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ABSTRACT

Green sugi logs (tree A, normal heartwood color; tree B, heartwood color gradually turned to
black after harvesting) were smoke-heated for 5, 10, 20, and 40 h to investigate the influence of
smoke heating on the color change of heartwood. After the treatment, changes in color, pH, and
content of norlignan were examined. The heartwood was also saturated with KHCO3 in order to
examine the relationship between pH and changes in heartwood color. The results revealed that
smoke heating the logs for at least 5 h prevented the heartwood from turning black; instead, the
treated heartwoods turned yellowish-white. The pH value of the tree B decreased significantly
from 7.4 to 6.5 after a 5-h smoke heating; from then on, the pH remained nearly constant with
additional exposure. When smoke-heated, tree A- and tree B-heartwood specimens were saturated
with a KHCO3 solution (pH 8.6), the brightness decreased, and the color turned black, suggesting
that the blackening substances did not deteriorate when exposed to smoke heating. In the tree A
heartwood, on the other hand, the contents of sequirin-C and agatharesinol barely changed before
and after smoke heating. In the tree B heartwood, however, the amounts of agatharesinol and
sequirin-C decreased significantly compared with those in the fresh heartwood before it turned
black, whereas a large amount of norlignans, in particular, sequirin-C, was found in the smoke-
heated heartwood. The results obtained in the present study suggest that the chemical changes of
norlignans accompanied with pH changes are closely involved in color changes in the sugi heart-
wood.
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INTRODUCTION

Although sugi (Japanese cedar, Cryptomeria
japonica D. Don) usually shows a reddish-
brown to rose-pink heartwood, known as ‘‘red
heartwood,’’ it sometimes shows a black-
brown or black heartwood that is known as
‘‘black heartwood.’’ In black sugi heartwood,
the wood turns from red to black within a few
hours of felling. Many studies have focused
on the blackening phenomenon in sugi heart-
wood (Kitamura 1962; Abe and Oda 1994;
Abe et al. 1994; Oda et al. 1994; Takahashi
1996a, 1998; Kubo and Ataka 1998). Studies
have shown that oxidative conditions under
weak alkalinity (pH 8.4–8.6) cause the black-
ening. In addition, Abe and Oda (1994) and
Takahashi (1996a) found that potassium hy-
drogencarbonate (KHCO3) is a causative com-
pound increasing the pH value in black sugi
heartwood.

In general, the color of wood is related to
the kinds and amounts of wood extractives. In
the heartwood of sugi, the involvement of nor-
lignans in wood color has been reported (Kai
et al. 1972; Takahashi 1981). In particular, se-
quirin-C and agatharesinol, which are the pri-
mary norlignans in sugi heartwood, seem to
be involved in the blackening process. In ad-
dition, under weak alkaline conditions, these
compounds change chemically to cause a rap-
id change to black (Takahashi 1996a, 1998).

On the other hand, black sugi heartwood
has been reported to fade when green logs are
exposed to smoke heating (Okuyama et al.
1990; Ishiguri et al. 2000; Maruyama et al.
2001). Our report (Ishiguri et al. 2000) has
shown that pH changes from weak alkalinity
to weak acidity were related to color changes
in the black heartwood, and that the amounts
of potassium in the black heartwood did not
differ greatly whether the wood was treated or
not. Okuyama et al. (1990) reported that the
amounts of hemicellulose in sugi sapwood de-
crease rapidly when they are smoke-heated for
more than 40 h above 808C, suggesting that
the decrease in pH may occur as a result of

thermal degradation of hemicellulose by
smoke heating.

In the present study, the influence of the ex-
posure time to smoke heating was investigated
with a focus on the changes in the heartwood
color and pH. In addition, the color change in
heartwood by saturation with KHCO3 was
evaluated to clarify the relationship between
pH and heartwood color. Furthermore, the
amounts of norlignans were determined along
with their involvement in color changes.

