters the NTC

Table 1 Ethanol subset of reaction mechanism rate coefficients
[k ¼ A Tn exp(�EA/RT)]. Units are expressed in mol, cm3, s, K, and kJ mol�1dcont'd

A n EA

CH3CHO þ OH ¼ CH3 þ HCOOH 3.00Eþ15 �1.076 0
CH3CHO þ O ¼ CH3CO þ OH 1.77Eþ18 �1.9 0.7
CH3CHO þ O ¼ CH2CHO þ OH 3.72Eþ13 �0.2 0.8
CH3CHO þ H ¼ CH3CO þ H2 4.66Eþ13 �0.35 0.7
CH3CHO þ H ¼ CH2CHO þ H2 1.85Eþ12 0.4 1.3
CH3CHO þ CH3 ¼ CH3CO þ CH4 3.90E - 07 5.8 0.5
CH3CHO þ CH3 ¼ CH2CHO þ CH4 2.45Eþ01 3.15 1.4
CH3CHO þ HO2 ¼ CH3CO þ H2O2 2.40Eþ19 �2.2 3.4
CH3CHO þ HO2 ¼ CH2CHO þ H2O2 2.32Eþ11 0.4 3.6
CH3CHO þ O2 ¼ CH3CO þ HO2 1.00Eþ14 0 10.1

2-Ethanoyl reactions

CH2CHO þ H ¼ CH3 þ HCO 5.00Eþ13 0 0
CH2CHO þ H ¼ CH2CO þ H2 2.00Eþ13 0 0
CH2CHO þ O ¼ CH2O þ HCO 1.00Eþ14 0 0
CH2CHO þ OH ¼ CH2CO þ H2O 3.00Eþ13 0 0
CH2CHO þ O2 ¼ CH2O þ CO þ OH 3.00Eþ10 0 0
CH2CHO þ CH3 ¼ C2H5 þ CO þ H 4.90Eþ14 �0.5 0
CH2CHO þ HO2 ¼ CH2O þ HCO þ OH 7.00Eþ12 0 0
CH2CHO þ HO2 ¼ CH3CHO þ O2 3.00Eþ12 0 0
CH2CHO ¼ CH3 þ CO 1.17Eþ43 �9.83 10.5
CH2CHO ¼ CH2CO þ H 1.81Eþ43 �9.61 11.0

Data excerpted from Ref. 51.

Table 2 Thermochemical quantities for species seen in the excerpted ethanol
mechanism in Table 1. Enthalpies of formation at 298.15 K [DHf(298), kJ mol�1],
standard-state entropies at 298.15 K [Sm�, (J mol�1 K�1)], and heat capacities as a
function of temperature [Cp(T), (J mol�1 K�1)]
Species DHf(298) S(298) Cp(300) Cp(400) Cp(500) Cp(600) Cp(800) Cp(1000) Cp(2500)

C2H5OH �234.9 280.5 65.6 80.8 95.6 108.6 128.0 142.9 165.4
CH3CH2O �17.2 260.3 58.9 74.1 87.2 98.4 116.1 128.9 147.8
CH3CHOH �43.1 262.3 61.3 73.8 85.2 95.6 112.9 126.1 145.3
CH2CHO 25.1 267.8 55.1 63.4 71.0 77.8 89.1 97.7 110.2

Data excerpted from Ref. 51.
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and high-temperature regions, the chemistry progressively involves species
and higher-energy reactions that are not accessible at low temperatures.
Reaction pathways from all three regimes are typically included in detailed
chemical kinetic mechanisms.

At low temperatures, when an alkyl radical (R) is formed, it can add mo-
lecular oxygen to form an alkylperoxy radical (ROO), opening up several re-
action pathways (Figure 3), including isomerizations, eliminations, and bond
scissions. Rules for estimating kinetic parameters for these reactions in HC
fuels were recently refined by Villano et al.,52,53 using composite CBS-
QB3 calculations; they cited the advance of new fuels and new engine tech-
nologies as likely to require increasing mechanistic explorations and insights.

As temperature increases past 550 K, increasing the combustion temper-
ature actually decreases the reaction rate; the range in which this occurs is the
NTC regime. This happens because of the complicated temperature depen-
dence of reactions involving alkylperoxy radicals (ROO), which are them-
selves formed through the reaction of HC radicals (R) with oxygen
(R þ O2 ¼ ROO). The stability and reactivity of peroxy radical species
strongly depend on temperature and pressure effects.54

Finally, at high temperatures (over 1000 K), oxidation typically begins
with hydrogen atom abstraction by oxygen atom, hydroxyl radical, or
hydrogen atom (all of which are common species in flames). As described
by Glassman, a simplified scenario can be considered for high-temperature
methane oxidation (Eqns (5)e(13)).55

CH4 þM/CH3 þHþM (5)

CH4 þX/CH3 þXH (6)

Figure 3 Low-temperature combustion pathways available to a reactive radical species
R, itself formed by hydrogen atom abstraction from parent molecule RH. Both the result-
ing peroxy radical (ROO) and isomerization product radical (QOOH) are capable of under-
going subsequent reaction pathways with implications for combustion processes.
Reprinted with permission from Villano et al.52 Copyright 2012 American Chemical Society.
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CH3 þO2/CH3OþO (7)

CH3 þO2/H2COþOH (8)

CH3OþM/H2COþHþM (9)

H2COþX/HCOþXH (10)

HCOþM/Hþ COþM (11)

CH3 þ CH3/C2H6 (12)

COþOH/CO2 þH (13)

The chemistry is clearly complex; most pertinently, a methyl radical can
be oxidized by flame species to formaldehyde either directly or via a
methoxy radical intermediate (Eqns (7)e(9)). Subsequent hydrogen atom
abstraction yields formyl radical (Eqn (10)); once collisionally stabilized,
formyl radical can form CO (Eqn (11)) and, presuming complete combus-
tion, it ultimately reacts to form CO2 (Eqn (13)). The methyl radical inter-
mediate, alternatively, can combine with another methyl radical to form
ethane (Eqn (12)), which can then yield ethyl radicals by chemically
activated CeH bond fission or via H atom abstraction, opening up a
wide variety of side reactions. (In unsaturated systems common to HC
fuel combustion, another common initiation step involves addition of a
reactive flame species to a double bond to yield a radical center.)

As a fuel becomes larger and/or more functionalized, the properties and
reaction pathways of the resulting radicals and peroxy radicals are likewise
more varied. For instance, comparing the cyclic ether tetrahydropyran
(THP) to its HC analog cyclohexane (Figure 4), it is evident that three
isomeric radicals are possible from the former, relative to only one in the
latter; moreover, each of these three THP-derived radicals can proceed to

Figure 4 Impact of a heteroatom on initial fuel reactivity. Three isomeric radicals can be
formed via hydrogen atom abstraction from THP, at positions a, b, or c. In the HC
analog, cyclohexane, abstraction of hydrogen atom from any position would yield
cyclohexyl radical.
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its own distinct set of radical pathways. Combustion pathways are of interest
for biofuel model compounds, and the presence of a functional group in-
creases significantly the number of possible isomeric reactive radicals and
subsequent reactions.

1.6 Atmospheric Chemistry
Topics of interest to low-temperature combustion overlap with those of
interest to atmospheric chemistry, given the oxidative environment of the
troposphere. A number of general resources are available. The NIST Chem-
ical Kinetics Database24 provides a compilation of gas phase kinetic data,
including both atmospheric and combustion chemistry. Specific to atmo-
spheric chemistry are comprehensive reviews and resources by Monks,56

Atkinson and Arey,57 and Finlayson-Pitts and Pitts,58 as well as the National
Aeronautics and Space Administration/Jet Propulsion Lab database on
chemical kinetics and atmospheric chemistry,59 the International Union of
Pure and Applied Chemistry Task Group on Atmospheric Chemical Kinetic
Data Evaluation,60 and the Master Chemical Mechanism61 at Leeds.

Alternative fuels are expected to have different environmental impacts
than HC fuels, in terms of common emissions. For instance, soot arises via
incomplete combustion processes leading to the formation of polycyclic
aromatic HCs; it has a variety of adverse environmental and health
effects.62,63 Oxygenated biofuels have been shown to decrease soot relative
to HC fuels: the presence of an oxygen atom in the fuel leads to the avail-
ability of less carbon for sooting pathways.64 Omidvarborna et al.65 reviewed
specific sooting pathways in diesel and biodiesel. However, biofuels also
have been shown to lead to greater NOx formation; these emissions lead
to acid rain formation and have been shown to have many adverse health
effects. Mueller et al.66 have explored the mechanism of increased NOx

formation in biofuels and suggested that it is due to a complex interplay
of coupled mechanisms, which can be investigated from many perspec-
tives.16 Early formation of carbon dioxide64 in biodiesel combustion has
been noted and attributed to the methyl ester moiety, which can decompose
to methoxyformyl radical and subsequently to CO2. Biofuels are also likely
to lead to greater emissions of aldehydes,67 which have been implicated in
the formation of peroxyacetyl nitrate58; this species can transport NOx,
act as a lachrymator, and contribute to smog formation. From even this
cursory overview, it is evident that the presence of a functional group can
have complex beneficial and harmful effects on the atmospheric chemistry
of a given biofuel, relative to a HC fuel. These pathways likewise constitute
a relatively new area of investigation for the combustion community.
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We have focused thus far on the general pathways and challenges of
combustion chemistry, which are most well understood in the context of
HC fuel combustion. The remainder of this chapter will focus on recent
research exploring biofuel combustion chemistry. In particular, we will
document recent work toward understanding reactive pathways of first-
and second-generation biofuels and their model compounds, to better un-
derstand the chemical and physical properties of these species, along with
their reactions with implications for fuel combustion and atmospheric
chemistry. In the context of the introduction, we will summarize recent
experiments and calculations that will be of use in generating detailed chem-
ical kinetic mechanisms for oxygenated biofuels. We will also provide an
overview of third- and fourth-generation biofuels, and we will close with
an overview of the environmental, practical, and engineering aspects of
these fuels.

2. OVERVIEW OF FIRST-GENERATION BIOFUELS AND
THEIR MODEL COMPOUNDS

The so-called first-generation biofuels are those that compete with the
food cycle for land, water, and other resources. Ethanol and biodiesel are the
main examples, although in both cases there are efforts to develop methods
for obtaining the same fuels from sources that would not impact the food
chain. Several excellent previous reviews that address the chemistry of
first-generation biofuels are available; these include, for ethanol and other
alcohols, the 2014 review of Sarathy et al.,68 and, for biodiesel, reviews
by Lai et al.12 in 2011, and by Coniglio et al.69 and Westbrook5 in 2013.

2.1 Combustion Pathways of Ethanol
2.1.1 Unimolecular Decomposition of Ethanol
Ethanol is one of the smallest fuel molecules, and its unimolecular decom-
position has been studied both experimentally and theoretically by many re-
searchers. The early literature has been thoroughly reviewed in the late
1990s and the early 2000s by Marinov,51 Park et al.,70 Li et al.,71 and
Tsang.72 Baulch et al.73 have also reviewed and evaluated data through
2001 on many of the relevant reactions in their series on evaluated kinetic
data for combustion modeling.

Egolfopolous et al.74 developed an early combustion model for ethanol
in 1992, and Marinov51 assembled a more comprehensive version in 1999.
Park et al.70 looked in detail at ethanol decomposition reactions, computing
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potential energy surfaces for 11 possible pathways, suggesting that no more
than four were of any importance under combustion conditions. Most re-
searchers have subsequently concluded that only three paths are likely to
play a role under typical conditions:

C2H5OH / C2H4 þH2O (14)

/ CH3 þ CH2OH (15)

/ C2H5 þOH (16)

The primary initial thermal process is a four-center molecular elimina-
tion of water, although the CeC and CeO bond fissions cannot be entirely
neglected at high temperatures. With only three heavy atoms in ethanol,
pressure effects on the rate constants are significant under many conditions.
In 2004, Li et al.71 provided parameterized pressure-dependent rate con-
stants for the first two channels, and Tsang72 reported a detailed analysis
of energy transfer effects and provided assessments for all three of the above
channels. Updated combustion models validated for various conditions are
given by Li et al.,71 Saxena and Williams,75 Haas et al.,76 Leplat et al.,77

Lee et al.,78 and Metcalf.79

2.1.2 Bimolecular Radical-Induced Decomposition of Ethanol
Decomposition induced by bimolecular reactions revolves around abstrac-
tion of H by active radicals present in combustion systems (generally repre-
sented by X): predominantly OH and H, with smaller contributions from
O, HO2, and alkyl radicals under some conditions. Three channels are
available:

Xþ C2H5OH / CH3CHOHþXH (17)

/ CH2CH2OHþXH (18)

/ C2H5OþXH (19)

Experimental work to date has mostly focused on the case where
X ¼ OH, where there are measurements of the total reaction rate at low
temperatures relevant to atmospheric chemistry, and at temperatures up to
about 1300 K. Meier et al.80 in 1985 determined from experiment that
abstraction from the CH2 group represents 75% � 15% of reaction at
300 K. The reaction with OH has also been heavily studied by theoretical
methods. Xu and Lin81 performed a computational study in 2007 and
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derived branching ratios, suggesting that abstraction of the hydroxyl
hydrogen is minor even at combustion temperatures. In 2010, Sivaramak-
rishnan et al.82 reported new experimental data on the total
OH þ C2H5OH rate constant from 857 to 1297 K; they used high-level
computations and literature data to derive recommended branching ratios
and rate expressions for all three channels over the temperature range of
200e2500 K. In agreement with Xu and Lin,81 they concluded that abstrac-
tion from the hydroxyl group is minor. In 2011, Carr et al.83 studied the
reaction of OH with C2H5OH and C2D5OH between 298 and 523 K,
deriving site-specific rate constants on the basis of kinetic isotope effects.
Abstraction from the CH2 group was derived to be 92% � 8% at 298 K,
decreasing to 76% � 9% at 523 K. They obtained additional data requiring
a more complex treatment at temperatures of 658e864 K. Contrary to
other researchers, Carr et al. suggested that abstraction of the hydroxyl
hydrogen is significant at high temperatures, reaching around 50% of reac-
tion at 864 K. In 2012, Zheng and Truhlar84 reported multipath variational
transition-state calculations and derived rate constants between 200 and
2400 K. As with other theoretical studies, they predicted that abstraction
of the hydroxyl hydrogen remains minor, reaching a contribution of just
over 10% at their highest temperatures. Overall, there is general consensus
that the CH2 group is more reactive than the methyl group and that abstrac-
tion of the hydroxyl hydrogen is minor at low temperatures. There remains,
however, significant uncertainty in the branching ratios at high tempera-
tures, particularly with respect to the reactivity of the hydroxyl group.

