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Abstract

Japanese beech (Fagus crenata) wood was treated by two-step semi-flow

hot-compressed water (the first stage: 230°C/10MPa/15min, the second stage:

270°C/10MPa/15min), and produced lignin-derived products in the hot-compressed

water-soluble portions at the first and second stages, and the final residue of the second

stage were characterized with alkaline nitrobenzene oxidation method and

gel-permeation chromatographic analysis. As a result, the lignin-derived products at the

first stage, where hemicellulose was also decomposed, consisted of lignin-based

monomers and dimers and oligomers/polymers in the water-soluble portion. A large part

of the oligomers/polymers was, however, recovered as the precipitate during 12h setting

after hot-compressed water treatment. By the analysis of nitrobenzene oxidation

products, there were relatively higher contents of ether-type lignin in the precipitate at

the first stage than in original beech wood. Since the ether-linkages of lignin are more

preferentially cleaved by this hot-compressed water, lignin-based polymeric fractions

were flowed out from the porous cell walls from which hemicellulose was removed. On

the other hand, at the second stage condensed-type lignin remained in the precipitate

and residue. Based on these results, decomposition behavior of lignin in Japanese beech

wood as treated by the two-step semi-flow hot-compressed water was discussed



regarding the topochemistry of lignin structure.



Introduction

Bioethanol from lignocellulosics has recently been attracted as an alternative
liquid fuel for gasoline engine. Since lignocellulosics is the most abundant biomass
resource on the earth, bioethanol from lignocellulosics can play an important role in
mitigating the greenhouse gas emission*? and developing the sustainable society for the
future®,  Different from molasses and starch, lignocellulosics is a composite material of
cellulose, hemicellulose and lignin®. Cellulose and hemicellulose are polysaccharides
which can be converted into fermentable sugars for bioethanol production. On the other
hand, lignin, which is an aromatic polymer consisting of phenylpropane units, cannot be
utilized for ethanol fermentation. For the conventional bioethanol production from
lignocellulosics, it is necessary for a “pre-treatment” to remove lignin for
saccharification.

In recent bioethanol production, acid hydrolysis with sulfuric acid has been
used most frequently for saccharification and removal of lignin from lignocellulosics®®.
In this acid hydrolysis process, lignin is separated as the precipitate from the
water-soluble sugars. However, the lignin-derived products from the sulfuric acid
hydrolysis have been reported to have extensively condensed structures®. From a

viewpoint of lignin utilization, such extensively degraded and condensed lignin would



be difficult to be utilized as value-added products. In fact, utilization of the sulfuric acid
lignin is considered just for only thermal recycling®.

Chemical structure of lignin is known to be different, depending on the type of
lignocellulosics. Although softwood lignin contains mainly guaiacyl-type of aromatic
ring, hardwood lignin has syringyl-type as well as guaiacyl-type™. Such different
aromatic ring composition also leads to the different composition of the linkage types of
the phenylpropane units. Usually hardwood lignin contains less condensed-types of
lignin than softwood lignin®.

Our previous study described the decomposition behavior of Japanese beech
wood in two-step semi-flow hydrolysis in hot-compressed water treatment (the first
stage: 230°C/10MPa/15min, the second stage: 270°C/10MPa/15min)*. Hemicellulose
and cellulose were decomposed at the first and second stages, respectively. Interestingly,
based on the Klason lignin (KL) content of the residue at the first stage, a large part of
lignin was decomposed to be the hot-compressed water-soluble products. Several
monomers and condensed-type of dimers were identified in its soluble portion by gas
chromatography-mass spectrometry (GC-MS) analysis™. Based on these results in our
previous paper, beech lignin might be degraded and solubilized into low molecular

weight compounds without any chemical modification. This suggests that the



lignin-derived products from the hot-compressed water treatment may remain as a
natural lignin structures in their remaining linkages. However, the lignin-derived
products have not been fully characterized yet.

In this paper, therefore, the lignin-derived products, which were recovered as
water-soluble portions and precipitates at the first and second stages, respectively, were
characterized with the alkaline nitrobenzene oxidation and gel-permeation
chromatographic (GPC) methods. Decomposition behavior of lignin in Japanese beech
wood was also discussed during hot-compressed water treatment. Because this is
non-catalytic treatment, obtained lignin-derived products seemed to be less chemically
denatured. These results will be useful not only for effective utilization of lignin as a
by-product, such as a chemical and plastic material, but also for study on the nature of

lignin chemical structures.

