J Wood Sci (1999) 45:348-353

© The Japan Wood Research Society 1999

Yanni Sudiyani • Sho-ichi Tsujiyama • Yuji Imamura
M u n e z o h Takahashi • Kaznya Minato • Hiromu Kajita

Chemical characteristics of surfaces of hardwood and softwood
deteriorated by weathering

Received: April 22, 1998 / Accepted: December 2, 1998
Abstract The factors that cause weather-induced deteriora-

tion of wood surfaces were determined by chemical and
spectroscopic analyses. Albizzia (Paraserianthes falcata
Becker.) and sugi (Cryptomeria japonica D. Don) were exposed to two temperate conditions of natural weathering
with and without rainfall and to accelerated conditions of
artificial weathering coupled with ultraviolet (UV) light irradiation and water flashing. Infrared spectroscopic analysis
showed that the oxidative reaction of lignin was observed
under all conditions of weathering for both wood species.
However, a marked decrease in lignin and hemicellulose
content were recognized when albizzia woods were exposed
to weathering with water. Lignin content in the softwood
sugi did not decrease as much as in albizzia even in the
presence of water, but the modification of lignin macromolecules was assumed to be accelerated by water, as seen by
electron spin resonance spectroscopy. These results showed
that the presence of water promotes the weathering deterioration of wood under UV irradiation.
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Introduction
Woody material has been utilized for various purposes,
such as engineering and structural works as well as interior and exterior construction materials. However, once
exposed to weather, wood undergoes deterioration of its
physical properties, with changes in or loss of its characteristic appearance (e.g., color, texture). Such deterioration
involves chemical modification of some of the cell wall polymers in wood, such as cellulose, hemicellulose, and lignin.
The need to maintain the surface characteristics of wood,
which is alternatively exposed to sunshine and rainfall, is
increasing because outdoor uses of wood-based materials
are expanding.
Weathering is one of the most important factors involved
in wood deterioration. When wood is exposed to the outdoors, its components are modified degradatively by a
combination of factors, such as light energy, rain, and air
oxidation. 1'2Many factors are responsible for natural weathering: solar irradiation (ultraviolet, visible, and infrared
light), moisture (rain, dew, snow, humidity), temperature,
and atmospheric gases including oxygen and pollutant gases
(e.g., sulfur dioxide and nitrogen dioxide). 3 Among them,
ultraviolet (UV) light, the component of sunlight, is suggested to have the most damaging effect by depolymerizing
lignin in the wood cell walls, 1 followed by water, which
washes away the degradation products, causing surface
erosion.
For outdoor applications of wood materials, it is necessary to develop effective methods to avoid weather-induced
deterioration by identifying the responsible factors and
their effects on weathering deterioration. In this study we
examined the chemical characteristics of wood exposed to
weathering deterioration under various exposure conditions and wood species. Two wood species with almost the
same specific gravity were selected as the test specimens:
albizzia (Paraserianthes falcata Becker.) and sugi (Cryptomeria japonica D. Don). Albizzia is a fast-growing hardwood
species planted in the tropics, and sugi is a major softwood
species cultivated in Japan.
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Materials and methods
Wood samples
Sapwoods of 20-year-old albizzia and 25-years-old sugi
were used at a size of 3 m m (R) × 45mm (T) × 145mm (L).
The surface of the specimens were flattened and smoothed
by a planer machine and exposed to weathering immediately after surfaces preparation. The moisture content of
the specimens before weathering was about 10%.

Weathering conditions

Natural weathering
Test pieces of albizzia and sugi were exposed to sunlight
with and without rainfall facing to the south and inclinied at
45 ° from the horizon for 1 year (November 1994 to October
1995) on a campus of the Wood Research Institute, Kyoto
University, Uji-City, Kyoto, Japan (135 ° 48'E, 34 ° 54'N).
The average temperature, total rainfall, and amount of sunshine during the exposure period in Kyoto in 1995 were
15.9°C, 1358mm, and 1713h, respectively (Amedas Information, 1995).
For natural weathering with rainfall, the samples
were placed outside a building without any covering; for
temperate weathering without rainfall, the samples were
exposed to sunshine under outdoor conditions during sunny
days but shaded by a glass cover when it rained to prevent
the effect of water.

