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Location of uronic acid group in Japanese 
cedar and Japanese beech wood cell walls 
as evaluated by the influences of minerals 
on thermal reactivity
Jiawei Wang, Eiji Minami and Haruo Kawamoto*

Abstract 

The thermal reactivities of cellulose and hemicellulose are significantly different in cell walls when compared with 
isolated components and differ in Japanese cedar (softwood) and Japanese beech (hardwood). Uronic acid bound 
to xylan promotes the thermal degradation of cellulose and hemicellulose, and its effect is different depending on 
the form of free acid (acting as an acid catalyst) or metal uronate (acting as a base catalyst). We evaluated the loca‑
tion of uronic acid in the cell wall by identifying the components affected by demineralization in pyrolysis of cedar 
and beech wood. The thermal reactivities of xylan and glucomannan in beech were changed by demineralization, 
but in cedar, glucomannan and cellulose reactivities were changed. Therefore, the location of uronic acid in the cell 
wall was established and differed between cedar and beech; close to glucomannan and xylan in beech, but close to 
glucomannan and cellulose in cedar. Such information is important for understanding the ultrastructure and pyrolysis 
behavior of softwood and hardwood cell walls.
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Introduction
Wood has a heterogeneous cell wall structure consist-
ing of nano-sized cellulose microfibrils surrounded by 
the hemicellulose–lignin matrix. The types and con-
tents of hemicellulose are different depending on the 
plant species. In hardwood, xylan is dominant (10–30 
wt%) and the content of glucomannan is quite small 
(3–5 wt%), while softwood contains more glucomannan 
(14–25 wt%) and less xylan (5–15 wt%) [1]. The assem-
bly of hemicelluloses in the matrix has been studied and 
is suggested to be different in the cell walls of softwoods 
and hardwoods. Glucomannan has been reported to 
bind to the surface of cellulose microfibrils in softwood 
[2–5], while xylan associates with cellulose in hardwood 

[6–9]. Recently, however, xylan is also reported to bind 
to cellulose in spruce, which is a softwood [10]. Thus, the 
location of hemicellulose in the cell wall has not been 
completely clarified. Such ultrastructure of cell walls may 
affect the thermal degradation reactivity of the compo-
nent polysaccharides.

Thermogravimetric (TG) analysis is frequently used 
to identify softwood and hardwood species [11–14]. 
Crystalline cellulose is more thermally stable than iso-
lated hemicellulose, which has amorphous properties, so 
these components are thought to decompose over differ-
ent temperature ranges. Pyrolysis of hardwoods occurs 
in two ranges, depending on the pyrolysis temperature, 
and gives a characteristic derivative thermogravimetric 
(DTG) curve with a clear shoulder in the lower temper-
ature range. This shoulder is generally attributed to the 
degradation of xylan, because isolated xylan is more reac-
tive than glucomannan or cellulose. On the contrary, no 

Open Access

Journal of Wood Science

*Correspondence:  kawamoto@energy.kyoto‑u.ac.jp
Graduate School of Energy Science, Kyoto University, Yoshida‑honmachi, 
Sakyo‑ku, Kyoto 606‑8501, Japan

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10086-020-01936-6&domain=pdf


Page 2 of 8Wang et al. J Wood Sci            (2021) 67:3 

clear shoulders are observed on the DTG curves of soft-
woods. This is thought to be caused by the high content 
of glucomannan in softwood, which is less reactive than 
xylan [15–18].

Our previous study using Japanese cedar (Cryptomeria 
japonica, a softwood) and Japanese beech (Fagus crenata, 
a hardwood) [19] questioned the above interpretation 
of the DTG curves. Xylan was remarkably stable against 
pyrolysis in both wood cell walls as compared to isolated 
xylan and exhibited similar reactivity to glucomannan in 
cedar. In contrast, glucomannan in beech wood was quite 
reactive and decomposed at a lower temperature than 
xylan, which is the opposite of that observed in isolated 
samples. Therefore, the pyrolysis behavior of hemicellu-
lose in wood cannot be explained by the thermal reac-
tivity of isolated hemicelluloses. The difference in DTG 
curves between cedar and beech wood was explained by 
the different thermal decomposition behaviors of cellu-
lose, which was synchronized with hemicellulose degra-
dation in cedar, but was independent in beech.

