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The thermal degradation reactivities of cellulose and hemicellulose are substantially different in Japanese cedar
(Cryptomeria japonica, a softwood) and Japanese beech (Fagus crenata, a hardwood). Uronic acid and its salts act as
acid and base catalysts, respectively, and their specific placement in the cell walls has been considered a factor that
influences degradation reactivity. In this study, the role of lignin in degradation reactivity was investigated using
holocellulose prepared from cedar and beech woods. The thermal degradation reactivities of cellulose and hemicellu-
lose in holocellulose were evaluated according to the recovery of hydrolyzable sugars from heat-treated samples and
compared with those of wood samples. Results show that the reactivities of xylan and glucomannan in both woods
became similar to those of the corresponding isolated samples when lignin was removed. By contrast, the cellulose
in both woods became more reactive when lignin was removed, and the degradation could be separated into two
modes depending on the reactivity. These results were analyzed in terms of the effect of lignin on the matrix of cell
walls and the interaction between the matrix and surface molecules of cellulose microfibrils. Differential thermogravi-
metric curves of the holocellulose samples were obtained and explained in terms of the degradation of hemicellu-
lose and cellulose. The reported findings will provide insights into the research fields of wood pyrolysis and cell wall
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Introduction

The thermal degradation reactivities of component poly-
mers in wood provide a fundamental basis for under-
standing the pyrolysis of wood and other lignocellulosic
biomasses as well as the changes in the physical proper-
ties of wood due to heat treatment. Isolated polymers
have been used to study thermal degradation reactivity
and pathways. Moreover, our previous study [1] using
Japanese cedar (Cryptomeria japonica, a softwood) and
Japanese beech (Fagus crenata, a hardwood) showed
that the thermal degradation reactivities of cellulose and
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hemicellulose differed substantially between the wood
cell walls and isolated samples. Isolated xylan was more
reactive than isolated glucomannan owing to the catalytic
action of 4-O-methyl-D-glucuronic acid (4-O-MeGlcA)
groups bound to the xylose chain [2], but the xylan
reactivity was substantially reduced in the cell walls of
both woods. The glucomannan reactivity in beech was
improved compared with that of the isolated glucoman-
nan, but this was not observed in the case of cedar.

In addition to the different hemicellulose reactivi-
ties, the thermal degradation behaviors of cellulose and
hemicellulose were different in cedar and beech woods
[1]. Cellulose and hemicellulose degraded synchronously
in cedar wood, while the same components decom-
posed independently in different temperature ranges in
beech wood. These observations reasonably explain the

©The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco

mmons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10086-021-01952-0&domain=pdf

Wang et al. J Wood Sci (2021)67:19

differential thermogravimetric (DTG) curves for cedar
and beech woods. The DTG curve of cedar wood had one
wide peak, while one shoulder was clearly visible on the
lower temperature side of the peak in beech wood. This
is a common difference between the softwood and hard-
wood DTG curves [2—4].

To understand the role of 4-O-MeGIcA as a catalyst,
the location of 4-O-MeGlIcA in the cell walls was evalu-
ated for cedar and beech, based on the effect of demin-
eralization on thermal degradation reactivity [5]. Because
demineralization converts metal salts (base) into free
acids, the components affected by demineralization
should be near 4-O-MeGlcA. The results showed that
4-O-MeGIcA is located near xylan and glucomannan in
beech but is located near cellulose and glucomannan in
cedar. The latter arrangement cannot be explained by the
ultrastructure that has been proposed for softwood cell
walls, where glucomannan is tightly bound to the sur-
face of cellulose microfibrils [6—8]. Such an arrangement
would affect pyrolysis characteristics, which differ for
cedar and beech woods.

