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Abstract: The aim of this research was to evaluate the multiple effects of both thermal modification
and alkyl ketene dimer (AKD) on the deodar cedar (Cedrus deodara Roxb.) wood surface, before and
after an irradiation test. The physical and chemical changes that occurred on the cedar wood
samples due to the combined effect of these modifications were evaluated by measuring their
wettability and colour and using attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR) and X-ray photoelectron spectroscopy (XPS) analyses. The surface analysis by XPS
showed the expected variability among the sampled layers for unmodified and thermally modified
cedar wood samples and a uniform composition after the AKD coverage, regardless of their pre-
treatments. The FTIR spectra before the irradiation test showed that the hydrophobicity of the
samples was ensured by the formation of carbonyl groups originating from the reaction between
the AKD and hydroxyl groups of cellulose, which is related to the presence of the absorption band
between 1700 cm™ and 1750 cm'. Markedly, after the irradiation test, a degradation of the
amorphous cellulose component occurred, showing that photoisomerisation to the enolic form took
place. Overall, although uniform AKD coverage was derived from the surface analysis and wetting
test, the combined ATR-FTIR results and colour measurements showed that it could not provide
permanent protection to the underlying wood structure due to its own tendency to degrade mainly
in colour over time, under the action of UV rays and atmospheric agents.

Keywords: deodar cedar; wood surface; thermo-vacuum modification; alkyl ketene dimer;
hydrophobic effect; XPS

1. Introduction

In recent years, a major problem for the wood-processing industry is the insufficient
amount of wood raw materials on the local market, which results in increased competition
between companies and producers of wood-based products. This competition is expected
to become even more intense due to the constantly increasing global demand for wood
and wood-based materials. Consequently, timber prices have also been rapidly rising.
These recent changes are leading to serious supply chain problems with likely slowdowns
occurring in the production of wooden products. Thus, the continuous and sustainable
supply of wood raw materials is of central importance for the smooth functioning of the
wood-processing industry [1]. In this context, the recovery and optimised utilisation of
local, underused wood species represents a viable option for reducing the negative
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economic impact that is caused by the unstable wood supplies from abroad. Better
handling of underused local wood resources could be crucial for meeting the increased
demands of the wood sector, keeping in mind that the sustainable management of the
wood resources could bring the consequential development and improvement of the
national economy [2].

Wood has traditionally been used in many value-added applications due to its
numerous outstanding properties. However, being a natural material, it is also
characterised by several disadvantages that are related to the great variability in its
properties. Wood is a biodegradable, natural material and is permanently exposed to the
degradation processes of environmental, chemical, physical, and microbiological origin.
Wood materials undergo photodegradation and change their colour irreversibly in
response to light and water [3]. Due to water absorption and desorption, wood is easily
subjected to biological attacks by fungi and insects or swelling and shrinkage changes. All
of these effects constitute a negative impact on the performance properties of wood
materials, especially when they are used outdoors.

Deodar cedar (Cedrus deodara Roxb.) of the Pinaceae family was largely planted in the
past mainly as an ornamental tree that was grown in parks and gardens, but it was also
planted for reforestation purposes.

In favourable conditions, it grows rapidly, up to 40-50 m tall, and it reaches more
than 100 cm in diameter, from terrain that spans from the sea to the mountain level. The
sapwood is pink or greyish and differs from the reddish/yellow heartwood. Deodar wood
exhibits low hardness and high durability mainly in the heartwood. Gum-resinous
exudations are also frequent. It is a durable and rot-resistant wood that is used as a
construction material in naval construction, furniture, sculptures, temples, etc. [4]. Cedar
wood is known for its excellent machining properties, as well as an impressive strength-
to-weight ratio. The physical and mechanical properties of cedar wood have often been
reported under the genus Cedar with there being no distinction between species. In [4],
the compression, the bending strength, and Modulus of Elasticity (MOE) of it were 49
N/mm?, 94 N/mm?, and 10,100 N/mm?, respectively. Its density, at the 12% of moisture
content, was 0.52 g/cm?. In terms of its durability, the wood is classified as a three on the
scale, which means that it is moderately resistant [5].

However, deodar cedar is still one of the less-studied wood species in the field of
wood modification and surface behaviour. A recent paper highlighted the influence of the
thermal modification process on the wood’s machinability [6], while the effect of solvent
on the extractive contents was analysed by Lovaglio et al. [7]. Some studies on the effect
of heat treatments on the physical, mechanical, and chemical properties of cedar were
conducted by Nabil et al. [8], while Bal et al. [9] reported the effect of thermal
modifications on the physical properties of Cedrus libani wood.

The treatment of the cedar wood surface by the combination of spores (Penicillium
expansum and Penicillium commun) was also studied, thereby highlighting the evolution of
the physicochemical properties of the wood surface before and after the adhesion of fungi
[10]. In addition, interesting results in terms of its physicochemical surface properties
were obtained by using a cellulase treatment [11]. The same article pointed out that, before
the cellulase treatment, the untreated cedar surface appeared, at first, to be hydrophobic
and then the hydrophobicity decreased continuously until it reached a state of
hydrophilicity.

These results have induced us to perform further studies on the relationship between
durable wood species and wettability considering that, as it was reported in previous
papers, the correlations between wettability and durability have not been completely
clarified [12]. In addition, the extractive compounds are recognised to be the most
important factor in determining the durability of the wood, although the extractive
concentration does not necessarily correspond to natural durability [13,14]. Generally,
durable wood from which extractives are removed, e.g., due to thermal modification,
could become susceptible to decay [14] or they may change its wettability [15].



