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A B—0—4 type lignin dimer compound was synthesized, namely 1-(4-methoxyphenyl)-2-(2-
methoxyphenoxy) ethanol. To elucidate its pyrolysis mechanism, analytical pyrolysis-gas chromatog-
raphy/mass spectrometry (Py-GC/MS) experiments were performed to reveal the distribution of the
pyrolytic products under different temperatures. Concurrently, density functional theory (DFT) calcula-
tions were conducted to analyze and verify the thermal decomposition mechanisms of the lignin dimer
and the product formation pathways. The results show that the lignin dimer will undergo the C—0

eywords: ond homolysis to produce 4-methoxystyrene and guaiacol at low pyrolysis temperatures. Whereas a
ﬁegyrffﬁ r:jher bond homolysis t duce 4-methoxyst d latl ] t Wh t
Py-GC/MS medium pyrolysis temperatures, besides the CB—O homolysis, C3—0 concerted decomposition will also

take place to form carbonyl-containing phenolics. At high pyrolysis temperatures, the primary pyrolytic
products will undergo secondary decomposition reactions to form a complex variety of products. With
the combination of the experimental results and theoretical calculations, the pyrolysis mechanism of the

Density functional theory
Pyrolysis mechanism

lignin dimer model compound is clearly interpreted in this study.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Due to the depletion of fossil fuels and severe environmental
issues, the utilization of biomass resources has gained widespread
attention [1]. Pyrolysis is an important thermochemical method
for using biomass, wherein the fast pyrolysis technique is imple-
mented to convert biomass into crude bio-oil products [2]. Bio-oil
can be directly utilized or refined as a liquid fuel, and it is also a
potential feedstock for valuable chemical products [3-6]. Studies
of the biomass pyrolysis mechanism can understand the pyrolysis
characteristics and pathways for specific products formation, thus
providing a theoretical basis for research on selective pyrolysis for
high-quality bio-oils [7-9].

As a natural complex aromatic polymer, lignin comprises three
phenylpropane units (p-hydroxyphenyl, guaiacyl and syringol
units) which are linked by various chemical bonds [10-13]. The
arylglycerol-f3-aryl ether (3—0—4) is the most prominent sub-
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structure type in lignin, and significantly influences the chemical
structure and physical properties of lignin [14,15].

Studies of the pyrolysis behavior of lignin have been reported
over the decades. Amen-Chen et al. [16] reviewed previous exper-
imental investigations and suggested that the lignin pyrolysis
process was mainly initiated by radical reactions. Kawamoto
et al. [17-19] used a custom-built pyrolysis reactor to inves-
tigate the effects of different bond types and substituents on
the thermal degradation behaviors of lignin model compounds,
and found that both had important effects on the cleavage and
reactivity of chemical linkages. In experimental studies, the for-
mation pathways of pyrolytic products have mainly been inferred
by analysis of the product distribution. However, this method
is difficult to apply for the in-depth prediction of the possible
intermediates and formation pathways of major products. Den-
sity functional theory seems to be a suitable complementary
approach to solve this problem. Beste et al. [20,21] calculated
the bond dissociation enthalpies of phenethyl phenyl ether (PPE)
with different substituents. Huang et al. [22] investigated the
pyrolysis mechanism of a 3—0—4 type lignin dimer model com-
pound (1-phenyl-2-phenoxy-1,3-propanediol). However, limited
studies are available on the pyrolysis mechanism of lignin model
compounds by combining experimental studies with theoretical
methods.
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Fig. 1. Synthesis of the B—0—4 type lignin model dimer.

The objective of this research is to analyze and reveal the pyrol-
ysis behavior and mechanism of a —0—4 type model compound,
1-(4-methoxyphenyl)-2-(2-methoxyphenoxy) ethanol. Analytical
Py-GC/MS experiments were conducted to explore the thermal
degradation characteristics and product distributions. Meanwhile,
DFT (M06-2X) calculations provided a theoretical support for the
formation mechanisms of pyrolytic products. Finally, a comprehen-
sive comparison of the experimental and computational results was
performed to determine the pyrolysis mechanism of the B—0—4
dimer.

2. Materials and experimental methods
2.1. Lignin dimer preparation

The f—0—4 type lignin dimer compound (1-(4-
methoxyphenyl)-2-(2-methoxyphenoxy) ethanol) was
synthesized by the chemistry department of Peking Univer-
sity. The specific synthesis reactions are shown in Fig. 1, and the
details can be found elsewhere [23].

