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Pyrolysis-assisted catalytic conversion of wood in
hot-compressed water for the production of
aromatic monomers and syngas without external
hydrogen addition
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Efficient conversion of lignocellulosic biomass into value-added chemicals is essential for sustainable
chemistry. Japanese cedar and Japanese beech were treated in hot-compressed water (300-450 °C)
with Pd/C, yielding aromatic monomers and syngas without external hydrogen. Polysaccharides were
hydrolyzed to monosaccharides, fragmented to syngas, and provided hydrogen via the water-gas-shift
reaction. This in situ hydrogen stabilized lignin-derived aromatic monomers through hydrogenation of
aliphatic C,=Cg bonds, preventing repolymerization and enabling bond cleavage for high yields. At
lower temperatures, guaiacols and syringols dominated, with Japanese beech producing a more

complex mixture. Above 400 °C, both woods yielded primarily catechols and phenols, and species-
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Accepted 8th April 2026 specific differences disappeared. At 450 °C, however, hydrogenation of aromatic rings occurred as a side

reaction, reducing selectivity. Water-soluble intermediates from polysaccharides temporarily suppressed
catalyst activity but were gasified to restore efficiency. These results highlight a promising biomass-
based route to aromatic monomers and syngas as sustainable alternatives to petroleum-derived processes.
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Introduction

Wood is a promising renewable alternative to petroleum for
sourcing both aliphatic and aromatic carbons. The cellulose
and hemicellulose fractions of wood, which account for
approximately 65-80% of its composition, can be converted to
syngas (CO + H,) by gasification. This makes wood poly-
saccharides an attractive renewable source of hydrogen, espe-
cially given that 99% of the global hydrogen supply is currently
derived from fossil fuels without carbon capture.* Syngas serves
as a precursor for synthetic hydrocarbons via Fischer-Tropsch
reactions. Meanwhile, lignin, comprising 20-35% of wood, can
be transformed into industrially important aromatic monomers
such as phenols and BTX compounds (benzene, toluene and
xylene). Therefore, the components of wood offer strategic
potential for defossilizing the chemical industry, which remains
heavily dependent on fossil-based feedstocks for chemical
manufacturing.>™*

Syngas and hydrogen production from wood has been
extensively studied through gasification and hydrothermal
gasification processes. Conventional gasification is typically
carried out at high temperatures ranging from 700 to 1000 °C,
and steam-blown gasification promotes the conversion of CO to
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H, via the water-gas shift reaction.” However, the practical
application of this method faces significant challenges, partic-
ularly the formation of tar, which can cause clogging of pipe-
lines.® In contrast, hydrothermal gasification enables hydrogen
production under high-pressure conditions at relatively lower
temperatures (350-650 °C),” and active research is ongoing in
the development of efficient catalysts for this process.® Addi-
tionally, lignin-derived compounds are also being targeted for
gasification, primarily through hydrogenation of the aromatic
rings followed by gasification.

The production of aromatic monomers from lignin has been
extensively studied through pyrolysis and catalytic conversion.
Fast pyrolysis is a widely explored method for obtaining high
yields of condensable volatile products, facilitating the recovery
of lignin-derived aromatics.” However, monomer yields remain
low, with the process primarily generating dimers and higher
molecular weight oligomers.'®* This is largely attributed to the
stability of C-C linkages in condensed structures and the
pronounced re-polymerization of pyrolysis intermediates via
radical coupling and quinone methide mechanisms during
pyrolysis.'®**** Ether bonds within the lignin structure typically
cleave through homolytic mechanisms, generating products
containing conjugated C=C double bonds, which readily
undergo re-polymerization through quinone methide
intermediates.

To overcome these challenges, various studies have investi-
gated the thermal degradation of lignocellulosic substrates over
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noble metal catalysts in various solvents."*” Most of these
studies were conducted at temperatures below 250 °C ' in
order to preserve the carbohydrate fraction (the so-called
“lignin-first” process). However, under such conditions, the
monomer yields are generally low, particularly for softwood
lignin.

In our previous work,”*® we demonstrated that catalytic
hydrogenolysis at elevated temperatures above 250 °C—prefer-
ably above 300 °C—in various solvents such as aromatic
solvents could effectively suppress repolymerization of pyrolysis
intermediates. This approach not only inhibited re-
condensation reactions but also enabled the hydrogenolytic
cleavage of thermally stable condensed lignin structures,
resulting in aromatic monomer yields exceeding 60 mol%
(based on the aromatic rings of lignin) from softwood lignin.**>°
Building on this strategy, the present study explores catalytic
hydrogenolysis in hot-compressed water as a means to simul-
taneously produce hydrogen and aromatic monomers. Unlike
the conventional lignin-first process, which requires external
hydrogen input or hydrogen-donating agents (e.g., primary
alcohols) to retain polysaccharides,*>* our approach leverages
the gasification of the carbohydrate fraction to provide the
necessary hydrogen, thereby eliminating the need for external
hydrogen sources.

One reason why softwood lignin is more difficult to depoly-
merize than hardwood lignin is the higher proportion of
condensed (C-C) structures resulting from differences in
aromatic unit composition. Softwood lignin consists exclusively
of guaiacyl (4-hydroxy-3-methoxyphenyl, G) units, which can
form condensed linkages through the 5-position. In contrast,
hardwood lignin contains both G units and syringyl (3,5-
dimethoxy-4-hydroxyphenyl, S) units, the latter bearing
a methoxy group at the 5-position that prevents condensation,
thereby reducing the fraction of condensed structures.
However, a drawback of hardwood lignin is the greater
complexity in the composition of the resulting aromatic
monomers due to the coexistence of both G and S units. Given
these structural and compositional differences in lignin reac-
tivity, this study employed Japanese cedar (Cryptomeria
Jjaponica, a softwood) and Japanese beech (Fagus crenata,
a hardwood) as model feedstocks.

