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Abstract: The pyrolysis of woody biomass, including the lignin component, is emerging as a
potential technology for the production of renewable fuels and commodity chemicals. Here we
describe the construction and implementation of an elementary chemical kinetic model for pyrolysis
of the lignin model compound chroman and its reaction intermediate ortho-quinone methide (0-QM).
The model is developed using both experimental and theoretical data, and represents a hybrid
approach to kinetic modeling that has the potential to provide molecular level insight into reaction
pathways and intermediates while accurately describing reaction rates and product formation. The
kinetic model developed here can replicate all known aspects of chroman pyrolysis, and provides
new information on elementary reaction steps. Chroman pyrolysis is found to proceed via an initial
retro-Diels—Alder reaction to form 0-QM + ethene (C,Hy), followed by dissociation of 0-QM to the
CesHg isomers benzene and fulvene (+ CO). At temperatures of around 1000-1200 K and above
fulvene rapidly isomerizes to benzene, where an activation energy of around 270 kJ mol™ is required
to reproduce experimental observations. A new G3SX level energy surface for the isomerization of
fulvene to benzene supports this result. Our modeling also suggests that thermal decomposition of
fulvene may be important at around 950 K and above. This study demonstrates that theoretical
protocols can provide a significant contribution to the development of kinetic models for biomass
pyrolysis by elucidating reaction mechanisms, intermediates, and products, and also by supplying
realistic rate coefficients and thermochemical properties.
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1. Introduction

Pyrolysis is a potentially viable technology for upgrading biomass to renewable liquid and
gaseous fuels, as well as valuable commodity chemicals and solvents. With an increasing need for
renewable energy resources, greater focus is currently being directed at modeling biomass pyrolysis.
Modeling of such reaction schemes falls into two broad categories: (i) lumped models, where
empirical fits are made to experimental results, not necessarily based on elementary reactions, and (ii)
molecular-level models, which utilize large reaction networks along with the requisite fundamental
kinetic and thermodynamic parameters [1-5]. Molecular models are the more costly of the two to
produce, but provide greater chemical insight into the pyrolysis process, along with improved
extrapolation to conditions where experimental data does not exist.

The many components of biomass, and their heterogeneity, make the production of
molecular-level kinetic models a complicated, expensive, and generally forbidding task. For woody
biomass, we can separate the material into the discrete fractions of cellulose, hemicellulose, and
lignin, which can then be described using a range of simplified model compounds [1-5].
Experimental and theoretical studies can provide the kinetic and thermodynamic properties required
to predict the decomposition behavior of these model compounds, which can then be stitched
together into large reaction networks. In this study we argue for a hybrid experimental/theoretical
approach to the construction of molecular-level models for biomass pyrolysis. Theoretical gas
kinetics methods, based upon ab initio computational chemistry and statistical reaction rate theory,
can complement experimental studies by predicting rate coefficients, mechanisms, and products for
reactions that may be difficult and/or costly to study in the laboratory. These theoretical techniques
are now becoming widely adopted, and it is important that we begin to quantify their potential to
contribute to the development of fundamental models of biomass pyrolysis.

Chroman and ortho-quinone methide (0-QM), depicted in Scheme 1, are two of the many
proposed model compounds for lignin [6], the oxygenated aromatic fraction of woody biomass that
can account for around 20% of its mass. These compounds are also representative of functional
groups encountered in low-rank coals and crude oils [7]. Chroman and 0-QM are the targets of this
study as their decomposition reactions have been studied both experimentally [6,8,9] and
theoretically [10]. Furthermore, even though the chroman pyrolysis mechanism is thought to involve
only a relatively small number of elementary reactions, there remain several outstanding aspects that
would benefit from further study.

Scheme 1: Some important compounds from the present study.

0 (0]
©ij i :CHQ
chroman ortho-quinone methide tropone fulvene
(0-QM)

o CH,

AIMS Environmental Science Volume 1, 2013, 12-25.



