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Abstract

The thermal degradation reactivities of hemicellulose and cellulose in wood cell walls are significantly different from
the thermal degradation behavior of the respective isolated components. Furthermore, the degradation of Japanese
cedar (Cryptomeria japonica, a softwood) is distinct from that of Japanese beech (Fagus crenata, a hardwood). Lignin
and uronic acid are believed to play crucial roles in governing this behavior. In this study, the effects of ball milling

for various durations of time on the degradation reactivities of cedar and beech woods were evaluated based on the
recovery rates of hydrolyzable sugars from pyrolyzed wood samples. The applied ball-milling treatment cleaved the
lignin B-ether bonds and reduced the crystallinity of cellulose, as determined by X-ray diffraction. Both xylan and glu-
comannan degraded in a similar temperature range, although the isolated components exhibited different reactivities
because of the catalytic effect of uronic acid bound to the xylose chains. These observations can be explained by the
more homogeneous distribution of uronic acid in the matrix of cell walls as a result of ball milling. As observed for
holocelluloses, cellulose in the ball-milled woods degraded in two temperature ranges (below 320 °C and above); a
significant amount of cellulose degraded in the lower temperature range, which significantly changed the shapes of
the thermogravimetric curves. This report compares the results obtained for cedar and beech woods, and discusses
them in terms of the thermal degradation of the matrix and cellulose microfibrils in wood cell walls and role of lignin.

Such information is crucial for understanding the pyrolysis and heat treatment of wood.
Keywords: Pyrolysis, Ball milling, Hemicellulose, Cellulose, Thermogravimetry, Role of lignin

Introduction

Pyrolysis-based technologies have received significant
attention in recent years owing to their potential for con-
verting wood biomass into biofuels and biochemicals
[1, 2]. Cellulose, hemicellulose, and lignin are the major
components of wood, and their thermal degradation
reactivities provide the fundamental basis for pyrolysis-
based technologies. Cellulose microfibrils are embedded
in the hemicellulose—lignin matrix within the nanoscale
cell wall structure, whose properties can also affect the
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thermal reactivity of the wood. However, this relationship
has not been fully elucidated because the thermal reac-
tivities of wood components have primarily been inves-
tigated using isolated components. Thermogravimetric
(TQ) analysis is frequently used for such studies, but to
our knowledge, the results have not yet been discussed
in terms of the degradation of wood components at each
temperature.

Our group [3] previously evaluated the thermal deg-
radation reactivities of hemicellulose and cellulose in
wood by assessing the quantity of hydrolyzable sugars
that remained after heat-treating Japanese cedar (Crypto-
meria japonica, a softwood) and Japanese beech (Fagus
crenata, a hardwood). The treatment involved conditions
similar to those used for TG analysis, no heating time
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at constant temperatures. Employing this method, the
results of TG analysis can be explained by the thermal
degradation of wood polysaccharides at each tempera-
ture. Isolated xylan degraded at a lower temperature than
isolated glucomannan because of the catalytic action of
4-O-methyl-p-glucuronic acid (4-O-MeGlcA) and its salt
(base), which were bound to the xylose chains [4]. How-
ever, the xylans in cedar and beech woods were stable
and degraded in the temperature range similar to that of
isolated glucomannan [3]. In contrast, the glucomannan
in beech wood was very reactive [3]. Therefore, the hemi-
cellulose reactivity in wood is quite different from that
of isolated xylan or isolated glucomannan. The thermal
reactivity of cellulose in cedar and beech were also dif-
ferent; cellulose degraded together with hemicellulose in
cedar wood, but independently in beech wood [3].

The distinct thermal degradation reactivities of
cedar and beech woods may be attributed to the spe-
cific placement of cell wall components. The location of
4-O-MeGIcA was evaluated via demineralization, which
converts metal salts to free 4-O-MeGIcA. The results
indicated that it is located near cellulose and glucoman-
nan in cedar wood, but near xylan and glucomannan in
beech wood [5].

Lignin is believed to play an important role in deter-
mining the thermal reactivity of hemicellulose in wood,
because the reactivities of xylan and glucomannan in
wood became similar to those of isolated xylan and glu-
comannan by removing lignin [6]. The different thermal
degradation behaviors of cedar and beech woods largely
disappeared, and their differential thermogravimet-
ric (DTG) curves adopted similar shapes, although the
tendency for hemicellulose/cellulose co-degradation in
cedar was maintained. Based on these results, lignifica-
tion during the biosynthesis of cell walls is considered to
(i) introduce enhanced physical restraint and (ii) fix the
specific placement of hemicellulose in cell walls, particu-
larly for 4-O-MeGIcA.

