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thermal decomposition of lignin monomer model
compounds: effect of temperature, residence time
and methoxyl group†

Huamei Yang, * Ju Jiang, Bingzhe Zhang and Panpan Xu

In order to investigate the effects of temperature, residence time (RT) and methoxyl (OCH3) on the product

distribution and vapor phase reactions during pyrolysis of complex solid fuels, three model phenolic

representatives, phenol, guaiacol and syringol, were pyrolyzed at a residence time of 0.7 s, over

a temperature range of 400 �C–950 �C, and at temperatures of 650 �C and 750 �C, in a RT region of 0.1

s–4.2 s. Increasing yields of CO and C1–C5 light hydrocarbons (LHs) with RT at 650 �C and 750 �C
indicated that ring-reduction/CO elimination of phenolic compounds happened at 650 �C, and

dramatically at 750 �C. The addition of OCH3 affects the product distribution and ring-reduction

pathways: C5 LHs from phenol, C2 LHs, C4 LHs and C5 LHs from guaiacol, and C1–C2 LHs from syringol.

CO2 yields increase with the addition of OCH3. CO2 was formed via benzoyl and a four-membered ring,

which would compete with the CO formation. The addition of OCH3 promotes the formation of coke

and tar. The decomposition pathways are discussed, based on the experimental data, focusing on ring-

reduction reactions and the formation of CO/CO2 and C1–C5 LHs.
1. Introduction

Solid carbon resources such as coal and biomass can be con-
verted to afford carbon-based chemicals and materials, fuels,
and electrical power by thermochemical conversion processes,
such as liquefaction, pyrolysis, gasication, and combustion.1–6

Pyrolysis has attracted much attention in the past decades due
to its feasibility and huge commercial outlook.2,5 At the same
time, pyrolysis is also the initial step of gasication.3 Hence, it is
signicant to elucidate the typical pyrolysis mechanism of
carbon resources. Pyrolysis was always described as two
conversion stages: primary pyrolysis from solid fuels to vola-
tiles, and vapor-phase reactions of volatiles generated from
primary pyrolysis.6–9 Vapor-phase reactions are inevitable and
key steps for the formation of nal products during the pyrol-
ysis of solid carbon resources.8,9

Aromatic structures are rich in solid carbon resources, and
how the aromatic structure reacts during pyrolysis has aroused
wide concerns.7–14 Model compounds were employed to inves-
tigate the detailed reaction pathways involved in pyrolysis
mechanism of coal and biomass. Dimmer or oligomer of lignin
units were widely employed to experimentally or numerically
ering, Xuzhou University of Technology,
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investigate the breakage of ether bonds or carbon–carbon
linkages among aromatic structures in lignin.14–19 Cleavage
mechanisms of b-O-4 linkage and a-O-4 linkage are the main
topics, and were analyzed with free-radical reactions, molecular
rearrangements, and concerted elimination reactions.15–17

Recently, monomer model compounds were decomposed,
and it was reported that inorganic gases (IGs) and light
hydrocarbons (LHs) were dominant products generated from
pyrolysis of monomer aromatic model compounds through
ring-reduction reactions at 650–850 �C.11,20–38 Considering the
ring-reductions reactions of aromatic structure to small
fragments, the decomposition mechanisms of monomer
phenolic compounds such as phenol,21,22 catechol,23–26 ani-
sole,27–29 guaiacol,7,30–34 syringol,34–36 eugenol37 and vanillin38

have recently been investigated experimentally and
theoretically.

Guaiacyl, syringyl, and p-hydroxylphenyl structures are rich
in volatiles generated from pyrolysis of solid carbon resources,
especially from pyrolysis of lignin.1,39 Understanding the
conversion mechanism of guaiacyl, syringyl, and p-hydrox-
ylphenyl structures is of great importance for improvement of
thermochemical conversion processes during pyrolysis of solid
carbon resources, especially a study of the gas-phase chemistry.
Phenol as the simplest model compounds of p-hydroxylphenyl
structures has been widely investigated, and the main pathway
of phenol decomposition was to form CO and cyclopentadiene
by the ring-reduction as Path 1.21,22
RSC Adv., 2021, 11, 37067–37082 | 37067
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Catechol, as the simplest model compounds of guaiacyl, was
experimentally and theoretically investigated. The main prod-
ucts from catechol decomposition were CO and buta-1,3-diene,
which were formed through the following Path 2 and Path 3.23–26

Altarawneh et al.23 calculated the decomposition reactions of
catechol, and found that the Path 2 was dominant at low
temperature, and Path 3 was dominant at high temperature.

Guaiacol has been widely suggested as a lignin model
compound inmany experimental and computational studies on
lignin pyrolysis. Scheer et al.30 studied the unimolecular
thermal decomposition of guaiacol, and directly observed
cyclopentadiene formation via cyclohexadienone by photon
ionization time-of-ight mass spectrometry and matrix isola-
tion infrared spectroscopy (PIMS-IR). Vinylacetylene, cyclo-
pentadienone, acetylene and hydroxy-cyclohexadienone were
observed to certify the ring-opening pathway of aromatic
structure in guaiacol as Path 4. The initial decomposition step is
the loss of methyl radical and the hydroxy-cyclopentadienyl
radical is produced by the decarbonylation of the 2-hydroxyl
phenoxy radical. Nguyen et al.31 comprehensively studied on
detailed kinetic modeling for thermal decomposition of guaia-
col which is essential to gain insights into the complicated
process.

