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Abstract

Heat-treated wood, a relatively new product treated at high temperatures of 180 to 260°C, possesses new versatile
and attractive properties, which make it popular for outdoor applications. It is of considerable importance to
investigate the influence of sunlight on the weathering degradation processes. In order to understand the degradation
processes, kiln-dried (untreated) and heat-treated (210°C) jack pine woods (Pinus banksiana) were exposed to
artificial sunlight irradiation for different periods. Before and after exposure, their color and wettability by water
were determined. Structural changes and chemical modifications at exposed surfaces were also investigated using
SEM, FTIR spectroscopy, and XPS. SEM studies show that degradation of middle lamellar, checking of cell wall
and destruction of bordered pits were observed on heat-treated wood surface due to sunlight irradiation. FTIR
spectroscopy and XPS studies on the behavior of function groups of lignin and the oxygen to carbon ratios have
revealed that the photo-degradation of lignin and presence of extractives play important roles in discoloration and
wetting behavior of heat-treated wood surfaces during irradiation. The structural changes also influence the

wettabilty of samples.
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1. Introduction

Wood is commonly used as engineering and structural material because of its versatile and attractive properties such
as mechanical strength, low density, low thermal expansion, and aesthetic appeal [1]. Growth of the wood products
industry has been accompanied by a significant expansion in the use of wood in outdoor applications. However,
wood, similar to other biological materials, is susceptible to environmental degradation. Wood undergoes
degradation induced by weathering factors such as solar radiation (ultraviolet (UV), visible, and infrared light),
moisture (dew, rain, snow, and humidity), temperature, and oxygen [2]. Among these factors, UV radiation which is
a part of solar radiation is known to be mainly responsible for initiating variety of chemical changes and
discoloration of wood surfaces [1, 2]. Wood, a composite of cellulose, hemicelluloses, lignin, and extractives, is
capable of absorbing all wavelengths of electromagnetic radiation which initiates photodegradation [3]. The
degradation of wood due to weathering has been the subject of many research papers, review articles and books in
connection with chemical changes, physical changes and structural changes. Several investigations on the color
changes of commercial woods during weathering have been carried out [4-6] and they indicate that the chemical
changes take place in wood during weathering. It is well accepted that the untreated wood changes color because of
the photo-degradation of lignin and extractives [2]. Lin and Kringstad [7] reported that a-carbonyl, biphenyl and
ring-conjugated double bond structures in lignin can absorb UV-light and react with oxygen to form chromophoric
groups as carbonyl and carboxyl groups [3]. This photochemical reactions occurring in lignin are responsible for the
wood color changes. Microscopic changes accompany the color changes and chemical changes of wood during
weathering. A series of papers reveal the breakdown of wood structure caused by weathering [8-16]. The observed
changes can be summarized as the enlargement of apertures of bordered pits, consequently, formation of
microchecks, destruction of the middle lamella together with the various layers of the cell wall, and the presentation

of longitudinal checks on cell walls.

Heat-treated wood is a relatively new product treated at high temperatures in the range of 180 and 260°C. Heat
treatment modifies wood both chemically and physically. Chemical changes occurring due to heat treatment at high
temperatures are decrease of amorphous polysaccharide content (hemicelluloses), condensation and

demethoxylation of lignin, and removal of certain extractives [1, 17, 18]. Consequently, heat-treated wood possesses



new physical properties such as reduced hygroscopy, improved dimensional stability, better resistance to
degradation by insects and micro-organisms, and most importantly, attractive darker color. These new versatile and

attractive properties make heat-treated wood become popular for outdoor applications.

However, studies have also shown that weathering results in poor aesthetics for heat-treated wood because of the
discoloration and surface checking when exposed to UV radiation [17, 19-22]. Several reports are available on the
study of color and dimensional stability after natural and accelerated weathering of heat-treated wood [1, 21, 23-30].
Most of the previous studies on weathering of heat-treated wood were limited to discoloration. A complete
understanding of the mechanisms involved in weathering process would allow the development of new treatments
and finishes that would greatly enhance durability of heat-treated wood and provide greater protection against
degradation due to weathering. However, many aspects of weathering of heat-treated wood are not completely
understood. Investigations on the wettability changes, chemical changes and microscopic changes of heat-treated
wood after exposure to artificial sunlight irradiation are very limited and there is not any publication available in the

literature on degradation taking place due to the sunlight irradiation of jack pine wood samples used in this study.

The objectives of this study are to investigate the mechanisms of degradation of heat-treated regional jack pine, to
understand chemical and physical changes taking place, and to identify stages of these changes when the heat-
treated wood is exposed to artificial sunlight irradiation for various periods. In order to attain this research goal,
several techniques and tools for the study of heat-treated wood surfaces were used such as datacolor meter for color
measurement, contact angle measurement for wettability analysis, Fourier transforms infrared spectroscopy (FTIR)
and X-ray photoelectron spectroscopy (XPS) for chemical analysis, and scanning electron spectroscopy (SEM) for
microscopic structural analysis. These provide a great deal of insight into the degradation process for both heat-
treated and untreated jack pine exposed to artificial sunlight irradiation. These techniques allow in-depth study of

heat treatment and modification of wood surface by solar radiation.

2. Materials and methods

2.1 Testing materials

Jack pine (Pinus banksiana), commonly used for outdoor applications in North America, was studied. The wood

samples were obtained from ISA Industries, Normandin, Quebec. The heat-treatment was carried out using Finish
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ThermoWood technology at the maximum temperature of 210°C. Specimens for experimental study were arbitrarily
selected for a complete statistical randomization. The untreated wood boards were kiln dried with the final moisture
content of about 12%. Both heat-treated and untreated wood samples were exposed to artificial sunlight irradiation
for comparison purposes. They were stored in a room at 20°C and 40% relative humidity until they were exposed to

the artificial sunlight irradiation and the characterization tests described below.

Two series of specimens of 200 x 70 mm cross-section and 20 mm width were cut from sapwood of heat-treated
wood boards. The cross-section of one series was on longitudinal tangential surface (LT) and the other one was on
longitudinal radial surface (LR). The study of untreated reference wood was carried on longitudinal tangential

surface (LT). Both heat-treated and untreated specimens were then planed in order to smooth the surfaces.

The above specimens were exposed to artificial sunlight irradiation during artificial weathering tests. The analysis of
the samples (color measurement, contact angle test, FTIR analysis, XPS analysis and SEM evaluation) were carried
out on both longitudinal tangential (LT) surface [31] and longitudinal radial (LR) surface for heat-treated wood and
on LT surface for untreated wood. The color measurements were carried out directly on the specimens’ surfaces. For
other tests, they were further cut to desired dimensions. Samples of 20 x 20 x 70 mm in the radial, tangential, and
longitudinal directions, respectively, were prepared for surface wettability tests (contact angle measurement). For
FTIR analysis and SEM evaluation samples had dimensions of 10x20 x20 mm in the radial, tangential, and
longitudinal directions, respectively, whereas small wood chips (approximately 10x10 on exposed surface and 1mm

width) were cut to be used for XPS analysis.
2.2 Artificial sunlight irradiation(UV-vis irradiation) tests

Artificial sunlight exposure test was conducted at South Florida Test Service, Accelerated Weathering Laboratory,
using an Atlas Ci65/Ci65A Xenon Weather-Ometer. This device used a controlled irradiance water-cooled xenon
arc with a CIRA inner filter and a Soda outer filter as the source of radiation to simulate sunlight. The tests were
performed according to standard of ASTM G 147-02. The program cycle was continuous xenon light without dark
cycle to simulate the natural sunlight radiation and to accelerate the weathering process. There was no water spray
but relative humidity was kept constant at 50+5%. The black panel temperature was 63+3°C and irradiance level
was 0.55W/m? at 340 nm under these conditions. The longitudinal tangential (LT) and longitudinal radial (LR)

surfaces of heat-treated samples and tangential surface (LT) of untreated control samples were exposed to the light



source. The irradiation was interrupted after 72, 168, 336, 672, 1008, and 1500 hours of exposure and samples from
each set of samples (untreated or heat treated under different experimental conditions) were taken out at the end of
each exposure time for evaluation of surface properties. They were stored in the room at 20°C and 40% relative

humidity until they were subjected to the characterization tests described below.
2.3 Color determination

The surface color of specimens exposed to artificial sun light for different periods was measured using colorimeter
(datacolor, CHECK TM) with a measuring head which has diameter of 10 mm. The color system L*a*b* according
to the CIELab (Commission Internationale d'Eclairage) standard [32] was used. The system is characterized by three
parameters, L*, a* and b*. A three-dimensional coordinate is assigned in the CIEL*a*b* color space. The L*
represents the lightness intensity ranging from 0 to 100, where 0 represents black and 100 represents white. The a*
value describes the chromatic coordinates on the green/red axis, ranging from -127 (pure green) to +127 (pure red).
The b* value represents the position on the blue/yellow axis, ranging from -127 (pure blue) to +127 (pure yellow).
The difference in the lightness (AL*), the chromaticity coordinates (Aa* and Ab*) for the specimens before and after
exposure of artificial sunlight irradiation were calculated according to the following equations based on a D65 light

source by simulating the daylight:

AL=L,-L, (1)

Aa=a;—-a, (2

Ab=b; —b; (3

where the subscript “0” represents the values before artificial sunlight irradiation, and “t” denotes those after
exposure of t h.

