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   Abstract 

 Pyrolysis of guaiacol/syringol mixtures was studied in an 
ampoule reactor (N 2 /600 ° C/40 – 600  s) to understand the 
reactivities of the aromatic nuclei in hardwood lignins. By 
comparing the results with those of pure guaiacol or syringol, 
signifi cant effects of their combination were observed dur-
ing early stage pyrolysis: charring and gas formation were 
markedly suppressed. Yields for the tar fractions (MeOH-
soluble) were increased by combination but the contents of 
GC/MS-detectable products with low molecular weight were 
dramatically decreased in these fractions, especially catechol-
type compounds diminished, which are formed through the 
O-CH 3  homolysis reaction and subsequent donation of hydro-
gen atoms. These observations are discussed at the molecular 
level. Inhibition of the charring reaction, which can act as 
a strong hydrogen donor, would increase the probability of 
radical coupling reactions of the O-CH 3  homolysis products 
instead of the formation of catechol and pyrogallol and their 
derivatives. The latter compounds are important intermediates 
for gas formation, especially for CO. Based on these lines of 
evidence, a hypothesis is proposed according to which poly-
aromatization during carbonization activates the pyrolytic 
reactions of guaiacol and syringol.  

   Keywords:    aromatic ring;   charring;   coking;   hydrogen donor; 
  lignin;   mixture effect;   polyaromatization;   pyrolysis.     

  Introduction 

 Pyrolysis is the fundamental step in various thermochemi-
cal conversion processes for biomass resources, including 
gasifi cation and fast pyrolysis for bio-oil production (Evans 
and Milne  1987 ; Scott et al.  1999 ; Bridgwater and Peacocke 
 2000 ; Dobele et al.  2011 ). Analytical pyrolysis is an effective 
way to study the chemical structures of complex polymers, 
such as lignins, humic substances, wood plastic compos-
ites, etc. (Shadkami and Helleur  2010 ; Windt et al.  2011 ). 
For better understanding of these conversions and analytical 

methods, lignin pyrolysis has been studied based on iso-
lated lignins (Martin et al.  1979 ; Obst  1983 ; Evans et al. 
 1986 ; Saiz -Jimenez and De Leeuw 1986 ; Faix et al.  1987 ; 
Genuit et al.  1987 ; Meier and Faix  1992 ; Greenwood et al. 
 2002 ; Hosoya et al.  2007, 2008a,b ; Nakamura et al.  2008 ) 
and model compounds (Domburg et al.  1974 ; Bre  ž n ý  et al. 
1983 ; Saiz -Jimenez and De Leeuw 1986 ; Kawamoto et al. 
 2006, 2007, 2008a,b ; Kawamoto and Saka  2007 ; Nakamura 
et al.  2007, 2008 ; Watanabe et al.  2009 ). Hardwood lignins 
are known to include both the syringyl (3,5-dimethoxy-4-
hydroxyphenyl)-type (shortly S) and the guaiacyl (4-hydroxy-
3-methoxyphenyl)-type aromatic rings (shortly G), whereas 
softwood lignins contain mainly the G-type units. These dif-
ferences infl uence the pyrolytic reactivity of hardwoods and 
softwoods (Di Blasi et al.  2001a,b ; Gr  ø nli et al. 2002 ; Asmadi 
et al.  2010 ). The temperatures at which major devolatiliza-
tion is observed are reported to be slightly lower in hardwood 
lignins (Gardner et al.  1985 ; Faix et al.  1988 ; Li et al.  2002 ; 
Liu et al.  2008 ). Extensive studies with isolated lignins and 
model dimers (see citations above) were interpreted that the 
ether linkages between the propane side chains and aromatic 
rings are cleaved in a temperature range around 350 ° C split-
ting to form G- and S-type degradation products with double 
bond side chains at the  p -position to the phenolic hydroxyl 
groups as the major volatile products. 