Forests 2022, 13, 1551

3 of 20

The thermal modification of wood is a method that enhances certain critical
properties of wood, although some drawbacks in its mechanical properties are
highlighted [16]. Concerning the effect of thermal modifications on wettability, the results
are not always consistent [17]. Recently, several researchers highlighted that thermal
modification changes or modifies the nature of the extractives, and consequently, it affects
the wettability of both durable and nondurable wood species.

To enhance the performance of wood under critical environmental conditions,
different approaches may be applied. Most wood preservatives produce toxic emissions
during their production and service life [18].

The positive effect that alkyl ketene dimer (AKD) has on rendering wood surfaces
hydrophobic has already been recognised [19-21]. The characteristics and the action
mechanisms of AKD have been discussed in a previous research paper [22]. In that paper,
numerous methods (based on the use of fluorine, and octadecyltrichlorosilane, among
others) to render wood materials water-repellent were also presented.

The treatment of fluorination, based on the substitution of -OH hydrophilic groups
by covalent carbon—fluorine bonds, decreased the hydrophilicity of the wood [23]. Hui et
al. [24] demonstrated that an octadecyltrichlorosilane treatment made the wood surface
hydrophobic, also, under prolonged exposure of UV light or rain.

To the best of our knowledge, no studies have reported on the effect of thermal
modifications when they are combined with the application of AKD on cedar wood
properties, before and after an irradiation test. In addition to the usual techniques
(wettability, colour, and FTIR) we used an XPS, a surface-specific technique, to investigate
the chemical state of the elements constituting the outermost layers of the wood samples
and their relative variation due to the combined surface treatments.

2. Materials and Methods
2.1. Sample Preparation

The wooden boards of 40 mm (tangential) x 200 mm (radial) x 2200 mm (longitudinal)
were obtained from four trees that were nearly 70 years old, which were cut down in a
high regional forest located in the region of Basilicata, Southern Italy, and then, they were
thermally modified as explained below.

2.1.1. Thermal Modification

Before the thermal modification, the boards were conditioned at a temperature of 20
°C and relative humidity of 65%. The heat was applied to the boards by us gradually
increasing the temperature to 200 °C, under a pressure condition of 220-320 mbar for 4 h
in a thermo-vacuum cylinder (WDE-Maspells.r.l., Terni, Italy). The wood density before
and after the thermal modification was 0.480 and 0.416 g/cm3, respectively. Further
information on this technology was previously described by Ferrari et al. [25].

2.1.2. Irradiation Test

The UV test was carried out according to the EN 927-6 standard [26], and the
experiment lasted for one week. The cycle started with 24 h of conditioning, followed by
2.5 h UV exposure, and then 0.5 h of water spraying. In total, the samples were put in
chamber test for 116 h, i.e., 24 h conditioning + 15 h spraying water + 77 h UV irradiation.
The apparatus was equipped with UVA 340 nm lamps which were maintaining a constant
temperature of 45 °C during the conditional phase and 60 °C during the UV irradiation.
The irradiation set point was 89 W/m? at 340 nm and the conditions during the spray phase
varied from 6 1/min to 7 1/min during the period when the UV light was off.
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2.2. AKD

Twenty-four cedar wood samples without defects were used for conducting the ex-
periment. The dimensions of the samples were 5 mm x 50 mm x 50 mm in the tangential,
radial, and longitudinal directions, respectively. The samples were immersed in three dif-
ferent AKD/toluene solutions for 10 s each (see Lovaglio et al. for further details [22]). The
AKD solutions were obtained by dissolving AKD wax C18 in toluene solvent to achieve:
0.1%, 5%, and 10% concentrations (w/w). Then, the samples were put under a fume hood
where the toluene was allowed to evaporate overnight. Finally, the samples were kept at
a standard climate of 20 °C and 65% relative humidity.

The samples were then randomly assigned to groups according to Table 1.

Table 1. Experimental design of unmodified and thermally modified cedar wood samples for the
different solutions of alkyl ketene dimer (AKD) (% w/w). CTH= thermally modified. C= unmodified.

Pre-UV Test Post-UV Test
Treatment Cedar Code Cedar Code
Abbreviation Abbreviation
Unmodified C C post-UV
TH CTH CTH post-UV
Unmodified + 0.1% AKD C+0.1% AKD C +0.1% AKD post-UV
CTH + 0.1% AKD CTH +0.1% AKD CTH + 0.1% AKD post-UV
Unmodified + 5% AKD C+5% AKD C +5% AKD post-UV
CTH + 5% AKD CTH + 5% AKD CTH + 5% AKD post-UV
Unmodified + 10% AKD C+10% AKD C+10% AKD post-UV
CTH +10% AKD CTH + 10% AKD CTH + 10% AKD post-UV

2.3. Water Contact Angle (WCA)

The water contact angle measurement [27] was determined using the Drop Shape
Analyzer-DSA30 (KRUSS, Hamburg, Germany). A 7.5 L distilled water drop was ap-
plied on the surface, utilising a digital pipette WCA. The image of the liquid drop was
captured using a high-resolution camera and transferred to a computer screen where the
contact angle was measured using ADVANCE software (KRUSS, Hamburg, Germany).
The image was captured immediately after the water drop was applied (0 s.), and then
every 0.5 s for a total time of 2 min. Each WCA measurement was made 3 times on each
of the 24 wood specimens, before and after the irradiation test.