Kinetic data on H þ C2H5OH are more limited than those with OH.
Aders and Wagner85 experimentally measured the total rate constant
between 295 K and 700 K in 1973. Theoretical work by Park et al.70 in
2003 suggested that abstraction of H from the hydroxyl group is negligible
and that attack on the CH2 group is faster than attack at the CH3 position.
Sivaramakrishnan et al.82 in 2010 measured the rate of D þ C2H5OH at
1054e1359 K and carried out additional high-level calculations for abstrac-
tion by H/D. They then slightly tuned the theoretical results to better match
available experimental data and to derive rate expressions for the three
abstraction channels covering 300e2250 K. Their theoretical results are
qualitatively similar to those of Park et al.70

While OH and H are the main attacking radicals under most combus-
tion-related conditions, other radicals also have some impact, and limited
data are available for their reactions. The overall rate constant for reaction
of O(3P) with ethanol has been measured by several researchers. In 2007,
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Wu et al.86 reported a theoretical study of the branching fractions. They
suggested that abstraction from the CH2 group would dominate at low
temperatures, with abstraction from the CH3 position increasing and
reaching about 40% at 2000 K. Abstraction of the hydroxyl H was predicted
to be minor, reaching only 11% at 2000 K. In 2011, Carr et al.87 reported
experimental branching fractions at temperatures of 650e860 K, finding
abstraction from the CH2 position to account for about 75% of reaction
under these conditions.

Overall rate constants for the reaction of methyl radicals with C2H5OH
are available at low temperatures and the reaction has been studied theoret-
ically by Xu et al.88 in 2004. Theoretical results for the overall rate constant
are in reasonable agreement with experiment. As with other reactive radical
species, the dominant reaction is predicted to be abstraction from the CH2

group, with a smaller contribution from the CH3 position, and little
involvement of the hydroxyl group.

2.1.3 Reactions of Radical Intermediates Derived from Ethanol
2.1.3.1 Unimolecular Processes
Abstraction of hydrogen from ethanol results in three possibleC2H5O radicals:
1-hydroxyethyl, 2-hydroxyethyl, or ethoxy radical. These species decompose
primarily by b-scission reactions (breaking a bond that is two bonds from the
radical site) at high temperatures. Most of the available data pertain to ethoxy
radical, which decomposes by b-scission of a CeH or CeC bond. Curran89

reviewed in 2006 the experimental and computational work pertaining to
this species and derived recommended high-pressure rate expressions. In
2007, Matus et al.90 used high-level methods to compute the heats of forma-
tion of the three C2H5O radicals and computed rate constants for the b-CeC
scission pathway in the ethoxy radical, suggesting that heavy atom tunneling
may be important. The effect of anharmonicity on the rate constants for
CeC and CeH scission in ethoxy radical was examined by Shao et al.91

in 2010; significant effects were seen only at temperatures above 2000 K or
for molecules with high excitation energies.

In 2009, Xu et al.92 completed a comprehensive study of the C2H5O
potential energy surface, reporting on the decomposition and isomerization
reactions of all three C2H5O radicals and reviewing the previous literature.
Multiple decomposition paths were found for all species, with a main chan-
nel accounting for >75% of reaction for each species at moderate to high
pressures and temperatures below about 800 K; the secondary processes
were predicted to increase in importance at higher temperatures and lower
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pressures. Xu et al. also used an RRKM/master equation analysis to derive
rate expressions covering 300e3000 K at selected pressures of helium,
ranging from 1 torr to 100 atm. More recently, Dames93 carried out an
RRKM/master equation analysis of the decomposition of ethoxy and the
1-hydroxyethyl radical in nitrogen and reported pressure-dependent rate
constants in the Troe format suitable for combustion modeling.

2.1.3.2 Bimolecular Processes
The C2H5O radicals formed by H atom abstraction from ethanol decom-
pose by rapid unimolecular processes at typical combustion temperatures.
However, bimolecular processes can be important during the initial ignition
phase, where temperatures are lower and corresponding radical lifetimes are
much longer, and in certain other situations, such as low-pressure flames.
Zador et al.94 in 2009 reviewed the previous literature and reported the
results of a high-level computational study of the reaction of O2 with
1-hydroxyethyl and 2-hydroxyethyl, as well as an experimental investiga-
tion of the reaction products. Rate constants and product branching ratios
were computed at temperatures from 250 K to 1000 K and pressures of
1 torre100 atm. Reaction of oxygen with 1-hydroxyethyl yields primarily
HO2 and acetaldehyde (Eqn (20)), while reaction with 2-hydroxyethyl
yields a distribution of formaldehyde and OH (Eqn (21)), ethenol and
hydroperoxy radical (Eqn (22)), and peroxy radical OOCH2CH2OH
(Eqn (23)):

O2 þ CH3CHOH / CH3CHOþHO2 (20)

O2 þ CH2CH2OH / 2H2C¼OþOH (21)

/ CH2¼CHOHþHO2 (22)

/ OOCH2CH2OH (23)

Zador et al. found qualitative agreement between experiment, theory,
and existing model estimates, but noted that uncertainty remains in the
product branching ratios and rate constants.

Labbe et al.95 recently considered the importance of “well-skipping”
reactions in radical þ fuel radical recombination processes. Bond formation
in the initial association leads to a chemically activated intermediate with an
internal energy well above the thermal background; in multichannel
systems, rather than thermalizing or redissociating, this intermediate can
proceed directly to other products. Labbe et al. thus concluded that a major
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source of ethene and propene in low-pressure ethanol flames are the reac-
tions shown in Eqns (24) and (25). They further suggested that similar pro-
cesses involving relatively stable fuel radicals and common flame radicals
such as H, OH, O, and CH3 may need to be generally considered.

Hþ CH3CHOH/½CH3CH2OH��/C2H4 þH2O (24)

CH3 þ CH3CHOH/
�ðCH3Þ2CHOH

��
/C3H6 þH2O (25)

2.2 Combustion Pathways of Biodiesel
The other first-generation biofuel currently in use, biodiesel, is composed of
fatty acid esters obtained from animal and plant oils after transesterification
with methanol or ethanol. Animal sources include beef tallow and pork lard,
and recycled cooking oils and greases. Existing plant-derived sources include
soybean, coconut, palm, rapeseed, and cottonseed oils. (As wewill discuss sub-
sequently, algae may embody third- and fourth-generation routes to some
chemically similar fuels, but production technology is not yet in place. Because
of high energy costs and inefficiency in the growth of livestock, animal-derived
biodiesel is expected to arise primarily from waste streams in the food produc-
tion cycle, and thus remain in rather modest supply, whereas algae and plants
represent potentially much larger and more attractive sources, particularly
when using non-food-competitive technologies.)

Most biodiesel is composed of C16 to C22 monoesters. Common com-
pounds include methyl oleate, methyl linoleate, methyl palmitate, methyl
stearate, and methyl linolenate (Table 3).

Chemically, the structures are long-chain HCs modified by an ester
functionality at one end, with varying degrees of unsaturation, typically
zero to three double bonds. The portion of the molecule that is far removed
from the ester group behaves similarly to HC fuels: that is, CeC and CeH
bond strengths distant from the ester functionality are essentially identical to
those in pure HCs, as are rates of radical attack by OH, H, and other flame
radicals; rates of b-scission reactions of radical intermediates; etc. This gives a
strong basis for development of a significant portion of the chemistry
required for combustion models.

On the other hand, compared with conventional saturated HC fuels,
new chemistry is introduced by the presence of the ester group and sites
of unsaturation. The subsequent discussion will focus on these aspects of
the chemistry; the reader is referred to reviews by Simmie97 and Battin-
Leclerc98 for overviews of the underlying HC chemistry.

Combustion Pathways of Biofuel Model Compounds 123

Advances in Physical Organic Chemistry, First Edition, 2015, 103e187

Author's personal copy



2.2.1 Biodiesel Model Compounds
2.2.1.1 Methyl Butanoate and Related Small Esters
Methyl butanoate (MB) has been widely used as a useful model compound
for understanding the chemistry of methyl ester biofuels: it is small enough
to result in models of tractable size, yet large enough to realistically probe at
least some of the chemistry associated with the ester group and its possible
interactions with the HC chain.

The first detailed chemical kinetic model of MB oxidation was
constructed by Fisher et al.99 in 2000. The model was developed by
following rate rules used in HC combustion models, with some modifica-
tions, and inclusion of additional reactions specific to the ester moiety.
Some initial comparisons of this model with MB oxidation in a flow reactor
were presented by Marchese et al.100 in 2004, and reasonable overall agree-
ment was noted for major species. The model has since been utilized and
updated by a number of researchers as knowledge of MB chemistry has
advanced.

In 2007, Gail et al.101 studiedMB oxidation in several global-type exper-
iments, reporting profile data for 20 product species in a JSR, six species in a
variable pressure flow reactor, and 14 species in an opposed flow diffusion
flame (OFDF). They revised the Fisher et al.99 model to better fit their
data, but noted that the mechanism for early formation of CO2 remained
unclear.

Table 3 Structures of methyl esters and average composition in rapeseed and
soybean biodiesels

Ester Structure

Average
composition
(mass %)

Rapeseed Soybean

Methyl palmitate,
C17H34O2, (C16:0)

4.3 6e10

Methyl stearate,
C19H38O2, (C18:0)

1.3 2e5

Methyl oleate,
C19H36O2, (C18:1)

59.9 20e30

Methyl linoleate,
C19H34O2, (C18:2)

21.1 50e60

Methyl linolenate,
C19H32O2, (C18:3)

13.2 5e11

Adapted from Westbrook et al.132 who used data from Van Gerpen et al.96
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Also, in 2007, El-Nahas et al.102 reported a computational study of the
thermochemistry and decomposition kinetics of MB and its C5H10O2

isomer, ethyl propanoate (EP). For each compound, they identified six
unimolecular decomposition paths, both molecular and homolytic, finding
that concerted six-center eliminations were the lowest energy paths:

EP / H2C¼CH2 þ CH3CH2COOH (26)

MB / H2C¼CH2 þ CH2¼CðOHÞOCH3 (27)

The decomposition barrier for the ethyl ester was found to be signifi-
cantly lower, by about 75 kJ mol�1, than that for the methyl compound,
with the consequence that carboxylic acid species play a prominent role
in the decomposition of ethyl esters, but not in their methyl cousins.

That same year Metcalfe et al.103 measured ignition delay times of MB
and EP in shock tube studies, and modeled both systems using a revised
version of the Fisher MB model. Their revisions included incorporation
of results from the computations of El-Nahas et al.,102 replacement of the
H2/O2 submechanism with that of O’Conaire et al.,104 changes to fuel
radical decomposition rates based on Curran,89 the inclusion of falloff effects
on unimolecular reactions, and small adjustments to thermochemistry and
other rate constants. The resulting simulations were in good agreement
with reflected-shock temperature and pressure data, and reproduced effects
of varying fuel and oxygen concentrations.

In 2008, Dooley et al.105 studied ignition delay times of MB at 1250e
1760 K in shock tubes and at 640e949 K using an RCM. The 2007 model
of Metcalfe et al.103 was used as a basis and extensively updated, including
changes to the C3 submechanism based on the work of Petersen et al.,106

development of a new C4 submechanism, use of revised H abstraction rates
from MB by fuel radicals, and changes to the decomposition rates of a num-
ber of fuel radical intermediates. The new model was used to simulate the
new ignition delay time data, as well as the earlier results of Gail et al.101

Analysis of the model showed that the reactions important in predicting
behavior varied significantly with temperature, pressure, and fuel equiva-
lence ratio. They noted the importance of unimolecular decomposition of
MB at high temperatures, reactions involving HO2 radicals in the low to
mid temperature regime, and the decomposition kinetics of alkyl fuel radi-
cals under fuel-rich conditions.

