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Abstract: The Whilhelmy method of contact angle, wood thermal properties (TG/DTG), infrared
spectroscopy, etc. was used to define the hydrophobicity of heat-treated beech and fir wood at in-
creasing temperatures between 120 °C and 300 °C. By exposure to wet conditions during 1 week,
the hydrophobic character obtained by the heat treatment remains constant heat-treated. Heat in-
duced wood hydrophobation, was shown by CP MAS 3C NMR and MALDI ToF mass spectrometry
to be mainly caused by furanic moieties produced from heat-induced hemicelluloses degradation.
This is caused by the acid environment generated by the hydrolysis of the hemicelluloses acetyl
groups. Furfural polymerizes to linear and branched oligomers and finally to water repellent, insol-
uble furanic resins. The water repellent, black colored, cross-linked polymerized furanic network is
present throughout the heat-treated wood. Wood darkening as well as its water repellency due to
increasing proportions of black colored furanic resins increase as a function of the increase with
treating temperature, becoming particularly evident in the 200 to 300 °C treating temperature range.

Keywords: wood; heat treatment; hydrophobicity; wettability; Whilhelmy method; color change;
chemical mechanisms; furans generation; CP MAS 3C NMR; MALDI

1. Introduction

The thermal degradation of wood makes it possible to transform wood properties.
New properties are obtained allowing wood to be more suited for outdoor use. Heat-
treated wood is more dimensionally stable; it resists fungal attack, and it does become
hydrophobic and less hygroscopic than untreated wood. These transformations are well
known and allow for the industrialization and marketing of such a product [1-29].

On the subject of the change in wettability, very few studies exist in the literature [1-
6]. Moreover, these rare studies only note the change in wetting, before and after heat
treatment, without investigating different treatment temperatures and without offering
any supporting explanation by chemical analysis for such an altered behavior. Finally,
these studies use the sessile drop method, which is unsuitable for a porous and aniso-
tropic support, such as wood, as the drop is absorbed during the measurement.

Recently, work by Endo et al. [7] updated the instability of the heat-treated wood’s
new conferred properties. The hygroscopicity of a wood heat-treated at 120 °C does in-
deed decrease, in agreement with the literature [7]. However, after exposure to a humid
atmosphere for 1 week, this property is affected. The lower hygroscopicity obtained by
the heat treatment is reduced by the wet treatment [7]. Bekhta and Niemz found that
blackening is generally accelerated when the heat treatment temperature exceeds approx-
imately 200 °C [8]. Sivonen et al. also found that when the heat treatment temperature
exceeds 200 °C, the change in wood’s chemical properties is more significant [9]. Heat
treatment of beech wood at different temperatures results in different changes in the
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chemical composition [10-12]. This observation is of interest for the marketing of the prod-
uct, which can then easily lose its new properties.

In the research work presented here, the interest was to study the evolution of the
wettability (contact angle at the advance) according to the intensity of treatment (temper-
ature, time) and this by using the more correct and reliable Wilhelmy method. This is
based on a tensiometric force balance, which makes it possible to know the angle of con-
tact at the advance and at the retreat. These angles characterize the wetting hysteresis. The
results are more accurate and validated on wood [3,4,13-16].

Previous studies of chemical variation based on FTIR are found in the literature [17-
30] as well as with other techniques [31-34]. Though FTIR is a valid technique, it is not
suitable to determine what really happens and what is formed chemically during the hy-
drophobization reaction of wood. Thus, the interest focused on the study of the mass
losses the TGA/DTG, IR, 13C NMR spectra and MALDI ToF spectra to try to correlate the
variation in wettability with the chemical modifications of wood at the molecular level.
The interest was to try to link the variation of the contact angle either to the removing of
-OH groups due to the degradation of hemicelluloses or to other modifications of the
wood constituents network. A further aim of this study was to determine if the gain in
hydrophobicity due to the wood thermal treatment was affected or not by a wet/moist
treatment as in other authors’ previous work [7] and if the original hydrophobicity would
or would not be recovered after the wet/moist treatment.

2. Materials and Methods

TGA/DTG (Thermogravimetric Analysis, TGA; Differential Thermogravimetry, DTG)
(NETZSCH, STA 449 F3 Instruments, Weimar, Germany) and FTIR (Fourier Transform
Infrared Spectroscopy) (Perkin Elmer Spectrum 2000, Perkin Elmer France, Villebon-sur-
Yvette, France) were done before the heat treatment, after the heat treatment and after the
wet treatment. Furthermore, determination of the wood constituents transformations ob-
tained were determined by *C NMR and MALDI ToF spectrometry.