 After devolatilization, further pyrolysis reactions take 
place in both the gas and solid/liquid phases. Solid/liquid 
phase pyrolysis is not well known, but model compound 
studies describe well the gas phase reactions. Guaiacols 
with double bond side chains easily polymerize into solid/
liquid products (Nakamura et al.  2007 ; Hosoya et al.  2008b ) 
and the side chain network is then cracked into guaiacol 
and its derivatives with saturated side chains (Hosoya et al. 
 2008b ). 

 With increasing pyrolysis temperature, methoxy groups 
of the aromatic nuclei become reactive at around 400  –450 ° C 
(Vuori and Bredenberg  1985, 1987 ; Vuori  1986 ; Dorrestijn and 
Mulder  1999 ; Asmadi et al.  2011a ). Homolytic cleavage of the 
O-CH 3  bond is an important reaction (Vuori and Bredenberg 
 1985, 1987 ; Vuori  1986 ; Afi fi  et al.  1989 ; Dorrestijn and 
Mulder  1999 ; Hosoya et al.  2008b, 2009 ; Asmadi et al.  2011a ). 
Hydrogen-donation to the resulting phenoxy and methyl radi-
cals produces catechol and methane, respectively, in the case 
of guaiacol. In a radical-rich environment, a radical-induced 
rearrangement ( ipso -substitution) occurs, starting from the 
phenoxy radicals formed by H-abstraction from the hydroxyl 
groups of G and S units (Dorrestijn and Mulder  1999 ; Hosoya 
et al.  2009 ; Asmadi et al.  2011a ). Methyl phenols  –  such 
as  o -cresol and 2,6-xylenol  –  are formed through this 
rearrangement pathway. 
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324  M. Asmadi et al.

 Coke (char), which is defi ned as a carbonaceous substance 
formed via volatile products, is also a product of this rearrange-
ment pathway (Hosoya et al.  2009 ; Asmadi et al.  2011a,b ). 
Hosoya et al.  (2009)  found that the methoxy group is an 
important structural element in coke formation and proposed 
 o -quinonemethide as a key intermediate in coke formation, 
which arises in the course of the rearrangement pathway. 
Demethoxylation was also suggested to occur through decar-
bonylation of the aldehyde derivatives formed in the rear-
rangement pathway (Schlosberg et al.  1983 ; Vuori  1986 ; 
Vuori and Bredenberg  1987 ; Afi fi  et al.  1989 ; Dorrestijn and 
Mulder  1999 ; Hosoya et al.  2008b ; Asmadi et al.  2011a,b ). 
Through these reactions, G and S units are converted into cat-
echols/pyrogallols and methane via the homolysis pathway 
and cresols and xylenols, phenol and coke (char) via the rear-
rangement pathway (Masuku  1991 ; Dorrestijn and Mulder 
 1999 ; Vane and Abbott  1999 ; Hosoya et al.  2009 ; Asmadi 
et al.  2011a,b ). 

 At higher temperatures  > 550 ° C to 600 ° C, gasifi cation of 
these intermediates becomes effective (Asmadi et al.  2011a,b ). 
The reactivity of catechols and pyrogallols is higher than that 
of cresols and xylenols. The former give mainly CO, whereas 
the latter result in H 2  and CH 4  along with the demethylation 
products. 

 Asmadi et al.  (2011a)  compared the pyrolytic reactivi-
ties of guaiacol and syringol as model aromatic nuclei for 
lignin in an ampoule reactor (N 2 /600 ° C/40 – 600  s). The 
authors found that syringol has much higher reactivity in 
charring and gas formation and this was explained by the 
double opportunity for  o -quinonemethide formation due to 
the presence of a second methoxy group. Effi cient gas for-
mation from syringol is due to the greater reactivities of the 
syringol-derived catechols and pyrogallols (Asmadi et al. 
 2011b ). Accordingly, the S units in lignin are more reactive 
than the G units during pyrolysis. In this paper, pyrolysis of 
guaiacol and syringol mixtures was studied in an ampoule 
reactor under N 2  at 600 ° C to improve the understanding of 
the aromatic ring reactivity during pyrolysis of hardwood 
lignins.  

