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Abstract

Hydroxycinnamaldehyde monomers are major pyrolysis products of lignocellulose biomass, and
important intermediates in lignin biosynthesis. In this work, for the first time, the gas-phase
pyrolysis of two hydroxycinnamaldehyde monomers, p-coumaraldehyde (PA) and
coniferaldehyde (CoA), was studied experimentally and theoretically at 873-1123 K and 723—
923 K, respectively. The experimental data were gathered using a tandem pyrolysis reactor
hyphenated with a GC x GC-FID/TOF-MS and a customized GC for on-line analysis. This
allowed to quantify polyaromatic compounds with up to four aromatic rings. The potential energy
surface calculations at CBS-QB3 level helped to identify a new decomposition path of primary
phenoxy-type radicals in PA and CoA pyrolysis, causing the decarbonylation of side-chain (-
CH=CHCHO) via a combination of trans-cis isomerization and H-atom migration. This new
pathway is essential to predict the conversion of the reactants and the major product yields
accurately. It is thus essential that similar pathways should be explicitly accounted for in all
future first principles based models that are developed for lignin pyrolysis and oxidation.
Keywords

Gas-phase pyrolysis; P-coumaraldehyde; Coniferaldehyde; Kinetic modeling; Phenoxy-type
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1. Introduction

Fast pyrolysis of lignocellulosic biomass is potentially one of the most economical routes toward
renewable biofuels or high-value chemicals, and its application has gained a large industrial
interest &4, With this in mind, it is crucial to develop a deeper understanding of the occurring

chemical reactions during biomass pyrolysis to steer and optimize these pyrolysis-based



conversion processes, in particular for lignin, as one of the three main components of biomass
(56)

Lignin is a three-dimensional branched polyphenolic polymer bio-synthesized from three
monomeric units (monolignols): p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol that
are incorporated into a complicated network through ether (C—0O) and condensed (C—C) linkages
(. Due to the complexity and heterogeneity of the lignin structure, the model dimers that
represent these linkages, especially B—O—4, which is the most important linkage in lignin, have
been extensively studied to understand the pyrolytic reactions of lignin €Y. Two general
mechanisms, concerted pericyclic reactions and free-radical reactions that reveal the initial
thermal decomposition of these linkages have been proposed, and they are dominant under
different pyrolysis conditions ). In contrast, the pyrolysis of monomers that represent the
essential reactive moieties of lignin and an important product group of lignin pyrolysis has been
less explored. For the simple phenolic monomers, such as phenol 319 anisole 618 and
guaiacol ¢%20) detailed kinetic models consisting of elementary reactions of pyrolysis processes
have been developed. These models are seen as a powerful tool to unravel the underlying
chemistry of lignin pyrolysis and to understand the effect of process conditions on the yields of
various products ?*??. Besides the above mentioned substituents (hydroxyl and methoxy groups)
on aromatic rings, side-chains such as propanoid (-CH=CHCH>OH) on aromatic rings, which are
a considerable portion of lignin, also play an important role in the observed diversity of the
pyrolysis products ?32%, For the hydroxyl and methoxy groups which are adjacently connected
to the aromatic ring in guaiacyl-type model compounds, their interactions have been reported
such as those that lead to the formation of 2-hydroxybenzaldehyde from 2-methoxyphenoxy

radical ®%2"), However, the interactions of aromatic substituents and side-chains are hardly



reported, not only because the larger molecules make it more difficult to establish the detailed
kinetic models, but also because they are usually further apart in space. For the monomers with
both aromatic substituents and side-chains, such as the above-mentioned monolignols, their
pyrolysis mechanisms are typically postulated based on the product distribution and chemical
intuition. The detailed kinetic models of these monolignols are still not available even though
they are known to be important products of lignin pyrolysis ¢32528:29),

It has been reported that coniferaldehyde (CoA) is a more important product than coniferyl
alcohol from the pyrolysis of G-lignin ©9. CoA was also reported as a major product in
experiments studying the pyrolysis of coniferyl alcohol 829, In addition, p-coumaraldehyde
(PA) and CoA, as the precursors of monolignols, can be largely incorporated into the lignin
structure via genetic engineering ©®Y. Recent studies performed in our group have demonstrated
that this technology can be used as a potential tool to control the lignin composition of biomass
which allows to increase the production of high-value chemicals via fast pyrolysis 239,
Therefore, it is essential to study the pyrolysis products and mechanism of PA and CoA.

Our previous work studied the solid-to-gas pyrolysis of PA and CoA in a single pyrolysis reactor,
focusing on the competition of reactions in the condensed and gas phase ©%. In addition, we had
proposed a preliminary kinetic model describing their initial decomposition under the studied
conditions. To the best of our knowledge, the gas-phase pyrolysis of PA and CoA has not been
investigated previously. This is a crucial aspect for future reactor and process development
because it is essential to understand what happens once these components enter the gas phase.
Therefore, we focus specifically on studying the kinetics of gas-phase thermal decomposition of
PA and CoA experimentally and theoretically in the present work, and we have investigated the

importance of unknown decomposition pathways using ab-initio calculations.