2.1. Wood Heat Treatment

A hardwood species (beech, Fagus Sylvatica) and a softwood species (fir, Abies alba)
were studied. The wood boards were cut to the dimensions 140 mm (length) x 60
mm(width) x 20 mm(thickness) for heat treatment (Figure 1). Prior to the experiments, the
boards were dried in an oven at 103 °C until mass stabilization. The wood specimens ob-
tained under this condition were used as the control group and were called “untreated.
Wood heat treatment was realized under different temperatures: 120 °C, 140 °C, 160 °C,
180 °C, 190 °C, 200 °C, 210 °C, 220 °C, 230 °C, 240 °C, 250 °C, 275 °C and 300 °C. The heat
treatment was carried out in a reactor placed in a controlled oven under an inert nitrogen
atmosphere.

The treatment process was carried out after the drying of the samples until mass sta-
bilization at 103 °C and measurement of the samples weight (M1). The heat treatment was
done from the room temperature to the target temperature by an increasing of 2 °C/min;
the temperature was constant for 120 min and cooled to room temperature without control
of the temperature rate of decrease. Afterwards, the weight of heat-treated samples was
measured (M2), and the mass loss (ML) calculated according to Equation (1).

_M1-M2

ML
M1

x 100% 1)
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Desiccator

Wood

Saturated salt solution

Figure 1. Schematic diagram of wood dimensions for heat treatment.

2.2. Wet Treatment

The wet treatment in this study consisted in placing the specimens after heat treat-
ment in Section 2.1 in a 95% humidity environment for 1 week (7 days) after sawing. Po-
tassium sulfate was used to prepare a suitable amount of saturated solution. This was
placed in a closed desiccator (Figure 2), to obtain a relative humidity environment of at
least 95%. After the heat-treated wood was placed in an environment at 20 °C at room
temperature for 24 h, it was sawed and cut into 24 mm x 20 mm x 1 mm sample slices. A
total of 16 of such sample slices were sawn from each temperature-treated board, 8 slices
were used to test the advancing contact angle, and the other 8 slices were placed in a 95%
relative humidity environment for 7 days. The sheets were removed after 7 days and
placed in a desiccator equipped with a desiccant, weighed at determined intervals; then,
there was a wait until its quality was consistent with the quality before wet treatment (this
process was to ensure that the test pieces for testing the contact angle before and after wet
treatment had the same moisture content), and then it was removed to test the advanc-
ing contact angle. After the test was completed, the average value of the eight data points
was obtained.

Figure 2. Desiccator used for wood wetting (left). Wood samples are placed from low to high heat
treatment temperature (right).

2.3. Wood Color

Color change of the heat-treated samples was measured by a Chroma Meter CR-410
(KONICA MINOLTA, ZI Paris Nord 2, France) spectrophotometer, according to the
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CIELab system. Based on the L *, a *, b * color coordinate system, L * represents the black-
and-white axis; for black, L * = 0 and for white, L * = 100; a * represents red-green color
based on the positive and negative axes and b * represents yellow-blue color (positive
value to yellow, negative value to blue). There are two test pieces at each heat treatment
temperature. The front and the back sides of the heat-treated samples of each collecting
point were photographed. Therefore, the average value of 8 points (two points on each
side of each sample) is taken as the final value.

2.4. TG/DTG

The pyrolysis characteristics of biomass samples were analyzed by a thermogravi-
metric analyzer (NETZSCH, STA 449 F3 Instruments, Weimar, Germany). In each run, 5-
10 mg of sample were loaded into an Al:Os crucible, and then the crucible was placed into
the instrument TG oven. The N2 at a flow rate of 100 mL/min was used as the carrier gas.
In TG, the raw or biochar samples were heated from 25 °C at a heating rate of 20 °C/min
to 105 °C, followed by keeping this temperature for 30 min to provide a dry-basis sample
for the TG. The samples were then heated from 105 °C to 800 °C at the heating rate of
20 °C/min (Figure 3). The tests were followed by thermogravimetric and derivative ther-
mogravimetric (DTG) analyses of untreated and heat-treated beech.

Temperature/°C

BOO |-memmrmemarsmme e

20 °C/min

105 |-

remove moisture

25
0

Time/min

Figure 3. Schematic diagram of temperature rise for TGA/DTG test.

2.5. Contact Angle

The advancing contact angles of beech and fir heat-treated at different temperatures
were tested by the Wilhelmy method with a Force Tensiometer (KRUSS France, Villebon-
sur-Yvettes, France). Small samples (24 mm x 20 mm x 1 mm) were prepared along the
grain from the large specimens (140 mm x 60 mm x 20 mm) before and after heat treatment
for testing, and the specimens before and after being heat-treated at each temperature
were tested 10 times. The length of each specimen was 24 mm length, 20 mm width, and
1 mm thickness. The immersion depth was 5 mm (in the direction of the width), and the
immersion rate was 5 mm/min. The final contact angle (advancing and receding) values
are the average of 10 valid tests. Due to heterogeneity and the anisotropic character, it is
well known that the value of the receding contact angle with water is always equal to zero
on the wood, the dewetting of water is never observed on the wood. In wood after the
deposit of a drop of water, it is impossible to remove the water on the surface of the wood,
there is no dewetting. This is the reason why, between water and wood, the receding con-
tact angle is always equal to zero.
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Figure 4 is a schematic diagram of the Wilhelmy method. Immersing a sample plate
of wood into a probe liquid (water) and removing it allows for the determination of ad-
vancing and receding contact angles with the Wilhelmy method. In the figure, 0 is the
contact angle and h is the depth of the wood sample immersed in the liquid (water).