  Materials and methods 

 Guaiacol and syringol were purchased from Nacalai Tesque Inc. 
(Kyoto, Japan) as guaranteed grades. A guaiacol/syringol mixture 
(5/5 mg or 3/7 mg) was placed at the bottom of a Pyrex glass am-
poule (internal diameter: 8.0 mm; length: 120 mm: wall thickness: 
1.0 mm). The glass ampoule was closed after exchanging the inter-
nal air with N 2 . The ampoule was heated for 40 – 600 s in an upright 
orientation by inserting the ampoule through a small hole in the top 
of a muffl e furnace preheated at 600 ° C. After pyrolysis, the ampoule 
was immediately cooled by fl owing air for 1 min and opened in a gas 
collecting apparatus, attached to the ampoule according to a previ-
ously reported method (Hosoya et al.  2008a ). The non-condensable 
gases were analyzed by GC, as described below. The ampoule was 
then extracted with MeOH (2 × 1.0 ml) to obtain MeOH-soluble and 
insoluble (char/coke) fractions. The latter fraction, stuck to the am-
poule wall, was dried in an oven (105 ° C) for 24 h, and the coke yield 
was determined from the weight difference of the glassware after 
incineration of the coke in air at 600 ° C for 2 h. The MeOH-soluble 

tar yield was obtained by subtracting the guaiacol/syringol recovery 
from the yield of the MeOH-soluble fraction, which was obtained 
from the weight reduction in the reactor after MeOH extraction. 

 A guaiacol/syringol mixture (5/5 mg) was also pyrolyzed in the 
presence of guaiacol coke. Guaiacol (10 mg) was pyrolyzed fi rst in 
N 2  at 600 ° C for 80 s in a similar way, and the resulting ampoule 
was opened and washed with MeOH (2 × 1.0 ml) and then with water. 
After drying, the ampoule including coke fraction in an oven (105 ° C) 
for 24 h, a guaiacol/syringol mixture (5/5 mg) was placed at the bot-
tom of the ampoule. The ampoule was closed after exchanging the 
inside air with N 2 . The other procedures were similar to those de-
scribed above. 

 Non-condensable gases were determined with a Micro GC, with a 
Varian CP-4900 instrument under the following conditions. Channel 
1: column MS5A 10 m; carrier gas: Ar; column temperature: 100 ° C; 
column pressure: 170 kPa; thermal conductivity detector (TCD); re-
tention times (s): H 2  (26.4), N 2  (45.7), O 2  (35.4), CH 4  (60.6), and 
CO (86.9). Channel 2: column PoraPLOT Q 10 m; carrier gas: He; 
column temperature: 80 ° C: column pressure: 190 kPa; TCD detec-
tor; retention time (s): CO 2  (19.9). 

 Low molecular weight (MW) products in the MeOH-soluble 
fractions were determined by GC-MS analysis, which was carried 
out on a Hitachi G-7000 GC instrument and a Hitachi M9000 mass 
spectrometer under the following conditions. Column: Shimadzu 
CBP-M25-O25 (25 m, 0.25 mm diameter); injector temperature: 
250 ° C; column temperature: 40 ° C (1 min), 40  –300 ° C (1 – 53 min), 
300 ° C (53 – 60 min); carrier gas: He; fl ow rate: 1.5 ml min -1 ; emis-
sion current: 15  μ A; ionization time: 100 ms. Identifi cation of prod-
ucts was conducted by comparing their retention times and mass 
fragmentation patterns with those of standard compounds, accord-
ing to our previous studies (Hosoya et al.  2007, 2008b ; Asmadi 
et al.  2010 ). Quantifi cation was carried out based on the relative peak 
areas against  p -dibromobenzene as an internal standard by means of 
the response factors obtained for these authentic compounds. 