Thus, hemicellulose and cellulose are located at specific
positions in the cell wall, which determines their reac-
tivities. The next question to be addressed is the influ-
ence of lignin on the thermal degradation reactivities of
hemicellulose and cellulose in the cell walls. Although the
state of lignin in cell walls (e.g., a network or particulate
structure) is still controversial [9, 10], lignin makes the
cell wall a hard material. Lignin—carbohydrate complex
(LCC) linkages such as Cy-ester with the 4-O-MeGIcA
group, benzyl ether, and phenyl glycoside types [11-16]
fix the location of hemicellulose within the cell wall. Fur-
thermore, several researchers [17-19] have proposed
covalent linkages between lignin and cellulose.

In this study, the influence of lignin on the thermal
degradation reactivities of hemicellulose and cellulose
was investigated using holocellulose samples prepared by
removing lignin from cedar and beech woods. The pyro-
lytic reactivities of hemicellulose and cellulose were eval-
uated according to the recovery of hydrolyzable sugars
from the heat-treated holocellulose. As pyrolysis experi-
ments were performed at the same heating rate as that
used in the thermogravimetric (TG) analysis, TG/DTG
curves measured for holocellulose samples are used to
discuss with the decomposition of hemicellulose and cel-
lulose at each temperature.

Experimental

Materials

Holocellulose samples were prepared from Japanese
cedar and Japanese beech according to the following pro-
cedure [20]. A wood sample (25 g, passed through an 80
mesh) was mixed with 1.5 L of 0.2 M acetic acid. Sodium
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chlorite (10 g) followed by glacial acetic acid (2 mL) was
added under stirring, and the mixture was stirred for 1 h
at 70 °C-80 °C. The same amounts of sodium chlorite
and glacial acetic acid were added every 1 h (four times
for softwood, five times for hardwood) to complete the
reaction. After centrifugation, the suspended solids were
collected and washed with distilled water until the solu-
tion became clear, and sodium chlorite was removed.
The resulting solid product was washed with acetone to
remove water and dried in an oven. Whatman CF-11 cel-
lulose (Whatman PLC, Maidstone, UK) was used as iso-
lated cellulose.

Inorganic contents of wood and holocellulose were
analyzed by incinerating the samples in air at 600 °C for
2 h, followed by the elemental analysis with scanning
electron microscope/energy dispersive X-ray spectros-
copy (SEM-EDS). The ash content increased from 0.32
wt% to 0.96 wt% (cedar wood) and 0.38 wt% to 0.55 wt%
(beech wood) by converting wood to holocellulose. In
the holocellulose samples, sodium and chlorine were
observed as the major inorganic components, as reported
in literature [21, 22]. The originally existing cations would
be replaced by sodium during the delignification stage,
and chlorination of lignin aromatic rings may occur to
some extent [22, 23]. It is well known that the inorganic
components affect the wood pyrolysis behavior, but the
influences observed for delignification were much greater
than those of minerals [5].

Cellulose and hemicellulose in wood may be modified
during the delignification stage [22, 23], but the degree
is considered not to be significant, since the results of
hydrolysable sugar determination were not so different
between wood and holocellulose.

TG analysis

TG analysis (TGA-50, Shimadzu, Kyoto, Japan) was per-
formed on holocellulose samples from Japanese cedar
and beech. Each sample (1 mg) was placed in a plati-
num pan and heated from room temperature to 800 °C
at a heating rate of 10 °C/min under a N, flow of 10 mL/
min (purity: 99.9998%, JAPAN FINE PRODUCTS, Mie,
Japan). Before being supplied to the TG equipment, the
N, gas was passed through a deoxygenation column
(Model 1000 O, filter, GL Sciences, Tokyo, Japan) to
remove oxygen.