2. Materials and methods

2.1. Model compounds

The model compounds used in this study are PA (purity > 98%, CAS: 2538-87-6, Toronto
Research Chemicals Inc.) and CoA (purity > 98%, CAS: 458-36-6, Sigma Aldrich, Inc.). Figure 1
shows their molecular structures, together with the bond dissociation energies (BDESs) within

each compound calculated at the CBS-QB3 level of theory in the previous work @,
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Figure 1. Molecular structures of the model compounds with their corresponding bond dissociation
energies (the enthalpy change of the homolysis at 0 K) in kJ/mol calculated at CBS-QB3 level of theory.

2.2. Fast pyrolysis and on-line analysis of product vapors

The pyrolysis experiments were performed in a micro-pyrolysis unit consisting of two sections,
viz. reactor, and analytics (Figure S1a). The reactor is a tandem p-micro-pyrolyzer (Rx-3050 TR,
Frontier Labs, Japan) with two reactors in series. The 1% reactor was used to vaporize the solid
samples in an externally heated quartz tube with an internal diameter of 4 mm for the initial
length of 75 mm, and 2 mm for the remaining length of 45 mm. The 2" reactor was used to study
the gas-phase reactions in an externally heated quartz tube (0.d. 6 mm; i.d. 4 mm; L. 120 mm). In
this work, 100£10 pg of the sample was loaded in a shallow eco-cup (4 mm height) and inserted
into the first reactor via a dropping device. After loading the sample cup to the dropping device,
the sample cup was purged for 30 s using the carrier gas (He) and then dropped into the 1%

reactor where the sample vaporized under the pre-set temperature programs. A carrier gas flow of
5



210 mL/min was maintained to sweep the sample vapors from the 1% reactor to the 2" reactor
where the gas-phase pyrolysis happened at a pressure of 3.5 atm. The gas-phase decomposition of
PA and CoA were studied in the 2" reactor over the temperature range of 873-1123 K and
723-923 K, respectively, with the residence time of ~ 0.4 s. The interface temperature between
the two reactors was set at 623 K, high enough to prevent vapor condensation and low enough to
minimize cracking reactions. The calibration curves of each reactant were obtained at 623 K, and
only one peak that should be the reactant was observed.

Part (split ratio 100:1) of the effluent from the 2" reactor passed through the GC inlet maintained
at 573 K and then entered a guard column. In this work, the GC inlet spilt ratio was calculated by
dividing the column carrier gas flow rate (2.1 mL/min) into the constant flow rate (210 mL/min).
The products were firstly trapped with a micro-jet cryo-trap cooled with liquid nitrogen at 77 K.
After 5 minutes, the cryo-trap was switched off automatically. The trapped products were
released gradually with the increasing oven temperature, which started from 313 K (6 min hold)
and then increased to 573 K (2 min hold) at a 5 K/min heating rate. The released effluent was
divided into two streams for the simultaneous analysis of permanent gases and water in a
customized multicolumn GC, while other products along with unreacted model compounds were
analysed in a GC x GC coupled to flame ionization detector (FID) and time-of-flight mass
spectrometry (TOF-MS). More details of the analysis section have been described elsewhere ©).
The schematic drawing of the 2" reactor with the temperature profiles measured inside the
reactor tube is shown in Figure S1b. The process gas temperature was measured at different axial
positions by moving a K-type thermocouple inside the reactor using only carrier gas, which
provided the actual process gas temperature parameters for the simulation. Prior to the gas-phase

thermal decomposition experiments, the temperature program of the 1% reactor was optimized to



ensure that the solid samples vaporized at a constant rate and without any residue remaining in
the sample cup. This was done by directly connecting the micro-pyrolyzer to the FID via a
deactivated guard column (780 mm x 0.25 mm). For this test, the 2" reactor and GC oven
temperatures were maintained at 573 K to prevent the condensation of the vapors. The profiles
are approximately rectangular (Figure S2), indicating that the applied temperature programs
(Table S5) provide an approximately constant feed flow rate to the 2" reactor. The arrow's width
represents the vaporization time, 2.25 min for PA and 2.5 min for CoA.