The 4-O-methyl-d-glucuronic acid (4-O-MeGlcA) 
bound to the xylose chain of xylan and its salt act as acid 
and base catalysts, respectively, during pyrolysis, which 
can promote the thermal degradation of nearby compo-
nents. This effect has been confirmed by comparing the 
thermal reactivities between isolated xylans containing 
the Na salt of 4-O-MeGlcA and demineralized sample 
with the free carboxylic acid [20]. Given that the cata-
lytic effects of the free acid and the metal salt are differ-
ent, we considered that the location of 4-O-MeGlcA can 
be established by identifying the components for which 
the reactivity changes with demineralization. Most of the 
4-O-MeGlcA in wood are thought to be present as metal 
salts or esters with lignin [21–24]. Asmadi et  al. [21] 
reported a good linear relationship between the amounts 
of metal cations and uronic acids using 5 softwood and 
5 hardwood species and they concluded that most of the 
metal cations bind to uronic acid to form salts. Metal 
cations can be removed from wood by washing with a 
weakly acidic solution (Fig. 1).

In the present study, the pyrolytic reactivity of xylan, 
glucomannan, and cellulose in cedar and beech wood 
and their demineralized samples were evaluated from 

the recovery of hydrolyzable sugar after heating to 
220–380 °C at a heating rate of 10 °C/min under  N2 flow 
without a holding period. The TG and DTG curves were 
measured at the same heating rate of 10 °C/min under  N2 
flow and compared with the reactivity results to explain 
the weight-loss behavior in terms of the degradation of 
hemicellulose and cellulose. The location of 4-O-MeGlcA 
in beech and cedar wood is discussed based on the pre-
sent results.

Experimental
Materials
Wood flour (passing 80 mesh) prepared from the sap-
wood of Japanese cedar and Japanese beech wood was 
extracted with acetone using a Soxhlet extractor, and 
then dried in an oven at 105  °C for 24  h. Following the 
process of wood demineralization [21, 25], wood flour 
(1 g) was suspended in a solution of 0.05 M HCl in meth-
anol (30 mL) and stirred for 24 h at room temperature. 
After filtration, the wood flour was washed with distilled 
water several times until the supernatant became neutral 
and the residue was dried in an oven at 105 °C for 24 h. 
The process was repeated twice to ensure the complete 
removal of metal cations. Complete removal of miner-
als by this treatment was confirmed with the no residue 
remaining after incineration of the demineralized sam-
ple in air at 600 °C for 2 h. The 0.05 M HCl/MeOH may 
penetrate into cell walls and remove metal cations from 
uronate salts. Commercially available beech wood xylan 
(Megazyme, Wicklow, Ireland) and konjac glucomannan 
(Carbosynth, Berkshire, United Kingdom) were used as 
isolated hemicelluloses [19].

The characterizations of original and demineralized 
wood samples are described in previous reports [21, 26]. 
The metal cation composition of the original wood is 
summarized in Table 1 [26].  K+ and  Ca2+ were the major 
components, and lesser amounts of  Mg2+ and  Na+ were 
also present, along with low amounts of Fe and Cu cati-
ons. Although the contents of metal cations in the dem-
ineralized wood samples were not determined, previous 
report of our laboratory shows the reduction rates using 
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Fig. 1 Metal uronate changes to uronic acid by treatment with dilute 
acidic solution

Table 1 Metal cation composition of  original Japanese 
cedar and Japanese beech wood

Others: Cu, Fe

Data from Asmadi et al. [26]

Content/ppm

Na+ K+ Mg2+ Ca2+ Others

Cedar 47 400 100 600 6

Beech 85 830 300 770 18
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the similar demineralization procedure: content (ppm) 
1100–15 (K), 100–42 (Na), 780–64 (Ca), and 280–3.8 
(Mg) for Japanese cedar wood [25].