Few works were reported on the thermal decomposition of
syringol, and there was limited information on the products
generated from syringol. Asmadi et al.34 investigated thermal
reactions of guaiacol and syringol as lignin model aromatic
nuclei, and focused on the role of the additional methoxyl group
in the formation of coke, tar and gas. Harman-Ware et al.36 re-
ported the fast pyrolysis of the lignin monomers sinapyl and
coniferyl alcohol using pyrolysis-GC/MS, and focused on the tar
generated from sinapyl : guaiacyl ratios. To the best of our
knowledge, there are no reports on detailed distribution of light
volatile products generated from syringol decomposition.
37068 | RSC Adv., 2021, 11, 37067–37082
Above all, the experimental information on detailed distri-
bution of products such as inorganic gases (IGs) and C1–C5 light
hydrocarbons (LHs) from the pyrolysis of monomer phenolic
model compounds was still lacked, leading to the poor under-
standing of vapor-phase reactions during pyrolysis of solid fuel
resources, especially ring-reductions of aromatic structures. In
this study, three model compounds were employed to provide
experimental data for future detailed simulation and to
understand the vapor-phase reactions during pyrolysis of solid
fuel resources. Guaiacol, syringol and phenol were pyrolyzed at
550 �C–950 �C, and 0.1 s–4.2 s, and the quantitative distribution
of the products were recorded by on-line GCs. Effects of
temperature, residence time and the methoxyl addition on
products distribution and ring-opening reactions were dis-
cussed, focused on the formation of IGs and C1–C5 LHs.
2. Experimental section
2.1 Materials

Gas-phase model compounds, phenol, guaiacol and syringol,
were used as phenolic representatives of structural entities in
solid fuels and tar. Phenol, guaiacol and syringol were
purchased from Sinopharm Chemical Reagent Co., Ltd, China.
All samples were of analytical grade and used without any
further purication.
2.2 Equipment and procedure

Thermal decompositions of model compounds were investi-
gated using a tubular reactor system at temperature (550–
950 �C, 0.7 s) and residence time (RT, 0.1 s–4.2 s at 650 �C and
750 �C) with an inert gas helium (He). The reactor system con-
sisted of a vaporizer, a quartz tubular-ow reactor, and an
online GC as shown in Fig. 1. First, GC was separated with the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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tubular reactor by a six-way-valve, and GC baseline was stabled
by carrier gas He. At the same time, keeping valves A and B
closed and valve A open, He was used to exhaust air from
tubular reactor. Tubular reactor was heated to expected
temperature (550–950 �C) by a multi-stage furnace. Aer
temperature and baseline were stable, tubular reactor was
connected to GC by switching the six-way-valve. 1 mg sample
was loaded into a Pyrex tube xed in the vaporizer. The vapor-
izer was heated to 250 �C by an electric furnace to vaporize
model compounds. 10 min later, valve C was closed, and valve A
and B were quickly opened. Vapor of model compounds was
passed from the Pyrex tube into the tubular reactor with
a carrier gas (He) at 241 kPa. The quartz tubular-ow reactor was
used for the decomposition of lignin model compounds in the
helium atmosphere. The inner diameter of the tubular-ow
reactor was 4 mm. Residence time was controlled by the
heated length of reactor inserted into the multi-stage furnace.
Products were carried to GC column with carrier gas, and
further identied by online GCs equipped with TCD and/or FID.
Three different columns were employed to analyze the products,
including a 4 m long packed column with 60/80 mesh Gasu-
kuropak 54 (GL Sciences, Co. Ltd), a 25 m long, 0.25 mm i.d.
capillary column (ParaBOND Q, df ¼ 0.25 mm, Agilent), and a 60
m long, 0.25 mm i.d. capillary column (TC-1701, df ¼ 0.25 mm,
GL Sciences, Co. Ltd). GC conditions in this study were the same
as our previous publications7,25,40 as listed in Table A1 in ESI.†
2.3 Products analysis

Products were quantied with the same method in our previous
publications7,25,40 and the peak identication can be found in
publication:7,40 (1) chromatographic peaks were identied by
comparison with GC/MS peaks or by standard substances; (2)
when standard substances are available, products except C1–C5

LHs are quantied by standard curve method; (3) when the
© 2021 The Author(s). Published by the Royal Society of Chemistry
standard substances are unavailable (C1–C5 LHs), methane is
used as the reference substance, and the number of available
carbon is used to quantify products. FID is a mass detector, so
products yield can be calculated by eqn (1)–(3) below. It should
be noted that carbon monoxide (CO) and carbon dioxide (CO2)
were detected by TCD, a concentration detector. Since methane
can be detected by FID and TCD at the same time, methane was
selected as a reference calibration factor to calculate the yield of
CO and CO2, as eqn (4). Each test ran three times, and the
relative errors of the product yield generally within �10%. The
mean yield of each detectable products was illustrated in this
study and used to analyze the decomposition behavior of lignin
model pyrolysis.

Mass of product i, standard substances are available:

mi ¼ Ai�
Ai-st

Ni-st

��Mi (1)

Standard substances are unavailable:

mi ¼ Ai�
ACH4

NCH4

�
� R

�Mi (2)

Yield of product i,

yi ¼ mi

mi-feed

� 100% (3)

Yield of CO and CO2,

yi-cro ¼ yi 
yCH4-TCD

yCH4-FID

! (4)
RSC Adv., 2021, 11, 37067–37082 | 37069
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Fig. 1 Schematic representation of the experimental set-up for
thermal decomposition.
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In these equations, mi denotes the mass of product i; mi-feed

denotes the mass of feed guaiacol; Ai denotes the peak area of
product i; Ai-st denotes the peak area of standard substances i;
Ni-st denotes the moles number of standard substances i; Mi

denotes the mass weight of product i; Ri denotes the response
factor of effective carbon number; yi denotes the yield of
product i.
Fig. 2 Conversion rate and products distribution of phenol decompositi
(b) IGs; (c) C1–C5 LHs; (d) AHs; (e) PHLs; (f) LOCs.