2.4. ATR FTIR Spectroscopy

The wood samples with the dimensions of 5 mm x 50 mm x 50 mm in the tangential,
radial, and longitudinal directions, respectively, before and after the irradiation test, were
analysed by using ATR-FTIR spectrometry. ATR-FTIR spectroscopy is the study of the
interaction of electromagnetic radiation with matter; the spectrum that is obtained indi-
cates the molecular vibration. When they are exposed to infrared radiation, sample mole-
cules selectively absorb the radiation of specific wavelengths which causes the change of
the dipole moment of the sample molecules. The commonly used region for infrared ab-
sorption spectroscopy is from 4000 cm™ to 400 cm™ for most organic and inorganic com-
pounds.

The spectrometer that was used during this study was attenuated total reflectance-
Fourier transform infrared spectroscopy — PerkinElmer, FT-IR Spectrometer Frontier (Per-
kin Elmer Inc., Waltham, MA, USA). The instrument was equipped with Spectrum™ soft-
ware (Perkin Elmer Inc., Waltham, MA, USA) which was operating on 4 scans and 2 cm™
resolutions. The spectra were recorded within the wavelengths from 650 cm™! to 4000 cm™.
The software connected to the spectrometer was able to correct the baseline and normalise
the spectra. To normalise the infrared spectra, the band which was referred to as 1025 cm™!
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in the fingerprint region was used. For the samples with AKD, the band that was usually
used was at 2917 cm™ [22].

2.5. Colour

The colour changes during the ageing process were constantly monitored on the spec-
imens, based on the method of the Commission International de 1’Eclairage (CIE) using col-
our parameters, L*, 4%, and b* and their average values were calculated for each treatment.
CIEL*a*b* is one of the models that better showed a uniform colour spacing in their values.
CIEL*a*b* indicated these values with three axes: L* a*, and b*, which made distinctions
between light and dark, red and green, and blue and yellow, respectively. The three coordi-
nates of the CIEL*a*b* represent: the central vertical axis, which is the lightness (L*) whose
values run from 0 (black) to 100 (white); the axis a* which makes distinctions between the
red/magenta and green colours. The values that are negative for 4* indicate the presence of
green, while the positive values indicate the presence of magenta; the values of axis b* rep-
resent the presence of yellow and blue. The values that are negative for b* indicate the pres-
ence of blue, and the positive values indicate the presence of yellow [28].

The instrument that was used to observe the colour of the samples and their variations
was the Konica Minolta CM-2002 spectrophotometer (Konica Minolta Inc., Tokyo, Japan). It
was equipped with a pulsed Xenon arc light source that was employed with a measurement
area of 8 mm in diameter on the samples. Colourimetric measurements were also performed
on three separate locations and repeated three times before and after the thermal modifica-
tion and AKD treatment. Furthermore, the measurements were repeated after the irradia-
tion test. The A values were calculated by comparing the modified samples with the un-
treated ones, considering the different solutions of AKD that were used. The statistical sig-
nificance of the differences in the colour coordinates were then investigated using an anal-
ysis of variance (ANOVA) together with a Tuckey test. All of the statistical analyses were
conducted using SPSS Statistics software v.11 (SPSS Inc, Chicago, IL, USA).

2.6. X-ray Photoelectron Spectroscopy (XPS)

XPS is also known by the acronym ESCA (Electron Spectroscopy for Chemical Analy-
sis), and the acquired spectra are susceptible to multiple levels of interpretation, ranging
from a simple qualitative evaluation of the elements that compose the specimen to the de-
termination of their chemical state and the semi-quantitative analysis [29]. XPS is a surface-
sensitive technique whose sampling depth is in the order of nanometres due to the use of
electron inelastic mean free paths. Only the electrons that are emitted by the atoms of the
outer layers can escape from the sample surface with an unchanged kinetic energy and con-
tribute to the photoelectron signals that are detected by the analyser of the spectrometer.

The first step that was taken in characterising the surface chemistry of the specimen
that was under investigation was the identification of the elements that were present, i.e.,
a qualitative analysis. For this purpose, usually, a wide spectrum is recorded over the
whole energy region that is allowed by the XPS source, which will provide various intense
signals to be identified using the software that is supplied with the spectrometer that is in
use. The second step of XPS, one of its major strengths, is based on its ability to determine
the chemical state of the identified elements constituting the sample. Usually, the “de-
tailed” spectra of the signals of interest are registered with a resolution in energy that is
ten times higher than that which is used for the wide spectra. In this way, it is possible to
appreciate the peak displacement due to the oxidation state of atoms that are taken into
account. The shift that occurs depends on the charge of the atom, and chemical assign-
ments can be performed by referring to a standard analysis, data that are reported in the
literature [30,31], and an online database [NIST XPS 20, Version 4.1, 2012:
https://srdata.nist.gov/xps/default.aspx, accessed on 23 April 2022].

Unlike many other surface sensitive techniques, XPS allows for semi-quantitative
mass balances. The intensity of the signals is directly proportional to the number of atoms
that are chemically equivalent in the sample, therefore, in measuring the area of the peaks,
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it is possible to evaluate their relative abundance, after a normalisation procedure [22,23].
For complex systems, particularly when using achromatic sources, like the wood samples
that are examined in this work, it is fundamental to properly resolve the closely spaced
chemical states by an accurate curve-fitting procedure. In this work, the curve-fitting soft-
ware NewGoogly was employed, which allows for estimating the intrinsic and extrinsic
contributions of the XPS spectra [32,33].

