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Abstract Aging is the irreversible change of mechani-
cal, physical, and chemical properties of materials; the
main objective of this work was to study the photochemical
degradation and structural changes of three major Algerian
wood species. For this, we evaluated the photodegrada-
tion mechanism for Maritime Pine (Pinus pinaster), zeen
oak (Quercus canariensis), and afares oak (Quercus afares)
by accelerated aging in a Xenon test chamber. Degradation
of the samples was established by an initial color change
(after 30 h exposure), followed by roughening and cracking
(120 h exposure) as translated by scanning electron micros-
copy and Fourier transform infrared spectroscopy. The dis-
coloration of irradiated wood samples was primarily related
to the decomposition of lignin which is the key structure
in wood photodegradation. As expected, a decrease in
mechanical properties was observed; for all samples, the
modulus of elasticity decreased after aging, indicating that
the wood specimens loss some of their stiffness.
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Introduction

In Algeria, productive forests cover only a third of the
national forest patrimony representing 4.1 million hectares
with an afforestation rate of 16.4% in the north and only
1.7% if the arid Saharan regions are also considered. These
afforestation rates are obviously insufficient to ensure the
physical balance and biological balance. The predominant
species are Aleppo pine (Pinus halepensis) located mainly
in semi-arid areas, and the zeen oak (Quercus canariensis)
and afares oak (Quercus afares) occupy the freshest areas
in the cork oak forest. The maritime pine (Pinus pinaster)
is present naturally in the northeast of the country. These
wood species are the first group of so-called economic
forests; they represent an annual opportunity of about
460,000 m> for timber industry. Nowadays, the local tim-
ber production has increased continuously from 1993 to
240,000 m>. Industrial round wood requirements which
are currently 1.3 million m? are supported only up to about
18% by this local production; the rest is covered by imports
[1, 2]. The characterization and preservation of the local
wood are important not only for its suitable utilization but
also for the Algerian market promotion that is necessary for
wood derived from native plantations.

Wood is a natural polymer composite and an excellent
building material with a high strength/density ratio. The
specific formations of the wooden tissues imply significant
mechanical and physical properties. Their low density is
accompanied by desirable mechanical strength. With these
advantages, wood is easy to process and widely used as
structural engineering material. The combination of cel-
lulose, hemicelluloses, and lignin naturally arranged into
tubular structures forms a cylindrically layered composite.
Besides these three main components, the extractives play
important role in colouring the timber [3].
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Because of its organic nature, wood undergoes abiotic
and biotic degradations that cause the gradual structure
decay. The biotic degradation consists of microorganisms
attacks. The abiotic degradations are usually surface phe-
nomena and are influenced by the solar radiation, rainfall,
heat, humidity content of the surrounding air, presence of
oxygen, and air pollutants. These last degradations pro-
cesses depend closely on the conditions where wood is used
and stored. Aging of wood in natural conditions occurs in
consequence of various external factors in the presence of
air oxygen. These environmental factors such as solar irra-
diation, moisture, and temperature initiate weathering or
oxidative degradation of wood products and the weathering
behavior was affected by the wood species [4].

The ultraviolet light (UV light) effect of solar radiation
is one of the most effective parameters amongst all environ-
mental factors that contribute to the weathering process of
wood [5]. These combined effects lead to decomposition of
the surface layers, to color changes, aesthetical value, and
at long term resulted in a checkered gray surface [6].

The most sensitive molecule is the lignin macromole-
cule, because it is good absorber of ultraviolet light. Chemi-
cal analyses showed that the deterioration of light irradiated
wood is primarily related to the decomposition of lignin
[7-9]. When stored outdoor and exposed to direct sunlight,
wood material undergoes chemical degradation caused by
UV radiation due to its lignin content. The direct investi-
gation of photodegradation caused by sunlight is difficult.
Exposure to direct sunlight is not repeatable under the same
conditions. Rainfall, air humidity, and temperature changes
are uncontrollable parameters. It means that the irradiation
time and intensity (the most important parameters) are not
exactly known during outdoor solar radiation. Therefore,
the effect of light irradiation is mostly investigated using
artificial light sources. Wood exposed to solar radiation is
subjected to surface degradation by the initial color changes
and then mechanical breakdown occurs [10].