For the pyrolysis tests, a TOF-MS (BenchTOF-Select, Markes International) was connected to
identify the products with an ionization voltage of -70 eV, while the FID was used to quantify the
product yields. The FID response of the two model compounds used as feed was calibrated by
injecting different sample amounts at the temperatures for constant volatilization (Table S5). All
other products detected by FID were quantified based on the effective carbon number method ©),
Response factors of those gases (Hz, CO, CH4, C2H4 ,C2He and C2H>) observed with the
customized GC were determined by means of a gaseous Co- calibration mixture (Air Liguide,
Belgium). The carrier gas helium was excluded for the calculation of product mole fractions.
Each experiment was performed two times at the same condition in order to calculate the
standard error, which was less than 2.2% for the mole fractions of reactants and major products.
2.3. Theoretical calculations and kinetic model construction

The transition states, thermodynamic properties, and rate coefficients of key reactions were
calculated using the high-performance supercomputer of Ghent University at the CBS-QB3 level
as implemented in Gaussian 16 G7). For species and transition states, the lowest-energy
conformers are determined by performing calculations for the most likely structures. The

thermodynamic properties for important species during the pyrolysis of PA and CoA calculated at



the CBS-QB3 level of theory are provided in Table S6. The thermodynamic properties for other
species in the mechanism are derived from the group additivity estimator in Reaction Mechanism
Generator (RMG), an open-source software package for automatic mechanism generation ¢2.
More details about the calculations can refer to the literature . The weakest bonds of PA and
CoA (Figure 1) are O—H bond with 345 kJ/mol and O—CHs bond with 242 kJ/mol respectively
%), The latter is very close to guaiacol (243 kJ/mol) . Similar to anisole and guaiacol, breaking
the weakest O—CHz bond is expected to be the first step in CoA decomposition. In order to
simulate the formation of the major quantified compounds that were experimentally observed
from PA and CoA pyrolysis, the kinetic mechanisms have been constructed manually firstly
based on the chemical understanding of the decomposition of compounds with similar structures.
For example, the kinetic model of PA pyrolysis could refer to the thermal decomposition of
phenol 1% and aldehydes “%. Similarly, the kinetic model of CoA could refer to the established
PA model and previous models of anisole 618 and guaiacol *?%. After that, the new proposed
pathways were proved competitive (vide infra) and incorporated into the kinetic models. The
final kinetic models have 60 and 290 reactions, as well as 31 and 69 species for PA and CoA
pyrolysis respectively. These reactions contain unimolecular decomposition, isomerization,
radical decomposition, H-atom abstraction and recombination. Mechanism files with the
computational data can be found in the SI in CHEMKIN format.

Table 1 consists of the primary reactions of PA pyrolysis. Unimolecular decomposition includes
the homolysis of the weak bonds of the reactant (reactions 1-3 represented by R1-3) and the
direct concerted decarbonylation (R4). The rate constants of R1-3 were estimated by analogy
with the reactions of phenol ¥, n-CsH;CHO “9 and C,H3CHO “9, respectively. R4 was

assumed similar to the decarbonylation of SC3HsCHO in the AramcoMech3.0 mechanism “1,



and was then adjusted within a factor of 2, which is in the range of the uncertainty limit. Trans-
cis isomerization of the primary radical (R5) and the subsequent H-atom shift (R6 and R7)
involve an important radical route (described in 3.1). Their rate constants were obtained from
theoretical calculation at the CBS-QB3 level of theory without any tuning. Radical
decomposition mainly proceeds via the removal of CO from the intermediate radicals. R8 and R9
were estimated by analogy with the reaction in radical SCsHsCO *2). R10 was supposed similar
to phenoxy decomposition, and its rate constants were determined by Carstensen and Dean %),
Approximate rate constants can also refer to the work of Pratali Maffei et al. . The rate
constants of R11 were derived from the kinetic database RMG ®®). For the H-atom abstraction,
R12 and R13 (H atom as abstracting radical) were estimated by the analogous reactions in
AramcoMech3.0 “Y and phenol “9, respectively. H-atom abstraction initiated by vinyl-type
radicals (R14-16) was written by analogous reactions (the equations are C2Hz + C2HsCHO =
C2Hs + CH3CO, C2Hs + phenol = C2H4 + phenoxy). Their rate constants were calculated at the
CBS-QB3 level. For the abstraction of phenoxy-type radicals as abstracting radicals (R17-19),
the rate constants were extracted by analogy with reactions of phenoxy reacting with the
aldehyde group of benzaldehyde “9), or with the hydroxyl group of methylcatechol . The H-
atom abstraction of cyclopentadienyl-type radicals from the aldehyde group (R20) and OH group

(R21), were assumed similar to the reaction of cyclopentadienyl with benzaldehyde and cresol

respectively “®, The H-atom abstraction by 4-hydroxyphenyl from the aldehyde group (R22) and

OH group (R23) were analogous to the reactions of phenyl with benzaldehyde “® and phenol #7),

respectively. R24 has the same kinetics as R1. The recombination of H atom and
cyclopentadienyl-type radicals (R25) was supposed similar to that of H atom and

cyclopentadienyl ", Kinetics for R26 were derived from the same reaction in AramcoMech3.0



“1), There are other potential pathways that lead to the major products, but they have shown not

to be Kkinetically significant (see Table S7).

Table 1. Primary mechanism for PA pyrolysis. Rate constants are in the form AT" exp(—Ea/RT) in cm,

mol, s, and kJ units.