The total color difference (AE) was calculated as a function of the artificial sunlight exposure time according to the

equation given below.

1
AE =(AL? +a” +b™)2 (4
2.4 Surface wettability tests

Wetting parameters obtained with water were significantly correlated with coating adhesion [33, 34]. Surface

wettability experiments were performed using distilled water. Measurement of contact angle was performed at room


http://www.colorsystem.com/projekte/Grafik/54lab/01lab.htm

condition of 20 °C and 40% RH. The contact angles between water and latewood specimen surfaces were
determined using a sessile-drop system, First Ten Angstroms FTA200, equipped with CCD camera and image
analysis software. The system uses video image processing which makes the faster determination of dynamic
contact angles possible compared to the conventional contact angle goniometry. The initial period after trigger was
0.033s and the post-trigger period multiplier was set up to 1.1. A drop of test liquid with volume of 15ul was dosed
automatically by an auto-syringe and picked up by the specimen (20 x 20 x 70 mm) placed on a movable sample
table. Measurements of contact angle were carried out by sessile drop profile method with a view across to the grain.
The wetting process parallel to the grain was investigated. Six to twelve tests were performed for each set of
experimental conditions. The contact angles between each droplet and specimen surface were measured both on the
left side and the right side of the droplet and the mean contact angles were automatically calculated. Images of the
drop in contact with the substrate were continuously captured at full video speed. The dynamic contact angles data

were used to assess wood surface wettability.
2.5 FTIR spectroscopy analysis

The effect of sunlight irradiation on chemical compositions of both cellulose and lignin, and cellulose crystallinity
on wood surface were studied using Fourier transform infrared spectroscopy. The air-dried specimens (10x20x20
mm) were studied using Jasco FT/IR 4200 equipped with a diamond micro-ATR crystal. IR spectra were recorded in
the wave number range of 550-4000cm'at 4 cm™' resolutions for 20 scans prior to the Fourier transformation. The
UV radiation penetrated only 75um whereas visible light penetrated 200 um of wood surface [35, 36]. The incident
angle of the micro-ATR crystal was 47° corresponding to the sampling depth of infrared radiation of 0.2-5pm,
depending on the wave number. This ensured that the recorded IR spectra of wood surfaces were considered to be
sufficiently surface sensitive. Thus, changes in IR spectral features were solely caused by changes in surface
chemistry and there was no change of underlying bulk chemistry of the wood specimen. The aperture diameter was
7.1mm. All spectra were analyzed using Jasco spectra manager software. The IR spectra for each set experimental
condition were transformed into absorbance spectra. The FTIR spectra were corrected by the FTIR software package
which includes an ATR correction algorithm. All relative intensity ratios were normalized relative to the peak of the

band at 2900 cm* which is C-H stretching in methyl and methylene groups.



2.6 XPS spectroscopy analysis

Small wood chips (approximately 10x10 on exposed surface and 1mm width) were cut with a cutter blade from
heat-treated and untreated jack pine surfaces before and after artificial sunlight radiation of 72h and 1500 h. All
preparations were carried out avoiding all contact with bare hands, and the samples were immediately placed in the
vacuum plastic bags. The XPS measurements were performed on AXIS Ultra XPS spectrometer (Kratos Analytical)
at the Alberta Centre for Surface Engineering and Science (ACSES), University of Alberta. The base pressure in the
analytical chamber was lower than 2 x 10-8 Pa. Monochromated Al Ka (hv = 1486.6 eV) source was used at a
power of 210 W. The resolution function of the instrument for the source in hybrid lens mode was 0.55 eV for Ag
3d and 0.70 eV for Au 4f peaks. The photoelectron exit was along the normal of the sample surface. The analysis
spot was 400x700 um. Charge neutralizer was used to compensate for sample charging during the analysis. The
survey scans spanned from 1100 to 0 eV binding energy, they were collected with analyzer pass energy (PE) of 160
eV and a step of 0.35 eV. For the high-resolution spectra, the pass-energy of 20 eV with a step of 0.1 eV was used.
CASA software was utilized in the data processing. A linear background was subtracted from each peak, than the
peak area was evaluated and scaled to the instrument sensitivity factors. The composition was calculated from the
survey spectra with sum of all peaks after scaling equal to 100 %. The spectra fitting and component analysis were
performed using the high-resolution spectra. The number of components and their binding-energy positions (shown

in Table 1 below) were taken from the paper of Inari et al [37].

2.7 Scanning electron microscopy (SEM) analysis

Scanning electron microscopy (SEM) analysis was used to study the microscopic structural changes in heat-treated
wood occurring during sunlight irradiation. Small wood blocks measuring 20 x20 mm on the weathered tangential
face were cut from heat-treated and untreated boards after artificial sunlight irradiation of different times (0, 336,
672 and 1512 hours). For subsurface cell degradation analysis, same blocks measuring 20 x10 mm on the transverse
face and radial face were used. The specimens were immerged in water for 30 minutes and then cut with a razor
blade mounted onto a microtome by carefully cutting one of the end-grain surfaces and one radial surface. A new
razor blade was used for each final cut. Another method is to split wood samples. However, these surfaces are rough
and they usually do not allow observation of the cell lumen. The specimens were washed in distilled water to

remove the bleaching agent and then air-dried at room temperature more than two nights and desiccated with



phosphorus pentoxide for 10 days. Finally, all blocks were sputter coated with a palladium/gold layer (20 nm) and
then mounted onto standard aluminum stubs using electrically conducting paste. The samples were scanned using a
Jeol scanning electron microscope (JSM 6480LV) with magnification up to 300000x at 10kV of accelerating
voltage. The distance between sample and electron microscope head was 20-25mm with spot size of 35. The
specimen temperature was approximately 20°C and the column vacuum was 6.66*104Pa. Digital images were
transferred to a personal computer and saved as image files. To improve image quality, resolution, contrast and
brightness were corrected digitally on the computer. Electron micrographs were taken for UV irradiated longitudinal
tangential surface for different exposure times. SEM micrographs of longitudinal radial surfaces were also taken to

observe the cell damage from radial direction.

3. Results and discussion

3.1 Visual observation of surface appearance (Macroscopic structural changes )

Figure 1 (a, b, c) depicts the color changes and physical changes on radial and tangential surfaces of heat-treated and
untreated jack pine during artificial sunlight irradiation. It can be observed from these pictures that the color of both
heat-treated and untreated jack pine became lighter and whiter with the increasing exposure time. The final colors of
these specimens obtained under three sets of experimental conditions were similar. The visual inspection showed
that the radial surfaces of heat-treated wood were smooth and remained without cracks even after artificial sunlight
irradiation of 1500 h (Fig. 1 (a)). On the other hand, minor cracks started to appear on the tangential surface of
treated specimens after accelerated sunlight exposure of 672 h (shown with arrows in Fig. 1 (b)). Visible cracks
were clearly observed on the tangential surfaces of the untreated specimens after exposure of 1500 h while there was
no crack appeared on radial part of sample surface at all exposure times. These results indicate that the development
of cracks due to sunlight irradiation degradation was more significant on tangential surfaces than on radial surfaces
for both heat-treated and untreated jack pine. This phenomenon is probably due to the swelling and shrinking
stresses limit produced by the rays on radial surface during artificial sunlight irradiation (I DO NOT
UNDERSTAND THIS SENTENCE) . Compared to untreated specimen, after irradiating for 1500 h (see Fig. 1 (c)),
the heat-treated boards retained their physical aspect better, and it is clear that their surface was smoother and had

fewer cracks as shown in Figure 1 (a, b). This result agrees with the previous study of Manoj and his co-workers



[21]. They reported that no surface checks were observed on the weathered surfaces of oil heat-treated specimens

and the percent swelling after weathering in treated specimens was less than that of untreated wood.