Photodegradation as well as oxidation processes can be
simulated with artificial aging methods like the lightfast-
ness (xenotest), UV irradiation, in a Q-panel laboratory
Ultraviolet testing (QUV), accelerated weathering tester,
and thermal treatment, respectively [11-14].

The main objective of our work was to study the effects
of wood aging by UV radiation for three species (maritime
pine, zeen oak, and afares oak) in terms of photodegrada-
tion mechanism. For this purpose, the aging mechanism of
wood has been discussed after artificial aging in a Xenon
arc chamber, which is a kind of simulated aging. These
tests allowed us to study the mechanical behavior and struc-
tural changes of the wood surface samples before and after
aging. Fourier transform infrared (FTIR) spectroscopy and
scanning electron microscopy (SEM) were used to display
changes between aged and non-aged wood. Mechanical

tests (tensile strength, strain, and modulus of elasticity)
were also carried out to assess the mechanical behavior of
the aged samples.

Materials and methods
Materials

The materials studied were randomly collected from three
species of wood from the north-east Algeria. The cut was
made on trees of 40-50 cm in diameter; samples were deb-
ited as trunks of 150 cm height, and then cut into slices of
50 cm thick. The wood species tested were as follows:

Zeen oak (Q. canariensis), age ~90 years.
Afares oak (Q. afares), age ~130 years.
Maritime pine (P. pinaster), age ~80 years.

For each wood species, a batch of washers is unrolled in
sheets and sapwood specimens of (0.15x4x 14 cm?, T, R,
and L) are cut out for the accelerated UV aging tests.

Accelerated aging tests

The accelerated aging of the wood samples was studied on
a Xenotest apparatus Heraeus Atlas 150 S equipped with
a 1500 W xenon arc lamp. Seven infrared (IR) and ultra-
violet (UV) filters are used to simulate the total sunlight
spectrum through a prism (380<1<750 nm); the radia-
tion energy generated is about 1030 W/m?. The samples
(0.15%x4 % 14 cm®) were stabilized until constant mass in a
conditioned room [20°C and 65% relative humidity (RH)],
positioned in rotating frames of the xenon lamp, and then
irradiated in air. The wood specimens were exposed at a
distance of 10 cm from the light source. The temperature
and humidity were controlled at 22-24°C and 54-65%
relative humidity during irradiation. Samples were exposed
during various periods of time, ranging from O to 120 h.
For all procedures, the tests are carried out in triplicate.

Characterization methods

e Chemical composition: before characterization, the
chemical composition of each wood species has been
assessed; for this, sawdust was used. The dry mass
consists mainly of three polymers which are: cellulose,
lignin, and hemicelluloses. The ash (mineral residues)
and extractives such as terpenes, tannins, and oils repre-
sent only a small fraction of the chemical composition.
Sawdust raw materials were characterized according
to the following standard methods: ash (TAPPI T211
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om-93) [15], lignin (ASTM D1106-96 2007) [16], holo-
cellulose, and a-cellulose [17].

e The photochemical degradation of the specimens was
followed first by visual aspect (discoloration). The
structural changes were then studied by FTIR analy-
sis and SEM, and mass loss and mechanical properties
were also determined before and after aging.

o Infrared spectra were recorded using a Bruker Alpha
FTIR spectrometer, with 40 scans in the analytical
region of 4000400 cm™', with a 2 cm™' resolution.
Powdered sawdust of untreated and irradiated samples
was prepared in a KBr phase.

¢ In microscopic analysis, the samples microstructure was
studied using Scanning Electron Microscope Stereoscan
Leica 440 (acceleration voltage 300 V=30 kV). Before
examination, the powder samples were coated with gold
to make them conductive.

e The mass loss of the samples after irradiation was cal-
culated from the following equation:

my —m
ML = =2 x 100%, 1)
ny,
where ML is the percent mass loss, m, (g) the sample
mass after irradiation, and m,, (g) the mass before irradia-
tion. ML represents average of ten assessments.

e Mechanical characteristics were measured on Zwick
Roell ProLine Testing Machine 10 kN, equipped with
testXpert applications software.