Glass container for liquid

‘ F (recorded)

Vapor (air)
40 mm

F (buoyancy) ‘ l
F(wetting)

Liquid
(water)

65 mm

Figure 4. Schematic diagram of the Wilhelmy method.

Figure 5 shows the force recorded by tensiometer as a function of immersion depth.
The force on the plate and the immersion depth are measured during the test cycle. The
Wilhelmy force Fw has an effect only on the liquid surface. This force is constant during
the whole immersion and pulling out procedure and is calculated according to equation:
Fw = cosO x 6 x C, where 06 is the liquid surface tension, C is the wetted circumvented
length or perimeter, Fwi1 is the Wilhelmy force of receding, and Fw: is the Wilhelmy force
of advancing.

F(N)

Fwy Receding (pulling out)

Fy

Advancing (immersion)

0 h (m)

Figure 5. Force recorded by tensiometer as a function of immersion depth.

2.6. FTIR/NIR

The chemical structures of untreated and treated wood samples were analyzed by
means of a FTIR/NIR spectrometer (ATR cell on a Perkin Elmer Spectrum 2000, Perkin
Elmer France, Villebon-sur-Yvette, France) with attenuated total reflection (ATR). Wood
samples were ground to powder with a laboratory knife-mill SM100 (Fritsch, Idar-Ober-
stein, Germany) equipped with a screen perforated with trapezoidal meshes of 1 mm di-
ameter. The FTIR spectra were recorded in the 4000-650 cm™ range, and 32 scans were
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collected per run with a spectral resolution of 4 cm™' at room temperature, each sample
being tested 10 times.

2.7. CP MAS 3C NMR

Solid state Cross Polarization-Magic Angle Spinning CP MAS 3C NMR was used to
characterize the samples. The spectrometer used was an AVANCE II 400 MHz spectrom-
eter (Briiker, Billerica, MA, USA). Furthermore, 100.6 MHz was the frequency used at a
sample spin of 12 kHz, and the recycling delay was 1 s, depending on the 1H spin-lattice
relaxation times (t1) estimated with the inversion-recovery pulse sequence and a contact
time of 1 ms. The decoupling field was 78 kHz, with 15,000 being the number of transients.
Tetramethyl silane (TMS) was used as the shift control. The spectra precision was +1 ppm.
Spinning sideband suppression was used. The sample chosen was one at 230 °C to be well
in the 200-300 °C range where degradations and rearrangements clearly occur, but at a
temperature not so high that oxidation phenomena and other may mask what occurs. The
NMR results were interpreted according to established interpretation texts [35,36].

2.8. MALDI ToF

Water/acetone (50/50 volume) was used to dissolve the most possible of the samples
(4 mg/mL) and the solutions were added to the matrix solution of 10 mg/mL in acetone.
2,5-dihydroxy benzoic acid was used as the matrix to ease placing the sample on the sam-
ple-holder plate. Red phosphorus was used for instrument calibration (LaserBio Labs,
Valbonne, France)). A concentrated solution of 10 mg/mL of sodium chloride (NaCl) in
distilled water was mixed to the matrix to enhance ion formation. The sample was added
into the matrix solutions and was divided into three parts of the matrix solution. Three
parts of the sample solution and one part of NaCl solution were prepared; 0.5 to 1 L was
put on the MALDI target. The MALDI target was placed into the spectrometer after sol-
vent evaporation. The peaks in the spectrum can present themselves at the actual molec-
ular weight of the chemical species or increased by 23 Da, this being the molecular weight
of the Na+ linked to the molecule from the NaCl added to the matrix to facilitate the flight
of heavier oligomers. Sometimes, both forms of the same species, with and without Na+
can be present in the same spectrum. The MALDI-TOF spectra were recorded on an AX-
IMA Performance instrument (Shimadzu Scientific Instruments, Manchester, UK). The ir-
radiation source was a pulsed nitrogen laser with intervals of 3 ns at a wavelength of 337
nm. The measurements were carried out using the following conditions: polarity: positive;
flight path: linear; mass: high (20-kV accelerating voltage) and 100 to 150 pulses per spec-
trum. The delayed extraction technique was used to apply delay times of 200 to 800 ns,
and the ion gate was set at 400 Da. The spectra are exact at +1 Da.