Materials and methods

Wood sample and chemicals

Japanese beech (Fagus crenata) wood flour (18 mesh-passed) was used for
hot-compressed water treatment. The wood flour was extracted with ethanol-benzene

(1:2 v/v) mixture by using Soxhlet apparatus, and dried at 105°C for 24h before use. The



chemical composition of the extractive-free Japanese beech wood was 44.8wt% of
cellulose, 28.7wt% of hemicellulose and 26.5wt% of lignin*®. All chemicals used in this

study were purchased as reagent-grades and used without further purification.

Hot-compressed water treatment and fractionation of the products

The two-step semi-flow hot-compressed water treatment conditions were
230°C/10MPa/15min for the first stage and 270°C/10MPa/15min for the second stage
as reported in the previous paper™. Flow-rate of hot-compressed water was 10mL/min,
and the hot-compressed water-soluble products were collected continuously, as shown
in Fig. 1. After 12h, some insoluble substances were formed from the hot-compressed
water-soluble portions, and these are recovered as the precipitates by filtration with
filter (pore size: 0.2 um). Consequently, the hot-compressed water-soluble portions
from the first and second stages were further fractionated into two fractions, i.e.,
water-soluble portion and precipitates, respectively, as illustrated in Fig. 1. The obtained
water-soluble portions were freeze-dried, and the precipitates and residues were dried in
a vacuum desiccator on dried silica gel. These dried fractions were weighed to

determine their yields.



Analytical methods

Yields of the lignin-derived products in fractions were determined as the combined
yields of Klason lignin (KL) and acid-soluble lignin (ASL)*. Alkaline nitrobenzene
oxidation was conducted for the precipitates and residues obtained from the first and
second stages according to the standard method™.

Molecular weight (MW) distribution was evaluated for the water-soluble
portions and the precipitates by GPC analysis, which was conducted on a LC-10A
(Shimadzu, Kyoto, Japan) under the chromatographic conditions of column: Shodex
KF-801 + KF-802 + KF-802.5 + KF-803 (Showa Denko, Tokyo Japan), eluent:
tetrahydrofuran (THF), flow-rate: 0.6mL/min, column temperature: 50°C and detector:
UV: 205nm™. For GPC analysis, the lignin-derived products in the water-soluble
portions were extracted with ethyl acetate, and the precipitates were dissolved with THF

in a sonicator for 10min.

Results and discussion
Recovery of the lignin-derived products
Yields of the fractionated products on oven-dried wood basis of Japanese beech wood as

treated by the two-step semi-flow hot-compressed water are shown in Fig. 2. At the first



stage, 54.1wt% (= 45.1wt% + 9.0wt%) of the hot-compressed water-soluble products
and 46.6wt% of residue, which remained in the reaction cell, were obtained. The residue
was further converted into the hot-compressed water-soluble products (35.6wt% =
30.3wt% + 5.3wt%) at the second stage. The final residue at the second stage was only
4.4wt%. From the hot-compressed water-soluble portions obtained at the first and
second stages, 9.0wt% and 5.3wt% of the precipitates were recovered, respectively,
after12h setting. Since the dielectric constant of water is known to decrease with the
increasing temperature and pressure®®, solubility of the products in hot-compressed
water becomes different from that of ordinary water. Such solubility change may be a
reason for the formation of the precipitates from the water-soluble products.

The percentage of the lignin-derived products in the fractionated portion was
also shown in the values in parentheses in Fig. 2. In the water-soluble portion at the first
stage, the value was only 19.7wt%, since hydrophobic lignin-derived products, which
were soluble in hot-compressed water, were separated as their precipitates in the
ordinary water. Interestingly, 91.0wt% of the precipitate was found to be the
lignin-derived products. Consequently, one third of lignin can be obtained as the
precipitate at the first stage with high purity. Unlike the first stage, the content of the

lignin-derived products in the precipitate at the second stage (34.0wt%) was



comparatively low. Oligocellosaccharides were the other major constituents of the
precipitate after 12h setting, which are reported to be produced from cellulose™.

