
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/2
1/

20
26

 9
:4

2:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Furan and benze
Graduate School of Energy Science, Kyoto

Kyoto 606-8501, Japan. E-mail: kawamoto.h

† Electronic supplementary informa
https://doi.org/10.1039/d4ra03344b

Cite this: RSC Adv., 2024, 14, 21544

Received 7th May 2024
Accepted 27th June 2024

DOI: 10.1039/d4ra03344b

rsc.li/rsc-advances

21544 | RSC Adv., 2024, 14, 21544–2
ne ring formation in cellulose char:
the roles of 5-HMF and reducing ends†

Takashi Nomoura, Eiji Minami and Haruo Kawamoto*

The authors previously proposed that 5-hydroxymethylfurfural (5-HMF) can be produced from the reducing

ends of cellulose as a key intermediate during carbonization. The present work investigated the

mechanisms by which furan and benzene rings are formed in cellulose char based on carbonization at

280 °C using 13C-labeled 5-HMF together with 13C-labeled glucose (as a model for the cellulose

reducing ends). Glycerol was added to the 5-HMF to prevent the formation of stable glassy polymers.

The resulting char was subjected to pyrolysis gas chromatography/mass spectrometry (764 °C, 5 s hold

time) and the incorporation of 13C in furan-, phenol-, benzofuran- and benzene-type fragments was

assessed. The apparent formation mechanisms include a direct rearrangement of the six carbons of 5-

HMF to phenols, Diels–Alder reactions of furan rings with double bonds to give benzofurans and a more

random process involving reactive fragments producing benzene rings. On the basis of these results, the

roles of 5-HMF and reducing ends during cellulose carbonization are discussed herein.
Introduction

Pyrolysis including carbonization is a potential means of
producing biochar, biofuels and biochemicals from lignocel-
lulosic biomass. The utilization of these pyrolysis-based prod-
ucts is expected to play a key role in mitigating global warming
by reducing overall anthropogenic CO2 emissions to the atmo-
sphere. In particular, the addition of biochar to soils has
recently received attention as an approach to removing atmo-
spheric CO2 to achieve the 2050 carbon neutrality target.1

However, it is important to both understand and control
pyrolysis reactions to develop efficient pyrolysis-based conver-
sion technologies.

The initial process in the thermal decomposition of cellulose
is a decrease in the degree of polymerization (DP) of the
material.2–5 As an example, the DP of Whatman cellulose has
been reported to decrease from 2650 to 200–400 following
heating to temperatures in the range of 175–225 °C.4 Subse-
quent to this, both dehydration and carbonization reactions
occur. Based on the van Krevelen diagram for this process,
which plots the H/C ratio against the O/C ratio in the cellulose
char, Tang and Bacon found that dehydration was the primary
reaction occurring during the carbonization of cellulose in the
range of 200–280 °C.6 The dehydration of Whatman cellulose
was found to take place between 200 and 350 °C, with a total
mass-based water yield of 14.3%.7
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As carbonization progresses, benzene rings are formed in the
cellulose char,8–12 as conrmed by the generation of benzene
carboxylic acids following alkaline permanganate oxidation.10

This formation of aromatic groups in the char has also been
conrmed by pyrolysis gas chromatography/mass spectrometry
(Py-GC/MS) and 13C nuclear magnetic resonance (NMR)
spectroscopy.8–11

Pastorova et al.9 characterized cellulose char using both Py-
GC/MS and 13C-NMR spectroscopy and reported that the
chemical structure transitioned from cellulose through a furan-
based structure to a benzene-based structure as carbonization
progressed. Both furfural and 5-hydroxymethylfurfural (5-HMF)
have been proposed as the intermediate compounds formed
during the hydrothermal treatment of reducing sugars.13

Because water is produced from the reducing ends of cellulose
during carbonization in conjunction with the formation of 5-
HMF, conditions similar to those applied during hydrothermal
treatment could be created within cell walls composed of
cellulose.3 In fact, it has been reported that oligosaccharides,
which are products of cellulose hydrolysis, are formed from
cellulose during pyrolysis.14