EXPERIMENTAL

Materials

Two green sugi logs (Japanese cedar, Cryp-
tomeria japonica D. Don) trees were used in
this experiment. The 3-m logs were harvested
in the Kanuma district of the Tochigi Prefec-
ture, Japan, two weeks before the experiments
(May 9, 2000). Tree A was a 34-year-old tree
with rose-pink heartwood (ca. 200 mm in di-
ameter). Tree B was a 39-year-old tree with
black heartwood (200 mm in diameter); nei-
ther heartwood had changed its original color
before the experiments began. The heartwood
sample of tree B was reddish-brown immedi-
ately after being harvested, but it changed col-
or gradually, turning finally brownish-black.

Smoke heating of logs

Five 500-mm log sections with intact bark
were cut from the long logs. They were then
treated by smoke heating with a modified food
smoker (Shinsei Sangyo, FS-50N) according
to the method of Ishiguri et al. (2000, 2003).
The log sections were smoke-heated at 100–
1208C in a chamber. The temperature inside
the log sections was measured at the center of
each log section by thermocouples inserted in
depth 100 mm from the log surface, and was
maintained at 808C for 5, 10, 20, and 40 h
during the treatment. The untreated log sec-
tions were used as the control for the tree A
and B heartwoods. After each treatment, wood
specimens and wood meal (42–80 mesh) were
prepared from the heartwood of each log sec-
tion and used in the experiment.
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FIG. 1. Changes in heartwood color caused by differ-
ent durations of smoke heating. Symbols: Open circles,
red heartwood; filled circles, black heartwood.

Color measurement

Wood specimens of 30 (L) 3 30 (T) 3 10
(R)-mm were taken from the heartwood of the
control and treated log sections. The color of
the air-dried wood specimens was measured
with a CIE L*a*b* system, described in Tappi
testing method, using a colorimeter (Minolta,
CF-200). L*a*b* system gives the brightness
(L*), redness (a*), and yellowness (b*). The
resulting total color difference (DE*ab) was
evaluated using the following equation: DE*ab
5 (DL*2 1 Da*2 1 Db*2)1/2.

pH measurement

For measurement of pH, wood blocks of
heartwood were taken at the center of log sec-
tions of both the control and treated wood and
then crushed by using Willy type meal. One
gram of wood meal (42–80 mesh) was sus-
pended in 20 ml of distilled water overnight.
The wood meal was removed from the sus-
pension by passing through filter paper (Ad-
vantec, No. 1); then pH of the filtrates was
measured with a pH meter (TOA Electronics,
Ltd., HM-20E).

Color changes in heartwood by KHCO3

treatment

Five heartwood specimens (30 (L) 3 30 (T)
3 10 (R)-mm) from the control and smoke-
heated (40 h) woods were saturated with an
aqueous solution of KHCO3 (2 g/400 ml, pH
8.6) for 10 days at 258C. After air-drying, the
specimens’ color was measured as described
above.

Norlignan content in heartwood

For norlignan analysis, non-color-changes
fresh samples of small wood chips (3–5 mm)
were prepared from the heartwood immediate-
ly after cutting before they turned black. The
chips were immediately extracted with several
solvents, as described later. Samples from
heartwood that had turned black (control) and
from the heartwood smoke-heated for 5 and
40 h were also prepared. Each sample (1 g)

was extracted for 9 h with 120 ml of methanol,
acid methanol (0.1% acetic acid in methanol),
and reductive methanol (0.1% ascorbic acid in
methanol), respectively. After that, 1 ml of
each extract solution was transferred into a mi-
cro test tube, and 10 ml of veratrum acid was
added to the solution as an internal standard.
After the solvent evaporated, the extracts were
trimethylsilylated with the mixture of chloro-
trimethylsilane and N,O-bis (trimethylsilyl)
acetamide and analyzed by gas chromatogra-
phy. The analytical conditions were as fol-
lows: instrument, Hitachi G-3000 Gas chro-
matograph; column, OV-1 bonded capillary
column (25 m); column temperature, 150–
2808C (58C/min); carrier gas, He. Norlignans
were quantified by comparing the peak areas
of gas chromatograms with those from the in-
ternal standard.