37070 | RSC Adv., 2021, 11, 37067–37082
3. Results and discussion

Vapor phase reactions during pyrolysis and gasication of solid
carbon resources are inevitable and critical for the formation of
nal products. Light volatile products paly important roles in
aromatic ring-formation reactions, and C1–C5 LHs are known to
be precursors to single-ring aromatics and growth species in
polycyclic aromatic hydrocarbons (PAH) buildup reactions.7,40–45

Published papers have reported ring-reduction/CO elimination
to generate C1–C5 radicals and/or fragments are dominate
decomposition pathways of phenolic compounds.21–38 Our
previous work25 in this series has reported the identication of
54 species from o-,m- and p-benzenediol with the same analysis
techniques used in this work. Concerning ring-reduction/CO
elimination, mechanisms for three benzendiol-isomers
decomposition and formation of the C1–C5 light hydrocarbons
(C1–C5 LHs) have been discussed based on the distribution of 54
species in our previous study.25 Actually, primary products
generated from solid carbon resources (especially lignin) are
phenol-type compounds with methoxyl (OCH3). An under-
standing of the effects of OCH3 on the products distribution is
essential to interpret the decomposition mechanism of
phenolic compounds. Hence, this study investigated the
thermal decomposition of phenol, guaiacol and syringol as
three phenolic compound representatives of structural entities
in solid carbon resources, and mainly focused on the distribu-
tions and formation of light volatile decomposition products.
All detected products in this study were claried into ve groups
as IGs, C1–C5 LHs, light oxygenated compounds (LOCs),
aromatic hydrocarbons (AHs) and phenols (PHLs). Conversion
rate and main products distributions were quantied to
examine the effect of temperature, residence time (RT) and
OCH3 on the thermal behavior of phenolic compounds.
Thermal behavior of phenolic compounds and formation
on at 400–950 �C, 0.7 s. (a) Conversion rate and products distribution;

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Conversion rate and products distribution of guaiacol decomposition at 400–950 �C, 0.7 s. (a) Conversion rate and products distribution;
(b) IGs; (c) C1–C5 LHs; (d) AHs; (e) PHLs; (f) LOCs.
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mechanism of light volatile products will be discussed based on
the experiment results.
3.1 Effect of temperature on conversion rate and products
distribution

Fig. 2–4, respectively, present the conversion rate and yields of
main products generated from pyrolysis of phenol, guaiacol and
syringol as functions of temperature. In the temperature range
of 550 �C–950 �C, noticeable differences on conversion rate and
product yields reveal temperature strongly affects the thermal
Fig. 4 Conversion rate and products distribution of syringol decomposit
(b) IGs; (c) C1–C5 LHs; (d) AHs; (e) PHLs; (f) LOCs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
behavior of phenolic compounds and the formation of light
volatile products. Temperature effects on pyrolysis of phenol,
guaiacol and syringol are discussed, respectively, in the
following parts.

3.1.1 Phenol. Fig. 2(a) shows that conversion rate of phenol
is very low at 550 �C and no light-volatile-products are detect-
able by online GC. Phenol is converted rapidly at temperatures
$650 �C, and completely converted at temperatures $850 �C.
Ring-reduction/CO elimination (Path 1) was reported as the
main phenol decomposition pathway to support the formation
of CO and C5 LHs (especially cyclopentadiene).21 The observed
ion at 400–950 �C, 0.7 s. (a) Conversion rate and products distribution;

RSC Adv., 2021, 11, 37067–37082 | 37071
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effect of temperature on CO yield in Fig. 2(b) is consistent with
conversion rate of phenol exhibited in Fig. 2(a). CO yields
sharply increase from 7.25 wt% at 650 �C to 18.84 wt% at 750 �C,
followed by a slow increase of yield to 21.91 wt% with temper-
ature increasing to 950 �C. C5 LHs yields also increase sharply
from 5.93 wt% at 650 �C to 17.16 wt% at 750 �C as shown in
Fig. 2(b). The results of CO and C5 LHs indicate that ring-
reduction/CO elimination during phenol pyrolysis happens
dramatically at temperatures $750 �C.

Fig. 2(c) shows C5 LHs yield decreases with temperature
increasing from 750 �C to 950 �C. Considering the structure of
phenol, C1–C4 LHs products are possibly formed from the
rupture of C5 LHs. As illustrated in Fig. 2(c), yields of C1–C4 LHs
are much lower than C5 LHs at 650 �C and 750 �C. Yields of
methane (CH4) increase to 6.33 wt% with temperature
increasing to 950 �C. C2 LHs and C3 LHs have similar distri-
bution trends with C5 LHs, and their maximum yield, achieved
at 750 �C, were 6.18 wt% and 6.54 wt%, respectively. The
rupture of C5 LHs as Path 5 can support the formation of C2 LHs
and C3 LHs.21,24 C4 LHs yields are the lowest in C1–C5 LHs, which
was possibly formed by the combination of two C2 LHs, or the
rupture of C5 LHs with a C1 radical/fragment elimination.

Another consumption pathway of C5 LHs is to support the
formation of heavy-weight-molecular products such as AHs and
coke. In this work, main detected AHs generated from phenol
decomposition are benzene, naphthalene, and styrene as shown
in Fig. 2(d). Cyclopentadiene was reported as an important
precursor to naphthalene as path 6,7,44 which can explain the
increasing yield of naphthalene, as illustrated in Fig. 2(d), at
temperatures $750 �C.

Benzene yields are lower than naphthalene, and monoto-
nously increase in the temperature region of 750 �C–950 �C.
Benzene is possibly formed by H-substitution reaction of OH30,31

or the combination of C1–C5 LHs as Path 7–9.7,25,40 Styrene was
37072 | RSC Adv., 2021, 11, 37067–37082
possibly formed by the combination of C4 LHs and/or C2

LHs,41–43 and the temperature of peak yield is 850 �C. With
temperature increasing, the decrease in styrene yield reveals
styrene was possibly involved in the formation of PAH and coke
at temperatures $850 �C.

In addition, CO2 and H2O are also detected with a much
lower yield than CO, as illustrated in Fig. 2(b). Yields of CO2

increase with temperatures and get its maximum (1.96 wt%) at
950 �C. Yields of H2O increase from 0.30 wt% to 2.03 wt% with
temperatures increasing from 550 �C to 750 �C, and then reduce
as shown in Fig. 2(b). As shown in Fig. 2(e) and (f), yields of
cresol and LOCs are very low. Main detected PHLs is cresol, and
its peak yield is achieved at 750 �C as shown in Fig. 2(e). Main
© 2021 The Author(s). Published by the Royal Society of Chemistry
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LOCs are methanol, ethanol and acetaldehyde, and the sum
yields of LOCs are lower than 0.5 wt% as shown in Fig. 2(f).
Yields of methanol get its maximum at 750 �C.