Reaction A n Ea Ref.

Unimolecular decomposition

1 NN S 2.00 x 10 0.00 0.00 (18)
SO e T

2 ~N A 2.72x10Y -058 37260 (O

3 . NN 1.81 x 10 0.00 0.00 (40)
HQ/O/\ + HCO — HO/OM

4 N~ ~ 1.23x 10" 0.00 220.00 “D
T = (T

Isomerization

5 NN ™ 454 x 1011 0.25 107.19 a
JORS JORN

6 N ™ 1.06 x 10° 1.20 136.84 a
O, — L

7 N ~ 4.70 x 10°  2.00 91.37 a
S = T

Radical decomposition
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8.35 x 10%
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1.60 x 10°

1.60 x 10°

9.80 x 10!

1.30 x 10!

4,90 x 10

1.30 x 10!

4.91 x 10*2

-16.95 378.27
-0.07  189.10
000 1381
0.00 5187
3.72  -1.83
388 190
388 190
2.00  38.00
2.00  38.00
0.00  39.36
0.00  48.12
0.00  39.33
0.00 4815
0.00  18.42

(43)

(38)

(41)

(44)

(45)

(45)
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(46)

(46)

(47)

11



Recombination

24 /OA\ C e /@A\ 2.00 x 10" 0.00  00.00 (18

25 (T e — (T 316x10"® 028 075 @7

26 i, 458 x 10° -1.40 43710 ©D

@ analogous reactions calculated at CBS-QB3 level

Table 2 gives an overview of the most important reactions of CoA pyrolysis. Note that those
reactions that had almost no contribution for PA consumption were also not considered in the
development of the CoA model, such as the indirect CO elimination from the ring of PA after
internal rearrangement of the reactant (Table S7). The reactions similar to those in the PA
decomposition mechanism have been assigned the same rate constants, and will not be re-
introduced here. Specifically, homolysis of the weakest O—CHz bond (R1 and R4) leading to
phenoxy-type and CHs radicals was derived from the analogous reaction in guaiacol “®. But the
rate constants were reduced within a factor of 2 in this work, considering that the BDE of O—CH3
bond in CoA is 3.0 kJ/mol higher than that in guaiacol “®. This adjustment also improves the
agreement with the experimental data. The H-atom shift (R5 and R6) between the two oxygen
atoms of the primary radical was theoretically calculated at the CBS-QB3 level of theory. The
formed para-phenoxy radical can then isomerize (R7-9) similar to that in the PA decomposition
mechanism. The 2-methoxyphenoxy radical can go through the similar pathway (R10-12). The
rate constants of R7-12 referred to those of analogous reactions in PA decomposition mechanism.
For the primary radical formed in R1, another possible pathway directly starting from trans-cis
isomerization is not competitive and is shown in Table S8. The rate constants of H-atom shift

from methoxy to hydroxyl (R13 and R14) were theoretically calculated at the CBS-QB3 level of
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theory. Further isomerization (R15 and R16) is similar to that in the benzaldehyde mechanism
“8), The subsequent radical decomposition via B-scission (R17 and R18) producing an aldehyde
on the aromatic ring was theoretically calculated at the CBS-QB3 level of theory. For the
decomposition of 4-vinyl-hydroxyphenoxy (R22 and R23), it can undergo two CO elimination
reactions, which was estimated by analogy with a one-step simplified reaction of 2-
hydroxyphenoxy leading to two CO, one H atom and CsHs“®. Note that the mechanism to
benzene might be incomplete, and this estimation needs further optimization and confirmation via
theoretical calculations or more detailed experiments. H-atom abstraction from the aldehyde
group of the reactant by a methyl radical (R32) was calculated at the CBS-QB3 level. H-atom
abstraction from the hydroxyl group (R33) was estimated by analogy with the abstraction of
phenol by methyl “®. The H-atom abstraction by H-atom from the aldehyde group (R34) and OH
group (R35) were analogous to the reactions of H-atom with C;H3CHO and phenol in
AramcoMech3.0 3, respectively. Rate constants of radical recombination (R38) were estimated
based on the similar reactions ©9. Kinetics for the recombination of methyl with a hydrogen or

methyl radical (R39 and R40) were taken from the same reactions in the AramcoMech3.0 ¢4,

Table 2. Primary mechanism for CoA pyrolysis. Rate constants are in the form AT" exp(—Ea/RT) in cm,

mol, s, and kJ units.

Reaction A n Ea Ref.