In 2009, Walton et al.107 used an RCM to investigate ignition delays of
MB and EP at 935e1117 K and simulated the results with a slightly
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modified version of the 2007 Metcalfe et al. model.103 They reported excel-
lent agreement for both compounds and suggested the importance of H
abstraction reactions from the fuel by HO2 and CH3OO radicals in deter-
mining the ignition delay behavior.

In 2008, Huynh and Violi108 used quantum chemical methods to carry
out an extensive investigation of radical-induced pyrolytic pathways in MB
decomposition. Thirteen pathways, shown in Figure 5, were explored. Rate
constants for abstraction of H from the various positions of MB by H, OH,
and CH3 were computed along with those for the subsequent unimolecular
processes. Rate expressions covering the 300e2500 K temperature range
were derived. In a subsequent paper, using their results and additional
data from the literature, Huynh et al.109 updated the Fisher et al.99 model
of MB chemistry to describe MB and methyl acetate (MA) pyrolysis. The
model was then further extended by Farooq et al.110 in 2009 to describe
methyl propionate (MP) pyrolysis and compared with experimental CO2

yields obtained in shock tube studies of MB, MA, and MP pyrolysis at
1260e1663 K. The Farooq et al. model was found to better predict CO2

yields for MB than those of Fisher et al.,99 Gail et al.,101 and Metcalfe
et al.103 In a follow-up study in 2012, Farooq et al.111 reexamined MB
pyrolysis in a shock tube at temperatures of 1200e1800 K, but used
improved laser diagnostics to simultaneously monitor time histories of
CO, CO2, CH3, and C2H4. Experimental results were compared with
the predictions of the models of Huynh et al.109 and Dooley et al.105

Although both models showed qualitative agreement with experiment,
the Huynh et al. model generally performed better. However, both models
underpredicted CH3 and C2H4 formation, and neither was able to capture
CO and CO2 yields over the full range of conditions. Important reactions
controlling the distributions were identified as unimolecular bond fissions
in MB, in competition with abstraction of H from MB by active radicals,
primarily H atoms. The authors concluded that the high-temperature pyrol-
ysis of all linear methyl esters should be expected to yield CO:CO2 ratios of
about 2:1, with one CO produced per ester molecule.

Simulations performed in the above works were all based on modifica-
tions to the MB model of Fisher et al proposed in 2000.99 A different
approach was adopted by Haaka et al., who reported in 2010 the use of
the automated mechanism generation software EXGAS112e114 to indepen-
dently derive an alternate model of the oxidation of MB and ethyl buta-
noate. They tested their models with shock tube-based ignition delay data
at temperatures of 1250e2000 K and species profile data obtained in a
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Figure 5 Pathways proposed for the radical-induced pyrolytic decomposition of MB. Reprinted with permission from Huynh et al.108 Copyright
2008 American Chemical Society.
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JSR at 800 and 850 K. Ignition delay times were well predicted by the
EXGAS model. Monitored in the MB JSR experiments were 10 species:
O2, CO, CO2, CH4, C2 HCs, methyl acrylate, methyl crotonate (MC),
and MB. The experimental species profile results were compared with
predictions from the EXGAS model, as well as with the models of Fisher
et al.,99 Gail et al.,101 and Dooley et al.105 While there was some variation
in the predictions, all models were found to overestimate MB reactivity and
underestimate ethene formation compared with the JSR data, but the
authors were unable to discern if this was due to incorrect model chemistry
or other difficulties (e.g., wall reactions in the JSR experiments).

Several researchers have applied models to experimental data pertaining to
flames. Westbrook et al.115 in 2009 measured species profiles in laminar
flames for the small alkyl esters methyl formate, MA, ethyl formate, and ethyl
acetate, developing detailed kinetic models. Yang et al.116 in 2011 used
photoionization mass spectrometry, using monochromated synchrotron
radiation, to measure species profiles, including those of radical intermediates,
in low-pressure flat flames of MB and two other C5H10O2 esters. Significant
differences in the intermediate species were noted for the three fuels. The
authors built hierarchical models, taking submechanisms from the literature
and adding additional chemistry when necessary, and achieved good agree-
ment with experiment. They emphasized the importance of decomposition
of the fuels by unimolecular and H abstraction reactions, as well as by
b-scission reactions of fuel radical intermediates. Wang et al.117 in 2014 deter-
mined laminar flame speeds of seven small methyl and ethyl esters, including
MB, and simulated the results using a number of models. Flame speeds were
generally overpredicted by all models, although the qualitative ordering was
reproduced. The authors found that simulations could be significantly per-
turbed by changes in several rate constants for fuel-specific reactions, and
noted that improved accuracy in the kinetic parameters is needed.

2.2.1.2 Large Methyl Esters
Studies of MB and related small esters have provided great insight into the
important new chemistry associated with the introduction of the ester
moiety to the HC backbone. Actual biofuels are much larger compounds,
however, typically in the range of C16 to C22. Parallel to development of
the MB mechanism, researchers were also investigating the behavior of
larger esters and developing detailed chemical kinetic models of these spe-
cies. These models all used in some form the chemistry and knowledge
gained from the MB studies.
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In 2008 Dayma et al.118 experimentally studied the oxidation of methyl
hexanoate in a JSR at 500e1000 K, obtained speciation data, and developed
a kinetic mechanism by modifying that used for MB. Similar JSR studies119

on methyl heptanoate oxidation from the same group were reported in
2009, and their model was extended to this compound. HadjAli et al.120

in 2009 examined methyl hexanoate autoignition in an RCM, discussed
reaction pathways, and discussed the importance of esteralkyl radicals and
esteralkylperoxy radicals in low-temperature autoignition.

Dayma et al.121 in 2012 studied the oxidation of ethyl pentanoate in a
JSR at 560e1160 K, measuring profiles of 19 species, and also determined
laminar burning velocities in a spherical combustion chamber. Results were
simulated after adding an ethyl pentanoate submechanism to a previously
developed combustion model, and good agreement was found. In a separate
paper that same year, Dayma et al.122 reported laminar burning velocity data
on a series of C4 to C7 ethyl esters and extended their model to include the
new compounds. They compared their model with the new data, as well as
with a variety of data from the literature: species profile data from low-
pressure laminar flames and JSR experiments, as well as ignition delay times
from shock tubes and RCMs. Good agreement between model and exper-
iment was found. On the basis of sensitivity analyses, they concluded that
laminar burning velocities were primarily sensitive to the small species
chemistry.

Even larger esters have been considered. Herbinet et al.123 in 2008
developed an oxidation mechanism for methyl decanoate (MD) oxidation,
by combining models for n-alkanes and MB, and then adding additional
reactions specific to MD. This model was compared with results from en-
gine experiments and a JSR. That same year, Seshadri et al.124 looked at
extinction and ignition of MD in laminar nonpremixed flows and used a
skeletal version of the Herbinet et al.123 model to simulate the results. In
2010, Sarathy et al.125 obtained new species profile data for MD in an
OFDF and used these data to develop an improved skeletal mechanism
from the earlier Herbinet et al. model.123

Also, in 2010, Glaude et al.126 studied methyl hexanoate, methyl hepta-
noate, and MD oxidation in a JSR from 500 to 1100 K, developing a new
mechanism using the EXGAS software that had previously been applied to
MB oxidation. They found that predictions of the EXGAS model and the
2008 model of Herbinet et al.123 were similar. They also concluded that the
combustion behavior of large saturated esters is similar to that of n-alkanes.
Shortly thereafter, Herbinet et al.127 used the EXGAS software to extend
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their model to the C11 to C19 saturated methyl esters. They found generally
good agreement with experimental data; however, they also noted that the
model was unable to predict certain specific products such as unsaturated
esters, since EXGAS was at that time unable to account for the chemistry
of double bonds present in the ester side chains.

2.2.1.3 Unsaturated Methyl Esters
Typical biofuels from plant oils contain a degree of unsaturation in the
methyl esters, and researchers have examined such compounds as well.
MC [CH3CHaCH(CaO)OCH3] is a C5 intermediate formed in MB
oxidation. Sarathy et al.128 reported JSR andOFDF studies of MC oxidation
in 2007, and this work was then extended in 2008 by Gail et al.,129 who
compared results with MB in similar experiments. These studies noted
higher levels of unsaturated compounds formed by MC in comparison
with MB, and discussed the mechanistic pathways that control the product
distributions.

Actual biodiesel fuels contain unsaturated esters much larger than MC,
however. As indicated earlier in Table 3, soy and rapeseed oils are mainly
composed of five methyl esters: methyl stearate (C18:0), methyl oleate
(C18:1), methyl linoleate (C18:2), methyl linolenate (C18:3), and methyl
palmitate (C16:0), where the parenthetic notation following each molecule
has the form (Cx:y) where x denotes the length of the main carbon back-
bone (thus excluding the methyl portion of the ester), and y is the number
of double bonds in the chain.

Dagaut et al.130 in 2007 obtained JSR speciation data for rapeseed oil
oxidation and proposed a surrogate model based on n-hexadecane. This
model did not, however, contain chemistry directly associated with the
alkenyl ester structures. In 2010, Herbinet et al.131 developed a model
containing alkenyl ester chemistry for a rapeseed oil surrogate mixture
containing methyl-5-decenoate, methyl-9-decenoate, MD, and n-alkanes.
They compared their simulations with the Dagaut et al.130 data. Westbrook
et al.132 in 2011 developed a detailed kinetic model of the five alkenyl ester
components of soy and rapeseed oil shown in Table 3. The mechanism was
constructed by bringing together submechanisms relevant to HC fuels,
together with the use of thermochemical kinetic estimation techniques for
various reactions specific to the esters. In their analysis, they pointed to
the need for more information on isomerization reactions of radical species
containing double bonds and on the chemistry of allylic radical þ O2

reactions. The influence of the double bonds on the low-temperature
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chemistry, ignition delay times, and cetane numbers (numbers indicating
combustion speed of the fuel) was later expounded on by Westbrook
et al.,133 and the importance of allylic sites was emphasized.

2.2.2 Elementary Reaction Kinetics for Biodiesel Fuels
The above modeling efforts have mostly sought to match global experiments
using rule-based mechanisms and kinetics, with some limited computational
efforts. This has resulted in a much improved understanding of the general
features of small ester oxidation and pyrolysis, yet there are numerous diffi-
culties reported in quantitatively matching experimental observations. Often
the uncertainties are traceable to the kinetics of specific reactions. Recent
efforts have accordingly focused on the application of higher levels of theory
and direct experimental measurements to better quantify key elementary
reactions.

Pathways and reaction barriers for the unimolecular decomposition of
MB were explored with CBS-QB3 methods by El-Nahas et al.102 in
2007. Ali and Violi134 have recently used ab initio and DFT methods to
reexamine MB decomposition. Their bond energies and reaction barriers
were generally in good agreement with those of El-Nahas. They have
used the computations to compute high-pressure and pressure-dependent
kinetics for 10 possible decomposition pathways. They noted the impor-
tance of entropic factors in addition to the energetics in determining the
kinetics.

Abstraction of H fromMB by H and OH radicals has been identified as a
key reaction. Abstraction by H atoms has been examined at various levels of
theory by a number of researchers, including Huynh and Violi,108 Akih-
Kumgeh and Bergthorson,135 Liu et al.,136 and Zhang et al.137 The more
recent work136,137 using higher levels of theory gives rate constants that
are significantly smaller than the earlier studies108,135 at temperatures below
about 1000 K, as well as differences in the branching ratios. Differences were
attributed to both barrier heights and the treatment of hindered internal
rotors in the calculation of thermodynamic properties.

For OH þMB, there are several experimental measurements138e140 of
the total rate constant at ambient and low temperatures. At high tempera-
tures, Lam et al.141 have measured in 2012 the overall rate for MB and
several other small esters at 876e1371 K in shock tube studies by following
decays of the OH signal using ultraviolet laser absorption. Theoretical rates
for OH þMB are available from Huynh and Violi108 and Zhang et al.137

and include information on the abstraction sites that is not available from
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experiment. Substantial differences in the predicted rate constants and site
selectivities are derived from the two theoretical works. With respect to
overall rates, the 2008 values of Huynh and Violi are in fair accord with
the 2012 high-temperature measurements of Lam et al. above 1000 K,
but badly underpredict the rate constants measured at ambient and low tem-
peratures. In contrast, the 2015 values of Zhang et al. are in excellent accord
with experiments at lower temperatures, but appreciably underpredict the
high-temperature measurements of Lam et al.

Low-temperature ignition is known to depend strongly on the chemistry
of peroxy radical intermediates and their isomerization and decomposition
products. The ignition chemistry of alkyl species is highly related and is a
useful starting point. An excellent review by Zador et al.142 in 2011 summa-
rizes the relevant chemistry. In a series of articles, Villano, Carstensen, Dean,
and coworkers have used electronic structure calculations performed at the
CBS-QB3 level of theory to develop rate rules for many of these reaction
classes. In 2011, Villano et al. looked at alkyl þ O2, reactions,

52 and devel-
oped rate rules for dissociation, concerted eliminations, and isomerization
channels of alkylperoxy radicals. In 2012, they considered53 the isomeriza-
tion, cyclic ether formation, and b-scission reactions of hydroperoxyalkyl
radicals, and in 2013, they investigated the HO2 þ olefin addition reac-
tions,143 again developing rate rules, and considering branching ratios and
the pressure dependence of the reactions.