The thermal degradation of cellulose in cedar and
beech woods was improved after delignification (relative
to pure cellulose). The thermal degradation of cellulose
in holocellulose occurred in two stages depending on
the pyrolysis temperature (with some cellulose degrad-
ing below 320 °C and the rest degrading at higher tem-
peratures) [6]. The improved reactivity may be related to
the formation of pores in the matrix when the lignin was
removed; however, the details of this activation mecha-
nism are not entirely understood.

Ball milling can disrupt the matrix in wood cell walls,
but this process does not remove any components from
the wood. Therefore, assessing the effects of ball mill-
ing on the hemicellulose and cellulose reactivities in
wood can improve our understanding of the thermal
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degradation of these components in wood cell walls. Ball
milling is a commonly used method for pretreating wood
and other lignocellulosic biomass to improve enzyme
reactivity [7-10] and to separate lignin [11-14]. This
process is also known to reduce the crystallinity of cel-
lulose [15-17] and cleave the lignin B-ether linkages [12,
14], i.e., the dominant type of linkage. Although several
research groups have reported on the TG analysis of ball-
milled wood, to our knowledge, this method’s impact on
the thermal reactivities of cellulose and hemicellulose in
wood have not been investigated.

In the present study, cedar and beech wood samples
were ball milled for various amounts of time (ranging
from 10 min to 48 h), and the thermal degradation reac-
tivities of the resulting wood samples were investigated
using TG analysis. The amount of hydrolyzable sugar
remaining in pyrolyzed ball-milled wood was also evalu-
ated after treating samples at a heating rate similar to TG
analysis (with no time spent heating at a constant tem-
perature). The effects of the ball-milling process on the
thermal degradation reactivities of hemicellulose and
cellulose are discussed in terms of the cleavage of lignin
B-ether linkages, the loss of cellulose crystallinity, and the
cell wall ultrastructure.

Experimental

Preparation and characterization of ball-milled samples
Extractive-free Japanese cedar (Cryptomeria japon-
ica) and Japanese beech (Fagus crenata) (80 mesh
passed), and isolated cellulose (Whatman CF-11, What-
man plc, Maidstone, UK) powders were ball-milled
using a vibratory ball mill (VS-1, Chuo Kakohki, Aichi,
Japan). Approximately, 150 g of each powder was
placed in a stainless steel jar (inner diameter=110 mm,
height=120 mm) with about 450 stainless steel balls
(diameter=12.7 mm), which occupied about 80% of
the jar’s inner volume. The jar was sealed with a lid and
vibrated for a predetermined, designated time (between
10 min and 48 h). During the ball-milling process, the jar
was cooled by an outer layer water-cooled jacket. Ball-
milling process was conducted in air, but no extensive
oxidation was expected to occur, since the literature [18,
19] reports that any differences were not observed in the
FT-IR spectra of ball-milled wood samples in nitrogen
and in air.

It has been reported that the ball-milling process
decreases the cellulose crystallinity [15-17] and the
degree of polymerization of lignin due to cleavage of
the ether linkages [12, 14]. To study the effect of these
changes on pyrolysis, the unmilled and ball-milled sam-
ples were analyzed by X-ray diffraction (XRD; RINT
2000V, Rigaku, Tokyo, Japan). The cellulose crystallinity
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index (defined as X ) was determined from the obtained
XRD pattern using the following equation [20]:

_ dooz — Iam

X, = x 100, 1)

Too2
where I, is the peak intensity of the 002 lattice diffrac-
tion of cellulose, and I, is that of the nearby amorphous
region.

Thioacidolysis is an acid-catalyzed solvolysis technique
that employs ethanethiol, and the yield of thioacidolysis
products (trithioethyl monolignols) represents an index
of the number of B-ether linkages in lignin. Thioacidol-
ysis was performed according to a published procedure
[21], and the thioacidolysis products were quantified
using gas chromatography—mass spectrometry (GC-MS;
QP2010 Ultra, Shimadzu, Kyoto, Japan) after trimethylsi-
lyl derivatization. The GC—MS used a CP-Sil 8CB column
(Agilent Technologies, CA, USA; length=30 m, diam-
eter =0.25 mm, thickness=0.25 um) where the injector
temperature =260 °C; split ratio=1:50; column temper-
ature=130 °C (5 min), +5 °C/min until 260 °C, 260 °C
(5 min); carrier gas=H,. The quantitative determination
of G and S monomers was performed based on the peak
areas of total-ion chromatograms by comparing those of
tetracosane (C,,) and hexacosane (C,¢) used as internal
standards [9, 21]. A typical example of the total-ion chro-
matogram is illustrated in Additional file 1: Fig. S2.