Characteristic infrared (IR) bands at 1600 and 1700 cm−1

appear early in the carbonization of cellulose and are assigned
to conjugated double bonds and carbonyl (C]O) groups.6,8,9,15

These peaks are believed to result from dehydration reactions. It
has also been reported that the treatment of cellulose with
glycerol or NaBH4, which eliminates the reducing ends of the
material, greatly suppresses thermal discoloration and
carbonization.3,5,16 These ndings indicate that the reducing
ends of cellulose play an important role in carbonization.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mass spectra of 5-HMF and furfural produced from the pyrol-
ysis of unlabeled and labeled glucose.
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Aprotic solvents, such as certain aromatic compounds, have
been found to stabilize primary cellulose pyrolysis products,
including levoglucosan and 5-HMF, by acting as hydrogen
acceptors.17,18 The authors recently reported that the formation
of solid carbonized products (meaning black, non-hydrolysable
substances) was inhibited during trials in aromatic solvents
whereas 5-HMF was evidently generated.18 As an example, the
yield of solid char from the carbonization of cellulose (What-
man no. 42 lter paper) at 280 °C was decreased from 50.7 wt%
under N2 to nil when performed in benzophenone, while the
yield of 5-HMF increased from 0.0 wt% (under N2) to 6.4 wt%. In
addition, the char obtained from the carbonization of 5-HMF
and glycerol (a model of coexisting primary products from
cellulose pyrolysis) was conrmed to provide similar pyrograms
to those of cellulose containing various benzene- and
benzofuran-type fragments.19 Phenolic and carboxylic acid
groups were also detected in both types of char. Based on these
results, it appears that 5-HMF may be a key intermediate in
cellulose carbonization.19

Despite the ndings noted above, the mechanism by which
furan and benzene rings are formed from 5-HMF and the
reducing ends during cellulose carbonization is still not clearly
understood. In the present study, these processes were there-
fore investigated using 13C-labeled 5-HMF and 13C-labeled
glucose, with the latter serving as a model for the reducing
ends of cellulose.
Results and discussion
Py-GC/MS analysis of 13C-labeled glucose

Unlabeled glucose and three different types of 13C-labeled
glucose (1-13C-, 2-13C- and 6-13C-labeled) were subjected to Py-
GC/MS analysis using a Curie point injector at 280 °C with
a hold time of 15 s under a He ow. Fig. 1 shows the pyrogram
obtained from the unlabeled glucose. These data exhibit two
large signals assigned to 5-HMF and furfural, indicating that
the glucose produced these compounds upon pyrolysis.

The mass spectra of 5-HMF and furfural generated from
trials using unlabeled and 13C-labeled glucose samples are
presented in Fig. 2. The molecular ion (M+) of the unlabeled 5-
HMF (originally at m/z of 126) was shied to m/z of 127 in the
spectra generated from the three 13C-labeled glucose samples.
Fig. 1 Pyrogram obtained from the Py-GC/MS analysis of unlabeled
glucose (280 °C, 15 s hold time).

© 2024 The Author(s). Published by the Royal Society of Chemistry
This shi demonstrated that the six carbons of the glucose were
directly rearranged to produce 5-HMF.

The fragment ion of 5-HMF at m/z of 97 generated by the
unlabeled glucose is attributed to the elimination of the alde-
hyde group (CHO, m/z 29) from 5-HMF, providing insights into
the process by which the glucose was converted to 5-HMF. The
fragment from the 2-13C-labeled glucose appeared at m/z of 98,
indicating that the isotopically labeled carbon had been incor-
porated into the furan ring. The mass spectra acquired from the
1-13C- and 6-13C-labeled glucose samples were more complex
and both contained m/z 97 and 98 fragments but with different
intensities. The signicantly higher intensity of the m/z 98 peak
generated by the 6-13C-labeled glucose conrms that the carbon
in the aldehyde group of the 5-HMF was primarily derived from
the 1-C carbon of the glucose, whereas the hydroxymethyl group
was derived from the 6-C site of the glucose.20 The 1-13C-labeled
glucose provided the same results.