TG analysis
TG analysis was conducted using a TGA-50 instrument 
(Shimadzu, Kyoto, Japan). Wood flour (1 mg) was placed 
into a platinum pan and heated from room temperature 
to 800 °C at a heating rate of 10 °C/min under a  N2 flow 
of 10  mL/min (purity: 99.9998%, Japan Fine Products, 
Mie, Japan).  N2 was first passed through a deoxygenation 
column (GL Sciences, Tokyo, Japan) to remove any oxy-
gen contamination.

Pyrolysis
The experimental setup used in this research is illustrated 
in Fig.  2, and the experimental procedure is described 
in detail in a previous report [19]. A quartz glass tube 
(internal diameter 15 mm, length 400 mm, wall thickness 
1.5  mm) was placed in an electric furnace (Asahi-Rika 
Seisakusho, Chiba, Japan). For each experiment, the sam-
ple (20 mg) was placed in a ceramic boat (As One, Osaka, 
Japan), which was then placed in the center of the glass 
tube. Thereafter, the air inside the glass tube was dis-
placed by a  N2 flow (100 mL/min) for 5 min using a mass 
flow controller (SEC-400MK3; Horiba, Kyoto, Japan). The 
sample was subjected to heat treatment at a set temper-
ature (220–380  °C, at 20  °C intervals), at a heating rate 
of 10  °C/min, which was the same heating rate used for 
TG analysis. The sample temperature was directly meas-
ured during the pyrolysis experiment by contacting the 
tip of a fine thermocouple (0.25 mm in diameter, type K, 
SHINNETSU, Ibaraki, Japan) to the sample and the data 
were recorded with a thermologger (AM-8000, Anritsu, 
Kanagawa, Japan). When the 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.

Pyrolysis was repeated several times for each condi-
tion to confirm the reproducibility. The data are shown as 
average values. The amounts of unreacted hemicellulose 
and cellulose remaining in heat-treated wood samples 
were evaluated by the yields of hydrolyzable sugars.

Determination of hydrolyzable sugars
Hydrolyzable sugars were determined according to the 
procedure described in a previous report [19]. Acid 
hydrolysis was used to convert cellulose in the heat-
treated wood into glucose [27]. Hydrolysis was per-
formed in 0.3 mL of 72%  H2SO4 solution at 30 °C for 1 h. 
The mixture was diluted with 8.4 mL of water and heated 
to 120  °C (in an autoclave) for 1  h. After neutralization 
by elution on a Dionex OnGuard II A cartridge (Thermo 
Fisher Scientific, Waltham, MA, USA), the glucose yield 
was determined by high-performance anion-exchange 
chromatography using a Prominence chromatograph 
(Shimadzu, Kyoto, Japan) equipped with an electrochem-
ical detector (Decade Elite, Antec Scientific, Zoeter-
woude, Netherlands). The separation conditions were: 
column, CarboPac PA1 (4 × 250  mm); eluent, 85% dis-
tilled water/15% 0.2 M NaOH; column oven temperature, 
35 °C.

Mild methanolysis was conducted to determine the 
yields of the hydrolyzable sugars from hemicellulose, 
pectin, and uronic acid as methyl glycosides [21, 28–30]. 
Methanolysis was performed in 2  M HCl in methanol 
(KOKUSAN CHEMICAL, Tokyo, Japan) at 60  °C for 
16 h. After neutralization with pyridine, the methanoly-
sis products were trimethylsilylated with pyridine, hexa-
methyldisilazane, and trimethylchlorosilane at 60  °C for 
30 min. The products were analyzed by gas chromatog-
raphy–mass spectrometry (QP-2010 Ultra; Shimadzu, 
Kyoto, Japan). The instrumental conditions were: col-
umn, CPSil 8CB (30  m × 0.25  mm i.d.; Agilent, Santa 
Clara, CA, USA); injector temperature, 260  °C; split 
ratio, 1:50; column temperature, 100 °C (2 min), 4 °C/min 
to 220  °C, 220  °C (2  min), 15  °C/min to 300  °C, 300  °C 
(2 min); carrier gas, helium. The signals originating from 
hemicellulose and 4-O-MeGlcA were assigned based on 
the associated mass spectra and retention times, as com-
pared with literature data [28, 29, 31, 32].