14

The main reaction steps thought to be involved in chroman pyrolysis are depicted in Scheme 2.
Experimental studies reveal that the initial stage in chroman pyrolysis is decomposition to 0-QM +
ethene (C,Hy), with activation energy of 263 kJ mol™ [6]. This initial reaction step is not well
understood, but is thought to involve either a concerted retro-Diels—Alder reaction or a step-wise
biradical process, as shown in Scheme 3. The 0-QM product of chroman decomposition is an
important intermediate in lignin pyrolysis in its own right, formed for example in the thermal
processing of o-methoxyphenol and its derivatives [11,12]. Additionally, 0-QM has been proposed as
an intermediate in the combustion of alkylated aromatic hydrocarbons through oxidation of the
o-methylphenyl radical [13,14]. This radical can form in toluene combustion through abstraction of
phenyl H atoms, and in o-xylene combustion via C—C dissociation or o-methylbenzyl radical
oxidation [15-18].

Scheme 2: Main reaction pathways in chroman pyrolysis.
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Scheme 3: Concerted and step-wise mechanisms for decomposition of chroman.
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Once formed, 0-QM can decompose to the C¢Hg compounds benzene and fulvene (+ CO) [6,19].
Experimentally, the overall activation energy for 0o-QM decomposition has been measured as 281 kJ
mol” [6], and relatively high temperatures are therefore required to effect decomposition. Below
1000 K these experiments detected significant quantities of fulvene, but at higher temperatures
benzene was the main decomposition product. A quantum chemical study of 0-QM decomposition
proposed the mechanism shown in Scheme 4, which accounts for the simultaneous formation of
benzene (via a hydroxy-phenylcarbene intermediate) and fulvene (via a ring-opening intermediate
that isomerizes to a bicyclic species). The overall activation energy was calculated as 298 kJ mol™[6],
where the benzene channel dominated at low temperatures and fulvene was the major product above
around 1400 K. The isomerization of fulvene to benzene at these higher temperatures was proposed
to explain the observations of Dorrestijn et al. [6]. In slow pyrolysis processes, where radicals are
present, 0-QM can also react with free H atoms or abstract H to form o-cresol, via either
o-methylphenoxyl or o-hydroxybenzyl radical intermediates (here we are not concerned with the
kinetics and mechanism of these radical processes). The presence of o-cresol in biomass pyrolysis
residue points to 0-QM as a key reaction intermediate, which is thought to play a crucial role in char
formation [20].

Scheme 4: Proposed mechanism for decomposition of 0-QM to benzene and fulvene
(+ CO) [10].
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This study aims to characterize the decomposition kinetics of chroman to the C¢Hg species
benzene and fulvene (+ CO) using a hybrid experimental/theoretical kinetic model. This model is
then used to predict species profiles in the chroman decomposition process as a function of time and
temperature, which are compared to experimental results. The aim of this study is to demonstrate the
usefulness of theoretical methods in supplementing the experimental approach to constructing
detailed molecular-level models for biomass pyrolysis, as well as to further explore the mechanism
and kinetics of chroman and 0-QM pyrolysis.

L

1.1. Computational Methods
1.1.1.  Quantum Chemical Calculations

The decomposition of chroman to 0-QM + C,;Hy4 and the equilibrium reaction between fulvene
and benzene have been studied using ab initio quantum chemical methods. All structures are
optimized with the B3LYP/6-31G(2df,p) DFT model chemistry, with energies provided at the
high-level composite G3SX level [21]. The G3SX method uses the B3LYP/6-31G(2df,p) structures,
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vibrational frequencies, and zero point energies, along with a series of single-point wavefunction
theory energy calculations from HF theory through QCISD(T). Empirical scaling corrections are also
incorporated into the final energy, along with spin-orbit corrections for the atoms. The G3SX method
was chosen here for its accuracy in reproducing experimental thermochemical and kinetic
properties [21-23]. All wave function theory and DFT calculations were performed using Gaussian
03 [24].

1.1.2. Thermochemical Calculations

Thermochemical properties (AgH 298, S°9s, Cp(7T)) are evaluated for stationary points in the
chroman — 0-QM + C,Hj4 reaction, and for the C¢Hg species benzene and fulvene. Standard heats of
formation (A¢H®;9g, kJ mol'l) are calculated using atomization work reactions, as described
recently [25]. Entropies and heat capacities are calculated according to standard principles of
statistical mechanics, using B3LYP/6-31G(2df,p) optimized structures, vibrational frequencies, and
moments of inertia.