In experiments with 2-13C-labeled glucose, the fragment ion
of furfural at m/z of 67, formed by the removal of the aldehyde
group, was shied tom/z of 68. This result shows that 2-C of the
glucose has been incorporated into the furan ring. These data
also suggest that the aldehyde group originated from the 1-C
carbon of the glucose.20–22

The two most prominent ions in the spectrum of the furfural
(M+ at m/z of 96 and M+-1 at m/z of 95) from the unlabeled
glucose appeared at m/z of 97 and 96 in experiments with 1-13C-
and 2-13C-labeled glucose, respectively, but not in experiments
with 6-13C-labeled glucose. These data indicate that the 6-C site
of glucose was removed during the pyrolytic production of
furfural from glucose. There has been controversy as to whether
furfural is produced from 5-HMF or directly from glucose.22,23 In
the present study, 6-C of glucose was specically removed
during furfural formation, whereas the incorporation of 1-C of
glucose into the aldehyde carbon of 5-HMF was less selective
and some 6-C of glucose was also converted into the aldehyde
group of 5-HMF. These results suggest that furfural was not
formed via 5-HMF during the pyrolysis of glucose at 280 °C.

Based on the present results and on literature
information,20–24 a heterolytic mechanism for the formation of
5-HMF and furfural from glucose is shown in Fig. 3. This
process is initiated by the dehydration reaction via a six-
membered transition state involving an enol intermediate
formed by keto–enol tautomerization.20,24 Whether 5-HMF or
furfural is formed is determined by whether reaction (1) or (2)
RSC Adv., 2024, 14, 21544–21552 | 21545
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Fig. 3 Pathways for the pyrolytic conversion of glucose to 5-HMF and
furfural.

Fig. 5 Pyrogram obtained from the Py-GC/MS analysis (764 °C, 5 s
hold time) of 5-HMF char generated by carbonization at 280 °C for
60 min.
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occurs to generate the furan ring from the oxonium interme-
diate, as proposed by Paine et al.22 This mechanism can explain
the formation of furfural from glucose without via 5-HMF.

These pathways also suggest that a reducing sugar is
required for the dehydration to 5-HMF and furfural to proceed.
Since the glycosidic bond is cleaved in the dehydration step
(step g), the reducing ends of cellulose would be expected to
undergo the same sequence of reactions as in a peeling
reaction.
Py-GC/MS analysis of char obtained from 13C-labeled 5-HMF
and 13C-labeled glucose

Either 2-13C-, 6-13C- or 7-13C-labeled 5-HMF (5 mg) prepared
from 2-13C-, 1-13C- or 6-13C-labeled glucose (Fig. 4) was
carbonized in the presence of glycerol (40 mg), serving as
a model for pyrolysis products of cellulose, at 280 °C for 60 min
under N2. As demonstrated in our previous work,19 pure 5-HMF
tends to form hard glassy polymers when heated to 280 °C and
these materials are resistant to subsequent carbonization. This
unwanted homopolymerization was suppressed by the addition
of glycerol. It should be noted that thermal degradation prod-
ucts other than 5-HMF are also generated during actual cellu-
lose carbonization. The 1-13C-, 2-13C- and 6-13C-labeled glucose
samples (5 mg) were also heated under similar conditions but
no glycerol was used.

The resulting char fractions were analyzed by Py-GC/MS at
764 °C with a hold time of 5 s under a He ow. The char was
pyrolyzed to release volatile fragments and the structures and
13C incorporation patterns of these fragments provided insights
Fig. 4 Production of 5-HMF from glucose and numbering of the
carbon atoms.

21546 | RSC Adv., 2024, 14, 21544–21552
into the composition and formation mechanism of the original
char. Fig. 5 shows the pyrogram for the char fraction obtained
from unlabeled 5-HMF, while the molecular structures of the
identied signals are summarized in Fig. 6. In this pyrogram,
the phenol (7) signal overlaps with the glycerol used for pyrol-
ysis. The pyrogram acquired from unlabeled glucose char,
shown in Fig. S1,† was found to be similar and the 13C-labeled
glucose samples also generated essentially equivalent data.