Results and discussion
TG/DTG profile
Figure  3 illustrates the TG/DTG profiles measured for 
the original and demineralized cedar and beech wood 
samples. The different DTG curves in shape of the origi-
nal cedar and beech wood samples are maintained after 
the demineralization treatment; a shoulder is clearly vis-
ible in the beech DTG curves, but not in the cedar DTG 
curves. This difference were explained in our previous 

Heating area Insulation area

N2 flow

Thermocouple

Rubber sealing

Ceramic boat Samples

Fig. 2 Experimental setup
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study [19] in terms of the different thermal degradation 
behaviors of hemicellulose and cellulose in wood. Hemi-
cellulose and cellulose degrade independently in beech 
wood, but degrade together in cedar wood. Thus, such 
characteristic behaviors were not changed by deminer-
alization. However, for both wood types, the TG/DTG 
curves shifted to the higher temperature side by demin-
eralization, indicating that some components of wood 
are stabilized by changing the 4-O-MeGlcA moiety from 
metal uronate to free acid. The temperature range in 
which the weight loss of cedar wood occurred was nar-
rowed by demineralization, which was different from the 
behavior of beech wood.

Reactivity of hemicellulose and cellulose in wood
To understand the decomposition of hemicellulose and 
cellulose during pyrolysis, the hydrolyzable sugar was 
recovered from wood samples that were pyrolyzed at 
each temperature between 220 and 380  °C. Using the 
same heating rate of 10 °C/min to TG analysis, the results 
of TG analysis can be discussed in terms of the degra-
dation of hemicellulose and cellulose. The recovery of 

mannose indicates the stability of glucomannan, because 
all determined mannose is derived from the glucoman-
nan remaining in the pyrolyzed wood. Xylose recovery 
shows the stability of xylan for the same reason. How-
ever, glucomannan also contains glucose as a constitu-
ent sugar, so some adjustment is required to assess the 
reactivity of cellulose. The amount of cellulose-derived 
glucose was determined by subtracting the amount of 
glucomannan-derived glucose, assuming that the sugar 
composition of glucomannan is mannose:glucose = 3:1 
[33, 34] and both units have the same thermal degrada-
tion reactivity.

The remaining amounts of xylan, glucomannan, and 
cellulose in pyrolyzed wood, which was determined from 
the recovery of hydrolyzable sugar and the composi-
tion of the original and demineralized wood, are plotted 
against the pyrolysis temperature in Fig. 4 and compared 
with the DTG curves. Weight loss caused by the thermal 
degradation of lignin was also involved in these DTG 
curves, but the contribution was small because of the 
properties of lignin, which tends to be converted to char 
[35–37].

Although the effect of demineralization on the pyrolytic 
reactivity of cellulose in beech wood was very limited, the 
cellulose in cedar wood was stabilized by demineraliza-
tion. For cedar hemicellulose, glucomannan was stabi-
lized, but the xylan reactivity was not affected. These 
results are surprising because the 4-O-MeGlcA moiety 
is bound to xylan. Based on these results, we concluded 
that the 4-O-MeGlcA is close to glucomannan and cel-
lulose in cedar instead of the xylose units of xylan. Con-
sequently, the shift of the TG/DTG curves of cedar wood 
by demineralization is explained by the change in reactiv-
ity of cellulose and glucomannan. The narrowing of the 
temperature range in which cellulose and glucomannan 
in cedar wood decompose is consistent with the above-
mentioned trend in the TG/DTG curves of cedar wood.

The influence of demineralization of beech wood were 
very different from that of cedar wood. By deminer-
alization, the degradation temperature of xylan in beech 
wood was shifted to lower temperature, but the influ-
ence on the reactivity of cellulose was small. Therefore, 
changes in the TG/DTG curve of beech wood are mostly 
explained by changes in the reactivity of xylan in the tem-
perature range of 260–340 °C. This is reasonable because 
the 4-O-MeGlcA is bound to xylan. Because of its low 
content, the contribution of glucomannan to the TG/
DTG curve is very small in beech wood.