TG analysis

TG analysis was conducted using a TG analyzer (TGA-
50; Shimadzu, Kyoto, Japan). Ball-milled wood samples
from Japanese cedar and Japanese beech wood (1 mg)
were heated from room temperature up to 800 °C in a
platinum pan at a heating rate of 10 °C/min under a N,
flow of 10 mL/min (purity=99.9998%, JAPAN FINE
PRODUCTS, Mieken, Japan). A deoxygenation column
(GL Sciences, Japan) was used to remove any O, contam-
ination in the N,.

Pyrolysis experiments

Figure 1 illustrates the pyrolysis experimental setup. An
electric furnace (ARF-20KC, Asahi-Rika, Chiba, Japan)
was used to heat the samples. In each pyrolysis experi-
ment, the sample was placed in a ceramic boat (AS ONE,
Osaka, Japan), which was inserted into a quartz glass
tube (inner diameter=15 mm, length=400 mm, wall
thickness=1.5 mm). N, gas was supplied into the glass
tube at a flow rate of 100 mL/min using a mass flow con-
troller (SEC-400MK3, Horiba, Kyoto, Japan). The sample
was heated from room temperature to a designated tem-
peratures (i.e., 20 °C intervals between 220 and 380 °C) at
the same heating rate as in the TG analysis (10 °C/min) to
allow for accurate comparisons. The sample temperature
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Fig. 1 Experimental setup

was measured by placing a fine thermocouple (0.25 mm
in diameter; SHINNETSU, Ibaraki, Japan) in contact with
the sample. When the sample temperature reached the
designated temperature, the cover of the electric furnace
was opened and the glass tube was immediately cooled to
room temperature under a flow of air.

Hydrolyzable sugar analysis

Acid hydrolysis and methanolysis of the pyrolyzed sam-
ples were performed separately to convert cellulose into
glucose and hemicellulose/pectin into methyl glycosides,
respectively. For the hydrolysis experiments, each sam-
ple was treated with 0.3 mL of aqueous 72% H,SO, solu-
tion in a ceramic boat at 30 °C for 1 h in a sealed glass
vial. Then, 8.4 mL of distilled water was added to the
mixture and heated in an autoclave at 120 °C for 1 h to
complete the hydrolysis reaction. After the hydrolysate
solution was filtered, diluted, and neutralized, the glu-
cose yield was determined via high-performance anion-
exchange chromatography using a Prominence system
(Shimadzu) equipped with an electrochemical detector
(DECADE Elite, Antec Scientific, Zoeterwoude, Neth-
erlands) under the following conditions: column= Car-
boPac PAl (4 mm x 250 mm); eluent=85% distilled
water/15% 0.2 M NaOH; flow rate=1 mL/min; column
oven temperature =35 °C.

The milder methanolysis experiments [22—25] was per-
formed to determine the yields of hydrolyzable sugars,
such as methyl glycosides, derived from hemicellulose,
pectin, and uronic acid groups. Each pyrolyzed sample
was placed in a sealed glass vial along with the ceramic
boat, and 4 mL of 2 M HCI solution in methanol was
added. The vial was then heated at 60 °C for 16 h to com-
plete the methanolysis reaction. After neutralization, the
addition of internal standard (glucitol) and trimethylsilyl
derivatization, the resulting products were analyzed by
GC-MS under the aforementioned conditions, except
the temperature program was changed to the following:
100 °C (2 min), 4 °C/min up to 220 °C, 220 °C (2 min),
15 °C/min up to 300 °C, 300 °C (2 min). The peaks
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originating from hemicellulose/pectin and 4-O-MeGIcA
were assigned based on the mass spectra, and the reten-
tion times were compared with published data [26, 27].
Typical examples of chromatograms from sugar analysis
are illustrated in Additional file 1: Fig. S3.