Prior work by the authors19,25 demonstrated that furan-,
benzofuran-, phenol- and benzene-type fragments could be
identied by the Py-GC/MS analysis of 5-HMF char, which
produced pyrograms similar to those obtained from cellulose
char (data not shown here). Therefore, these structures were
evidently present as components of the char produced from 5-
HMF, glucose and cellulose.

Fig. 7 provides the mass spectra of the volatile fragments
generated from the unlabeled and labeled 5-HMF char speci-
mens. The mass spectra obtained from unlabeled and 13C-
labeled glucose char samples are shown in Fig. S2.† The
proportions of unlabeled products and those incorporating one,
Fig. 6 Molecular structures of the volatile fragments identified by Py-
GC/MS analysis (764 °C, 5 s hold time) of 5-HMF char obtained by
carbonization at 280 °C for 60 min.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Mass spectra of volatile fragments generated by Py-GC/MS
analysis (764 °C, 5 s hold time) of unlabeled and labeled 5-HMF chars
obtained by carbonization at 280 °C for 60 min.

Fig. 8 Proportions of furan-type fragments generated by Py-GC/MS
analysis (764 °C, 5 s hold time) of the char fractions prepared from 13C-
labeled 5-HMF and 13C-labeled glucose samples (280 °C, 60 min)
containing 13C atoms at various sites and in various quantities.

Fig. 9 Proportions of phenol- and benzofuran-type fragments
generated by Py-GC/MS analysis (764 °C, 5 s hold time) of the char
fractions prepared from 13C-labeled 5-HMF and 13C-labeled glucose
samples (280 °C, 60 min) containing 13C atoms at various sites and in
various quantities.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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two or three 13C atoms can be ascertained by comparing the
intensity of the M+ peak to those of nearby peaks. Fig. 8–10
summarize the proportions of furan, phenol/benzofuran and
benzene type products containing 13C atoms at various sites and
in various quantities. Note that different carbon numbering
systems were used for the glucose and 5-HMF (Fig. 4).
Comparing the results obtained from the experiments with
glucose and 5-HMF provides information concerning the pyro-
lytic degradation of the reducing ends of cellulose and the roles
of 5-HMF and furfural during cellulose carbonization. It should
also be noted that, in the case of the 13C-labeled 5-HMF, a large
amount of unlabeled glycerol was added to the pyrolysis
medium, thus diluting the 13C concentration as glycerol
carbons are incorporated into the 5-HMF.
Fig. 10 Proportions of benzene-type fragments generated by Py-GC/
MS analysis (764 °C, 5 s hold time) of the char fractions prepared from
13C-labeled 5-HMF and 13C-labeled glucose samples (280 °C, 60 min)
containing 13C atoms at various sites and in various quantities.

RSC Adv., 2024, 14, 21544–21552 | 21547
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Fig. 11 The %r values calculated for those fragments with carbon
numbers 5–11 generated during Py-GC/MS analyses. These data
assume that the carbons of 13C-labeled 5-HMF and 13C-labeled
glucose were randomly distributed in the fragments.

Fig. 12 A proposed mechanism for the conversion of 5-HMF to 1,2,4-
trihydroxybenzene. The carbon atom numbering is based on 5-HMF.
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In the case of the 13C-labeled glucose samples, the
percentage of 13C stochastically distributed in the volatile
fragments (via some random mechanism) is referred to herein
as %r (+n), where n is a numeral from 1 to 3 indicating the
quantity of 13C atoms in the molecule. This value was calculated
as

%r (+n) = (1/6)n × (N/6)N−n × NCn, (1)

where N is the number of carbon atoms in the molecule. These
%r values are summarized in Fig. 11 and Table S1† for N from 5
to 11. This range was selected because C5–C11 fragments were
identied during the Py-GC/MS analyses. It should be noted
that, as discussed above, the 13C proportion in each 13C-labeled
5-HMF product was diluted by unlabeled carbon atoms from the
glycerol.

The extent to which 13C atoms were incorporated was found
to vary depending on the specic volatile fragment generated
during the Py-GC/MS analysis of the char. The results were also
not greatly different for the 5-HMF and glucose experiments
except for the benzene-type products (Fig. 10). The percentages
of benzene (12), toluene (13) and naphthalene (15) containing
no 13C were generally higher for the 5-HMF char, indicating that
the unlabeled carbons of the glycerol, which was used added for
the 5-HMF trials, were incorporated into the char.