In this paper, Japanese cedar and Japanese beech were
treated in hot-compressed water in the temperature range of
300-450 °C under a N, atmosphere, and the formation behav-
iors of syngas and aromatic monomers were investigated and
compared between the two species. In addition, studies using
model compounds were conducted to further discuss the
conversion mechanisms of the individual components as well
as the effects on catalytic transformations.

Results and discussion

Japanese beech and Japanese cedar wood flours were dispersed
in water with Pd/C and treated in a batch reactor under
a nitrogen atmosphere at 300-450 °C for 60 min (Fig. S1). The
resulting mixtures were separated into gas, water-soluble,
EtOAc-soluble, and solid char fractions (Fig. S2). The soluble
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fractions were evaporated and weighed after no visible solvent
remained, while the char fraction was collected directly as the
solid residue and weighed after drying. The yields, expressed on
a dry weight basis of wood (wt%), are shown in Fig. 1. Additional
data on different reaction durations (5, 15 and 30 min) at 350 °C
and 450 °C for both wood types are provided in the SI (Table S1,
Fig. S3 and S4). The overall recovery was high (55.8-93.3 wt%),
which is notable given that volatile products, including water,
were not included in the quantification. In addition, losses due
to gas diffusion through the thin polypropylene gas bag during
the gas analysis step may have contributed to the lower
observed yields.

The yield of the water-soluble fraction ranged from 0.3 to
13.9 wt% —not high but consistently present across all condi-
tions. Yields of water-soluble products were higher at shorter
reaction times (5-30 min) at 350 °C (Fig. S3), but not at 400 °C
(Fig. S4), suggesting that the degradation of water-soluble
products was accelerated under more severe conditions. Since
these products were not detected in the MWL experiments, they
are presumed to originate from wood polysaccharides.
Although the water-soluble fraction was also produced from
Avicel, its yield under similar conditions was lower than that
from wood. As discussed later, the water-soluble fraction is
considered a by-product of polysaccharide gasification.

In the MWL experiments, the yield of the EtOAc-soluble
fraction was high, while the gas yield was relatively low at
about 15 wt%. In contrast, the amount of the EtOAc-soluble
fraction from Avicel was negligible. These results indicate that
the EtOAc-soluble fraction originates mainly from lignin-
derived products.

The compositions of the EtOAc-soluble fraction and the
gaseous products were analyzed by GC-MS and Micro GC,
respectively, with the results shown in Fig. 2. Yields obtained at
350 °C and 400 °C for various reaction times (5, 15, 30 and 60
min) from both wood types are summarized in Fig. S5 and S6,
respectively. Yields at 450 °C for reaction times of 5 and 60 min
are shown in Fig. S7. Aromatic monomers derived from lignin
are expressed as mol% relative to the benzene-ring content of
lignin in the wood. Since the gaseous products were suggested
to originate from wood polysaccharides, gas yields are
expressed as carbon-based mol% relative to the polysaccharide
content. Additionally, since hydrogen is not included in the
carbon-based yields, the molar proportions of all gaseous
components, including hydrogen, are also presented.

Lignin-derived aromatic monomers

Lignin-derived aromatic monomers were characterized by
saturated methyl, ethyl, propyl, or hydrogen substituents at the
para-position to the phenolic ~-OH. In terms of aromatic nuclei,
products from Japanese cedar (softwood) contained mainly
guaiacyl (G) units, while those from Japanese beech (hardwood)
contained both G and syringyl (S) units at lower temperatures.
As the treatment temperature increased, demethoxylation and
demethylation of methoxy groups progressed, leading to higher
proportions of phenol and catechol units. Remarkably, at 400 ©
C, high yields were maintained (68.9 mol% for beech and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Yields of char, gas, EtOAc-soluble and water-soluble products from Japanese beech and Japanese cedar (100 mg) and from isolated
lignin and cellulose samples (25-100 mg), treated at various temperatures for 60 min in H,O (1 mL) under N, (1 atm, prior to heating) over Pd/C

(25 mq). Values in parentheses indicate the total yield of the products.

59.5 mol% for cedar), but the aromatic monomers consisted
predominantly of catechols and phenols, and the composi-
tional differences between cedar and beech disappeared. This
simplification of aromatic monomer composition is advanta-
geous for producing aromatic monomers from hardwood. In
contrast, the alkyl side-chain composition showed little change,
indicating that side-chain transformations are not significant
below 450 °C.

As discussed later, the S units of Japanese beech were grad-
ually converted from S — G — catechol — phenol units, and
a small amount of methoxycatechol units was also detected,
formed by demethylation of methoxy groups. This transition is
more clearly observed by comparing the monomer composi-
tions obtained at different reaction times at 400 °C (Fig. S6). In
contrast, pyrogallol units, in which both methoxy groups are
replaced by -OH, were not observed. Possible pathways such as
methoxycatechol — G units via dehydroxylation and pyrogallol
— catechol units via dehydroxylation may exist, but further
investigation is required.

A comparison of aromatic monomer yields from Japanese
beech and Japanese cedar revealed clear differences. Under the
60 min treatment conditions (Fig. 2), Japanese beech consis-
tently produced high yields—above approximately 70 mol%—
across 300-400 °C range. In contrast, Japanese cedar showed
lower yields (42.8 mol% at 300 °C), which increased with
temperature, reaching 59.5 mol% at 400 °C. A similar trend was
observed when varying the treatment duration at 350 °C
(Fig. S5) and 400 °C (Fig. S6). For Japanese beech, the monomer
yield at 350 °C increased rapidly from 43.0 mol% (5 min) and
44.6 mol% (15 min) to 76.1 mol% (30 min) and 70.0 mol% (60
min), indicating that most monomer formation was completed
within 30 min. Yields at 400 °C remained consistently high

© 2026 The Author(s). Published by the Royal Society of Chemistry

across all durations (66.7-74.3 mol%). In contrast, Japanese
cedar showed a steady increase in monomer yield with reaction
time at both 350 and 400 °C, suggesting that monomer forma-
tion progressed more gradually and continued even at 60 min.
This indicates that Japanese beech undergoes faster monomer
release than Japanese cedar under the same conditions.