Pyrolysis

Figure 1 illustrates the experimental setup used in this
study. An electric furnace (ARF-20KC, Asahi-Rika,
Chiba, Japan) was used to heat the samples. For each
experiment, a sample (20 mg) in a ceramic boat (As
One, Osaka, Japan) was placed in a quartz glass tube
(inner diameter: 15 mm; length: 400 mm; wall thickness:
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Fig. 1 Experimental setup

1.5 mm). N, then passed through the glass tube at a flow
rate of 100 mL/min for 5 min to replace the air in the
glass tube. The N, flow rate was maintained by a mass
flow controller (SEC-400MK3, Horiba, Kyoto, Japan).
The sample was heated to a designated temperature
(220 °C-380 °C at 20 °C intervals) at a heating rate of
10 °C/min, the same heating rate used for the TG analy-
sis. The sample temperature was measured directly dur-
ing the pyrolysis experiment by touching the tip of a
fine thermocouple (0.25 mm in diameter) to 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 tem-
perature under an airflow.

Hydrolyzable sugar analysis
Acid hydrolysis and methanolysis were separately con-
ducted to convert cellulose and hemicellulose/pectin in
the heat-treated samples into sugars and methyl glyco-
sides, respectively. Hydrolysis was performed by treat-
ing each sample (before pyrolysis, 20 mg) together with
the ceramic boat with 0.3 mL of an aqueous 72% H,SO,
solution at 30 °C in a sealed glass vial for 1 h in a water
bath and shaking several times. Then, 8.4 mL of water
was added and the mixture was heated in an autoclave at
120 °C for 1 h to complete the hydrolysis reaction. The
mixture was filtered, and an aliquot of the filtrate (1 mL)
was diluted 15 times with water; this was then neutral-
ized with a Dionex OnGuard II A cartridge (Thermo
Fisher Scientific, MA, USA). The glucose yield was deter-
mined via high-performance anion-exchange chroma-
tography using a Prominence system (Shimadzu, Kyoto,
Japan) equipped with an electrochemical detector (DEC-
ADE Elite, Antec Scientific, Zoeterwoude, Netherlands).
A CarboPac PA1 column (4 mm x 250 mm) was used
with an eluent of 85% distilled water/15% 0.2 M NaOH,
flow rate of 1 mL/min, and column oven temperature of
35°C.

Mild methanolysis [24-27] was conducted to deter-
mine the hydrolyzable sugars according to the methyl
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glycosides from the hemicellulose, pectin, and uronic
acid groups. The ceramic boat and heat-treated sam-
ple were added to 4 mL of 2 M HCI in methanol solu-
tion (KOKUSAN CHEMICAL, Tokyo, Japan) in a sealed
glass tube and heated at 60 °C for 16 h to complete the
methanolysis reaction. After neutralization with pyridine
(0.1 mL), a portion of the mixture (0.1 mL) was mixed
with a glucitol/methanol solution (0.1 mL, 0.1 mg/mL) as
an internal standard and dried under vacuum. Then, the
resulting methyl glycoside mixture was trimethylsilylated
with pyridine (0.1 mL), hexamethyldisilazane (0.15 mL),
and trimethylchlorosilane (0.08 mL). The mixture was
analyzed via gas chromatography-mass spectroscopy
(GC-MS) using a QP2010 Ultra (Shimadzu, Kyoto,
Japan). An Agilent CPSil 8CB column (length: 30 m;
diameter: 0.25 mm) was used with an injector tempera-
ture of 260 °C, split ratio of 1:50, helium as the carrier
gas, and a flow rate of 1.0 mL/min. The column tempera-
ture was kept at 100 °C for 2 min, increased at 4 °C/min
to 220 °C, kept at 220 °C for 2 min, increased at 15 °C/
min to 300 °C, and kept at 300 °C for 2 min. The signals
originating from xylose, mannose, arabinose, galactose,
and 4-O-MeGlIcA were assigned based on the associated
mass spectra and retention times in the literature [28,
29].