Among the furan-type products, dimethylfuran (2) and eth-
ylmethylfuran (3) had relatively low proportions of molecules
containing no 13C (5.5–12.5% when generated from 5-HMF and
8.3–17.6% when generated from glucose). From these data, it
appears that fragments 2 and 3 originated from 5-HMF in the
condensation products generated with glycerol present in the
char fraction. In contrast, the percentage of methylfuran (1)
containing no 13C obtained from the labeled 5-HMF was rela-
tively high at 31.2–43.5%. These data indicate that signicant
amounts of the isotopically labeled carbons were removed
during carbonization. In particular, the relatively high
percentage of methylfuran containing no 13C generated when
using the 2-13C-labeled 5-HMF (31.2%) suggests that furan rings
were newly constructed in the 5-HMF char, likely by random
mechanisms that also provided the benzene-type fragments.

In contrast to the case of 2-13C-labeled 5-HMF, fragment 1
obtained using the 2-13C-labeled glucose showed a low
21548 | RSC Adv., 2024, 14, 21544–21552
percentage of molecules containing no 13C (11.7%), indicating
that pathways not involving 5-HMF are possible for the pyrolysis
of glucose. Intermediates in the formation of 5-HMF in Fig. 3
may have generated furan rings in the glucose char.

It should be noted that the percentage of 3-methylphenol (6)
generated from the 5-HMF char and containing no 13C was
quite low (3.1–6.3%, Fig. 9). Hence, this compound must have
resulted from the direct rearrangement of the six carbons of 5-
HMF into a benzene ring. The ratios of molecules containing
two 13C to those containing one were 0.26, 0.21, and 0.36 for
trials with the 2-13C-, 6-13C- and 7-13C-labeled 5-HMF char,
respectively. Because these ratios were close to the 13C/12C ratio
of the 13C-labeled 5-HMF (0.2), the methyl substituent of frag-
ment 6 appears to have been derived from the carbons of 5-
HMF. Similar trends were also observed for the phenol (7) and
dimethylphenol (9) (Fig. S3†).

The percentage of 3-methylphenol (6) generated using the
13C-labeled glucose sample and containing no 13C was higher at
14.9–24.2% (Fig. 9). These data suggest that pathways other
than the direct rearrangement of 5-HMF, likely random mech-
anisms, also occurred during the glucose carbonization.

A reasonable mechanism for the direct rearrangement of 5-
HMF to give a benzene ring in a phenol-type fragment is pre-
sented in Fig. 12. This conversion requires ring opening of the
furan ring prior to the formation of the benzene ring. In this
process, a conjugated oxonium intermediate (formed by elimi-
nation of the hydroxymethyl hydroxyl group by electron dona-
tion from the ring oxygen) is attacked by water to form
a hemiacetal intermediate (reaction b). This intermediate is
readily converted to the ring-opening product (reaction c),
which is then converted to a cyclohexanedione with a six
membered ring via an intramolecular aldol condensation
(reaction d). This compound is subsequently converted to tri-
hydroxybenzene. Note that the carbon numbering on the
molecular structures is based on that shown for 5-HMF to assist
in tracking the fate of each carbon atom. The formation of 1,2,4-
trihydroxybenzene during the carbonization of cellulose in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 A possible aromatization pathway via the Diels–Alder reaction
of a furan ring with the double bond of the ring-opening intermediate
obtained from 5-HMF.
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presence of sodium chloride was previously observed,24

although the formation mechanism was not elucidated.
Phenols 6, 7, 8 and 9 with a single hydroxyl group were detected
as volatile fragments by removal of hydroxyl groups during
carbonization and Py-GC/MS analysis.