XPS spectra were acquired using a SPECS Phoibos 100-MCD5 spectrometer (SPECS
Surface Nano Analysis GmbH, Berlin, Germany) that was operating at 10 kV and 10 mA
and in the medium area (diameter = 2 mm), using the MgKa (1253.6 eV) and AlKa (1486.6
eV) radiations. The pressure in the analysis chamber was less than 10 mbar during the
acquisition. The wide spectra were acquired in FAT (Fixed Analyser Transmission)/FRR
(Fixed Retarding Ratio) modes that were E° =20 eV/R = 30, and channel widths of 1.0 eV.
Little wood specimens with the dimensions of 15 mm x 5 mm x 5 mm in the tangential,
radial, and longitudinal directions, respectively, were used for this purpose.

Detailed spectra were all acquired in FAT mode with a constant pass energy E° of 9
eV and channel widths of 0.1 eV and were curve-fitted using the well-established proce-
dure (NewGoogly software) [32,33]. Peak areas and positions (binding energies, BEs) as
derived by the curve-fitting were, respectively, normalised using proper sensitivity fac-
tors and referenced to Cls aromatic/aliphatic carbons as the internal standards, respec-
tively, were set at 284.8/285.0 eV [30,31].

3. Results and Discussion
3.1. Water Contact Angle (WCA)
This study investigated the effect of weathering on the WCA of untreated and ther-

mally modified wood with or without AKD. The results of the WCA measurements are
shown in Figures 1 and 2.

180
|
& 140
P M
S0 120
<
5 100
g —C
g 80
o —C+0.1% AKD
5 60
= C+5% AKD
Z 40
C+10% AKD
20
0 T T T T
0 25 50 75 100 125
Time (s)
180
160 l
& 140
=
g 120
<
+ 100
g
5 80 |
—Cpost UV
5 60 P
< —C+0. 0,
= " C+0.1% post UV
C+5% post UV
20
C+10% post UV
0 - - - -
0 25 50 75 100 125
Time (s)

Figure 1. WCA values over time on cedar wood samples, before (top) and after the UV treatment
(bottom).
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Figure 2. WCA values over time on thermally modified cedar wood samples, before (top) and after
the UV treatment (bottom).

According to Vogler [34], when the value of the WCA exceeds 65°, the surfaces are
characterised as hydrophobic. Inversely, with WCA that is less than 65°, the surfaces are
considered to be hydrophilic.

As expected, the water was absorbed faster by the untreated wood (C, Figure 1, top)
than it was by the thermally modified wood samples (CTH, Figure 2, top). The lower wet-
tability on the wood surface after the thermal modification could be the result of several
phenomena that are taking place in the wood. One cause could be the migration of extrac-
tives to the surface during its heating [35]. Extractive compounds can be polar and non-
polar compounds, and the migration to the surface of the high content of non-polar ex-
tractives is considered primarily responsible for the low wettability that is recorded [36].

As it will be shown in the next sections by the completion of surface (XPS) and infra-
red (ATR-FTIR) spectroscopies, several events are recognised to also play an important
role on the reduced hygroscopicity of the wood surfaces. Different types of reactions be-
tween the cell wall components occurred during heating and they implied a cross-linking
between the lignin and polysaccharides, and a reduction in free hydroxyl groups [37]. At
high temperatures, the hemicelluloses can undergo oxidation and pyrolysis reactions with
consequent changes in compounds like furfural polymers, which are considered to be less
hygroscopic [38]. The hydrophobicity of both C and CTH was greatly improved after the
application of AKD, and all of the samples that were treated with a different AKD solution
exhibited a steady water contact angle of approximately 140°-150° (Figures 1 and 2, top).
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The hydrophobicity of the surface may be caused by the esterification reactions between
the AKD and wood compounds such as cellulose [19].

Arminger et al. [21] conducted a study on European beech (Fagus sylvatica L.) wood
surface and they used eight different dispersions with target AKD concentrations of 1 or
10 g L water. Depending on the specific conditions of the application, the water contact
angles that were as high as 166° were measured on the treated wood surfaces.

As suggested by Shi et al. [39], the greatly increased hydrophobicity of the AKD-
modified cedar wood may be due to the introduction of long alkyl chains from the AKD
on the cellulose surfaces via ketoester linkages; these directly react with hydroxyl groups
from cellulose to form (-ketoester linkages by esterification. They also stated that the im-
proved hydrophobicity of the wood could be attributed to a reaction between the wood
and the AKD that formed (3-ketoester linkages. However, some researchers disagree about
whether or not AKD is covalently bonded to cellulose [39]. After the irradiation test, an
increased wettability of the thermally modified wood samples was determined, and the
contact angles of the CTH decreased significantly (Figure 2, bottom). This result is similar
to those of other published works [40], and it was attributed to the combination of struc-
tural and chemical changes on the woods’ surfaces [37,40].

The application of AKD solutions at 5% and 10% positively affected the wettability,
thereby making it unchanged for both the C and CTH wood surfaces, and also after the
irradiation test. In contrast, for the sample that was treated with a 0.1% solution of AKD,
a significant decrease in the WCA was observed, though the wood surface remained hy-
drophobic.

Markedly, the wettability of the C and CTH decreased significantly after the irradia-
tion; furthermore, no difference between the C + AKD and CTH + AKD could be distin-
guished, and the water contact angled of the wood surface were similar, with a steady
angle of approximately 150°, except for the C + 0.1% AKD and CTH + 0.1% AKD samples,
where a slight reduction of the angle was observed. Similar results were found in the
study by Yan et al. [20] where the variant of a hydrophobised microfibrillated cellulose
(MEC) at the lowest concentration of AKD gave a slight reduction in the water contact
angle during the two minutes of the measurement time, thus indicating the slight pene-
tration of water into the MFC pellets.