In the present study, the hydrolysable sugar analysis
was conducted three times and the average value was
used for discussion. In addition, the pyrolysis experi-
ments were repeated more than twice to confirm the
reproducibility of the results.

Results and discussion

Characterization and TG analysis of ball-milled wood

The intensity of the XRD signals originating from cellu-
lose crystallites decreased with increasing milling time
for both cedar and beech wood samples (Additional
file 1: Fig. S1); this phenomenon has also been reported
previously [15-17, 28]. The crystallinity index calculated
from the X-ray diffractograms using the 002 lattice dif-
fraction decreased from 68 to 5% after ball milling for
1-2 h (Fig. 2).

Although there is less information regarding the effect
of ball milling on lignin than on cellulose, some literature
reports [12, 14] determined that ball milling reduced the
degree of polymerization of lignin and increased the phe-
nolic structure by cleaving the ether linkages. Therefore,
the B-ether structures remaining in the ball-milled wood
samples were quantified using the thioacidolysis method
to evaluate the effect of ball-milling time on the cleavage
of the B-ether bonds (the most abundant type of linkage
in lignin). Thioacidolysis involves ethanethiol-assisted,
acid-catalyzed solvolysis and leads to the formation of
trithioethyl monomeric products through the cleavage of
[B-ether bonds. The derivatization followed by reductive
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Fig. 2 Influence of ball-milling time on the crystallinity index
evaluated by XRD analysis for cedar (@) and beech (O) wood
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cleavage (DFRC) method has also been used for quanti-
tative analysis of the B-ether linkages, but Holtman et al.
[29] reported that thioacidolysis was a better strategy for
evaluating the B-ether linkages in ball-milled wood.

The relative yields of thioacidolysis products, namely
guaiacyl (G)-type in cedar and G- and syringyl (S)-types
in beech, are plotted as a function of the milling time
in Fig. 3. These yields (normalized relative to 100% for
unmilled wood) decreased as the milling time increased,
and were about 20% after 4 h for both woods. This indi-
cates that the B-ether linkages were cleaved during the
ball-milling process, and that the efficiency was similar
for cedar and beech woods, but slightly higher for cedar.
No significant difference was observed between the S and
G types in beech wood.

The TG and DTG profiles obtained for the ball-milled
cedar and beech woods are presented in Figs. 4 and 5,
respectively. The TG/DTG curves of the ball-milled
woods for the 10 min and 4 h experiments are shown
in Fig. 6 to represent typical examples and for compari-
son with the unmilled wood. As the ball-milling time
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Fig. 3 Influence of ball-milling time on the yields of thioacidolysis
products from a cedar and b beech wood
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Fig. 5 Influence of milling time on the DTG curves of ball-milled a
cedar and b beech wood

increased, the TG curve shifted toward lower tempera-
tures and tended to level off after 4 h of milling. The char-
acteristics of the DTG curves of cedar and beech were
largely unchanged; the beech DTG curve has a distinct
shoulder, but cedar has one wide peak.

After a very short (10 min) milling time, the tempera-
ture ranges in which the TG curves changed were differ-
ent for cedar versus beech samples; the change occurred
near the DTG shoulder temperature for beech, but near
the DTG peak temperature for cedar. Accordingly, the
DTG peak tended to shift more for cedar, whereas the
DTG shoulder shifted for beech. Specifically, the DTG
peak temperature shifted from 374 to 365 °C (cedar), or
367 to 362 °C (beech), and the DTG shoulder tempera-
ture of beech shifted from 320 to 302 °C. These observa-
tions indicate that some heat-resistant cellulose in the
cedar wood became reactive after short-term ball milling,
while the hemicellulose was influenced to a greater extent
in the beech wood.

When the milling time was extended to 4 h, the TG
curves of both woods shifted toward lower temperatures,
within the wider temperature range of 250—400 °C. The
DTG peak temperatures decreased more significantly and
became similar (cedar =354 °C and beech =355 °C). This
result indicated that their cellulose reactivities became
similar after 4 h of milling, although unmilled cedar cel-
lulose was more stable. The ball-milled wood also exhib-
ited improved weight-loss rates in the temperature range
near the DTG shoulder in beech, thus changing the shape
of DTG curve.
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Polysaccharide reactivity

The amount of unreacted hemicellulose and cellulose
remaining in 4-h-ball-milled wood after pyrolysis was
evaluated based on the hydrolyzable sugars, and the
results are plotted against the pyrolysis temperature in
Fig. 7. The recovery rates are shown as normalized val-
ues relative to the contents in unmilled wood [30]. The
quantities of xylan and glucomannan were determined
based on the yields of methyl xyloside and methyl
mannoside, respectively, obtained after methanolysis.
The amount of cellulose-derived glucose in the hydro-
lysate was calculated by subtracting the yield of glucose
derived from glucomannan, which was obtained from
the methyl mannoside yield by assuming that (i) the
mannose:glucose ratio in glucomannan was 3:1 [31, 32]
and (ii) their thermal reactivities were the same.