This proposed mechanism is supported by the mass frag-
ment ions at m/z of 77 and 79 generated in experiments using
the unlabeled 5-HMF. These would have resulted from the loss
of CO from the C–OH group of 3-methylphenol (6) (Fig. 13). In
the enlarged spectra, the peaks obtained using the 7-13C-labeled
5-HMF are seen to shi to m/z of 78 and 80, whereas both pairs
of peaks (m/z 77/79 and 78/80) are observed in the spectra
produced using the 2-13C- and 6-13C-labeled 5-HMF. In the
mechanism shown in Fig. 12, hydroxyl groups are attached at
the C-2 and C-6 positions of the trihydroxybenzene but not at
the C-7 site (using the 5-HMF numbering). Thus, the 13C atom
of the 7-13C-labeled 5-HMF must remain in 6, although the 13C
atoms at 2-C and 6-C may be lost in the form of 13CO.

Because the intermediates involved in the mechanism
shown in Fig. 12 contain carbonyl groups, intra- and intermo-
lecular aldol condensations are possible, as in the case of
reaction d. These reactions can generate longer hydrocarbon
chains, allowing the formation of additional aromatic rings.

The methylated benzofuran 11 obtained using the 2-13C-
labeled 5-HMF and glucose samples contained no detectable
molecules having zero 13C atoms, indicating that random
mechanisms were not important in the formation of this
product. Lower percentages of the 2-13C isomers were also
observed in the case of benzofuran 10. Because the 2-C of
glucose was incorporated into the furan ring, this ring would
have been involved in the formation of the benzene ring of the
benzofuran structure.

Fig. 14 presents a proposed mechanism explaining these
results. This mechanism includes the Diels–Alder reaction of
the furan ring with a double bond of the ring-opening inter-
mediate shown in Fig. 12. In this pathway, four carbons of the
furan ring, including 2-C, are incorporated into the benzene
ring, which explains the very low percentage of molecules con-
taining no 13C obtained using the 2-13C-labeled 5-HMF and
glucose. The relatively higher percentages of such products
generated in trials with the 6-13C- and 7-13C-labeled 5-HMF and
Fig. 13 Enlarged views of the mass spectra of 3-methylphenol (6) as
obtained from Py-GC/MS analyses of labeled and unlabeled 5-HMF
char fractions together with a diagram showing the fragmentation
path.

© 2024 The Author(s). Published by the Royal Society of Chemistry
glucose can be explained by the possibility of removing the 13C-
containing side chains attached to the benzene ring during the
Py-GC/MS analysis. A reasonable pathway for the formation of
the furan ring of benzofuran can also be devised by including an
attack of the phenolic hydroxyl group on the aldehyde carbon.

The compositions of the benzene-type fragments without
oxygen substituents were very different from those of the furan-,
phenol- and benzofuran-type fragments. The proportions of
benzene (12), toluene (13) and naphthalene (15) containing nil,
one, two and three 13C atoms obtained from the labeled glucose
samples were close to the %r values for the corresponding
carbon numbers. These results establish that the 13C atoms
were randomly incorporated into the aromatic rings of 12, 13
and 15. The results obtained using the 2-13C-glucose were
similar, and so the Diels–Alder reactions involved in the
formation of the benzofurans (Fig. 14) were likely not important
for this group of fragments. Rather, benzene rings would have
been formed in the char by reactive intermediates produced by
the degradation of glucose, including the pathway shown in
Fig. 3. Cyclohexyl rings were likely initially generated, as shown
in the mechanisms in Fig. 12 and 14, followed by conversion to
benzene rings.

It is also noted that the percentages of 12, 13 and 15 mole-
cules containing no 13C produced using the labeled 5-HMF
(29.7–70.6%) were much higher than the corresponding %r
values as well as the values for the labeled glucose trials. This
outcome suggests that the unlabeled carbons of the glycerol
used to carbonize the labeled 5-HMF were incorporated into the
benzene rings, resulting in dilution of the 13C content, as dis-
cussed above.