The yields of the lignin-derived products on original lignin basis were shown in
Fig. 3. The lignin contents were determined as the sum of KL and ASL in these
fractionated products. At the first stage, two third of lignin (64.4wt%) was recovered as
lignin-derived products in the hot-compressed water-soluble portion, which was further
fractionated into the water-soluble products (33.5wt%) and the precipitate (30.9wt%), as
shown in Fig. 3. Lignin remained in the residue at the first stage, 40.8wt%, was further
treated at the second stage and converted into the hot-compressed water-soluble
products (30.3wt%), which were further fractionated into the water-soluble products
(23.6wt%) and the precipitate (6.7wt%). However, in the water-soluble products, only
7.4wt% of lignin-derived products was detected by Klason method. These yields are
much lower than those of the first stage. About 16.2wt% of remaining lignin in the
water-soluble products might be decomposed into low molecular weight compounds in
the second stage reaction®’. Furthermore, one tenth of lignin (10.5wt%) still remained in
the final residue.

In a series of our previous studies, hardwood and softwood were treated in

supercritical and subcritical water with batch-type reaction vessel, and lignin-derived
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products were recovered as water-insoluble and oily substances'**®*°. Because most of
these substances were soluble in methanol, methanol was used as a solvent to isolate the
lignin-derived products in the previous studies. In present paper, however, no oily
substances were observed in the water-soluble portion. Because semi-flow system used
much abundant water than batch-type reaction vessel, decomposed lignin-derived
products might be too dilute to generate oily substances. Moreover, because
decomposed products of Japanese beech wood were flowed out constantly from the
reaction cell in semi-flow system, it might be difficult for the lignin-derived products to
be cohere as oily substances form. In this study, to extract the lignin-derived products
dissolved in the water-soluble portions directly, ethyl acetate was used as a solvent

instead of methanol.

Characterization of the lignin-derived products

Gel-permeation chromatograms obtained for the lignin-derived products in the
water-soluble portions and the precipitates are shown in Fig. 4. The MW profiles are
quite different between the water-soluble portions and the precipitates. In both the first
and the second stages, the lignin-derived products in the precipitates are observed in

higher MW region (300-5000, polystyrene standard) than those (200-2000) of the
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water-soluble portions. Higher MW products with more hydrophobic character would
precipitate from their aqueous solution with increasing the dielectric constant of water
during 12h setting®.

As for the low MW products in the water-soluble portion at the first stage,
several monomers (coniferyl alcohol and sinapyl alcohol), dimers (diarylpropane and
syringaresinol) and other low MW compounds such as vanillin and syringaldehyde have
been identified in the previous paper™. Yields of these products were quite low at the
second stage. Furfural and 5-hydroxymethyl furfural (5-HMF) were also identified in
the water-soluble portions, which are formed from hemicellulose and cellulose.

Figure 5 shows the yields of alkaline nitrobenzene oxidation products for the
fractionated products (mmol/g of lignin-derived product). Just for comparison, the yield
for untreated wood was also included. The amount of lignin-derived products was
evaluated as the sum of KL and ASL. The syringaldehyde/vanillin (S/V) ratio is also
shown in the parentheses. Although the products obtained at the first stage gave some
oxidation products, the yield was quite low to be almost null at the second stage. These
results indicate that different chemical structures exist for the lignin-derived products at
the first and the second stages. It is known that vanillin and syringaldehyde are formed

only from the non-condensed types of guaiacyl- and syringyl-units, respectively, since
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this oxidation reaction cannot be involved in cleaving the condensed C-C-linkages of

lignin. Consequently, the present results clearly show that the lignin-derived products

obtained at the second stage have highly condensed structures of lignin.

At the first stage, the yield of nitrobenzene oxidation products (4.42 mmol/g of

lignin-derived product) from the precipitate was rather greater than that of 2.30 mmol/g

of the original beech wood lignin. In contrast, its yield of 0.52 mmol/g from the residue

at the first stage was much lower than that of the original lignin. The S/V ratios 2.6 for

the precipitate and 1.3 for the residue at the first stage are also different from 2.3 for the

untreated beech wood. The precipitate in the first stage includes syringyl-rich

lignin-derived products, while the lignin remaining in the residue at the first stage has

more guaiacyl-units than the original lignin. This is also consistent with the yields of

ASL.: its yield of 7.5wt% on lignin basis in original lignin, 8.0wt% of that in the

precipitate at the first stage was larger than 1.2wt% of that in the residue at the first

stage (data not shown). It is known that syringyl-rich lignin gives more ASL in analysis

with the Klason method®.