3.1.2 Guaiacol. Guaiacol pyrolysis were conducted in the
temperature region of 400 �C–950 �C. Conversion rate of
guaiacol at 400 �C is as low as 4.89 wt%, with the formation of
phenol, cresol and catechol. Fig. 3 presents the conversion rates
and yields of main products generated from pyrolysis of
guaiacol as functions of temperature 550 �C–950 �C. Conversion
rates of guaiacol increase from 26.88 wt% at 500 �C to 98.47 wt%
at 750 �C as shown in Fig. 3(a), and guaiacol is almost
completely decomposed above 750 �C. Product components and
distributions vary with temperatures obviously as illustrated in
Fig. 3(a). Fig. 3(a) reveals that PHLs are main products below
650 �C, while IGs, LHs and AHs are main product components
above 650 �C. UDCs yields increase from 7.39 wt% at 550 �C to
11.90 wt% at 650 �C, and then reduce to 6.20 wt% at 750 �C.
UDCs yields increase again to 20.13 wt% at temperature
>750 �C. The increasing high yields of UDCs above 750 �C are
possibly explained by the formation of PAHs and coke. In this
study, black coke is observed on the reactor-wall during guaia-
col pyrolysis at temperatures $750 �C. No coke is observed at
550 �C and 650 �C. Components of UDCs at 550 �C and 650 �C
would be some oxygenated intermediates formed from guaiacol
decomposition. Those oxygenated intermediates are quickly
© 2021 The Author(s). Published by the Royal Society of Chemistry
decomposed to support the formation of IGs and LHs at 750 �C,
leading to the obviously increasing yield of IGs and LHs at
750 �C as shown in Fig. 3(a).

Even though the thermochemistry of the guaiacol is not well-
known, the initiation reaction during the decomposition of
guaiacol is most likely to be the scission of an OCH3 to form
methyl (CH3) and hydroxyphenoxyl radical in Path 4.30 CH3

combined with a hydrogen supports the formation of CH4

which yields increase to 8.88 wt% with temperatures increasing
to 950 �C. At high temperature CH4 is also formed from the
rupture of C2–C5 LHs.

Ring-reduction/CO elimination (Path 4) of hydroxyphenoxyl
radical was proposed by Scheer et al.30 based on the detection of
hydroxycyclopentadienyl radical, cyclopentadienone and acety-
lene and vinylacetylene by photoionization time-of-ight mass
spectroscopy. Concerning ring-reduction/CO elimination as
Path 4, CO, C2 LHs and/or C4 LHs are expected from guaiacol
pyrolysis in this study. Fig. 3(b) shows CO is the absolutely
dominated product from guaiacol pyrolysis. CO is detected at
temperatures as low as 500 �C, even though its yield is as low as
0.01 wt%. CO yields largely increase to 32.75 wt% in tempera-
ture region of 650 �C–950 �C. C2 LHs and C4 LHs are two of main
products from guaiacol pyrolysis. C4 LHs yields increase from
0.09 wt% to 10.01 wt% with temperatures increasing from
550 �C to 750 �C, and then reduce to 0.20 wt% at higher
RSC Adv., 2021, 11, 37067–37082 | 37073
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temperatures. Decreases of C4 LHs yield are possibly caused by
the formation of C2 LHs or heavy-weight molecular products. C2

LHs present similar trends, as functions of temperature, with C4

LHs. C2 LHs' temperatures of peak yield shi to 850 �C as its
yields decrease at higher temperatures. The distributions of CO,
C2 LHs and C4 LHs can testify Path 4 proposed by Scheer et al.30

Fig. 3(c) reveals that C5 LHs are another main LHs from
guaiacol pyrolysis, which yields have same trend as functions of
temperature with C4 LHs. Phenol is also detected from guaiacol
pyrolysis with a maximum yield (5.46 wt%) at 650 �C. Hence, as
discussed in Section 3.1.1, C5 LHs can be formed form the
phenol decomposition. However, the low yield of phenol cannot
support the high yield of C5 LHs. In analogy to catechol
decomposition as Path 3, the guaiacol decomposition would
also be started with the CH3 migration to a neighbor carbon to
form intermediate (I1). In analogy to Path 2 and Path 4, inter-
mediate (I1) can be converted to C5 LHs by the ring-reduction
reaction/CO elimination via intermediates (I2, methyl-
cyclopentenol) as Path 10. In analogy to Path 3, intermediate
(I1) also can be converted by a ring-reduction reaction/CO
elimination via intermediates (I3) to produce CO and C5 LHs
as Path 11. Intermediate (I2) also possibly supports the forma-
tion of acraldehyde and C3 LHs as Path 11. Fig. 3(f) illustrates
the prole of acraldehyde yield vs. temperature from guaiacol
pyrolysis. Acraldehyde gets its peak yield at 650 �C, and then is
decomposed to CO/CO2 and C2 LHs at higher temperature. C3

LHs show the lowest yield among C1–C5 LHs at all temperatures,
formed by Path 12 or Path 5.

AHs yields increase obviously above 650 �C as shown in
Fig. 3(a) and (d), and get its maximum (20.43 wt%) at 950 �C.
Fig. 3(d) shows benzene and naphthalene are two main
components in AHs, and their yields increase with tempera-
tures increasing to 950 �C. Benzene and naphthalene can be
formed as discussed in Section 3.1.1 by the combination of C1–
37074 | RSC Adv., 2021, 11, 37067–37082
C5 LHs. Styrene has a higher yield than other AHs at 650 �C, and
achieves its maximum yield (3.00 wt%) at 750 �C. Considering
the distribution of C2 and C4 LHs, styrene can be produced by
the combination of C2 and C4 LHs as Path 13–Path 15.40–45

Toluene has a low yield and achieves its maximum yield
(1.90 wt%) at 750 �C.