Artificial weathering
Accelerated weathering was carried out artificially using a
commercial chamber machine, the Sun-Shine Super Longlife Weather Meter W E L - S U N - H C (Suga Test Machine
Co., Tokyo, Japan), which can be controlled for both light
irradiation and water. Specimens were exposed to a 3-kWh
carbon arc light through a glass filter that cuts off light
below 255nm. The chamber was kept at 50°C and 50%
relative humidity for 1080h. Distilled water was flashed for
12min each hour. The temperature of the black-panel was
kept at 63°C.

Chemical analysis

Sample preparation
Wood meal samples from the exposed specimens were
collected by gently shaving the fragile surface layers using
a handknife. The samples were assumed to be prepared
from the exposed surface portions with 0.5ram thickness.
The control samples were also prepared from the unexposed woods. The samples were ground with a Wiley
mill into powder fine enough to pass through an 80mesh (177pm) sieve.

Prior to chemical analysis, the wood meal samples were
extracted with ethanol/benzene (1:2, v/v) for 6h by a
Soxhlet extractor.

Lignin content
The lignin content was measured using the acetyl bromide
procedure described by Iiyama and Wallis. 4

Neutral sugar composition analysis
The samples were hydrolyzed with 72% sulfuric acid
followed by dilution to 4% according to the method described by Saeman et al. 5 After hydrolysis, inositol was
added as an internal standard for gas chromatographic
analysis. Reaction solutions were neutralized with B a S O 4
and filtrated. The filtrate were applied to the ion-exchange
resins [Dowex 50 × 2 (H + form) and Dowex 1 × 8 (AcO
form)] and then evaporated. Neutral sugars were converted
to corresponding alditol acetates 6 and analyzed by gasliquid chromatography (GC-12A; Shimadzu, Kyoto, Japan)
equipped with a flame ionization detector on a column
of 3% OV-225 on Chromosorb W AW-DMCS (80-100
mesh; 2.6mm × 2.1m) (GL Science Co., Tokyo, Japan).
Temperature conditions wese as follows: injection temperature 230°C, column temperature 200°C, detection block
230°C.

Alkaline nitrobenzene oxidation
Samples were degraded oxidatively with 0.25ml nitrobenzene and 4ml 2N N a O H solution at 160°C for 2h. After
cooling, a 3-ethoxy-4-hydroxybenzaldehyde solution was
added as an internal standard for gas chromatographic
analysis. The reaction mixture was extracted three times
with 30ml CHIC12 to remove excess nitrobenzene and byproducts. The aqueous layer was acidified with 4M HC1
solution and then extracted three times with 30ml CH2C1;.
Recovered products were trimethylsilylated with N,
O-bis (trimethylsilyl) acetamide (BSA) and analyzed by
gas-liquid chromatography on a column of 2% OV-17 on
Chromosorb W AW-DMCS (80-100 mesh; 2.6ram × 2.1m)
(GL Science Co). Temperature conditions were as follows:
injection temperature 200°C; column temperature programmed from 140°C to 190°C with l°C/min, then kept for
5min at 190°C; detection block 200°C. The contents of the
main products were calculated as the percent weight of
lignin.
Infrared and electron spin resonance spectroscopic
analyses
Wood meals collected from the wood surfaces were dried at
60°C for 12h over P205 in a vacuum oven. Infrared (IR)
spectra were obtained on an FTIR-7000 spectrophotometer
(JASCO Japan, Tokyo, Japan) using the KBr tablet
technique.
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Electron spin resonance (ESR) spectrometry was conducted using an X-band ESR spectrometer (JES-TE 300,
100kHz modulation; JEOL, Tokyo, Japan). To avoid the
distortion of spectra due to power saturation, measurements were carried out at a microwave power of 0.2mW.
All spectra were recorded under an ambient atmosphere at
77 K using liquid nitrogen.