Results and discussion

TG/DTG profile in terms of component degradation

The TG/DTG curves measured for the holocellulose
samples prepared from cedar and beech woods are illus-
trated in Fig. 2. Delignification lowered the temperature
range in which weight loss occurred for both woods. In
particular, the DTG peak temperatures were substantially
lowered from 379 °C to 341 °C for cedar and from 381 °C
to 353 °C for beech. This indicates that the cellulose in
wood becomes very reactive when lignin is removed,
because crystalline cellulose was more thermally stable
than amorphous hemicellulose and degraded around
the DTG peak temperature [1]. The shapes of the DTG
curves for cedar and beech woods are different because
of the different degradation behaviors of cellulose and
hemicellulose [1]; these components degrade together
in cedar but independently in beech. Removing lignin
changed the shape of the DTG curve for cedar to that for
beech: a shoulder can clearly be observed below the peak
temperature.

To explain the TG/DTG profiles, the thermal degrada-
tion reactivities of hemicellulose and cellulose in holocel-
lulose were determined according to the recovery rates of
hydrolyzable sugars from heat-treated samples and com-
pared with those of wood samples in previous reports
[1, 2]. The reactivities of xylan and glucomannan were
directly determined from the recovery rates of xylose and
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mannose, respectively, because these are the characteris-
tic constituent sugars of these hemicelluloses. However,
glucose is produced from cellulose and glucomannan, so
the cellulose reactivity was determined according to the
cellulose-derived glucose. This was estimated by sub-
tracting the amount of glucose formed from glucoman-
nan under the assumption that the mannose:glucose
molar ratio in glucomannan is 3:1 [30, 31] and that both
units have the same thermal degradation reactivity.

The amounts of cellulose, xylan, and glucomannan
remaining in the pyrolyzed holocellulose were estimated
based on the recovery data of the hydrolyzable sugars
and their contents in each wood type; the corresponding
results are plotted against the pyrolysis temperature in
Fig. 3. By comparison with the DTG curves, the weight
loss behavior during the heating process can be explained
in terms of the degradation of cellulose and hemicellu-
lose; this is because the same heating rate as that in the
TG analysis was used with no heating time at a constant
temperature.

As indicated by the TG analysis, cellulose reactivity
increased when lignin was removed. Although wood cel-
lulose degraded continuously and gradually as the pyroly-
sis temperature was increased, the cellulose degradation

in holocellulose was divided into two modes depend-
ing on the pyrolysis temperature. Degradation started
at 260 °C-280 °C, and the reactivity increased sharply
above 320 °C. In the low-temperature degradation mode
(260 °C-280 °C), hemicellulose degraded together with
cellulose. Consequently, the polysaccharide components
that degraded at the DTG shoulder and peak tempera-
tures could not be clearly separated into hemicellulose
and cellulose. Most hemicellulose and 20%—25% of cellu-
lose decomposed below the DTG shoulder temperature
(around 320 °C) for both wood types, but the remaining
cellulose degraded around the peak temperatures (above
320 °C) after the hemicellulose degraded.

Reactivities of isolated and wood polysaccharides

Figure 4 shows the recovery rates of hydrolyzable sugars
plotted against the pyrolysis temperature, with holocellu-
lose normalized as 100%. The results for isolated hemi-
cellulose [1] and Whatman cellulose are also included for
comparison. These plots can be used to discuss the cel-
lulose and hemicellulose reactivities in holocellulose as
compared with those of the original wood and isolated
samples.
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Whatman cellulose is an example of pure cellulose; it
withstood heating up to 320 °C and then degraded rap-
idly at higher temperatures. The low-temperature cellu-
lose degradation mode as observed for holocellulose at
260 °C-320 °C was not detected. Accordingly, holocel-
lulose is characterized by this low-temperature cellulose
degradation, which may be caused by matrix degradation
as discussed later. This phenomenon appears when lignin