Fig. 3(e) shows the yield of PHLs as functions of temperature.
Guaiacol is mainly converted to PHLs (mainly phenol, cresol,
and catechol) at 400 �C and 500 �C. PHLs yields get its
maximum at 650 �C, and then reduce above 750 �C. Phenol gets
its maximum yield at 650 �C. It is oen thought to be formed by
the H-substitution of methoxy groups. Another pathway for the
radical/radical recombination was proposed by Scheer et al. to
explain the formation of phenol as Path 16.30 At the same time,
intermediate (I2) can be also formed from guaiacol decompo-
sition as Path 10 as discussed above, which can promote the
formation of phenol as Path 16.

Fig. 3(e) reveals catechol is one of main PHLs generated by
the combination of hydroxyphenoxyl radical and hydrogen
radical. Maximum yield of catechol is achieved at 650 �C, and
consumed rapidly at temperatures $750 �C. Catechol decom-
position has been investigated and supported the formation of
CO and buta-1,3-diene via H-migration to neighbor carbon and
ring-reduction reactions as Path 2 and Path 3. LOCs exist with
its sum yield being 3.17 wt% at 650 �C, and 3.35 wt% at 750 �C
as shown in Fig. 3(f). Less than 1.00 wt% LOCs are detected at
500 �C and above 850 �C. LOCs are mainly methanol, acralde-
hyde and acetone. Methanol and acetone get its maximum yield
at 750 �C, while acraldehyde achieves its maximum yield at
650 �C. With temperatures increasing, LOCs can be decom-
posed to IGs and LHs, leading to the reduction of yield at high
temperatures.

In addition, CO2 yields increase from 0.75 wt% at 650 �C to
3.97 wt% at 950 �C, which are much lower than CO yield. H2O
© 2021 The Author(s). Published by the Royal Society of Chemistry
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yields increase with temperatures, and get its maximum yield
(4.27 wt%) at 850 �C. The formation of CO2 will be discussed in
Section 3.3.

3.1.3 Syringol. Syringol pyrolysis was less investigated in
published works, and the decomposition mechanism is still
unclear. In this study, syringol was pyrolyzed to investigate the
distributions of light volatile products considering the effects of
OCH3. Conversion rate and yield proles of products as func-
tions of temperature are illustrated in Fig. 4. Fig. 4(a) reveals
conversion rates of syringol increase quickly to 94.74 wt% in the
temperature region of 550 �C–750 �C, and is almost completely
converted above 750 �C. Because of the low bond dissociation
energy, similarly with guaiacol, the initiation reaction of syrin-
gol decomposition is most likely the scission of OCH3 to form
CH3 and hydroxyphenoxyl radicals (loss of one or two CH3). In
analogy to Path 4 of guaiacol, ring-reduction/CO elimination of
hydroxyphenoxyl radicals is possibly one decomposition way of
syringol. Product components and distributions vary with
temperature obviously as illustrated in Fig. 4(a). Main detected
products are IGs and C1–C5 LHs. Concerning ring-reduction/CO
elimination, CO and C1–C5 LHs are rstly concerned and
illustrated in Fig. 4(b) and (c). Sum yields of IGs increase
dramatically at temperatures$750 �C. As illustrated in Fig. 4(b),
CO is dominant IGs generated from syringol pyrolysis. Yields of
CO sharply increase from 1.3 wt% at 650 �C to 22.57 wt% at
750 �C, and then slowly increase to 27.44 wt% at temperatures
above 750 �C. This result can prove the existence of CO elimi-
nation during syringol pyrolysis, and CO elimination happened
obviously at 750 �C. Fig. 4(c) shows sum yields of LHs largely
increase from 4.4 wt% at 550 �C to 19.38 wt% at 750 �C, and
then reduce to 10.30 wt% with temperatures increasing to
950 �C. Different from phenol and guaiacol, CH4 and C2 LHs are
two main LHs generated from syringol pyrolysis. Obviously
© 2021 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 4(c), CH4 and C2 LHs have a much higher yield
than C3–C5 LHs. CH4 yields increase to 8.13 wt% with temper-
atures increasing to 950 �C. C2 LHs are mainly ethyne, ethene,
and ethane, and achieve its maximum sum yield at 750 �C. CH3

combined with a hydrogen radical or another CH3 support the
formation of CH4 and ethane, leading to the high yield of CH4

and ethane. With temperatures increasing, ethyne and ethene
can be formed from ethane with the loss of H. Yields of C3–C5

LHs are lower than 2.5 wt%, and achieve their maximum at
750 �C. In analogy to guaiacol, ring-reduction/CO elimination as
Path 17 would be a source of C3 LHs and CO. Lower yields of C3

LHs indicate Path 17 happened with a low probability. It is also
possible the carbon–oxygen linkages in two OCH3 are broken at
the same time, as Path 18, and give the intermediate (I12).
Intermediate (I12) is unstable, and easily decomposed to CO
and C1 fragments such as methylene (CH2) and methenyl (CH),
methane, methanol or formaldehyde. Path 18 can explain the
formation of C1–C2 LHs. The detailed reactions of syringol
decomposition still need to be investigated experimentally and
theoretically in future work.

With temperatures increasing, main detected AHs generated
from syringol pyrolysis are benzene, toluene, xylene, ethyl-
benzene, naphthalene, and styrene as shown in Fig. 4(d). Yields
of benzene increase to 3.76 wt% with temperatures increasing
to 950 �C. Toluene achieves its maximum yield (2.85 wt%) at
750 �C, while xylenes achieve its maximum yield (1.78 wt%) at
850 �C. Toluene and xylenes are possibly formed by CH3-
substitution reaction of OH or OCH3 and the combination of
C1–C5 LHs. Styrene achieves its maximum yield at 750 �C during
syringol pyrolysis. Yields of naphthalene increase to 1.43 wt%
with temperatures increasing to 950 �C. Main detected PHLs are
cresol and phenol. Yields of cresol are much higher than
phenol. Cresol achieves its maximum yield at 550 �C, and is
RSC Adv., 2021, 11, 37067–37082 | 37075
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decomposed quickly with temperatures increasing as shown in
Fig. 4(e). Phenol gets its maximum yield at 650 �C as shown in
Fig. 4(e). Main LOCs are methanol, acraldehyde, and acetalde-
hyde as shown in Fig. 4(f). Yields of methanol and acraldehyde
get its maximum at 750 �C. Acetaldehyde gets its maximum
yield at 550 �C, and is decomposed quickly with temperatures
increasing as shown in Fig. 4(f).