2.2. Experimental methods

Analytical Py-GC/MS experiments were conducted using
a pyrolyzer (CDS5200HP, CDS Analytical, Inc.) connected to
a gas chromatograph/mass spectrometer (GC/MS, PerkinElmer
Clarus560S). The target pyrolysis temperatures were set at 300 °C,
500°C, or 800°C for 20s under helium gas (99.999%, 1 mL/min)
with a heating rate of 20 °C/ms. The temperatures of the injector
and transfer line were maintained at 300°C. The pyrolytic prod-
ucts were separated and on-line analyzed by the GC/MS equipped
with an Elite-35MS capillary column (30 m x 0.25 mmi.d., 0.25 pm
film thickness). The split ratio was 80:1. The GC oven temperature
was initially set at 40 °C for 2 min, and then increased to 280°C at
15°C/min, where it was kept for another 2 min. Mass spectrometer
was operated in El mode at 70 eV. The pyrolytic products were iden-
tified through the Wiley/NIST 2008 Registry of Mass Spectral Data.
For each pyrolysis temperature, the experiments were conducted
at least three times to confirm the reproducibility of the pyrolytic
product distribution.

3. Computational details

All calculations were carried out using the Gaussian 09 software
package [24]. To conserve computational resources, the time-
consuming rigid energy scans were conducted using the B3LYP
method at the 6-31+G(d) level, for the process of comparing the
electron energies of model compounds with distinct spatial struc-
tures. Then, all the reactants, intermediates (IMs), transition states
(TSs), and products were optimized with the precise M06-2X
method at the 6-311++G(d, p) level. Furthermore, the reactants,
IMs, and products were evaluated by frequency analysis at the same
level to ensure their stabilities without imaginary frequencies, and
the TSs were similarly evaluated to ensure unique imaginary fre-
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Fig. 2. The total ion chromatograms from fast pyrolysis of the lignin dimer at dif-
ferent temperatures: (a) 300°C, (b) 500°C, and (c) 800°C.

quencies. The thermodynamic parameters of the various species
were obtained by frequency analysis under the standard condition,
i.e, 298.15K and 1atm. The intrinsic reaction path (IRC) calcula-
tion was adopted to validate the TSs. The M06-2X method at the
6-311++G(d, p) level has been widely used for the mechanism study
oflignin pyrolysis process, and its accuracy has also been previously
demonstrated [20,25,26].

4. Results and discussion
4.1. Py-GC/MS analysis

Fig. 2 shows the typical ion chromatograms from fast
pyrolysis of the lignin dimer under three different temper-
atures. The relative contents of the pyrolytic products are
calculated and given in Table 1. As shown in Table 1, the
species of pyrolytic products are small at 300°C, chiefly gua-
iacol and 4-methoxystyrene. When the pyrolysis temperature
raise to 500°C, four new products can be found in the chro-
matogram, i.e. 2-hydroxybenzaldehyde, 4-methoxybenzaldehyde,
4-methoxyacetophenone and 4-hydroxyacetophenone. Whereas
at 800°C, a complex product distribution is obtained, mainly con-
sisting of various monocyclic aromatics and phenolics.

4.2. DFT calculations

4.2.1. Structure identification of the lignin dimer
The lignin dimer can adopt diverse spatial arrangements via
rotations aboutits covalent bonds. Therefore, it is essential to deter-
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Table 1
Pyrolytic product distribution at different temperatures (peak area %).

No Residence time Molecule Molecular weight Formula 300°C 500°C 800°C
1 2.49 Toluene 92 c7hg 2.96
2 3.27 Ethylbenzene 106 cghio 0.67
3 3.56 Styrene 104 cghg 2.58
4 3.79 Anisole 108 c7hgo 2.03
5 4.27 Benzaldehyde 106 c7hgo 1.84
6 443 Phenol 94 cghgo 16.04
7 5.15 2-Hydroxybenzaldehyde 122 c7hgoy 18.06 14.40
8 5.18 2-Hydroxytoluene 108 c7hgo 4.82
9 5.35 Acetophenone 120 cghgo 1.32