There are additionally a few studies that directly address biodiesel-related
esters. Hayes and Burgess144 in 2009 explored hydrogen transfer reactions of
the alpha peroxy radicals of MB and methyl pentanoate. Such reactions had
been suggested by Herbinet et al.123 to be important in the early CO2 for-
mation seen in methyl ester combustion. Hayes and Burgess were able to
derive high-pressure rate expressions and considered a number of competing
reactions as well. They also reported that composite G3B3 calculations
matched available benchmark data on related reaction barriers with better
accuracy than DFT approaches.

In 2014, Tao and Lin145 reported a subsequent detailed investigation of
the chemistry associated with MB ignition at the G3MP2B3 level of theory,
determining mechanisms, reaction thermochemistry, and kinetics for the
decomposition of methyl ester peroxy radicals formed from MB. They
particularly focused on the intramolecular H atom transfers in peroxy radi-
cals ROO, the unimolecular dissociations of ROO and QOOH species, and
the reactions of ROO and HO2. A new submechanism with 114 pathways
was developed. In very recent work from 2015, Jiao et al.146 explored this
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same chemistry at the CBS-QB3 level of theory. They found activation bar-
riers for some of the reactions to be significantly (�12.5 kJ mol�1) different
when computed with CBS-QB3 and G3MP2B3. In many cases, the relative
rates remain similar, but in some instances, substantially different branching
ratios for competing reactions are predicted. For the related MA system, Mai
et al.147 reported in 2015 a CBS-QB3 study of the reaction of MA radicals
with O2, deriving pathways and pressure-dependent rate constants suitable
for combustion modeling. Also, in 2015, Le et al.148 used CBS-QB3
methods to examine the pathways stemming from the reaction of methyl
propanoate radicals with O2; they derived pressure- and temperature-
dependent rate constants.

There is a general paucity of computational data on the specific mole-
cules present in biofuels, in part because of the large size of the molecules
and the corresponding computational expense. Zhang and Zhang149 in
2015 suggested the value of the hybrid two-layer ONIOM150 approach,
wherein one applies a higher level of theory near the reactive site, and a
lower level for uninvolved portions of the molecule. They used this tech-
nique to investigate the hydrogen abstraction reactions of large alkyl esters,
obtaining good results when employing a QCISD(T)/CBS method for the
high-level layer and a DFT method for the low-level layer. They suggested
that the procedure is an affordable and computationally accurate means for
high-level theoretical studies of the chemical kinetics of large biodiesel
molecules.

2.3 General Challenges in Modeling First-Generation
Biofuels

While detailed chemical kinetic mechanisms have long been developed for
the combustion of HC fuels (gasoline, diesel), biofuels are by nature func-
tionalized (alcohols, esters, etc.), and their resultant chemistry is rich and
complex. Conversely, HC fuels contain hundreds of compounds and dozens
of different types of HCs, each with their own chemical behavior. This con-
trasts with biofuels, which have only on the order of tens of compounds
with very similar chemistry, differing only by alkyl chain lengths and degrees
of unsaturation.

In short, biofuel chemistry is less complex because there are fewer types
of components, but more complex because the reactions are more diverse.
An example of additional complexity in biodiesel is the large variation in
hydrogen saturation, which depends on the type of oil. Sunflower and
corn oil are high in polyunsaturated fatty acids, coconut and palm oil are
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high in saturated fatty acids, and canola and lard are high in monounsatu-
rated fats. Saturated fats yield biofuels with high cetane numbers, whereas
polyunsaturated fats yield biofuels with lower cetane numbers.151 The unsa-
turation in alcohols and other oxygenated HCs significantly changes their
reactivity, especially at low temperatures (the ignition regime).152,153 It
also affects their stability in long-term storage, since olefins have higher
oxidation rates.

Biofuels contain oxygen in addition to carbon and hydrogen; further-
more, there are different classes of oxygenated HCs (alcohols, ethers, esters,
etc.) used as biofuels, and each class has particular chemistry associated with
it.154e156 Some characteristics and factors that are important in biofuel
chemistry do not play as large a role in pure HC fuels (i.e., gasoline, diesel,
and jet fuel). Operating conditions and ignition behavior can also be
different, since ignition mechanisms can be somewhat different with
oxygenated species. As discussed in the introduction, fuels can exhibit an
NTC regime, where at intermediate temperatures, ignition delays may in-
crease with temperature, because of the temperature dependence of isomer-
ization pathways for alkylperoxy (ROO) radicals.157,158 The NTC regime
affects peroxy radicals arising from oxygenated species such as alcohols
and alkyl esters as well; the extent to which this behavior parallels that of
alkylperoxy radicals is a topic of interest.

Most current studies of biodiesel chemistry, and the detailed chemical
kinetic mechanisms derived therefrom, are based on surrogate molecules
and mixtures: the proxies contain the same or similar chemical functional-
ities as actual fuels, but are simplified systems designed to isolate particular
aspects of the chemistry or behavior. Biodiesels in current use are alkyl esters
of saturated and unsaturated fatty acids, with lipid chain lengths that range
from about C14 to C22 (most typically C16 to C18), with the chemical
composition varying from oil to oil. The surrogates used in the models
are often smaller saturated and unsaturated lipids such as MB (and methyl
butenoate),129 methyl hexanoate,126 or MD (and methyl decenoate).131

A detailed chemical kinetic mechanism has also been developed for typical
oils (methyl stearate and methyl oleate).159

Of the first-generation biofuels, ethanol and larger alcohols have been
modeled most extensively and can thus be used to explore complex chemistry
of interest. Branching in alcohols and the position of branching160 can impact
ignition delays, overall conversion, and the distribution of intermediates,
incomplete products of combustion, and emissions (aldehydes, unsaturated
HCs).161 For alcohols, reaction of alkyl radicals with O2 molecules results
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in peroxy intermediates, leading to isomerizations of alkylperoxy radicals to
hydroperoxyalkyl radicals (ROO/QOOH) and to water elimination
from hydroperoxyalkyl species; this impacts radical chemistry at low temper-
atures and hence ignition characteristics.162 This chemistry is also applicable to
other oxygenated species such as ketones. Hydroperoxyalkyl radicals can also
readily undergo isomerizations leading to cyclic ether formation (e.g., hydro-
peroxybutyl/ tetrahydrofuran (THF) þ OH) with different ring sizes
depending on the location of the radical site.163 NTC behavior for alcohols
is strongly impacted by this chemistry and depends upon pressure, the size
of the molecule, and other factors.164 It has been determined through
modeling aided by ab initio calculations that product branching ratios during
decomposition of alcohols through abstractions and subsequent b-scissions are
sensitive to bond strengths, which are impacted by functional (and structural)
substitutions.165 In addition, it is believed that fine details in the thermochem-
ical partition functions for conformations and torsional modes in hydroxyl and
alkoxy radicals may influence the chemistry.166

3. OVERVIEW OF SECOND-GENERATION BIOFUELS
AND THEIR MODEL COMPOUNDS

Second-generation biofuels are so named due to they being devel-
oped after the first-generation biofuels (such as biodiesel), which are those
derived from conventional feedstocks.167 First-generation biofuels are not
ideal; they compete with the food cycle and require a significant amount
of water to generate.168 A major benefit of second-generation fuels is their
derivation from nonfood portions of plants (stalks, stems, grasses, wood,
etc.).169

Second-generation biofuels are also referred to as lignocellulosic biofuels,
since they derive from cellulose, hemicellulose, and lignin. These three
components each consist of large, complex structures, made up of repeating
cyclic units with varying functional groups. Cellulose (Figure 6) is a carbo-
hydrate polymer consisting of D-glucose monomers connected by b-1,40-
glycosidic bonds. It has a rigid structure and is found in the primary cell
wall of plants.170 In contrast, hemicellulose has a branched, random structure
consisting of a variety of carbohydrate monomers; its molecular structure
varies by the type of plant in which it is found, and it serves to connect
the cellulosic structure of a plant.171

Finally, lignin (Figure 7) is a highly complex polymer with a noncarbo-
hydrate, irregular structure. It consists of three main types of monomeric
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subunits, each derived from an aromatic alcohol: the syringyl group,
abbreviated S in the relevant literature, derived from sinapyl alcohol; the
guaiacyl group, abbreviated G, derived from coniferyl alcohol; and the
p-hydroxyphenyl group, abbreviated H, derived from p-coumaryl alcohol
(Figure 8).173 In addition to the characteristic monomers, several character-
istic linkages174 bond these lignols together (as can be seen in Figure 7). The
most widely studied has been the b-O-4 linkage, as it is the most prevalent.

Figure 6 Structure of cellulose,172 consisting of glucose monomers regularly linked by
b-1,40-glycosidic bonds. (In contrast, hemicellulose consists of varying types of saccha-
ride monomers and has a branched structure overall; see Ref. 171.)

Figure 7 Schematic representation of lignin including syringul (S), guaiacyl (G), and
p-hydroxyphenyl (H) phenylpropanoid moieties, and ligninelignin linkages. Adapted
from Lupoi et al.173
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Biomass reactivity has been an area of interest for several years. In early
papers, Evans and Milne compiled perspectives on biomass and the many
compounds observed in its pyrolysis,175 while Diebold proposed a global
mechanism for cellulose decomposition.176 Both lignin and cellulose systems
are of increasing interest recently, given the pertinence of these systems to
sustainability. Biomass is converted to useful fuels via pyrolysis, gasification,
or hydrolysis; the products of each of these three primary conversion
processes are subjected to several secondary processing routes. For instance,
cellulose and hemicellulose can be subjected to hydrolysis to cleave their
polymeric structures into the monosaccharides glucose, fructose, and xylose
(Figure 9); these sugars can subsequently be dehydrated to form the plat-
form molecules furfural (2-furfuraldehyde) and 5-hydroxymethylfurfural
(5-HMF).169

Conversions of biomass to platform molecules177 (which themselves can
be converted to a wide variety of useful molecules) constitute an intense area
of interest. Nimlos et al.178 modeled the decomposition of xylose, a com-
mon component of hemicellulose, to furfural. Caratzoulas et al.179 recently
reported progress in the dehydration of fructose to 5-HMF. Lange et al.180

summarized the potential of furfural for developing lignocellulosic biofuels.
Yan et al.181 reviewed the many pathways possible to furfural in terms of
synthesizing fuel additives and value-added chemicals. Furfural and 5-
HMF can be converted to molecules with promise as conventional HC fuels
or to potential biofuels.169,182 Comprehensive reviews of the catalytic con-
version of lignocellulosic biomass to liquid fuels have been provided by

Figure 8 The characteristic monomeric subunits found in lignin: sinapyl alcohol (left),
coniferyl alcohol (center), and p-coumaryl alcohol (right). Reprinted from Lupoi et al.173

Copyright 2015 with permission from Elsevier.
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Corma et al.,183 Chheda et al.,184 and Lin and Huber,185 while Bohre
et al.186 recently reviewed catalytic pathways between furfural and drop-
in biofuels, highlighting the particular promise of 2-methylfuran (2-MF)
and 2,5-dimethylfuran (2,5-DMF), given the similarities of their fuel prop-
erties and those of gasoline (Table 4).

Within the past decade, researchers have reported the direct conversion
of biomass to small monocyclic compounds with potential as fuels. Roman-
Leshkov et al.187 developed a catalytic pathway from fructose, itself obtained
directly from biomass, to 2,5-DMF (this and other species named in this
paragraph can be seen in Figure 10), which exhibits several desirable alter-
native fuel properties such as high energy density, high boiling point, and
water insolubility, when compared to the renewable fuel ethanol. Yang
and Sen reported a one-step pathway from biomass to 2,5-dimethyltetrahy-
drofuran (2,5-DMTHF), which demonstrates many similar properties to
2,5-DMF and, as a saturated molecule, additionally has the potential for
increased storage and transportation stability.188 The subsequent chemistry
and environmental impact of these compounds is still very much under
investigation. Phuong et al.189 noted the mutagenic capability of some in-
termediates implicated in 2,5-DMF combustion. Simmie and Wurmel190

used 2,5-DMF as a test compound in an exhaustive case study exploring
the environmental impact of this possible alternative fuel; they noted

Figure 9 Compounds relevant to biomass conversion. Common monosaccharides
glucose, fructose, and xylose are shown in their pyranose forms in the top row. Platform
molecules furfural and 5-hydroxyfurfural (5-HMF) are shown in the bottom row.
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Table 4 Properties of 2-MF, DMF, and ethyl 5-ethoxymethylfurfural (EMF) compared
to gasoline and ethanol
Properties Gasoline Ethanol DMF 2-MF EMF

Chemical formula C6eC9

H/C ratio 1.795 3 1.333 1.2 1.27
O/C ratio 0 0.5 0.17 0.2 0.37
Density @ 20 �C
(kg m�3)

745 791 890 913 1100

Reach octane
number

97 107 101 103 e

Motor octane
number

85.7 89 88.1 86 e

Energy density
(MJ L�1)

31.9 21 29.3 28.5 30.3

Initial boiling
point (�C)

32.8 78.4 92 64.7 274

Reprinted with permission from Bohre et al.186 Copyright 2015 American Chemical Society.