 All experiments were repeated several times and product yields 
were similar across all sets of experiments, although the data pre-
sented in this section were not analyzed statistically.  

  Results and discussion 

  Tar, gas, and coke/char formation 

 The guaiacol and syringol recoveries and the product yields 
from pyrolysis of a G/S mixture (1:1 w/w) in an ampoule reac-
tor under N 2  at 600 ° C for 40 – 600 s are summarized in Table  1  . 
The G/S mixture (3:7 w/w) gave similar mixing effects, and 
hence only data with the mixture (1:1, w/w) are presented. 
Gas yield was determined as the sum of the yields of H 2 , CO, 
CH 4 , and CO 2 , and tar yield is shown as wt %  of the MeOH-
soluble fraction after subtraction of the amounts of recov-
ered guaiacol and syringol. The values in parentheses are the 
expected yields based on the pyrolysis data of pure guaiacol 
and syringol where no interaction occurs during pyrolysis. 

 The G/S recoveries at 40 s were lower than expected, 
thus both guaiacol and syringol degradation is enhanced in 
the mixture. A yield ratio, defi ned as  “ experimental yield/
expected yield ”  helps quantifying the effects. Time-course 
changes of the yield ratios are illustrated in Figure  1  a. Coke 
and gas yields were markedly reduced from the expected 
yields during early stages of pyrolysis, especially around 40 s. 
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 Table 1      Infl uences of combining guaiacol/syringol (1:1, w/w) on guaiacol/syringol 
recovery and yields of coke, tar, and gaseous products.  

Pyrolysis time (s)

40 80 120 600

Recovery of
   Guaiacol ( % )    8.4 (15.3) a    0.0 (0.0)    0.0 (0.0)    0.0 (0.0)
   Syringol ( % )    5.1 (7.6)    0.0 (0.0)    0.0 (0.0)    0.0 (0.0)
Yield of
   Coke ( % )    2.0 (4.9) 19.2 (22.2) 22.9 (21.7) 26.0 (28.4)
   Tar b  ( % ) 84.2 (70.4) 74.3 (64.2) 64.3 (54.8) 56.1 (41.8)
   Gas total ( % )    0.3 (1.7)    6.5 (13.6) 12.8 (23.5) 18.0 (29.8)
      H 2  ( % )    0.001 (0.002)    0.010 (0.011)    0.03 (0.04)    0.1 (0.2)
      CO ( % )    0.01 (0.40)    3.5 (7.0)    8.5 (15.2) 12.1 (19.2)
      CH 4  ( % )    0.14 (0.44)    2.3 (4.8)    3.2 (5.9)    4.4 (7.7)
      CO 2  ( % )    0.11 (0.83)    0.7 (1.8)    1.1 (2.4)    1.3 (2.8)

    a Values in parentheses show the expected value obtained from the data of individual 
pyrolysis of pure guaiacol and syringol.
  b Excluding the starting compound.   

In contrast, tar yield increased and this tendency was main-
tained until the pyrolysis time of 600 s. With increasing pyrol-
ysis time, the yield ratios of coke increased and at 120 and 
600 s approached the expected yields. The same trend was 
observed for gas yield but the yield ratio leveled off at around 
0.5 – 0.6. Accordingly, strong effects are visible in early stages 
of pyrolysis in a G/S mixture, which stabilize the tar fraction 
towards coking and gasifi cation. 

 Figure  1 b shows the time-course changes in the yield ratios 
of gaseous components (H 2 , CO, CH 4 , and CO 2 ). Their yield 
ratios increased until the pyrolysis time of 120 s and remained 
essentially unchanged. The CO formation was very low at 40 s 
(expected yield: 0.4 % ).  

