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Abstract Self-bonding is the main factor of the perfor-
mance expression of binderless boards, and therefore its
clarification is considered to be an important issue. For this
purpose, a series of chemical analyses were conducted on
kenaf core binderless boards and their chemical changes
during the hot-pressing process are discussed in this article.
First of all, binderless boards were prepared from kenaf
core powder at different pressing temperatures (without
steam-explosion process) and were used for chemical analy-
ses after they were reduced into powders and extracted with
methanol. To investigate their chemical changes, lignin,
holocellulose, and neutral sugar contents were determined,
Fourier transform infrared (FTIR) spectra were recorded,
and the nitrobenzene oxidation procedure was applied. As
a result, it was found that parts of lignin and hemicelul-
lose were decomposed during the hot-pressing process;
however, the contribution of the resulting fractions to self-
bonding was not observed. In addition, progress of conden-
sation reactions in lignin and the formation of chemical
bonds by low molecular weight conjugated carbonyl com-
pounds in methanol extractives were observed. Thermal
softening of lignin is also suggested to play an important
role in the expression of board performance.
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Introduction

Although synthetic resins play an important role in the
effective utilization of wood resources, from the viewpoint
of recycling or even abolishment of synthetic resins,
binderless boards are considered to be of growing impor-
tance. So far, we have developed binderless boards from
finely ground powder of kenaf core in our previous studies.1

However, the water resistance of the binderless boards was
low and required further improvement. In the study, the
basic principle at issue is self-bonding, which is the main
factor of the board performance expression. Clarification of
the self-bonding mechanism is considered to be important
for designing better manufacturing conditions to improve
the binderless board performances, and for expanding the
possibility of application of the self-bonding mechanism to
other lignocellulosic materials. It has been proposed in
some studies on this subject that furfural generated from
hemicellulose during hot pressing contributed to the self-
bonding,2,3 but the details have not been clarified. In addi-
tion, binderless boards in our study are different from those
in other studies4–9 in that we omitted the steam treatments
such as steam explosion or steam-injection pressing, and
thus their self-bonding mechanism should be examined
separately. Furthermore, in other studies, analyses were
conducted not on the binderless boards but on the pre-
treated raw materials of binderless boards.2,5,10 To discuss
the self-bonding factors, analyses on the binderless boards
were required.

Therefore, in this study, to provide basic information for
further discussion on self-bonding, a series of chemical
analyses were conducted on binderless boards manufac-
tured under different pressing temperature conditions to
investigate their chemical changes, which may affect the
binderless board properties.
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Materials and methods

Sample preparation

Finely ground powder of kenaf core (ORI) (average pow-
der size 53mm and moisture content 8%–9%) was made
into three types of binderless boards (B14, B16, and B18) by
changing the pressing temperature conditions: 140°, 160°,
and 180°C, respectively. The other manufacturing condi-
tions for the board preparations were identical to each
other: pressing pressure 5.3MPa, pressing time 10min, tar-
get density 1.0g/cm3, and board thickness 5mm. The me-
chanical properties were found to be greatly improved with
increasing pressing temperature.1 After the properties were
tested, the binderless boards were ground to pass through a
1-mm sieve in a Wiley mill. These ground binderless boards
and the original kenaf core powder (ORI) were extracted
with methanol using a Soxhlet extractor for more than 8h
and their extracts were evaporated to dryness to obtain the
methanol extractives (eB14, eB16, eB18, and eORI). The
residues (rB14, rB16, rB18, and rORI) and the methanol
extractives were analyzed to investigate the effect of the
pressing temperature conditions on the chemical changes of
binderless boards. In this study, we considered that the
contribution factors of self-bonding may remain in the resi-
dues rather than in the extractives; thus, the residues were
the main target for the chemical analyses.