Figure 10 Cyclic ethers and related species commonly considered in the combustion
processes of second-generation biofuels.
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intermediates likely to be formed in atmospheric reactions, highlighted
environmental concerns, and summarized the need to better understand
the chemistry of these species. However, few such studies have been
completed.

The chemistry of lignin has been investigated for several decades given its
pertinence to the paper industry and its overlap with aspects of coal chem-
istry, and several previous reviews summarize aspects of its general reactivity.
Amen-Chen et al.191 have reviewed the pyrolytic production pathways of
monomeric phenols from biomass. Elder and Fort192 reported the use of
computational methods to model aspects of lignin chemistry. In recent years,
interest in lignin has increased given its specific pertinence to potential bio-
fuels; Zakzeski et al.193 provided a comprehensive review of the catalytic
pathways from lignin to renewable chemicals, and Lupoi et al.173 recently
provided a thorough account of lignin assessment techniques.

Given the cyclic, functionalized structures of cellulose and lignin, it is
evident that the resulting chemistry of these units and of second-generation
biofuels as a whole could differ markedly from both HC-based fuels and
from first-generation biofuels. In 2012, Tran et al.13 provided an excellent
overview of reaction pathways likely to be significant for carbohydrate-
derived cyclic oxygenates. They highlighted three specific ways in which
the chemistry of cyclic ethers will differ from those of cyclic HCs: unimo-
lecular initiation reactions involving the breakage of CeO bonds (rather
than CeC bonds), the role that an alkyl substituent can play in b-scissions
of oxygenated radicals, and the unusual bicyclic transition states available
to peroxy radicals of these ethers. They also noted that while other reaction
classes will overlap somewhat with those of HC fuels, kinetic parameters
were generally lacking in the literature and likely to differ from those of
HC analogs given the presence of the heteroatom.

This section will thus highlight recent mechanistic studies of monocyclic
and bicyclic compounds that can (1) be derived from biomass or (2) serve as
model compounds for overall behaviors of second-generation biofuels. We
will first report on furan, its methyl-substituted derivatives, and its saturated
derivatives. As stated above, 2-MF and 2,5-DMF are increasingly of interest
as biofuels; more generally, furanic compounds have been highlighted as
useful models13 and subjected to increasingly significant study as model
compounds for cellulose and fuels derived from cellulose over the past
few years. Likewise, an overview of the chemistry of 2-phenethyl phenyl
ether (PPE) (a simplified model containing the b-O-4 linkage) will be
provided, as this species has been consistently used to understand reactions
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of lignin. Explorations of a variety of other models will also be summarized
for lignocellulosic biofuels. Studies of thermodynamic properties, pyrolytic
processes, and atmospheric oxidation pathways will be examined. This
section will close with a brief summary of general challenges in modeling
lignocellulosic biofuels.

3.1 Cellulose Model Compounds
3.1.1 Combustion Pathways of Furan and Methylfurans
Furan and its derivatives have been subjects of interest for several years, given
their roles in several combustion processes, and this interest has expanded
significantly in the past decade as attention to biomass-derived fuels has
increased. This section will summarize mechanistic studies of the pyrolytic
and oxidative chemistry of furan and its substituted derivatives (Figure 10).
Studies of the combustion pathways of furan and its methyl-substituted
derivatives are particularly intertwined; together, these studies provide a
comprehensive case of following initial mechanistic studies through the
development of a full chemical kinetic mechanism.

In 1985, Grela et al.194 examined low-pressure pyrolysis of furan, 2-MF,
and 2,5-DMF in the 1050e1270 K temperature range. They used a molec-
ular flow reactor with mass spectrometry detection and observed that carbon
monoxide loss played a significant role in the decomposition processes. They
proposed that a biradical mechanism resulting from scission of the CeO
bond, followed by isomerization, was ultimately responsible for the products
seen. They also noted a likely commonality between the decomposition
mechanisms of furan, 2-MF, and 2,5-DMF. Soon thereafter, Lifshitz
et al.195 examined the pyrolysis of furan over the 1050e1460 K range via
a shock tube study. They noted that the major reaction products (Figure 11)
were methyl acetylene and carbon monoxide, in roughly equal amounts,
proposing a ring-opening initiation step. Acetylene was another major prod-
uct seen; the authors proposed that it could be directly formed from furan
with the concomitant formation of ketene; however, the ketene was not
directly observed in the reaction mixture, which was attributed to its high
reactivity with water. In 1991, Organ and Mackie196 studied the pyrolysis
of furan via a comparable shock tube study, monitoring the decomposition
reaction via Fourier transform infrared spectroscopy (FTIR) spectroscopy.
They noted the production of carbon monoxide, propyne, allene, and acet-
ylene; furthermore, they detected ketene via FTIR spectroscopy. They pro-
posed that CeO bond scission formed a reactive biradical intermediate that
could decompose along each of the four common channels (Figure 12).
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From 1997e1998, Lifshitz et al. also completed shock tube studies of the
methylated derivatives 2-MF197 and 2,5-DMF,198 suggesting a chemical ki-
netic model for the decomposition of each species and noting that the wide
range of products formed rely in each case on the initial hydrogen atom and
methyl group migrations.

Figure 11 Decomposition pathways of furan. Adapted from Lifshitz et al.195 Copyright
1986 American Chemical Society.

Figure 12 Four decomposition pathways for furan via a common biradical intermedi-
ate. Adapted from Organ and Mackie.196 Adapted with permission from Phys Chem Chem
Phys. Owner Societies.
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In two nearly concurrent studies in 2000, Sendt et al.199 and Liu et al.200

revisited the initial mechanisms for furan decomposition via computational
chemistry techniques; each group suggested that different pathways were
more likely than the biradical mechanism initially proposed, due to the
high energetic requirements of direct ring scission. Sendt et al. used
CASSCF, CASPT2, and G2(MP2) calculations to model the carbene path-
ways seen in Figure 13 and to demonstrate that they could account for the
known experimental kinetics of furan and the major products. Liu et al.
explored alternative mechanisms via G2(MP2) calculations.

In 2009, Vasiliou et al.201 used a silicon carbide reactor with time-of-
flight mass spectrometry detection to identify the early decomposition prod-
ucts of furan, lending further insight into the immediate decomposition of
this species. Their experimental work supported the calculations of Sendt
et al., as they identified products proposed via their mechanism and also
confirmed the hypothesized formation of propargyl radical at higher tem-
peratures, leading to implications for sooting behavior.

Computational studies of furan decomposition reactions have increased
significantly in recent years and lend further insights to the pyrolytic

Figure 13 Unimolecular decomposition pathways of furan. Reprinted with permission
from Sendt et al.199 Copyright 2000 American Chemical Society.
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mechanisms of furan and its derivatives. In 2009, using CBS-QB3, CBS-
APNO, and G3 composite calculations with a wide array of isodesmic
reactions, Simmie and Curran202 provided formation enthalpies and bond
dissociation energies (BDE) for a variety of substituted alkylfurans, to better
serve chemical kinetic models of these species. They noted that ring CeH
bonds in furans and ring CeCH3 bonds in alkylated furans have particularly
high BDE values, due to the inability of the resulting radicals to either effec-
tively delocalize their spin density or distort the aromatic network, while the
methyl groups on alkylated furanyl species have lower CeH bonds than
those in alkylated HC species (Figure 14). Thus, the furanylmethyl radicals
are particularly important radical intermediates to consider. Vogulhuber
et al.203 supported these findings in 2011 via an experimental determination
of the CaeH bond dissociation energy of furan.

In 2011, using composite methods (CBS-QB3, CBS-APNO, G3, and
G3MP2B3), Simmie and Metcalfe204 modeled the decomposition of 2,5-
DMF, looking at three initiation steps: a 3,2-H shift to form b-carbene; a
2,3-methyl shift to form a-carbene (Figure 15); and the loss of H atom
from the methyl group. They noted that the CH2eH scission and b-carbene
pathways were dominant and that several subsequent ring-opening reactions
could result in a variety of little-studied intermediates. They identified likely
mechanistic pathways between 2,5-DMF and 2-MF and explored addition
and abstraction pathways available to 2,5-DMF. Similarly, high-level calcu-
lations have since been used to explore enthalpies of formation of furan, 2-
MF, and 2,5-DMF,205 as well as of several substituted furans and furan
derivatives.206

Given the relatively low bond dissociation energies of the CH2eH
bonds in MFs, the reactions of the resulting methyl radicals are particularly
important. In 2012, Sirjean and Fournet207 explored the decomposition of
5-methyl-2-furanyl radical and noted that its most likely reaction path

Figure 14 Bond dissociation energies (kilojoules per mole) in 2,5-DMF for a typical
CringeH bond, methyl group CH2eH bond, and CringeCmethyl bond. Reprinted with
permission from Simmie and Metcalfe.204 Copyright 2011 American Chemical Society.
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involved ring opening and enlargement to form cyclohexadienone. They
subsequently expanded on this work in developing a potential energy
surface for the unimolecular decomposition of 2,5-DMF via CBS-QB3
calculations, observing that the most likely reaction was a 3,2-H atom trans-
fer yielding hexa-3,4-dien-2-one, followed by CeH bond fission at the
methyl group (with an w70%:w30% product distribution between these
two paths).

Oxidation pathways of furans are also of interest. In 2000, Fadden and
Hadad modeled the rearrangements possible for the formation of peroxy
radicals derived from five- and six-membered heteroaromatic rings,208,209

including the peroxy radicals derived from furan. More recently, in 2013,
Davis and Sarathy210 examined several reactions with relevance to the atmo-
spheric chemistry (oxidative) pathways of 2-MF (one such reaction scheme
is illustrated in Figure 16). They used CBS-QB3 and G4 composite methods
to investigate the reactions available to species formed following OH addi-
tion to the 2-MF ring and O2 addition to the radical derived from that ring.
They saw that general reaction preferences varied depending on whether O2

added cis or trans to the product of initial OH addition to the ring. Many
different pathways of the resulting peroxy radicals were then explored;
1,4-H atom shifts in which the peroxy group abstracted the H atom
substituted ipso to OH were particularly favorable (Figure 17). They also
noted a new reaction, deemed a Waddington concerted elimination, avail-
able to some peroxy radicals, wherein H atom transfer occurs concurrently

Figure 15 a-Carbene (top) and b-carbene (bottom) formed from 2,5-DMF, and selected
products formed from each carbene. Adapted with permission from Simmie and Met-
calfe.204 Copyright 2011 American Chemical Society.
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Figure 16 Reaction mechanism diagram for the 5-hydroxy-2-methyl-furan-4-yl radical (5H2MF4R) þ O2 reaction and subsequent pathways.
In the naming scheme employed by the authors, each species name takes the form n(H/O)m(P/Hp)2MF, where n and m represent the
positions of the hydroxy/oxy or peroxy/hydroperoxy groups, respectively. In the authors’ numbering scheme, the methyl carbon is
designated as position 1, the methyl-substituted carbon as position 2, and so on around the ring. Moreover, c and t designate cis and trans
addition of the peroxy group relative to the initial hydroxyl radical addition, while R denotes position of a carbon-centered radical and
D designates a double bond. Reprinted with permission from Davis and Sarathy.210 Copyright 2013 American Chemical Society.

146
C
arrigan

J.H
ayes

et
al.

A
d
van

ces
in

P
h
y
sical

O
rgan

ic
C
h
em

istry,
F
irst

E
d
itio

n
,
2
0
1
5
,
1
0
3e

1
8
7

Author's personal copy



with the breakage of the CeOO bond, ultimately yielding HO2 and a ring-
opened carbonyl species. The highly functionalized nature of these peroxy
radicals affords a wide variety of possible reaction pathways.

Somers et al.211 reported in 2014 a thorough exploration of the pyrolysis
of 2-MF via composite-level calculations and kinetic modeling. In parallel
with the most crucial initiation pathways identified for 2,5-DMF, three
pathways were identified as most significant: two involving b-carbene inter-
mediates that could undergo ring opening to ultimately form several HC
and functionalized species and a third involving 2-furanylmethyl radical,
ultimately yielding a variety of species including n-butadienyl radical and
carbon monoxide (Figures 18e20).