Results and discussion
Changes in chemical composition
According to the histological observations of Yata and
Tamura, 7 the photodegraded zone with grayish color
reached 0.2 m m depth from the surface after weathering for
half a year, and a brown zone 0.5mm thick was found
underneath the gray zone. As these two zones were considered to have been directly or indirectly modified by
weathering, the samples collected for chemical analysis
(within 0.5 mm of the surface of testing specimens) in this
study were assumed to be included in the eroded zone of the
wood surfaces by weathering.
The results of chemical analysis showed the differences
in lignin content between albizzia and sugi wood for the
various exposure conditions (Table 1). The lignin content in
the albizzia wood surface decreased significantly after exposure to various weathering conditions, especially in the
presence of water irrespective of natural or artificial conditions. Xylose, which was a main component of hardwood
hemicellulose xylan, showed the same reduction tendency
after weathering. It has been reported that the major effect
of weathering on wood surfaces was delignification, 2 and
lignin and hemicelluloses were easily decomposed by UV
irradiation. 8 Cellulose was assumed to be protected from
photodegradation because coexisting lignin preferentially
absorbed UV light and prevented cellulose from being activated by UV. 9 However, the chemical composition of wood
after natural weathering without rainfall demonstrated that
the action of water was not negligible, as seen by the de-

creased lignin and hemicellulose contents. It was assumed
that UV irradiation of wood surfaces decomposed lignin
and formed low-molecular-weight lignin fragments, which
would be water-soluble, as reported by Hon and Chang. 1°
Water flashing would leach away the lignin fragments together with hemicelluloses as water-soluble lignocellulosic
materials. Therefore, as reported by Feist et al., 8 the wood
surfaces became rich in cellulose, which was confirmed by
the increased relative content of glucose after natural and
artificial weathering (Table 1).
On the other hand, the lignin content of sugi wood
did not decrease as markedly as was observed in albizzia
wood. Lignin and mannose contents were significantly
changed by weathering conditions. The decreased mannose
content revealed a reduction of hemicellulose content in
the exposed wood because glucomannan is a major component of hemicellulose in softwood. The relatively increased
glucose content suggested that cellulose was kept on the
wood surfaces even after being exposed to weathering, as in
albizzia wood.
The chemical analysis for both wood species showed an
acceleration effect by water flashing on the reduction of
lignin and hemicellulose contents. It was noteworthy that
there was a marked difference in the resistance against
water during weathering between albizzia and sugi; sugi
wood was more resistant to lignin and hemicellulose reductions. Aromatic units of lignin in softwoods and hardwoods
are composed of guaiacyl and guaiacyl-syringyl, respectively. The susceptibility to weathering deterioration might
be different for the two lignin types, with sugi lignin not
easily removed during weathering because of side reactions
such as condensation.
The changes in hemicellulose contents suggested that
hemicelluloses would be removed along with lignin. Lignin
and hemicellulose are present in wood cell walls as a ligninhemicellulose matrix, 1I so lignin decomposition would accelerate the loss of hemicelluloses in the matrix during
exposure to water.