Yields of CO2 increase monotonously to 9.55 wt% in the
temperature region of 650 �C–950 �C. Yields of H2O increase
from 0.51 wt% to 3.62 wt% with temperatures increasing to
850 �C, and then reduce as shown in Fig. 4(b).
3.2 Effect of residence time on conversion rate and products
distribution

During pyrolysis of phenolic compounds, ring reduction/CO
elimination to form IGs and C1–C5 LHs occurred at 650 �C
and dramatically at 750 �C. At these temperatures less C1–C5

LHs are consumed for the formation of AHs and/or coke. Hence,
effects of RT on the thermal behavior of phenolic compounds
were examined by guaiacol pyrolysis in RT region of 0.1–4.2 s at
650 �C and 750 �C. Conversion rate and main products distri-
butions generated from guaiacol pyrolysis are illustrated in
Fig. 5 and 6.
37076 | RSC Adv., 2021, 11, 37067–37082
Conversion rates of guaiacol increase to 93.50 wt% with RT
at rst 1.4 s, and guaiacol is almost completely decomposed
aer 1.4 s at 650 �C as shown in Fig. 5(a). Yields of all products
increase with RT as shown in Fig. 5(a). Main PHLs are catechol,
cresol and phenol as shown in Fig. 5(b). With RT increasing
from 0.1 s to 4.2 s, yields of phenol and cresols increase to
9.49 wt% and 4.83 wt%, respectively, at 650 �C. Catechol gets its
maximum yield at 1.4 s, and then is converted to CO and C4

LHs. LOCs at 650 �C are mainly methanol and acraldehyde, and
yields of methanol and acraldehyde increase to 2.39 wt% and
2.47 wt%, respectively, with RT increasing to 4.2 s as shown in
Fig. 5(c). IGs yields increase from 2.54 wt% to 17.97 wt% at
650 �C with RT increasing from 0.1 s to 4.2 s, and Fig. 5(d)
illustrates the yields of CO, CO2 and H2O with RT. CO yields
increase from 1.80 wt% to 15.01 wt% with RT at 650 �C, while
yields of CO2 and H2O increase slightly with RT andmuch lower
than yield of CO at 650 �C. At 650 �C, C1–C5 LH yields except
C2H6 increase in the region of 0.1 s–4.2 s, while C2H6 gets its
maximum yield at 0.7 s as shown in Fig. 5(e). Fig. 5(f) illustrates
the yield of benzene, toluene and styrene with RT at 650 �C, and
their yields all increase in the region of 0.1 s–4.2 s.

Fig. 6 illustrates conversion rate and products distribution of
guaiacol pyrolysis at 750 �C. Guaiacol was decomposed quickly,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Conversion rate and products distribution of guaiacol decomposition at 650 �C, 0.1–4.2 s. (a) Conversion rate and products distribution;
(b) PHLs; (c) LOCs; (d) IGs; (e) C1–C5 LHs; (f) AHs.
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and conversion rate is more than 95 wt% at 750 �C, 0.1 s–4.2 s.
Main products are IGs, C1–C5 LHs and AHs as illustrated in
Fig. 6(a). Yields of IGs, C1–C5 LHs and AHs increase with RT,
while yields of PHLs and LOCs reduce obviously with RT as
shown in Fig. 6(a). Fig. 6(b) shows yields of phenol and cresol at
750 �C is lower than those at 650 �C, which achieve its
maximum value at 0.7 s. Yields of catechol reduce with RT at
750 �C. As discussed above, at 750 �C, decomposition of
phenolic compounds occurred to form CO and C1–C5 LHs
through ring-reduction/CO elimination reactions.21–38 Hence,
yields of PHLs reduce with RT increasing in the region of 0.7 s–
Fig. 6 Conversion rate and products distribution of guaiacol decomposi
(b) PHLs; (c) LOCs; (d) IGs; (e) C1–C5 LHs; (f) AHs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
4.2 s. LOCs yields reduce with RT at 750 �C, and methanol and
acraldehyde are main LOCs as shown in Fig. 6(c). Methanol is
formed quickly at 750 �C, and its yields slightly vary between
2.17 wt% and 2.67 wt% in RT region of 0.1 s–4.2 s. Acraldehyde
is formed quickly at rst 0.1 s, and decomposed quickly aer
0.7 s. Path 12 of intermediate (I3) can be proved by the existence
of acraldehyde. Hence, Path 11 is possible with a CH3 migration
to a neighbor carbon, which is followed by the ring-reduction
reaction to produce CO and C5 LHs during guaiacol pyrolysis.

Much higher yields of IGs and C1–C5 LHs at 750 �C than
those at 650 �C indicate that ring-reduction/CO elimination
tion at 750 �C, 0.1–4.2 s. (a) Conversion rate and products distribution;

RSC Adv., 2021, 11, 37067–37082 | 37077
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Table 1 The conversion starting temperature, the temperature of conversion rate higher than 95 wt%, and the main products from phenol,
guaiacol and syringol

Phenol Guaiacol Syringol

Conversion starting temperature 650 �C 550 �C 550 �C
Conversion rate >95% temperature 850 �C 750 �C 750 �C
CO/wt% 21.91 32.75 27.44
CO2/wt% 1.96 3.97 9.55
Main C1–C5 LHs C5 > C2 > C3 C4 > C5 z C2 C2 > C1