In Fig.  5, the recovery of xylose, mannose, and 
4-O-MeGlcA, normalized as 100% for untreated sam-
ples, is compared with that of isolated glucomannan 
[19] and xylan [20], which were reported in previous 
work. These comparisons provide an understanding 
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of the thermal reactivity of xylan, glucomannan, and 
4-O-MeGlcA moieties in xylan in wood compared with 
isolated hemicellulose. The isolated xylan contained a 
sodium salt of 4-O-MeGlcA, which was converted to a 
free acid by demineralization [20]. Demineralized kon-
jac glucomannan was not shown, since it does not con-
tain any acidic groups.

The isolated xylan was more reactive than glucoman-
nan because of the influences of 4-O-MeGlcA (acidic) 
and its sodium salt (basic). As already mentioned, xylan 
(xylose unit and 4-O-MeGlcA) was remarkably stable 
in both wood types and exhibited similar reactivity to 
glucomannan in cedar. This trend was not changed by 
demineralization in both woods, indicating that miner-
als contained in wood do not play a critical role in the 
stabilizing effects of xylan in the cell walls.

The beech xylan was slightly stabilized by deminer-
alization, although the reactivity of cedar xylan did not 
change. These results indicate that the 4-O-MeGlcA 
moiety bound to xylan affects the thermal degradation 
of xylose units in beech, but not in cedar. Although 
this result is difficult to explain based on our cur-
rent knowledge, it is possible that the 4-O-MeGlcA of 
cedar xylan may not have access to the xylose units (for 
some unknown reason). Nevertheless, these effects of 

4-O-MeGlcA are far less than the differences observed 
in the pyrolysis of wood and isolated xylan.

The glucomannan reactivity was very different for cedar 
and beech, because the glucomannan in beech wood was 
more reactive than isolated glucomannan, as described 
in our previous report [19]. The reactivity in beech was 
slightly reduced by demineralization, but was still much 
greater than that in isolated glucomannan. Therefore, it is 
suggested that the 4-O-MeGlcA is close to glucomannan 
and affects the thermal reactivity, which may improve the 
reactivity of glucomannan in beech wood, unlike in cedar.

As described earlier, the cedar glucomannan was sta-
bilized by demineralization, especially in the tempera-
ture range of 300–320  °C. This temperature range is 
close to the range in which the reactivity of 4-O-MeGlcA 
decreased by demineralization. Although some detail 
is lacking at this point, it appears that the stabilization 
of glucomannan may be related to the altered reactiv-
ity of the 4-O-MeGlcA. It is suggested that the location 
of glucomannan in both wood types is close to the 
4-O-MeGlcA, but the reactivity is very different in cedar 
and beech. Accordingly, other factors must be considered 
to explain these different reactivities.

The reactivity of the 4-O-MeGlcA was different for 
cedar and beech wood. It was quite stable over the 

0

10

20

30

40

50

220 240 260 280 300 320 340 360 380 400 420 440

Temperature (°C)

0.00
0.02
0.04
0.06
0.08
0.10
0.12

W
ei

gh
t l

os
s 

ra
te

(m
g/

m
in

)
R

ec
ov

er
y

(b
as

ed
 o

n 
w

oo
d,

 %
)

Cellulose

Xylan

Glucomannan

0

10

20

30

40

50

220 240 260 280 300 320 340 360 380 400 420 440

Temperature (°C)

0.00
0.02
0.04
0.06
0.08
0.10
0.12

W
ei

gh
t l

os
s 

ra
te

 
(m

g/
m

in
)

Cellulose

Xylan

Glucomannan
R

ec
ov

er
y 

(b
as

ed
 o

n 
w

oo
d,

 %
)

a  Cedar b  Beech

Original

Demineralized

Fig. 4 Comparison of the DTG curves with the recovery ratios of cellulose (●: original, ○: demineralized), xylan (◆: original, ◇: demineralized) 
and glucomannan (■: original, □: demineralized), which were evaluated from the hydrolyzable sugars in pyrolysis of original and demineralized 
Japanese cedar and Japanese beech wood



Page 6 of 8Wang et al. J Wood Sci            (2021) 67:3 

relatively low temperature range of 220–280 °C in beech, 
but degraded in cedar. Explanation of these differences 
is difficult at present, but the environment around the 
4-O-MeGlcA in wood is likely to differ between cedar 
and beech. As described above for cedar wood, by dem-
ineralization, the 4-O-MeGlcA in both wood types was 
stabilized in the temperature range of 300–320 °C.