The mechanisms for the formation of furan-, phenol-,
benzofuran- and benzene-type structures in the cellulose char
proposed on the basis of the present study using 13C labeling
are summarized in Fig. 15.
Role of reducing ends and 5-HMF in cellulose carbonization

The data obtained from this work provide insight into the
carbonization of crystalline cellulose. Fig. 16 summarizes the
RSC Adv., 2024, 14, 21544–21552 | 21549
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Fig. 15 Summary of the pathways involved in the formation of furan-,
phenol-, benzofuran- and benzene-type structures in cellulose char
based on the results of the present study.
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events occurring during the early stage of cellulose carboniza-
tion. Cellulose is more thermally stable than other amorphous
polysaccharides because of its crystalline nature. Paracrystalline
regions are periodically present in cellulose and the rst step in
pyrolysis involves a reduction in the degree of polymerization to
approximately 200–400 via cleavage of glucosidic bonds in these
areas to generate new reducing ends.2–5

The reducing ends of cellulose are more labile than other
repeating units and non-reducing units, as conrmed by the
stabilization of cellulose following glycosidation of the reducing
ends with alcohols16 or the reduction to alditol ends with
NaBH4.3,5 Hence, the pyrolytic reactions observed for glucose in
the present work are expected to occur for these reducing ends.
The reactions of 5-HMF and furfural would also be involved
because these compounds were produced from glucose. As
discussed above, the 4-C–O–1-C bond (that is, the glucosidic
bond) can be cleaved during the dehydration reaction in the
mechanism shown in Fig. 3. On this basis, the degradation of
the reducing ends can proceed as a kind of “peeling” reaction
during which new reducing ends are continually generated.

During thermogravimetric analysis, cellulose tends to
exhibit an induction period prior to the initial mass loss. This
activation stage has been attributed to the formation of so-
called active cellulose, as in the Broido–Shazadeh kinetic
model.26 Previous work by the authors examined the role of
Fig. 16 A diagram showing the proposed role of reducing ends in the
early stage of cellulose carbonization.

21550 | RSC Adv., 2024, 14, 21544–21552
water produced from the reducing ends in this activation
process,3,27 albeit with limited evidence. The results of the
present study appear to conrm that 5-HMF, furfural and their
formation intermediates (Fig. 3) are key intermediate in cellu-
lose carbonization.

Dehydration reactions of the reducing ends of cellulose fol-
lowed by carbonization produce char in the paracrystalline
regions, and water generated during this process can hydrolyze
cellulose near these regions. This effect could also lead to water
penetration between crystallites followed by hydrolysis. In fact,
the pyrolysis of cellulose at relatively low temperatures such as
240 °C tends to give oligosaccharides having reducing ends.3,28

These processes can improve the mobility of surface cellulose
molecules, resulting in greater pyrolytic reactivity.

In our previous study,19 char formation was greatly sup-
pressed while 5-HMF was formed when using aromatic solvents.
This outcome can be explained by the inhibition of heterolysis
reactions such as those shown in Fig. 12 and 14, especially
intermolecular reactions leading to the formation of aromatics.
Non-reducing sugars such as 1,6-anhydro-b-D-glucose (levoglu-
cosan) are reported to be stabilized in aromatic solvents based
on inhibition of proton transfer through complexation with the
solvents via CH/p interactions.17,29

Conclusions

The mechanism by which benzene rings are formed from 5-
HMF and glucose, with the latter used as a model for cellulose
reducing ends, was investigated in trials with 13C-labeled 5-
HMF and 13C-labeled glucose at 280 °C for 60 min. The
following conclusions were reached.

� Glucose was converted to 5-HMF and furfural, with the
aldehyde group derived from the 1-C of glucose. The 6-C was
selectively lost in the formation of furfural.

� Both 5-HMF and furfural were formed from glucose by
dehydration via a six-membered transition state.

� Py-GC/MS analyses of 5-HMF and glucose chars revealed
that furan-, benzene-, phenol- and benzofuran-type structures
were present in the char.

� Mechanisms for the generation of furan, phenol and
benzene rings in the char were proposed based on 13C incor-
poration data.

� The phenol-type fragments generated during the Py-GC/MS
analysis of the 5-HMF char were primarily formed by the direct
rearrangement of the six carbons. A formation mechanism was
developed by considering the 13C incorporation pattern.

� A pathway involving the Diels–Alder reaction of the furan
ring with a double bond formed by ring opening of 5-HMF was
suggested for the formation of benzofuran structures.