Alkaline nitrobenzene oxidation

The yields of oxidative products (vanillin, vanillic acid,
syringaldehyde, and syringic acid) are shown in Table 2.
Total yields of these products did not change as much in the
Condition
Lignin Glucose Xylose Mannose hardwood albizzia as in sugi wood. However, the yield of
(%)
(%)
(%)
(%)
acidic products increased, as did the syringaldehyde/vanillin
(S/V) ratio. In sugi wood the total yield decreased after
Albizzia
exposure
to weathering, and the acidic product vanillic acid
Unexposed
26.5
56.8
14.0
1.4
increased. The yields of these nitrobenzene oxidation prodNatural
15.1
74.3
8.6
1.6
Natural without rainfall 22.4
61.9
12.3
2.7
ucts suggested a structural change in the residual lignin
Artificial
8.7
83.0
6.8
1.3
polymer, such as an increment of condensed structures or the
aromatic ring opening. Considered along with the results of
Sugi
Unexposed
29.1
51.5
1.8
11.2
sugi woods, the guaiacyl structure was assumed to be easily
Natural
20.5
64.6
0.7
8.1
modified during weathering, which can be supported by the
Natural without rainfall 22.2
60.6
2.0
8.7
change in the S/V ratio in albizzia woods. In both wood
Artificial
21.5
63.1
1.2
8.1
species, yields of acidic products increased probably because
"Natural," "natural without rainfall," and "artificial" indicate natural
weathering with rainfall, natural weathering without rainfall, and arti- of oxidative cleavage between Ca and Cfl of the lignin side
chain during exposure to all conditions of weathering.
ficial weathering, respectively

Table 1. Chemical composition of surface fraction of weathered
wood

351
Table 2. Yields of nitrobenzene oxidation products of the surface fraction of weathered wood
Condition S

Vanillin
(%)

Albizzia
Unexposed
Natural
Natural without
rainfall
Artificial
Sugi
Unexposed
Natural
Natural without
rainfall
Artificial

Vanillic
acid

(%)

Syringaldehyde
(%)

Syringic
acid

(%)

Total
(%)

S/V
ratio

6.7
3.9
4.3

0.7
1.5
1.5

17.1
16.0
18.6

1.2
3.4
3.5

25.7
24.8
27.9

2.49
3.80
3.77

5.3

1.7

13.9

5.4

26.3

2.78

20.8
13.6
17.3

1.5
4.1
2.3

22.3
17.7
19.6

-

16.4

3.5

19.9

-

Values were calculated as percent per lignin
aSee footnote to Table 1
S/V, syringaldehyde/vanillin

Fig. 1. Infrared spectra of albizzia (left) and sugi (right) woods
before and after weathering. The
peaks of 1160cm 1 are indicated
by arrowheads, a, unexposed; b,
natural weathering with rainfall;
c, natural weathering without
rainfall; d, artificial weathering
t, m
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Spectroscopic analysis

decreased during each weathering process for both wood
species, indicating decomposition or removal of lignin as
The infrared spectra of wood surface samples before and shown by chemical analysis. The intensity of the peak at
after weathering are shown in Fig. 1. The relative intensities 1600cm 1, which was also due to C = C aromatic ring vibraof major bands with respect to a peak at 1160cm -1 due to a tion, did not decrease as markedly as that of 1510cm 1. As
glucopyranose ring vibration are shown in Table 3 for this peak intensity was affected by conjugated carbonyl
semiquantitative evaluation of absorption changes, accord- structures, 15 carbonyl generation was assumed to occur.
ing to Hon and Feist. 12
However, the peak at 1650cm -1 due to carbonyl stretching
The intensity of the peak at around 1510cm 1, which in lignin did not become as large after weathering (Fig. 1,
originated from the aromatic ring structure of lignin, 13 16 Table 3). To examine the carbonyl generation in lignin, the
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Table 3. Relative peak intensities of in~ared absorbances of surface ~action of weathered
wood
Conditiona

Albizzia
Unexposed

A/All60cm 1
1739

1650

1600

1510

1240

830

1.81

1.15
(1.18)
0.95
(2.72)
1.06
(1.33)
0.91
(4.39)

1.33
(1.37)
0.77
(2.22)
1.13
(1.42)
0.75
(3.60)