3.2 Microscopic structural changes
Microscopic structural changes accompany other physical changes of wood surface taking place during irradiation.
A series of papers reported changes in untreated wood surfaces after outdoor exposure as explained below. Heat
treatment also changes properties of wood surfaces. During this study, the scanning electron microscope (SEM) was
used to investigate the breakdown of heat-treated jack pine wood structure caused by artificial sunlight irradiation.
Wood surfaces, both heat-treated and untreated, were investigated. SEM analysis of the transverse and longitudinal
surfaces of heat-treated jack pine wood clearly showed the micro-structural changes occurring during sunlight

irradiation (see Figs. 2-6) as explained below.

3.2.1  Degradation of middle lamellar

From the comparable features on the transverse surfaces of jack pine before and after heat treatment, it can be seen
that the structural changes of cell wall took place after heat treatment of jack pine as shown in Figs. 2 (a) and (b).
Heat-treated jack pine wood became more brittle than untreated wood. However, structural changes due to heat
treatment were not distinct and it was very likely that plasticization of cell wall material occurred only to a very
limited degree during heat treatment. The photo degradation took place preferentially in the middle lamella and
primary wall for both heat-treated and untreated jack pine samples. This phenomenon was particularly noticeable at
the corners of the middle lamella shown in micrograph of the untreated jack pine transverse surface after exposure
of 1500 h (see Fig.2 (c)). Heat-treated wood transverse surface showed similar degradation (see Figure 2 (d)). Both
untreated and heat-treated wood degraded severely at the middle lamella when subjected to artificial sunlight
irradiation. As it is reported in the literature [38], the middle lamella and primary wall are mainly composed of
lignin (84%) with lesser amounts of hemicelluloses (13.3%) and even less cellulose (0.7%). The concentration and
content of hemicellulose were higher in the secondary wall than those in the middle lamella and primary wall[38].
The sever degradation in middle lamella after sunlight irradiation indicated that lignin was more photosensitive than
other composites in wood cell wall. In addition, the heat-treated wood degraded more severely at the secondary wall
than untreated wood due to artificial sunlight irradiation (see Fig. 2 (c) and (d)). This can be explained with

degradation of hemicelluloses [19] content of the secondary cell wall, which already has low cellulose content



compared to that of untreated wood (see Fig. 2 (b)), due to heat treatment. Consequently, the percentage of lignin
was increased.

Analysis of Figures 3 (a) and (b) indicated that anatomical structure of jack pine was only slightly affected during
heat treatment. Fibers and tracheids around the resin channel were still obvious after heat treatment. The main
differences were presence of important quantities of extractives deposited in the resins channels, which disappeared
after heat treatment (see Fig. 3 (b)). This results were in agreement with the previous research [37]. The artificial
sunlight irradiation induced the degradation of cells around the resin channels (see the arrow in Fig.3 (c)), which
was caused by differential dimensional changes between the ray cells of resin channels and surrounding wood cells

during artificial sunlight irradiation.

3.2.2  Checking of cell wall

SEM micrographs of the tracheids on tangential surfaces of untreated and heat-treated jack pine latewood revealed
the formation of different patterns of cell wall micro-cracks due to heat treatment and artificial sunlight irradiation.
The lumen of tracheids of untreated jack pine was attached to some warty membrane inside the S3 layer (see arrows
in Fig. 4(a)), which disappeared in the lumen of heat-treated wood tracheids cell walls (see Fig. 4(b)). Small cracks
were observed in some areas on the tracheid cell wall after heat treatment (see arrows in Fig. 4(b)). Micrographs of
tangential surface of heat-treated wood also showed the degradation of lignin during artificial sunlight irradiation
(see Fig. 4 (c) and (d)). After artificial sunlight irradiation for 672 h, longitudinal micro-cracks which extend aligned
with the fibril orientation and diagonal to the fibre axis of the tracheid, diagonal micro-cracks originating from pits,
and zone of decay on tangential surface of heat-treated wood (see Fig. 4(c)) were observed. The micro-cracks
developed and enlarged principally as a result of contraction in cell walls caused by the moisture during the
extended irradiation exposure. It seems that the binding of cellulose microfibrils in the various cell wall layers by
lignin has been degraded after artificial sunlight irradiation for 1500 h. Consequently, a separation between two
adjacent cells occurred and tracheids loosened, collapsed and became detached from the substrate of wood (see Fig.
4 (d)).

The checking of heat-treated jack pine wood surface during sunlight irradiation was different depending on different
part and different direction of wood grain. Tree species add one growth increment or ring to their diameter each

year, and this ring shows two distinct periods of growth, called earlywood (springwood) and latewood



(summerwood). Latewood is denser, harder, smother, and darker than earlywood, and its cells have thicker walls and
smaller diameters [39]. Checks in this text refer to the macroscopic checks on wood surface which can be observed

visually while micro-checks refer to microscopic intercellular and intracellular cracks.

Figures 5 (a) and (b) show the SEM micrographs of radial and tangential surfaces of heat-treated jack pine irradiated
for 1500 h. The comparison of both surfaces revealed the difference in micro-cracks featured on both surfaces. A
large number of small longitudinal and transversal micro-cracks were observed from the micrographs on tangential
surface. In contrast, the existence of large longitudinal micro-cracks along the earlywood/ latewood interface can be
observed on the radial surface. Larger number of cells becomes detached from the earlywood bands on the radial
surface of heat-treated wood compared to those of latewood. The different degradation behaviors were observed for
earlywood and laterwood of heat-treated jack pine and shown in Figures 5 (c) and (d). Abundant uniseriates and
diagonal micro-checks occurred on longitudinal tangential surface of heat-treated earlywood after irradiation for 336
h, and all ray cells had disappeared from the surfaces of weathered wood, consequently, only cavities remained (see
Fig.5(c)). However, no transverse micro-cracks were observed on earlywood surface. In contrast, no diagonal micro-
checks of cell wall were observed on the surface of latewood (see Fig.5 (d)) even after irradiation of 1500 h.
However, large longitudinal micro-cracks originating from the degradation of ray cells, transverse micro-cracks
caused by the break of microfibril (see big arrows in Fig. 5 (d)), many pit structures coalesce (see small arrow), and
deep crevasses in the cross field were formed. The different behavior of structural changes might be related to the
chemical differences between earlywood and latewood. Ealywood contains more lignin and less cellulose compared

to those of latewood [40].

3.2.3  Destruction of bordered pits

Figure 6 shows the SEM micrographs of bordered pits of jack pine tracheids. Heat treatment did not cause damage
to the bordered pits (see Fig. 6(b)). It seems that the pit borders on the irradiated side were destroyed and the half-
bordered structure on the contrast side was left and became thinner with irradiation as shown in Figure 6 (c). Micro-
cracks on pit borders transverse to cell axis formed while no longitudinal micro-crack across pits was observed on
the heat-treated jack pine surface after irradiation for 1500 h. This may be explained with the changes of fibril
orientation on the border of pits. The cells were separated from one another, and complete degradation of the middle

lamella was evident which indicates the delamination of cells.



3.3 Color changes during artificial sunlight irradiation up to 1500 h

Figure 7 shows the plots of the extension in redness (a*) and yellowness (b*), lightness (L*) and the total color
difference (AE) of heat-treated and untreated jack pine as a function of artificial sunlight irradiation exposure time.
Decrease in a* values indicates a tendency of wood surface to become greener while increase points out a tendency
to become redder. The rate of change of a*values represents the rate of wood redness change. During early times of
irradiation, a*value of untreated wood increased significantly with irradiation exposure up to 72 h while those of
heat-treated wood decreased significantly on both radial and tangential surfaces. Then the a*values of both heat-
treated (on both radial and tangential surfaces) and untreated wood reached to almost the same end value with
irradiation time up to 336 h, subsequently decreased rapidly after irradiation for 672 h, followed by a decrease with
slower rate up to 1500 h. The red-green tint levels of heat-treated and untreated wood were mainly the same after
irradiation of 672 h, 1008 h as well as 1500 h, respectively.

Decrease of b*values indicates a tendency of wood surface to become bluer while increase of b*values means a
tendency to become yellower. As shown in Figure 7 (b), the trend observed for the b*value changes of heat-treated
wood on both radial and tangential surfaces due to artificial sunlight irradiation is similar to that of a*value,
decreasing significantly at the beginning, later remaining the same for certain time, and then decreasing rapidly
followed by a decrease at slower rate. The b*value of untreated wood stayed constant with irradiation time up to
168 h, and then decreased quickly up to 672 h, next the decrease rate was reduced. After artificial sunlight
irradiation for 168 h, the change tendencies of b*value for the three wood surfaces were almost the same. The color
of both heat-treated and untreated jack pine surface became yellower during exposure to irradiation.