1.1.3. Transition State Theory Calculations

High-pressure limit rate coefficients in the elementary chroman — 0-QM + C,H,4 reaction are
calculated as a function of temperature from canonical transition state theory. Calculations were
performed in ChemRate 1.5.2 [26], at temperatures between 300 and 2000 K. Calculated rate
coefficients were fit to the Arrhenius equation or the modified three-parameter form of the Arrhenius
equation k = A'T"exp(-E./RT) in order to obtain the rate coefficient parameters F,, A’, and n. All
first-order rate coefficients reported in this study are in units of s, with 4 or 4'T" in s™" and E, in kJ
mol™.

1.1.4. Kinetic Modeling

This study seeks to replicate experimental results on chroman pyrolysis obtained using a flow
reactor with online GC analysis [6,9]. Assuming that plug flow conditions were obtained within the
reactor, fluid elements at any position along the reactor (i.e., in kinetic time) can be assumed
homogeneous; the change in concentration with time of each species can thus be obtained by solving
the system of ordinary differential equations (ODEs) that describes their formation and loss terms
due to gas-phase chemical reactions only. By solving this system of ODEs over the residence time of
the reactor we can then obtain the final composition. Experimental results were obtained under
essentially isothermal conditions, with residence times between 2.9 s and 4.0 s. Our simulations are
performed at constant temperature / constant volume conditions, using the average residence time of
3.45 s (note that varying the residence time between 2.9 s and 4.0 s changes the model results very
little). For comparison to our model results, experimental data for composition versus temperature in
chroman pyrolysis were graphically interpolated from the work of Dorrestijn et al. [6].

The system of reactions used to describe chroman pyrolysis is described later, but briefly it
consists of: (i) irreversible chroman decomposition to 0-QM + C,H4, (ii) irreversible 0-QM
decomposition to CO + benzene / fulvene, and (iii) reversible isomerization between fulvene and
benzene. Radical processes, heterogeneous wall chemistry, and thermal decomposition of C,Ha,
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benzene, and fulvene, are not considered here. The resultant system of ODEs, complete with all
required rate coefficients, are solved numerically to obtain important species concentrations as a
function of time. The numerical procedure uses a variable-order stiff ODE solver implemented in
MATLAB, and is described in detail elsewhere [27].

2. Results and Discussion
2.1. Ab Initio Calculations

The decomposition of chroman to 0-QM + C,H4 has been studied using the G3SX composite
theoretical method. This reaction was found to proceed according to a concerted retro-Diels—Alder
mechanism, via the transition state structure depicted in Figure 1 (which also displays displacement
vectors for the imaginary vibrational frequency). An energy diagram for this mechanism is shown in
Figure 2, constructed according to the theory of intersecting harmonic parabolic wells [28]. From
Figure 2 we see that the standard enthalpy of activation for this dissociation reaction is 250 kJ mol™,
which is very similar to the experimental activation energy of Dorrestijn et al. [6]. The
thermodynamic component of the barrier provides the largest impediment to reaction, with a
relatively small barrier (53.9 kJ mol™) for the reverse reaction between 0-QM and C,Hs.