3. Results and Discussion
3.1. Mass Loss of Beech and Fir at Different Temperatures

Figure 6 is a graph of the mass loss trend of beech and fir at different temperatures.
It can be seen from the figure that under the same conditions, as the heat treatment tem-
perature increases, the mass loss of the two types of wood shows an upward trend. Be-
tween 120-200 °C, the mass loss does not change significantly. Between 200-300 °C, the
value of mass loss rises sharply. Compared to beech, the mass loss of fir is slightly lower.



Polymers 2023, 15, 221

7 of 23

60

50

40

30

20

Mass lose / %

10

—a— Beech u
—e— Fir

/ &

[ J
'//:/

1 " 1 " | L 1 1 1

-
-_._.—_.——-.-.".

100 150 200 250 300

Temperature/°C

Figure 6. The mass loss of beech and fir at different temperatures.

3.2. Wood Color (before and after Heat Treatment)

Figure 7 shows the color changes of beech and fir specimens at different mass loss
values. It can be seen that as the heat treatment temperature continues to increase, the
color of the beech and fir specimens will become darker, beech being clearly darker than
fir. This is an indication of chemical reactions occurring the reasons of which will become
clearer by the chemical analysis. The color of these two wood species before heat treatment
is white or yellow. As the heat treatment temperature increases, the degree of white or

yellow becomes lower. This change is more obvious in beech than in fir.
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Figure 7. Color changes of color components a*, b* and L* as a function of treatment temperature

and visual of color change of beech and fir specimens under treatment temperatures.
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3.3. TGA/DTG of Beech and Fir at Different Temperatures

For the beech wood, the shoulder temperature (representing hemicelluloses decom-
position) on the DTG can be anywhere from 275.1 to 298.2 °C (Figure 8). Most of the hem-
icelluloses are degraded between 275 and 375 °C at our heating rates [32].

30

—— Untreated

Untreated

120 180 25 L Cellulose 120 180
—140 190 — 140 190

160 ——200 — 160 ——200

Hemlcellulose’/

200

300

400 500 600 700 800 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Temperature / °C Temperature / °C
(a) (b)

Figure 8. TG curves (left) and DTG (right) of beech in the heat treatment temperature 120-200 °C
range.

The TG and DTG curves for beech wood pyrolysis at 120-200 °C are shown in Figure
8. They show that in the heat treatment temperature range of 120-200 °C, little or no
change in hemicelluloses, cellulose and lignin occurs, and the shape of the curves is simi-
lar for all cases.

The TG and DTG curves for beech wood pyrolysis at 200-300 °C are shown in Figure
9. These show that in the 200-300 °C heat treatment temperature range, changes in hemi-
celluloses and lignin do occur, while little changes occur in cellulose, and the shapes of
the curves are clearly different for all cases. With the increase of heat treatment tempera-
ture, the TG curves showed the mass loss is less, indicating that the thermal stability of
beech after heat treatment increased proportionally with the increased of the heat treat-
ment temperature. In the DTG curve, with the increase of the heat treatment temperature,
the hemicelluloses shoulder gradually decreased and the lignin shoulder gradually in-
creased, indicating that hemicelluloses were the main degraded wood constituent during
heat treatment. Consequently, the hydrophilic groups should decrease and the hydropho-
bicity increase. At the highest temperature of 300 °C, cellulose also showed some degra-
dation.
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Figure 9. TG curves (left) and DTG (right) of beech in the heat treatment temperature 200-300 °C
range.

In the case of fir, a peak at approximately 400 °C appears in the 300 °C heat-treated
range, this being mainly lignin, but the shoulder at approximately 375 °C may contain also
cellulose. These observations seem to confirm that hemicelluloses degrade in the 200-
315 °C range, while cellulose degrades in the 315-400 °C range [33].

The TG and DTG curves for fir wood pyrolysis after heat treatment at 120200 °C are
shown in Figure 10 and in Figure 11 for 200-800°C. From these two figures, it can be seen
that in the heat treatment temperature range of 120-200 °C, as for beech, little or no change
in hemicellulose, cellulose and lignin occurs, and the shape of the curves is similar for all
cases.
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Figure 10. TG curves (left) and DTG (right) of fir in the heat treatment temperature 120-200 °C

range.
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Figure 11. TG curves (left) and DTG (right) of fir in the heat treatment temperature 200-300 °C
range.

The TG and DTG curves for fir wood pyrolysis at 200-300 °C are shown in Figure 10.
They show that in the 200-300 °C heat treatment temperature range, clear changes in hem-
icelluloses and lignin occur, but little changes in cellulose. The shapes of the curves are
clearly different for all cases. The TG curves showed an upward trend with the increase
of heat treatment temperature, indicating that the thermal stability of fir after heat treat-
ment improved and was proportional to the increase in heat treatment temperature. The
DTG curves showed that as the heat treatment temperature increased, the shoulder of
hemicelluloses gradually decreased and lignin gradually increased. This indicates that
again hemicelluloses were the main wood constituent degraded during heat treatment.
Thus, as for beech, the proportion of hydrophilic groups should decrease, and thus the
hydrophobicity should increase. At the highest temperature of 300 °C, cellulose also
showed some degradation.