As shown by the changes in L* values, brightening and darkening of wood surface were observed. Fig.7 (c) shows
L* plotted as a function of the exposure time for heat-treated and untreated jack pine. L* was the most sensitive
parameter for the wood surface quality during artificial sunlight irradiation. Similar to a*value, L*value displayed
different trends for heat-treated and untreated jack pine at earlier times of irradiation, whereas the trends observed
for radial and tangential surfaces of heat-treated wood were similar. For untreated wood, L* decreased to a
minimum value up to irradiation time of 72 h, then it increased at different rate during extended artificial irradiation.
This implied that untreated wood became darker when exposed to sunlight for 72 h and after became lighter as the
irradiation time increased. It was demonstrated that darkening of untreated wood at first stage of artificial sunlight

irradiation was mainly due to the migration of extractives to wood surface due to exposure to high temperature



during the test. Several previous studies reported similar result of darkening of untreated wood surface depending
on different artificial sunlight exposure time and type of wood species[5, 21, 27, 28]. The lightening of heat-treated
wood increased at the first irradiation stage of 72 h, later stayed more or less stable up to 168 h, after increased with
increasing times of exposure until the end of the test. This matched with the lightness result of untreated wood.
Extractives of heat-treated wood have been degraded and removed during high temperature heat treatment. Thus,
changes in lightness of heat-treated wood with increasing time of artificial sunlight irradiation were mainly due to
the lignin photodegradation, and became lighter starting from the beginning of irradiation. After irradiation of 1500
h, similar to the tendencies observed for redness (a*) and yellowness (b*), the lightness levels of heat-treated and
untreated wood were mainly the same. This indicated that the final colors of untreated and heat-treated jack pine
after artificial sunlight irradiation for 1500 h became unified.

Figure 7 (d) presents the total color differences (AE) for heat-treated and untreated specimens during the artificial
sunlight irradiation test. The color on radial and tangential surfaces of heat-treated wood was almost the same. It can
be observed that the color of heat-treated jack pine changed more significantly than that of untreated wood at all
times during artificial sunlight irradiation. This result disagreed with the results of several previous investigations on
the color change of heat-treated and untreated wood [1, 21, 23, 25, 27]. Ayadi and his co-workers reported that the
color difference for ash, beech, maritime pine and poplar heartwood, heat-treated under nitrogen, was less during the
835 h of UV-light exposure when compared to that of untreated wood[25]. They attributed the better resistance of
retified wood to light to the less attack on lignin. But they did not show the details of color tint change such as
lightness, therefore, it is difficult to compare their results with the results of the present work. It was reported that
the color of heat-treated Scots pine changed less than that of untreated wood during artificial weathering experiment
[27]. Thermal modification of spruce wood was found to be effective in stabilizing color during long term artificial
UV light exposure [28]. Manoj and his colleagues found that oil heat treatment can improve Radiata Pinewood color
stability, and this was attributed to a protective oil layer on the wood surfaces [21]. It was also reported that color of
heat-treated okan sapwood changed less compared to the color change observed for the same species before
treatment. [23].

Lightness was the most sensitive parameter for the wood surface quality during sunlight irradiation. The total color
change depends mainly on the changes in lightness. In the view of the studies mentioned above, the lightness of

untreated woods decreased and then increased whiles those of heat-treated wood increased at different irradiation



stages. The tendency of color change of heat-treated wood during weathering experiments depended on artificial
weathering conditions, type of wood species, and heat treatment techniques and conditions. It was shown that the
color change trends of both heat-treated and untreated jack pine specimens used in this study were similar after 72 h
resulting in relatively close final colors after irradiation for 1500 h (see Figure7 (a-c)). As shown in Fig. 8, it can be
observed that the color difference between heat-treated and untreated woods at the same artificial irradiation stage
reduced rapidly at the beginning of irradiation (72 h), later remained mainly the same up to 1008 h, finally decreased
to a value of 1.4 after 1500 h. According to Yoshimoto et al.[41], the above values of color difference between heat-
treated and untreated samples after artificial sunlight irradiation exposure of 1500 h, are significant and visible to the
naked eye. It is possible to perceive differences of about 3.8 units of AE* [5, 27]. Thus, the difference of AE
between heat-treated and untreated wood surfaces during artificial sunlight irradiation was due to the difference in
their initial colors. The color of both untreated and heat-treated specimens changed to white and gray at the end of
the irradiation; however, the original color of heat-treated wood was darker than that of untreated wood before
irradiation. The color of wood surface was related to the different wood composites depending on type of wood
species and wood treatment methods used. The decrease in lightness and the increase in the color difference of heat-
treated wood were caused by a decrease in hemicelluloses content, especially pentosan [42]. It was reported that
thermal treatment at high temperature degraded cellulose, hemicelluloses[43] and extractives [44]. Kollman and
Fengel reported that heat treatment caused a lignin condensation[43]. Photo-discoloration of untreated wood was
mainly due to chromophores formed from the photodegradation of lignin and degradation and leaching away of
extractives during weathering. Extractives have antioxidant properties and can limit wood color change to light[25].
In the view of these results, the lower color stability of heat-treated jack pine was estimated to be due to increase in
lignin condensation and decrease in extractives caused by heat treatment. Consequently, the heat-treated wood
surface had reduced antioxidant properties attributed to lower extractive content and its color changed more than

that of untreated wood during artificial sunlight irradiation.

3.4 Wettability changes
The information of wettability of wood surface by water is useful in understanding the weathering mechanism of
heat-treated jack pine. During this study, the dynamic wettability of sample surfaces which were exposed to
artificial sunlight radiation for different times was recorded and compared with that of non irradiated (non

weathered) samples. The effect of the sunlight irradiation on dynamic contact angle with water, consequently, on the



wetting properties of heat-treated jack pine was investigated. Furthermore, the effects of heat treatment on the
wettability were also studied.

Fig.s 10 (a) and (b) present dynamic contact angle of wood/water system as a function of time for untreated and
heat-treated jack pine tangential surfaces, respectively. In these figures, the contact angle evolution with time was
given for a non irradiated specimen (irradiation time of 0 h) as well as for specimens after artificial sunlight
irradiation for 72 hand 1512 h. As it can be seen in both figures, the sunlight irradiation reduced the hydrophobic
behavior of both untreated and heat-treated woods; consequently, all the contact angles of weathered wood were
lower than those of non irradiated wood. This shows that the artificial sunlight irradiation increased the wettability
of wood by water. Contact angles of untreated and heat-treated samples after irradiation reduced with increasing
irradiation time at different extents. All dynamic contact angles of heat-treated sample before irradiation were
higher than those of untreated sample. On the contrary, the contact angles for heat-treated sample after irradiation
for 72 h were lower considerably than those of untreated sample due to the different effect of artificial sunlight
irradiation on heat-treated and untreated wood surfaces. The contact angles of untreated and heat-treated jack pine
did not seem to differ significantly after irradiation for 1500 h, and water was absorbed by both woods within one
second.

The difference in wood surface structure can cause wettability differences between wood surfaces [45, 46]. SEM
analysis indicated that anatomical structure of samples was only slightly affected during heat treatment, whereas
dynamic contact angles increased significantly after heat treatment. This implied that the structural factors did not
play an important role on wettability while the chemical changes of wood surfaces had more significant effect on the
wettability changes during heat treatment. As it was stated before, sunlight irradiation changes heat-treated wood
structural properties (Figs. 2-6). SEM analysis suggested that the changes occurring due to sunlight irradiation in the
wettability of heat-treated samples tested in this study might be attributed to the surface structural changes. The
wettability of wood surface by water was related to the water flow into wood cell lumena and diffusion within the
cell wall[47]. Micro-cracks presented on heat-treated sample surfaces after artificial sunlight irradiation (shown in
Fig. 4 (c), (d) and Fig. 5) allowed easier entrance of water into cell lumena and cell wall, which consequently
decreased contact angles and increased wettability (shown in Fig. 9 (b)). This effect of sunlight irradiation on
wettability was different for heat-treated and untreated samples after artificial sunlight irradiation exposure of 72 h.