Monomers and dimers observed in the water-soluble portion at the first stage

are the products after extensive cleavage of the ether-linkages. In model compound

study, a phenolic B-ether type of dimer has been reported to be more reactive in
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cleavage of the ether-linkage than corresponding non-phenolic one in supercritical

water™® and supercritical methanol®

. Condensed-types are also reported to be stable
under such conditions.

The precipitate at the first stage and the monomers and dimers in the
water-soluble portion at the first stage would be quite interesting materials for
utilization of lignin. As already described, sulfuric acid lignin with highly condensed
structures is quite difficult to be utilized as value-added materials. Contrary to this, the
lignin-derived products obtained as the precipitate at the first stage in the present

two-step hot-compressed water treatment have much simpler in chemical structures, in

which the major interphenylpropane-linkages are the ether-types.

Degradation behavior of lignin

About two third and one third of lignin of Japanese beech wood were, respectively,
decomposed as the hot-compressed water-soluble products at the first and second stages.
Interestingly, the chemical structures of these two kinds of lignin-derived products were
also quite different. At the first stage, monomers and dimers in the water-soluble portion
and oligomers/polymers in the precipitate were identified as the lignin-derived products.

Furthermore, the content of the ether-types of linkages and the S/V ratio were much

14



higher in the oligomers/polymers than those of the original lignin in wood. In contrast,
highly condensed lignins were recovered as the precipitate and the residue at the second
stage.

These observations indicate that a topochemical effect of lignin® exists in
relation to the porosity of the cell wall for semi-flow type decomposition. In this
semi-flow hot-compressed water treatment, hemicellulose is hydrolyzed and
decomposed at the first stage. Thus, the porosity of the cell wall is increased. In the
meanwhile, lignin macromolecules are decomposed in the ether-types of linkages.
Consequently, a part of lignin which is rich in the ether-types of the
interphenylpropane-linkages is solubilized into hot-compressed water through a small
hole of hemicelluloses in the semi-flow system, before extensive cleavage of the
ether-linkages occurs. This is perhaps the reason why the lignin-derived products in the
precipitate at the first stage have more ether- and less condensed-type of linkages than
the original wood lignin. Such a topochemical mechanism leaves the residue at the first

stage with more condensed- and less ether-types of linkages.
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Conclusions

Lignin-derived products were obtained from Japanese beech wood treated by the

two-step semi-flow hot-compressed water. Two third of lignin was degraded at the first

stage of the treatment, where hemicellulose is hydrolyzed. Monomers, condensed-types

of dimers, and a large amount of oligomers/polymers were characterized as the

lignin-derived products at this stage of the treatment. Interestingly, the

oligomers/polymers had much more ether-type of linkages than original lignin. On the

other hand, lignin-derived products in the second stage of the treatment, where cellulose

is hydrolyzed, had highly condensed structures. In addition, the residue after the second

stage had also condensed structure of lignin. Based on these results, it may be suggested

that topochemistry of lignin and relationship to the porosity of cell wall for the

semi-flow treatment. Monomers and condensed-type of dimers are the products formed

through extensive cleavage of the ether-linkages starting from the phenolic end-groups.

The lignin-derived products obtained at this first stage, which have much simpler in

chemical structures than sulfuric acid lignin, must be valuable materials for useful

chemicals and value-added materials.
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Figure legends

Figure 1. Fractionation of the products from Japanese beech wood as treated by
two-step semi-flow hot-compressed water.

Figure 2. Yields of fractionated portions of Japanese beech wood as treated in two-step
hot-compressed water (wt% on wood basis). Values in the parentheses refer to the

percentage of lignin contents, a sum of KL and ASL, in the fractionated portion.

Figure 3. Yields of the lignin-derived products on original lignin basis from Japanese
beech wood as treated by two-step semi-flow hot-compressed water (wt% on lignin

basis).

Figure 4. Gel permeation chromatograms of the water-soluble portions and the
precipitates obtained from the first and the second steps of the two-step semi-flow
hot-compressed water treatment of Japanese beech wood. (detector: UV2gsnm)

Figure 5. Yields of alkaline nitrobenzene oxidation products and the S/V ratios
determined for precipitates and residues in the first and second stage of Japanese beech
as treated by two-step semi-flow hot-compressed water. * A sum of KL and ASL. Just
comparison, untreated wood was also studied.
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