This difference can be explained by structural variations in
lignin between hardwoods and softwoods. In softwoods, G units
lack a methoxy group at the C-5 position, resulting in a higher
proportion of 5-5 and 4-0O-5 linkages than in hardwoods con-
taining S units. These linkages exhibit relatively low reactivity
under catalytic hydrogenolysis. Overall, Japanese beech (hard-
wood) is more favorable for producing aromatic monomers
than Japanese cedar (softwood), particularly at lower tempera-
tures. At higher temperatures (400 °C), the difference dimin-
ishes, and such conditions are effective for achieving high yields
from softwood. As noted above, softwood lignin composed
solely of G units produces simpler monomer compositions than
hardwood lignin containing S units, but at 400 °C these
compositional differences disappear as the S and G units
gradually transition to catechols and phenols (Fig. S6).

When the temperature was increased to 450 °C, the aromatic
monomer yield after 60 min decreased, particularly for Japanese
beech (from 68.9 mol% at 400 °C to 23.1 mol% at 450 °C/60
min). In Japanese beech, catechol units disappeared and were
replaced entirely by phenol units. However, after only 5 min at
450 °C, the aromatic monomer yields remained relatively
high—55.9 mol% for Japanese beech and 57.7 mol% for Japa-
nese cedar—and the conversion to phenol and catechol units
was nearly complete, resulting in a similar monomer compo-
sition for both species (Fig. S7).

RSC Adv, 2026, 16, 26127-26140 | 26129
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Fig. 2 Yields of (a) aromatic monomers, (b) gaseous products, and (c) gas composition from Japanese beech and Japanese cedar (100 mg) and
from isolated lignin and cellulose samples (25-100 maq), treated at various temperatures for 60 min in H,O (1 mL) under N, over Pd/C (25 maq).
Values in parentheses indicate the total yield of aromatic monomers or gases. Gas yields are expressed as C-mol% on a polysaccharide basis for

wood and Avicel, and on a phenylpropanoids basis for MWL.

Regarding gaseous products, increasing the temperature
from 400 °C to 450 °C led to a rise in gas yields from 43.9 mol%
to 58.0 mol% for Japanese beech and from 48.0 mol% to
53.6 mol% for Japanese cedar after 60 min (Fig. 2). At 450 °C/
5 min, both woods produced nearly 60 mol% gas, with
a substantial proportion of methane, and increased fractions of
ethane and propane compared to lower temperature treatments
(Fig. S7). These findings suggest that a portion of the lignin-
derived aromatic monomers was gasified.

Supporting this, the 'H NMR spectrum of the fraction
directly extracted with CDCl; from the 450 °C product of Japa-
nese beech revealed strong signals in the hydrocarbon region,

26130 | RSC Adv, 2026, 16, 26127-26140

including that of cyclohexane, indicating partial hydrogenation
of benzene rings and subsequent gasification via cyclohexane
derivatives (Fig. S8). Consistently, the gas composition at 450 °C
showed increased formation of methane, ethane, and propane
from both Japanese beech and Japanese cedar, supporting the
interpretation that these gases originated through cyclohexane
intermediates.

For the model compounds, the aromatic monomer compo-
sitions obtained from MWL of Japanese beech and Japanese
cedar were similar to those from whole wood, but the yields
were lower (29.5 mol% and 23.0 mol%, respectively) at 350 °C.
In contrast, higher yields were obtained from wood containing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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polysaccharides. It has been reported that the hydroxypropyl
side chains of lignin can act as hydrogen donors, and the
resulting hydrogen promotes catalytic hydrogenolysis in MWL
conversion as well.>* However, the amount of hydrogen gener-
ated during wood treatment is far greater, indicating that
catalytic hydrogenolysis of lignin pyrolysis products proceeds
more efficiently in wood than in MWL.

A small amount of aromatic monomers (0.7 mol% on
a glucose-unit basis), including catechol, methylcatechol, eth-
ylcatechol, phenol, and methylphenol, was also produced from
Avicel. These are likely attributable to trace amounts of residual
lignin in Avicel.

Syngas production

Comparison of Avicel and MWL showed that gas yields were
much higher for Avicel (Fig. 2), confirming that gases originated
mainly from polysaccharides in wood (gas yields from MWL are
given on a carbon basis). The main product was CO, accompa-
nied by H,, CO,, and small amounts of methane and ethane.
For Japanese beech and Japanese cedar in the 300-400 °C range,
beech gave nearly constant gas yields excluding hydrogen (40.9-
46.3 mol% on a polysaccharide carbon basis), whereas cedar
showed an increase from 28.9 mol% to 48.0 mol% with rising
temperature. This trend mirrors that observed for aromatic
monomers. These results suggest that both lignin and poly-
saccharides exhibit higher pyrolytic reactivity in Japanese beech
than in Japanese cedar. Our previous work with five softwood
and five hardwood species***® demonstrated that hardwood
hemicelluloses are more reactive than those of softwoods. At
450 °C, gas yields increased to 58.0 mol% for beech and
53.6 mol% for cedar, likely due to decomposition of aromatic
monomers, as discussed above.

Regarding gas composition, CO was the main component at
300 °C, accompanied by CO, and small amounts of H, and CH,.
With increasing temperature, CO decreased while CO, and H,
increased. At 450 °C/60 min, CO was almost completely
consumed, and the gases consisted mainly of H, and CO,
(Fig. 2). This change can be explained by the progress of the
water-gas shift (WGS) reaction (CO + H,O0 — H, + CO,). The
generated H, is utilized in the hydrogenolysis of lignin-derived
products. In the 350-450 °C range, the extent of WGS progres-
sion depended more on the treatment duration rather than on
the temperature (Fig. 2 and S5-S7). In contrast, as discussed
above, the treatment temperature played a more significant role
in determining the composition of aromatic monomers.
Accordingly, gas composition can be adjusted independently of
aromatic monomer composition by selecting an appropriate
combination of temperature and duration.