3.2. ATR-FTIR Analysis

The characteristic peaks of AKD were located at the wave numbers of 2915 cm™ and
2848 cm, which were the C-H stretching vibrations representing the methyl and meth-
ylene groups of the alkyl chain in the AKD molecule (Figure 3). The peak at 1848 cm™ is
related to the stretching of C = O, while the peak at 1700 cm™ is related to the group C =
C.

2.8 1
2.6 ]
2.4
221

— AKD

18
1.6
1.4 ]
12 -

Absorbance

0.8 |
06
04 |
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4000 3500 3000 2500 2000 1500 1000
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Figure 3. FTIR spectra of AKD wax [22]. Reprinted from Teresa Lovaglio (2019).
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Figure 4 shows small but significant spectrum changes between C and CTH, i.e., the
decrease of the peak at 1610 cm™ after heating. This indicated the degradation of the guai-
acyl unit of lignin [41,42]. The band at 1734 cm™, which is assigned to the C = O stretching
vibration of acetyl or carboxylic acid, highlighted a peak that was slightly smaller in CTH
due to the cleavage of the acetyl side chains in the hemicelluloses [43]. Figure 5 shows the
significant changes that occurred after the irradiation process of the bands at 1595 cm™,
1510 cm™, and 1465 cm™, indicating lignin degradation. The decrease of the bands at 1595
1510 cm™ showed that the guaiacyl nuclei were sensitive to the artificial ageing degrada-
tion process. In contrast with the results that were reported by Hon [44], the absorbance
to stretching vibration of the carbonyl in the 1,3-ketoester at 1730 cm™ greatly decreased.

Only the fingerprint region of the FTIR spectra of C and CTH, pre and post UV, are
highlighted in Figure 6 to better illustrate the impact of UV irradiation on wood surfaces.

| —C
—CTH
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4000 3500 3000 2500 2000 1500 1000
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Figure 4. Comparison of FTIR spectra of cedar wood samples before and after the thermal modifi-
cation (C and CTH).
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Figure 5. Comparison of FTIR spectra of C and CTH pre- and post-UV treatment.
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Figure 6. Comparison of FTIR spectra of unmodified and thermally modified cedar wood samples,
pre-and post-UV treatment, in the fingerprint region.

After the UV irradiation, the development of the two peaks at 1335-1316 cm™ were
observed and were attributed to the cellulosic crystal content. During the irradiation test,
the degradation of the amorphous cellulose component was depicted. The band related
to CHoz stretching was shifted at 1430 cm™ due to the degradation of amorphous cellulose,
and this was also the case for the cedar wood samples. The investigation of C + AKD and
CTH + AKD, with different concentrations of AKD solutions, is shown in Figure 7.
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Figure 7. Comparison of FTIR spectra of unmodified (top) and thermally modified cedar wood sam-
ples (bottom) with AKD.

The reaction between the AKD and wood fibre hydroxyl groups of cellulose was
identified by the absorption band at 1720 cm™. In previous research, Hubbe [19] reported
that the reaction mechanisms of AKD with wood fibre hydroxyl groups of cellulose were
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considered as an esterification reaction. As expected, important differences in the intensity
of the bands between the different concentrations of AKD occurred. In the case of the
concentration of 0.1% AKD, contrary to Alder [22], the peak at 1720 cm™ was more intense
for CTH compared to that of C, thus highlighting that thermal modification induced a
better condition of bonding between wood fibre and AKD. The thermal modification
changed some of the chemical components of the cell walls by a depolymerisation-in-
duced process [37,40] that may produce new binding sites with the AKD molecule. Yan et
al. [20], in a research study on hydrophobised microfibrillated cellulose that was charac-
terised by Fourier transform infrared spectroscopy, nuclear magnetic resonance, and an
X-ray analysis, found strong indications for the presence of AKD on the surface before
and after its extraction with solvent. Nevertheless, only a very small amount of covalent
[-ketoester linkages, between the modification agent and cellulose, were identified. No
scientific evidence has been found that deals with the combination of thermal modifica-
tion and other findings concerning the AKD.

After the weathering test, relevant changes were observed (Figure 8). The peaks at
2915 cm™ and 2848 cm™ are related to the C-H stretching vibration, representing the me-
thyl and methylene groups of the alkyl chain in the AKD (see also Figure 3). After irradi-
ation, a lower intensity of the spectra in the C + AKD sample after the UV procedure was
highlighted, compared to that of the CTH + AKD sample after the UV procedure. At the
peak at 1730 cm, the carbonyl absorption of the 1,3-ketoester almost disappeared,
thereby showing a photochemical tautomerisation in favour of the enolic form (Scheme
1). The effect of light on the tautomeric equilibrium is well known [45-47]. Usually, pho-
tochemical isomerisation induces an increase in the ketonic form. To our knowledge, this
is the first experimental result where UV irradiation induced a sharp reduction of the ke-
tonic form.

— Cpost UV

09 ] — C+0.1% AKD post UV
C+5% AKD post UV

— C+10% AKD post UV
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4000 3500 3000 2500 2000 1500 1000

Wavenumbers [em!]
1
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09 CTH#0.1% AKD post UV
CTH+5% AKD post UV
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=3
n

2500 2000 1500 1000
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Figure 8. Comparison of FTIR spectra of unmodified (top) and thermally modified cedar wood sam-
ples (bottom) with AKD after the UV irradiation test.
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Scheme 1. The reaction of AKD with cellulose.