Main AHs Naphthalene, benzene Benzene, styrene Benzene, toluene, xylene
Main LOCs — Methanol, acraldehyde Methanol
Main PHLs — Catechol, cresol, phenol Cresol, phenol
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reactions of guaiacol are drastic at 750 �C. Fig. 6(d) illustrates
the yields of CO, CO2 and H2O. CO yields increase from
16.94 wt% to 27.72 wt% with RT increasing, while CO2 yields
just slightly increase from 1.22 wt% to 2.72 wt% with RT from
0.1 s to 4.2 s at 750 �C. H2O gets its maximum yield at 0.7 s, and
then reduces. C1–C5 LHs yields at 750 �C are illustrated in
Fig. 6(e), and much higher than those at 650 �C. LHs sum yields
increase with RT increasing from 0.1 s to 1.1 s, and then slightly
reduce with RT to 4.2 s at 750 �C. At 750 �C, methane, ethyne,
ethene, ethane, propane, propene, propyne, propadiene,1-
butene-3-yne, 1,3-butadiene, cyclopentadiene, 1,4-pentadiene
and 1,2-pentadiene are the main LHs at 750 �C. As shown in
Fig. 6(e), yields of methane, ethyne, ethene, propane, propene,
and propyne increase monotonously with RT, while yields of
ethane slightly reduce monotonously with RT. C4 LHs (1-
butene-3-yne and 1,3-butadiene) and C5 LHs (cyclopentadiene,
1,4-pentadiene and 1,2-pentadiene) get their maximum yields at
0.7 s or 1.1 s, and then reduce with RT.

AHs are largely formed with a much higher yield at 750 �C
than at 650 �C. Yields of main AHs compounds are illustrated in
Fig. 6(f). Benzene, styrene, and naphthalene are three AHs from
guaiacol pyrolysis at 750 �C, and their yields all increase with
RT. As published reports, AHs can be formed by the combina-
tion of C1–C5 LHs. Benzene is possibly formed by H-substitution
reactions of OH or OCH3, and/or the combinations of C1–C5

LHs, while styrene is possibly formed by the combinations of C4

LHs and/or C2 LHs. Naphthalene is formed by the combinations
of two cyclopatadienes, the combinations of buta-1,3-diene with
benzene, or the combinations of C2 LHs with styrene. Anthra-
cene and phenanthlene are also detected at 750 �C, and their
yields increase to 1.34 wt% and 0.82 wt% with RT at 750 �C,
respectively.
37078 | RSC Adv., 2021, 11, 37067–37082
3.3 Effect of methoxyl on conversion rate and products
distribution

Table 1 illustrates the conversion starting temperature, the
temperature of conversion rate higher than 95 wt%, and the
main products from phenol, guaiacol and syringol. Phenol is
converted rapidly at temperature higher than 650 �C, and
completely converted above 850 �C as shown in Table 1.
Guaiacol and syringol was converted rapidly at temperature
higher than 550 �C, and completely converted above 750 �C.
Carbon–oxygen bond in methoxyl group was easier to break
than that in hydroxyl group, so the addition of OCH3 reduced
the conversion temperature, and promoted the conversion of
model compounds.

Yields of UDCs at low temperatures (550 �C and 650 �C)
increase in the order of phenol < guaiacol < syringol. The
additional OCH3 was easy to form phenoxy radicals in syringol
and provided more opportunity for the formation of heavy
molecular products such as dipolymer and tar. Yield of UDCs at
850 �C–950 �C increased in the order of guaiacol < syringol <
phenol. More UDCs generated from syringol than guaiacol
would be explained by the formation of large amount of coke,
which was observed on the reactor-wall during syringol
decomposition in this study. This was consistent with the study
of Asmadi et al.,34 who pyrolyzed syringol and guaiacol as lignin
model compounds. They found that coke and gas (especially
CH4 and CO2) formation wasmore extensive in syringol, and the
additional OCH3 was easy to form phenoxy radicals in syringol
and provided more opportunity for the formation of soot.

The detected products generated from model compounds
pyrolysis are IGs, LHs, AHs and PHLs as shown in Fig. 2–4 and
Table 1. Oxygen content increases in the order of phenol <
guaiacol < syringol, whereas maximum yields of IGs increase in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the order of phenol < syringol < guaiacol. Yields of CO and CO2

generated from phenol, guaiacol and syringol all increase with
temperature from 650 �C to 950 �C as shown in Fig. 2–4. CO is
formed from ring reduction/CO elimination reactions of
phenolic compounds. CO2 can be formed by water–gas shi
reaction as CO + H2O/ CO2 + H2. As listed in Table 1, yields of
CO increase in the order of phenol < syringol < guaiacol, while
yields of CO2 increase in the order of phenol < guaiacol <
syringol. Yield trend of CO2 is not consistent with CO. Water–
gas shi reaction is not enough to support the formation of
CO2. Table 1 reveals that the additional OCH3 promotes the
formation of CO2. There would be a pathway for the formation
of CO2, competing with the formation of CO, and leading to the
lower yield of CO from syringol than guaiacol. Furatani et al.46

calculated a reaction pathway of resorcinol for the formation of
CO2 with a four-member ring as Path 19.

In analogy to Path 19, Path 20 possibly explains the forma-
tion of CO2 from guaiacol and syringol. The OCH3 is converted
to formyl group by concerted reaction,32–34,47 followed by the
formation of benzoyl group. Similarly with the calculation by
Furatani et al.,46 the benzoyl group provides a chance to form
a four-member ring as intermediate (I13) in Path 19. Then,
intermediate (I13) is decomposed to benzene and CO2. Syringol
has a double opportunity for the formation of CO2, and thus has
a higher yield of CO2 than guaiacol.