Methane was also produced from Avicel; however, as di-
scussed later, part of the methane formed from wood may
originate from methyl radicals generated through demethyl-
ation of methoxy groups on the aromatic rings.

Lignin conversion mechanisms

GPC analyses of the EtOAc-soluble fractions (mainly lignin-
derived products) obtained from Japanese beech and Japanese

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cedar under different treatment temperatures and times are
shown in Fig. 3. In addition to the conditions in Fig. 1 and 2,
a short-time treatment (5 min) at 300 °C was also examined. At
300 °C, signals were observed in the high-molecular-weight
region near the upper detection limit (1500 Da), and with
increasing temperature the signals shifted toward longer
elution times (lower molecular weight). These results suggest
that thermal degradation of the wood cell wall first solubilizes
high-molecular-weight lignin-derived products, which are then
depolymerized into lower-molecular-weight compounds
through catalytic hydrogenolysis.

HSQC NMR spectra of the EtOAc-soluble fractions from
Japanese beech obtained under conditions of 300 °C/5 min, 300
°C/60 min, and 350 °C/60 min are compared in Fig. 4. The
identified structures are depicted in Chart 1. The aromatic
monomers shown in Fig. 2 were identified by GC-MS, and
therefore no information was obtained for oligomeric or poly-
meric products. The NMR spectra, however, enables a discus-
sion of the chemical structures present in the higher-molecular-
weight region.

Even under the 300 °C/5 min condition (aromatic monomer
yield: 23.1 mol%), signals corresponding to the B-ether struc-
tures—the most abundant linkages in lignin—had nearly di-
sappeared in the dc/dy 40-90/2.5-5.5 ppm region. This suggests
that in lignin-derived oligomers and polymers, monomer units
are connected not by ether linkages between side chains and

(a) Japanese beech

Oligomers
400 °C
350 °C \ 450 °C
300°C
60 min
5 min\'
6 8 10 12 14 16 18 20

(b) Japanese cedar

Oligomers

300°C
{60 min 450 °C
5 min /

6 8 10 12 14 16 18 20
Retention time (min)

Fig. 3 Gel permeation chromatograms of EtOAc-soluble products
from (a) Japanese beech and (b) Japanese cedar (100 mg), treated in
H,0O (1 mL) under N, over Pd/C (25 mg).
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Fig. 4 HSQC-NMR spectra (400 MHz, acetone-dg) of EtOAc-soluble products obtained from Japanese beech wood (100 mg) at (a) 300 °C/
5 min, (b) 300 °C/60 min and (c) 350 °C/60 min over Pd/C in H2O (1 mL) under N, atmosphere (1 atm, prior to heating). Signals from unidentified
structures shown in black.
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Fig. 5 HSQC-NMR spectra (400 MHz, acetone-dg) of EtOAc-soluble products obtained from Japanese beech wood (100 mg) at (a) 350 °C/
60 min, (b) 400 °C/60 min and (c) 450 °C/60 min over Pd/C in H20O (1 mL) under N, atmosphere (1 atm, prior to heating). Signals from

unidentified structures shown in black.

aromatic rings but rather through C-C and diphenyl ether
bonds. This interpretation is further supported by the presence
of broad signals in the hydrocarbon region (/g 0-50/0.5-3.5
ppm).

The cell wall is a nanoscale composite in which cellulose
microfibrils are surrounded by a hemicellulose-lignin matrix,
preventing access of the solid Pd/C catalyst. Our previous work
using aromatic solvents showed that lignin-derived aromatic
monomers dissolve into the medium when cellulose, which is
more thermally stable than lignin, begins to decompose
actively."*” This indicates that lignin -ether bonds are cleaved
mainly by thermal degradation, and the resulting fragments

© 2026 The Author(s). Published by the Royal Society of Chemistry

undergo catalytic conversion after dissolution. Even when f-
ethers remain in solubilized oligomers, they are likely cleaved
readily by the catalyst.

Extending the treatment time at 300 °C from 5 to 60 min
simplified the signals in the hydrocarbon region, and under the
350 °C/60 min condition, signals from methyl, ethyl, and propyl
groups—side chains of aromatic monomers—became domi-
nant. These results suggest that thermally stable linkages, such
as C,—aryl structures formed by condensation and diphenyl
ether (4-0O-5) structures, are cleaved under more severe condi-
tions.”® Correspondingly, aromatic monomer yields increased
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from 23.1 mol% (300 °C/5 min) to 69.7 mol% (300 °C/60 min)
and 70.0 mol% (350 °C/60 min).

In the 350-450 °C range, the substitution patterns of the
aromatic nuclei in the monomers changed drastically from G
and S units to catechol and then to phenol units. This trans-
formation is discussed for higher-molecular-weight products
using the HSQC NMR spectra of Japanese beech (Fig. 5). In the
aromatic region of Fig. 5a (6c/0y 100-135/6-8 ppm), signals
from G and S units were dominant at 350 °C, whereas at 400 and
450 °C they shifted to catechol and phenol units. This indicates
that the same transformations observed for monomers also
occur in higher-molecular-weight lignin-derived products. At
450 °C, catechol signals were still present, suggesting that the
conversion from catechol to phenol occurs more rapidly in
monomers. This trend is further supported by the weakening of
methoxy signals with increasing temperature in Fig. 5b. At 450 °©
C, unidentified black signals appeared in the aromatic region,
implying the presence of aromatic nuclei and substituents
distinct from those formed at lower temperatures, although
their detailed structures remain unclear.