3.3. Colour

The results that were obtained for the colour changes of both the unmodified and
thermally modified deodar cedar wood samples after the application of AKD are pre-
sented in Table 2.

Table 2. Colour change (mean value) for both unmodified and thermally modified cedar wood sam-
ples after the AKD application. Means with the same letter are not significantly different from each other
(p>0.05 ANOVA followed by Duncan test).

AL Aa Ab AE
Unmodified samples
C 0 0 0 0

C+0.1% AKD 0.362 -0.352 —2.27¢ 240
C+5% AKD 1.77°b —-0.44° -1.86" 2.95°
C+10% AKD 2,69 ¢ 0.47° -0.40 2 2.97°

Thermomodified
CTH —22.64° 221¢ -1.43° 22.81¢
CTH +0.1% AKD 2522 -0.50" 1.56° 3.032
CTH + 5% AKD 2752 -1.90 2b -9.82 10.40®
CTH +10% AKD 212 -2.28 2 -11.21¢ 11.65°

As reported by several authors [17], the first step is the darkening (L*) of wood sur-
faces after their thermal modification (Table 2). The change in the natural colouration of
the wood and in particular, the darker tonality after its heating can be attributed to the
chemical reactions of oxidation or the formation of a new compound by the degradation
of the wood’s components [48,49].

Extractives of each wood species make a specific colour which is expressed by two
chromatic parameters, namely a4* and b*. The redness coordinate a* increased during the
heat treatment (2.21). The change in b* (-1.43) was particularly influenced by the reactions
that involved the lignin and lignin derivates, such as quinone and stilbenes [50].

After the immersion of each sample in the AKD solutions, the relevant variations in
AE (11.65 for and CTH + 10% AKD) were observed. The colour change was mostly due to
modification of the L* coordinate and b* coordinate. The greying of the surfaces was
caused by the natural colour of AKD. The wax is white in the solid phase, and the solution
results were transparent but, probably, when the solvent flew off under the fume cup-
board, a grey layer had been created on the surface. Increasing amounts of deposited AKD
wax affected the optical properties of the wood surface, thus producing an increase in the
colour change, as expressed by AE. Also, Arminger et al. [21] conducted a study on Euro-
pean beech wood surface and they showed a gradual lightening from the native reddish
beech wood colour to a whitish surface. The implementation of sub-microstructures
clearly reduced the surface gloss, but the transparency and colour of the wood remained
largely unchanged [21].

The colour changes of the specimens that occurred after the irradiation test are dis-
played in Table 3.
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Table 3. Colour changes (mean value) for both unmodified and thermally modified cedar wood
samples with AKD after UV irradiation. Means with the same letter are not significantly different from
each other (p > 0.05 ANOVA followed by Duncan test).

Cedar Post-UV AL Aa Ab AE
Unmodified samples
C -7.50 b 1.730 -0.80 ab 8.01
C+0.1% AKD -9.39°b 1322 -1.542 9.63 ab
C+5% AKD -11.17 2 1.57 ab -0.95 ab 11.42°
C+10% AKD -8.91° 1.70° -0.14® 9.40 ab
Thermomodified
CTH 5.80°b -2.23 ab -5.36 b 8.23°
CTH +0.1% AKD 5.75¢b -3.20a -9.2a 11.35°%
CTH + 5% AKD 2.66 2 -1.56 b 1.30 ¢ 3.69 a
CTH +10% AKD 3.53 ab -1.43°% 4234 5.75 ab

The energy that is associated with the UV light region is sufficient to break many
bonds that are present between the chemical components of wood [51]. The effect of
weathering on wood surfaces has been investigated, extensively [22,49-51], and similar to
the results of these studies, the AE values of the C samples depended mainly on AL (Tables
2 and 3). The colour of the wood surface changed rapidly from light to dark and this was
indicated by a decrease in AL (7.50).

After a thermal treatment, the darker wood colours are attributed to the development
of oxidation products like quinones [50]. Sadly, it has been shown that the colour of ther-
mally treated wood fades when it is exposed to light.

In fact, in a study by Miklecic et al. [52], the FTIR spectra of wood samples that were
subjected to UV light showed that exposure to UV light induced a decrease in the lignin-
related peaks (delignification) of the samples.

In general, during the interaction with light, the lignin reacts with oxygen and free
radicals thus producing chromophoric groups that are responsible for the darkening of
the surfaces. Therefore, photo-discolouration and photo-degradation [51] occurred also in
the AKD-protected samples.

3.4. XPS Analysis

The wood samples were properly sized to be mounted on the XPS sample holder and
the analyses were performed on the unmodified and thermally modified wood surfaces
(Figure 9).
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Figure 9. Wide spectrum of thermally modified (CTH, top) and unmodified cedar wood samples
(C, bottom).

The labelled wide spectra showed that carbon and oxygen were the main elements.
Traces of silicon and nitrogen could only be perceived by amplifying the relevant KE
zones. In fact, after the acquisition of the spectra at a higher resolution, the detail regions
confirmed that the silicon signals were at the limit of detection for both samples, and just
a very small percentage of nitrogen could be quantified only for the CTH sample. All of
the detailed regions whose areas could be resolved via a curve-fitting were considered for
the compositional analysis of both samples (vide infra). As mentioned in previous work
[53], the degradation of wood during heating can be detected with XPS by a change in the
atomic ratio of the main elements. Thus, also in this work, to monitor the chemical modi-
fications of the wood after thermal treatments, the Cls and Ols regions of C and CTH
cedar samples were especially regarded, and their O/C ratios were compared.