10 5.4 3-Methylphenol 108 c7hgo 2.00

11 5.54 Guaiacol 124 c7hgo, 48.07 8.14 1.58

12 6.01 2-Ethylphenol 122 cghipo 135

13 6.22 4-Methoxystyrene 134 cohyp0 25.63 28.02 9.33

14 6.32 4-Ethylphenol 122 cshipo 2.39

15 6.85 4-Vinylphenol 120 cghgo 11.40

16 7.08 2-Methoxybenzaldehyde 136 cghgoy 1.20

17 7.24 4-Methoxybenzaldehyde 136 cghgoy 3.64 2.96

18 8.15 4-Methoxyacetophenone 150 cohi02 17.56 10.75

19 9.01 4-Hydroxyacetophenone 136 cghgoy 14.08 4.29

20 Unknown 26.30 10.50 6.10

(a)

(b)

Fig. 3. Spatial structures of the lignin model compounds.

mine the lowest energy spatial arrangement. According to Beste
et al. [20,27], for a PPE in which a methoxyl substituent is ortho
to the site of the ether bond, the most stable structure adopts an
orthogonal arrangement of the planes of the two benzene rings,
with the methoxyl group located on the side of the protruding oxy-
gen atom in the 3—0—4 ether linkage, as shown in Fig. 3(a). In the
case of a PPE where the methoxyl group is located para to Co, the
C atom of the methoxyl group lies in the plane of benzene ring
(Fig. 3(b)). Based on the above results, we propose the structure of
the lignin dimer as shown in Fig. 3(c).

To verify the correctness of the selected geometry of the lignin
dimer, the energy scan process was carried out as follows. The
dihedral angles of the D (CB—0—C4—Cy/), D (Ca—Cp—0—C4'), D

(C;—Ca—CPR—0), and D (C,—C;—Ca—Cp) were scanned by the rigid
energy scanning method with a 60° step length. Based on the ref-
erence structure displayed in Fig. 3(c), the electronic energies as a
function of the four dihedral angles are plotted in Fig. 4. The struc-
ture shown in Fig. 3(c) clearly has the lowest energy in the potential
energy surface.

4.2.2. Preliminary pyrolysis mechanism of the lignin dimer

At present, the mechanism for the preliminary lignin pyrolysis
is still in dispute. Beste et al. [20] suggested that the preliminary
pyrolysis process mainly involved the homolysis of the C3—0 and
Co—Cp bonds. Kawamoto et al. [28] experimentally confirmed that
other reactions could also take place during the pyrolysis of typical



106 L. Chen et al. / Journal of Analytical and Applied Pyrolysis 115 (2015) 103-111

Cg-O
Homolysis

—>.

HO

OCH,
—

OCH,

221.4kJ/mol

Co-Cp
Homolysis

259.3kJ/mol

CgO
Concerted
Decomposition

e

264.4kJ/mol

OCHs

OCHs

Fig. 5. Preliminary pyrolysis mechanisms of lignin dimer.

lignin model compounds. Another point considered by Korobkov
etal.[29] and Amen-Chen et al. [16] was that the concerted decom-
position of CB—0O bond mainly occurred in the low-temperature
process. With the increasing of the pyrolysis temperature, the pro-
portion of the homolytic reactions increased. Therefore, in order
to determine the preliminary pyrolysis mechanism of this lignin

dimer, we calculated the bond dissociation energies for the CB—0
and Ca—Cf3 homolysis and energy barrier for the concerted decom-
position of CB—O, as shown in Fig. 5. It is seen that the bond
dissociation energy of C3—O is relatively low (221.4 kJ/mol), lower
than the Ca—C[3 bond dissociation energy (259.3 kJ/mol) and the
CB—O0 concerted decomposition energy barrier (264.4 kJ/mol).
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4.2.3. Pyrolytic pathways based on C—0 homolysis

During the C3—0 homolytic process, the CB—0 bond is broken
and the free radicals IM a and IM b are generated (Fig. 6). The
subsequent reactions are illustrated in Figs. 6 and 7, respectively.