There was no evidence observed that the differences in contact angles of heat-treated and untreated wood after this



time was related to their structural properties. In addition, the contact angles of the both heat-treated and untreated
woods after irradiation for 1500 h were relatively close, which indicated the structural differences on different wood
surfaces at this irradiation stage do not have any significant effect on wettability. Additional information of
structural changes found in SEM micrographs on transverse surface of specimens can demonstrate the evolution of
water wettability on heat-treated samples during artificial sunlight irradiation (see Fig.2). As it was stated above,
because the lignin concentration was the highest in the middle lamella, the weather degradation occurs preferentially
in this area. This is noticeable in Fig.s 2 (c) and (d). The degradation of the middle lamella resulted in the separation
of adjoined cells, which allowed easier entrance of water into wood. Furthermore, the loss of lignin made the surface
more hydrophilic.

Weathering induces changes not only in physical properties of a wood surface but also in its chemical properties [48,
49]. The increase in wettability during weathering can also be related to chemical changes of wood surface [45, 50,
51]. It is well known that heat treatment can cause chemical changes such as degradation of hemicelluloses and
extractives, leading to increase in crystallinity and percentage of lignin, consequently, results in an decrease of

wettability [52].
3.5 Chemical changes

3.5.1  FTIR analysis

In this study, the results of the infrared study of artificial sunlight irradiation on heat-treated samples were presented
and compared with those of untreated samples in order to investigate the chemical mechanism details. The most
representative FTIR bands studied within the spectral range of 4000-550 cm™* were summarized in Table 2. Fig. 10
shows the FTIR spectra between the spectral region of 1800-750 cm™ on untreated jack pine before irradiation and
heat-treated samples irradiated with artificial sunlight for different periods. Differences due to heat treatment and
light irradiation can be clearly seen in the infrared spectra in the band shapes.

The spectra differences between heat-treated and untreated woods have to be taken into consideration. The top two
spectra in Fig.10 shows uniquely different infrared spectra for untreated and heat-treated jack pine before irradiation,
respectively, although their infrared spectra in the studied region had some similar features. Upon analysis of the
spectra, it can be seen that the relative intensity of band at 1740 cm™ which was characteristic of non-conjugated

carbonyl group stretching in xylan in hemicelluloses, decreased slightly after heat treatment, whereas the relative



intensity at 1510 cm? which was assigned to lignin was not significantly affected by heat treatment. This
degradation of hemicelluloses can consequently cause a decrease in water absorption. This can be confirmed by the
lower relative intensity on heat-treated sample surface of band at 1650 cm? which may refer to adsorbed water.
Another peak which has to be taken into consideration was the decrease in the peak at 1230 cm™ which was
characteristic of syringyl nuclei[53] after heat treatment. This indicated that degradation of lignin also occurs during
heat treatment.

It was clearly apparent from the results of IR analysis that irradiation had a significant effect on the functional
groups found on the heat-treated wood surfaces. Absorption intensities of certain absorption bands changed after
irradiation for 72 h. A general observation that can be made from the results was that, the effect of irradiation on
untreated and heat-treated samples might be very similar in the long term of irradiation. Light irradiation
degradation of heat-treated wood samples caused mainly changes in the absorption intensity at the peaks shown in
Fig. 10. The changes in these bands were related to changes in chemical composition of the functional groups and
chemical structure of wood components listed in Table 2. As shown in Table 2, all the bands at 1600 cm™, 1510 cmr
11457 cm, 1426 cm, 1267 cm, 1103 cm* and 806 cm™ represented lignin characteristics. As shown in Fig. 10,
all these characteristic bands of lignin decreased at different extents as a result of artificial sunlight irradiation of
heat-treated jack pine sample. The peak at 1510 cm™ was mainly characteristic absorption of C=C in an aromatic
ring that originated from lignin in wood. It can be observed that the peak at 1510 cm disappeared after irradiation
for 72 h. This was in agreement with previous study on untreated wood reported by Pandey[54]. The intensities of
peaks at 1373 and 896 cm™* which were mainly due to carbohydrates (cellulose and hemicelluloses) and had no
significant contribution from lignin, were not affected significantly by irradiation. Moreover, the intensity of 1158
cm*band increased upon prolonged exposure indicating that lignin was the component of heat-treated wood which
was most degraded during irradiation. As a result of this significant photochemical degradation of lignin by
irradiation, Erin et al. [55] reported that new bands at 1730 and 1650 cm*, which may be due to the formation of
unconjugated free carbonyl groups and quinines, and quinine methides ( responsible yellowing of wood surface)
were generated and changed during different artificial weathering conditions. However, as Fig. 10 shows, the new
bands at 1730 cmand 1650 cm™ were not detected in the present study with heat-treated wood surface during

irradiation.



In order to determine rate of lignin degradation and non-conjugated carbonyl groups content, the intensities of the
carbonyl absorption band at 1740 cm, lignin reference band at 1510 cm™and carbohydrate reference bands at 1375
cm? were measured as suggested in literature [56]. The relative change in ratio of lignin/carbohydrate peaks at
different irradiation times was calculated by determining the ratio of lignin reference band at 1510 cm against
carbohydrate reference bands. As stated above, irradiation degradation had no significant effect on the intensity of
bands at 1375 cm, this carbohydrate band was used as internal reference for calculating lignin loss due to light
irradiation. The relative changes in the lignin/carbohydrate ratio (l1s10/l1375) at different irradiation periods for both
heat-treated and untreated samples were plotted in Fig. 11 (a). The lignin/carbohydrate ratio decreased rapidly with
increasing irradiation time. Lignin of both heat-treated and untreated jack pine samples decreased faster in the
beginning of the irradiation test. The relative intensity of lignin aromatic band at 1510 cm‘decreased to 65% of its
original value after irradiation of 72 h for heat-treated sample, whereas it became 84% of its original value for
untreated wood for same irradiation time (see Fig. 11(a)). The rate of change of lignin/carbohydrate ratio of heat-
treated wood was very high at short irradiation time up to 72 h. A significant decrease in the intensity ratio of
lignin/carbohydrate peak intensity showed rapid lignin degradation even at beginning of irradiation for heat-treated
wood. The slope of the curve changes significantly after 72 h irradiation exposure and the rate of change of
lignin/carbohydrate ratio became very small at intermediate irradiation times. Then, its degrading rate increased at
longer irradiation times. The lignin/carbohydrate ratios of heat-treated samples were higher than those of untreated
ones after irradiation of same times during all the tests. Lignin of heat-treated jack pine samples degraded at a faster
rate than that of untreated samples. After 1500 h of irradiation, lignin/carbohydrate ratios of both woods were
relatively close. This indicated that long period sunlight irradiation decreased the differences in chemical
characteristics of heat-treated and untreated wood surfaces, which supported the microstructural and wettability
findings stated above.

The proportion of carbonyl groups during irradiation was calculated by taking ratio of intensity of carbonyl band at
1740 cm® against carbohydrates peaks at 1375 cm™. The ratio of intensity of C=0 band at 1740 cm* against 1375
cm® band represents the relative changes of carbonyl groups due to light irradiation. The relative changes in the
ratio of carbonyl peak at 1740 cm™ (lcarbonyt) @gainst carbohydrates peaks at 1375 cm™ (I carbonyarates) fOr heat-treated
and untreated jack pine as a function of irradiation time were plotted in Fig. 11 (b). The l1740/l1375 of both woods

decreased during irradiation test. Thus, the above results indicated that the unconjugated carbonyl group at 1740 cm-



! was decreased. This is in agreement with the finding reported by Masanori and Tokato[5]. They found that the
unconjugated carbonyl group at 1740 cm™ decreased with exposure more than 50 h for untreated tropical wood.
However, Pandey [56] observed that the relative concentration of carbonyl groups increased with irradiation time for
chir pine and rubber wood. These different findings might be due to the different wood species.

Pandey [56] reported that the color changes at wood surfaces were mainly due to the formation of C=0 groups due
to photodegradation of lignin. Fig. 12 shows the relationship of the color changes (L*, AE, and b*) of heat-treated
and untreated wood surfaces with the lignin decay and relative intensity of carbonyl absorption peak at 1740 cm.
As can be seen from Fig.12 (a), the lightness of heat-treated samples increased linearly with the degradation of
lignin, whereas for untreated samples, the lightness also increased when irradiated more than 168 h but was not
linearly related to the lignin decay. This might be explained with the increasing amount of extractives coming from
the interior of untreated wood substance to wood surface during first period of irradiation, consequently, reducing
the surface lightness. The dependence of total color changes to loss of lignin on heat-treated wood surfaces was
more than that of untreated wood (see Fig. 12(b)). In the view of these findings, the wood color changes were related
to combination of changes in lignin and extractives contents during light irradiation. Pandey[56] also reported that
color differences of chir pin and rubber wood during irradiation correlated linearly with the formation of the non-
conjugated carbonyl functionality(l173s/l1375), increasing as a function of irradiation time. The results of Masanori
and Tokato[5] suggested that the formation of non-conjugated carbonyl functionality played an important role in the
color change in woods for which Ab* increased but not for woods of which Ab* decreased. However, it can be
observed from the color results showed in Fig. 7 (b) and Fig. 11(b) that the Ab*and the non-conjugated carbonyl
function (l1740/l1375) of both heat-treated and untreated jack pine surfaces decreased due to irradiation, and the
relative changes in non-conjugated carbonyl function (li7a0/l1375) followed inverse relationship with b*(see
Fig.12(c)). Thus, it was possible to obtain a correlation of b* and carbonyl groups content (li740/l1375) (See
Fig.12(c)). The question was raised as to why the non-conjugated carbonyl function of our samples did not increase,
which was supposed to be formed by the degradation reaction of lignin during light irradiation.