The recovery data are compared with the DTG pro-
files in Fig. 7. Because the heating conditions applied in
the pyrolysis experiments were similar to those used for
TG analysis, the results from these two types of experi-
ments can be directly compared. Previously reported
results for the unmilled woods [3] are also included for
comparison.

In the 4-h ball-milled samples, some of the cellulose
degraded at temperatures lower than 320 °C, whereas
the cellulose in unmilled cedar and beech woods was
relatively more stable in this temperature range. There-
fore, the cellulose in ball-milled wood tended to degrade
in two different temperature ranges. A similar trend was
reported for holocellulose [6], but the degradation in
the lower temperature range was greater for ball-milled
wood. In this work, it was determined that 39% and 38%
of the cellulose in ball-milled cedar and beech woods,
respectively, degraded below 320 °C; the remaining cel-
lulose degraded at higher temperatures around the DTG
peaks. This result is consistent with the characteristics of
the DTG curve of ball-milled beech wood, i.e., the shoul-
der intensity increased significantly. Although the DTG
shoulder was not clearly observed for ball-milled cedar
wood, the weight-loss rate at temperatures below 320 °C
increased.

It is interesting to note that ball milling and delignifica-
tion have similar effects on cellulose reactivity in wood,
although the ball-milling process does not remove any
components from the wood. About 80% of the B-ether
linkages were cleaved after ball milling for 4 h (Fig. 3),
suggesting that the enhanced thermal reactivity of cellu-
lose may be related to the cleavage of lignin ether link-
ages, rather than the formation of pores in the cell wall
matrices due to lignin removal. Loosening the cell wall
structure by cleaving lignin chains is considered a poten-
tial reason for this observation, and this relationship is
discussed further below.
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Fig. 6 TG/DTG curves of ball-milled a cedar and b beech wood for 10 min and 4 h

The recovery rates of hydrolyzable sugars derived from
cellulose, xylan, and glucomannan in ball-milled wood
(after 10 min and 4 h) were compared with those of pure
cellulose (Whatman CF-11), isolated xylan, and isolated
glucomannan, respectively, to better understand the pol-
ysaccharide reactivity in ball-milled wood (Fig. 8). The
results of 4-h-ball-milled pure cellulose are also included
for comparison. The recovery data are summarized for
each ball-milled wood in Fig. 9.

In the case of cedar wood, even after a short milling
time of 10 min, the recovery rates of hydrolyzable sug-
ars from xylan and glucomannan decreased greatly,
although their contributions to the weight loss were small
(Fig. 6). Interestingly, clear discontinuities were observed
at 300 °C for mannose and xylose in the cedar wood,

indicating that xylan and glucomannan in ball-milled
cedar wood are divided into two parts with different reac-
tivities; 62% of xylan and 57% of glucomannan degraded
at temperatures<300 °C, and the remaining portions
degraded at higher temperatures. A similar trend was
observed for the thermal degradation of cellulose in ball-
milled cedar wood (4 h), as described earlier, although
the discontinuous temperature observed for xylan and
glucomannan (300 °C) was slightly lower than that of cel-
lulose (320 °C). This trend is clearly visible in Fig. 9.

The aforementioned features were only observed for
cedar samples, so they may be related to the thermal
degradation characteristics specific to cedar wood, in
which cellulose degrades together with hemicellulose.
The close assembly of xylan, glucomannan, and cellulose
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with the DTG curves. Results of unmilled wood were obtained from Wang et al. [3]

microfibrils (surface molecules) was demonstrated based  and hemicellulose presented in the current study support
on the conversion of metal salts to free 4-O-MeGIcA [5].  such assembly.
In general, the thermal degradation behaviors of cellulose
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The crystallinity of cellulose in cedar wood decreased
from 68 to 51% following 10 min of milling, and some of
the lignin B-ether linkages were cleaved (Figs. 2 and 3).
Such modifications improved the mobility of the assem-
bled xylan, glucomannan, and cellulose in cedar wood,
resulting in enhanced thermal degradation and weight
reduction at temperatures around the DTG peak where
cellulose degraded (~370 °C, Fig. 6). The recovery data
presented in Fig. 8 confirm the improved cellulose reac-
tivity in this temperature range.