3.4. Wettability after Heat-Treatment of Wood and after a Humid Treatment (1 Week at 95%
RH)

Figure 12 shows that the contact angle of beech and fir wood before and after heat
treatment increased significantly after being placed in a 95% relative humidity environ-
ment for one week. When there is no degradation (before 200 °C), there is no change in
wettability. For temperatures higher than 200 °C, the degradation of the hemicelluloses
starts and the contact angle increases. There is then a significant correlation between deg-
radation temperature of the hemicelluloses and the contact angle. After a 1-week humid-
ity treatment, all of the contact angle values for each temperature treated wood increased.
This effect indicated a decrease in the wettability of the heat-treated wood, probably due
to a chemical modification of the wood constituents, such as the degradation of hemicel-
lulose, which is consistent with the results of DTG. It means that even after permanence
in a very moist environment the decrease in water repellence is rapidly recovered due to
the modifications imparted by the heat treatment, contrary to a previous study [7]. Thus,
after heat treatment and exposure to a wet atmosphere, the hydrophobic heat-treated tim-
ber remains hydrophobic rapidly higher than the original water repellence displayed after
the heat treatment. The decrease of water resistance means that when the modified wood
is in a humid environment or after raining, some water will enter, resulting in a short-
term decrease in the water resistance of the modified wood. However, after the water
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evaporates (such as after being exposed to the sun), the water resistance will be restored
or even improved. This study proves this phenomenon, which is also one of the innova-
tive points of the study. The water wettability of wood is measured under the same con-
ditions of roughness (identical wood machining), moisture content (anhydrous) and fresh
surface to highlight the influence of chemical modification. The wetting was therefore
tested before and after heat treatment, as well as before and after heat treatment and hu-
mid treatment.
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Figure 12. The advancing contact angles of beech (left) and fir (right) heat-treated at different heat
treating temperatures after the humid test by being placed in a 95% relative humidity environment
for 1 week.

3.5. FTIR Analysis

Figures 13 and 14 are the infrared spectra of beech wood after heat treatment at dif-
ferent temperatures. It can be seen from the figure that the functional groups related to
wood wettability are mainly -OH and C-O-C groups; these two functional groups are
mainly reflected in the wavenumber range of 3600-3100 cm™ and 1187-912 cm™.

Untreated C-0-C
—120 180
—_—140 =190 A

— 160 ——200 A

A A
36““ c‘“ 3‘00 C‘“

Absorbance

11 11 1 1 1
4000 3500 3000 2500 2000 1500 1000

Wavenumber / (cm'l)

Figure 13. FTIR spectra of beech wood after heat treatment at 120-200 °C.
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Figure 14. FTIR spectra of beech wood after heat treatment at 200-300 °C.

These are in line with previous studies by where FTIR changes in the chemical struc-
ture of the hemicelluloses, cellulose, and lignin of Chinese fir wood were observed from
the FT-IR spectra [30], namely: the degradation of some pyranose rings in hemicelluloses,
a decrease in cellulose crystallinity, and a loss of C=O and C=C groups in the aromatic
skeleton. These authors [30] also did 2D-IR spectra with the results indicating hemicellu-
lose degradation. The changes at 1627 and 1509 cm™ at high temperature also indicated
cross-linking by rearrangement of the lignin aromatic moieties.

Another study [26] on a type of fir and on hornbeam woods indicated a reduction of
the number of -OH groups after a high temperature treatment, and etherification occur-
ring as shown by the increase in a specific carbonyl peak above 150 °C in the heat-treated
wood FTIR spectrum. However, cross-linking had a much more marked effect than a very
modest effect due to etherification reactions in decreasing swelling.

The FTIR spectra in Figures 13 and 14 also show a progressive decrease in —OH
groups in the 200-300 °C range. In order to more clearly understand the wettability of
beech and fir wood after heat treatment at different temperatures, the curves correspond-
ing to -OH groups were enlarged for analysis. These are shown in Figure S1 (Supplemen-
tary Materials). Similar trends are also observed for fir. Figure S1 (Supplementary Mate-
rials) shows the -OH areas, respectively, in FTIR spectra of beech wood after heat treat-
ment at different temperatures. It can be seen from them that below 200 °C, the difference
in the absorption peak intensity of -OH is not obvious. Above 200 °C, the intensity of the
-OH absorption peak was significantly lower than that of the wood before heat treatment,
indicating that the wood heat-treated above 200 °C was less likely to absorb moisture. The
same trends are also present for the FTIR spectra of fir wood. Additionally, in Figure 14
and its magnification (Figure S2, Supplementary Materials), the C-O-C bands at 1187-912
cm centered at 1040 cm decrease little up to 200 °C but decrease sharply and progres-
sively with the increase of temperature above 200 °C, these bands being characteristic of
polymeric carbohydrates. This indicates degradation of hemicelluloses by progressive
cleavage of some glucosidic bridges as well as pyranose ring opening. While all of this is
in accord with previous work, it is also clear that FTIR analysis alone is not sufficient to
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explain the reactions occurring, the products formed, and even less able to explain the
progressive hydrophobicity as a function of the increasing heat treatment temperature.