The ratio of peak heights at 1429 and 897 cm™ (His20/Hses) of FTIR spectra of wood samples was used for the
determination of crystallinity of cellulose in wood samples [59]. In this study, higher Hia2e/Hggg ratio for heat-treated
wood samples was found compared to that of untreated wood samples. It was observed that the Hisze/Hggs ratio

decreased for both heat-treated and untreated samples during light irradiation as shown in Fig. 13 (a). The results



indicated that crystalline cellulose was degraded which caused a decrease in the crystallinity of all specimens and
degradation occurred at different extents depending on heat treatment. The cell wall is hydroscopic and the order of
hydroscopicity for the cell wall polymer is: hemicelluloses, cellulose, and then lignin[57]. The degradation of lignin
by light irradiation can increase the content of other components on wood surface and consequently make the
surface more hydrophilic. The same observation is reported by Kalnins and Feist[45]. They reported that contact
angle on weathered western red cedar dropped after four weeks of outdoor weathering. It was also reported that
wettability for Sitka spruce increased when exposed to xenon arc radiation and water spray [58]. The sorption of
water by wood depends on the hydrophilic nature of each cell wall polymer and the accessibility of water to the
hydroxyl groups of polymer. Most of the hydroxyl sites in the hemicelluloses and lignin are accessible to moisture.
The amorphous cellulose (non-crystalline portion of cellulose) and the surfaces of the crystallites are accessible to
moisture, but the crystalline part is not. The increase of crystallinity proportion due to degradation of hemicelluloses
during heat treatment reduced the water wettability on heat-treated wood. The loss of crystallinity caused by
irradiation raised the amorphous portion of cellulose and, consequently, increased the hydrophilic nature of wood
surface.

The hydroxyl (-OH) containing groups are hydrophilic groups, while the hydrocarbon chains (-CH-) are
hydrophobic groups [45]. The changes of these functional groups can change the wettabilty of wood surface by
water. The bands at 3500 and 2900 cm™ shown in Figure 13(b) refer to hydroxyl groups (-OH) and hydrocarbon
chains (-CHy-), respectively [45, 60]. Fig. 13 (b) showed the OH/CHj ratio of heat-treated and untreated jack pine as
a function of different light irradiation time. The OH/CH, ratios of all samples increased as irradiation time
increased up to 72 h and then changed relatively slightly or stayed almost constant up to 1500 h as shown in Fig.13
(b). Before irradiation, there were more hydroxyl groups on untreated wood surfaces than those of heat-treated
wood; however, after weathering for 1008 h the opposite was true. This might result in increase in wettability of
heat-treated woods by water compared to that of untreated woods after irradiation. However, present study exhibited
the contrary dynamic contact angle results after irradiation for 72 h as shown in Fig. 9. It was demonstrated that the
presence of extractives had a significant effect on the wettability of untreated wood surface by water after irradiation
for 72 h. Kalnins and Feist[50] proposed that one reason for the wettability increase with weathering might be the
reduction or removal of the water repellent effect of extractives. Extractives left wood surface due to irradiation, but

they were partially replaced by those migrating towards the surface from the interior of wood substance during



exposure of irradiation. Extractive content of untreated woods was higher than that of heat-treated woods. Therefore,
there was a bigger supply of extractives which can migrate from the interior of the untreated wood compared to that
of heat-treated wood during irradiation process. Thus, the quantity of extractives present on untreated wood surfaces
was more than that of heat-treated wood surfaces after irradiation. These extractives raised the hydrophobicity of
untreated wood surfaces; in other words, increased the contact angles (less wettable) as shown in Fig. 9 (a). As
stated above, contact angles of both heat-treated and untreated samples decreased with increasing irradiation time,
while OH/CHj ratios did not change during all through the irradiation period (see Fig.13 (b)). This indicated that the
contact angle was dependent on OH/CHj ratios at different extents depending on irradiation time for the specimens
tested in this study. Thus, it is probable that factors other than chemical properties, such as structural factors stated

above, affect the changes in wettability of the specimens during different irradiation stages.

3.5.2 XPS analysis

X-ray photoelectron spectroscopy analysis has been reported as an important technique to characterize wood surface
chemical composition in relation with interfacial phenomena[37]. The typical XPS survey spectra of heat-treated
and untreated jack pine wood samples before and after artificial sunlight irradiation for 1500 h were shown in Fig.
14, respectively. Both the spectra of untreated (see Fig. 14 (a) and (b)) and heat-treated samples (see Fig. 14 (c) and
(d)) revealed presence of carbon, oxygen and small amounts of nitrogen as expected. It can be seen from the
comparison of the survey spectra of samples before and after irradiation that the carbon C1s peak decreased and the
oxygen O1s peak increased due to irradiation for both untreated and heat-treated samples. Only these two elements
were present to a noticeable amount.

It has been previously reported that the degradation of cellulosic materials and polymers can be detected by a change
in the O/C atomic ratio[37].Using the total areas of peaks of different components and the respective photoemission
cross-sections, O/C ratio can be quantitatively determined. The relative distribution of composition of O and C
atoms and the calculated oxygen to carbon (O/C) ratio for all samples (heat-treated and untreated) before and after
irradiation for different times were presented in Fig.15.

According to the chemical component analysis, untreated jack pine wood contains approximately 29% lignin, 60%
holocellulose and 6% extractives. By knowing the chemical composition of each of these components, it is possible

to calculate theoretical O/C ratio characteristic of wood samples. In principle, cellulose has the gross formula



(CeH100s5) and thus the O/C ratio is calculated as 0.83. A lower O/C ratio ESCA experimental value of 0.62 of
cellulose was reported [37, 61] which was explained by possible deposition of hydrocarbon on cellulose surface.
Hemicellulose, which is mainly represented by glucuronoxylans, has an O/C of approximately 0.8. The contribution
of lignin is more complex and therefore more difficult to calculate. The theoretical value of O/C for lignin is around
0.33[37, 61]. Since extractives are also present in very small quantities in jack pine, their contribution to the overall
XPS spectrum is relatively low except under certain conditions. A high oxygen carbon atomic ratio (O/C) indicates
high cellulose and hemicelluloses contents, while a low O/C ratio reflects higher lignin content on wood surface.
The O/C ratios of both heat-treated and untreated samples increased considerably at the initial irradiation time of 72
h and they kept increasing at a lower rate than the initial rate up to 1500 h (see Fig. 15). This means that irradiation
reduced lignin content, consequently the carbohydrates content increased on both wood surfaces. O/C ratios of both
untreated and heat-treated wood after irradiation for 1500 h were much higher than O/C value of lignin (0.33) and
relatively close to the ESCA experimental value of 0.62 of cellulose. This implies that irradiation resulted in wood
surfaces richer in cellulose and poorer in lignin. O/C ratio gives a direct measurement of the surface oxygen content,
and a high oxygen content normally points to oxidation of the surface.

The changes provoked in wood composition by heat treatment were less compared to those induced by light
irradiation at wood surface. Fig.15 shows that O/C ratio increased slightly (from 0.25 to 0.28) after heat treatment
for samples before irradiation. This is not in agreement with the result of study of Sernek [62], which showed that
wood drying at high temperature (160°C <T< 180°C) decreased the oxygen to carbon ratio (O/C) of wood. Nguila
and Petrissans also reported that the oxygen to carbon ratio (O/C) decreased from 0.55 to 0.44 after high temperature
treatment of beech wood, and this decrease in O/C ratio appeared to be closely related to carbohydrates (cellulose
and hemicelluloses) degradation leading to the formation of volatile by-products with a lower oxygen content
resulting from dehydration of polymers initially present in wood[37]. O/C ratio of all heat-treated samples were
slight higher than those of untreated samples in this study during irradiation duration, however, this is not enough to
suggest that irradiation has less oxidizing and degrading influence on the lignin of the heat-treated sample surface.
The high carbon content in wood samples has been reported as an indication of the presence of lignin and extractives
on the wood surface [63]. Untreated jack pine wood is rich in carbon-rich extractives (about 6%) of waxes, fats and
terpenes and lignin guaiacyl units’ contents [64]. This can be confirmed by the lower oxygen to carbon ratio (0.25)

of untreated jack pine comparing to that of other species such as beach wood given in the literature (0.55) [37].The



increase in O/C ratio was probably due to the partial removal of the abundant carbon-rich extractives in jack pine

such as fatty acids, terpenes, and phenolics during high temperature heat treatment.