Distributions of C1–C5 LHs are very different from eachmodel
compounds as illustrated in Table 1. Differences in the C1–C5

LHs distribution indicate that the ring-reduction pathways of
aromatic structure are affected by the additional of OCH3. Main
LHs produced from phenol decomposition are C5 LHs with its
maximum yield (17.16 wt%,mainly cyclopentadiene) at 750 �C as
shown in Fig. 2(c). C4 LHs, C2 LHs and C5 LHs have a higher yield
than C1 and C3 LHs from guaiacol decomposition. Path 4 can
support the formation of C4 LHs and C2 LHs. The guaiacol
decomposition would also be started with CH3 migration to
a neighbor carbon, followed by the ring-reduction reactions via
intermediate (I2) to produce CO and C5 LHs as Path 10. This path
can be proved by the formation of C5 LHs, acraldehyde and C3

LHs produced from guaiacol at 550–750 �C.
Different from phenol and guaiacol, syringol has the lowest

yield of C1–C5 LHs among the three model compounds, and
produces more C1 and C2 LHs than C3–C5 LHs as shown in
Fig. 4(c). Compared with phenol and guaiacol, the addition of
© 2021 The Author(s). Published by the Royal Society of Chemistry
OCH3 in syringol would cause large amounts of radicals and C1

fragments (CH3, CH2 and CH) formed, which supported the
formation of C1–C2 LHs as Path 17. The detailed reactions of
syringol decomposition still need to be investigated experi-
mentally and theoretically in future work.

Main detected AHs are benzene, naphthalene, styrene,
toluene and xylene as shown in Fig. 2(d), 4(d) and Table 1. The
formations of AHs are related with the distribution of C1–C5

LHs. Yields of benzene and naphthalene all increase with
temperature from 650 �C to 950 �C. Yields of naphthalene
increase in the order of syringol < guaiacol < phenol. The high
yield of C5 LHs in phenol pyrolysis can explain the highest yield
of naphthalene in phenol pyrolysis. C2 and C4 LHs are impor-
tant precursors for the formation of styrene. Guaiacol decom-
position produces more C2 and C4 LHs, leading to a higher yield
of styrene than phenol and syringol. Similarly, yields of benzene
increase in the order of syringol < phenol < guaiacol. The
addition of OCH3 beneted the formation of toluene and
xylene, and their yields increase in the order of phenol <
guaiacol < syringol. The increasing yields of cresol in the order
of syringol > guaiacol > phenol reveals that the addition of OCH3

promoted the formation of cresol. Yield of cresol generated
from syringol pyrolysis reduced with temperature from 550 �C
to 950 �C, which is much higher than from phenol and guaiacol.
4. Conclusions

Effects of temperature, RT and OCH3 on the distribution of light
volatile products were investigated by the pyrolysis of phenol,
guaiacol and syringol. Conversion rates were increased with
temperature and RT, and the addition of OCH3 promote the
decomposition of phenolic compounds at low temperature. The
distribution of main products (IGs, LHs, LOCs, PHLs and AHs)
from the three model compounds were recorded, respectively,
with temperature and RT. IGs yields increased with tempera-
tures and RT. CO was the dominant product, and its yields
increased with temperatures and RT. Yields of C2–C5 LHs
increased obviously at 650 �C and 750 �C, and reduced to
support the formation of AHs and coke at high temperature.
Ring-reduction/CO elimination reactions of phenolic
compounds was an important pathway of phenolic compounds
to support the formation of CO and C1–C5 LHs. Ring-reduction/
CO elimination reactions happened at 650 �C, and drastically
RSC Adv., 2021, 11, 37067–37082 | 37079
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above 750 �C. With the effect of OCH3, distributions of C1–C5

LHs were very different, and ring-reduction reactions of
phenolic compounds were signicantly affected by the addition
of OCH3: ring-reduction/CO elimination reactions of phenol
generated CO and C5 LHs (mainly cyclopentadiene) via cyclo-
hexadienone. Because of low bond dissociation energy of OCH3,
the thermal decomposition of the guaiacol and syringol is
initiated to form hydroxyphenoxyl radicals by cleavage of one
and/or two OCH3. Ring-reduction/CO elimination of hydrox-
yphenoxyl radicals during guaiacol decomposition generated
CO, C2 LHs and C4 LHs. High yields of C5 LHs from guaiacol
pyrolysis indicated guaiacol could be decomposed as Path 10
and Path 11: CH3 migration to a neighbor carbon, followed by
ring-reduction/CO elimination via intermediates (I2 and I3) to
produce CO and C5 LHs. Ring-reduction/CO elimination of
hydroxyphenoxyl radicals during syringol decomposition
generated CO and C3 LHs. More C1 and C2 fragments were
formed from syringol decomposition by loss of two CH3, fol-
lowed by the ring rupture, leading to the much higher yields of
CH4 and C2 LHs. What's more, the increase order of CO yields
was not consistent with the oxygen content: lower yield of CO
from syringol than from guaiacol. CO2 yields were much lower
than CO yields at all temperatures and RT for all the three
model compounds. CO2 yields increased with oxygen content of
phenolic compounds, and the addition of OCH3 were benet
the formation of CO2. Path 20 was proposed for the formation of
CO2, which would compete with the formation of CO: CO2 can
be formed through a four-member ring, as, via the formation of
benzoyl by concerted reaction of OCH3. The formations of AHs
were related with the distribution of C1–C5 LHs: more naph-
thalene from phenol decomposition by the combination of C5

LHs; more styrene from guaiacol decomposition by the
combination of C2 LHs and/or C4 LHs; and the addition of
OCH3 beneted the formation of toluene and xylene. PHLs had
high yield at temperatures #650 �C, and consumed with
temperatures increasing to 950 �C. PHLs yields reduced with RT
increasing at 750 �C. Phenol and catechol were two main PHLs
from guaiacol, while cresols were the main PHLs from syringol
in the region of 400 �C–750 �C.

The data produced by this study contribute signicantly
towards delineating the effects of temperature, RT and OCH3 on
the thermal behaviors of phenolic compounds. Since no kinetic
model is currently available for the decomposition of phenol,
guaiacol and syringol, the results obtained here will be helpful
in the development of a detailed kinetic model for the pyrolysis
of phenolic compounds. Since phenol, guaiacol and syringol are
typical representatives of solid fuels, and main compounds in
volatiles of solid fuels pyrolysis, the present work should be of
some use to interpret the mechanisms of vapor-phase reactions
during solid fuels pyrolysis. More experimental investigations
and numerical simulations on the thermal behaviors of
phenolic compounds are expected in future work.
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