0.97

0.82

0.17

0.35

0.40

0.05

0.80

0.72

0.11

0.21

0.33

0.03

1.03

0.53

0.32b

0.96

0.47

0.15 b

1.03

0.56

0.20b

0.78

0.39

0.i6 b

Natural

1.20

Natural without rainfall

1.59

Artificial

0.84

Sugi
Unexposed

1.26

Natural

1.18

Natural without rainfall

1.53

Artificial

0.76

1.16

1.12

(1.12)

(1.08)

1.11
(1.15)
1.32
(1.28)
0.91

1.05
(1.09)
1.26
(1.22)
0.89

(1.17)

(1.14)

Values in parentheses were obtained from A/A1510cm -~
"See footnote of Table 1
bAt 810, not 830

relative intensities of these peaks with respect to that of
1510cm -1 are shown in parentheses in Table 3. These
results show that p e a k intensities increased obviously in
albizzia under all conditions and in sugi after natural weathering without rainfall. Especially in albizzia woods exposed
to water, there was a considerable increase of carbonyl
structures, indicating that residual lignin was drastically oxidized. O t h e r peaks related to lignin (1240 and 830cm 1 in
albizzia, C - - O stretching and C - - H out-of-plane deformation in the syringyl unit, respectively; 1270 and 810cm -s in
sugi, C - - O stretching and C - - H out-of-plane d e f o r m a t i o n
in the guaiacyl unit, respectively) also indicated the structural change of lignin.
The p e a k at a r o u n d 1739 cm -~ was assigned to the carbonyl stretching vibration of carboxyl and ester groups, especially acetyl group binding to hemicellulose, such as xylan
in h a r d w o o d and glucomannan in softwood. TM This p e a k
r e m a i n e d after weathering, but its intensity decreased with
the presence of water (Table 3); the w a v e - n u m b e r of this
p e a k shifted to 2-3 cm -~, p r e s u m a b l y because of the reduction of acetyl group contents.
The relative intensities of the E S R signal are summarized in Table 4. A significant difference was observed between the two species based on the lignin results. In albizzia
wood, the intensities based on lignin increased after all
exposure conditions. A s the E S R signal of lignin was considered to be enhanced by the introduction of conjugated
structures such as ct-carbonyl group and quinoid, 17 the form a t i o n of conjugated structures of lignin was believed to
occur drastically in these samples, as observed by the I R
analysis described above.
In sugi wood, however, the E S R intensity of the sample
exposed to natural weathering without rainfall was considerably higher than in the samples exposed to natural weath-

Table 4. Relative intensities of ESR absorbances of surface fraction of
weathered wood
Condition~

Relative intensity

Relative intensity
per lignin

Albizzia
Unexposed
Natural
Natural without rainfall
Artificial

100.0
70.9
164.9
59.0

100.0
124.7
195.4
179.3

Sugi
Unexposed
Natural
Natural without rainfall
Artificial

100.0
37.1
112.0
42.4

100.0
47.9
132.0
51.0

~See footnote of Table 1

ering with rainfall and artificial weathering, irrespective of
a similar degree of lignin content and carbonyl generation.
This result d e m o n s t r a t e s that the structural change in the
lignin p o l y m e r was different d e p e n d i n g on the conditions
(the presence or absence of water). Modification and b r e a k down of the lignin m a c r o m o l e c u l a r network, such as sidechain cleavage, the aromatic ring opening, or both, would
p r o c e e d in the presence of water; and as a result the reduction of radical stabilization occurred. A l t h o u g h a small
a m o u n t of water was r e p o r t e d to enhance the formation of
free radicals in wood, 18 in our results for softwood sugi the
oxidative change was observed only in the sample exposed
to natural conditions without rainfall, and a m a r k e d change
could be introduced by the presence of excess water. A s
water could not always be flashed at the same time as U V
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irradiation during exposure, hydrolysis of susceptive bonding in lignin might occur by flashing water after lignin was
activated by UV under the air-dried condition. Based on the
results of this study, decomposition of lignin in sugi is accelerated by water itself, resulting in the fragmentation of
lignin macromolecules.
Generally, deterioration of wood exposed to weathering
has been believed to be mainly due to the decomposition
of lignin in cell walls. Water such as rainfall was thought to
play an important role, causing the formation of checks,
cracks, and new surfaces, which are then exposed to UV
irradiation during shrinking and swelling. Consequently,
the decomposed lignin components would be easily leached
out from the cell walls accompanied by erosion and discoloration. On the basis of our results, however, water flashing
was proposed to accelerate the modification and decomposition of lignin polymer with UV irradiation, resulting in
destruction of the lignin-hemicellulose matrix in cell walls.
To improve the weathering properties of wood, protection
against water and a shield against UV irradiation are
needed.
Acknowledgments We thank Mr. R. Niki and Mr. M. Sumitomo of
Tokushima Forest Research Institute, and Mr. T. Sano of Tokushima
Technology Research Center, for helping us in the use the weather
meter.