Mechanical tests were carried out on sheets
(0.15x4x14 cm®) of samples before and after 120 h
exposure period. The ultimate tensile stress of wood was

Fig. 1 Discoloration of the
inner part of wood specimens

after 120 h UV aging: a zeen Exposed part
oak; b afares oak; ¢ maritime
pine
Unexposed
part T
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Table 1 Chemical composition (% dry matter) of wood materials

Sample Zeen oak Afares oak Maritime pine
Cellulose 50.5+0.08 54.2+0.07 50.6+0.05
Hemicelluloses 24.5+0.03 23.4+0.05 19.1+0.01
Lignin 22.6+0.02 19.6+0.3 27.1+0.03
Extractives 12+0.4 1.7+0.02 2.8+04
Ash 0.6+0.1 0.9+0.01 0.3+0.03

specified by measuring the breaking load applied statically
along the longitudinal axis of the test piece. The maximum
stress applied was 80 MPa. Ten tests were averaged for
each wood species.

Results and discussion

The results of the lignocellulosic compositions are shown
in Table 1. Results are calculated as % w/w with respect
to oven dried raw material. It seems that the wood chips of
Afares oak contain more cellulose and less lignin than Zeen
oak, while the Maritime pine present the highest lignin
content and the lower ratio of hemicellulose. Amongst all
constituents of wood samples, cellulose, hemicelluloses,
and lignin, only lignin absorbs relatively strongly in the
UV/visible region. Therefore, the light induced degrada-
tion of wood is mainly caused by photochemical reactions
occurring in lignin. Wood discoloration has been associ-
ated with the formation of carbonyl groups and degradation
of lignin [18]; this latter contains especially guaiacoxyl: the
guaiacoxyl radical is formed by degradation of the guaiacyl
chromophore group [10].
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Fig. 2 Microstructure of wood specimens before (left) and after (right) 120 h UV aging: a zeen oak; b afares oak; ¢ maritime pine. Arrows show
the micro-cracks in the wood structure
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In this work, artificial accelerated aging was adopted to
test surface light resistance of our wood species. Several
methods and devices for artificial weathering have been
developed to accelerate the testing of wood with the aim of
increasing reproducibility. Xenon arc chamber match better
to the solar spectrum than other devices with UV fluores-
cent lamps [19].

Figure 1 shows the discoloration effect of UV aging
on wood samples. Photodegradation of the samples is
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Fig. 3 FTIR spectra of wood specimens before and after 120 h UV
exposure: a zeen oak; b afares oak; ¢ maritime pine
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manifested by an initial color change, followed by roughen-
ing and cracking as shown by SEM microscopy. However,
the processes of decomposition and crosslinking in wood
include a wide variety of interrelated ionic, radical-chain,
and molecular reactions. Scission of chemical bonds can
take place leading to a production of radicals; this process
is claimed to be responsible for yellowing of wood [20,
21]. The color change due to photodegradation is linearly
dependent on the appearance of the carbonyl groups on
the surface of the material but not the disappearance of the
benzene ring of the lignin [22]. The decisive role in wood
aging is performed by competitive chemical processes of
decomposition and crosslinking of macromolecules in this
natural polymer composite.

Figure 2 shows the SEM images of the samples struc-
ture before (pictures in left) and after (right pictures) UV
irradiation. The action of light leads to formation of micro-
scopic cracks or checks. Cells lose bond strength with adja-
cent cells near the wood surface because of the degradation
of lignin. The observed changes can be then summarized
as formation of micro-cracks and destruction of the vari-
ous layers of the cell wall. Microscopic changes accompany
the color changes and chemical changes of wood during
degradation.

Spectroscopy was used for studying the chemical
changes in wood caused by light irradiation. FTIR spec-
troscopy is used as a powerful technique nowadays. In case
of wood, the fingerprint region is located between 800 and
1800 cm™!. Figure 3 shows the FTIR spectra of the wood
samples before and after aging. The overall FTIR spectrum
of both aged and crude wood polymers indicates that a
number of spectral features appear to be sensitive to irra-
diation. All bands assigned only to lignin component, such
as 1590, 1505, and 1465 cm™! for the afares and zeen oak
woods in Fig. 3a and b, and 1505, 1630, and 1450 cm™!
for maritime pine in Fig. 3c, decrease significantly as a