Lignin, holocellulose, and monosaccharide contents

To examine the changes in the chemical compositions
of cell wall during the hot-pressing process, lignin and
holocellulose content of the residue samples were deter-
mined. Klason lignin and acid-soluble lignin were measured
by the Klason method.11 In this procedure, a dry sample of
1.0g was used; the secondary hydrolysis with 3% sulfuric
acid was carried out at 121°C for 30min. Holocellulose
content was determined as the NaClO2-delignified residue:
samples (2.5g) were repeatedly (four times) treated with 2g
of NaClO2 in dilute acetic acid aqueous solution (150ml) at
75°C for 1h.12

To examine the neutral sugar composition of the
polysaccharide, the alditol acetate procedure modified by
Blakeney et al.13 was applied to the residue samples and to
the extractives, by using a Shimadzu gas chromatograph
GC-1700 with a TC-17 capillary column. The conditions
that were different from the original procedure are as
follows: hydrolysis condition (H2SO4 concentration 4%,
temperature 121°C for 60min using an autoclave),3 quantity
of ammonia water (0.2ml), and the reduction time (90min).

For the extractives, the concentration of the organic
matter having ultraviolet absorption was examined in the
following procedure:14 dried samples (5mg) were dissolved
in a solution of 25% (w/w) acetyl bromide in acetic acid
(2.5ml) containing perchloric acid (70%, 0.1ml) at 70°C for
30min with occasional shaking; the solution was transferred
to a 50ml volumetric flask containing 2M sodium hydroxide
(10ml) and acetic acid (12ml), made up to 50ml with acetic

acid, and was analyzed by measuring the ultraviolet absor-
bances at 280nm. Generally, this method is known as an
acetyl bromide procedure to examine the lignin content in
wood and is not designed for the analysis of extractives.
However, we considered the application of this procedure
to the extractives would provide significant information
regarding the organic matter with ultraviolet absorption,
including the components derived from lignin.

General information regarding changes in
chemical structure

Fourier transform infrared (FTIR) spectra of the residues
and methanol extractives were recorded using a FT/IR-615
(Jasco, Japan) as KBr tablets to investigate any changes in
chemical bonds during the hot-pressing process.

Structural characteristics of lignin

To focus on changes in the lignin structure, the aromatic
composition of lignin was examined by the alkaline ni-
trobenzene oxidation procedure.15 The benzaldehyde de-
rivatives were analyzed as trimethylsilyl derivatives using a
Shimadzu gas chromatograph GC-1700 with a Neutrabond-
1 capillary column. The (syringaldehyde and syringic acid)/
(vanillin and vanillic acid) mole ratio was defined as S/V
ratio and was used to investigate the structure of lignin.

Results and discussion

Chemical compositions

Table 1 shows the yields of methanol extractives (eORI,
eB14, eB16, and eB18). The yield increased with increasing
pressing temperature. It was suggested that some fragments
that could be extracted with methanol were generated from
cell wall components of kenaf core as a result of its decom-
position and depolymerization during hot pressing. This is
discussed further below.

Table 2 shows the chemical compositions of the residues
(rORI, rB14, rB16, and rB18) and the extractives. First,
we note that the holocellulose content was higher than
the published value,16 which was due to the extent of
delignification after four treatments with NaClO2. Second,
the value determined by the acetyl bromide procedure is

Table 1. The yield of methanol extractives of the original kenaf core
powder and the binderless boards

Sample Extract yield (%)

ORI 4.6
B14 4.6
B16 5.7
B18 8.0

ORI, kenaf core powder; B14, binderless board 140°C pressing tem-
perature; B16, binderless board 160°C; B18, binderless board 180°C
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shown as the components derived from lignin in Table 2.
Although it actually indicates the presence of organic mat-
ter having ultraviolet absorption at 280nm, we regard it as
a convenient indicator of the content of the components
derived from lignin.

Little difference was observed in the lignin content, but
the holocellulose content of rB18 was lower than that of the
others. However, the total neutral sugar content of the resi-
due samples was almost identical to each other, indicating
that the decrease in holocellulose was caused by NaClO2

attack during the holocellulose preparation. It can therefore
be presumed that the polysaccharides in rB18 were depoly-
merized, allowing them to be more easily attacked by
NaClO2.