0L 1%

Figure 1. Optimized structures for chroman (left) and its decomposition transition
state (right). B3LYP/6-31G(2df,p) level.
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Figure 2. Energy surface for the decomposition of chroman to 0-QM + C,Hy, at the
G3SX level of theory.
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High-pressure limit rate coefficients for chroman decomposition have been calculated between
300 and 2000 K, and fit to the Arrhenius equation, providing a pre-exponential factor of 9.66x10'* s
and activation energy of 258.3 kJ mol'. These values are in excellent agreement with the available
experimental data, where the pre-exponential factor (2.00x10" s) is slightly larger (i.e., faster),
compensating for the somewhat greater (i.c., slower) activation energy (263 kJ mol™). This is
illustrated in Figure 3, where the experimental data for chroman decomposition measured between
750 K and 920 K is compared with simulated results using the theoretical rate coefficient expression.
This figure demonstrates that the purely ab initio kinetic model for chroman decomposition can
accurately describe the experimental data across the complete range of temperatures. The high level
of agreement between the experimental and theoretical rate coefficient expressions provides strong
support for the concerted retro-Diels—Alder mechanism proposed for chroman decomposition. The
transition state structure for chroman decomposition is loose, with C---C distance of 2.16 A and
O---C distance of 2.29 A. Displacement vectors illustrate that the main process occurring in the
transition state is cleavage of the C—C bond, where O—C bond dissociation is almost complete.
This loose transition state, dominated by C—C homolysis, provides a possible explanation for the
high pre-exponential factor for this reaction, which was previously thought to be indicative of a
step-wise biradical mechanism [29]. Rate coefficients have also been calculated in the reverse 0-QM
+ C,H4 reaction, for the sake of posterity, and they are found to obey the expression k£ =
1.08x10* 7> %exp(~6130/T) cm’ molecule™ s (in the high pressure limit from 300-2000 K).

10 T T T T T T T T T T
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Figure 3. Relative concentration of chroman from pyrolysis experiments between
and 750 and 920 K, and predicted by a theoretical chemical kinetic model.

The final process for which rate coefficients are required is the isomerization of benzene to
fulvene. The fulvene — benzene isomerization reaction has been studied by Gaynor et al. [30], and
reverse rate coefficients can be obtained from K(7) according to the principle of microscopic
reversibility. Thermochemical properties for benzene and fulvene have been calculated at the G3SX
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level and are listed here in Tables 1 and 2 (values for chroman are also included, for the sake of
posterity). These results have been used to determine the equilibrium constant for the fulvene «
benzene isomerization process between 300 K and 2000 K, which are provided here in Table 3.
Using our calculated K(7) values, and the experimental rate coefficient expression k(7) =
3.00x10"exp(—32716/T) s for the fulvene to benzene rearrangement, we have calculated rate
coefficients in the reverse process between 300 and 2000 K. Fitting these rate coefficients to the
modified three-parameter Arrhenius expression we find k(7) = 4.00x10"°7°*exp(-48412/T) s™.
Note that the theoretical rate coefficient expression k(T) = 7.59x10"exp(—37170/T) s has also been
reported for the fulvene to benzene isomerization process [31]. There is a large difference between
the theoretical and experimental activation energies for this isomerization reaction (37 kJ mol™), and
it has been previously suggested that the experimental data may be in error [31]. The kinetic model
developed here provides us with an opportunity to reexamine this outstanding issue.

Table 1. Standard enthalpies of formation and entropies for benzene, fulvene, and
chroman.

AtH 98 §5208
(kI mol™)  (Jmol’ K™
benzene 85.6 268.39
fulvene 216.7 292.42
chroman -92.1 360.04

Table 2. Temperature-dependent heat capacity data, C,(7) (J mol” K™), for benzene,
fulvene, and chroman.

300 400 500 600 800 1000 1500 2000
benzene  80.99 110.88 136.48 157.17 187.57 208.67 241.00 255.74
fulvene 88.55 117.88 14235 16191 190.58 210.61 240.76 256.11
chroman 140.44 198.81 232.85 268.22 320.85 357.45 411.14 437.65

Table 3. Ab initio equilibrium constant, log;o[K(7)], for the isomerization of benzene
to fulvene.

300 400 500 600 800 1000 1500 2000
-21.547  -15.831 -12.383 -10.074  -7.174 -5425 -3.084 -1.91

2.2. Kinetic Model

Rate coefficient parameters for all reactions in the developed kinetic model are provided in Table
4. The chroman decomposition rate coefficient expression was derived by Dorrestijn et al. [6], using
the experimental data that we are modeling here. For 0-QM decomposition, the overall reaction rate
is also that given by Dorrestijn et al. [6], but in order to describe formation of both benzene and
fulvene the branching ratios for these two product sets calculated by da Silva and Bozzelli [9] are
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employed. Combining these rate coefficients for total decomposition and branching ratios to benzene
+ CO versus fulvene + CO we can calculate rate coefficients to both channels as a function of
temperature (300-2000 K). Fitting these rate coefficients to the three-parameter form of the
Arrhenius equation we obtain the rate coefficient expressions provided in Table 4. The rate
coefficient fits require large negative values of n (and subsequently large values of A’ to compensate),
in order to describe the increasing contribution of fulvene with increasing temperature. Nevertheless,
the two three-parameter rate coefficient expressions reproduce rate coefficients obtained via the
single two-parameter experimental expression to within 2% at relevant temperatures. Finally, for the
isomerization of fulvene to benzene the experimental rate coefficient expression of Gaynor et al. [30]
is used, with reverse rate coefficients calculated here, as described above.