  Tar composition 

 Various low MW products were determined by GC/MS of the 
MeOH-soluble fractions, including catechols and pyrogallols, 
cresols and xylenols and phenol. At pyrolysis times longer than 
120 s, polyaromatic hydrocarbons (PAHs) such as naphtha-
lene and its methylated derivatives, biphenyl, anthracene, and 
phenanthrene were detected. These were the same compounds 
observed during pyrolysis of pure guaiacol or syringol (Asmadi 
et al.  2011a ), except for the signals in the dimer region of total 
ion chromatograms (data not shown). Some mixed coupling 
products of guaiacol, syringol, and their decomposition prod-
ucts may be formed during the pyrolysis of the mixture. 

 Yields of the low MW products determined by GC/MS are 
presented in Figure  1 c, compared with expected yields. The 
expected yield at 40 s was 4.4 %  but the experimental yield 
was only 0.1 % , even though the tar yield increased by 20 %  
(a yield ratio of 1.2 at 40 s, Figure  1 a) in the pyrolysis of the 
mixture. Accordingly, at 40 s, the tar became rich in larger 
MW products. At longer pyrolysis times than 80 s, the gaps 
between expected and experimental yields were similar to 
that at 40 s. Also these results indicate strong effects in the 
early stage of pyrolysis of G/S mixtures. 

 Figure  2   shows the formation and decomposition behav-
iors of some major low MW products, which are grouped 
into two types depending on the formation pathways, that is, 
O-CH 3  bond homolysis and OCH 3  rearrangement (Asmadi 
et al.  2011a ). Pyrocatechol, 3-methoxycatechol, and pyrogallol 
were observed only in the early pyrolysis stage. Reportedly, 
these compounds are converted effectively into gaseous prod-
ucts, mainly CO, at temperatures above 550  –600 ° C (Asmadi 
et al.  2011b ). Formation of these O-CH 3  homolysis products, 
apart from pyrogallol, was strongly inhibited in G/S mixture, 
which led to diminished yields of gaseous products, espe-
cially that of CO. 

  Ortho -cresol, 2,6-xylenol, and phenol were also formed in 
the fi rst 120 s. The former two compounds are the OCH 3  rear-
rangement products from guaiacol and syringol, respectively 
(Masuku  1991 ; Dorrestijn and Mulder  1999 ; Vane and Abbott 
 1999 ; Hosoya et al.  2009 ; Asmadi et al.  2011a,b ). Phenol is 
formed through demethoxylation and demethylation reactions 
(Afi fi  et al.  1989 ; Dorrestijn and Mulder  1999 ; Hosoya et al. 
 2009 ; Asmadi et al.  2011a,b ). These compounds were com-
paratively stable. In our previous paper (Asmadi et al.  2011b ), 
formation of H 2  and CH 4  along with coke and demethyla-
tion products were found to be the major reactions occurring 
between 120 and 600 s. The formation of these products was 
not signifi cantly changed in G/S mixtures.  

  Mixing effects 

 The homolytic cleavage of O-CH 3  bonds can occur by several 
pathways, as illustrated in Figure  3  a for a G unit (Dorrestijn 
and Mulder  1999 ; Hosoya et al.  2009 ; Asmadi et al.  2011a ). 
Similar pathways are involved in syringol pyrolysis 
(Masuku  1991 ; Vane and Abbott  1999 ; Asmadi et al.  2011a ). 
H-abstraction and H-donation play important roles in both 
pathways. Catechol and methyl radicals formed through the 
homolysis reaction (a) are stabilized into pyrocatechol ( 3 ) and 
methane, respectively, when two H-donors can give hydrogens 