Other studies have suggested the possibility of the con-
tribution of furfural derived from hemicellulose to self-
bonding.2,3 However, in this study, no obvious change was
observed in the amount of rhamnose and xylose even if the
extract yields were taken into consideration. Therefore, it is
reasonable to suppose that little furfural was generated
from hemicellulose, indicating little contribution of furfural
to the self-bonding. This is probably because we did not
apply the steam-explosion pretreatment, which has been
reported to generate furfural.3

In the extractives, little neutral sugar was observed and
the content of the components derived from lignin in-
creased with increasing pressing temperature. The metha-
nol extractives were found to be mainly composed of the
components from lignin with aromatic units showing ultra-
violet absorption at 280nm. Part of the lignin seemed to be
decomposed during the hot-pressing process and the result-
ing fragments were extracted. In addition, the pattern of
FTIR spectra of the extractive samples (shown and dis-
cussed below) was quite similar to that of milled wood
lignin (MWL) samples of wood,17,18 indicating that the prin-
cipal components of the methanol extractives were derived
from lignin.

Chemical structure

Figures 1 and 2 show the FTIR spectra of the residue and
methanol extractive samples, respectively, and parts of
which are illustrated under magnification (Fig. 1A–C and
Fig. 2A–B). The lignin content of the residue samples was
almost identical as shown in Table 2 and thus it is reason-
able to suppose that it would give almost the same peak
intensity at 1507cm-1 derived from the aromatic units in

Table 2. The chemical compositions of the residues and extractives

Sample Lignina Holocellulose Neutral sugar (wt%) Components derived
(wt%) (wt%)

Rha Ara Xyl Man Glc Gal Total
from lignin (wt%)

rORI 25.3 84.7 4.4 0.0 22.8 1.6 42.1 0.2 71.1 –
rB14 25.2 85.0 4.8 0.0 24.0 1.4 40.5 0.0 70.7 –
rB16 25.1 83.4 4.9 0.0 24.2 1.4 41.9 0.1 72.5 –
rB18 25.7 78.4 4.5 0.0 23.3 1.5 41.2 0.1 70.6 –
eORI – – 0.0 0.0 0.0 0.1 2.9 0.0 3.0 65.3
eB14 – – 0.0 0.0 0.0 0.0 0.5 0.0 0.5 65.8
eB16 – – 0.0 0.0 0.0 0.0 0.2 0.0 0.2 67.8
eB18 – – 0.0 0.0 0.0 0.0 0.0 0.0 0.0 78.3

Rha, rhamnose; Ara, arabinose; Xyl, xylose; Man, mannose; Glc, glucose; Gal, galactose
a Sum of Klason lignin and acid-soluble lignin

Fig. 1. Fourier transform infrared (FTIR) spectra of the residue
samples; the magnifications at different wavenumbers: A around
1635cm-1, B around 1250cm-1, C 1000–1150 cm-1. ORI, kenaf core pow-

der; B14, binderless board 140°C pressing temperature; B16, binderless
board 160°C; B18, binderless board 180°C; prefix r indicates residue
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lignin. Therefore, the peak at 1507cm-1 was used as a con-
stant standard to derive the relative absorbance of all resi-
due and extractive samples at different wavenumbers.

Although other studies have investigated the chemical
changes that occur during the steam-explosion process and
their contribution to the self-bonding mechanism,2,3 recent
investigations have demonstrated that the characteristics of
lignin as a plastic material could improve the mechanical
properties of binderless boards.5–7,10 On the whole, we see
from Fig. 1 that the differences among the FTIR spectra of
the residues pretreated at different pressing temperatures
were small. This suggests either of two possibilities: the
chemical changes that occurred during the hot-pressing pro-
cess were actually small or infrared inactive. As a possible
candidate for this, it can be presumed that thermal softening
of lignin19,20 might play an important role in the board per-
formance expression. The thermal softening changes might
involve the glass transition, because T - Tg (T, local tem-
perature of board during hot pressing; Tg, local glass transi-
tion temperature) value was reported to be correlated to
mechanical properties of boards.20

However, three small differences were observed in Figs.
1 and 2. First, the peak around 1635cm-1, correspondingly
shown as Fig. 1A and Fig. 2A, is derived from C=O
stretching vibration of conjugated carbonyl compounds. A
small peak was observed at around 1635cm-1 for ORI and
B14 samples (Figs. 1A and 2A), indicating the carbonyl
compounds were free or present in low molecular weight
compounds at first and were easily extracted with methanol.
In contrast, for the B16 and B18 samples, the peak occurred
only in the residues (Fig. 1A). This suggests that low
molecular weight carbonyl compounds experienced some
chemical changes during the hot pressing to form new
chemical structures and remained in the residues, a process
which might contribute to the self-bonding and to the im-
provement of the board properties.