Location of uronic acid in cellulose and hemicellulose 
aggregates in cell wall
The wood cell wall polysaccharides influenced by demin-
eralization are summarized in Table 2. The 4-O-MeGlcA 
bound to xylan may be near the affected component. 
The most interesting finding is the effect on cedar wood, 
indicating that the 4-O-MeGlcA is closer to cellulose 
and glucomannan. In softwood cell walls, glucoman-
nan is thought to bind strongly to the surface of cellu-
lose microfibrils [2]. If this is true, it cannot explain the 
effects of demineralization observed in this study. Instead 
of the previous model, a new model shown in Fig. 6a is 
proposed to explain the present results. In this model, 

4-O-MeGlcA bound to xylan is placed between cellulose 
and glucomannan, although the amount of 4-O-MeGlcA 
is unknown.

The association of xylan with cellulose has been 
shown to explain the formation of helicoid-type arrays 
of cellulose microfibrils in the cell wall [7]. Cellulose 
microfibrils surrounded by xylan can be moved to 
place helicoid arrays by repulsion between negatively 
charged 4-O-MeGlcA. Very recently, Terrett et  al. 
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studied the polymer interactions in never-dried cell 
walls of spruce, a softwood, using 13C multidimen-
sional solid-state nuclear magnetic resonance spec-
troscopy. They proposed a new molecular architecture 
of softwood, in which both glucomannan and xylan 
bind to the surface of cellulose microfibrils [10]. This 
is consistent with the model in Fig. 6a, and these lines 
of literature information support the current research 
proposal. As mentioned earlier, however, there are still 
many unknowns about the thermal reactivity of hemi-
cellulose and cellulose in cedar wood. Lignin may be 
involved in these unique thermal properties, which we 
will discuss elsewhere.

Regarding the assembly of beech wood cell walls, 
the observed influences of demineralization on the 
reactivity of xylan and glucomannan indicate the 
close proximity of these components, as illustrated in 
Fig. 6b. A notable property in beech wood was the sig-
nificantly improved reactivity of glucomannan, while 
xylan containing the 4-O-MeGlcA was stabilized. To 
explain these characteristics, the 4-O-MeGlcA needs 
to be placed in a specific position in the aggregate. 
Lignin and lignin–carbohydrate complex linkages such 
as Cγ-ester with 4-O-MeGlcA, benzyl ether, and phe-
nyl glycoside are considered to tighten the aggregate 
structure. This will also be discussed elsewhere.

Conclusions
The influences of minerals in cedar and beech wood 
were investigated to understand the location of the 
4-O-MeGlcA in wood cell walls and the influences on 
the pyrolytic reactivity of hemicellulose and cellulose in 
wood. The following conclusions are obtained:

1. The TG/DTG curves shifted to higher tempera-
ture with demineralization treatment. This was 
caused by changes in the reactivity of cellulose and 
glucomannan in the case of cedar, but was related 
to changes in the reactivity of xylan and glucoman-
nan in the case of beech.
2. When compared with the reactivity of isolated 
hemicellulose, xylan was significantly stabilized 
in both wood types, but glucomannan was more 
reactive in beech wood. These trends did not 
change with demineralization treatment.
3. The effects of demineralization indicated the 
location of the 4-O-MeGlcA, which was close to 
glucomannan and cellulose in cedar, but was close 
to glucomannan and xylan in beech.
4. The cell wall structures of cedar and beech wood 
were discussed with reference to the arrangement 
of hemicellulose and cellulose. However, it is con-
sidered that the arrangement in cedar wood is com-
plex and many unknowns remain concerning the 
thermal reactivity of hemicellulose and cellulose.

Abbreviations
TG: Thermogravimetric; DTG: Derivative thermogravimetric; 4‑O‑MeGlcA: 
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