RESULTS AND DISCUSSION

Observation of heartwood color with the
naked eye

The color of the heartwood obtained from
the green logs immediately after being har-
vested was rose-pink to reddish-brown. Tree B
had characteristically blackening heartwood
that gradually, after being felled, changed col-
or and finally turned brownish-black. After the
green logs were smoke-heated for 5, 10, 20,
and 40 h, the color changes in the heartwood
were observed (Fig. 1). There were no obvious
differences in color that could be perceived
with the naked eye from the control and
smoke-heated heartwood in tree A. In the tree
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FIG. 2. Changes in pH values caused by smoke heat-
ing. Symbols: Open circles, red heartwood; filled circles,
black heartwood.

B heartwood, on the other hand, the heart-
wood was light brown to yellowish-white after
smoke heating. In either case, DE*ab had
greater values (Fig. 1). Smoke heating for at
least 5 h helped to prevent the heartwood from
turning black.

Influence on heartwood color change from
exposure time to smoke heating

In previous papers, thermal treatment was
found to help in preventing sugi heartwood
from turning black (Ishiguri et al. 2000; Ma-
ruyama et al. 2001). In the present study,
therefore, influence on the heartwood color
change from exposure time to smoke heating
was investigated (Fig. 1). The L* value in-
creased slightly as a result of smoke heating
in tree A heartwood, the b* value had almost
no changes, and the a* value decreased sig-
nificantly, especially within 10 h of smoke
heating. As a result, the tree A (normal) heart-
wood that was smoke-heated for 5, 10, 20, and
40 h produced total color differences (DE*ab)
of 1.4, 2.0, 4.1, and 3.9, respectively (Fig. 1).
These results indicate that color changes in the
normal heartwood as a result of smoke heating
increase with exposure time.

On the other hand, the a* value decreased
significantly as a result of smoke heating in
tree B heartwood, whereas the L* and b* val-
ues significantly increased. Although the con-
trol wood showed an L* value of 59.7, all of
the smoke-heated heartwood had L* values
greater than 70. This fact indicates that the
blackening heartwood became lighter after ex-
posure to smoke heating (Fig. 1). DE*ab of
heartwood exposed to smoke heating for 5, 10,
20, and 40 h were 11.6, 14.6, 12.7, and 14.1,
respectively, indicating that the colors of all
the wood exposed to smoke heating differed
significantly from those of the control. Previ-
ous studies have also shown similar effect on
L* and b* of blackening heartwood after
smoke heating (Okuyama et al. 1990; Ishiguri
et al. 2000; Maruyama et al. 2001). The values
of L* and a* of normal sugi heartwood have
been reported so far to be higher than 65 and

10, respectively, and the value of b* hs been
reported to be about 20 (Kitamura 1987; Abe
1995). Although the value of a* decreased in
the smoke-heated blackening heartwood in the
present study, the L* and b* values increased
more than 70 and 20, respectively, indicating
that blackening was prevented by smoke heat-
ing. In addition, the rapid change in heartwood
color occurred within the first 10 h of smoke
heating (Fig. 1).

pH change

Figure 2 shows the change in the pH value
of sugi heartwood exposed to smoke heating.
The pH was 6.5 for the tree A heartwood and
7.4 for the tree B heartwood before smoke
heating. In general, the pH of normal red
heartwood in sugi is weakly acid, whereas that
of black heartwood is weakly alkaline (Abe et
al. 1994; Takahashi 1996a; Takenami 1964).
This was also true according to the results ob-
tained here. The pH decreased to 6.2 in tree
A heartwood after smoke heating for 5 h. It
then decreased slightly with time of exposure
to smoke heating until it reached 6.0 after 40
h. Similarly, pH decreased from 7.4 to 6.5 in
tree B heartwood after a 5 h of smoke heating,
then became stable. The pH changes nearly
corresponded to the changes in the color of
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the heartwood that were caused by smoke
heating (Fig. 1). Previous studies have shown
that pH of the blackening heartwood de-
creased with thermal treatment and became
weakly acidic (Ishiguri et al. 2000; Maruyama
et al. 2001). The present study also revealed
that changes in both pH value and heartwood
color occurred within 10 h of exposure to
smoke heating, suggesting that pH changes
from weak alkaline to weak acidic in black-
ening heartwood are involved in the color
change in the heartwood.