Fig. 6 shows four reaction pathways subsequent to the forma-
tion of IM a. In the pathway a-1, an H radical in IM a transfers
from the Ca to the CP position, to generate the IM a-1-il.
Then, the hydroxyl radical is dehydrogenated to form a-1-i2 (4-
methoxyacetophenone), and the overall energy barrier for this
reaction path is 359.9 kJ/mol. In path a-2, IM a undergoes a hydro-
genation reaction to form IM a-2-il. After overcoming the TS
a-2-ts1 with a low energy barrier, IM a-2-il is dehydrated by the
loss of the Ca-hydroxyl and Cf3-hydrogen radicals to produce a-
2-i2 (4-methoxystyrene). IM a-2-i2 can undergo demethylation
and subsequent hydrogenation to form a-2-i4 (4-vinylphenol). The
overall energy barrier for path a-2 is 274.9kJ/mol. It is to note
that free hydrogen radicals required for the above hydrogenation
reactions can be generated during the pyrolysis process, from the
dehydrogenation reaction pathways (e.g. path a-1, path b-2) as
well as the coking and polyaromatic hydrocarbons formation pro-
cess [30]. In path a-3, 4-methoxystyrene (a-3-i1 or a-2-i2) can
also be generated from IM a directly through dehydroxylation,
but the overall energy barrier for this process is relatively high
(295.9k]J/mol), hence it is not the optimal pathway for the for-
mation of 4-methoxystyrene. In path a-4, the C;—Ca bond in the
intermediate is broken, producing the a-4-i1 and a-4-i2 (vinyl alco-
hol); then, the a-4-i1 can undergo a hydrogenation reaction to
form a-4-i3 (anisole). The overall energy barrier for path a-4 is
316.6 k]/mol. According to the assessment of the overall energy
barriers of different reaction pathways, the formations of interme-
diates a-2-i2 (4-methoxystyrene) and a-2-i4 (4-vinylphenol) are
the most favorable due to their low energy barriers, wherein a-2-
i2 is easier to obtain because of the fewer steps along the reaction
path a-2.

As shown in Fig. 7, the reactions following the generation of
IM b occur with four major pathways. In path b-1, IM b under-
goes hydrogenation to generate b-1-il1 (guaiacol). Liu et al. [31]
thought that the guaiacol should be the main source of phenol.
Attacked by a free H radical, the guaiacol will overcome the TS
b-1-ts1 to generate IM b-1-i2 which will undergo demethoxy-
lation to generate phenol (b-1-i3). Path b-1 has a relatively low
overall energy barrier of 221.4kJ/mol. In path b-2, an H radical in
the methoxyl group of the guaiacol (b-1-i1) is removed, generat-
ing IM b-2-i1. Then, IM b-2-i1 will overcome TS b-2-ts2, during
which process the positions of the C atom and the O atom in the
methoxyl group are exchanged, generating IM b-2-i2. Finally, the
product b-2-i3 (2-hydroxybenzaldehyde) will be generated by the
loss of one H radical. The overall energy barrier for path b-2 is
4441 KJ/mol. In path b-3, IM b-2-i1 can also be produced from
IM b by overcoming TS b-2-ts1, during which an H radical in the
methoxyl group transfers and participates in the formation of the
phenolic hydroxyl group in intermediate b-2-i1. Then IM b-2-i1
undergoes the same subsequent reactions as path b-2 to form b-
2-i3 (2-hydroxybenzaldehyde), and the overall energy barrier in
this pathway is 351.6 kJ/mol, lower than that in the pathway b-2
(444.1 kJ/mol). In addition, we also investigated a pathway similar
to the one proposed by Liu et al. [31] for producing the phenol, i.e.,
pathb-4.In path b-4,IM b interacts with a free Hradical to form b-3-
il by overcoming the TS b-3-ts1. Then, b-3-i1 will successively lose
the methoxyl group and undergo a hydrogenation reaction to form
phenol with an overall energy barrier of 221.4 kJ/mol. The overall
energy barrier of path b-4 is the same as that of path b-1, while the
energy barrier of b-1-i1—b-1-ts1 is lower than that of b-3-i1—b-
3-i2. Therefore, path b-1 should be more favorable than path b-4.In
sum, the most possible pathway from IM b is the path b-1, forming

the product of b-1-i1 (guaiacol) which can further decompose to
form b-2-i3 (2-hydroxybenzaldehyde) and b-1-i3 (phenol).