Less studied than the methyl-substituted furans but pertinent to the study
of biomass-related species are methoxy-substituted furans. These species
were first identified as unusually reactive more than 15 years ago, after a
coiled-tube flow reactor study on 2-methoxyfuran by Bruinsma et al.212

In 2010, Hudzik and Bozzelli213 used DFT and composite methods to

Figure 17 Diagram comparing the potential energy surfaces of the possible reactions
initiated from the 5-hydroxy-2-methyl-furan-4-yl radical (5H2MF4R) þ O2 reaction,
when O2 adds to the radical at the 2-position (methyl-substituted position). Values are
in kilocalories per mole at 298 K. Reprinted with permission from Davis and Sarathy.210

Copyright 2013 American Chemical Society.
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Figure 18 Potential energy surface for the formation and decomposition of b-carbenes formed from a 3/ 2 hydrogen shift. CBS-QB3, CBS-
APNO, and G3 energies in kilojoules per mole at 0 K relative to 2-MF. Variational processes in gray scale. Reprinted with permission from
Somers et al.211 Copyright 2014 Royal Society of Chemistry.
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Figure 19 Potential energy surface for the formation and decomposition of b-carbenes formed from a 4/ 5 hydrogen shift. CBS-QB3, CBS-
APNO, and G3 energies in kilojoules per mole at 0 K relative to 2-MF. Variational processes in gray scale. Reprinted with permission from
Somers et al.211 Copyright 2014 Royal Society of Chemistry.
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Figure 20 Potential energy surface for the decomposition of the 2-furanylmethyl radical. CBS-QB3, CBS-APNO, and G3 energies in kilojoules
per mole at 0 K relative to 2-furanylmethyl. Reprinted with permission from Somers et al.211 Copyright 2014 Royal Society of Chemistry.
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characterize the structure of 2- and 3-methoxyfuran, as well as to calculate
enthalpies of formation and bond dissociation energies in these species; they
saw BDEs of w500 kJ mol�1 for CeH bonds in the furan ring itself (in
keeping with earlier experimental and computational observations of the
unlikely reactivity at these positions), whereas the methoxy methyl group
had CeH BDEs of 410 kJ mol�1. In 2013, Simmie et al.214 noted that
the OeC bond dissociation energy for the bond between the methoxy
oxygen and methyl carbon was significantly lower, at roughly 190 kJ mol�1,
leading to the overall high reactivity of the 2-methoxyfuran; they suggested
that the resulting 2-furanyloxy radical is likely to be particularly long lived,
analogous to the case of phenoxyl radical.

Recently, the comprehensive combustion pathways of furan and alky-
lated furan biofuels have also been explored. In 2013, Somers et al. explored
the pyrolysis and oxidation pathways of 2,5-DMF,215 as well as the oxida-
tion of 2-MF.216 Studying 2,5-DMF decomposition, the authors developed
a chemical kinetic mechanism supplementing known, relevant submechan-
isms with recent high-level calculations and compared the results of this
model to a shock tube study completed over a 1200e1350 K temperature
range and 2e2.5 atm pressure range. They noted several important reactions
worthy of further investigation: the reactions of 2,5-DMF with oxygen and
with hydroperoxyl radical, the reactions of 5-methyl-2-furanylmethyl
radical with hydroperoxyl radical and methyl peroxy radical, and the addi-
tion of OH to 2,5-DMF. They also highlighted the need for further study of
ethylfurans and formylfurans, which were proposed to be important inter-
mediates in the oxidation pathways of 2,5-DMF.

Likewise, a thorough three-part study of the combustion chemistry of
furan group biofuels was recently completed; in 2014, the combustion
chemistry and flame structure were explored by Liu et al. for furan,217

by Tran et al. for 2-MF,218 and by Togbe et al. for 2,5-DMF,219 using
the same reaction model for all three to better compare the reactivity of
each fuel. The authors emphasized several trends of environmental
concern: acetylene production played a major role in all three flames,
most notably in furan; conjugated HC species that could serve as soot pre-
cursors (namely, 1,3-cyclopentadiene, benzene and phenol) were most
likely to form in 2,5-DMF; and multiple carbonyl species were detected
in each of the three flames, but to a lower extent in 2,5-DMF flames
than in furan and 2-MF. Different pollutants were seen to different extents
in each of several fuels, some HC based and some oxygenated. Generally
speaking, the lowest amount of soot precursors was seen in acyclic
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oxygenated fuels, while cyclic oxygenated fuels generated soot precursors
in amounts similar to HC fuels.

3.1.2 Combustion Pathways of Saturated Ethers (Tetrahydrofuran,
Tetrahydropyran, and Derivatives)

While saturated cyclic ethers such as THF have seen less attention than furanic
species, they have been the subjects of increasing exploration in the past few
years. In addition to their role in biomass combustion, cyclic ethers often are
seen as intermediate products in combustion reactions of HC fuels.

In 1946, Klute and Walters220 provided the first exploration of the
pyrolysis of THF, observing the formation of ethene, methane, and CO
as major products during pyrolysis over a temperature range of 802e
842 K and a pressure range of 50e300 torr. They proposed that the main
breakdown pathway of THF involved formation of ethene and acetalde-
hyde (which ultimately decomposed to methane and carbon monoxide); a
secondary pathway involved formation of propene and formaldehyde
(which then formed carbon monoxide and H2). Their work was followed
several decades later by Lifshitz et al.,221 in a 1986 study exploring initiation
pathways available via a shock tube study of isotopic derivatives of THF over
the temperature range 1070e1530 K. These authors noted that two path-
ways were possible: the first yielded ethene and a biradical [(CH2)2eO],
while the second yielded propene and formaldehyde.

Very recently, Verdicchio et al.222 provided a computational study of
the unimolecular decomposition reactions possible for THF, focusing on
biradical, carbenic, and pericyclic pathways via CBS-QB3 calculations.
Of note for THF compared to pyrolytic pathways of analogous HC species,
the presence of the oxygen atom leads to asymmetry in the molecule, lead-
ing to the possibility of more distinct radical pathways than in cyclohexane.
Carbenes do not play a major role in HC decomposition but had been
previously seen to play a major role in furan decomposition; conversely,
biradicals in furans were not plausible intermediates due to the high endo-
thermicity of the relevant bond scissions, but biradical species have been
seen in HC combustion fuel pathways. Thus, a wide variety of pathways
were explored, and four were seen to be particularly significant: CeO
bond scission to form a biradical species, a-carbene formation and concom-
itant ring opening, a pericyclic reaction yielding 3-butenol, and a pericyclic
reaction in which H2 is lost to form a biradical intermediate that can ulti-
mately decompose to form propene and carbon monoxide. The authors
proposed that the stability of some of the a-carbene species might make
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them significant intermediates to consider and also noted that it will be
difficult to experimentally differentiate between biradical and carbene
mechanisms experimentally, given the similar product distributions from
each intermediate.

2-Methyltetrahydrofuran (2-MTHF) has itself demonstrated potential as
a biofuel, in addition to its role as a model compound.181,188 In 2012, Sim-
mie223 explored the kinetics and thermochemistry of THF, 2-MTHF, and
2,5-DMTHF via CBS-QB3, G3, and CBS-APNO methods, noting that
these data were not only useful in terms of understanding alternative fuels
but also would likely prove instructive in modeling the cyclic ethers formed
in low-temperature HC combustion. This work noted the relative lack of
thermochemical or kinetic data about these species and highlighted some
key commonalities and differences between HC chemistry and the chemis-
try of the cyclic heteroatomic fuels. For instance, the carbonecarbon bond
dissociation energy for methyl group loss was seen to be comparable among
methylcyclopentane224 (358.2 kJ mol�1), MTHF (361.6 � 2.4 kJ mol�1),
and DMTHF (360.8 � 2.1 kJ mol�1). These saturated species saw signifi-
cantly lower values than did the unsaturated furans (which demonstrated
carbonemethyl bond energies around 480 kJ mol�1). While ring-opening
combustion pathways yielded some intermediates comparable to those
seen in HC combustion, eliminations to form partially unsaturated dihydro-
furans were also seen to occur, meriting further consideration of these
relative-unexplored species in mechanism development.

In 2013, Moshammer et al.225 examined the reactivity of 2-MTHF via
an experimental flame (low-pressure, fuel-rich) study and developed a
kinetic model for its combustion, building on Simmie’s work and other
studies. They reported generally good agreement between experimental
observations and most of the model’s predictions, highlighting the under-
prediction of THF production via the mechanism as an exception. Emissions
of interest to environmental chemistry were explored: aldehydes and soot
precursors were identified. They noted less potential for benzene production
than in the unsaturated ethers.211,217,218 Reaction pathways reflected the
importance of hydrogen atom loss and ring-opening pathways, as well as
demonstrated the range and variety of HC and functionalized products.

Chakravarty and Fernandes226 examined the kinetics of the reactions
of 2-MTHF and 2,5-DMTHF with hydroperoxyl radical, looking at
hydrogen atom abstractions via CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ
and CBS-QB3 calculations; they also completed a parallel study on methyl-
cyclopentane. They noted that H atom abstraction at C2 was most likely
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and H atom abstraction at the methyl group was least likely, for both
2-MTHF and 2,5-DMTHF; they also reported a faster overall reaction
for the dimethyl-substituted species. Comparing their work to other mech-
anistic studies available in the literature, they noted generally different acti-
vation barriers and thus rate constants for linear alkanes, cyclic alkanes, and
cyclic ethers.

Labbe et al.227 explored the chemistry of THP via a flame study, devel-
oping a skeletal mechanism for THP combustion by comparisons to the
mechanism of the HC analog cyclohexane228 and supplemental calculations
via CBS-QB3. Three sites for hydrogen atom loss are available in THP, each
of which leads to its own set of decomposition pathways, primarily via
b-scission. Benzene formation was noted and proposed to form via molec-
ular weight growth, since the presence of oxygen prohibits the direct dehy-
drogenation of THP to a benzene ring.

3.1.3 Mechanistic Studies of Other Functionalized Monocycles
Interest in biomass-derived fuels has correspondingly led to increased atten-
tion to a variety of other functionalized monocyclic systems, including those
described below, as reactive intermediates, pollutant precursors, or platform
molecule targets (Figure 21).

3.1.3.1 Morpholine
Biomass combustion can lead to the formation of nitrogen-containing com-
pounds.229 The presence of a second heteroatom in a model species, as well
as the role of the nitrogen atom, has been explored via studies of morpholine
(1-oxa-4-aza-cyclohexane), a common fuel additive.11 Noting in particular
the role that fuel-bound nitrogen can play in harmful NOx emissions,
Lucassen et al.230 explored the flame chemistry of morpholine at 40 mbar
and 298 K. They saw that the combustion of morpholine differed from
that of cyclohexane and oxygenated fuels, leading to less HC buildup and
soot potential, forming comparable amounts of aldehyde intermediates,
and resulting in the formation of N2 and NO from the fuel-bound nitrogen.
Altarawneh and Dlugogorski231 used G3MP2B3 calculations along with
RRKM methods to model morpholine decomposition. Starting from
each of multiple initiation pathways (Figure 22), they modeled the resulting
decomposition pathways, providing mechanistic rationales for previously
seen experimental products such as vinyloxyethene, etheneamine, and ethe-
nol. They cited a 1,3-H atom transfer as the dominant early step in the ring
opening of morpholine (this pathway yields species M5 in Figure 22). They
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noted that the decomposition pathways would result in several highly func-
tionalized radicals and alkenes.

Li et al.232 recently refined the existing reaction set for morpholine230

while modeling high-pressure oxidation and pyrolysis pathways of that
species. They achieved the best agreement between mechanism and exper-
iment by treating reactions analogous to the ring opening of cyclohexane to
1-hexene as the dominant pathways and accounting for the difference
between CeN and CeC bond strengths in the energy terms, noting the
two fastest pathways shown in Figure 23.

3.1.3.2 Glucose and Fructose
The reactions of glucose and fructose (Figure 9) have been of interest from a
wide variety of perspectives, including the development of catalytic path-
ways for conversion of biomass to platform chemicals.169,177,178 These reac-
tions overlap to an extent with the decomposition pathways available to

Figure 21 Other cyclic ethers, esters, and functionalized compounds of interest to
modeling biomass combustion.
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monocyclic compounds used to model cellulose chemistry. Sanders et al.233

proposed mechanisms for the pyrolysis of several monosaccharides,
including glucose and fructose. Paine et al.234 used 13C labeling studies to
track the decomposition of glucose to several carbonyl compounds. Assary
and Curtiss235 used G4 calculations to investigate reactions available to
glucose and fructose, including dehydrations, tautomerizations, and isomer-
izations. Seshadri and Westmoreland236 examined several concerted
reactions of interest to glucose decomposition using CBS-QB3 calculations.
They highlighted reaction paths involving dehydrations, keto-enol tauto-
merizations, and retroaldol reactions. Mayes et al.237 recently examined
the reaction pathways of a- and b-glucose via an experimental and compu-
tational study, to determine whether both anomers would play a role in
cellulose pyrolysis, since only the b-anomer is present in cellulose itself.
They completed an exhaustive study of pathways between glucose and

Figure 23 Key reaction pathways for morpholine identified in Ref. 232.

Figure 22 Potential energy surface for the initial decomposition of morpholine. Values
in bold are reaction enthalpies and values in italics are activation enthalpies. All values
(in kilocalories per mole) are relative to the parent morpholine calculated at 298.15 K.
Reprinted with permission from: Altarawneh and Dlugogorski.231 Copyright 2012 American
Chemical Society.
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the key products 5-HMF and levoglucosan and recommended that both
anomers of glucose be considered with respect to their impact on cellulose
decomposition.