Zeen oak
Afares oak
Maritime pine

|

A\ A
~_
/o

Mass Loss (%)

0 30 60 90 120
Exposure Time (h)

Fig. 4 Variation of wood percent mass loss vs. UV time exposure
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Table 2 Meghanical parameters Wood species UV?*aging  Strength Strain break 6 (%)  MOE" (MPa) Density (g/cm?®)
of wood species before and after break F
accelerated UV aging (MPa)
Zeen oak Before 432+143 1.8+09 3964.2+407.2  0.894 (0.075)
After 42.0+16.5 32+1.1 3233.2+£369.2
Afares oak Before 643+£11.6 29405 4155.0+319.3  0.825(0.059)
After 58.6+13.5 4.1+0.7 3036.8 £439.7
Maritime pine ~ Before 77.1+£22.7 2.8+£0.7 4948.1+366.8  0.638 (0.026)
After 66.8 +£20.1 394038 3713.6+389.3

#Ultraviolet light
"Module of elasticity

result of the irradiation process. This result indicates that
the structure of the lignin of the three wood samples was
degraded to a significant extent.

The evolution of the lignin loss is best followed by the
band at 1505 cm™! of the three woods, assigned to the par-
tial decomposition of lignin, the decrease in the intensity
of this peak indicated degradation of lignin during the irra-
diation process. Other authors have investigated the differ-
ence FTIR spectra recorded for lignin from irradiated and
non-irradiated wood [23, 24]. The decrease observed for
this band is significantly larger in the case of maritime pine
than in the case of oaks, after 120 h of treatment.

For the softwood, the decrease of the absorbance at
1740 cm™" assigned to C=0 stretching vibration of acetyl
or carboxylic acid groups was compensated by an increase
in the same groups derived mainly from lignin. The behav-
ior of the band at 1430 cm™!, which is characteristic of
crystallized cellulose I, indicates that the amorphous area
of the cellulosic component of both woods is more affected
by the degradation process. Two great absorption decreases
are apparent at 1236 and 1154 cm™'. The first decrease
belongs to the asymmetric stretching of ether bond, while
the second belongs to the symmetric stretching of ether
bond, the aromatic C—H deformation, and to the glucose
ring vibration. These absorption decreases indicate the
ether splitting and the degradation of cellulose [25]. The
observed changes can be then summarized as formation of
micro-cracks and destruction of the various layers of the
cell wall. The samples were withdrawn from the device
after different irradiation times ranging from 30 to 120 h. A
material lack is also observed; Fig. 4 shows the wood mass
loss, expressed as a percentage loss, against UV time expo-
sure. After the first 30 h of light irradiation by xenon lamp,
the mass loss increases sharply, and then the rises stabilize
gradually for Maritime pine and zeen oak. On the other
hand, the afares oak mass loss seems to increase steadily
throughout the entire exposure time.

The mechanical strength was used also as measure of
the level of degradation in the wood specimens. We have

measured the tensile strength of the wood specimens
before and after UV exposure of 120 h. Table 2 shows the
mechanical characteristics of the wood samples. Based
on the mechanical test results and although the ultimate
strengths of the unexposed woods were higher than their
aged wood counterparts, their Modulus of elasticity
MOE was clearly higher. This behavior can be explained
probably by micro-cracks in the irradiated wood sam-
ples, which have a much greater influence on the tensile
strength than on the modulus [26, 27]. On the other hand,
the decrease of MOE after aging indicates that the wood
samples loss some of stiffness due to the lowered mois-
ture content of samples involved by the degradation of
hemicelluloses and lignin.

Conclusion

The observed behavior for the three samples through deg-
radation process in a Xenon test chamber shows signifi-
cant differences after 120 h. Discoloration occurs for all
samples due to photodegradation of lignin and extractives
on wood surface during irradiation. The microstructure
weakens mostly in areas with high hemicellulose and
lignin content. From the measured mechanical properties,
it appears that after irradiation the samples of the three
species have dropped some stiffness because of the mac-
romolecular chain breaking. However, it seems necessary
to study the aging of wood at longer time intervals to be
fixed on the mechanisms of degradation. Future activity
is expected to concentrate on improving the protection
strategy for the wood coating system.
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