Table 4: Rate coefficient parameters for the proposed detailed chemical kinetic
model of chroman decomposition.

A (s n(-) E, (kJ mol™) reference
chroman — 0-QM + C,H4 2.00x10" - 263.0 [6]
0-QM — benzene + CO 2.38x10%*  -3.521 301.9 [6], [10], this study
0-QM — fulvene + CO 1.29x10®  -3.800 352.9 [6], [10], this study
fulvene — benzene 3.00x10" - 272.0 [20]
benzene — fulvene 4.00x10" 0.419 402.5 [20], this study

2.3. Pyrolysis Kinetics

Experimental results for the pyrolysis of chroman in a flow tube reactor at temperatures
between 750 K and 1050 K, forming C¢Hs products, have been simulated using the hybrid kinetic
model described above. Experimental results for relative amounts of benzene + fulvene +
1-buten-3-yne are assumed to be equivalent to modeled total C¢Hg products (benzene + fulvene).

Concentrations of key species in the chroman pyrolysis process normalized against the initial
chroman concentration, as predicted by the hybrid kinetic model, are shown in Figure 4. Not
surprisingly, the model accurately describes the disappearance of chroman as a function of
temperature. At temperatures above around 850 K the 0-QM intermediate (not shown) begins to
decompose, forming the C¢Hg products benzene and fulvene, along with CO (model concentration of
CO is equivalent to total C¢Hg). The model describes the formation of total C¢Hg products (benzene,
fulvene, and the fulvene decomposition product 1-buten-3-yne) accurately up to around 950 K. At
higher temperatures the total concentration of C¢H isomers is over-predicted, with the experimental
results more-closely resembling the predicted benzene concentration. At temperatures of around 950
to 1000 K the formation of fulvene is expected to be significant; at lower temperatures fulvene is
produced in minor amounts, while at higher temperatures it is predicted to isomerize to benzene. The
reason for over-prediction of total CsHs products is unclear, but could indicate that the
experimentally determined activation energy for 0-QM decomposition is slightly too large (by
around 1 kJ mol™). Alternatively, seeing as the predicted benzene concentration closely matches the
measured benzene + fulvene + 1-buten-3-yne levels, this finding may indicate that the minor 0-QM
decomposition products (i.e., those other than benzene) were not accurately quantified
experimentally or that fulvene was decomposing to products that were unaccounted for.

AIMS Environmental Science Volume 1, 2013, 12-25.



21

m} [ ] Chroman
[m] Benzene +
fulvene +

4 1-buten-3-yne

Chroman
_——_—— Benzene
—— - Fulvene
................ Total CH,

Relative Concentration

0.0 \ i - = : \ -~
750 800 850 900 950 1000 1050

Figure 4. Relative concentrations for key species in the pyrolysis of chroman, from
experiment (dot points, ref. 3) and predicted by a hybrid experimental / theoretical
kinetic model (solid lines).

Figure 5 shows the time-evolution of species in chroman pyrolysis at 1000 K (a typical
pyrolysis temperature). We find that chroman is removed within a fraction of a second, followed by
slower decomposition of 0-QM to both benzene and fulvene. At times longer than those shown,
fulvene and benzene slowly achieve their equilibrium distribution.
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Figure 5. Predicted species profiles versus time in chroman pyrolysis at 1000 K,
using a hybrid experimental/theoretical kinetic model.

AIMS Environmental Science Volume 1, 2013, 12-25.