3.1.3.3 Other Cyclic Oxygenates
Unsaturated cyclic ethers have been proposed as intermediates in the
decomposition of THF and derivatives,223 but studies on their chemistry
are limited. Alwe et al.238,239 examined the reactions of THF, THP, 2,5-
dihydrofuran, 2,3-dihydrofuran, and 3,4-dihydropyran with common at-
mospheric species (OH, O3, and Cl), noting that the rate coefficients for
the ethers differed from those of their HC analogs and exploring the effects
of double-bond position and ring strain on reactivity. Enthalpies of forma-
tion of olefinic ethers have been calculated by Taskinen et al. via experiment
and DFT240 and via G3MP2B3 calculations.241 Boot et al.242 highlighted
the combustion behavior of several oxygenated species, including cyclohex-
anone. Cyclic esters have likewise been seen as important species in biomass
pyrolysis but have undergone relatively little exploration. Vasiliu et al. have
used G3MP2 calculations to explore thermodynamic properties of mole-
cules highlighted by the Department of Energy243 as integral to biomass
chemistry, including several cyclic esters, namely, 5-hydroxymethylfurfural,
g-valerolactone, and 3-hydroxybuyrolactone.244,245 Lucius et al. have
examined CeH bond dissociation enthalpies in a wide variety of alkyl-
substituted and functionalized THF, THP, cyclohexanone, and cyclopenta-
none derivatives.246 Wurmel and Simmie247 studied the thermodynamic
and kinetic properties of 2(3H)-, 2(5H)-, and 3(2H)-furanones, along
with several methyl derivatives, via several high-level composite methods.
They also explored the kinetics of reactions of these species with hydrogen
atom and methyl radical.

3.2 Lignin Model Compounds
3.2.1 Phenethyl Phenyl Ether
Most mechanistic studies used to explore the complex system of lignin have
focused on PPE, which provides a simplified version of the most prevalent
linkage in lignin, guaiacyl-glycerol-b-ether (Figure 24).

Klein and Virk248 proposed four possible pathways for PPE decomposi-
tion: homolytic CeC bond dissociation, homolytic CeO bond dissocia-
tion, a retro-ene reaction, and the Maccoll elimination (Figure 25). They
noted that pyrolysis of PPE (both neat and in the presence of the H donor
tetralin) at temperatures from 573 to 773 K yielded phenol and styrene and
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Figure 24 Representative guaiacyl-glycerol-b-ether linkage found in lignin (top) and
model compound PPE (bottom). Adapted with permission from Klein and Virk.248

Copyright 1983 American Chemical Society.

Figure 25 Initiation pathways possible in the decomposition of PPE: homolytic bond
dissociation of the CeO bond (reaction 1), homolytic bond dissociation of the CeC
bond (reaction 2), the retro-ene reaction (reaction 3), and the Maccoll elimination
(reaction 4). Adapted with permission from Jarvis et al.251 Copyright 2011 American
Chemical Society.

158 Carrigan J. Hayes et al.

Advances in Physical Organic Chemistry, First Edition, 2015, 103e187

Author's personal copy



proposed that the retro-ene reaction was most likely under these conditions,
while radical reactions played minor roles. Conversely, Gilbert and Gajew-
ski249 studied PPE thermolysis in both the liquid and gas phase over a tem-
perature range of 623e663 K and proposed that a free radical mechanism
was responsible.

Britt et al.250 examined the pyrolysis of PPE over the 603e698 K tem-
perature range, in both the liquid and gas phases, to better understand this
discrepancy. They observed styrene and phenol, as seen in previous work,
but they also observed the formation of benzaldehyde and toluene. They
traced these two sets of products to two reaction pathways beginning
with hydrogen atom abstraction from either the a- or b-position of PPE
(Figure 26), defining this parameter as a/b-selectivity. Abstraction from
the a-position led to styrene and phenol as the major products, while
abstraction from the b-position led to benzaldehyde and toluene. The
authors saw data consistent with a radical chain mechanism and suggested
that bond dissociation at the a-position was more likely, following an inves-
tigation of isotope effects.

Jarvis et al.251 used a hyperthermal nozzle with short residence times and
low substrate concentrations, over a temperature range of 573e1623 K, to
better explore the initial reaction steps of PPE decomposition, along with
the corresponding steps in phenyl ethyl ether, in which homolysis of the
CeO bond was less likely. They also completed CBS-QB3 calculations
of the reaction pathways, ultimately concluding that the concerted reactions
are likely at low temperatures and CeO bond-breaking pathways become a
factor above 1273 K. Huang et al.252 completed a DFT study on 10 possible
PPE decomposition pathways, two of which were concerted mechanisms
and eight of which were free-radical mechanisms; they saw that the
concerted mechanisms were the preferred reaction channels and that these
mechanisms overlapped with the retro-ene and Maccoll pathways explored
previously.

Studies of substituent effects on the PPE decomposition mechanisms
have been instructive. Kawamoto et al. have explored the effect of

Figure 26 Positions for possible hydrogen atom abstractions in PPE.
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functional group substitution on a variety of model dimers, including those
with b-O-4 linkages.253,254 Elder and Beste255 modeled the decomposition
reaction pathways available to a variety of substituted PPE derivatives using
M06-2X calculations, examining the pathways of guaiacyl, syringyl, and
p-hydroxy models, noting similar preferences for the retro-ene reaction
but higher reaction barriers compared with unsubstituted PPE.

Several other aspects of the reactivity of PPE have been examined. Beste
et al. have investigated a/b-selectivities,256,257 bond dissociation en-
thalpies,258,259 and product selectivities260 in PPE and its derivatives and
have completed a wide variety of kinetic studies on its reaction pathways,
such as hydrogen atom abstractions261 and phenyl shifts.262

3.2.2 Other Lignin Models
In addition to PPE, studies of other lignin model systems have been reported
in the literature. In addition to the model monomeric lignols shown in
Figure 8, some other common lignin linkages and model systems are shown
in Figure 27.

Asmadi et al.263 examined the thermal reaction of guaiacol and syringol
via a closed ampoule reactor, noting that decomposition of each species
begins with the cleavage of the OeCH3 bonds and identifying differences
between their subsequent reactivity; they have also examined264 the
reactivity of multiple species arising from lignin pyrolysis, namely,
catechols/pyrogallols and cresols/xylenols. Elder calculated bond dissocia-
tion enthalpies in dibenzodioxocin265 and pinoresinol,266 models for other
common linkages in lignin, using DFT calculations. Also via DFT,
Parthasarathi et al.267 examined 65 different lignin model compounds
encompassing several different linkages: b-O-4, a-O-4, b-1, a-1, b-5,

Figure 27 Principal interunit linkages in lignin. Figure reprinted with permission from
Elder.266 Copyright 2014 American Chemical Society.
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and 5-5; they have reported bond dissociation enthalpies for both the CeC
and OeC linkages in all these compounds, identifying the strongest and
weakest bonds for each group. Kim et al.268 completed another
wide-ranging DFT study of bond dissociation enthalpies in lignin dimers
and their oxidized derivatives; they highlighted the importance of conforma-
tional analysis with these functionalized species. Holmelid et al.269 looked at
the degradation reactivity of several lignin model dimers, exploring a-O-4,
b-O-4, a-hydroxy-b-O-4, and aryl-protected glycerol type linkages. Huang
et al.270 examined the breakdown of guaiacol via B3LYP calculations, consid-
ering homolytic cleavage of the OeCH3 bond, homolytic cleavage of the
OeH bond, and H atom addition to the benzene ring. Gardrat et al.271 stud-
ied the thermal degradation of a dibenzodioxocin model compound via mass
spectrometry, differential scanning calorimetry, and thermogravimetry, along
with supporting calculations. Custodis et al.272 recently reported a pyrolysis
microreactor study on diphenylether and guaiacol as models for lignin.

3.3 General Challenges in Modeling Lignocellulosic Biofuels
Overall, developing detailed chemical kinetic mechanisms for cellulose- and
lignin-derived biofuels is more complicated than developing models for
biofuels derived from animal fats and plant oils, which consist of relatively
simple saturated and unsaturated alkyl esters. Converting cellulose or hemi-
cellulose to a fuel requires that the biomass first undergo various processes
(e.g., gasification, pyrolysis, hydrolysis) breaking it down into sugars (e.g.,
glucose, xylose), then transforming these sugars into furan derivatives
(e.g., 5-HMF, furfural).273 These platform molecules are then converted
to useable acid/esters, glycerols, ethers, alcohols, etc. in order to produce
liquid HC fuels.274 Similar processes are required to convert lignins (wood
material) to biofuels; a fundamental difference is that lignin is a phenolic
polymer. Thus, in order to be converted into HC fuels (or pyrolysis oils),
the phenol derivatives must undergo hydrodeoxygenation, eliminating
oxygen and introducing hydrogen.275

Mechanisms related to cellulose-derived biofuels focus on the chemistry
of furan derivatives. Beyond the unimolecular decompositions and oxidative
reactions discussed previously in this section, furan derivatives can undergo a
wide variety of other reactions. They are transformed by pyrolytic, hydro-
lytic, and other chemical processes to longer chain ethers (R1OR2) and
aldols (hydroxyaldehydes and hydroxyketones, R1(OH)R2C(O)R3). These
oxygenated species are then converted through hydrogenation and deoxy-
genation processes to liquid HC fuels (alkanes).
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Multiple detailed chemical kinetic mechanisms have recently been
developed for the combustion of furan and its derivatives.198,215e219,276

Moreover, reaction pathways unique to the second-generation biofuels
can be identified. A primary decomposition pathway for the furans involves
H atom transfer leading to the formation of a carbene intermediate and ring
opening to form a conjugated alkadienylketone222; decomposition of fura-
nylmethyl species through ring opening can lead to the formation of cyclo-
hexadienone species215 and hydroxyl (OH) addition to furan rings leads to
the production of alkenyl ketones and aldehydes. An important class of re-
actions for furans and furfurals are DielseAlder cycloadditions: reactions
with unsaturated species to form larger cyclic structures. The simplest reac-
tion of this class would be furan reacting with ethene to form a bicyclic com-
pound, 7-oxabicyclo[2.2.1]hept-2-ene (Figure 28); furan can also react with
itself in a DielseAlder cycloaddition to form a tricylic compound. Further-
more, a host of different oxygenated cyclic compounds can be produced
from the reaction of furan (and derivatives) with different hydroxyaldehydes
and ketones.277 The pyrolytic decomposition of MF can lead to a wide
range of products. In addition to producing simple HCs such as methane,
ethyne, and propyne, as well as CO (the primary oxygenated product), it
is observed that 1,3-butadienes, cyclopentadienes, phenols, and aromatics
are formed. The simple aromatics such as benzene, toluene, indene, and
naphthalene are likely produced through reactions involving cyclopenta-
dienes, and at high temperatures, this leads to the formation of polyaromatics
(soot precursors).278 Soot formation from furan derivatives is a hindrance for
use of these platform molecules as clean-burning biofuels.

As described above, models for lignin-derived biofuels typically utilize
derivatives of PPEs (PhCH2CH2OPh)255,279,280 or similar molecules as
surrogates for the more complicated units in lignin (Figure 7). The mecha-
nistic studies in this area focus on the complicated pyrolytic decomposition
pathways for the surrogate ethers. A strong temperature dependence to the
reaction channels is observed with a competition between homolytic bond
fission reactions and a concerted retro-ene reaction.251 b-Scissions following
H atom abstractions, H atom transfer reactions, and the influence of
substituents261 are only a few examples of chemistry that needs to be better

Figure 28 DielseAlder reaction possible for furan and ethene.
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understood in order to develop detailed chemical kinetic mechanisms for
lignin-derived biofuels.267

4. OVERVIEW OF THIRD- AND FOURTH-GENERATION
BIOFUELS

Beyond first- and second-generation biofuels are third-generation and
fourth-generation fuels, which are biofuels of interest derived from, respec-
tively, algal biomass and bioengineered microorganisms.281e284 (Challenges
in using these latter biofuels are primarily engineering related; the identities
of the fuels themselves overlap with the chemical compounds discussed
previously.)

First-generation biofuels are derived from plants that are also potentially
used for food, including feedstocks such as corn and sugarcane.285 The sugars
from these feedstocks are fermented to produce mainly ethanol as the fuel,
although other fuels, such as butanol, can also be produced. Non-sugar-
based feedstocks include animal fats, as well as soybean, palm, and rapeseed
oils, which can all be converted to biodiesel fuel using a transesterification
process.286e288 The transesterification process reacts the oil triglycerides
with alcohols to produce glycerol, a byproduct, and monoalkyl esters, which
serve as the fuel. In first-generation biofuels, the sugar/starches or lipids are
somewhat directly extracted from the plants. Second-generation biofuels and
biodiesel come from more diverse feedstocks, utilizing sugars and oils from
largely nonedible plant matter (or nonfood crops).289 Cellulosic ethanol,
for instance, is produced from lignocellulose from wood chips, switch grasses,
and other plants, rather than edible sugars. First- and second-generation bio-
fuels have drawbacks. The competition of first-generation fuel feedstocks
with food crops has been noted. They also require significant fresh water
and fertilizers, and scarce high-quality cropland. While second-generation
biofuels do not compete with the food cycle, more processing steps (extrac-
tion, thermal, chemical, biochemical, purification, etc.) are needed: lignins
and cellulose are first extracted, and then converted into alcohols and other
fuels. These additional steps require added energy and thus negatively impact
the full-cycle CO2 budget. Regardless of the source, changes in the fuel com-
bustion chemistry can also be problematic: a particular disadvantage of
ethanol, for example, is that it can damage internal combustion engines,
increasing exhaust temperatures, causing deterioration of emission control
systems, and causing failure of various components through chemical action.
As a result it cannot yet be used in large proportions in unmodified engines.
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Similarly, unmodified biodiesels are not suitable as jet fuels, mainly as a result
of physical properties such as viscosity and a high freezing point.