Abe and Oda (1994) found that potassium
hydrogencarbonate, which is present in con-
siderable amounts in blackening heartwood, is
one of the substances that causes the black-
ening of sugi heartwood. According to Taka-
hashi (1996a), a large amount of K1 increases
the pH value of sugi heartwood, and norlig-
nans, extractives of the heartwood, are chem-
ically changed under a condition of weak al-
kalinity, resulting in the blackening of the
heartwood. We found that the pH of black
heartwood decreased when exposed to smoke
heating and that the amount of potassium in
the black heartwood differed little in the con-
trol and thermal-treated woods (Ishiguri et al.
2000). This fact suggests that the amount of
K1 is not related to the pH change.

Okuyama et al. (1990) reported that the
amounts of holocellulose in sugi sapwood de-
creased rapidly when the wood was heated for
more than 40 h above 808C. They concluded
that this was caused by the thermal degrada-
tion of hemicellulose, leading to the darkening
of the wood. They also noted that the pH de-
creased noticeably, irrespective of exposure to
smoke heating for fewer than 40 h. A slight
thermal degradation of hemicellulose as a re-
sult of exposure to smoke heating might have
caused the pH value to decrease, but the cause
of pH changes that occur as a result of expo-
sure to smoke heating should be investigated
more thoroughly.

Color changes in heartwood as a result of
KHCO3 treatment

Abe and Oda (1994) found that the color of
normal heartwood changed from reddish-

brown to black when the wood was saturated
with an aqueous solution of KHCO3 (pH 8.4–
8.6). In the present study, the control and
smoke-heated woods obtained from the tree A
and tree B heartwood were saturated with an
aqueous solution of KHCO3 (pH 8.6) to con-
firm the change in color with the use of the
alkaline solution (Table 1). The L* values of
the specimen used were apparently character-
istic of black heartwood (Abe 1995).

The color change from rose-pink to black
in tree A heartwood could be seen clearly with
the naked eye after a KHCO3 treatment. The
DE*ab values was 24.1 for the control and
26.3 for the smoke-heated wood after KHCO3

saturation. The L* values of the control and
smoke-heated woods were 69.2 and 67.8, re-
spectively, before the treatment. Both values
decreased after the treatment to 46.5 and 42.8,
respectively. Although the b* values of the
control and smoke-heated woods also de-
creased after the treatment, the a* values did
not show a significant decrease. Our results
agree with those of Abe and Oda (1994). We
assume that the substances that cause the color
to change to black under weakly alkaline con-
ditions are present in normal heartwood.

The L* value of smoke-heated heartwood
in tree B heartwood also showed a noticeable
decrease from 65.8 to 49.6 after the treatment
and the DE*ab value of 17.3. The color of the
smoke-heated black heartwood changed from
yellowish-white to black, just as the red heart-
wood changed to black, and the color changes
could be seen with the naked eye. These find-
ings indicate that the substances that cause the
wood to turn black under weak alkaline con-
ditions are also present in smoke-heated black-
ening heartwood. These results suggest that
the pH change from weakly alkaline to weakly
acidic resulting from smoke heating prevented
heartwood blackening.

Content of norlignans in heartwood

Sequirin-C and agatharesinol are the pri-
mary norlignans in sugi wood, and these sub-
stances have been identified as the primary
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substances responsible for heartwood black-
ening (Takahashi 1996a, 1998). The norlignan
content was determined in the heartwoods that
were non-treated or smoke-heated for 5 and
40 h. In addition, quantitative analysis was
also done with fresh samples of heartwood
collected immediately after the trees were
felled (in the case of the blackening heart-
wood, the samples were collected before they
blackened) because the amounts of sequirin-C
and agatharesinol in the black part of sugi
heartwood decrease remarkably within one
day of cutting (Takahashi 1996a) (Table 2).