22

To further examine the role of fulvene in chroman pyrolysis, predicted ratios of fulvene to total
CsHg products are plotted in Figure 6, where they are compared with the available experimental data.
The model shows that fulvene formation is kinetically limited at temperatures below about 950 K,
above which the system approaches equilibrium. Experimentally, it was observed that fulvene
accounted for around 10% of the 0-QM decomposition products at 900 and 950, and 2% at 1006 K,
with no fulvene detected at 1040 K and above. We find that the kinetic model can account for
branching to fulvene relatively well at around 900-950 K. This suggests that the theoretically
predicted branching ratio used in the kinetic model is relatively accurate, and therefore provides
some support for the proposed mechanism. At higher temperatures the model also describes the
decreased amounts of fulvene encountered experimentally, which suggests that the experimental rate
coefficient expression for the isomerization of fulvene to benzene is accurate. In contrast, if the
previously-obtained theoretical result for fulvene isomerization is used [31], predicted fulvene levels
are dramatically over-predicted.

0.12 T 1 T T T T T T T T

B Observed
0.10 Modelled

0.08

0.06

0.04

Fulvene : Total C4H,

0.02

000 1 1 L 1 1 1 L 1 L 1 L ._
750 800 850 900 950 1000 1050

T(K)

Figure 6. Ratio of fulvene to total C¢Hg products in chroman pyrolysis, from
experimental observations and kinetic modeling.

Fulvene is a product in many gas-phase reaction mechanisms, in addition to the more-stable and
more commonly considered CsHg isomer benzene [32,33]. It is therefore critical that we understand
the fate of fulvene in thermal systems, and can reconcile experimental observations with theoretical
calculations. We have revisited the fulvene — benzene isomerization process theoretically, using the
G3SX method. An energy surface for the isomerization of fulvene with benzene is shown in Figure 7.
We find that the methylene group in fulvene initially adds to the five-membered ring to form a
six-membered carbene product in a concerted reaction. The activation enthalpy for this initial
reaction is 270.7 kJ mol™, in excellent agreement with the overall experimental activation energy [30]
but significantly smaller than the previously reported theoretical one [31]. Following this initial
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rearrangement, an intramolecular H atom shift takes place in the sparingly-stable six-membered
carbene intermediate, with an almost negligible barrier. If we assume a single transition state model
for this reaction, in which fulvene and benzene are directly connected by the highest-energy
transition state structure, then we can approximate rate coefficients for the fulvene <> benzene
isomerization reaction. Fitting high-pressure limit rate coefficients between 300 and 2000 K to the
Arrhenius equation, we obtain the expression k& = 3.12x10"exp(—32976/T) s for the fulvene to
benzene rearrangement, or k = 1.02x10"exp(—48941/T) s in the reverse direction. These
calculated rate coefficients for fulvene isomerization are in very good agreement with those
measured experimentally, reconciling the previous discrepancy between experiment and theory.

300
250 [
200 |
150 |
100 |
50 [

O __
50 L
-100 |
150 L -131.0
200 L

Relative Enthalpy (kJ mol™)

Figure 7. Energy surface for the isomerization of fulvene to benzene, at the G3SX
level of theory.

3. Conclusion

We have constructed and applied a hybrid experimental/theoretical detailed chemical kinetic
model for the pyrolysis of chroman. In doing so, we have revealed important fundamental
information about the kinetics and mechanism of chroman pyrolysis, but perhaps more importantly
have demonstrated some of the ways in which high-level theoretical protocols (encompassing ab
initio computational chemistry and statistical mechanics / reaction rate theory) can contribute to the
development of molecular-level kinetic models for biomass pyrolysis. This study suggests that the
thermal decomposition of chroman proceeds via a retro-Diels—Alder mechanism to 0-QM + C,H4,
with subsequent decomposition of the 0-QM intermediate to both benzene and fulvene (+ CO).
Isomerization of fulvene to benzene is found to be an important process in chroman pyrolysis;
existing theoretical predictions of this reaction rate are found to be in error, although a new energy
surface for this C¢He isomerization is consistent with experiment. The hybrid model developed here
can explain all prior observations in chroman pyrolysis with detailed knowledge of every elementary
reaction step, and provides a strong case for combining experimental and theoretical methods in
constructing molecular-level models for biomass pyrolysis.
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