Unimolecular decomposition

S RN S i 9.50x10'® 0.00  273.00
S I /]@M . 2.72x10Y -058 37260 “0
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29 Ty ey Ty 160x10° 200 3800 9
30 /ODMO . ]©/\ . DA\ . /DM 1.60 x 105 2.00 38.00 (45)
31 Ty Ty Uy Ty 9.80x10M 000 3936 @9
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Recombination
® . - DO
37 j@A\ . ~°3©A\ 2.00 x 10 0.00  0.00 (18)

2.00 x 10** 0.00 0.00 (18)

B AT vw — T 1.00x 10" 0.00 000 b

1.27 x 10 -0.63 1.60 (1)

228 x10% -0.69 0.73 (1)

2 analogous reactions calculated at CBS-QB3 level
b estimated

The 2" reactor in which the thermal decomposition occurs functions as a plug flow reactor (PFR)
1 Reactor simulations in this work were performed using the PFR module in CHEMKIN PRO

(%2) to model the micro-pyrolysis reactor based on the inlet flow compositions, measured
16



temperature profiles along the reactor, and reactor dimensions. The reactor model equations can

be found in the SI.
3. Results and Discussion

3.1. Potential energy surface for the proposed radical pathways

Knowing the phenoxy-type radicals chemistry is crucial for understanding the
combustion/pyrolysis of lignocellulosic biomass. For the simple phenoxy radical (CsHsO), the
dissociation to cyclopentadienyl and CO is well-known and considered the most important
decomposition pathway at high temperatures “*. For primary phenoxy-type radicals in PA and
CoA pyrolysis (namely radical P(O1) and C(O1) in Figure 2), the decomposition pathway similar
to phenoxy is shown in Figure 3, and the total barriers in this process calculated at the CBS-QB3
level are 237.7 and 267.4 kJ/mol respectively.

Figure 2a shows a new consumption pathway for the radical P(O1) in PA decomposition
mechanism. The first step is the trans-cis isomerization of radical P(O1) with an energy barrier as
low as 106.5 kJ/mol. Formed cis-isomer of P(O1) undergoes the internal H-atom shift through a
5-membered ring intermediate (TSp2) toward radical P(C3) with the energy barrier of 146.0
kJ/mol, followed by the release of CO to yield radical P(C2) with the energy barrier of 126.3
kJ/mol. Intermediate P(C2) converts to a much more stable radical V(O1) via internal H-atom
migration (TSp4) with the energy barrier of 112.5 kJ/mol. The total barrier for CO elimination for
this new pathway that was identified in the present work is 249.2 kJ/mol. In contrast, another CO
release pathway of the radical P(O1), similar to phenoxy radical (CeHsO) ring-opening to
cyclopentadienyl plus CO, has a little lower barrier of 237.7 kJ/mol (Figure 3a). Nevertheless,

this new pathway shows the importance of resonance. The reactants used in this work were
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determined to be entirely in trans form via the GC/TOF-MS tests, considering the importance of
interconversion of radicals between the trans-cis forms.

Similarly, the new consumption pathway identified in the present work for the primary radical
C(01) in the CoA decomposition mechanism is shown in Figure 2b. Radical C(O1) can first
easily isomerize to form the more stable para-phenoxy radical C(02), then followed by the
isomerization similar to the radical P(O1) in PA decomposition mechanism. The total barrier for
CO release in this pathway is 218.8 kJ/mol. This value is much lower than the 267.4 kJ/mol
mentioned earlier in the decomposition similar to phenoxy (Figure 3b), indicating that the
proposed pathway is kinetically more favourable. Radical C(O1) could also skip the first H-shift
between the two oxygen atoms and directly start the trans-cis isomerization. This pathway with a
higher total barrier (232.2 kJ/mol) is shown in Figure S3. Note that the radicals similar to radical
C(01) are very abundant in the thermal decomposition of real lignin because of the abundancy of

weak O—CHs bond and B-O-4 linkages in lignin @4,
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Figure 3. Potential energy surface for the decomposition pathway similar to phenoxy decomposition in the
case of primary phenoxy-type radicals from (a) PA and (b) CoA pyrolysis. The values were calculated at 0
K with the CBS-QB3 level of theory.

The idea of finding a new pathway was originally to produce experimentally observed species.
For the experimental results of CoA pyrolysis, 4-vinyl guaiacol is the primary aromatic product at
low temperatures, but 4-vinylbenzene-1,2-diol becomes the dominant one at high temperatures.
The structures are shown in Table 3 (vide infra). At first, we assumed that 4-vinylbenzene-1,2-
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diol was formed by the further decomposition of 4-vinyl guaiacol, but this assumption was
overturned by the following two facts. (1) 4-vinylbenzene-1,2-diol is extremely underestimated in
the simulation if it is only produced by the further decomposition of 4-vinyl guaiacol. (2) If the
above assumption was correct, namely 4-vinyl guaiacol leading to a large amount of 4-
vinylbenzene-1,2-diol, CoA should also lead to a large amount of 3,4-dihydroxycinnamaldehyde.
However, the mole fraction of 4-vinylbenzene-1,2-diol experimentally observed is much higher
than that of 3,4-dihydroxycinnamaldehyde. Therefore, there should be other pathways producing
a large amount of 4-vinylbenzene-1,2-diol at high temperatures. We searched many possible
pathways and decided to adopt the one in this work based on the calculated rate coefficients.