Levels of agatharesinol and sequirin-C in
the fresh sample in the tree A heartwood were
about 4 mg/g and 7 mg/g, respectively. These
levels decreased in the air-dried (control) and
smoke-heated heartwoods more than in the
fresh sample. On the other hand, notable re-
sults were obtained in the tree B heartwood.
In the fresh sample, methanol extracts con-
tained only 3 mg/g agatharesinol and sequirin-
C, whereas large amounts of sequirin-C were
observed in the acid-methanol and reductive-
methanol extracts. These results suggest that
sequirin-C tends to undergo certain chemical
changes when it is extracted with methanol
alone; in contrast, sequirin-C, when extracted
with acid methanol or reductive methanol,
does not deteriorate as much because acid
methanol is effective for keeping pH acidic
and reductive methanol prevents the norlig-
nans from oxidizing. These findings suggest
that norlignans were present in relatively large
amounts in the fresh sample of tree B heart-
wood. After the control wood turned black,
however, the amounts of both agatharesinol
and sequirin-C decreased markedly in all ex-
tracts. Sequirin-C, in particular, could not even
be detected. The results suggest that the black-
ening occurred through the chemical changes
of agatharesinol and sequirin-C. On the other
had, it is noteworthy that, when compared to
the control, relatively large amounts of both
agatharesinol and sequirin-C were present in
the heartwood exposed to smoke heating,
which prevented blackening.

Balogh and Anderson (1965) isolated the
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TABLE 2. Norlignan contents in sugi heartwood.

Material Treatment Solvent

Norlignans (mg/g)

Agatharesinol Sequirin-C

Tree A (normal heart-
wood)

Fresh sample
Control
Smoke heating (5 h)
Smoke heating (40 h)

M
M
M
M

4.09
2.16
3.65
2.78

7.21
3.62
6.16
4.11

Tree B (blackening
heartwood)

Fresh sample M
A
R

3.22
4.08
2.99

2.88
20.34
14.14

Control M
A
R

0.79
0.54
0.39

—
—
—

Smoke heating (5 h)
Smoke heating (40 h)

M
M

2.25
1.80

10.50
8.37

Note: Fresh sample, samples obtained from the wood immediately after cutting (blackening heartwood, before discoloration); Control, air-dried samples
(blackening heartwood, after discoloration); M, extracts with MeOH; A, extracts with acid MeOH (0.1% acetic acid in MeOH); R, extracts with reductive
MeOH (0.1% ascorbic acid in MeOH);—, not detected.

Values were calculated in milligrams per gram of the dried sample.

colorless sequirin-C from red wood (Sequoia
sempervirens), and found that the compound
underwent rapid oxidation in an alkaline so-
lution, resulting in a violet color solution. Tak-
ahashi (1996b) also reported that the sequirin-
C isolated from sugi heartwood changed to
dark purple compounds as a result of a treat-
ment with a weak alkaline solution (1%
KHCO3). These findings reveal that sequirin-
C can undergo chemical changes under weak
alkalinity in non-thermal-treated heartwood,
producing a darkened heartwood. We suspect
that sequirin-C remained largely unchanged
chemically in the smoke-heated blackening
heartwood because of the decrease in pH as a
result of thermal treatment, that also limits the
color change to black. It is of interest to note
that the pH rapidly decreased during smoke
heating for the first 5 h, which resulted in pre-
venting the heartwood from blackening under
weak acidity. Further research should be un-
dertaken to better understand the role of nor-
lignans in color changes and pH decreases.

CONCLUSIONS

(1) The color of tree B (blackening) heart-
wood exposed to smoke heating for at
least 5 h did not turn black, and that of

the thermal-treated heartwood was yel-
lowish-white.

(2) The pH value of tree B heartwood de-
creased from 7.4 to 6.5 after a 5-h smoke
heating, at which time it became quite sta-
ble. The change corresponded to the color
change in the heartwood, which occurred
as a result of smoke heating.

(3) When a heartwood specimen was saturat-
ed with an aqueous solution of KHCO3,
the color of the smoke-heated heartwood
changed from yellowish-white to black.

(4) In tree A (normal) heartwood, the contents
of sequirin-C and agatharesinol did not
change significantly before or after expo-
sure to smoke heating. In the tree B heart-
wood, however, the amounts of both aga-
tharesinol and sequirin-C decreased sig-
nificantly when compared with the fresh
heartwood before blackening, whereas a
large amount of norlignans, in particular
sequirin-C, was found to be present in the
heartwood exposed to smoke heating.

These results reveal that, in the blackening
heartwood, the norlignans underwent almost
no change from the chemical point of view
under an acidic condition as a result of the
decrease in pH caused by smoke heating, thus
preventing the blackening of the wood.
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