Brought to you by | Kyoto University
Authenticated

Download Date | 4/4/19 7:15 AM

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



326  M. Asmadi et al.

: Coke
: Tar
: Gas

0.0

0.5

1.0

1.5

2.0
Y

ie
ld

 ra
tio

 (e
xp

er
im

en
ta

l/e
xp

ec
te

d)
a

: H 2

: CO
: CH 4

: CO 2

0.0

0.5

1.0

1.5

Y
ie

ld
 ra

tio
 (e

xp
er

im
en

ta
l/e

xp
ec

te
d)

a

: Expectedb 

: Experimental

0 100 200 300 400 500 600

0

5

10

15

Y
ie

ld
 (w

t%
)

Pyrolysis time (s)

a

b

c

 Figure 1    Infl uences of combining guaiacol/syringol (1:1, w/w) 
on coke, tar, and gas yields (a), yields of gaseous products (b), 
and GC/MS-detectable tar yields (c). Pyrolysis conditions: (N 2 /600 ° C/
40 – 600 s).  a Yield ratio = experimental yield/expected yield.  b Expected 
yields were obtained from the data for individual pyrolysis of pure 
guaiacol and syringol by assuming that no interaction occurs during 
pyrolysis of their mixture.    
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 Figure 2    Infl uences of combining guaiacol/syringol (1:1, w/w) on 
yields of some GC/MS-detectable tar components formed through 
O-CH 3  homolysis and OCH 3  rearrangement pathways. Pyrolysis 
conditions: N 2 /600 ° C/40 – 600 s. (N 2 /600 ° C/40 – 600 s).  a Expected 
yields were obtained from the data of individual pyrolysis of pure 
guaiacol or syringol by assuming that no interaction occurs during 
pyrolysis of their mixture.    

to these radicals (reactions b and c). Otherwise, these radicals 
would be consumed by radical coupling reaction. 

 Other pathways (reactions d – o) in Figure  3 a are via radical-
induced rearrangement (Dorrestijn and Mulder  1999 ; Hosoya 
et al.  2009 ; Asmadi et al.  2011a ). Phenoxy radical  4 , which 
is formed by H-abstraction from the phenolic hydroxyl 
group of guaiacol, is rearranged into a benzyloxy radical  7  

( ipso -substitution) (Dorrestijn and Mulder  1999 ; Hosoya 
et al.  2009 ; Asmadi et al.  2011a ). Intermediate  7  may lead 
to the formation of  o -quinonemethide  9  (Vuori  1986 ; Vuori 
and Bredenberg  1987 ; Afi fi  et al.  1989 ; Dorrestijn and Mulder 
 1999 ; Hosoya et al.  2009 ; Asmadi et al.  2011a ), which is 
further converted into  o -cresol (reaction j) (Dorrestijn and 
Mulder  1999 ; Hosoya et al.  2009 ; Asmadi et al.  2011a ) and 
coke (reaction k) (Hosoya et al.  2009 ). Another pathway 
(reactions l – o) forms phenol via decarbonylation (Vuori  1986 ; 
Vuori and Bredenberg  1987 ; Afi fi  et al.  1989 ; Dorrestijn and 
Mulder  1999 ; Hosoya et al.  2009 ; Asmadi et al.  2011a ). 

 These pathways would be infl uenced by the concentrations 
of H-acceptor (radical) and H-donor, and Table  2   summa-
rizes their theoretical amount needed for formation of pyro-
catechol/CH 4 ,  o -quinonemethide,  o -cresol, and phenol from 
guaiacol. For pyrocatechol/CH 4  formation, only H-donor is 
required, because catechol and methyl radicals are supplied 
by unimolecular decomposition of guaiacol (via O-CH 3  bond 
homolysis). On the contrary, formation of other products, 
which are formed through the OCH 3  rearrangement pathway 
starting from the guaiacol radical, needs both an H-acceptor 
and an H-donor. 