3.6. CP MAS 3C NMR

Of particular interest in the CP MAS 13C NMR of beech heat-treated at 230 °C is the
presence of pronounced peaks at 149 and at 148 ppm, which are absent or almost com-
pletely absent in an untreated beech wood control. Of these, the 149 ppm peak may cor-
responds to an aromatic carbon bonded to a non-aromatic carbon, thus ArC-C. This may
be either a type of bond other than the normal bonds present in lignin or of the same type
but in considerable excess than what is usually found, indicating rearrangements of lignin.
However, it is also characteristic of furanic resins in which the C2 and C5 positions are
substituted, thus of furanic resins where the furanic moieties are linked both by their C2
and their C5 to other furanic moieties in the middle of linear furanic resins with linkages
of type I and II (Schemes 1 and 2).

A

Scheme 1. type L.

And also

Scheme 2. type I

This infers that a reaction introducing a substituent on the aromatic ring of lignin has
occurred or that furanic resins have been formed. That this is the case is also shown by the
greater number of peaks present in the crowded 147-165 ppm range in the heat-treated
wood in relation to the beech control. However, the most interesting peak is at 148 ppm,
which is characteristic of the carbons of a furanic ring [35,36], and in particular of the free
C5 site of furfural [35,37]. Furthermore the signals of furanic rings C2 and C5 linked by a
methylene bridge should appear at 155 ppm indicating that furanic resins of some type
have formed as well. Furfural, hydroxyl methyl furfural and other furanic materials are
well known to be generated from wood carbohydrates [38-43], here quite likely being
catalyzed from the acetic acid generated by the heat treatment induced hydrolysis of the
acetyl groups on hemicelluloses [44], this being a well-known and studied reaction. The
high temperatures between 200-300 °C used for the heat treatment, where other tech-
niques have already shown reactions to occur (Figure 15), indicates that formation of fur-
fural in the heat-treated wood may well occur and that this polymerizes to structures of
the type.

This type of structures will also account for the 149 ppm peak, confirming the pres-
ence and formation of furanic resins. The presence of the smaller peaks at 152 ppm and
161-162 ppm also indicate that hydroxymethyl furfural has formed, although in lesser
proportions. The fact is that the 148 ppm peak is more marked in heat-treated wood sam-
ples; the higher treating temperature indicates that this is indeed the peak of the C5 of a
furan ring. A peak of the same order of size should however appear in the 152-155 ppm
range for the furan C2 [35-37], as indeed it does. A number of peaks fulfilling this require-
ment are indeed present although the most likely candidate peak is slightly more marked
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as it is likely to be a superposition of the furan C2 with another signal. The carboxylates
band at 173 ppm decreases in heat-treated wood, indicating the heat induced hydrolysis
of the acetyl groups on the hemicelluloses [43], the acetic acid so formed renders suffi-
ciently acid the environment to catalyze the formation of furanic moieties [38—43]. In all
cases, all this indicates is an increase in cross-linking of the system either due to rearrange-
ment of the lignin with itself or of the lignin with other wood constituents, namely, furanic
resins generated from the carbohydrates, thus an increase in the water repellence of the
heat-treated wood. The darkening of the wood with the increasing treating temperature
is due not only to oxidation reactions but mainly by the increase in the proportion of the
black furanic resins generated by the degradation of the hemicelluloses.

Beech control

Heat-treated Beech

LI LI I L N B N L B L B B N N N B I N B N S B B N N B B LB N B B B L B N B B |

170 160 150 140 130 120

Figure 15. CP MAS 3C NMR spectra of untreated beech wood and beech wood heat-treated at
230 °C in the 110-180 ppm.

3.7. MALDI ToF

The MALDI ToF spectra of the 300 °C heat-treated beech wood (Figure 16a—e) show
a great majority of furanics oligomers of higher molecular weight. One can notice in the
first general spectrum (Figure 16a) at 300 °C the predominance of the peak at 574 Da (III
in Scheme 3), thus a branched oligomer showing the start of cross-linking in relation in-
stead to the predominance of the smaller molecular weight species at 200 °C.