4.2.4. Pyrolytic pathways based on Cae—Cf3 homolysis

As shown in Fig. 8, during the Ca—C3 homolytic process, the
Ca—CP bond is broken, forming IM ¢ and IM d. IM ¢ can decom-
pose along two main reaction pathways. In path c-1, an H radical
is removed from IM ¢ to form c-1-i1 (4-methoxybenzaldehyde)
with an overall energy barrier of 367.8kJ/mol. In path c-2,
IM ¢ undergoes a hydrogenation reaction to form c-2-i1 (4-
methoxybenzenemethanol), with an overall energy barrier of
259.3 kJ/mol. After the formation of IM d, there may be three main
subsequent reaction pathways. In path d-1, IM d will overcome
TS d-1-ts1 to form IM d-1-i1. Then, d-1-i1 will undergo dehydro-
genation to form d-1-i2 (2-methoxybenzaldehyde) with an overall
energy barrier of 333.7kJ/mol. In path d-2, IM d undergoes a
hydrogenation reaction, forming d-2-i1 (1,2-dimethoxybenzene)
with an overall energy barrier of 259.3kJ/mol. In path d-3, the
possibility of the dissociation of IM d is considered, but the
overall energy barrier for loss of methylene from the IM d is
577.3kJ/mol, which far exceeds those of the former two path-
ways, and thus, will not be further considered. In conclusion,
the products most likely to be generated based on the Ca—C[(3
homolysis are d-2-i1 (1,2-dimethoxybenzene) and c-2-i1 (4-
methoxybenzenemethanol), both with the overall energy barriers
of 259.3 kJ/mol.

4.2.5. Pyrolytic pathways based on CS—O0 concerted
decomposition

During the C—O concerted decomposition process, the lignin
dimer directly generates intermediates CR-i1 and CR-i2 (guaia-
col) via the four-membered ring TS CR-ts1, as shown in Fig. 9.
The two intermediates can undergo further reactions. IM CR-il
is converted to IM CR-i3 (4-methoxyacetophenone) via TS CR-
ts2 by the isomerization of the side chain enol to the ketone.
Demethylation occurs accompanied by the formation of CR-1-i2
(4-methoxybenzaldehyde) and CR-2-i2 (4-hydroxyacetophenone)
from IM CR-i3. CR-1-i2 is equivalent to c-1-i1in Fig. 8. However, the
overall energy barrier required for the production of CR-1-i2 along
this path is lower, and thus, the formation of CR-1-i2 through the
CB—O0 concerted decomposition is the optimal path. In addition, IM
CR-i2 can go on to produce b-1-i3 (phenol) according to the mech-
anism shown in Fig. 9. Among all of the above products, IM CR-i1l
has an unstable enol structure which is prone to undergo isomer-
ization to produce IM CR-i3 (4-methoxyacetophenone). Therefore,
CR-i3 (4-methoxyacetophenone) and CR-i2 (guaiacol) should be
the major products from the C3—O concerted decomposition. Other
products can be generated by subsequent thermal decomposition
reactions.

4.2.6. Summary of pyrolysis mechanism and products of the
lignin dimer

According to the above discussions, a summary of the pyroly-
sis mechanisms and pathways of the lignin dimer can be drawn,
as shown in Fig. 10. Based on the optimal reaction pathways and
formation sequences for each product, the pyrolytic products can
be classified into two types: 1. principal products which are gener-
ated from the preliminary pyrolysis process and have low reaction
energy barriers; and 2. minor products which are produced in the
late stages and have high energy barriers.

As shown in Fig. 10, the pyrolytic products based on the
three preliminary pyrolysis mechanisms are substantially dif-
ferent. The principal products from the CB-O homolysis are
guaiacol (b-1-i1) and 4-methoxystyrene (a-2-i2). Those from the
Co—CPR homolysis are 1,2-dimethoxybenzene (d-2-i1) and 4-
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methoxybenzenemethanol (c-2-i1). The principal products from
the CB—O concerted decomposition are guaiacol (CR-i2) and 4-
methoxyacetophenone (CR-i3). In terms of energy barriers, the
CPR—0 homolytic reaction requires the lowest energy compared to
the Ca—C homolytic and CB—O concerted decomposition reac-
tions. From this standpoint, the C—0 homolytic mechanism is
the most favorable. However, the difference of the energy barriers
between the Ca—C[3 homolysis and the C3—0O concerted decom-
position is quite small. Hence, it is difficult to directly determine
which mechanism is more preferable without experimental data.
In addition, it is worth noting that the above-illustrated pyrolytic
mechanisms and products are based on the preliminary pyrolysis

of the lignin dimer. During the real pyrolysis process, the lignin
dimer, intermediate radicals and primary products will proceed
via different reactions, such as bimolecular hydrogen abstraction
[21], oxygen—carbon phenyl migration [32], carbon-carbon phenyl
migration [33] and secondary cracking reactions, which will affect
the final pyrolytic product distribution. These processes are not
taken into account in this paper, and will be investigated in the
future.