The curve-fitted Cls regions of the C and CTH samples are compared in Figure 10.

22 260 288 286 284 282 280 282 250 268 26 284 262 280
Binding Energy (eV) Binding Energy (eV)

Figure 10. Cls curve-fitted regions of thermally modified (CTH) and unmodified (C) cedar wood
samples.

Table 4 lists the corrected binding energies (BEs) and normalised areas of the resolved
peaks, including the curve-fitting results from other detailed regions of both of the cedar
samples. The choice for the best curve-fitting was based on the satisfactory mass balance
of the carbon-containing oxygen components and the total Ols area, taking into account
the stoichiometric coefficients and the limit of the XPS accuracy (+10%) [30,31]. The peak
parameters were imposed to be the same within each region to facilitate this computation,
as was also conducted in previous work [53], and the ‘residuals” were reported on top of
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the curve-fitted figures to testify the goodness of this approximation. The chemical state
assignments that are detailed below are based on previous work [53], the NIST XPS data-
base, and the literature data.

Table 4. Fitting parameters of the C1s, Ols, and N1s detailed regions for both the CTH and C sam-
ples.

C CTH
Region Peak Number  Binding Energy Norm. Area BE (Ev) Norm. Area

(BE) (Ev) (a.u.) (a.u)

1 283.6 1861.2 283.3 1194.2
2 284.8 22,246.1 284.8 13,621.0

Cis 3 285.6 5806.5 285.4 6813.1
4 286.7 9550.4 286.6 14,162.4

5 288.5 2120.6 288.2 3797.9

6 - - 289.6 975.24

On 1 532.0 1753.4 531.6 2044.9
2 533.0 12,821.7 533.1 17,190.45

Nls * - - - 400.0 354.3

* generically assigned to amino groups.

The curve-fitted Cis regions are those that are best representing the spectra modifica-
tions due to the surface treatments and, here, were fitted this curve using five peaks for
the C and six peaks for the CTH.

Peak 1. This is at the lowest BE. This peak could be assigned to extractive com-
pounds [54]. This energy zone is reported for carbides, graphitic compounds, polycyclic
carbons, etc. [55].

Peak 2. Contains aromatic carbon (carbon that is bonded to other carbons and/or
hydrogen) that is set at 284.8 eV as the internal standard to determine the sample surface
charging, and thus, correct the XPS energy scale.

Peak 3. Contains a-carbons, eventual amino and ether groups.

Peak 4. Contains carbon that is singly bonded to oxygen (C-O).

Peak 5. Contains carbonyl-type/carbon that is doubly bonded to oxygen (C =
0/O-C-0O).

Peak 6. Contains arboxyl-type or similar carbons that are doubly and singly
bonded to oxygen.

The region O1s could be curve-fitted with two peaks for both specimens:

1. A peak that was assigned to oxygen that was doubly bonded to carbon.
2. A peak that was assigned to oxygen that was singly bonded to carbon.

The two peaks, which were not clearly resolved in the suitable intensity ratios, using
the same full with half-maximum (FWHM), were considered together to be the total O1s
area to verify the mass balance with the oxygen-containing carbons which contribute to
it, stoichiometrically.

Then the Ois and Cis total areas were derived by summing the normalised areas of all
of the peaks that were resolved by curve-fitting, which are listed in Table 4, and these
were used to derive the O/C atomic ratio.

If the reported values of the O/C ratio are considered, it can be highlighted that high
values signify a high content of cellulose and hemicelluloses, while low values reflect that
there is more lignin on the wood surface [56]. In general, this ratio decreased after the
thermal modification, due to the dehydration of the cellulose and hemicellulose that was
initially present on the wood surface and to the loss of the volatile compounds [53,56]. In
contrast, for the deodar cedar wood samples, the O/C ratios, after the thermal modifica-
tion, increased (from 0.35 to 0.47), which was also observed in the case of jack pine (Pinus
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banksiana) wood samples [54]. The high content of carbon for unmodified wood surfaces
could be an indication of a great number of extractives. The thermal modification removes
the extractive compounds [17], thereby increasing the O/C ratio.

Figure 11 compares the labelled wide spectra of the C and CTH samples that were
both covered with 5% AKD. The samples that were covered with AKD that was dissolved
in toluene at 5% were supposed to cover the wood sample surface with a hydrophobic
layer of about 10 nm, i.e., of intermediate thickness, compared to those that are produced
by 0.1% and 10% solutions, as reported for thin films of AKD that are grown by spin coat-
ing on different substrates from toluene solutions [57].
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Figure 11. Wide spectrum of thermally modified (CTH + AKD, top) and unmodified (C + AKD,
bottom) cedar wood samples.

The wide spectra of the C and CTH samples that were covered with AKD showed
significant differences in comparison to those that are reported in Figure 9 of the same
specimens without AKD. In this case, the two wide spectra are similar to each other and,
importantly, they both show the carbon and oxygen 1s peak shape and their relative in-
tensity which are similar to those that were reported by Shen et al. [58] for the AKD C18
compound.

Figure 12 compares the curve-fitted Cls regions of the C and CTH samples that were
covered with 5% AKD, and Table 5 shows the relevant parameters of the detailed regions
that were resolved by the curve-fitting.