 The mixing effects observed in the present study are 
explainable in terms of the H-acceptor/H-donor theory. The 
yields of pyrocatechol, 3-methoxycatechol, and methane, all 

Brought to you by | Kyoto University
Authenticated

Download Date | 4/4/19 7:15 AM

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



Pyrolysis of guaiacol and syringol mixtures  327

Radical coupling
products

•CH3

CH4

H-donor

O

OH

O

OH

CH3

OH

OH

+

CO

Pyrocatechol (3)

e

b
c

a

d act as H-donor

OCH2

O H

O

OH

CH2

OH

CH2
O

OH

CH2 O

f

g

h

OH

C
O

H
l m

OH

C
O

n

o

OHO

CH2

O
H

H OH
Demethoxylation

product (14)

O

CH2

o-Quinonemethide (9)
Coke

i

j
k

act as
H-donor

act as
H-donor

H-donor
H-donor

act as 
H-donor

OH

CH3

o-Cresol (10)

H-donor2

1 2

4

5

6

7 11

12

8 13

H

OH

ROO

O

O
C

C

H

H

H

H
HH

Linear interaction

BA

H

OH

RO HO

O

O
C

C

H

H

H

H
HH

C

H

HH

R

H

H+

a

b

c
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of which appeared with low yields at 40 s, indicate that not 
enough H-donor is available to stabilize their phenoxy and 
methyl radicals. These radicals may rather condense via radi-
cal coupling reactions. Judged from the increasing tar yields 
and suppressed CO formation, these coupling products may 
be stabilized for gasifi cation, although the stabilization mech-
anism is currently unknown. Lower H-donor concentration is 
also consistent with the reduction of the G/S recoveries. 

 Polyaromatization during coking and PAH formation 
would produce H, which acts as a good H-donor (Figure  3 b). 
The hydrogen radical can also act as an H-acceptor, which 
leads to H 2 . 

 Figure  3 c illustrates the expected transition states for some 
H-donation and H-abstraction reactions. Stereoelectronic 
effects are known to be an important factor on the reactivity 
of H-donation to the radical (Parsons  2000 ) as all interme-
diates are striving for a linear transition state, which maxi-
mizes the interaction of the radical orbital and the vacant 
 σ * orbital of the bond, which is going to be cleaved. In the 
case of B (syringyl unit), steric hindrance originating from 
the two methoxy groups may prevent such linear interaction. 
In contrast, H-donation by the small H (case A) would be 
more effective. Accordingly, low H-donor conditions in the 
pyrolysis of the G/S mixture may arise from the inhibited 
coking observed between 40 and 80 s (Figure  1 a). However, 
the inhibition mechanism is not yet known. The hydrogen 
radical is also suggested to be a better H-acceptor than 
catechol and methyl radicals for the same steric reason 
(case B vs. C). 

 To confi rm this hypothesis, a G/S mixture (1:1, w/w) was 
pyrolyzed in the presence of guaiacol coke which was pre-
pared by pyrolysis of guaiacol under similar conditions with 
80 s pyrolysis time and subsequent tar extraction and drying. 
The results are presented in Table  3  . Yields of the O-CH 3  
bond homolysis products in early stage pyrolysis increased 
up to around the levels of the expected yields, including 
3-methoxycatechol (3.6 % , 40 s). Along with the increase in 
the recoveries of the O-CH 3  bond homolysis products, gas 
yields also increased up to around the expected yields. The 
recoveries of guaiacol and syringol, at 40 s, especially gua-
iacol, also improved, and the guaiacol recovery (20.8 % ) was 
higher than the expected recovery (15.3 % ) in Table  1 . Based 

 Table 2      H-acceptor and H-donor requirements for pyrolytic 
formation of pyrocatechol/CH 4 ,  o -quinonemethide,  o -cresol, and 
phenol from guaiacol.  