4.2.7. Comparison of experimental and theoretical results
As demonstrated in Table 1, the major pyrolytic products pro-
duced at the low temperature (300°C) are guaiacol (b-1-i1) and
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4-methoxystyrene (a-2-i2). From the DFT calculations, the two sub-
stances are the dominant end products of the CB—O homolytic
reaction with the lowest energy barriers. Therefore, we can deter-
mine that the main reaction mechanism for the low-temperature
pyrolysis of the lignin dimer is the CB—0 homolytic reaction. The
results agree well with the findings by Britt et al. [34] who con-
firmed that CB—0 homolytic reaction was more favorable than
CB-0 concerted decompositionreaction in the pyrolysis of o-CH30-
PPE. However, Huang et al. [22] obtained the opposite results
when investigating the temperature effect on pyrolysis of B—0—4
type lignin dimer model compound. They found that the con-
certed decomposition reactions would dominate over free-radical
homolytic reactions at low temperatures, while at high tempera-
tures the free-radical reactions (C-O homolysis) would dominate
over the concerted decomposition reactions. The different results
in these studies might be attributed to the different model com-

pound structures. The lignin model compound selected by Huang
etal. [22] has no methoxyl group on the phenyl ring adjacent to the
ether oxygen, and it has been confirmed that the presence of the
methoxyl group can enhance the C3—0 homolysis while have little
effect on CB—O concerted decomposition [34].

At medium temperature (500°C), the number of pyrolytic
products increases. Compared with the product distribution from
300°C, the relative content of guaiacol (b-1-i1) decreases, while
the amount of 2-hydroxybenzaldehyde (b-2-i3) increases, an
indication of the further decomposition of the guaiacol. Mean-
while, a great number of carbonyl-containing compounds, such
as 4-methoxyacetophenone (CR-i3), 4-methoxybenzaldehyde (CR-
1-i2), and 4-hydroxyacetophenone (CR-2-i2), are found. Coupled
with the theoretical analysis, these substances are mainly gener-
ated through the C3—O concerted decomposition reaction. Since
the energy barrier of the CB—O concerted decomposition reaction
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Fig. 10. Summary of pyrolytic pathways of the lignin dimer.

is higher than that of the C3-0 homolytic reaction, it implies that
the CB—O concerted decomposition reaction is prominent in the
thermal degradation of the lignin dimer under medium pyrolysis
temperatures.

At high temperature (800°C), various small molecular sub-
stances will be formed. According to the theoretical analysis,
the products formed from C3—O homolysis and C—O concerted
decomposition undergo dissociation reactions, producing these
minor products.

As the theoretical analysis shows, the energy barrier of
the Co—CP homolytic reaction is slightly lower than that
of the CPB—O concerted decomposition. However, Ca—C[(3
homolytic products such as 1,2-dimethoxybenzene (d-2-i1)
and 4-methoxybenzenemethanol (c-2-i1), were not detected
experimentally. Therefore, it is able to infer that the Ca—C[(3
homolytic mechanism is not applicable in the actual pyrolysis
process.

5. Conclusions

In this research, the pyrolysis mechanism and product
distribution of a 3—0—4 type lignin dimer (1-(4-methoxyphenyl)-
2-(2-methoxyphenoxy) ethanol) was investigated by analytical
Py-GC/MS experiments and DFT calculations. The results show
that 4-methoxystyrene and guaiacol are the major products
through CB-O homolytic mechanism at low temperatures. C[3-
O homolysis and CR—O concerted decomposition mechanisms
co-dominate the reactions at moderate temperatures, producing
4-methoxystyrene, carbonyl-containing substances and guaia-
col. At high temperatures, the products obtained from CB—O
homolysis and CB—O concerted decomposition undergo sec-
ondary thermal cracking, generating a large number of small
molecule products which result in the complexity of the pyrolytic
products.
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