Second, we see from Fig. 1B that the peak intensity
around 1250cm-1 (derived from aryl ether structure)18,21–23

decreased with increasing pressing temperature, indicating
the cleavage of intermonomer linkages in lignin during the
hot-pressing process. However, no new peaks occurred
from the constituents released by this cleavage (Fig. 1) and
the content of the lignin degradation products in extractive
samples increased with increasing pressing temperature

(Table 2). Therefore, it is reasonable to suppose that part of
the lignin experienced decomposition during hot pressing
and the resulting fraction was extracted with methanol.
Here, the extracted lignin fraction was observed as two
corresponding peaks (Fig. 2B): around 1270cm-1 (assigned
to guaiacyl unit) and around 1220cm-1 (assigned to syringyl
unit).22,23 In addition, considering the fact that the decom-
posed lignin fraction was able to be easily extracted with
methanol instead of forming new chemical bonds, the de-
composition of lignin did not seem to have any significance
from the viewpoint of self-bonding. However, the fact that
the S/V values could be defined for the methanol extrac-
tives samples (as is discussed below) indicated the presence
of vanillin generated from lignin as a result of its decompo-
sition during hot pressing. The vanillin generated from lig-
nin decomposition might play a role as a lignin plasticizer.20

Last, the FTIR absorption band in the region shown
in Fig. 1C was mainly derived from hydroxyl groups in
polysaccharides. However, their quantities were found to
be almost identical in the residue samples (Table 2). Thus,
even though the quantities of sugars appear to decrease
with increasing pressing temperature, further interpreta-
tions are difficult here because the influence of the data
processing error (due to the scaling to derive the constant
standard at 1507cm-1) is dominant in the wavenumber
region of Fig. 1C.

Changes in lignin structure

Figure 3 shows the S/V ratio (for all samples) and the yield
of benzaldehyde derivatives based on the lignin content (for
residues). The S/V values increased with increasing pressing
temperature for all samples and the yields decreased. This
clearly indicated the progress of condensation reactions of
the guaiacyl unit of lignin, which was considered to be play-
ing an important role in the self-bonding mechanism.

As Kawamura et al.22,23 pointed out, in lignin samples,
the ratio of the IR peak intensity at 1270cm-1 (D1270) to
1220cm-1 (D1220) has strong correlation with S/V values.
We should point out that, in the extractive samples, the
increasing S/V value with increasing pressing temperature
was related to the decreasing D1270/D1220 value (obvious
from Fig. 2B).

Fig. 2. FTIR spectra of the
methanol extractive samples; the
magnifications at different
wavenumbers: A around
635 cm-1, B around 1250cm-1.
Prefix e indicates extractives
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Conclusions

A series of chemical analyses were conducted to investigate
the chemical changes of kenaf core binderless boards during
the hot-pressing process. The influence of pressing tempera-
ture on the chemical changes was discussed from the view-
point of self-bonding. The conclusions are summarized as
follows:

1. Part of the lignin and hemicellulose experienced decom-
position during the hot-pressing process. However, a
contribution of the resulting fractions to self-bonding was
not observed. The results of other studies were different
from those of present studies in that they suggested the
contribution of furfural derived from hemicellulose to
the self-bonding mechanism. This difference might be
because we did not apply steam-explosion pretreatment
or steam-injection pressing in this study.

2. Condensation reaction in lignin was observed. Addition-
ally, the thermal softening of lignin was suggested to play
an important role for the board performance expression.

3. It was found that low molecular weight conjugated car-
bonyl compounds in the methanol extractives experi-
enced some chemical changes during hot pressing to
form new chemical structures.
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