3.2. Thermal decomposition of PA

The pyrolysis of PA has been studied as a function of temperature from 873 to 1123 K. Figure 4a
shows the evolution of the mole fraction of PA. PA starts to decompose at around 923 K and
reaches 81% conversion at 1123 K. In total, 32 species were identified and quantified from the
chromatograms (Table S9). A GC x GC FID chromatogram at 1123 K is shown in Figure S4a.
The major pyrolysis products are CO, 4-vinylphenol, vinylcyclopentadiene, phenol, CoH2 and Hz
(displayed in Figure 4b-g), and their mole fractions increase rapidly with increasing temperature.
The mole fraction of CO is a little higher than 4-vinylphenol at temperatures above 1023 K, while
they have comparable mole fractions at lower temperatures. The other four major products
(Figure 4d-g) appear from decomposition temperatures of 973 K and above have significantly
lower prevalence than CO and 4-vinylphenol during the whole pyrolysis temperatures.
Simulation results (solid lines) and experimental data (symbols) are in good agreement (Figure
4), except the slight overestimation for 4-vinyl phenol and CO, and the underestimation for the

other four major products above 1073 K.
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A rate of production (ROP) analysis performed at 1123 K for PA pyrolysis is illustrated in Figure

5. This temperature was selected since its radical chemistry only becomes obvious at high

temperatures. The net-rates of the reactions are shown as a percentage relative to the total

consumption of PA and they are calculated using CHEMKIN PRO. The dominant thermal

decomposition pathway of PA is the concerted decarbonylation reaction yielding 4-vinylphenol

and CO, which accounts for 92.5% of the total PA consumption. By contrast, radical chemistry is

less important. The second pathway leads to the formation of a phenoxy-type radical P(O1) via

H-atom abstraction from the hydroxyl group or the direct homolytic cleavage of O—H bond,
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which is responsible for 5.2% of the consumption flux. The dissociation of radical P(O1) to CO
and cyclopentadienyl-type radical, similar to that of phenoxy CsHsO, accounts for only 0.1% of
the total consumption flux and thus is not shown in Figure 5. A more competitive pathway, as
discussed in 3.1, leads to radical V(O1) and CO, which accounts for 5.0% of the consumption
flux. In addition, 4-vinylphenol can partly be consumed to form radical V(O1) (2.5%). The
produced radical V(O1) then decomposes to CO and the vinylcyclopentadienyl radical. The latter
is resonantly stabilized and leads to several vinylcyclopentadiene isomers through H-atom
abstraction or recombination with H atoms. This is reflected in the GC image figure (Figure S4a)
and here 2-vinylcyclopenta-1,3-diene is selected to represent these isomers. A minor route of PA
consumption is the H-atom abstraction at the Cy position or homolysis of the Cy—H bond leading
to radical P(C9) (2.2%) which then converts to radical V(C2) and CO through decarbonylation.
The radical V(C2) tends to produce C>H2 and phenol via a B-scission reaction and an H-atom
abstraction. In the concerted decarbonylation pathway, equal moles of CO and 4-vinylphenol are
produced. The presence of the radical pathways explains why there is more CO than 4-

vinylphenol at high temperatures.
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Reaction fluxes associated with arrows are relative to the consumption of PA.

3.3. Thermal decomposition of CoA

Figure 6 displays the evolution of the mole fraction of CoA during gas-phase pyrolysis in the
temperature range from 723 to 923 K. CoA decomposition starts at 723 K and reaches 50%
conversion at around 848 K. Above 898 K, its mole fraction becomes close to zero and the
conversion is almost complete. Compared with PA, the reactivity of CoA pyrolysis is much
higher, as seen by the lower temperatures needed for the initial decomposition and total
conversion. This is attributed to a weak O—CH3s bond with a low BDE of 242 kJ/mol. CoA has a
similar decomposition profile shape to that reported for anisole ‘18 and guaiacol ¢*29, two