O S on
e s

Scheme 3. 111

It is interesting with the 907 Da peak being higher in the general spectrum at 200 °C
than at 300 °C, that the predominant higher molecular weight oligomers at 200 °C are
linear (FigureS3, Table S1, Supplementary Materials) and not branched as at 300 °C. The
same trend is valid at 103 °C but with the low molecular weight species greatly predomi-
nating and also some linear oligomers (Figure S4, Supplementary Materials) but no
branched species thus with no cross-linking, but the linear oligomers present showing
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that polymerization already starts to occur at this lower temperature. In Table 1 are shown
all the species assigned to the peaks in the spectra in Figure 16a—e. In Table 1 are also
underlined the species of the peaks that are present in the MALDI spectra after the wet
treatment of the beech timber. The majority of the same water repellant furanic species
are still present after the wet treatment explaining at the molecular level why the water
repellence of the heat-treated timber is conserved and increased after a wet treatment.
Branched species, thus the precursors of the start of the system cross-linking, such as those
at 551 Da, 574 Da, 699 Da, 1037 Da, 1068 Da, 1151 Da and 1227 Da are present. Many lower
molecular weight species as well as linear higher molecular weight oligomers are also
present, such as the species at 324 Da, 361 Da, 853 Da, 882 Da, 897 Da, 904 Da, 937 Da (IV
in Scheme 4) and 942 Da.

Ho\/{[}\\}@ OH
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Figure 16. MALDI ToF spectra of heat-treated beech at 300 °C in the (a) 20-1000 Da range and details
of the (b) 20-500 Da range, (c) 500-800 Da range, (d) 800-1000 Da range, (e) 1000-1500 Da range.

Table 1. Assignment of species to the MALDI ToF peaks for beech wood heat-treated at 300 °C after
heat treatment and underlined in green after a high moisture treatment at 95% relative humidity for
one week.

Peaks with Asterisks (**) Are also Present after the One Week Wet Treatment




Polymers 2023, 15, 221 18 of 23

117 Da ** = Furfural, with Na+, deprotonated (calculated 118 Da)

177 Da ** =no Na+, with 176 deprotonated, 178 normal (Calc 178 Da).The second one is
176 Da exactly

199 Da ** =177 Da with Na+

279 Da = with Na+, deprotonated calculated 279 Da

324-326 Da ** =no Na+, protonated, calc.324-325 Da

mb@\whmx -

361 Da ** = with Na+ (calculated 361 Da)

537 Da ** = with Na+ Calculated 537 Da

HO
551 Da = no Na+
574 Da ** = with Na+

(L Mo
Lo O

699 Da ** = with Na+, deprotonated, calculated 700 Da

@
Na (e}
o = \
Lo
\<
HO @CH,

853 Da ** = with Na+, calculated 849 D
O / OH
- O O
9

882 Da ** = with Na+, deprotonated, calculated 882 Da, only in WET
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897 Da ** = with Na+, calculated 897 Da, only in WET

904-907 Da ** = no Nat, calculated 905 Da, one specie deprotonated, one species proto-
nated

) Qq@\vm

937 Da ** = no Na+, calculated 937 Da

HO [ >\/OH

o o]
10
942 Da ** = with Na-+,
o / OH
HsC o (0]
10

1037 Da ** = with Na+, deprotonated Calculated 1037 Da
L) qwx
O O
© 9
0

HO
1068 Da ** = with Na+, deprotonated

B

HO HO

1151 Da ** = with Na+
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o 8

HO Ho”
1227 Da ** = with Na+

O 0 D0

HO HO

The same species are also formed in the heat treatment of fir wood (Figures S5 and
56, Supplementary Materials). At 300 °C fir wood is strongly and mostly cross-linked with
the cluster at approximately 574 Da totally predominating (Figure S5). The lower molec-
ular weights and linear oligomers are in great minority (only the 177 Da is present and is
very small) and all the others are absent. There are some fragments of linear oligomers in
the cluster at approximately 324 Da (one can see the 324 Da no Na+, and the 347 Da with
Na+), but that is all. The furanics are more cross-linked than in beech.

At 103 °C the small linear species predominate and there is some start of cross-linking
(the 537 Da peak) but at the smaller molecular weights. It means that the furanic oligomers
have formed but at smaller molecular weight and are predominantly linear (Figure S6).

In the case of fir wood, the trends are the same but with some differences (Figures S5
and S6, Supplementary Materials). The species observed are strongly present and mostly
cross-linked with the cluster at approximately 574 Da totally predominating at 300 °C. The
lower molecular weights and linear oligomers are in great minority (only the 177 Da is
present and very small) and all the others are absent. There are some fragments of linear
oligomers in the cluster at approximately 324 Da (one can see the 324 no Na+, and the 347
Da with Na*), but that is all. The furanic oligomers are more branched/cross-linked than
in beech wood at 300 °C.