is removed from wood. It should be noted that the degra-
dation behaviors of cellulose were different in cedar and
beech woods but similar in their holocellulose samples.
As described in the previous paper [1], the hemicellu-
lose reactivity in wood was different from those of iso-
lated hemicelluloses, and the reactivity varied depending
on the type of hemicellulose and wood. Xylan in wood
was less reactive than isolated xylan, but glucomannan
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in beech was more reactive than isolated glucoman-
nan. The high reactivity of glucomannan was explained
by the presence of 4-O-MeGlIcA near glucomannan in
beech [5]. Removing lignin changed their reactivities to
be similar to those of isolated xylan and glucomannan. A
similar trend was observed for 4-O-MeGIcA, as shown in
Fig. 5. Thus, lignin plays an important role in determin-
ing the thermal reactivities of hemicellulose and cellu-
lose in wood; this role is probably due to the restraints
of the specific locations of xylan, glucomannan, and
4-O-MeGIcA in the cell walls as discussed later. Remov-
ing lignin increases the mobility of these components in
holocellulose.

The data in Figs. 4 and 5 are rearranged in Fig. 6 to
understand the differences depending on the wood
type. Although the temperature ranges at which cel-
lulose and hemicellulose decomposed were similar, the
shapes of the graphs differ for cedar and beech holocel-
lulose. With cedar holocellulose, the recovery—tempera-
ture relationships of mannose and xylose show similar
trends. Two reflection points can be observed at 260 °C
and 300 °C; this indicates that the reactivity changed at
these temperatures. This tendency is not observed for

beech holocellulose. Thus, these results indicate that
xylan and glucomannan degraded synchronously in
cedar holocellulose, and the degradation can be divided
into three types depending on the reactivity: <260 °C,
260 °C-300 °C, and>300 °C. The recovery—tempera-
ture relationship of cellulose-derived glucose indicates
that the degradations of cellulose and hemicellulose
occurred synchronously in cedar. The cellulose degrada-
tion started around 260 °C, at which point approximately
half of the xylan and some glucomannan decomposed.
After the rapid degradation of the remaining hemicellu-
lose around 300 °C-320 °C, cellulose quickly degraded at
320 °C-340 °C. Therefore, the characteristic thermal deg-
radation behaviors observed for cedar were maintained
when lignin was removed. Unlike for beech holocellu-
lose, the cellulose degradation is intimately related to the
hemicellulose degradation in cedar holocellulose.

Role of lignin

On the basis of the present results, the role of lignin
in wood pyrolysis is discussed using a schematic of
a single cellulose microfibril surrounded by a matrix
(Fig. 7), although further studies are necessary to



Wang et al. J Wood Sci (2021)67:19

Page 7 of 11

a Cedar

100 §\

80
60
40

Recovery (%)

20

0
220 240 260 280 300 320 340 360 380

Temperature (°C)

b Beech

100
80
60
40

Recovery (%)

20
0
220 240 260 280 300 320 340 360 380

Temperature (°C)

Fig. 5 Comparison of the recovery rates of 4-O-MeGlIcA units in
pyrolysis of untreated wood (), holocelllulose (@) and isolated

xylan (4). Dashed lines at 320 °C are inserted to facilitate comparison

confirm the following proposal. Xylan, glucomannan, and
4-O-MeGIcA are anchored in specific locations within
the matrix [1, 5]. Meanwhile, 4-O-MeGIcA and its salts
act as acid and base catalysts, respectively [2], which
increase the thermal degradation reactivity of adjacent
components. However, previous experimental results [1,
2] indicated that the catalytic activity is not effective in
wood. For example, 4-O-MeGIcA is bound to xylan, but
the xylan was very stable in both wood samples. Rather,
4-0-MeGlIcA influences the glucomannan degradation in
beech wood. All these features disappeared in holocellu-
lose. These results can be reasonably explained by con-
sidering the role of lignin, which physically strengthens
the ultrastructure formed between hemicellulose and the
cellulose interface in the matrix. The formation of LCC
linkages [11-13] may also be involved in this process.
The thermal degradation of cellulose is known to occur
nonuniformly at the crystallite level [32-34]; surface
molecules preferentially tend to decompose as internal
molecules are more stable owing to stabilization by filling
the crystallites. Accordingly, the reactivity of surface mol-
ecules plays an important role in the thermal degradation
of cellulose [35-37], and the matrix and its degradation
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xylose (@), in pyrolysis of cedar and beech holocellulose samples.
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are expected to affect the reactivity of cellulose microfi-
brils by affecting the surface cellulose molecules at the
interface. This may induce cellulose degradation particu-
larly in the low-temperature degradation mode of cellu-
lose, which was observed in both types of holocellulose
in the temperature range of 260 °C-320 °C (Fig. 4).