Third-generation biofuels provide a way to bypass these challenges; these
fuels are those derived from algal biomass. The term algae (or macroalgae)
refers to photosynthetic plants such as seaweed, while microalgae refers to
microscopic cellular organisms. Algae are responsible for processing or
capture of much of the CO2 in the world, as well as generation of significant
O2. Microalgae can produce oils with very high yields, much more effi-
ciently than terrestrial plants.290e293 C3 terrestrial plants are plants using
three-carbon fixation pathways; these have maximum potential photoeffi-
ciencies (converting solar energy into biomass energy) of about 5%, but a
practical maximum about half that (2.5%). Microalgae, on the other hand,
likely have practical maximum efficiencies several times that (8e10%).294

Microalgae are extremely adaptable to changes in conditions; this
property is termed metabolic plasticity.295 These microorganisms have the
potential for producing diverse biomass, in diverse and harsh environments.
Algal-based systems can be used on land unsuited for agricultural and can use
non-fresh water sources such as remediated municipal wastewater296e301

and even brackish water.302,303 Microalgae can fixate carbon via photosyn-
thesis, sequestering CO2 from industrial sources and power plants, bio-
converting CO2 and recycling it back to raw materials (fuels).304e306 This
process has been termed “sunlight to biomass.”307e310

There are several different reactor systems and variations for cultivating
algae. The simplest and least expensive of these is the use of natural waters
such as open ponds, lagoons, and raceway ponds.311,312 The drawbacks
include the potential for contamination by other species, losses due to evap-
oration, and slow uptake of atmospheric CO2. A solution to some of these
issues is employing closed ponds, where use of a transparent cover eliminates
contamination and evaporation, and creates a greenhouse effect, extending
the season for cultivation. Closed tubular photobioreactors (and other ge-
ometries) provide the ability to highly control the production of algal bio-
fuels and obtain high yields. These systems are, however, more complicated
and have much higher capital costs.313,314

Algal-based bioconversion processes are simplified conceptually
compared to second-generation biofuel processes, since in this case, the pri-
mary reactor is a cellular organism that can bypass other processing steps that
would otherwise require physical reactors (such as for separation, thermal
processing, chemical transformations, etc.). This makes the overall process
more efficient.
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Much more research is needed, however, in order to fully understand
and optimize the mechanisms of algae-based fuel production.315,316 Meta-
bolic engineering will be required. In assessing the feasibility of scaling up
the algae-to-biofuel conversion on a commercial scale, one must consider
many factors, including a full life cycle assessment of the overall process
and the energy budget to manage water consumption and extraction
processes.317e320 Light is an important element in the equation. Sources
of energy losses in light harvesting need to be identified and minimized,
photosynthesis efficiency needs to be increased, and the problem of light
penetration into dense cultures needs to be addressed. A second important
element is the source of carbon: ideally, algal biofuel production would
be collocated with power plants that generate CO2 and mechanisms for
concentrating the CO2 would be developed. The third element in the
algae-to-biofuel equation is the source of fertilizers (nitrogen- and phospho-
rous-containing fertilizers); economic and readily available sources must be
established, as must be the ability to recycle the fertilizers.313

Finally, as described in the referenced work, bioengineered algae, also
referred to as fourth-generation biofuels, could potentially produce a plethora
of fuels including ethanol,282,321 butanol,322 methane, hydrogen,323,324

isoprene,325,326 vegetable oil, biodiesel, gasoline, and jet fuel.327 There is
great potential for producing fuels simply from solar energy, water, and
CO2: all in great abundance; the combustion behavior of these fuels can again
be modeled through the use of detailed chemical kinetic mechanisms.

5. CHALLENGES IN BIOFUEL COMBUSTION
ENGINEERING

On a global scale, interest in biofuels is related to the desire to reduce
dependence on petroleum products used for transportation and heating fuels
by supplementing these fuels with energy generated from biomass. The ma-
jor goals are to develop sustainable (and economical) sources of renewable
energy, to develop fuels that are clean burning, and to reduce greenhouse
gases and toxic emissions. In considering the efficacy of various types of
biomass as fuels, one must look at each potential fuel in a full life cycle assess-
ment considering economic, environmental, and even social impacts. Simi-
larly, when considering a life cycle assessment of particular biofuels, one
must evaluate the complete impact on carbon neutrality. The combustion
of biomass is theoretically carbon neutral, since the CO2 generated (and
released into the atmosphere) during combustion is being recycled from

Combustion Pathways of Biofuel Model Compounds 165

Advances in Physical Organic Chemistry, First Edition, 2015, 103e187

Author's personal copy



CO2, which was extracted from the atmosphere by the plants and used
through the process of photosynthesis (light, water, and CO2) to generate
biomass. In a full life cycle assessment, one must also consider a wide range
of other factors including health, environment, natural resources, land use
changes, geographic variability, agricultural policies, and economic
impacts.328 For example, with regard to land use changes, the clearing of
pasture land and rainforests to use for growing sugarcane (or palm) impacts
the food supply, reduces natural CO2 sequestration, and decreases biodiver-
sity.329e332

From an engineering perspective, in assessing the required characteristics
of the biofuels themselves, one must consider a variety of chemical, physical,
and environmental properties. These include factors such as total energy con-
tent, ease of ignition (quantified by octane and cetane numbers), heat release
rates, evaporative spray characteristics (vapor pressures), flammability safety
(flash point), flow properties (viscosity), density, miscibility, fuel toxicity,
emissions, impact on engine parts, and stability in storage.

With respect to factors pertaining to the use of biofuels, the blending of
biofuels with HC fuels poses challenges.155 For example, ethanol is hygro-
scopic, absorbing moisture, leading to contamination in storage tanks and
phase separation of an ethanolewater layer particularly in cold weather
(condensation).333 Ethanol blends are also problematic in transportation
through pipelines; ethanol can cause corrosion and also scrubs water from
the walls of the pipelines.

Butanol blends are superior to ethanol in most regards. Compared to
ethanol, butanol has energy content comparable to HC fuels, and lower
temperature ignition characteristics; it can be used at higher concentration
blends (without modification to engines), and it is a safer fuel (higher flash
point and lower volatility).334,335 In general, it lowers unfavorable emissions
(HCs, CO, NOx, soot) compared to HC fuels, although this depends upon
engine characteristics, conditions, and other factors. The cost of production
of butanol is much higher than that for ethanol, as it requires more process-
ing steps to convert raw material (e.g., switchgrass) to useful fuel. In partic-
ular, butanol/gasoline blends have an improved emission profile (decreasing
HCs, CO, and NOx emissions) and lower vapor pressures; furthermore,
these blends do not damage engines like ethanol, they have heat content
similar to gasoline alone (while ethanol has a limited energy density), and
they are safer to transport.

The shelf life of biofuels is also a practical issue. Biodiesel is composed of
oxygenated HCs and thus oxidized more quickly than pure HC fuels,
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particularly for biodiesel with unsaturated compounds.336 A nitrogen blan-
ket can be used to prevent oxidation of biodiesel in storage tanks. Additives
can be used to minimize degradation of the fuel. Biodiesel is more likely to
gel in cold weather, which can be effectively solved with additives. Some
biofuel blends may also cause problems by degrading fuel lines, seals, and
other components. Some modifications to engines may be necessary with
higher biofuel content: replacement of incompatible seals and gaskets,
replacing fuel injectors to optimize fuel spray characteristics, adjusting of
timing, and changes in emission control (to minimize NOx).

Relative to HC fuels, biodiesel has less energy content (w10%), thereby
reducing power and fuel economy. However, biodiesel used as a heating
fuel has better performance, results in lower NOx emissions, and produces
less SO2 (because of the high sulfur content in petroleum-based heating
oil).337,338 Biodiesel fuel has higher cetane values, resulting in better igni-
tion.339 Biofuels are also beneficial when blended because of increased lubri-
cation in diesel fuels; their high viscosity makes them better lubricants,
increasing engine life. However, unrefined vegetable oils used as fuels can
cause engine deposits, gelling, valve sticking, and other problems due to
greater viscosity of the oils.

Biodiesel is a good solvent and consequently can keep an engine cleaner.
However, alkyl esters (the components in biodiesel) can dissolve sediments
in tanks, pipes, and engines; soften rubber compounds in hoses and gaskets;
and react with plastic, brass, bronze, and galvanized metals. Moreover, bio-
diesel gelling can clog filters.340

Biodiesel fuels (composed typically of methyl, ethyl, and isopropyl esters)
generally reduce particulate matter (PM), HC, and carbon monoxide (CO)
emissions, because of greater oxygen content in the fuel.341,342 The reduc-
tion in PM and HC emissions makes diesel less toxic. NOx emissions, how-
ever, are observed to increase.343

Exhaust emissions from biofuel blends are an important concern.344 The
oxygenated HCs naturally can lead to increased emission of carbonyl-
containing compounds: aldehydes and ketones. Common undesirable
emissions include formaldehyde [CH2O], acetaldehyde [CH3CH(O)], and
acrolein, also called propenal [CH2aCHCH(O)].345 These are irritants
that impact humans (eyes, nose, throat, lungs), particularly of those with
asthma and allergies.346 Acrolein decomposes in water and hence adversely
impacts aquatic plants347; this decomposition is accelerated by sunlight.
These carbonyl compounds and other volatile organic compounds also
impact air quality as precursors to photochemical smog.348e350
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While the above challenges represent areas that need further work and
consideration, none of the difficulties appear to be insurmountable, and bio-
fuels continue to be a promising solution in the quest to develop renewable
and sustainable energy sources.

6. CONCLUSION

In this chapter, we have provided an overview of the development of
detailed chemical kinetic mechanisms. We have addressed recent experi-
mental and computational work of interest in developing detailed chemical
kinetic mechanisms for first- and second-generation biofuels. We have also
provided an overview of third- and fourth-generation biofuels and current
challenges facing the combustion chemistry community.

With respect to first-generation biofuels, at this point, a general picture
of the combustion chemistry of ethanol has been established. The remaining
kinetic questions revolve around details concerning branching ratios, correct
descriptions of the pressure dependence of reactions, and the quantitative
importance of chemically activated reactions. That is certainly not to say
that a fully validated model for all conditions is currently available. Even
for well-studied reactions, it is often the case that different levels of theory
yield different answers with respect to both the branching of competing
pathways and the impact of pressure and temperature on the rate constants.
Such differences translate into different predictions for global properties of
interest, a particular problem when models are extrapolated outside of
experimentally studied conditions. A current difficulty is the absence of reli-
able reference data that can be used to test theoretical predictions of elemen-
tary processes and establish which methods are most reliable.

The past decade has seen rapid progress in the development of detailed
chemical kinetic models of biodiesel fuels. While there is now a general
understanding of much of the chemistry, there remain various difficulties
with quantitative predictions and the ability to match all experimental results
over a wide range of conditions. Many of the issues have to do with the
kinetics of specific elementary reactions, and there are an increasing number
of publications that attempt to directly study these processes and obtain
more accurate kinetics. These recent works give greater insight into combus-
tion chemistry of methyl butanoate (MB) and other esters, both in the ignition
region and in the high-temperature regime. Many of the results, however,
have not yet been incorporated into the detailed kineticmodels, and it remains
to be seen to what extent the new data will resolve the various discrepancies
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between experiment and simulation. At this point it is clear from the available
work that the branching ratios for competing elementary reactions are a key
determinant of behavior. It is also seen that different values are obtained at
different levels of theory. Reducing the uncertainty in the relative rates, either
by experiment or improved theory, is one of the future challenges in this field.

Studies of lignocellulosic biofuel model compounds have likewise
increased significantly in the past decade. Reaction pathways with
implications for soot, aldehydic, and NOx emissions from oxygenated and
otherwise-functionalized fuels have been examined. Several key intermedi-
ates in pyrolytic pathways have been identified, including furanic carbenes,
furanylmethyl radicals, dihydrofurans, and unsaturated ketones and aldehydes.
Low-temperature combustion reactions available to these compounds are
largely unexplored and, where modeled, involve highly functionalized per-
oxy radicals with the capacity for novel reactions. As cyclic oxygenated species
break down into smaller acyclic species, some potential arises for overlap with
extant mechanisms for HC combustion. Composite ab initio and DFT calcu-
lations have been proved to be particularly useful in recent computational ex-
plorations of these compounds and their reaction pathways.

Third- and fourth-generation biofuels employ algae and bioengineered
algae, respectively, to generate a wide variety of useful fuels. These innova-
tive techniques for fuel production are only beginning to be explored. The
increasing focus on alternative fuels presents a wide variety of interesting
experimental targets and challenges, from both molecular and macroscopic
standpoints.

In preparing this chapter, we have focused on experiments and compu-
tational studies completed over the past few decades, regarding the complex
chemistry of biofuels and their model compounds, and we have highlighted
reactive intermediates likely to be of future interest, in the development of
detailed chemical kinetic mechanisms for biofuels. We anticipate that the
thermodynamic properties and kinetic parameters of these oxygenated fuels
and their reaction pathways will continue to provide interesting targets for
physical organic chemists in the years ahead.
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