The recovery data for the 10-min-ball-milled beech
wood (Fig. 8) indicate that the reactivities of xylan and
cellulose increased. This is consistent with the changes
in the TG/DTG profiles shown in Fig. 6, in which the
TG/DTG curves shifted in the wide temperature range
between 250 and 400 °C. In contrast, the glucoman-
nan reactivity decreased (Fig. 8). This is also reasonably
explained by the improved mobility of the matrix. The
high glucomannan reactivity observed in beech wood
was explained based on the 4-O-MeGIcA located near
glucomannan [5], although it is bound to the xylose chain

in xylan. The improved mobility of the cell wall matrix
may diminish this effect.

When the milling time was increased to 4 h, the reac-
tivity of xylan in beech wood increased, and xylan and
glucomannan in both woods degraded in a similar tem-
perature range, which was much lower than that of iso-
lated glucomannan (Figs. 8 and 9). This is interesting,
because isolated xylan bearing 4-O-MeGIlcA moieties
(salts or free carboxyls) was more reactive than iso-
lated glucomannan because of the base or acid cataly-
sis of 4-O-MeGlIcA [4]. Therefore, ball milling should
make the matrix components more homogeneous,
thus allowing 4-O-MeGlcA to influence most of the
hemicellulose components equally. This is an aspect of
ball-milled wood that was not observed for holocellu-
lose pyrolysis, where the thermal degradation reactivi-
ties of xylan and glucomannan were similar to those of
isolated xylan and isolated glucomannan, respectively.
This is likely because the delignification process did not
allow the matrix components to mix efficiently.

The recovery rate of 4-O-MeGIcA is shown in Fig. 10.
The thermal degradation reactivity of 4-O-MeGlIcA in
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holocellulose was improved to a level similar to that of
isolated xylan [6]; however, the improvement was not
very significant in ball-milled wood, particularly for
beech. This may be related to the ester linkages formed
with lignin, which may be resistant to the ball-milling
process, but further investigations are necessary to bet-
ter explain this enhanced stability.

As discussed earlier, cellulose in wood degraded in
two stages (some at temperatures below 320 °C and
some at higher temperatures). In contrast, ball-milled

Whatman cellulose degraded only in one mode cor-
responding to the high-temperature degradation of
ball-milled wood. Therefore, the low-temperature deg-
radation is characteristic of cellulose in wood. The-low-
temperature-mode degradation would be explained by
matrix-induced degradation as discussed later.

Role of ball milling on thermal reactivity of wood
polysaccharides

The impact of ball milling on the polysaccharide reactiv-
ity of wood cell walls is discussed here using a schematic
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Fig. 10 Recovery rate of 4-O-MeGIcA as a methanolysis product after
the pyrolysis of ball-milled a cedar and b beech wood for 10 min

(#) and 4 h (¢), compared with unmilled wood (@) and isolated
hemicellulose (@)

image of the interface between cellulose microfibril and
hemicellulose—lignin matrix depicted in Fig. 11. Cellu-
lose microfibrils play an important role owing to their
crystalline nature. Cellulose molecules inside the crystal-
lites are more stable than the surface molecules because
of the packing in the crystallites [33], so the reactivity of
the surface molecules is a critical factor for initiating the
thermal degradation of bulk cellulose [34—36]. The differ-
ence between cellulose in wood and pure cellulose lies in
this feature. Therefore, the reactivity of the matrix and its
influence on the surface cellulose molecules must be con-
sidered to comprehensively understand the thermal deg-
radation of cellulose in wood cell walls.

Our group’s previous work [3] indicated that the xylan
and glucomannan reactivities are significantly influenced
by the matrix construction. The arrangement of these
molecules (including 4-O-MeGlIcA, which has a catalytic
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effect) is precisely determined in wood cell walls, and it
is different in cedar (softwood) versus beech (hardwood)
[5]. Because these characteristic reactivities disappeared
following the removal of lignin, the physical restraining
effect of lignification during cell wall biosynthesis is con-
sidered to be the main reason for these distinctions [6].
Overall, the matrix is considered to be rigid and tightly
associated with cellulose microfibrils in unmilled wood
cell walls. Due to this tightly coagulated structure, hemi-
cellulose and surface cellulose molecules in wood are
stable for thermal degradation. The mobility must be suf-
ficient to rearrange these polysaccharides into the transi-
tion state of thermal degradation reaction.