To understand the effect of low-temperature cellulose
degradation (260 °C-320 °C) on the high-temperature
cellulose degradation (>320 °C), TG analysis was con-
ducted for holocellulose samples at different heating rates
of 1, 5, and 10 °C/min (Fig. 8). By decreasing the heat-
ing rate, TG and DTG curves shifted to lower tempera-
ture side. Although researchers try to explain these shifts
with the time lag in temperature measurement [38], heat-
ing rates and sample weight (1 mg) used in the present
TG analysis are very small to account for such a large
shift (DTG peak temperature: 342 °C — 326 °C— 297 °C
(10 °C/min— 5 °C/min— 1 °C/min) for cedar holocel-
lulose, 357 °C— 338 °C— 307 °C (10 °C/min—5 °C/
min — 1 °C/min) for beech holocellulose).

By redrawing the TG/DTG curves in Fig. 8 with the
unit of weight-loss rate changed from mg/min to mg/°C,
the appearance of TG/DTG curves becomes very similar
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(Fig. 9a). This is confirmed by Fig. 9b, where TG/DTG
curves are moved with respect to the temperature axis
so that the peaks of the DTG curves are aligned. Sur-
prisingly, these graphs match well. These results lead
to a hypothesis; low- and high-temperature modes of
cellulose degradation are closely related. Although the
temperature range where thermal degradation of cel-
lulose occurs is different depending on the heating rate,
once thermal degradation of cellulose begins in low-
temperature mode, this determines the subsequent cel-
lulose degradation including high-temperature mode.
This hypothesis gives insights in understanding cellulose
pyrolysis, although further studied are necessary to con-
firm it.

Conclusions

The thermal degradation reactivities of cellulose and
hemicellulose in cedar and beech holocellulose were
investigated via TG analysis and the recovery rates of
hydrolyzable sugars. The following conclusions were
obtained:

1. The TG/DTG profiles of cedar and beech wood sam-
ples were different but became similar for holocellu-
lose when lignin was removed.

2. Removing lignin made the reactivity of hemicellu-
lose similar to that of isolated hemicellulose while
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increasing the reactivity of cellulose. Additionally, the
cellulose degradation can be divided into two modes:
low temperature (260 °C—-320 °C) and high tempera-
ture (> 320 °C).

3. The TG analysis at different heating rates indicated
that low- and high-temperature modes of cellulose
thermal degradation are closely related.

4. The TG/DTG profiles can be explained in terms
of the degradation of hemicellulose and cellulose.
For both types of holocellulose, 20%—25% of cel-
lulose degraded at the DTG shoulder temperature
(<320 °C) with the degradation of hemicellulose,
while the remaining cellulose degraded around the
DTG peak temperature (>320 °C).

5. Cellulose degraded in response to the hemicellu-
lose degradation in cedar holocellulose, which is in
contrast to the results for beech holocellulose. This
indicates that cellulose is intimately associated with
hemicellulose in cedar and holocellulose.

6. The hemicellulose in cedar holocellulose can be
divided into three groups depending on the ther-
mal degradation reactivity:>260 °C, 260 °C-300 °C,
and > 300 °C.

7. Lignin is proposed to have a physical restraint role in
determining the thermal degradation reactivities of
cellulose and hemicellulose in cell walls.
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Fig. 9 TG/DTG curves of cedar and beech holocellulose samples redrawn with the unit of weight-loss rate changed from mg/min to mg/°C (a) and
further moved with respect to the temperature axis so that the peaks of the DTG curves are aligned (b)
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