Pyrolysis products H-acceptor (radical) H-donor

O-CH 3  homolysis product
   Pyrocatechol and CH 4 0 2
OCH 3  rearrangement product
    o -quinonemethide 1 1
    o -Cresol 1 3
   Phenol 3 1

   Number of H-acceptors and H-donors for pyrolytic formation of 
1 mol of pyrocatechol and CH 4 ,  o -quinonemethide,  o -cresol, and 
phenol from guaiacol.   

on the discussion on Figure  3 c, less hindered hydroxyl 
groups in guaiacol are expected to be a better H-donor 
than those of syringol, and hence radical species are able 
to abstract hydrogen more selectively from guaiacol in the 
case of pyrolysis of a G/S mixture. In the presence of guaia-
col coke, a better H-donor (probably H) formed from coke 
tends to add hydrogen to radical species, which elevates the 
guaiacol yield. 

 Interestingly, coke yield at 40 s increased drastically from 
2.0 to 14.2 % , whereas tar yield at 40 s was reduced from 84.2 
to 58.9 % . Thus, coking reaction was accelerated in the pres-
ence of the guaiacol coke. The yields of other OCH 3  rear-
rangement products are also partly elevated at 40 s:  o -cresol 
(ca. 0.1 % ), 2,6-xylenol (0 – 2 % ), and phenol (0.1 – 0.3 % ). 
Accordingly, the OCH 3  rearrangement pathways are acti-
vated in the presence of G coke. Effective H-donation to a 
benzyloxy radical  7  to form a benzyl alcohol  8  (Figure  3 a) in 
the presence of G coke may promote the following reactions 
via  o -quinonemethide  9 . Under less effective H-donor condi-
tions, the benzyloxy radical  7  may couple with other radicals 
to form condensates.   

  Conclusions 

 Signifi cant effects were observed in pyrolysis of guaiacol/
syringol mixtures in an ampoule reactor under N 2  at 600 ° C. 
Coke and gas yields were markedly suppressed during 
early stages of pyrolysis, whereas tar yield was elevated. 
Formation of low MW products in the tar fraction, especially 

 Table 3      Yields of coke, gas, tar, and tar components in pyrolysis 
of a guaiacol/syringol mixture (1:1, w/w) in the presence of guaiacol 
coke.  

Products
(Reaction pathway)

Pyrolysis time (s)

40 80 120 600

Recovery of
   Guaiacol ( % ) 20.8    0.0    0.0    0.0
   Syringol ( % )    5.5    0.0    0.0    0.0
Yield of
   Coke ( % ) 14.2 25.6    26.2    28.9
   Gas total ( % )    1.4 14.9    19.2    32.1
      H 2  ( % )    0.003    0.03    0.06    0.32
      CO ( % )    0.7    8.7    13.0    21.5
      CH 4  ( % )    0.5    4.8    4.7    8.1
      CO 2  ( % )    0.11    1.3    1.5    2.3
   Tar ( % ) 58.9 59.5    54.6    39.0
O-CH 3  homolysis
   Pyrocatechol ( % )    0.0    5.2    4.7    0.0
   3-Methoxycatechol ( % )    3.6    0.0    0.0    0.0
   Pyrogallol ( % )    0.00    2.0    0.0    0.0
OCH 3  rearrangement
    o -Cresol ( % )    2.0    3.8    3.2    0.3
   2,6-Xylenol ( % )    0.1    1.5    1.1    0.1
   Phenol ( % )    0.3    0.6    0.7    0.3

   Conditions of coke production: N 2 /600 ° C/80 s. Pyrolysis conditions: 
of N 2 /600 ° C/40 – 600 s.   
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pyrocatechol and 3-methoxycatechol, was almost completely 
inhibited. These results can be explained by low H-donor 
availability during early stages of pyrolysis, which may have 
originated from the inhibited coke formation. Hydrogen radi-
cal formed during coking and PAH formation was considered 
to be a better H-donor. This is confi rmed by the results of the 
experiments in the presence of guaiacol coke. Based on these 
lines of evidence, a hypothesis is proposed that polyaromati-
zation during coke formation activates the pyrolytic reactions 
of guaiacol/syringol.   
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