In the hydrocarbon region (6¢/dy 0-50/0.5-3.5 ppm, Fig. 5¢),
strong signals from methyl, ethyl, and propyl groups were
observed under all temperature conditions, similar to those in
the monomers. At 350 °C, signals from diarylethane (formed
from phenylcoumaran structures via stilbene) were detected,
suggesting its relatively low reactivity toward cleavage. These
signals disappeared at =400 °C, indicating decomposition. In
fact, diarylethane-type dimers with various substituents, along
with 5-5 (biphenyl) type dimers, were detected in the GC-MS
analysis of the EtOAc-soluble fractions (Fig. S9-S12). These
dimer signals were particularly prominent in Japanese cedar
and decreased in intensity with increasing treatment duration
at 350 °C, which correlated with increasing aromatic monomer
yields.

In all spectra, a peak near dc/0y 30/1.3 ppm was assigned to
cyclohexane rings generated by hydrogenation of benzene rings.
The absence of signals in the ¢/ 40-90/3-4.5 ppm region
suggests that the cyclohexane rings lacked ether or hydroxyl
substituents. These results imply that cyclohexane rings were
also formed in the monomer region detectable by GC-MS, but
they were likely lost during vacuum concentration of the EtOAc
fraction. Consistently, the '"H NMR spectrum of the fraction
directly extracted with CDCl; from the 450 °C product of Japa-
nese beech showed a sharp signal near dy 1.3 ppm, attributable
to cyclohexane (Fig. S8). Nevertheless, because aromatic
monomer yields remained high below 400 °C (Fig. 2), hydro-
genation of benzene rings is not considered significant under
these milder conditions.

In the spectra at 400 and 450 °C, new unidentified signals
appeared in the dc/0y 10-40/2-3 ppm region, suggesting the
formation of new hydrocarbon structures. These products are
likely generated through hydrogenation of aromatic rings and
contribute to the decrease in aromatic monomer yields.

Based on these results and previous studies, the proposed
conversion mechanisms are summarized in Fig. 6 and 7. Fig. 6
illustrates the transformations involving linkages between the
benzene ring and the propyl side chain in lignin, while Fig. 7
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shows the transformations of methoxy groups. The o- and -
ether bonds in lignin are readily cleaved during pyrolysis to
selectively yield cinnamyl alcohols such as sinapyl alcohol and
coniferyl alcohol.?*?** These hydroxyprop-2-enyl groups (-CH =
CH-CH,OH) are further decomposed into propenyl (-CH = CH-
CH3;), vinyl (-CH = CHy,), and conjugated aldehyde (-CH = CH-
CHO) groups.® Products bearing such conjugated C=C struc-
tures are easily transformed into quinone methides, which
subsequently condense with benzene rings at the « and vy
positions to form recondensation products.** In this process,
new thermally stable C-C bonds are generated. On the other
hand, B-aryl, biphenyl, and diphenyl ether structures are resis-
tant to pyrolytic cleavage, and oligomers containing these
linkages are therefore formed.*

Aromatic
monomers

Condensatlon <:|

products
Oligomers Qulnone methide
R” i “OCH;
ngnln OCH;, H
- o H,
He
w \H,_0O H,0 A—» CO, +H,
“ {
¢
R OCHs OCH,3 i - ; “OCH; R~ : ~OCH;
OH
CO+H,
R: Hor OCH.
: H,0 A, CO,+H,
WGS

Fig. 6 Proposed conversion mechanisms of lignin in wood to
aromatic monomers via pyrolysis followed by catalytic hydrogenolysis.
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Fig. 7 Proposed mechanisms of methoxyl group demethylation, de-
methoxylation and dehydroxylation of aromatic rings from lignin-
derived products.
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These pyrolysis products are further converted over the Pd/C
catalyst. Hydrogenation of C=C structures stabilizes them
against quinone methide formation, thereby suppressing
recondensation and converting the side chains into ethyl and
propyl groups. In addition, hydroxypropyl groups are trans-
formed into ethyl groups through deformylation.** Intermedi-
ates such as dihydrosinapyl alcohol and dihydro coniferyl
alcohol are involved in this process, and these products are
observed under milder conditions.

In parallel, cleavage of the C,~Cg bond in lignin side chains
proceeds during pyrolysis, producing syringaldehyde and
vanillin.*® These compounds undergo deformylation to yield
syringol and guaiacol, with part of the products further con-
verted into methyl groups.> The formaldehyde generated by
deformylation is subsequently transformed into CO and H,,
and CO is further converted into H, and CO, via the WGS
reaction. The H, thus formed is utilized in the catalytic
hydrogenolysis of lignin-derived products. As these reactions
proceed, one carbon atom from each lignin repeating unit (C;;
for S units and C;, for G units) is converted into gas. If this
occurs for all units, the theoretical gas yields on a carbon basis
would be 9.1% and 10%, respectively, which rationally explain
the observed gas yields of 8.4% and 9.1% from MWL of Japa-
nese beech and Japanese cedar (Fig. 2). In practice, additional
gas formation is also expected from reactions of methoxy
groups.

As described above, the structures of the aromatic mono-
mers change with increasing treatment temperature, following
the sequence S and G — catechol — phenol units. This can be
explained by a mechanism in which hydrogen activated on the
catalyst (as hydrogen radicals) adds to the benzene ring, form-
ing a non-aromatic radical intermediate (Fig. 7). Upon re-
aromatization, B-scission reaction occurs. When "H adds to
carbons ortho or para to a methoxy group, the carbon bonded to
the methoxy group becomes a radical center. Subsequent p-
scission of the methoxy methyl group produces a ketone, which
rearranges to a phenol structure, thereby promoting de-
methylation of the methoxy group and leading to the formation
of catechols. During this process, methyl radicals are generated
as precursors of gaseous methane and ethane. Indeed, methane
and ethane production increased in parallel with rising catechol
levels (Fig. 2 and S6). Similarly, addition of 'H to carbons
bearing methoxy or hydroxyl substituents induces demethoxy-
lation and dehydroxylation. Hydrolysis of the methoxy group is
also possible under hot-compressed water, but this reaction did
not proceed without Pd/C, supporting the homolytic
mechanism.

