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Fast biomass pyrolysis is an effective process with high yields of bio-oil, and is a promising technology to
partially replace non-renewable fossil fuels. Bio-oils are complex mixtures with a large amount of oxygenated
organic species, such as esters, ethers, aldehydes, ketones, carboxylic acids, alcohols, and substituted
aromatic components. Anisole is a simple surrogate of primary tar from lignin pyrolysis and it is very useful to
investigate gas-phase reactions of methoxy-phenol species, expected precursors of poly-cyclic aromatic
hydrocarbons (PAH) and soot during biomass pyrolysis and bio-oil combustion. This work first presents new
pyrolysis data obtained in the Ghent flow reactor, and then it discusses a detailed kinetic mechanism of
anisole pyrolysis and oxidation. This scheme is further validated and compared, not only with these pyrolysis
data, but also with recently published data of anisole oxidation in jet stirred reactors. Ignition delay time and
laminar flame speed computations complement these detailed comparisons. This kinetic mechanism is a first
step and places the basis towards a successive model extension to catechol, guaiacol, and vanillin, as
representative phenolic components of bio-oil from biomass.

1. Introduction

Fast pyrolysis is an effective biomass conversion process with 70-80% liquid yield, and a high ratio of fuel to
feed. It is one of the promising technologies to compete with and partially replace non-renewable fossil fuel
resources. Bio-oils are complex mixtures with a great amount of large size oxygenated molecules, which
nearly involve all oxygenated organic species, such as esters, ethers, aldehydes, ketones, carboxylic acids,
alcohols, and phenols. Together with levoglucosan, furfural, and aldehydes, bio-oil typically contains
significant amounts of phenols with methoxy groups (~30% wt, as in Bertero et al. (2012)), typical
decomposition products of lignin components. Substituted phenolic species are also obtained in similar
amounts from the conversion of Arundo Donax L. to levulinic acid (Licursi et al., 2015). Mainly for this reason
and since several years, anisole was selected as a reference species (Suryan et al., 1988; Pecullan et al.,
1998; Barker-Hemings et al., 2012; Nowakoska et al., 2014). In fact, anisole is a simple surrogate of primary
tar from lignin pyrolysis and it is very useful to investigate the gas-phase reactions of methoxy-phenol species
forming PAH and soot during biomass pyrolysis and combustion. Figure 1 shows examples of aromatic and
phenolic species useful to characterize the pyrolysis and combustion behavior of tar species released from
biomass pyrolysis. This paper first presents new experimental data on anisole pyrolysis obtained in the flow
reactor at Ghent University, then it analyzes and discusses the detailed kinetic mechanism of pyrolysis and
oxidation of anisole, also based on several comparisons with experimental data allowing to derive rate rules
for the major reaction classes.
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Figure 1: Reference and typical phenolic and aromatic substituted components useful to characterize bio-oil.

2. Pyrolysis of anisole in a flow reactor

New experimental data of anisole pyrolysis are obtained on a bench-scale pyrolysis reactor setup,
schematically represented in Figure 2. The pyrolysis reactor is made of Incoloy 800HT, 1.475 m long, with an
internal diameter of 6 mm. Anisole and nitrogen are initially pre-heated up to 250 °C and then fed to the
tubular flow reactor, monitoring mass flow with Coriflow mass flow controllers. The reactor furnace is divided
into eight separate sections, which are electrically heated to set any type of temperature profile. Eight
thermocouples located along the reactor coil measure the temperature profile of the reacting gases.
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Figure 2: Schematic diagram of the bench-scale setup for anisole pyrolysis (1-N; 2-Anisole; 3-pump; 4-
massflow controller; 5-valve; 6-evaporator; 7-mixer; 8-heater; 9-reactor; 10-samplebox; 11-cyclone separator;
12-pressure regulator; 13-condenser; 14-dehydrator; 15-RGA GC for C4; 16-LOA GC for light oxygenates, 17-
GC x GC for Cs*; 18-data acquisition system, 19-liquid N2 supply to cool GC x GC, 20- COz and 21-N> supply
for modulation of GCxGC, 22-He supply for pressurizing feed, 23-He carrier gas supply to 3 GCs, 24-N,
carrier gas supply to RGA, 25-calibration gas mixtures to RGA).

The analysis section consists of a refinery gas analyzer (RGA), light oxygenate analyzer (LOA) and a GC x
GC-FID/TOF-MS which enable both qualification and quantification of the entire product stream. The reactor
effluent is sampled on-line at a temperature of 260°C. Quantification of C,. effluent gases was performed using
RGA, whereas the Cs. fraction was analyzed using GC x GC-FID/TOF-MS. The RGA was calibrated using a
standard calibration gas mixture and Cs. fraction is quantified using effective carbon number method. Details
of these analytical instruments and quantification methods have been discussed elsewhere (Van Geem et. al.,
2010; Pyl et al., 2011; Djokic et al., 2013). Figure 3 illustrates the GC x GC analysis of anisole pyrolysis,
showing product composition and emphasizing the PAH formation. Polycyclic aromatics like benzofuran,
dibenzofuran and biphenyl with oxygenated side chains were also identified (SriBala et al., 2016).
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Figure 3. GC x GC- FID chromatogram of anisole pyrolysis showing product composition at a reactor
temperature of 675 °C.