In this analysis, the focus was on the high-resolution of the XPS spectra of C 1s and O 1s levels. Other elements
presented lower peaks than the peaks of carbon and oxygen, indicating that they have very low concentrations at the
surface of heat-treated and untreated jack pine wood. This is in agreement with the results of Shen et al[65]. The
high-resolution of C 1s and O 1s were also fitted with their decomposition into four and two components,
respectively. According to the literature [37, 63, 65-67], the four peaks in deconvoluted high resolution XPS
spectrum of the C1s peaks may appear generally expressed as Ci1-C4 and these carbon bands correspond to C-C and
/or C-H(C3), C-O(Cy), C=0 or /and O-C-O(C3) and O=C-O(Cy,), respectively, as shown in Table 1. The results of
this study shows that the chemical shifts and binding energies of C1ls peaks found in this study are in very good
agreement with the literature values for woody materials (Table 1). The high-resolution of the XPS spectra of C1s of
sample surfaces before and after irradiation for 1500 h were detected and shown in Fig. 16. Careful analysis of the
line shapes and intensities of each component at irradiated surface showed that the heat-treated wood surface
exhibited similar XPS patterns compared to that of untreated wood surface before and after irradiation. However, the
XPS patterns changed considerably after irradiation for both untreated and heat-treated wood surfaces. The
contribution of C; and C, peaks were more important than C3 and C. peaks, indicating that they have higher
concentrations at the all surfaces. These two peaks were also modified by the irradiation process. The detailed
analysis of the C1s region for heat-treated and untreated samples showed that the most important contributions for
surfaces before irradiation came from the C; class (see Fig. 16 (a) and (c)), while the most important contributions
for irradiated surfaces came from the C; class (see Fig. 16 (b) and (d)). Ci1 peak corresponds to carbon linked to
carbon (C-C) present in lignin, hemicelluloses and extractives, such as the fatty acids, and hydrogen (C-H) groups
of lignin and extractives, and C, peak component corresponds to OCH groups of lignin and C-O-C linkages of
extractives and polysaccharides of wood [37]. It appears that the C; class is most abundant in wood before
irradiation.

Fig. 17 shows the variation in peak area contributions of C; and C, components as a function of irradiation time for
both untreated and heat-treated samples. The C; contribution decreased while the C, contribution increased due to
irradiation with exposure time for untreated and heat-treated samples. Since cellulose has a much higher

contribution from C, component than lignin and a contribution of the C; component for cellulose can be considered



negligible, the C; component is associated with the presence of lignin on wood surface, and the C, component is
mainly originated from cellulose and hemicelluloses [66]. Similar reasoning can be applied for the O/C ratio. This
indicates that the lignin was more sensitive than cellulose against sun light and the content of lignin became less
important after irradiation exposure. This change can be partially attributed to an increase of the cellulose content
due to preferential degradation of lignin. This indicated that irradiated heat-treated jack pine surface was rich in
cellulose and poor in lignin. Similar to the change trend of C, contribution, a slight increase in the Cs peak was
observed (see Fig. 16). This indicates that the percent contribution of the O-C-O linkages in cellulose and
hemicelluloses and a lower extend to carbonyl groups (C=0) rise during irradiation. This proved again the irradiated
surface was poor in lignin and comparatively rich in cellulose and hemicelluloses. The C4 peak representing a
carbon atom linked to a carbonyl and noncarbonayl oxygen was insignificant in all three samples (only about 5%).
This can be explained by a possible low content of carboxylic groups on the sample surfaces. The analysis of the
effect of high temperature treatment on the C1s spectra of jack pine wood surface showed no significant variation.
C: contribution increased slightly (from 64.1% to 65.4%), and C; contribution reduced insignificantly (from 28.2 %
to 27.6 %). However, the difference increased up to irradiation time of 72 h and then decreased after. C; and C;
contribution of heat-treated wood surface changed less compared to that of untreated wood, implying irradiation had
less significant influence on the Ciscomponent change of heat-treated wood surface.

A few researchers studied and analyzed O1s peak of wood-derived materials because of its complex shift behavior
compared with the C1s peak[66]. The O, component has a binding energy of 531.6+0.4eV. It was proposed that this
component was associated to lignin[68]. Hua and his co-workers [68] stated that increase in the O,, indicates a
decrease in carbohydrates on the fiber surface and an increase in lignin and extractives. It was also observed that
eliminating lignin from the fiber surface by high temperature treatment decreased fractional area of Oj, and
increased that of O2[66].

Figure 18 shows the O1s spectra of heat-treated jack pine sample studied during irradiation. These illustrations show
two components: O; and O,.The spectra analyses give to O; and O, binding energies of 531.6 + 0.4eV and 532.6 +
0.1eV, respectively. The binding energies of O; were in an excellent agreement with those reported in the literature
with the O;of woody material [37, 66]. The binding energy of O, component value was somewhat lower than that
reported for birch and spruce chimicothermomechanical pulps [66]. Its binding energy was similar to that reported

by Nguila et al.[37].



The fractional areas of the O; components increased, while O, components decreased due to heat treatment, which is
in agreement with the previous study[66]. The analysis of the effect of irradiation on the O1s spectra showed that the
fractional areas of the O; decreased whereas those of O increased for both untreated and heat-treated samples (see
Fig.19). Because O; components is associated with lignin and O, components with carbohydrate (Table 1), it can be
said that irradiation decreases the lignin content and increases that of carbohydrate on wood surface. The
degradation occurred at the initial duration of irradiation for both woods. After irradiation for 1500 h, the
characteristic of Ols became similar between heat-treated and untreated samples. The results supported that
irradiation degraded wood surfaces and their properties became similar.

The increase of C; and O; components after heat treatment suggested that there are differences in the flow of the
wood components. Any material should reach a temperature of 60-70°C higher than its glass transition temperature
to flow. The glass transition temperature of lignin was reported to be 90-110°C[66]. Consequently, lignin flowed
when wood was heat-treated at 210°C and passed from a glass state to a rubber state in the presence of moisture.
Thus, lignin presence on heat-treated wood surface was abundant. Lignin protected the hydrogen bonds that link
adjacent fibres of cellulose from water and moist conditions by its hydrophobic nature. The improvement of
wettability of heat-treated wood supported this affirmation (see Fig.9). Lignin may freeze between other components
of wood (cellulose and hemicelluloses) and acts as thermoplastic glue after cooling. However, the degradation of
heat-treated wood due to irradiation suggests that this phenomenon is not likely to have an effect on lignin

protection during long term irradiation.

3.6 Mechanism
The combined action of sunlight and humidity results in surface lightening (Fig.1, and Fig. 7(c)) during the
weathering of heat-treated wood surface and leads to formation of macroscopic and microscopic cracks or checks
(Fig.1, 4, 5, and 6 ). Cells lose bond strength with adjacent cells near the wood surface because of the degradation of
lignin deposited in the cell corners and middle lamella (Fig.2). As irradiation continues, humidity washes out
degraded by-products present on the wood surface and the exposed surface goes through further degradation (Fig.
7). Thus, a cyclic damage of heat-treated wood surface occurs during the weathering process. Discoloration and
checking of heat-treated and untreated wood surface differ in intensity; however, both wood surfaces become
increasingly uneven (Fig.1). Changes in wettability during irradiation of heat-treated wood were induced by the

combination of structural and chemical changes occurring at the surface. Macro-cracks and micro-cracks form



during irradiation. This degradation results in easier entrance of water into cell wall of heat-treated wood which
consequently increases wood wettability. Lignin is more sensitive to irradiation compared to other wood
components; therefore, heat-treated jack pine surface becomes richer in cellulose and poorer in lignin after
irradiation. The cellulose-rich layer on wood surface and increasing amorphous cellulose content which is
transformed from crystallized cellulose result in increase of free hydroxyl groups, and consequently enhance the
wettability on heat-treated wood surface by water (Fig.9).