� The benzene- and naphthalene-type fragments, which
contained no oxygen, were evidently produced by non-specic
pathways involving reactive fragments.

� Based on the present results, the role of reducing ends
during cellulose carbonization was elucidated.

� The carbonization mechanisms revealed in the present
study provide insight into developing new technologies for
selective depolymerization as well as biochar production.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Materials

The 5-HMF used in this work (>95.0%, gas chromatography
(GC)) was purchased from Tokyo Chemical Industry, Tokyo,
Japan, and used aer freeze-drying. The D-[1-13C] glucose, D-
[2-13C] glucose, D-[6-13C] glucose (>99.8%, high performance
liquid chromatography (HPLC)), glycerol (>98.0%, GC) and
acetonitrile (>99.0%, GC) employed in the various trials were
purchased from Nacalai Tesque, Inc., Kyoto, Japan, and used
without purication. Both 1-butyl-3-methylimidazolium chlo-
ride (>98.0%, HPLC) and 12-molybdophosphoric acid were
purchased from the FUJIFILM Wako Pure Chemical Corp.,
Osaka, Japan.

A series of 13C-labeled 5-HMF samples was synthesized from
the corresponding 13C-labeled glucose according to a literature
procedure.30 In this process, one of the 13C-labeled glucose
reagents (180 mg) was added to a mixture of acetonitrile (0.79 g)
and 1-butyl-3-methylimidazolium chloride (2.0 g) at 60 °C and
stirred until complete dissolution. To this mixture was added
12-molybdophosphoric acid (18 mg) aer which the ask was
sealed and the reaction was carried out at 120 °C for 3 h. The
sample was subsequently cooled aer which 2 ml of water was
added and the mixture was neutralized by adding 0.0233 mmol
of sodium carbonate. The resulting solution was extracted ve
times using 10 ml of ethyl acetate for each extraction and
subsequently dehydrated on a sodium sulfate column. The
resulting product was puried by thin layer chromatography
using 5% methanol in CHCl3 as the eluent to give the corre-
sponding 13C-labeled 5-HMF.

Carbonization

Quantities of 13C-labeled 5-HMF (5 mg) and glycerol (40 mg)
were transferred into a Pyrex glass tube ampoule (inner diam-
eter, 15.0 mm; wall thickness, 1.75 mm; length, 50 mm). The
glycerol was added as a model for cellulose pyrolysis products
that can inhibit the formation of thermally stable 5-HMF poly-
mers.19 The air in the ampoule was replaced with nitrogen
(99.99%) prior to sealing, aer which the ampoule was inserted
into a muffle furnace preheated to 280 °C. Aer heating for
60 min, the ampoule was removed from the furnace and
immediately cooled under a ow of air. The resulting pyrolyzate
was washed with water and then dried in an oven at 105 °C for
24 h to obtain a char specimen. It should be noted that the
authors have conrmed that glycerol alone is stable under the
conditions described above.

Py-GC/MS analysis

The char specimens obtained from the 5-HMF samples were
analyzed by Py-GC/MS using a portable Curie-point injector (JCI-
22, Japan Analytical Industry, Co. Ltd, Tokyo, Japan) coupled
with a GC/MS system (GCMS-QP2010 Ultra, Shimadzu Corp.,
Kyoto, Japan). In each trial, the char was rapidly heated to 764 °
C and held at that temperature for 5 s. The GC/MS conditions
were as follows: column, Agilent CPSil 8CB (length, 30 m;
diameter, 0.25 mm; lm thickness, 0.25 mm); injector
© 2024 The Author(s). Published by the Royal Society of Chemistry
temperature, 250 °C; split ratio, 1 : 50; column temperature, 50 °
C (3 min), 6 °Cmin−1 to 200 °C, 30 °C min−1 to 300 °C, 300 °C (5
min); carrier gas, helium; ow rate, 1.0 ml min−1. The signals
obtained in the total-ion chromatogram were assigned by
comparing the retention times and mass spectra with those of
authentic compounds. For comparison, unlabeled and 13C-
labeled glucose samples were also analyzed by Py-GC/MS at
280 °C for 15 s.
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