3. Kinetic mechanism of pyrolysis and oxidation of anisole

Table 1 shows relevant reactions of anisole pyrolysis and oxidation (Baker-Hemings et al., 2011), which are
here revised and coupled with the more general CRECK kinetic scheme (POLI_1710), recently modified to
include the Co-C; core developed at National University of Ireland, Galway (Keromnes et al. Combust Flame
2013, Burke et al. Combust Flame 2014). The overall kinetic scheme is available upon request to the authors.

Table 1: Relevant reactions in pyrolysis and combustion of anisole (after Barker Hemings et al. (2011)). Units
are l/mol/cal/s.

#  Reaction A Ea [cal/mol]
1 C6H50CH3 -> C6H50+CH3 5.00E+15 64700
2  CH3+C6H50 -> CH3C6H40H 1.50E+09 0

3  H+CB6H50CH3 -> C6H6+CH30 1.20E+10 5500
4  H+C6H50CH3 > H+CH3C6H40H 1.00E+09 5000
5  OH+C6H50CH3 > C6H50H+CH30 1.00E+10 5000
6 H+C6H50CH3 -> H2+C6H50CH2  7.10E+10 10500
7  CH3+C6H50CH3 -> 1.20E+09 11500
8 CH4+C6H50CH2 1.20E+10 3500
9  OH+C6H50CH3 > 1.60E+09 19000
10 H20+C6H50CH2 5.00E+10 49000
11 HO2+C6H50CH3 > 6.00E+11 0
12 H202+C6H50CH2 5.00E+11 43920
13  02+C6H50CH3 > 1.50E+11 0

HO2+C6H50CH2
H+C6H50 - C6H50H
C6H50 - cy-C5H5+CO
H+C6H50 > cy-C5H6+CO

Anisole decomposition mainly occurs through the thermal homolysis of the relatively weak C-O bond of
methoxy group, according to the reaction (R1): CeéHsOCH3; > CgHsO + CHs. Suryan et al. (1989) already
observed that the fission of the C-O bond accounts for the extensive conversion of anisole and the formation
of the resonantly stabilized phenoxy radical CsHsO, with a resonance energy of ~17.5 kcal/mol (Pecullan et
al.,, 1997). Figure 4 shows comparisons between experiments and model predictions. Interactions between
phenol and C; species form benzofuran, whereas dibenzofuran is mainly formed from self-recombination
reactions of phenoxy radicals.
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Figure 4. Anisole pyrolysis in Gent flow reactor. Comparisons between experimental data (symbols) and
model predictions (lines).

4. Comparisons with experimental data

Model simulations presented hereafter have been performed with the OpenSMOKE++ code of Cuoci et al.
(2015). Figure 5 shows a comparison of model predictions both with the pyrolysis and oxidation data of
Nowakowska et al. (2014). These JSR Nancy experiments were performed in the temperature range 673—
1173 K at constant pressure (106.7 kPa), and residence time of 2 s for both pyrolysis and oxidation conditions.
More recent data of Wagnon et al. (2017) have also been used to further validate the model. Model
predictions are reasonably within the experimental deviations.
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Figure 5. Anisole pyrolysis (triangles) and oxidation (squares) in Nancy JSR (Nowakowska et al. 2014).
Comparisons between experimental data (symbols) and model predictions (lines).

Shu et al. (2017) recently measured ignition delay times of anisole/air mixtures at various equivalence ratios
(9) and reflected shock pressure (p=10, 20 and 40 bar) in the temperature range 900-1600 K. Figure 6 shows
the satisfactorily agreement between measurements and model predictions at ¢=0.5. Deviations are observed
for long ignition time (> 1 ms), due to non-idealities of the experimental apparatus such as earlier pressure rise
prior to shock arrival, because of pre-ignitions (Davidson and Hanson, 2004). More than the effect of unlikely
low temperature reactions, the inclusion of facility effects in terms of pressure variation over time would
improve such comparisons.
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Figure 6. Ignition Delay Time of anisole/air mixtures at =0.5, at p=10, 20 and 40 bar (Shu et al., 2017).
Comparisons of experimental data (symbols) and constant volume simulations (lines).
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Figure 7. Laminar flame speed. Comparisons of experimental data (symbols) and model predictions (lines).
Sensitivity coefficients of laminar flame speed at =1.1

Figure 7 compares predicted and experimental premixed laminar burning speed, as measured on a heat flux
stabilized burner at an unburnt temperature of 358 K and 1 bar (Wagnon et al. 2017). Model underestimations
are even higher than the ones already observed by Wagnon. To highlight kinetic reasons behind such
deviations, sensitivity coefficients for the case at ¢=1.1 are also reported in the figure. Beside key reactions
belonging to the Co-C, core mechanism, none of fuel specific reactions appears in the top ten most sensitive
reactions. However, the phenol and cyclopentadiene sub-mechanisms show some importance, and they
require a specific and careful attention. The recombination of H radicals with phenoxy and cyclopentadienyl
radicals significantly reduce anisole laminar flame speed, but they also control benzene flame reactivity (Ranzi
et al., 2012).

5. Conclusions

This study presents an update and extension of anisole pyrolysis and oxidation kinetic mechanism together
with new experimental measurements in a flow reactor. The kinetic mechanisms of anisole are mainly derived
from the gas—phase reactions of phenol and aromatic components. Due to the hierarchical structure of
detailed kinetic mechanisms, these subsets will constitute the basis for the successive extension of the kinetic
scheme to describe the pyrolysis and oxidation of more representative and substituted aromatic compounds
found in bio-oils such as guaiacol (2-metoxy-phenol), catechol (2-hydroxy-phenol), and vanillin (4-hydroxy-3-
methoxy-benzaldehyde: CgHgO3).
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