Lignin is an amorphous three-dimensional natural polymer in which the building units are connected with ether and
C-C bonds in a helical structure [69]. In this study, the results showed that the lignin of heat-treated jack pine is
degraded due to exposure to artificial sunlight. Based on the experimental and characterizations results, as discussed
previously, the following lignin photo-degradation mechanism is proposed. Lignin is degraded by cleavage of C-C
bonds, leading to a reduction or elimination of side-chains as confirmed by the reduction of C1 class in XPS spectra.
The y-C might split from quinone intermediates, releasing formaldehyde. The a-carbonyl group of lignin absorbs the
radiation energy and is transferred into an excited state [6], which initiates the cleavage of the B-arylether linkage.
After several electron migration steps, quinoid compounds are probably formed, which might be accompanied by a
color change [55]. While this happens to untreated wood during the initial irradiation period up to 72 h, it happens to

heat-treated wood after 168 h of irradiation, which can be confirmed by the color results (Fig. 7).

4. Conclusions

Heat-treated and untreated jack pine samples were exposed to artificial sunlight irradiation for various periods. The
changes in microscopic and chemical structures taking place on heat-treated wood surfaces due to irradiation were
analyzed using different analysis methods.

Degradation of middle lamellar, checking of cell wall and destruction of bordered pits occurred due to irradiation on
heat-treated wood surface. Photo-degradation occurred preferentially in middle lamella of wood surface where the
lignin concentration was the highest in the cell wall. There was no notable difference in surface structure
degradation of untreated and heat-treated wood after long term irradiation.

Discoloration of wood was due to combination of the photo-degradation of lignin and extractives on wood surface

during irradiation. Further color changes occurring during irradiation of heat-treated jack pine were estimated to be



due to increase in lignin condensation and decrease in extractives content on wood surfaces caused by heat
treatment.

The irradiation increased the wettability of both heat-treated and untreated jack pine woods by water. Heat-treated
and untreated wood exhibited different wetting behavior during artificial irradiation due to the differences in

contents of extractives and those of other polymer components induced by heat treatment.
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Table 1 Classification of carbon and oxygen peak components for wood materials

Group Chemical shifts / peak Carbon or oxygen bond to
position (ev)

Carbon

Ci 284.6 C-C,C-H Carbon atoms bonded only with carbon or
hydrogen atoms

C 284.6+1.5+0.2 C-0 Carbon atoms bonded with one oxygen atom

Cs 284.6+2.8+0.2 C=0,0-C-0 Carbon atoms bonded to a carbonyl or two
non-carbonyl oxygen atoms

Cs 284.6+3.75+0.2 0-C=0 Carbon atoms bonded to one carbonyl and
one non-carbonyl oxygen atoms

Oxygen

o]} 531.4-532.3 O-C=0

02 533.0-534.0 C-0O-




Table 2 Characteristic bands of IR absorption spectra in wood

Wavenumber

Functional

1 Assignment
(cm™) Group
3500-3420 -OH Present in water and three wood polymer components [45, 60, 70]
2900 C-H, -CH»- Stretching in methyl and methylene group, Hydrocarbon chains[45, 60]
. i _ free carbonyl groups[55], Stretching of acetyl or carboxylic acid
1740-1730 COOH (C=0) (hemicelluloses), [53, 60]
1640-1660 C=0 quinines and quinine methides[71], adsorbed water[72]
1600 c=C Aromatic ring (lignin) [71]
_ Aromatic ring (lignin), stronger

1510 c=C guaiacyl element than syringyl[53, 71]
1465 C-H Asymmetric bending in CHgz (lignin) [53]

Aromatic skeletal vibrations (lignin) and C-H deformation in
1426 CH:

plane (cellulose) [72]
1373 C-H C-H bending. -CH, -CH, (carbohydrates. LCC(lignin

' carbohydrate complexes) bonds [72]

1335-1330 O-H phenol group (cellulose) [72]
1316 CH2 High crystalline cellulose I (cellulose) [53]
1267-1270 co Guaiacyl ring breathing with CO-stretching (lignin and hemicelluloses)

[71], esters[72]
1230 Syringyl nuclei [53]
1158 C-0-C Carbohydrate[56, 72],
1103 C-H Guaiacyl and syringy! (lignin) [54]
1030-1050 C-O,C-H Primary alcohol, guaiacyl(lignin)[54, 72]
896 Ci-carbon in pyranoid ring (in cellulose and hemicelluloses)[72]
813-806 C-H Mainly vibration of mannan and C-H out of plane bending vibration in

lignin (lignin) [1]




Fig. 1 Jack pine surfaces during artificial sunlight irradiation: (a) radial surface of heat-treated wood, (b) tangential
surface of heat-treated wood, (c) tangential surface of untreated wood
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Fig. 2 SEM images comparing the structural changes of earlywood tracheids on transverse surface due to heat
treatment and exposure to artificial sunlight irradiation for 1500 h: (a) untreated before exposure; (b) heat-treated
before exposure; (c) untreated after exposure; (d) heat-treated after exposure;



Fig. 3 SEM images of resin channels on heat-treated jack pine transverse surfaces before and after artificial sunlight
irradiation: (a) untreated before exposure; (b) heat-treated before exposure; (c) heat-treated after exposure of 336 h
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Fig. 4 SEM image showing micro-cracks on tracheid cell wall of tangential surface of jack pine latewood due to
heat treatment and artificial sunlight irradiation: (2) untreated before irradiation; (b) heat-treated before irradiation;
(c) heat-treated after irradiation for 672 h; (d) heat-treated after irradiation for 1500 h
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Fig. 5 SEM images comparing cracks on heat-treated jack pine due to artificial sunlight irradiation: (a) radial surface
irradiated for 1500 h, (b) tangential surface irradiated for 1500 h; (c) earlywood irradiated for 336 h; (d) latewood
irradiated for 336 h



Fig. 6 Cross sections of bordered pits between longitudinal tracheids on radial surfaces of jack pine: (a) untreated
before irradiation; (b) heat-treated before irradiation; (c) heat-treated after irradiation for 1500 h
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Fig. 7 Color changes of jack pine surface during artificial sunlight irradiation: (a) red/green coordinate (a*), (b)
yellow/blue coordinate (b*), (c) lightness coordinate (L*), (d) total color difference (AE)
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Fig. 9 Wettability on tangential surfaces of jack pine latewood before and after artificial sunlight irradiation for
different periods: (a) untreated wood, (b) heat-treated wood
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Fig. 10 FTIR spectra of heat-treated jack pine during artificial sunlight irradiation: (a) untreated before irradiation,
(b-h) heat-treated samples irradiated for : (b) 0 h, (c) 72 h, (d) 168 h, (e) 336 h, (f) 672 h, (g) 1008 h, (h) 1500 h
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Fig. 11 (a)Variation of ratio of lignin at 1510 cm-tagainst carbohydrate at 1375 cm™ as a function of irradiation
time, (b) Behavior of band at 1740 cm™against carbohydrate at 1375 cm™plotted against irradiation time for heat-
treated and untreated jack pine
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Fig. 12 Relationship of color changes with function groups of heat-treated and untreated jack pine during irradiation:
(a) lightness and decay of lignin, (b) total color changes and decay of lignin, (c) b* and carbonyl groups content
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Fig. 13 (a) Crystallinity (H142e/Hsgg) during irradiation, (b) Intensity ratios of bands at 3500 cm™* (OH/CHj, ratio) to
band at 2900 cm™* in FTIR spectra
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Fig. 14 XPS survey spectra of untreated and heat-treated jack pine wood before and after irradiation for 1500 h: (a)
untreated before irradiation, (a) untreated irradiated for 1500 h, (a) heat-treated before irradiation, (a) heat-treated
irradiated for 1500 h
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Fig. 15 O/C Ratio of untreated and heat-treated jack pine wood surface during irradiation
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Fig. 16 C1s spectra of untreated and heat-treated jack pine wood before and after irradiation for 1500 h
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Fig. 17 Effect of irradiation on the C1 and C2 component on heat-treated and untreated jack pine surface



x102 x102 %102
O1s Ols O1ls
0, | 0, i 0, |
o
01 ! 0,
535 533 531 529 535 533 531 529 535 533 531 529
BE(eV) BE(eV) BE(eV)

(a) Before weathering

(b) Weathering for72 h

Fig. 18 O1s peaks of heat-treated wood during different irradiation times
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Fig. 19 Effect of irradiation on O1 and O2 component of heat-treated and untreated jack pine surface