Gas formation mechanisms from wood polysaccharides

The water-soluble fractions obtained from Japanese beech and
Avicel under the 350 °C/60 min condition were analyzed by GC-
MS after evaporation and subsequent trimethylsilylation, and
the results are shown in Fig. 8. Ethylene glycol, lactic acid,
glycolic acid, levulinic acid, glycerol, and succinic acid were
identified, indicating the presence of C,-C, polyalcohols and
organic acids. The amount of the water-soluble fraction was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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relatively small, while a large quantity of gas was generated
(Fig. 1), suggesting that the compounds identified in this frac-
tion are by-products with relatively low reactivity toward
gasification.

Among these products, lactic acid, levulinic acid, and suc-
cinic acid are important biochemicals derived from sugars, and
the formation mechanisms of lactic acid and levulinic acid have
been extensively studied. Lactic acid is known to form when
glucose is isomerized to fructose, followed by a retro-aldol
reaction producing glyceraldehyde, which undergoes dehydra-
tion via a six-membered transition state (Fig. 9).>*** Levulinic
acid is considered to form from fructose through the interme-
diate 5-hydroxymethyl furfural, generated by cyclization and
dehydration reactions.**** These findings indicate that retro-
aldol and dehydration reactions of sugars are occurring.
Moreover, because the treatment was conducted in hot-
compressed water, it is reasonable to assume that cellulose
and hemicellulose hydrolysis is also likely to have contributed
to sugar formation.***

From these considerations, the pathway on the right side of
Fig. 9 is proposed as the gasification mechanism. Glucose
undergoes a retro-aldol (RA) reaction to form glycolaldehyde
(GA) and a C, sugar. Then, two different pathways are
proposed. First, the C, fragment is further converted into two
GA molecules through another RA step. Alternatively, the
aldehydic hydrogen on this C, sugar is then abstracted by "H to
form H, and a C, fragment containing a formyl radical end.
This formyl radical end undergoes a-scission, producing CO
and a Cj; radical. The C; radical then undergoes B-scission to
regenerate a C; sugar. Thus, this reaction continuously

3
12 4 56 (a) Japanese beech
‘ IS
(b) Avicel
o

r T T T T T T T T 1

4 8 12 16 20 24 28 32 36 40
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o
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o

Fig. 8 GC/MS total-ion chromatograms of H,O-soluble products
after trimethylsilylation obtained from (a) Japanese beech wood (100
mg) and (b) Avicel cellulose (100 mg) in H,O (1 mL) under N, atmo-
sphere (1 mL, prior to heating) over Pd/C (25 mg) at 350 °C for 60 min.
Internal standard (IS): 1,3,5-triphenylbenzene.
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generates CO and H, while successively regenerating sugars
shortened by one carbon atom. GA is similarly transformed
into CO and H,, and the same sequence of reactions can also
occur directly from glucose. The formation of ethylene glycol
and glycolic acid can also be explained by hydrogenation of GA
and by the reaction of formyl radicals derived from GA with
OH radicals.

Influence of polysaccharide components

To further examine the influence of polysaccharides, guaia-
col, syringol, and methylsyringol were used as model
compounds of lignin-derived products. Their reactivity was
studied under a hydrogen atmosphere at 350 °C for 60 min in
the presence of Avicel or glycerol (a model of water-soluble
products derived from polysaccharides). The results are
shown in Fig. 10. In addition, experiments were conducted in
hexane rather than water under two gas atmospheres, H,/N,
(1:1,v/v)and H,/CO (1:1, v/v), to investigate the effect of CO
derived from polysaccharides on the catalytic hydrogenolysis
of lignin-derived products. Hexane was used instead of water
because in aqueous media CO is converted to CO, and H, via
the WGS reaction, and this conversion was to be suppressed.
Furthermore, to detect low-boiling products that might
otherwise volatilize and be lost during concentration of the
EtOAc-soluble fraction, the reaction mixtures were directly
extracted with CDCl;, and the lignin-derived products from

Dehydration (DH)
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the model compounds were quantified by 'H NMR
spectroscopy.

Under a hydrogen atmosphere, guaiacol was converted
sequentially via guaiacol — catechol — phenol — benzene,
giving benzene (43.6 mol%, at 73.5% selectivity) and phenol
(14.0 mol%, at 23.6% selectivity) as the major products. When
glycerol was added, the reaction rate was greatly reduced, and
52.0% of guaiacol was recovered, with only small amounts of
catechol (7.9 mol%) and phenol (3.6 mol%) produced. These
results suggest that glycerol, present in the water-soluble frac-
tion, inhibits the catalytic reaction. A similar trend was
observed for syringol, and the conversion pathway was sug-
gested to proceed via syringol — methoxycatechol — guaiacol
— catechol — phenol — benzene. In the case of methyl-
syringol, catalytic conversion was also suppressed when Avicel
was added. In contrast, when CO was added to the hydrogen
atmosphere, the catalytic conversion of syringol was hardly
affected.

From these results, the roles of wood polysaccharides, as
illustrated in Fig. 11, were clarified. As described above,
lignin and wood polysaccharides decompose within the cell
wall by pyrolysis until cellulose begins to decompose exten-
sively. Upon solubilization in hot-compressed water, these
products become accessible to the catalyst and are further
converted by catalytic hydrogenolysis. In this process, water-
soluble polysaccharide-derived products mainly inhibit
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Fig.11 Roles of wood polysaccharide-derived products on pyrolysis-assisted catalytic hydrogenolysis of wood lignin in hot-compressed water.

catalytic activity through competitive adsorption, but this
inhibitory effect is mitigated as they are gasified. The
hydrogen produced plays a promoting role in catalytic
hydrogenolysis, ultimately leading to high yields of both
syngas—usable for methane or Fischer-Tropsch synthesis—
and aromatic monomers. Thus, wood polysaccharides act as
modulators of catalytic hydrogenolysis, and the present

© 2026 The Author(s). Published by the Royal Society of Chemistry

reaction conditions were found to provide reactivity condi-
tions that are well suited for the production of syngas and
aromatic monomers.