References
1. Hon DNS (1991) Photochemistry of wood. In: Hon DN-S, Shiraishi
N (eds) Wood and cellulosic chemistry. Marcel Decker, New York,
pp 525 555
2. Evans PD, Michell A J, Schmalzl KJ (1992) Studies of the degradation and protection of wood surface. Wood Sci Techno126:151-163

3. Hon DNS, Minemura N (1991) Color and discoloration. In: Hon
DNS, Shiraishi N (ed) Wood and cellulosic chemistry. Marcel
Decker, New York, pp 525-555
4. Iiyama K, Wallis AFA (1988) An improved acetyl bromide procedure for determinating lignin in woods and wood pulps. Wood Sci
Technol. 22:271-280
5. Saeman JF, Moore WE, Mitchell RL, Millett MA (1954) Techniques for the determination of pulp constituents by quantitative
paper chromatography. Tappi 37:336-343
6. Borchardt LG, Piper CV (1970) A gas chromatographic method
for carbohydrates as alditol-acetates. Tappi 53:257-260
7. Yata S, Tamura T (1995) Histological changes of softwood
surfaces during outdoor weathering. Mokuzai Gakkaishi 41:10351042
8. Feist WC, Rowell RM, Ellis WD (1991) Moisture sorption and
accelerated weathering of acetylated methacrylated aspen. Wood
Fiber. Sci 23:128-136
9. Hon DNS (1975) Formation of free radicals in photoirradiated
cellulose. VI. Effect of lignin. J Polym Sci Poly Chem Educ
13:2641-2652
10. Hon DNS, Chang ST (1984) Surface degradation of wood by
ultraviolet light. J Polym. Sci Polym Chem Educ. 22:22272241
11. Kerr AJ, Goring DAI (1975) The ultrastructural arrangement of
the wood cell wall. Cellulose Chem Technol 9:563-573
12. Hon DNS, Feist WC (1986) Weathering characteristics of hard
wood surfaces. Wood Sci Technol 20:169-183
13. Pearl IA (1958) Studies on lignin and related products. XIV. Spectral and chromatographic data on lignin model compounds in the
phenylpropane series. J Org Chem. 24:736-740
14. Harrington KJ, Higgins HG, Michell AJ (1964) Infrared spectra
of Eucalyptus regnans F. Muell and Pinus radiata D. Don.
Holzforschung 18:108-113
15. Sarkanen K, Chang HM, Ericsson B (1967) Species variation in
lignins. I. Infrared spectra of guaiacyl and syringyl models. Tappi
50:572-575
16. Faix O (1992) Fourier transform infrared spectroscopy. In: Lin SY,
Dence CW (eds) Methods in lignin chemistry. Springer-Verlag,
Berlin Heidelberg, pp 83-109
17. Steelink C, Reid, T, Tollin G (1963) On the nature of the freeradical moiety in lignin. J Am Chem Soc 85:4048-4049
18. Hon DNS, Feist WC (1981) Free radical formation in wood: the
role of water. Wood Sci 14:41-48