CTH+AKD

T T T T T T T T T T T T
292 290 288 286 284 282 280 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (V)

Figure 12. Cis curve-fitted regions of thermally modified (CTH + AKD) and unmodified (C + AKD)
cedar wood samples.
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Table 5. Fitting parameters of the detailed regions related to the 5% AKD-covered C and CTH
samples.

C+5% AKD CTH +5% AKD
Region Peak Number BE (Ev) Norm. Area BE (Ev) Norm. Area
(a.u.) (a.u.)
1 284.3 498.5.0 - -
1s 2 285.0 50614.4 285.0 52104.0
3 286.2 2954.9 286.2 2477 4
4 288.7 1477 .4 288.3 1238.7
On 1 532.4 1430.5 532.3 1321.7
2 533.4 1430.5 533.5 1321.7
Sizp - 102.0 162.1 - -

The regions of Cis were fitted with four and three peaks for the C + 5% AKD and CTH
+5% AKD samples, respectively, and so, they were assigned to:

Peak 1. This was visible at the lowest BE, only for the C + 5% AKD sample, and
this could be associated with the presence of silicon and Si2p at 102.0 eV which is assign-
able to >5i-O that is bonded to carbons [NIST database].

Peak 2. Contains aliphatic carbon (carbon that is bonded to other carbons and/or
hydrogen) that is set at 285.0 eV and is used as an internal standard for the BEs correction.

Peak 3. Contains carbon that is singly bonded to oxygen (C-O), plus carbon in
alpha to C=0 in the lactone ring.

Peak 4. Contains carbonyl carbon in the lactone ring.

The O1s regions were again fitted using two peaks:

1. A peak that is assigned to oxygen that is doubly bonded to carbon.
A peak that is assigned to oxygen that is singly bonded to carbon.

In this case, the detailed Cis and O1s regions were fitted by considering the generic
AKD formula, which was reported above, and by trying to resolve the two oxygen peaks
to properly balance the two carbon-containing oxygen of the lactone ring i.e., the peak n.
3 was made of two carbons that were superimposing in energy (marked with an asterisk
in Figure 13) and it was required to be double that of the area of peak n. 4 (lactone car-
bonyl) and of the corresponding O1s peak 1. Also, the O1s peaks 1 and 2 were required to
be in the same area of the carbonyl carbon. The assignments were attempted by referring
to the XPS handbook for organic polymers [55].

Me(CH,)  CH (CHy) Me

0
Figure 13. Molecular structure of Alkyl ketene dimers (AKDs).

A satisfying mass balance, which was within the limit of XPS accuracy (+10%), was
achieved for both of the wood samples (C and CTH) that were covered with AKD, as can
be derived by the normalised areas that are reported in Table 5 by allowing the software
NewGoogly to adjust the FWHM of each of the component peaks of both the Cls and Ols
regions. The total C/O ratio that was obtained for both of the specimens (20.4 and 21.1 for
C + AKD and CTH + AKD, respectively) was slightly higher than the value that was cor-
responding to the stoichiometric ratio of the C18 AKD molecule, as reported by Shen et
al. [58]. This could be explained by the greater intensity of the alkyl chains that are exposed
outwards, and are depicted along the surface that was analysed by the XPS. A
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homogeneous AKD coating was added to the samples with a thickness that was greater
than 10 nm (the XPS sampling depth reachable with Mg/Al Ka sources), thus masking
both of the sample surfaces, C and CTH, which were chemically different, and their inter-
face bonds eventually formed with the AKD [59].

4. Conclusions

This study investigated the combined effect of thermal modification and the applica-
tion of AKD on the physical and chemical properties of a deodar cedar wood surface. The
results indicated that all of the physicochemical characteristics of this solid material were
significantly changed after both of the modifications. Markedly, the results after the irra-
diation test indicated, also, that thermally modifying the wood had no permanent effect.
The influence of the thermal modification on hydrophobicity was negligible, compared to
the significant effect of the AKD application. The AKD application at 5% w/w could be
considered as an alternative compound that is useful to make waterproof cedar wood
surfaces. XPS is sensitive to surface modifications, and it clearly highlighted the composi-
tional differences of the cedar wood surfaces before (C) and after the thermal modification
(CTH). It also confirmed that the surface coverage with 5% AKD is at least 10 nm thick
(i.e., above the sampling depth of the technique) and laterally, over the analysed areas, it
is homogeneously distributed, thus supporting the WCA measurements and the micro-
scopic views of similar AKD coatings that have been reported in the literature for different
substrates.

The FTIR spectra before the weathering test showed that the hydrophobicity was in
the absorption band that was between 1700 cm™ and 1750 cm™, which is related to the
formation of the carbonyl groups originating from the reaction between the AKD and hy-
droxyl groups of cellulose. During the irradiation test, the degradation of the amorphous
cellulose component was more intense. In contrast to that which was claimed by other
research groups, the absorbance to stretching vibration of acetyl or carboxylic acid at 1730
cm decreased significantly, showing that the photoisomerisation to the enolic form oc-
curred. After the thermal modification, the colour of the cedar wood surface changed rap-
idly from light to dark, i.e., a photo-discolouration and photodegradation processes oc-
curred. The UV light induced a reduction of the protection, also, in the case of AKD. The
hydrophobicity of the thermo-modified wood was further increased by the AKD pretreat-
ment on the wood surface. After being exposed to radiation, the cedar wood demon-
strated, despite the discolouration, great hydrophobicity, which could increase the range
of the uses for priceless wood and save maintenance expenses.
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