The results obtained here provide crucial insights for the
production of biochemicals and biofuels from lignocellulosic
biomass such as wood and herbaceous plants.
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Conclusions

1. Treatment of Japanese cedar or Japanese beech in hot-
compressed water at temperatures above 300 °C over Pd/C
produces aromatic monomers and syngas in high yields
without external hydrogen. The monomer composition shifts
from guaiacols and syringols at lower temperatures to catechols
and phenols above 400 °C, regardless of wood species.

2. Wood polysaccharides are hydrolyzed to monosaccharides,
which undergo fragmentation to yield syngas. CO is subsequently
converted to CO, and H, via the water-gas shift (WGS) reaction,
enabling polysaccharides to serve as an in situ hydrogen source for
lignin hydrogenolysis and suppressing lignin re-polymerization.

3. Polysaccharide-derived products are solubilized in hot-
compressed water and can inhibit catalyst activity through
competitive adsorption. However, this inhibition diminishes as
these intermediates are gasified, allowing sustained and effi-
cient conversion. These findings provide insights for developing
biomass-based alternatives to petroleum-derived chemical
processes.

Experimental
Materials

Extractive-free Japanese cedar (Cryptomeria japonica, a soft-
wood) and Japanese beech (Fagus crenata, a hardwood) of
particle size below 150 um were prepared in accordance with
our previous work.* Milled wood lignins (MWLs) from both
wood species were isolated using the methods described by
Bjorkman.* Microcrystalline cellulose (Avicel PH-101, particle
size: 50 pm, Sigma-Aldrich, United States) was used as a model
for cellulose in planta without prior modification. The water
content of the wood samples and Avicel ranged from 7 to 8 wt%.
5% Pd/C (extra-pure grade, Nacalai Tesque Inc., Kyoto, Japan)
was used as a heterogeneous catalyst. The as-purchased Pd/C
catalyst was subjected to X-ray diffraction analysis (XRD)
using a Rigaku RINT 2000V diffractometer (Rigaku, Tokyo,
Japan). The obtained XRD pattern (Fig. S22) was consistent with
those reported elsewhere.*' Deionized water was prepared using
a Milli-Q integral 3 (Merck Millipore, Burlington, United States)
ultrapurification system and hexane (guaranteed reagent grade,
Nacalai Tesque Inc., Kyoto, Japan) were used as solvent media
for pyrolysis. Guaiacol (2-methoxyphenol, Nacalai Tesque Inc.,
Kyoto, Japan), syringol (2,6-dimethoxyphenol, Wako Pure
Chemical Industries, Osaka, Japan), methyl syringol (2,6-
dimethoxy-4-methylphenol, Tokyo Kasei Kogyo Inc., Tokyo,
Japan), glycerol (guaranteed reagent grade, Nacalai Tesque Inc.,
Kyoto, Japan) were used as purchased without further modifi-
cation. Ethyl acetate (guaranteed reagent grade, Nacalai Tesque
Inc., Kyoto, Japan) was used as an organic solvent in the product
fractionation steps.

Catalytic pyrolysis in hot-compressed water with a batch
reactor

Fixed amounts of ground wood (100 mg), Pd/C catalyst (25 mg)
and deionized water (1.0 mL, 25 °C) were added to the bottom of
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an Inconel 625 batch reactor (Fig. S1). The loaded vessel
(internal volume: 5 mL) was then inserted into a plastic bag
connected to a water aspirator system and the atmosphere
inside the reaction chamber was replaced with N, (0.1 MPa).
After this, the reactor was sealed and immersed in a preheated
salt bath at 300-450 °C for 5-60 min. Upon immersion, the time
required for reaching the target temperature was approximately
40 s. After the designated reaction time, the reactor was
immediately quenched in a water bath at room temperature for
3 min. Experiments with model compounds were performed at
350 °C/60 min using Japanese beech MWL (25 mg), Japanese
cedar MWL (33 mg) and microcrystalline cellulose (100 mg) as
starting materials instead of ground wood. Experimental runs
with monomers as starting materials were done at a smaller
scale under either a N, or H, atmosphere (1 atm) at 350 °C/
60 min, using 20 mg of starting material, 20 mg of Pd/C catalyst
and an optional addition of 20 mg of microcrystalline cellulose
(Avicel) or glycerol.

Product fractionation and analysis

A schematic diagram of the fractionation methods used in this
study is shown in Fig. S2. After pyrolysis, the reactor was
inserted into a polypropylene gas bag, which was sealed and
degassed with a water aspirator. Then, the reactor was carefully
opened inside the sealed gas bag to allow for the collection of
non-condensable gaseous products. The gaseous products were
analyzed and quantified by Micro GC (Agilent 990, Agilent
Technologies Inc., Santa Clara, CA, USA) following a procedure
described by Minami et al.*> The reactor contents were washed
alternately with ethyl acetate (EtOAc) and distilled water,
resulting in a slurry containing the spent Pd/C catalyst and
approximately 25 mL of a 1:1 (v/v) biphasic mixture. This
mixture was subjected to vacuum filtration. The collected
aqueous and EtOAc-fractions were then transferred to a 50 mL
separatory funnel, mixed, and allowed to separate. The EtOAc-
soluble fraction, which contained the lignin-derived products,
was collected first and subjected to chemical drying over
anhydrous sodium sulfate (Na,SO,, Nacalai Tesque Inc., Kyoto,
Japan). Both fractions were then concentrated via vacuum
evaporation. The solid residue fraction, which contained the
spent catalyst and wood-derived char was oven-dried at 100 °C
for 2 h prior to gravimetric analysis using an analytical balance.
The char yield was determined as follows:

mass of solid residue — mass of catalyst

Char yield (wt%) = mass of wood sample

x 100%

For the experiments using guaiacol, syringol and 4-methyl
syringol as starting materials, the reactor contents were
immediately washed with 3 mL chloroform-d (CDCl3, d: 7.26
ppm) and approximately 10 mL of distilled water after gas
analysis, resulting in a slurry containing Pd/C, CDCl; and water.
This slurry was centrifuged using a MF12000 microcentrifuge
(AS ONE Co., Osaka, Japan) at 10* rpm for 20 s to separate the
spent Pd/C catalyst. The aqueous and CDCl;-soluble fractions

© 2026 The Author(s). Published by the Royal Society of Chemistry
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were then recollected, combined in a separatory funnel, mixed
and allowed to separate. The CDCl;-soluble fraction was iso-
lated and dried over Na,SO,. Subsequently, 0.7 mL of the CDCl;
fraction was mixed with dimethyl sulfone (purity: 99.0%, 0g:
2.98 ppm, Tokyo Kasei Kogyo Inc., Tokyo, Japan) as an internal
standard for "H NMR analysis, which was performed on
a Bruker AC-400 spectrometer (400 MHz, Varian Medical
Systems, Palo Alto, CA, USA). Acetone-ds (0: 2.05 ppm) was
used as the deuterated solvent for HSQC NMR analysis of
EtOAc-soluble products derived from wood after complete
evaporation of EtOAc as described above.

Lignin-derived products obtained as EtOAc-soluble products
from wood were analyzed by gas chromatography/mass spec-
trometry (GC/MS) on a GCMS-QP2010 Ultra instrument (Shi-
madzu Co., Kyoto, Japan) equipped with an Agilent CPSil 8CB
column (length: 35 m, diameter: 0.25 mm) operating at 250 °C
and the following temperature profile: 70 °C (holding time: 2
min), heating at 4 °C min™" to 150 °C (1 min), heating at 10 ©
Cmin~"to 310 °C (3 min). The carrier gas was H, (flow rate: 1.10
mL min~"). The split ratio was 1/10 and the scan interval (35—
500 m/z) was 0.3 s. Prior to each GC/MS trial, the lignin-derived
products were subjected to a trimethylsilylation reaction per-
formed in pyridine (100 pL), hexamethyldisilazane (150 pL) and
trimethylchlorosilane (80 pL) at 60 °C for 30 min. 1,3,5-tri-
methylbenzene (Tokyo Kasei Kogyo Inc., Tokyo, Japan) was
added as an internal standard. The molar yield of each mono-
mer was calculated with the following equations as expressed
on a phenylpropanoid (C9) aromatic unit basis. The average
molecular weight (MW) of C9 units from lignin were reported to
be 189.8 Da for softwood MWL (CoHg 30, ,(OCH3)o97) and
212.3 Da for hardwood MWL (CgHg 30,.9(OCHz3) 55).** These
values were chosen as representatives of the molecular weight of
C9 units from lignins in planta and used in the present study.
The molecular structures and abbreviations used for each
monomeric product are summarized in Table 1.

mass of monomer

Molar yield(mol%) MW of monomer X ncy

x 100%

mass of lignin in sample
MW of lignin Cy unit

nc,(mol) =

The distribution of molecular weights in the EtOAc-soluble
products was analyzed by gel permeation chromatography
(GPC) on a Shimadzu LC-10A system equipped with a Shodex
KF-801 column (exclusion limit: 1500 Da, polystyrene standard).
The eluent was freshly distilled tetrahydrofuran (extra pure
grade, Nacalai Tesque Inc., Kyoto, Japan) at a flow rate of 0.6
mL min~". The oven temperature was 40 °C and the UV detec-
tion wavelength was 280 nm.
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Table 1 Chemical structures and abbreviations of lignin-derived

monomers

Aromatic Type Compound Name  Substituent (R) Label
Syringol (S Dihydro sinapyl
yringol (S) v Py -CH2-CH2-CH2-OH S-DHA
H,CO alcohol
HO R 4-Propenyl syringol -CH=CH-CH3 S-PrEn
H,CO 4-Propyl syringol -CH2-CH2-CH3
4-Ethyl syringol -CH2-CH3
4-Methyl syringol ~ -CH3
Syringol -H
Methoxycatechol 3-Methoxy-4-
-CH2-CH2-CH3
(MC) propyl catechol
H3CO 3-Methoxy-4-ethyl
hol -CH2-CH3
HO R catechol
3-Methoxy-4-
HO -CH3
methyl catechol
3-Methoxy H
catechol
Guaiacol (G) Dihydro coniferyl G-
-CH2-CH2-CH2-OH
alcohol DHA
HO R 4-Propenyl G-
. -CH=CH-CH3
H3CO guaiacol PrEn
4-Propyl guaiacol -CH2-CH2-CH3 G-Pr
4-Ethyl guaiacol -CH2-CH3 G-Et
4-Methyl guaiacol  -CH3
Guaiacol -H
Catechol (C) 4-Propyl catechol ~ -CH2-CH2-CH3 C-Pr
HO R 4-Ethyl catechol -CH2-CH3 C-Et
HO
4-Methyl catechol  -CH3 C-Me
Catechol -H
Phenol (P) 2,4-Dimethyl
(2-CH3, 4-CH3) P-2Me
phenol
o )e
4-Propyl phenol -CH2-CH2-CH3 P-Pr
4-Ethyl phenol -CH2-CH3 P-Et
4-Methyl phenol -CH3 P-Me
Phenol -H
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