After the ball-milling process, the crystallinity index
of cellulose in wood decreased significantly, indicat-
ing that the matrix and the interface with the cellulose
microfibrils was disturbed in such a way to improve the
mobility. Cleavage of the lignin B-ether linkages dimin-
ishes the physical restraining effect and should help fur-
ther improve the mobility of the matrix components.
These modifications would improve the thermal degra-
dation reactivity of xylan and glucomannan. In addition
to the improved mobility, the ball-milling process cre-
ated a more homogeneous distribution of 4-O-MeGlcA,
which improves the reactivity of glucomannan to similar
levels of xylan degradation due to the catalytic effect of
4-O-MeGlIcA. This feature is not the case for holocel-
lulose, in which xylan and glucomannan have the same
reactivity as isolated xylan and glucomannan. Therefore,
xylan and glucomannan in both cedar and beech holocel-
luloses exist without affecting each other.

Unlike beech wood, short (10-min) ball milling signifi-
cantly improved the reactivity of xylan and glucomannan,
and the reactivity of cellulose was also improved. These
results may correlate with the characteristic thermal deg-
radation of cedar wood; cellulose, xylan and glucoman-
nan degrade together like one ingredient [3]. Xylan and
glucomannan may strongly coagulate with the surface
molecules of cellulose microfibrils. This is also sup-
ported by the fact that delignification and the subsequent
removal of xylan are necessary to isolate glucomannan
from softwood [37]. Due to the rigid nature of crystalline
cellulose microfibrils, ball milling disrupts the interface
more efficiently.

Through loosening the matrix and the interface by
ball milling, the surface cellulose molecules of cellulose
microfibrils may become reactive and degrade in the low-
temperature range in two modes of cellulose degrada-
tion that is characteristic of cellulose in holocellulose and
ball-milled wood. The 4-O-MeGlIcA groups and other
matrix components and their thermal degradation prod-
ucts may induce the cellulose degradation in this temper-
ature range through the action on the surface cellulose
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Fig. 11 Schematic images of the hemicellulose-lignin matrix and the interface with cellulose microfibril and their modifications expected to be
caused by ball-milling process

molecules. This proposed mechanism provides a reason-
able explanation for why the thermal degradation of cel-
lulose proceeds in two stages.

Conclusions

The thermal reactivities of hemicellulose and cellulose
in ball-milled cedar and beech woods were evaluated to
understand the effect of ball milling on wood pyrolysis.
The main findings are as follows:

. Short-term ball milling (10 min)

1. Lignin p-ether linkages were cleaved during ball mill-

ing, along with the decrease in the cellulose crys-
tallinity. These modifications would improve the
mobility of matrix and the interface with cellulose
microfibrils.

significantly
improved the thermal degradation reactivities of
xylan and glucomannan in cedar wood, but did
not for beech wood. These components degraded

together in two temperature ranges (below 300 °C
and above), depending on the reactivity; this was not
the case for beech wood. It was suggested that xylan,
glucomannan and cellulose are more intimately coag-
ulated in cedar (softwood) than beech (hardwood).

. Long-term ball milling (4 h) increased the thermal

degradation reactivities of xylan and glucomannan
(except for the glucomannan in beech wood, whose
reactivity decreased after ball milling), due to the
improved mobility. All these hemicelluloses degraded
in a similar temperature range, likely because of the
influence of catalytic 4-O-MeGIcA, which was more
homogeneously distributed throughout the matrix
after ball milling.

. Long-term ball milling (4 h) increased the thermal

degradation reactivity of cellulose, which degraded in
two different temperature ranges (below 320 °C and
above). Improved mobility of surface molecules of
cellulose microfibrils and the degradation induced by
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the matrix and its thermal degradation were consid-
ered for the reasons.

5. The effects of ball milling on the thermal degrada-
tion reactivities of cellulose and hemicellulose were
explainable in terms of the disturbance of the cell
wall ultrastructure and cleavage of lignin ether link-
ages. Tightly coagulated matrix and interface struc-
tures due to lignification would make wood polysac-
charides very stable against heat.
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