compounds similar to CoA containing a methoxy group attached to the aromatic ring.
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CoA pyrolysis leads to the formation of dozens of compounds, including light products and
aromatics (Table S10). A GC x GC FID chromatogram at 848 K is shown in Figure S4b. The
main light products, in order of decreasing mole fraction at 848 K, are CO, C2Hg, CH4 and Ha,
and their profiles are presented in Figure 6b-e. CO and C>Hs are produced in large amounts above
823 K and reach maximum mole fractions of about 52% and 12% at the highest studied
temperature, respectively. The formation of CHys is usually from H-atom abstraction by methyl
radicals, and its mole fraction reaches a maximum of 3.6% at 873 K. The subsequent decline
corresponds to the temperature of complete conversion of CoA. At higher temperature, H-atom
abstraction by methyl radicals on the products of CoA decomposition such as 4-vinylguaiacol is
more difficult than on CoA, as shown in Figure 7 (vide infra). The methane decrease and the
analogous explanation in anisole decomposition were reported by Nowakowska et al. ®, The
mole fraction of CH4 is much less than C2He above 848 K, indicating that the self-recombination
occurs prior to H-atom abstraction for methyl radicals under the studied experimental conditions.
The mole fraction of hydrogen reaches 0.9% at 848 K and then decreases. This is due to the
decrease of H-atom formation, and the increased formation of abstracting radicals such as radial
D(01) above 848 K, as shown in Figure 7 (vide infra). Besides, minor production of ethylene and
acetylene was observed. The aromatic products formed in large quantities are presented in Figure
6f-1, and their names and structures are shown in a nomenclature table (Table 3). The yield of
oxygen-containing aromatic products shows a bell-shape profile with maxima around 823—873
K. However, the yield of benzene continued to increase with temperature, likely due to the
breaking of C—C and C-O bonds attached to the aromatic ring of the oxygen-containing aromatic
products. 4-vinyl guaiacol appears from decomposition temperatures of 723 K, the lowest

temperature investigated in the present work, and shows the largest mole fraction among
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aromatics below 848 K, indicating that it is produced from the primary decomposition of CoA. 2-
hydroxy-5-(3-oxoprop-1-en-1-yl)benzaldehyde and 2-hydroxy-5-vinylbenzaldehyde are produced
similar to the 2-hydroxybenzaldehyde formation from guaiacol through the OCH3 rearrangement
pathway %29, They reach a maximum mole fraction of 2.5% at 848 K and 3.3% at 873 K,
respectively. Above 848 K, 4-vinylbenzene-1,2-diol becomes the dominant aromatic product and
reaches a maximum of 8.8% at 873 K. The mole fraction of 2-methoxy-4-propenylphenol peaks
at 1.2% around 873 K, and then decreases due to the breaking of the O—CH3 bond. By
comparison, 3,4 dihydroxycinnamaldehyde is less important, but its maximum mole fraction
peaks at lower temperature of 823 K. Lighter aromatics are produced at higher temperatures, such
as benzene with a maximum mole fraction around 3.8% at 923 K. In addition, other aromatics
such as styrene, ethylbenzene, 2-methyl-phenol and 2-methyl-4-vinylphenol were detected in

smaller quantities.
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Table 3. Nomenclature of the major aromatics derived from CoA pyrolysis.

Name Structure

4-vinylguaiacol /0:@/\
HO
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2-hydroxy-5-(3-oxoprop-1-en-1-yl)benzaldehyde OHC NN
AT
2-hydroxy-5-vinylbenzaldehyde OHC AN
JI
4-vinylbenzene-1,2-diol HO N
BOA
2-methoxy-4-propenylphenol O AN
DO
3,4-dihydroxycinnamaldehyde HO NN
HOD/\/\

Benzene ©

Simulation results well predict the conversion of CoA and the formation of the major products
(Figure 6). The main discrepancies between simulations and experiments appear above 848 K,
with the model overestimating the mole fractions of 4-vinyl guaiacol and CzHs, but
underestimating CO, Hz and 3,4 dihydroxycinnamaldehyde. Based on the model developed in
this work, the thermal decomposition routes of CoA at 823 and 898 K are displayed in Figure 7,
representing the simulated conversion of 26% and 98%, respectively. The unimolecular breaking
of the O—CH3 bond yielding a methyl and phenoxy-type radical C(O1) is the dominant initial
pathway under these two temperatures with 45.3% and 78.8% of the consumption flux. This is in
good agreement with the study of the thermal decomposition of anisole and guaiacol ‘819, At
823 K, 4-vinyl guaiacol is the major aromatic product while at 898 K 4-vinylbenzene-1,2diol is
favoured over other aromatic products. The primary radical C(O1) can easily convert to radical
D(01) and CO through the proposed pathway (bold arrows). Taking 823 K as an example, the

formed radical D(O1) together with its isomer (dashed box) then leads to the formation of 4-
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vinylbenzene-1,2-diol by either the recombination with H atoms (9.9%) or H-atom abstraction
(5.5%), or further decomposes to benzene and CO (0.1%), similar to two consecutive
decarboxylation of 2-hydroxyphenoxy radical “®. This proposed pathway explains why a large
amount of 4-vinylbenzene-1,2-diol was experimentally detected above 823 K. In contrast, the
pathway of radical C(O1) direct converting to 3,4-dihydroxycinnamaldehyde (5.3%) by H-atom
abstraction or recombination with H atoms is not competing, especially at higher temperature of
898 K (0.5%). The second pathway of CoA consumption is H-atom abstraction from the side-
chain aldehyde group yielding radical C(C9), which represents 31.1% of the consumption flux.
After that, this radical converts to radical T(C2) through the ejection of CO, which then mainly
forms 4-vinylguaiacol by H-atom abstraction (28.2%). Part of radical T(C2) leads to 2-methoxy-
4-propenylphenol (2.9%) via the recombination with methyl. The further decomposition of
primary product 4-vinylguaiacol has a little contribution to the formation of 4-vinylbenzene-1,2-
diol (0.8%). The third pathway of CoA consumption is the H-atom abstraction from the hydroxyl
group Yyielding radical C(02), which represents 20.6% of the consumption flux. This radical can
partly convert to radical D(02), similar to the pathway with bold arrows. Radical D(02) can also
be derived from the consumption of 4-vinyl guaiacol (0.1%). The formed radical D(O2) finally
yields 2-hydroxy-5-vinylbenzaldehyde (10.6%). Only 3.0% CoA is consumed by the H-atom
abstraction from the methoxy group, the formed radical and the remaining radical C(O2) finally
convert to 2-hydroxy-5-(3-oxoprop-1-en-1-yl)benzaldehyde (13.1%). This type of pathway