4. Conclusions

The work presented here addresses three points of interest in hydrophobation by
heat treating wood. First of all, contrary to a previous study, after heat treatment and ex-
posure to a wet atmosphere the hydrophobic heat-treated timber remains hydrophobic
rapidly regaining the original water repellence displayed after the heat treatment. At the
same temperature of the previous study at 120 °C, the temperature is too low to form
furanics in any great amounts to show significant differences. The water wettability of
wood is measured under the same conditions of roughness (identical wood machining),
moisture content (anhydrous) and fresh surface to highlight the influence of chemical
modification. The wetting was therefore tested before and after heat treatment. The wood
becomes hydrophobic and this phenomenon is attributed to the chemical modification of
the wood. The wood becomes hydrophobic with more thermal degradation and increases
in the contact angle. We wanted to see if after a heat treatment and after a wet treatment,
the hydrophobicity generated by the thermodegradation was preserved. It is showed that
after wet exposure, there is no notable modification of the contact angle. A slight increase
of the contact angle is measured. This phenomenon is most likely due to aging (1 week)



Polymers 2023, 15, 221

21 of 23

of the surface during wet processing. It can also be noted that exposure to the humid at-
mosphere does not change the wettability of heat-treated wood. After a heat treatment
and a wet treatment, the wood becomes hydrophobic and this property remains constant
after a humid exposure. Second, while the FTIR analysis confirmed the previous rather
limited insight in the chemical transformations induced by heat treatment, analysis by CP
MAS 3C NMR and MALDI ToF mass spectrometry has allowed for defining the reactions
leading to wood hydrophobation. The indications obtained were that wood hydrophoba-
tion is caused by the formation of furanic compounds, mainly furfural, but also in minor
proportions of hydroxymethyl furfural derived from the hemicelluloses degradation cat-
alyzed by the acetic acid generated by the hydrolysis of their acetyl groups. The furanic
compounds formed then both progressively polymerize to strongly water repellant, in-
soluble furanic resins finally forming a water repellant network throughout the heat-
treated wood. The concomitant progressive darkening of the wood as a function of the
increasing heat treatment temperature is not only due to some oxidation of wood constit-
uents but mainly by the increasing proportions of the tri-dimensionally cross-linked
black-colored, water repellant furanic resins network throughout the wood. It is by far
and mainly an interpenetrating furanic network, although reaction with lignin moieties
cannot be excluded. In fact, the furanic compounds that are generated from the hemicel-
luloses can react with lignin sites as well, but this is not possible to analyze as the experi-
ments were carried out on solid wood samples, hence with lignin fixed in its wood net-
work. This mechanism is particularly evident in the 200 to 300 °C temperature range. This
study also proves that heat-treated wood will still have good water resistance after expe-
riencing harsh environments, such as rain.

It is true that in in other laboratories, mass losses can be observed for lower treatment
temperatures (see references in the introduction). Below 170 °C it is always surprising to
observe a loss of mass. This observation may correspond to the evaporation of gum and
resin (free extracts). Between 170 and 200 °C, some authors observe a loss of mass, which
is not the case in our experiment. This can be explained by the following factors:

- Wood species and their chemical compositions do not behave in the same way;

- The temperature increase speeds are different;

- Under which type of atmosphere (nitrogen in our case) the experiments are con-
ducted. Under a humid atmosphere we can observe a thermohydrolysis phenome-
non which starts at a lower temperature, and under a slightly oxidizing atmosphere
(presence of oxygen in the smoke) we can observe a slight phenomenon of combus-
tion before 200 °C;

- The size of the sample has a bearing. Between powder samples as in previous litera-
ture, and solid wood as used in the present experiments, the thermal transfer does
not take place in the same manner, thus the thermal energy is not transferred in the
same manner (the degradation is activated by heating);

- The conductive or convective heat transfer also modifies the heat transfer to the wood.

For these reasons, it is normal to observe the beginnings of thermal degradation un-
der pyrolysis conditions for different temperatures. All of the studies were not carried out
under the same conditions of wood species, rate of temperature increase, atmosphere con-
ditions, sample size, and the nature of heat transfer. Finally, it is always difficult to com-
pare industrial studies with laboratory studies.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/acoustics5010003/s1, Figure S1: Magnification of -OH FTIR
spectra range of beech wood after heat treatment in the 120200 °C range (left) and in the 200-300 °C
range (right); Table S1: Assignment of species to the MALDI ToF peaks for beech wood heat-treated
at 200 °C after heat treatment; Figure 52: C-O-C FTIR spectra of beech wood after heat treatment in
the 120-200 °C range (left) and in the 200-300 °C range; Figure S3: MALDI ToF spectra of heat-
treated beech at 200 °C in the (a) 20-1000 Da range and details of the (b) 20-500 Da range, (c) 500-
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800 Da range, (d) 800 1000 Da range, (e) 1000 -1500 Da range (right); Figure S4: MALDI ToF spectra
of heat-treated beech at 103 °C in the (a) 20-1200 Da range and details of the (b) 20-500 Da range;
Figure S5: MALDI ToF spectra of heat-treated fir wood at 300 °C in the (a) 20-1000 Da range and in
the (b) 20-500 Da range; Figure S6: MALDI ToF spectra of heat-treated fir wood at 103 °C in the (a)
20-1000 Da range.
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