describing the conversion of OCHs to CHO group on the aromatic ring has been reported *°29,
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Figure 7. Rate of production analysis for CoA pyrolysis at 823 K (black) and 898 K (blue) with residence

time of £ 0.4 s. Reaction fluxes associated with arrows are relative to the consumption of CoA.

The main reasons for the slightly decreased agreement between model and experimental data of
the two developed kinetic models at higher temperatures are: (1) we focussed on the pathways
leading to the dominating products that were experimentally detected, and (2) very heavy
products with a boiling point above 723 K are not quantifiable using gas chromatography.
Because we use an internal standard quantification of lighter compounds remains possible.
However, it results in the fact that only 75% of the decomposition products being formed at 1123
K for PA pyrolysis can be quantified, while this increases to 75-85% at 848-923 K for CoA
pyrolysis, and 91-100% at lower temperatures (<848 K) (Figure S5). The missing products at the

higher decomposition temperatures are primarily PAHs /coke precursors (outside the GC range)
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and a minor amount of coke, which is confirmed by the black deposits seen on the quartz tube
after pyrolysis (Figure S6). This is in line with reports by other researchers such as Ranzi and co-
workers that lignin monomers have a strong tendency to form PAHs and coke during pyrolysis
(45), On the other hand, the underestimation of hydrogen at high temperatures in PA and CoA
decomposition mechanisms should be due to the formation of PAHs / coke, which results in
hydrogen released into gas phase. Considering the formation of PAHs / coke in the kinetic model

is part of our future work.

5. Conclusions

The gas-phase pyrolysis of p-coumaraldehyde (PA) and coniferaldehyde (CoA) was studied for
the first time. The new experimental data were gathered in a tandem reactor equipped with a
comprehensive analysis section that can detect and quantify pyrolysis products with boiling
points up to 823 K next to permanent gases. A newly identified consumption pathway that
involves the interaction between hydroxyl and side-chains of primary phenoxy-type radicals was
proposed based on calculating the potential energy surface at the CBS-QB3 level of theory.
First-principles based kinetic models comprising this new pathway were developed. The models
predict the experimentally observed profiles of reactants and major products well at the studied
temperatures. Rate of production (ROP) analysis reveals that PA is mainly consumed at 1123 K
through the concerted decarbonylation in the side-chain, whereas the proposed pathway is less
important even though it is the second consumption pathway. For CoA pyrolysis, the addition of
the methoxy group to the aromatic ring makes it more reactive. ROP results indicate that the
consumption of CoA is dominated by the breaking of the weak O—CH3z bond at 823 and 898 K to
produce a methyl and a phenoxy-type radical. The latter continues to be consumed mainly

through the proposed pathway, which explains why 4-vinylbenzene-1,2-diol becomes the
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dominant aromatic product at higher temperatures. The insights obtained from this study can (1)

provide an idea for the fate of the similar radicals with substituents and side-chains during the

thermo-chemical processes of biomass, and (2) help to develop detailed kinetic mechanisms for

the pyrolysis/combustion of aromatic fuels and lignin.
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PA and CoA in the 1% reactor (Figure S2), PES for a potential decomposition pathway of
primary phenoxy-type radicals in CoA pyrolysis (Figure S3), GC x GC FID
chromatograms obtained for the pyrolysis of PA at 1123 K and CoA at 848 K (Figure S4),
mass balances and molar balances of C, H and O elements for the pyrolysis of PA and
CoA (Figure S5), reactor (new) before and (old) after pyrolysis experiments (Figure S6),
overview of the columns used in LOA GC and GC x GC (Table S1 and S2), LOA GC
temperature program (Table S3), GC x GC settings for the simultaneous FID/TOF-MS
analysis (Table S4), overview of the temperature conditions for the micro-pyrolyzer tests
(Table S5), thermodynamic properties for important species during the pyrolysis of PA
and CoA calculated at the CBS-QB3 level of theory (Table S6), the less important
reactions in the mechanism of PA and CoA pyrolysis (Table S7 and S8), and products
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